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Abstract

Clinical depression is a common, debilitating and heterogenous disorder. Existing treatments for
depression are inadequate for a significant minority of patients and new approaches are urgently
needed. A wealth of evidence implicates the serotonin-1A (5-HT,,) receptor in the pathophysiology
of depression. 5-HT;4 receptor stimulation is an existing therapeutic target for treating depression
and anxiety, using drugs such as buspirone and tandospirone. However, activation of 5-HT;,raphe
autoreceptors has also been suggested to be responsible for the delay in the therapeutic action of
conventional antidepressants, such as selective serotonin reuptake inhibitors (SSRIs). This narrative
review provides a brief overview of the 5-HT, receptor, the evidence implicating it in depression,
and the effects of conventional antidepressant treatment. We highlight that pre-synaptic and post-
synaptic 5-HT;, receptors may have divergent roles in the pathophysiology and treatment of
depression. To date, developing this understanding to progress therapeutic discovery has been
limited, partly due to a paucity of specific pharmacological probes suitable for use in humans. The
development of 5-HTy, ‘biased agonism’, using compounds such as NLX-101, offers the opportunity
to further elucidate the roles of pre-synaptic and post-synaptic 5-HT 1, receptors. We describe how
experimental medicine approaches can be helpful in profiling the effects 5-HT 1, receptor modulation
has on the different clinical domains of depression and outline some potential neurocognitive

models that could be used to test the effects of 5-HT;, biased agonists.
Key points

1. There is a breadth of pre-clinical and clinical evidence implicating serotonin 1A (5-HT ;4)
receptors in the pathophysiology of depression

2. Pre-synaptic and post-synaptic 5-HT,, receptors could have divergent roles in the causation
and treatment of depression

3. The development of 5-HT;4 ‘biased agonism’ offers the opportunity to further elucidate the
roles of pre-synaptic and post-synaptic 5-HT 4, receptors in the pathophysiology of

depression, using human neurocognitive models.
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1. Introduction

In 1979, using ligand binding approaches, Peroutka and Snyder identified two subtypes of serotonin
(5-HT) receptors which were named 5-HT, and 5-HT,[1]. Subsequent work showed that the 5-HT,
receptor could itself be subdivided into further subtypes with the 5-HT ;1 receptor being
characterised by the binding of spiperone and 8-OH-DPAT [2]. The aim of this review is to bridge the
gap between the abundance of pre-clinical in vitro and in vivo evidence for a 5-HTy, receptor role in
depression to the study and treatment of patients with depression. Our approach will use the lens
of experimental medicine, highlighting the currently available ligands for 5-HT 4 receptors and how
novel pharmacological probes could help answer, and create, the most important and relevant

questions to help patients with depression in the future.

5-HT.4 receptors have a wide distribution in the central nervous system and are found on post-
synaptic sites in the frontal cortex, hippocampus, amygdala and hypothalamus (Figure 1) [3-5].
Another population of 5-HT;sreceptors is located on the cell bodies and dendrites of 5-HT neurons
originating from the raphe nuclei [6, 7]. These 5-HT, receptors function as inhibitory autoreceptors

and when activated they decrease 5-HT cell firing and diminish 5-HT release in terminal fields [8].

Activation of post-synaptic 5-HT:a receptors is likewise inhibitory in nature and can modulate the
release of other neurotransmitters such as GABA and acetylcholine [9-11]. Sometimes this can lead
to a disinhibition of downstream neuronal activity. For example, stimulation of post-synaptic 5-HT 14
receptors on inhibitory GABAergic interneurons can lead to excitation of pyramidal neurons and
increased glutamate release [12, 13]. This may be relevant to the intriguing observation that in
animal models, the antidepressant-like effect of the NMDA receptor antagonist, ketamine is

abolished by selective 5-HT 4 receptor blockade [14].
1.1 Intracellular signalling pathways of the 5-HT 1, receptor

The 5-HT 14 receptor is similar to most other 5-HT receptors in being G-protein coupled [15]. The
5-HT.4 receptor is typically coupled to the G;intracellular protein, which when activated inhibits
adenylate cyclase, decreasing cyclic adenosine 3’,5-monophosphate (cAMP) formation [16]. 5-HT 4
receptor stimulation can also open G-protein-gated inwardly rectifying potassium channels, leading

to neuronal hyperpolarisation and inhibition of voltage-gated calcium channels [17, 18].

It is now recognised that 5-HT 4 receptors can also signal through non-conventional, or non-
canonical, intracellular pathways involving alternative G-proteins (such as Ga, or Ga, [16, 19]) or G-

protein independent mechanisms [16, 20]. This includes activation of mitogen-activated protein
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kinase (MAPK), particularly extracellular signal-regulated (ERK), pathways which can lead to
induction of the cAMP response element-binding protein (CREB) transcription factor, a target of
antidepressant treatments in animal models [21, 22]. New evidence has demonstrated that 5-HT 4
receptors can oligomerise with other membrane complexes to alter intracellular signalling, for
instance 5-HT; receptors dimerising with 5-HT 4, receptors to inhibit signalling through G; proteins

[23].

This range of interactions allows the 5-HT,4 receptor to influence a wide repertoire of downstream
responses including structural neuronal changes as well as alterations in synaptic plasticity [24]. It is
not known how these alternative pathways are selected when activated by 5-HT. However, there
seem to be differences based on brain localisation. For example, there are regional differences in the
coupling of 5-HT;4 receptors to different G proteins, with 5-HT 14 receptors interacting exclusively
with Gay; in the anterior raphe, mainly with Ga, in the hippocampus and equally with Gais 2, G, in
the cerebral cortex [25]. Furthermore, activation of raphe nucleus 5-HT;4 receptors causes
downstream inhibition of ERK1/2 [26], whereas hippocampal 5-HT . receptors produce an increase in
ERK1/2 signalling [27]. This regional variability opens the exciting possibility that pharmacological

agents could selectively act on 5-HT3, receptors in specific brain regions, as will be described later.

2. Are 5-HT;, receptors affected in depression?

Clinical depression is a substantial health problem and the underlying biological is incompletely
understood. The 5-HT theory of depression is over 50 years old but single neurotransmitter theories
of pathophysiology are no longer regarded as tenable because of the complex nature and

heterogeneity of depressive symptomatology [28-30].

Nevertheless, 5-HT pathways form a widely projecting, neuromodulatory system that influences
neuropsychological processes of great relevance to depression including emotional responses,
reward learning, anxiety, sleep and appetite [31-34]. Disturbances in 5-HT regulation are present in
depression but are subtler and more complex than the originally proposed 5-HT deficit. Much work
has focused on the possible role of the 5-HT,, receptor in depression and this work will be briefly

summarised here.

2.1 Post-mortem studies
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Post-mortem studies of 5-HT s receptor binding in deceased individuals with depression were mainly
conducted 10-20 years ago and the findings are rather contradictory [35]. Important confounding
factors in these studies could lie in the characteristics of the sample used, including the presence of
antidepressant treatment, mode of death (particularly suicide vs non-suicide) and co-morbid

substance misuse.

In the raphe nuclei, both increased and decreased 5-HT 4 receptor binding were reported, perhaps
representing a combination of some regional specificity of the observed changes and heterogeneity
of the clinical samples used [36-38]. With the aforementioned reservations the overall picture is one
of diminished 5-HT;xreceptor binding in cortical and subcortical post-synaptic regions in depression.
Support for diminished post-synaptic 5-HTareceptor availability in depression comes from the post-
mortem study of 5-HT1» mRNA using in situ hybridisation. Levels of 5-HT;» mRNA in patients with
depression were significantly lower than those of controls in both dorsolateral prefrontal cortex and
hippocampus [39]. This finding distinguished patients with major depression from those with

schizophrenia or bipolar disorder [39].

2.2 Neuroimaging studies

Positon Emission Tomography (PET) ligand studies provide the opportunity to assess 5-HT 14 receptor
binding in the living human brain. Whilst the literature indicates that there are changes in 5-HT 14
receptor binding in depression [3] there is inconsistency regarding the direction of these changes

and where in the brain they occur.

Most studies have found that 5-HT 4, receptor binding exhibits a modest reduction in both post-
synaptic and raphe regions in unmedicated patients with depression [40, 41]. Nevertheless, this
apparent consensus is complicated by one group who have consistently found unmedicated patients
with depression to have higher 5-HT, receptor binding in the raphe region, as well as cortical areas

compared to control subjects [42, 43].

These contrasting findings could relate to technical and sample factors. The principal technical
factor is believed to be the choice of reference tissue (usually the cerebellum) with which to
compare 5-HT;4 receptor binding in regions of interest [44]. However, the matter is unresolved.
Sample factors could include depression subtype, previous exposure to medication for depression

and co-morbid diagnoses.

It is interesting to note that where studies have found a decrease in 5-HT, receptor binding, this

decrease persists in people who have recovered from depression and are off medication, while the
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binding in the raphe normalises. This suggests that that lower cortical 5-HT 4, receptor binding could

represent a trait marker that predisposes to depression [45].
2.3 Pharmacological challenge studies

The availability of drugs that can be used in humans and possess some selectivity for 5-HT ;4
receptors has led to studies that have probed the function of brain 5-HT1, receptors in people with

depression.

In studies of depression, a commonly-used agent has been buspirone, possibly because of its
availability and familiarity in clinical settings [46, 47]. However, other agents, such as ipsapirone,
gepirone and flesinoxan have also been used [46, 48]. Typical functional markers of 5-HT 1, receptor
activation in humans include increased secretion of certain anterior pituitary hormones, such as
adrenocorticotropic hormone (ACTH, with a consequent increase in plasma cortisol) and growth
hormone [3, 49, 50], and a decrease in body temperature [50, 51]. Some agents, such as buspirone

also increase plasma prolactin, but this is not thought to be mediated by 5-HT i, receptors [52].

It is agreed that the ACTH and growth hormone responses to 5-HT;4 receptor challenge in humans is
due to stimulation of post-synaptic 5-HT ;4 receptors in the hypothalamus [53]. However, the location
of the receptors involved in the hypothermic response has been debated [51]. There appear to be
species differences, in that hypothermia in response to 5-HT s receptor activation is clearly mediated
by 5-HT, autoreceptors in the mouse, while in the rat both pre- and post-synaptic receptors appear

to be involved [54-56].

In humans, the location of the receptors relevant to 5-HT 1, receptor-related hypothermic responses
is not clearly resolved. However, in healthy participants, cortisol treatment attenuates 5-HT 4
autoreceptor function as measured by EEG changes [57] and similar cortisol treatment blunts the
hypothermic response, but not the growth hormone response, to buspirone challenge [58]. This
suggest that in humans the hypothermic response to 5-HT;4 receptor agonist challenge at least

involves 5-HT, autoreceptors.

In summary, the majority of studies investigating 5-HT;,-mediated responses in unmedicated
patients with depression have found blunted endocrine and/or hypothermic responses to
pharmacological challenge though there is some disagreement [59-63]. Overall, this impaired
functional response is consistent with post-mortem and PET binding studies suggesting that
depression is associated with deficient 5-HT 4 receptor activity, both pre- and post-synaptically.

Intriguingly, treatment with selective serotonin reuptake inhibitors (SSRIs) in patients with
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depression and in healthy participants serves to decrease pre- and post-synaptic 5-HT;.receptor

function [63, 64].

This change in 5-HT,sreceptor sensitivity with SSRIs is presumably an adaptive response to elevated
levels of synaptic 5-HT and reflects increased 5-HT neurotransmission in spite of the down-regulation
of post-synaptic 5-HT.areceptor sensitivity [63]. It also points to the need to study patients with
depression who have been unmedicated for long periods of time, to avoid the possibility of
abnormalities in 5-HT;sreceptors actually being a result of prior antidepressant treatment rather

than the clinical disorder.

2.4 Genetic studies

In the era of candidate gene studies there was natural interest in the polymorphisms in the 5-HT ;4
receptor gene as possible genetic risk markers of depression. Indeed, a single nucleotide
polymorphism (SNP) at C(-1019)G was shown to regulate 5-HT ;4 receptor gene expression in raphe
neurons with this SNP influencing how transcription factors suppress 5-HT 4 receptor expression
[65]. GG homozygotes exhibit a reduced ability to bind transcription factor, thus enabling greater
expression of 5-HT,, autoreceptors in raphe neurons [66]. Thus GG (-1019) homozygotes would in
theory display increased raphe inhibition and a consequent decrease in 5-HT transmission

throughout the brain.

Whether this relationship can be demonstrated in human PET studies of 5-HT 4 receptor binding is
unclear. For example, one group found that in unmedicated patients with depression and healthy
controls, 5-HT;, receptor binding in the raphe increased with each G allele an individual possessed
[67]. However two studies, each of 35 healthy volunteers, found no significant differences in raphe
5-HT 14 receptor binding between the different -1019 genotype groups (mean * SD [**F]MPPF BPyp
values of raphe nuclei C/C =0.21+0.07; C/G =0.27 £ 0.11; G/G = 0.27 £ 0.19) [68] [69].

Studies have also explored whether the C/G polymorphism in the 5-HT 4, receptor gene is associated
with an increased risk of major depression or the response to antidepressant treatment. Once again
results from studies have been conflicting [43, 65, 70, 71]. While some investigations have suggested
that the GG genotype is associated with an elevated risk of depression [65], the poor replicability of
candidate gene studies and the lack of confirmation from GWAS investigations indicate that such
findings should be received with caution. Similar comments apply to the possible poorer response of

depressed G allele carriers to antidepressant treatment.
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3. Conventional 5-HT, receptor ligands as possible antidepressants

3.1 Pharmacological probes for 5-HT 4 receptor activation in humans

The most widely available probe for assessing the clinical effects of 5-HT,, receptor agonism is
buspirone, which has an aryl-piperazine linked to an azaspirodecanedione moiety [47]. As the latter
is a defining feature, buspirone is also referred to an azapirone. The ‘azapirone’ class includes
gepirone, ipsapirone and tandospirone [46]. Flesinoxan is a phenylpiperazine derivative and unlike
the azapirones is not metabolised to 1-(2-pyrimidinyl)piperazine (1-PP), an alpha,-adrenoceptor

antagonist [72].

Most of these drugs exhibit a degree of multimodality, that is activity at other neurotransmitter
receptors (Table 1). This results in challenges in attributing particular behavioural or therapeutic
effects specifically to 5-HT4 receptor activation. For example, buspirone has affinity for dopamine D,
and D; receptors [47] while tandospirone exhibits dopamine D, receptor engagement [73]. Gepirone
has relatively weak affinity for dopamine D,-receptors, making it a more useful probe of 5-HT;,

receptors [73].

Affinity and efficacy of agonists for the 5-HT,, receptor varies, although all generally bind with high
affinity with pKi < 10. However, this is not always paralleled with efficacy. For example, while
flesinoxan and tandospirone have similar efficacy to 5-HT itself at the 5-HT 4 receptor [74],

ipsapirone has half the efficacy of 5-HT (see Table 1) [75].
3.2 Evidence-based treatment for depression

Broadly, 5-HT 4, receptor agonists show antidepressant activity, alleviating depression more than
placebo (RR 0.74, 95% Cl 0.65-0.83) [46]. There may be within-class differences in antidepressant
efficacy, with more robust effects seen with buspirone, gepirone and flesinoxan [46, 48, 76, 77], than
agents such as ipsapirone [78-80]. Licensing does not reflect this directly, with buspirone and
tandospirone approved for anxiety disorders rather than depression. Some 5-HT, receptor agonists
are noted to have dose limiting side effects; for example, flesinoxan would likely produce
unacceptable adverse effects at the doses required for adequate receptor occupancy in humans

[75]. Ipsapirone has been found to be less well tolerated than SSRI comparators [78-80].
3.3 Pre/post synaptic 5-HT 4 receptor efficacy: implications for antidepressant action

Conventional 5-HT;4 receptor agonists act at both pre- and post-synaptic 5-HT . receptors to varying
degrees. The azapirones such as buspirone and gepirone behave as full agonists at 5-HT 4
autoreceptors but as partial agonists at post-synaptic 5-HT 4 receptors [81]. These actions may

provide a suboptimal pharmacological profile for the treatment of depression where the aim is to
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facilitate overall neurotransmission at post-synaptic 5-HT . receptors. However, flesinoxan has
greater agonist activity at post-synaptic 5-HT,, receptors [73], and may have superior antidepressant

activity, though as noted above with poor tolerability.

Some 5-HTjsreceptor antagonists have also been used in humans. The highly selective 5-HT ;4
receptor antagonist, WAY-100635, has been widely employed as a radioligand in PET studies [44, 82,
83]. It binds similarly to both pre- and post-synaptic 5-HT 4 receptors. The beta-adrenoceptor
antagonist, pindolol, also has a high affinity for 5-HT,, receptors and has been used to block the

neuroendocrine and hypothermic effects of buspirone [52].

The ability of pindolol to desensitise 5-HT 4 receptors, through its partial 5-HT 14 receptor agonism
[84, 85], has been used to expedite the therapeutic action of SSRIs. The notion underlying this
approach is that SSRIs are unable to exert their full therapeutic effect until 5-HT,, autoreceptors have
been desensitised, thereby freeing 5-HT neurons from inhibitory feedback control [86]. Desensitising
the 5-HT4 autoreceptor with pindolol should in theory allow the full effect of the SSRI on 5-HT

neurotransmission to be expressed from the beginning of treatment.

There is some evidence that pindolol can speed the onset of the clinical antidepressant effect of
SSRIs [87, 88], although it has been suggested that the dose of pindolol used in the clinical studies is
probably too low to occupy 5-HT4 autoreceptors in humans [89]. However in vitro work suggests
the dose of pindolol does not alter G protein activation when 5-HT 1, receptor levels are moderate in
density [90, 91]. Finally, in patients with depression, a more selective and classical 5-HT . receptor

antagonist, DU-125530, failed to speed the therapeutic onset of action of the SSRI, fluoxetine [92].
3.4 Biased agonists of 5-HT,receptors

Biased agonism describes an agonist that activates a sub-population of receptors, through selective
activation of specific intracellular pathways [93]. Through this selectivity, the biased agonist may

then act preferentially on receptors located in particular brain regions (Figure 1) [24, 73].

As noted above it is now apparent that the intracellular responses to 5-HT,, receptor activation
include not only inhibition of adenylate cyclase but also a variety of ‘non-canonical’ pathways, in
part, through selective binding of agonists to different G proteins [20, 25]. This property confers the
potential ability to activate distinct subpopulations of 5-HT . receptors [94]. Two compounds
available for human use are of particular interest, NLX-101 and NLX-112. Both drugs are selective for
the 5-HT 4 receptor where they act as full agonists, but NLX-101 appears to preferentially activate
cortical 5-HT,, receptors while NLX-112 acts roughly equally at both 5-HT,, autoreceptors and

cortical receptors [73].



N A WN R

~N

10
11
12
13
14

15
16
17
18
19
20
21
22

23
24
25
26
27

28
29
30
31
32

This distinction is supported by electrophysiological evidence in the rat. Specifically, whilst NLX-101
is able to suppress raphe 5-HT cell firing, consistent with 5-HT,, autoreceptor activation, it is far
more potent in increasing the firing of pyramidal neurons, an effect blocked by WAY-100635,
suggesting these effects are 5-HT, specific [95]. This suggests a relative selectivity of NLX-101 for
cortical 5-HT;4 receptors located on GABA interneurons. In contrast, NLX-112 showed a different

pattern, with a similar dose needed to inhibit raphe firing and stimulate pyramidal neuron firing [96].

The differential effects of NLX-101 and NLX-112 on pre- and post-synaptic 5-HT ;4 receptors is of
interest when assessing their effects in animal models of depression. In the forced swim test both
NLX-101 [97] and NLX-112 [98] reduced immobility with little difference between them in relative
potencies of effect (Table 1). In the chronic mild stress (CMS) test, a single days’ treatment with NLX-
101 produced a prolonged reversal of the stress-induced decrease in sucrose consumption [99].
Sucrose consumption is considered a model of anhedonia, which suggests a possible activity of NLX-
101 on this important clinical symptom. The effect of NLX-112 in the CMS test does not appear to

have been reported.

Classically, activation of 5-HT 4, autoreceptors has been seen as an important mechanism in anxiety
reduction. In the marble burying paradigm in mice, often used as a model of obsessive compulsive
disorder and anxiety, NLX-112 was effective at a lower dose than NLX-101 [100]. In the elevated plus
maze paradigm, a commonly used model of approach anxiety, NLX-112 0.1mg/kg elicited an
anxiolytic effect in mice [101], compared to the higher dose of 5mg/kg of NLX-101 in rats (Wistar
strain) (see Table 1) [102]. In summary, whilst drawn from different paradigms in different species,
the evidence suggests that for the treatment of anxiety, NLX-112 may be a better candidate than

NLX-101, which could be related to NLX-112's more potent, presynaptic 5-HT 5 receptor action.

Cognitive deficits are important in clinical depression and are not sufficiently addressed by current
pharmacological treatments, even when an antidepressant response is obtained [103, 104]. The role
of 5-HT;4 receptors in cognition is complex with both 5-HT; receptor agonists and antagonists
reported to improve aspects of learning and memory in preclinical paradigms measuring spatial

learning, aversive learning and working memory [105-107]. In healthy participants 5-HT 1A receptor

agonists, such as buspirone and tandospirone, have little or no effect on cognition, though the data
are somewhat inconsistent [108, 109]. In contrast, in patients with schizophrenia, the same agents
have been reported to produce small improvements in some aspects of cognition [11]. Rather

similarly, a single dose of ipsapirone reportedly impaired verbal learning in healthy participants but

tended to improve it in patients with depression [62].

10
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Studies in rats indicated that NLX-101 given as sole treatment had a largely pro-cognitive effect on a
range of tasks [73]. NLX-101 also attenuated cognitive deficits produced by phencyclidine and
scopolamine [110, 111]. These findings suggest that, likely through the activation of post-synaptic
cortical 5-HT,, receptors, NLX-101 has the potential to ameliorate cognitive deficits associated with

clinical disorders such as depression.

4. Clinical translation of 5-HT . receptor biased agonists as antidepressant treatments: an

experimental medicine approach

Experimental medicine has emerged as an important tool for translating findings from animal
models into humans, and establishing the likely clinical profile of a drug in development. Whilst not
required from a regulatory perspective, experimental medicine is valuable in ‘de-risking’ treatment
development, thereby enabling the prioritisation of resources for intensive clinical trials [112]. As
noted above, there are established physiological markers in humans for 5-HT 4 receptor activation;
these include EEG changes [113], endocrine responses and body temperature alterations [114].
While measurements of these responses provide evidence of 5-HT;4 receptor activation at a given
drug dose, they do not yield information about the possible utility of an agent in a psychiatric

disorder such as major depression.

Experimental paradigms can tap into neurocognitive processes that are integral to the experience of
the condition being targeted. A positive effect of a drug treatment in such a paradigm can provide
useful evidence about the potential clinical utility of a novel compound in a particular disorder.
When used in combination with biased agonists of the 5-HT 4 receptor, such paradigms may allow a
more nuanced understanding of the role of 5-HT,, receptors in human cognition. Here, we briefly
describe three neurocognitive processes that are known to be core to major depression - emotional
processing, reward processing and cognition - and the existing evidence of an involvement of 5-HT;,

receptions in these processes.

4.1 Emotional processing

Depression is associated with negative emotional biases which serve to maintain and reinforce the
persistent low mood that characterises the clinical condition [115]. Conventional antidepressant
drugs such as SSRIs produce rapid effects to shift emotional processing in a positive direction [116].
These effects are seen in both healthy volunteers and patients with depression where abnormal
negative biases are reversed by antidepressant drugs from the very beginning of treatment [117].

These shifts in emotional processing is also seen with atypical antidepressants such as agomelatine

11
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[118], and have been used by industry to screen for novel antidepressant compounds [119]. A typical
task that measures biases in emotional processing is the recognition of emotional facial expressions
[116]. This can be examined at both behavioural and neural levels and the effects of pharmacological

agents assessed [120].

There is little work on the effect of 5-HT4 receptor agonists on responses to emotional faces.
However, in a cross-over study of 15 healthy participants, Bernasconi and colleagues (2015) reported
that, relative to placebo, a single dose of buspirone (15mg) impaired the discrimination of fearful but
not happy faces [121]. This reduction in sensitivity to fear is consistent with an anxiolytic effect and
is also seen after repeated SSRI treatment. Using EEG, Bernasconi et al (2015) found that buspirone
reduced activity in the right dorsolateral prefrontal cortex (dIPFC) in response to fearful faces,
consistent with a role for 5-HT;4 receptor agonism in reducing cortical attention to negative stimuli

[121].

Using combined PET & functional magnetic resonance imaging (fMRI), two healthy volunteer studies
(with a total of 35 participants), reported an inverse correlation between 5-HT ;4 receptor density in
the raphe and amygdala activity in response to fearful faces [122, 123]. This suggests that higher
availability of 5-HT4 autoreceptors may be associated with reduced neural response to fear, which is
consistent with an important role for pre-synaptic 5-HTiareceptors in the control of anxiety and fear.
Interestingly, pre-clinical evidence indicates that mice with high 5-HT;,receptor expression in the
raphe nuclei exhibit increased behavioural despair and poor response to antidepressants in
behavioural models [124]. This could suggest the relative importance of post-synaptic 5-HT 4

receptor mechanisms in facilitating responses to antidepressant treatment.

4.2 Reward processes

The clinical symptoms relating to loss of interest and pleasure are often referred to ‘anhedonia’. As
noted above, anhedonia is key symptom in the diagnosis of depression and is not well managed by
current pharmacological approaches [125]. One reason for the great interest in the use of ketamine
as an antidepressant is its ability to rapidly relieve anhedonic symptoms in patients with treatment
resistant depression [126, 127]. In animal models, the antidepressant-like effect of ketamine can be
reversed by drugs that block cortical 5-HT 1, receptors [14]. This, together with the ability of NLX-101
to rapidly reverse anhedonic-like behaviour in the chronic mild stress test in rats [99], makes the

assessment of this biased agonist in reward processes in humans of particular interest.

Reward processing can be assessed in humans using neurocognitive models. These include
measuring the hedonic response to a pleasurable stimulus, for example, the taste of chocolate [128].

In a somewhat different experimental medicine paradigm, participants can be assessed in reward

12
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learning tasks, for example, the rate at which a response bias is developed towards a high-
probability win in a probabilistic instrumental learning task [129]. As with emotional processing,

responses in these tasks can be measured at both behavioural and neural levels.[130]

Interestingly, using a chocolate taste paradigm to test hedonic experience in healthy participants (N
= 45), seven days’ administration of the SSRI, citalopram, blunted the neural response to reward in
the ventral striatum and orbitofrontal cortex [128]. Consistent with this, it was recently reported
that chronic administration (at least 21 days) of the SSRI escitalopram reduces sensitivity to reward
learning [131]. These findings are consistent with clinical observations that SSRIs are not helpful in

reversing symptoms of anhedonia [132, 133].

At present there does not seem to be any work in humans that has investigated the effect of 5-HT;,
receptor agonism on behavioural or neural aspects of reward experience or reward learning.
However, there is pre-clinical evidence for a role of post-synaptic 5-HT 14 receptors in dopamine
release [134], which may suggest a role for this receptor subtype in reward processing. Thus,
activation of cortical 5-HT4 receptors, through inhibition of GABA interneurons, triggers disinhibition
of pyramidal neurons projecting to the ventral tegmental area [135]. This in turn could lead to
activation of mesocortical neurons and increased dopamine release in cortex. In rats, NLX-101
increased cortical dopamine levels at doses that did not lower 5-HT release, again suggesting

preferential activation of post-synaptic 5-HT . receptors [95, 136].
4.3 Cognition

There is an unmet need for pharmacological treatments that can improve cognition in depression
[104]. ‘Difficulty in concentrating’ is listed as a symptom contributing to the diagnosis of depression
in ICD-11. In patients with depression, however, cognitive impairment is typically seen over a wide
range of neuropsychological domains, including attention, learning, memory, and executive function,
with some resolving as the patient enters remission and others persisting [137] . Such impairments
can be assessed by cognitive tests in humans including well-established test batteries such as the

Cambridge Neuropsychological Test Automated Battery (CANTAB) [138].

It was noted above that conventional azapirone 5-HT;4 receptor agonists such as buspirone and
tandospirone, do not reliably affect cognition in healthy participants, compared to placebo [108,
139]. However some studies have shown that the multimodal antidepressant agent, vortioxetine,
has pro-cognitive effects in patients with depression [140]. This is of interest because vortioxetine

has full agonist activity at 5-HT, receptors [141].
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A study of vortioxetine in patients who had recovered from depression found that, compared to
placebo, vortioxetine (20mg daily for 14 days) decreased self-reported cognitive deficits in the
Perceived Deficits Questionnaire and improved performance on the Trail Making Test [142]. Also, in
a working memory task in the same participants, vortioxetine reduced task-induced activation in the
right dorsolateral prefrontal cortex (dIPFC) and left hippocampus. Vortioxetine has other
pharmacological properties, for example 5-HT;receptor antagonism, which may contribute to its
pro-cognitive profile. Therefore, a similar assessment of cognition with a selective, post-synaptic 5-
HT 14 receptor agonist is important in elucidating the role of post-synaptic 5-HT 14 receptors in this

effect.

4. Conclusions

5-HT.4 autoreceptors play a key role in the control of 5-HT release while post-synaptic 5-HT 4 cortical
receptors are involved in the regulation of GABA interneurons and glutamatergic pyramidal cells.
The significance of the role that 5-HTy, receptors play in the pathophysiology of depression is not
altogether clear but there is reasonable evidence for a decrease in 5-HT;4 receptor availability and
function in patients with this condition. How this abnormality may relate to the symptomatology of
the depressive syndrome is not established. However, biases in processing affective information may
be a key cognitive process relating to 5-HT;4 receptor availability. This is supported by PET imaging
work suggesting lower 5-HT;, receptor availability in the raphe nuclei may be linked to increased

amygdala activity in response to negative emotional stimuli [123]. .

5-HT,a receptor agonists have been available for human use for over 20 years and buspirone
continues to be widely prescribed in the United States for the treatment of generalised anxiety
disorder. Data from controlled trials suggest that azapirone drugs, such as buspirone, have some
efficacy in the treatment of depression [46] but no azapirone has yet been licensed for this purpose
thus far. Buspirone is often used off-label to augment the antidepressant effects of SSRIs but the

clinical efficacy of this approach is not established [143].

Conventional 5-HT;4 receptor agonists such as buspirone are full agonists at the 5-HT,, autoreceptor
but partial agonists at postsynaptic 5-HT 4 receptors [47]. It has long been thought that these
pharmacological effects may lessen the ability of such agents to treat clinical depression because
they would not increase overall neurotransmission at post-synaptic 5-HT ;4 receptors with full
effectiveness. This pharmacological profile also limits their use as a probe to test the role of post-
synaptic 5-HT, receptor agonist as a therapeutic target in depression. The development of biased

agonists, such as NLX-101 which appear to have selective and full agonist effects at cortical post-

14
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synaptic 5-HT, receptors, may enable this role to be tested. Prior to a full-scale clinical trial, it is
often appropriate to use experimental medicine methods to provide evidence that a particular agent
may indeed be efficacious in a clinical disorder. In this review, we have outlined some potential
models suitable for testing the potential antidepressant efficacy of biased 5-HT ;4 receptor agonists in

both healthy participants and patients with depression.
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Figure 1 Title
5-HT,4 receptors in the brain

Figure 1 Legend

Serotonin (5-HT) neurons, originating from the raphe nucleus, release 5-HT when activated. This 5-
HT release has a dual effect on 5-HT 4 receptors. Firstly it activates 5-HT 4, auto-receptors on the 5-
HT neuron cell body and dendrites, leading to an inhibition of 5-HT cell firing. Secondly 5-HT release
activates post-synaptic 5-HT,, receptors in several regions of the brain, which play a role in a range
of physiological and cognitive functions. The biased agonist NLX-101 preferentially activates post-
synaptic 5-HT 4 receptors. Created with BioRender.com.
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Table 1: Currently available serotonin 1A (5-HT4,) receptor agonists and antagonists

Compound Affinity | Efficacy | Pre-vs post- Other Pre-clinical effect on Pre-clinical References
for 5- Enax (as synaptic receptors forced swim test effect in
HT;a % of 10 | potency affinities (minimal effective elevated plus
(pKi) UM 5-HT (indicative dose used) maze test
binding) pKi) (minimal
mean effective
S.E.M. acute dose
used, unless
specified)
Buspirone 7.7-80 | 654+ Pre D, (7.5) t immobility t % time in [74, 75,
4.4 a, (6.2), (40mg/kg po) open arm 81, 144-
entries 147]
(2.5mg/kg po,
chronic)
Gepirone 7.2 32* Pre 5-HT,a (5.9) L Immobility t % time in [81, 148-
5-HT 5 (5.8) (5mg/kg ip) open arm 150]
D,(6.25) (10mg/kg po,
- - D;(6.5) chronic)
o | 2 D,, (6.35)
S| 5 as (6.35)
- a, (6.5)
Ipsapirone 8.6-8.8 49+3.6 |- L Immobility NS effect on [74, 75,
(10mg/kg sc) open arm 147, 151]
entries
Flesinoxan 9.3 94.3 + - D,(7.1) L Immobility NS. Effecton | [74, 75,
10.4 D;(7.5) (40mg/kg po) open arm 145, 151]
D.(6.8) entries
a, (6.5)
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Tandospirone | 8.2 100.5+ | - D,(6.9) L Immobility NS effect on [74, 75,
0.7 D;(7.2) (10 mg/kg sc) time spentin | 147, 152]
D., (7.2) open arms
ay, (6.3)
a,(6.5)
Vortioxetine | 7.8 96t - SERT (0.2), L Immobility In open field [153-155]
5-HT, (1.2) (5mg/kg po) test: + time in
5-HT5(0.6) centre
(2.5mg/kg po)
%0 4 Pindolol 8.1 20.3 % - Not tested 1 % time in [75, 156]
€< 21 open arm
< ¢ (0.1mg/kg ip)
NLX-101 8.57 102+ 3 | Post Nil L Immobility t % time in [97, 102,
- (F15599) (0.63mg/kg; po) open arm 157]
= (5mg/kg po)
3 5:0 NLX-112 8.9 108 £3 | Pre & post Nil L Immobility 1 % time in [101] [98]
% (F13640, (equipotent) (0.16mg/kg po) open arm
= Befiradol) (0.1mg/kg sc)
5 WAY-100635 | 7.9-9.2 - - Nil 1 % time in [158]
- open arm
£c (0.05mg/kg
< & ip)

Abbreviations a;: alpha 1 adrenergic receptor; a,: alpha 2 adrenergic receptor; D: dopamine receptor; SERT: serotonin transporter; 5-HT: serotonin; ip: intraperitoneal
administration; po: oral administration; sc: subcutaneous administration; kg: kilogram; mg: milligram; 1= decrease, 1 = increase; pKi: negative logarithm of the dissociation
constant of ligand -transporter complex; E.... maximum efficacy at human 5-HT;, receptors in recombinant cell lines on G protein activation;. * = (5-HT reference
concentration or S.E.M. not available); T =Intrinsic activity relative to 5-HT
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