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assessing biased signaling, spanning from traditional radioligand binding assays to advanced biosensor
technologies. Furthermore, we review structural studies and computational modeling that have identified
key receptor residues modulating biased signaling. We also highlight novel biased ligands with selective
pathway activation, presenting a promising avenue for developing targeted antidepressant therapies
without psychedelic effects. Additionally, we explore the 5-HT,4 receptor’s role in memory processes
and stress response regulation. Ultimately, advancing our understanding of 5-HT,, receptor-biased
signaling could drive the development of next-generation GPCR-targeted therapies, maximizing thera-
peutic efficacy while minimizing side effects in psychiatric treatment.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

G protein-coupled receptors (GPCRs) are among the most inten-
sively exploited drug targets', as approximately 30%—40% of
marketed drugs act through these receptors®. They also serve as
molecular targets for 50% of newly launched drugs®. The function
of GPCRs was classically explained by the ternary complex model,
where receptor activation by an agonist leads to interactions with
G protein and the initiation of specific signaling cascades. How-
ever, it is now recognized that GPCR signaling is much more
complex®, involving multiple G proteins and even pathways in-
dependent of G proteins, such as those mediated by (-arrestins.
This complexity has facilitated the design of biased ligands, which
can selectively affect certain signaling pathways, leading to more
efficient and selective drugs with fewer side effects.

Today, GPCRs are understood as allosteric proteins that bind to
various ligands, altering their conformation to transmit signals
from extracellular to intracellular spaces. Initially, the interaction
of a single GPCR with different G proteins was thought to be the
main source of functional selectivity. Later, it was discovered that
phosphorylated GPCRs, including the 5-HT,4 receptor, have a
high affinity for arrestins, a finding that was first demonstrated for
rhodopsin™®.

The 5-HT,4 receptor is widely distributed in both the central
nervous system (CNS) and peripheral tissues. Within the CNS, it
is predominantly localized in serotonin-rich regions, including the
neocortex, olfactory tubercle, hippocampus, and amygdala, as
well as limbic and basal ganglia structures’. In the cerebral cortex,
the highest density of 5-HT,4 receptors is observed in the apical
dendrites of layer V pyramidal neurons, suggesting its crucial role
in modulating cognitive processes such as working memory,
cognitive flexibility, and creative thinking®®. In the human brain,
autoradiographic analyses using ketanserin have revealed high 5-
HT,4 receptor density in layers III and V of the frontal, parietal,
temporal, and occipital cortices, as well as in the entorhinal re-
gion. Significant expression has also been detected in the
mammillary bodies of the hypothalamus, claustrum, and lateral
nucleus of the amygdala®. At the subcellular level, the 5-HT,5
receptor is localized in both presynaptic and postsynaptic termi-
nals, dendritic spines, and neuronal somata, as confirmed by
immunomicroscopy studies®®. In the mouse hippocampus, this
receptor is present in CA1 neurons, indicating its involvement in
synaptic plasticity and memory processes’.

The 5-HT,4 receptor plays a pivotal role in regulating cogni-
tive, emotional, and neuroplastic processes. Its particularly high
concentration on the apical dendrites of layer V pyramidal neu-
rons in the cerebral cortex enables modulation of working

memory, attention, and other executive functions through both
glutamate release regulation and interactions with other receptor
systems'®. This receptor is critically important for hippocampal
and amygdalar function—key structures involved in learning,
memory formation, and emotional processing. Both regions
receive dense serotonergic innervation from the raphe nuclei, and
5-HT,, receptor activation modulates their activity through pro-
cesses such as enhanced spatial coding precision, regulation of
GABAergic interneuron-mediated inhibition!!, facilitation of
memory consolidation processes. Influencing these processes is
associated with therapies for diseases of the nervous system.

Although the 5-HT,, receptor antagonists and inverse or par-
tial agonists are widely used to treat schizophrenia, cognitive
impairments, and migraines, using its agonists therapeutically is
challenging. This difficulty arises because the receptor can acti-
vate different effector proteins, specifically G, and S-arrestin. G
primarily associates with the receptor to initiate the activation of
phospholipase C (PLCg), which then leads to the production of
secondary messengers like inositol triphosphate (IP3) and diac-
ylglycerol (DAG), resulting in calcium release and protein kinase
C (PKC) activation'?. Moreover, the 5-HT,x receptor interacts
with (-arrestin, facilitating receptor internalization and desensi-
tization while also initiating distinct intracellular signaling cas-
cades'>'*. These mechanisms contribute to different physiological
effects, such as antidepressant and hallucinogenic outcomes.

It has been shown that receptor activation induces conformational
changes that selectively engage the effector proteins. Pharmaco-
logical assays have demonstrated that known agonists like LSD
typically stimulate both G, and B-arrestin pathways'>~'7. Impor-
tantly, it has been found that selective activation of G is responsible
for the hallucinogenic effects'®'®. However, the exact physiological
mechanisms underlying G activation and §-arrestin recruitment by
serotonergic ligands remain poorly understood. This uncertainty
drives ongoing efforts to develop receptor-biased agonists that
preferentially activate one signaling pathway over the other!®.

Considering the above, the purpose of this review is to sum-
marize the current state of the art, regarding biased signaling via
the 5-HT,4 receptor to explore its structural and pharmacological
aspects in drug design. We critically assess the potential appli-
cation of 5-HT,a receptor-mediated functional selectivity as a
basis for developing more effective and safer therapeutic agents.

2. Signaling pathways mediated by 5-HT,, receptor

Activation of the 5-HT,4 receptor leads to the engagement of a
G protein, which subsequently triggers downstream signaling
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pathways (Fig. 1). Among these, the Gy/;;-mediated activation of
phospholipase C (PLC) is considered the most significant which is
often referred to as the canonical pathway. Gy, proteins are
primarily expressed in the central nervous system, and studies on
Gy/11-deficient (Gq,lfl ) mice have demonstrated that the acti-
vation of this pathway is essential for the development of certain
brain regions?’.

Upon activation, Gg; stimulates phospholipase C (PLC),
which catalyzes the conversion of phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P2) into inositol 1,4,5-trisphosphate
(IP3), a Ca®*"-mobilizing second messenger, and diacylglycerol
(DAG)?'. IP3 binds to its receptors on the endoplasmic reticulum
membrane, inducing the release of Ca>™ from the organelle. The
released Ca”" then triggers further downstream signaling, while
DAG diffuses along the plasma membrane to activate membrane-
bound forms of protein kinase C (PKC).

Studies on the human frontal cortex have demonstrated a sig-
nificant positive correlation between 5-HT,, binding density and
IP3 concentrations, confirming the crucial role of this axis in
signal transmission®?. Additionally, it has been shown that 5-HT,
activation leads to Ca>" release from the endoplasmic reticulum, a
process that can be inhibited by blocking either PLC or IP3%*. The
increase in intracellular Ca®>" concentration induced by 5-HT,, is
not only the result of the release of Ca>" from the endoplasmic
reticulum but is also associated with the influx of Ca®" from the
extracellular space. It has been suggested that the initial rise in
Ca*" concentration, triggered by its release from the endoplasmic

Figure 1

reticulum, activates a Ca?*-influx factor (CIF), which subse-
quently opens specific Ca>" channels in the cell membrane®*.
Notably, 5-HT, receptor activation modulates calcium channels,
encompassing both voltage-gated (e.g., Cavl.2) and voltage-
independent varieties, thereby influencing neuronal excitability
and astrocytic intercellular signaling®2°.

The rise in intracellular Ca®" levels significantly affects
various proteins and intracellular pathways. It has been found that
PLC activation and elevated Ca®*" levels are essential for the
activation of molecules such as calmodulin (CaM) and trans-
glutaminase (TGase)26. TGase is activated by Ca** in a dose-
dependent manner”’, and its activation leads to Racl
transamidation?®,

PLC is, however, not the only phospholipase that can be
activated by the 5-HT,, receptor. Phospholipase A2 is activated
through interactions between 5-HT,, and Gjz/13 proteinszg, while
phospholipase D directly binds to both 5-HT,A receptors and
ADP-ribosylation factor (Arf)*°. All of these phospholipases play
crucial roles in the release of arachidonic acid from phosphati-
dylcholine, which in turn activates the pro-inflammatory response
and promotes the synthesis of endocannabinoids®'*2.

The MAP kinase pathway, particularly ERK1/2, plays a crucial
role in 5-HT, receptor signaling. ERK activation can occur
through distinct mechanisms—in PC12 cells it requires increased
intracellular calcium levels, CaM activation, and Src kinase ac-
tivity, while in other cellular models, it may depend on Gg,

subunits of Gy, proteins9‘33.

Most important signaling pathways induced by 5-HT,4 receptors.
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An intriguing aspect of 5-HT,5 receptor activity regulation
involves its interaction with ribosomal S6 kinase 2 (RSK2).
Activated through the Ras—ERK—MAPK cascade, RSK2 phos-
phorylates numerous transcription factors to modulate gene
expression. Studies have demonstrated that RSK2 binds to the
5-HT, receptor and inhibits its signaling, which may have im-
plications for neurodevelopmental disorders, particularly since
loss-of-function RSK2 mutations are associated with neurological
diseases®*. Furthermore, the 5-HT,, receptor participates in the
activation of additional pathways, including JAK2—STAT3
signaling, potentially relevant for responses to hallucinogenic
substances such as DOI*>.

Another important downstream protein of the 5-HT,4 receptor
is (B-arrestin, which exhibits two opposing mechanisms of action
that appear dependent on the cell type and agonist involved™.
B-Arrestin is believed to be responsible for desensitizing GPCRs,
thereby attenuating G-protein signaling. Nevertheless, (-arrestin
can bind to the activated receptor, leading to the formation of
complexes with proteins such as Raf-1, MEK1, and ERK1/2,
resulting in their activation®®?”. Knockout studies have revealed
that B-arrestin is essential for ERK activation in the frontal cortex
by serotonin®®. The 5-HT,4 receptor has been shown to interact
with (-arrestin 1 and B-arrestin 2, both in vitro and in vivo;
however, it seems to have a preference for S-arrestin 2357,

Different ligands of the 5-HT,4 receptor can selectively acti-
vate specific signaling pathways, leading to diverse cellular re-
sponses. This functional selectivity (biased signaling) complicates
the unambiguous characterization of signaling pathways, neces-
sitating simultaneous analysis of multiple parameters across
different cellular models. In summary, the two most significant
downstream pathways of the 5-HT,4 receptor are the 5-HT,5-G¢/
11-PLC-IP3—Ca’" axis and the §-arrestin-dependent MAPK ERK
pathway (Fig. 1).

3. Structural aspects of 5-HT,, biased signaling

The binding of specific intracellular signaling or scaffolding
proteins depends on the conformational states adopted by a given
receptor. Increasing evidence suggests that multiple factors in-
fluence GPCR signaling bias, including receptor palmitoyla-
tion***!, phosphorylation***3, oligomerization or
heterodimerization**. Significant attention has been devoted to
functional selectivity in Class A GPCRs, the most populous sub-
family, which is characterized by numerous similarities and
conserved sequence motifs*. These conserved motifs often form
molecular switches that regulate activation and induce confor-
mational changes throughout the receptor. From this perspective,
the structural aspects of activation and biased signaling should be
considered across the entire family, as many mechanisms may be
evolutionarily conserved.

Structural features responsible for biased signaling across the
GPCR family were recently reviewed by Wootten et al.*® Notably,
the article highlights several studies linking the conformation of
transmembrane helix 7 (TM7) to arrestin recruitment*’ ", TM7
has also been identified as a key player in arrestin recruitment in
recent studies on the angiotensin II type 1 receptor’' .
Computational analyses of experimental structures indicate that
the intracellular conformation of TM7 is allosterically linked to
the ligand-binding pocket. Compared to the G protein-bound
conformation, the TM7 region in the arrestin-biased structure is
twisted counterclockwise (as viewed from the extracellular side)

above its conserved proline 7.50 kink. This conformational shift
affects several residues, including N1.50, N7.46, and C7.47
(Cys296), and moves the intracellular portion of TM7 closer to
TM3. The universal role of TM7 in Class A GPCRs is further
supported by studies on signaling bias in opioid receptors™*. Nu-
clear magnetic resonance studies, combined with molecular dy-
namics simulations, have highlighted the crucial role of the
conserved W6.48 residue, the NPxxY motif, and N1.50 in this
process®>. The role of TM7 in biased signaling is further under-
scored by the observation that arrestin recruitment in many
GPCRs is triggered by specific phosphorylation patterns.
Arrestin—receptor interactions can take the form of core in-
teractions or tail interactions™®, involving the receptor’s C-terminal
tail, a sequence segment that follows helices H§ and TM7.

The 5-HT,, receptor interacts with multiple intracellular
partners, including Ggg, Gaio, and Gyiz/13 proteinsS7, raising
questions about functional selectivity and its implications for drug
design. Recent studies suggest that the psychedelic effects of
5-HT,, activation require activation Gq protein pathway'®.
Meanwhile, antipsychotic action of antagonists and inverse ago-
nists of serotonin receptors might be affected by both their subtype
selectivity and their bias towards specific G protein subtypes. It
was recently shown that an approved antipsychotic drug, prima-
vanserin, exhibits inverse agonism toward G,;;, while simple
antagonism toward Gug/i1 subtypesg’sg. Recent medicinal chem-
istry efforts revealed that except of the signaling bias, a proper
subtype selectivity balance toward 5-HT, and 5-HT,¢ subtypes is
an important factor in antipsychotic properties of the prima-
vanserin scaffold®®. While understanding of structural basis of
inhibition bias might be challenging, the recently solved X-ray
structure of primavanserin-bound 5-HT,, receptor may serve as
a foundation for future studies on this issue®.

Structural data obtained from X-ray crystallography and cryo-
electron microscopy (Cryo-EM), while providing only static
snapshots of receptor conformations, offer high-resolution insights
into the low-energy states associated with different signaling
modes. Until recently, the most extensive structural data on se-
rotonin receptors were available for the 5-HT,g receptor*®°!.
However, the 5-HT;4 receptor has also been the subject of recent
structural biology studies'®%>7%* Some experimental structures
feature the receptor bound to biased ligands, providing key in-
sights and serving as starting points for computational studies. In
particular, the recent work of Gumpper et al.® reveals a structure
of the 5-HT,o receptor in complex with a ( arrestin-biased
compound and describes its distinct binding mode, characterized
by unique interactions with the ‘toggle switch’ tryptophan
(W6.48) that induces a cascade of conformational changes
involving PIF motif residues and NPxxY motif. These confor-
mational changes result in an altered arrangement of TMS5, TM6,
and TM7, being a non-canonical intermediate state between active
and inactive conformations.

The third intracellular loop (ICL3) appears to play a particularly
important role in 5-HT, 4 receptor interactions with arrestin (Fig. 2),
as demonstrated by in vitro studies on over-expressed and purified
ICL3 fusion proteins®. Another study highlights the crucial role of
this loop in functional selectivity. Karaki et al.®’ found that phos-
phorylation of the Ser280 residue in ICL3 differentiates between 5-
HT,4 receptor molecules activated by the hallucinogen DOI and
those activated by the non-hallucinogen lisuride. This study de-
scribes a biased phosphorylation of the 5-HT, receptor in response
to hallucinogenic versus non-hallucinogenic agonists, which un-
derscores their distinct capacity to desensitize the receptor.
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Figure 2  Structural features relevant for GPCR biased signaling
marked on a cryo-EM 5-HT,p receptor structure coupled with beta-
arrestin (PDB ID: 7SRS). The orthosteric pocket is shown in yel-
low. TM3 and TM7 are highlighted with black edges. Conserved
N1.50, W6.48 and NPxxY motif are marked blue. Regions shown to
affect arrestin coupling by 5-HT, receptor are shown in red.

In silico studies indicate that the second intracellular loop
(ICL2) may also contribute to biased signaling®. The role of ICL2
is further supported by findings that an I181E mutation in this loop
significantly reduces the receptor’s coupling to G,q while simul-
taneously increasing its interaction with B-arrestin®. This un-
derscores a common feature among many GPCRs, where ICL2
plays a crucial role in arrestin recruitment®. Furthermore, the
involvement of both ICL2 and ICL3 in signal transmission has
been demonstrated in a recent cryo-EM study on the closely
related 5-HT»,p receptor(’l.

Some computational studies aim to link conformational
changes in the extracellular loops to signaling bias in serotonin
receptors®. However, this aspect of receptor function remains
complex, as shown by Kim et al. Their study revealed that the
binding pocket of the 5-HT,4 receptor can assume highly variable
shapes while still inducing the same psychedelic effect®.

Several other structure-based studies have explored the
mechanisms underlying ligand bias at the 5-HT,, receptor. For
example, Perez-Aguilar et al.®® used molecular dynamics (MD)

simulations to show that the intracellular loop 2 (ICL2) of the
5-HT,5 receptor adopts a more outward-upward conformation
when bound to hallucinogenic compounds. This distinct confor-
mation was not observed with non-hallucinogenic ligands. Their
analysis also identified critical amino acids, such as D1723.49 and
H1833.52, that may contribute to functional bias.

4. Computational methods to identify 5-HT,, biased ligands

Ever since the breakthrough of technology, computational tech-
niques have become an integral part of drug development,
particularly in studies aimed at identifying molecules that target
specific receptors. Recently, biased ligands for the 5-HT,, re-
ceptor have emerged as potential new-generation drugs due to
their functional bias toward specific G-protein/B-arrestin signaling
pathways, which can lead to differentiated physiological effects.
Currently, the rational design for biased agonists remains
challenging due to the baffling mystery of functional selectivity of
5-HT,a receptor ligands. However, molecular dynamic (MD)
simulations proved to be a powerful technique that has been
widely exploited to study the structural basis of functional selec-
tivity. Marti-Solano et al.”® applied MD simulations to learn the
pattern of ligand—receptor interactions of known 5-HT,, biased
ligands and utilized this knowledge to develop new biased ligands
with desired profile. As a result, they discovered exclusive ligand
features and hotspots that promote signaling bias. For instance, an
interaction with residue N6.55 promotes bias for arachidonic acid
(AA) signaling pathway and binding with S5.46 promotes bias for
inositol phosphate (IP) signaling. Furthermore, multiple potential
biased ligands were developed by using this structural insight for
5-HT,, receptor. Moreover, the biased behavior of the predicted
compounds was verified through in vivo studies, suggesting their
potential as candidates for future antipsychotic drugs’®.
Likewise, Kossatz et al.”' explored the complex nature of
5-HT, 4 receptor signaling in response to different signaling probes
by using MD simulations followed by in vitro and in vivo studies.
They utilized small molecules (for example OTV1 (2-[5-
(2,3-dihydro-1,4-benzodioxin-6-yl)-1H-indol-3-yl]ethan-1-amine),
OTV2 (2-(5-phenoxy-1H-indol-3-yl)ethan-1-amine)) and Nitro-I
(2-(5-nitro-1H-indol-3-yl)ethamine hydrochloride)) that were
close analogs of 5-HT agonists as probes and observed their
coupling preferences to provide an insight into the structural basis of
functional selectivity. The outcomes showed that the type of ligand
interaction with the extracellular loop 2 ECL2 mainly affects the
potential of 5-HT,4 receptor to activate different G protein subtypes.
In addition, small molecules in this study have shown an overall
preference for G, over G,; and (-arrestin subtypes. Interestingly, it
was shown that substitutions at position 5 of OTV1 could shift the
coupling preferences to G,; over G.q. Moreover, different chemical
modifications lead to the activation of the preferred G-protein sub-
type ultimately leading to different physiology responses as well”'.
More recently, Wallach et al.'® developed a series of 5-HT,a
biased agonists using molecular docking followed by MD simu-
lations and mutagenesis study. The results showed that interactions
with W336 are responsible for functional selectivity for §-arrestin
2 biased agonists. In addition, the psychedelic potential of identi-
fied 5-HT,4R ligands was determined in knock out mice study that
might hold a therapeutic potential for future psychedelic drugs'®.
Another noteworthy study by Kaplan et al.%® utilized structure-
based virtual screening to assess a library of virtually generated 75
million tetrahydropyridine compounds (THPs). The best-
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performing 5-HT,, receptor model was screened against 75
million THP molecules, generating over 7 trillion complexes. The
top 300,000 docked molecules were clustered yielding about
15,000 unique clusters. The top-scoring molecules from 4000
clusters were screened for unfavorable features and interactions
with key residues. Of these, 205 chemically novel candidates were
selected, leading to the synthesis of 17 highly functionalized
THPs, which were then subjected to further validation. Initially,
four of these molecules exhibited no activity against the 5-HT,5
and 5-HT,g receptors; however, structure-based modifications
resulted in the discovery of two 5-HT,4 receptor agonists, (R)-69
and (R)-70, with ECs, values of 41 and 110 nmol/L, respectively.
Notably, these agonists showed bias toward G-protein signaling
over (-arrestin signaling. Cryo-electron microscopy analysis
further corroborated the binding of these agonists to the 5-HT,x
receptor. Interestingly, both agonists exhibited unusual signaling
kinetics, demonstrating no psychedelic activity while still exhib-
iting antidepressant effects®.

5. HT,, receptor biased signaling and potential drugs
5.1.  Antipsychotics and pimavanserin

Antipsychotic drugs are categorized into "typical" and "atypical"
based on their antagonism towards dopaminergic and serotonergic
receptors, as well as the tendency of typical drugs to cause extrapy-
ramidal side effects. The etiology of schizophrenia involves dysre-
gulation of the 5-HT,4 receptor. Given the functional selectivity and
the presence of distinct signaling pathways mediated by this receptor,
itis essential to reconsider the classification of antipsychotics to better
understand their therapeutic effects and side effects’>.

Drugs commonly used to treat neuropsychiatric disorders
exhibit a strong affinity for the 5-HT, A receptor. Typically, second-
generation atypical antipsychotics function as neutral antagonists
or inverse agonists within canonical 5-HT,, receptor pathways.
However, recent research suggests that clozapine may display
agonistic properties, either by interacting with other GPCRs or
directly through the 5-HT,4 receptor. Studies conducted in heter-
ologous expression systems demonstrate that clozapine enhances
G/, protein-dependent signaling in cells co-expressing the 5-HT5
receptor and the Gj,, protein-coupled metabotropic glutamate re-
ceptor 2 (mGluR2) in a GPCR heterocomplex. Additionally, clo-
zapine activates the Akt pathway via the 5-HT, 4 receptor through a
mechanism that is independent of (-arrestin.

In this context Martin-Guerrero et al.”® discuss the complex
role of the 5-HT,, receptor subtype in mediating the effects of
clozapine, emphasizing how genetic variations can influence drug
response by altering signaling mechanisms. The His452Tyr
polymorphism has been associated with a reduced response to
clozapine in schizophrenia patients. This study investigates how
this variant affects the signaling mechanisms caused by clozapine,
revealing that the His452Tyr polymorphism in the 5-HT,, re-
ceptor influences both G-protein and (-arrestin signaling path-
ways. Specifically, in cells expressing the 5-HT,-H452Y variant,
the receptor exhibits diminished G-protein signaling. Furthermore,
this polymorphism also affects (-arrestin-dependent signaling,
indicating a nuanced impact of genetic variations on receptor
function and drug efficacy.

In the case of clozapine, which can activate Akt via a
G-arrestin-independent mechanism, the polymorphism reduces the

ability to fully engage these phosphorylation-based networks. A
further interesting insight is the one proposed by Gaitonde et al.”*
where they examined the signaling profiles of six antipsychotic
drugs with the aim of understanding how these may interact and
which of them interact with G proteins or (-arrestins. Using
bioluminescence resonance energy transfer (BRET) assays, they
detected activity of risperidone, clozapine, olanzapine and halo-
peridol as selective inverse agonists towards G proteins and
demonstrated partial agonism of aripiprazole and cariprazine
mainly at the G, family, and with minimal activity for -arrestin
recruitment. In particular, Kossatz et al.”' investigated the binding
and activation of G-proteins and other pathways in order to shed
light on a potential future design of antipsychotic drugs. Specif-
ically, this study is based on how different G-protein subtypes are
linked to psychosis-related effects and also to memory deficits.
They focused on the role of G.q and G,;; in modulating behavioral
and physiological outcomes. Combining computational modelling
studies, in vitro and in vivo experiments, they studied these
pathways after stimulation with structurally closely related probes
of the endogenous 5-HT agonist. For instance, both pro-
hallucinogenic and anti-hallucinogenic properties of 5-HT;5R
drugs depend on G, proteins and their pathways, thus psychotic
behaviors are related to their modulation while memory deficits
are dependent on G,q activation.

Remaining in this line of research, it is also important to focus
on another drug, an orally available, small-molecule, pima-
vanserin’>. Pimavanserin is a well-known and potent drug that
operates primarily through the 5-HT,, receptor. It has exhibited
atypical antipsychotic activity across several preclinical models’®.
This FDA-approved atypical antipsychotic is indicated for treating
Parkinson’s disease psychosis (PDP), particularly addressing hal-
lucinations and delusions associated with the condition. Approved
and commercially available for the treatment of Parkinson’s dis-
ease’’, it is currently undergoing clinical trials to evaluate its ef-
ficacy in additional conditions, such as psychosis associated with
Alzheimer’s disease, irritability in autism, and Tourette’s
syndrome.

Its activity likely extends to the 5-HT,c receptor as well,
raising questions regarding its precise mode of action. In partic-
ular, it is important to determine whether it functions as an
antagonist blocking receptor activity. Alternatively, it may act as a
reverse agonist, which not only blocks but also reduces the
intrinsic activity of the 5-HT,, receptor in the absence of its
agonist, serotonin. Pimavanserin is particularly valuable in PDP
because, unlike other antipsychotics, it does not interact with
dopaminergic D, receptors. This characteristic suggests that it
may help restore the balance between serotonin and dopamine in
this disorder’®. Given that atypical antipsychotics generally have a
narrower range of side effects’?, attempt to rationalize the effects
of pimavanserin in terms of pathway activation, moving away
from canonical 5-HT,4 receptor activation. Current understanding
holds that pimavanserin blocks the 5-HT,,—G, pathway and ex-
hibits inverse agonism on the 5-HT,,—G;j; pathway. In contrast,
the inactive compound glemanserin (MDL-11939) has been
shown to block both pathways, however, it did not prove effective
and was not marketed’®. This leads to the conclusion that inverse
agonism at the 5-HT;,—G;; receptor complex is essential for
antipsychotic properties and that activation of this pathway is
sufficient to induce psychosis-like symptoms. Consequently,
future studies should focus on gaining a deeper understanding of
this signaling pathway and the S-arrestin pathway’®.
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5.2.  Antidepressants

Antidepressants remain among the most widely prescribed med-
ications globally, playing a crucial role in treating a range of
mental health disorders. Traditionally, these drugs have included
monoamine oxidase inhibitors (MAOISs), tricyclic antidepressants,
serotonin reuptake inhibitors (SSRIs), norepinephrine and dopa-
mine reuptake inhibitors (NDRIs), and serotonin and norepi-
nephrine reuptake inhibitors (SNRIs). However, these treatments
often present challenges such as delayed onset of therapeutic ef-
fects, variable efficacy, and the need for prolonged administration
before achieving noticeable clinical improvement.

In recent years, attention has focused on the role of the 5-HT,5
receptor in depression and the action of related drugs®®. Unlike
classical therapies, which predominantly modulate serotonin
availability, biased agonism at the 5-HT,4 receptor offers a unique
approach by selectively engaging signaling pathways that
contribute to antidepressant effects without triggering adverse
responses. For instance, the development of ligands that bias
signaling towards (-arrestin pathway may allow the antidepressant
effects associated with 5-HT,, activation while avoiding the
psychedelic effects seen with compounds like LSD or psilocybin.
This differentiation is critical in moving towards safer, non-
hallucinogenic treatments for depression. Furthermore, com-
pounds such as IHCH-7086 and IHCH-7079, @-arrestin biased
5-HT,, serotonin receptor agonists, are experimental compounds
currently under preclinical investigation in murine models. They
have demonstrated the ability to harness (-arrestin signaling to
achieve antidepressant effects without the psychoactive properties
typical of traditional psychedelics®'#%.

Very recently, Vargas et al.®® discovered that the activation of
intracellular serotonin 5-HT,A receptors underlies the plasticity-
enhancing and antidepressant-like effects of psychedelic compounds.

These findings highlight the therapeutic potential of function-
ally selective ligands in revolutionizing the pharmacological
management of depression.

5.3.  Anxiolytics

The serotonin 5-HT, A receptor plays a critical role in modulating
both excitatory and inhibitory neurotransmission in brain regions
associated with stress and anxiety. The involvement of the 5-HT, 5
receptor in regulating stress responses has spurred interest in its
potential as a target for anxiolytic therapies®*%>. By exploiting
biased signaling, researchers aim to develop drugs that provide
anxiety relief through precise modulation of 5-HT,,-mediated
pathways, avoiding the side effects associated with broader sero-
tonergic interventions®' 8657,

Recent advances have identified small heterocyclic compounds
with functional selectivity that act as Gg-biased agonists for the
5-HT, receptor. These compounds not only exhibit anxiolytic
properties but also demonstrate selectivity for 5-HT,, over
5-HT,p and 5-HT,c receptorsgg. The ability of these ligands to
selectively activate specific signaling pathways may lead to more
refined treatments for anxiety disorders, offering therapeutic
benefits without the sedative or dependency risks associated with
benzodiazepines and other traditional anxiolytics.

While psychedelics have shown efficacy in reducing anxiety in
clinical settings, particularly for treatment-resistant cases and in
palliative care, the primary focus of current research is to separate
therapeutic benefits from hallucinogenic effects®>%. Instead of
reiterating the psychedelic mechanisms detailed in Section 6, it is

essential to emphasize that ongoing studies are exploring how
functional selectivity, particularly through the (-arrestin pathway,
could lead to non-hallucinogenic anxiolytics®>>“’. Such advance-
ments could offer new treatment options that effectively manage
anxiety symptoms while maintaining a favorable safety and
tolerability profile.

5.4.  Memory enhancers

5-HT,4 receptors play a crucial role in modulating memory pro-
cesses, particularly through their involvement in neural plasticity.
5-HT,, is widely expressed in brain regions associated with
cognition: the prefrontal cortex, hippocampus, and amygdala. Its
activation modulates synaptic plasticity, which underlies the
brain’s ability to adapt, from new connections, and recognize in
response to experience. It has been noticed that disturbances in
5-HT, 4 receptor activity, associated with some mental disorders,
can affect cognitive functions, potentially resulting in memory
deficits or enhancements. Therefore, 5-HT,A receptors are being
investigated as potential targets for psychiatric disorders accom-
panied by cognitive disturbances”*’"*!. According to recent re-
ports, exploring functionally selective ligands for the treatment of
memory deficits holds significant potential, but this area remains
underexplored.

The compounds discussed in Section 5 along with their effects
are summarized in Table 1'%-7479-82:9297

6. Psychedelics and 5-HT,, biased signaling

Psychedelics have intrigued humanity for millennia, initially as
sacraments in various cultural and religious ceremonies, and more
recently as tools for exploring consciousness and potential thera-
peutic agents”®. These substances induce profound alterations in
perception, mood, and cognition, phenomena collectively termed
“psychedelic experiences”. Common features include visual and
auditory hallucinations, altered sense of time, enhanced intro-
spection, and sometimes mystical or spiritual experiences. The
intensity and nature of these experiences vary based on the spe-
cific psychedelic, dosage, individual biochemistry, and environ-
mental context. Banned from scientific research for decades they
enjoyed renewed interest being investigated for various psychiat-
ric disorders, e.g., depression or addiction”®. Psychedelics can also
prove to be beneficial in eating disorders such as anorexia nerv-
o0sa'%, managing of end-of-life anxiety'®', disorders characterized
by autonomic dysregulation'®® or in chronic pain management'®>.

Classical psychedelics, such as lysergic acid diethylamide
(LSD), psilocybin, and mescaline, exert their psychoactive effects
primarily through agonism at the 5-HT, receptor. The role of the
5-HT,, as a target of psychedelics was first proposed by Glen-
non'®. This was later corroborated by studies demonstrating, that
ketanserin (5-HT,, antagonist) is capable of reversing the psy-
chedelic effects'® and also by studying the effect in 5-HT, in
knockout mice'®®.

It was noted that not all SHT,, agonists elicit psychedelic
effects. For instance, lisuride being a weak 5-HT,, agonist does
not produce a psychedelic effect and the behavioral changes are
mediated via 5-HT;,'%”. While activating the 5-HT,, receptor
leads to the hallucinogenic effects of psychedelics, it is uncertain
if this activation is necessary for all therapeutic benefits of
psychedelic-assisted therapy'®®. The literature seems to be not
conclusive in this regard'®''!. There are currently ongoing
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Table 1  Selected 5-HT,4 receptor ligands and their characterization in the context of functional signaling.
Drug 5-HT,A receptor  Preferred pathway  Target Functional effect Clinical indication/status Ref.
ligand type (s) receptor(s)
Risperidone Inverse agonist Gug> Gai1> Gaia 5-HT54, Inhibition of 5-HT,4 Schizophrenia, bipolar 74,92,93
5-HT g, activity disorder
5-HTy,
5-HT,,
D,
Clozapine Inverse agonist Gug> Gaits Gatis 5-HT4, Inhibition of 5-HT,, Schizophrenia 74
G{x14, GaéZ S-HTzc, activity
5-HTs,
5-HT,
Olanzapine Inverse agonist Gug> Gaits Gatts 5-HTa, Inhibition of 5-HT,, Schizophrenia, bipolar 74,94
Goa 5-HT»c, activity disorder
5-HTj;,
5-HTs,
D,
Haloperidol Inverse agonist Gait 5-HT54, Inhibition of 5-HT,4 and Schizophrenia, acute 74,95
D, D, activity psychosis
Aripiprazole Partial agonist Gug> Gaits Gaiis 5-HT;4, Receptor activity Schizophrenia, depression 74,96
Gaia 5-HT A, stabilization
D,
Cariprazine Partial agonist Gug> Gai1> Gaia 5-HT4, Receptor activity Schizophrenia, bipolar 74,96
5-HT A, stabilization depression
D,,
D3
Pimavanserin  Inverse agonist Gag Gai1> Gait 5-HT34, Inhibition of 5-HT,, Parkinson’s disease 74,79
SHT,c activity psychosis
Glemanserin Antagonist Gug> Gail, 5-HT54, Blocks 5-HT,4-mediated Investigational 79,97
5-HT,c signaling
THCH-7086 Agonist B-Arrestin 5-HT>A Receptor activation Investigational 19,82
IHCH-7079 Agonist B-Arrestin 5-HT,a Receptor activation Investigational 19,82

efforts directed at developing non-hallucinogenic compounds for
the treatment of depression or other disorders such as addiction®.
One hypothesis suggests that the therapeutic and hallucinogenic
effects of psychedelics may diverge due to functional selectivity at
the 5-HT, 4 receptor, leading to different downstream intracellular
signaling pathways''2. Indeed, it was demonstrated that the acti-
vation of the 5-HT,4 receptor via G, and not §-arrestin 2 signaling
is essential for inducing psychedelic-like effects, as assessed by
the HTR (Head Twitch Response)lé. It was also shown that dis-
rupting Gq—PLC signaling reduces the HTR, indicating that a
minimum level of Gg activation is necessary to produce
psychedelic-like effects aligning with the observation that certain
5-HT,, partial agonists, such as mentioned above lisuride, do not
produce psychedelic effects.

The therapeutic potential of psychedelics, particularly for
treating depression, has attracted considerable attention. Studies
have shown that compounds like psilocybin can significantly
reduce depressive symptoms"3. However, recent research has
questioned the role of the 5-HT,5 receptor in mediating these
antidepressant effects, suggesting that the benefits may occur
independently of the hallucinogenic properties and possibly
without engaging the 5-HT» receptor at all''*. Notably, this study
also supports previous findings''> showing that lisuride produces
antidepressant effects in mouse models despite lacking psyche-
delic activity. This observation aligns with a broader effort to
develop non-hallucinogenic compounds that preserve the thera-
peutic benefits of psychedelics”®!'®!"7, where functional selec-
tivity is thought to play a crucial role. For instance, (-arrestin-
biased ligands have demonstrated antidepressant activity while

this B-arrestin signaling was insufficient to induce hallucinogenic
action'?.

It is believed that long-term improvements elicited by psy-
chedelics stem from rapid and lasting neuroplasticity''®. It re-
mains unclear why certain 5-HT,, receptor ligands can promote
neuroplasticity and induce sustained therapeutic behavioral effects
without producing hallucinogenic responses, while other 5-HT,4
agonists fail to promote plasticity altogether. Notably, serotonin
itself does not trigger psychedelic-like effects. This puzzling
observation cannot be readily explained by conventional biased
agonism, as serotonin is a balanced 5-HT,A agonist with high
potency and efficacy for activating both G protein and -arrestin
signaling pathways. Therefore, another form of functional selec-
tivity was proposed, known as location bias to explain signaling
differences between endogenous membrane-impermeable and
membrane-permeable ligands®.

Animal models, particularly the head twitch response (HTR) in
rodents, have been instrumental in studying psychedelics. HTR is
closely linked to the hallucinogenic effects of these compounds in
humans and serves as a marker for distinguishing psychedelics
from non-hallucinogenic substances''®. Additionally, drug
discrimination tests (DDT) in rodents have provided valuable in-
sights into the pharmacological properties of psychedelics,
although these methods require extensive training and are labor-
intensive'”°. Newer methods such as PsychLight can predict
hallucinogenic potential and measure 5-HT dynamics in behaving
mice REF'®.

Understanding the nuanced mechanism of 5-HT,A receptor
activation and signaling, particularly the concept of biased
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signaling, is essential for unraveling the complex pharmacology of
psychedelics and their impact on human cognition and perception.
The concept of biased signaling at the 5-HT,, receptor provides a
sophisticated framework for understanding the diverse effects of
psychedelics on the human brain. By elucidating how different
psychedelics preferentially engage specific signaling pathways,
researchers can better predict their pharmacological outcomes,
paving the way for more targeted and effective therapeutic ap-
plications. As research continues to uncover the intricate dy-
namics of 5-HT,, receptor signaling, the potential for
psychedelics to revolutionize mental health treatment becomes
increasingly promising.

7. Overview of novel biased 5-HT,, ligands
7.1.  Ligands biased to G proteins and (-arrestins

Currently, only a few Gg- and (-arrestin-biased ligands have been
identified (Fig. 3).

In 2022, Kaplan et al.%* reported the design and synthesis of
two novel Gg-biased agonists. Subsequent structural optimization
efforts resulted in the development of two potent 5-HT, A receptor
agonists, i.e., (R)-69 and (R)-70 (Fig. 4A and B). These com-
pounds exhibited ECsy of 41 and 110 nmol/L, respectively.
Importantly, both agonists displayed biased signaling towards
G-protein activation, showing high efficacy in activating Gq
signaling at mid-nanomolar concentrations, while (-arrestin
recruitment was only observed at higher concentrations. Notably,
these new agonists exhibited high brain permeability and

Figure 3

significant antidepressant activity in mouse models without
inducing psychedelic effects, achieving comparable efficacy to
fluoxetine at much lower doses®®'?!.

More recently, a new class of small heterocyclic compounds
has emerged as Gg-biased agonists targeting the 5-HT, receptor
(Fig. 4C). These compounds, structurally related to Kaplan’s
compounds, are particularly promising due to their selectivity.
Unlike broad-spectrum agonists that interact with similar re-
ceptors such as 5-HT,g and 5-HT,c, these compounds selectively
target the 5-HT, receptor. Furthermore, they preferentially acti-
vate the G, signaling pathway over the recruitment of §-arrestin.
However, more thorough assessments are necessary to ascertain
their therapeutic viability for clinical use®*',

It is equally challenging to identify new ligands acting as
biased towards @-arrestins, as to Gg-biased ligands. Selective
5-HT,aR agonists include indoloalkylamines and phenylalkyl-
amines, particularly N-benzylphenethylamines. A highly selective
phenylalkylamine analog is 25CN-NBOH (Fig. 4D), which has
been tested for functional selectivity at 5-HT,5 receptor and
identified as the first effective (-arrestin 2-biased agonist. In the
context of biased signaling at 5-HT,, receptor, interactions with
Ser1593.36 are crucial for efficacy. The loss of this interaction
significantly reduces potency and efficiency in (-arrestin 2 and
miniG,q assays, with G, signaling being more noticeably
affected'®-1?%1%,

Based on the promising results obtained from the initial series
of 25CN-NBOH derivatives, further investigation was conducted
to determine whether Gy signaling could be reduced. This was
explored by substituting the N-benzyl ring with more sterically
demanding bi-aryl ring systems, such as N-naphthyl and

Selected novel biased 5-HT,4 ligands.
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Figure 4  Principle of the BRET2/arrestin assay'>%. A, activation;
B, desensitization; C, B-arrestin binding; D, energy transfer. The
figure was created using BioRender.

N-biphenyl. Notably, compounds 25N-N1-Nap and 25N-NBPh
exhibited a marked reduction in 5-HT,5-Gq efficacy at 5-HT,5
receptor while maintaining (-arrestin 2 efficacy at the same
receptor. This revealed a distinct biased agonism profile favoring
@B-arrestin over G signaling, in contrast to the balanced agonist
25CN-NBOMe. Interestingly, the B-arrestin-biased agonists were
also observed to partially antagonize 5-HT4-Gq activity'®.

The exploration of biased 5-HT,, receptor agonists derived
from phenylalkylamines has been significantly advanced by
studies conducted by Pottie et al.'** This study evaluated
structure—activity relationships and biased agonism in a diverse
panel of phenylalkylamines, focusing on their ability to induce
B-arrestin 2 or miniG,q recruitment to the 5-HT,, receptor. The
compounds were assessed against established reference points,
including LSD and serotonin. The mechanism of action of all
studied compounds was closely linked to $-arrestin 2 and miniG,q
recruitment in assays'>. Interestingly, the lipophilicity of phene-
thylamines was found to be correlated with their increased agonist
efficacies whereby the correlation was stronger with miniG,q than

B-arrestin 2. Since these compounds only differ at position-4 of
the phenethylamine, the moiety substitution might contribute to
overall ligand lipophilicity and preferred efficacy. Additionally,
the implementation of molecular docking suggested that
4-substituted group of phenethylamines occupies the hydrophobic
pocket of 5-HT, 4 receptor between transmembrane helices 4 and
5 which could be the reason for this difference'?*'%¢,

The B-arrestin 2-biased 5-HT,, receptor agonists identified
include phenethylamine compounds: 6.1, 6.2, 1.65, and 11.3
(Fig. 3E—H)'*>. In particular, compound 6.1 displayed potency
and efficacy values equal to 11.1 nmol/L and 112%, respectively,
for B-arrestin recruitment, and 48.8 nmol/L and 28% for miniG.q
activation, when compared to LSD. The compound 11.3 displayed
potency and efficacy values of 108 nmol/L and 82.9%, respec-
tively, in the Barr2 assay, and 631 nmol/L and 18% for miniG.q
recruitment.

7.2.  Other selective ligands acting on 5-HT>,

Potent, selective biased agonists of the 5-HT,, receptor include
the compounds Metl, MetT, and Nitrol, identified by Marti-Solano
et al’®. Notably, Nitrol acts as a full agonist for IP signaling at
nanomolar concentrations while refraining from activating the AA
pathway. This study provides a valuable framework for exploring
specific signaling pathways related to 5-HT, receptor activation.
It is important to highlight that the compounds obtained are
tryptamine derivatives. Unlike serotonin, methyltryptamine de-
rivatives do not activate 5-HT, receptors through the B-arrestin 2/
Src/Akt signaling complex, suggesting a distinct mechanism of
action. This distinction underscores the necessity for further
research to explore the mechanisms underlying the activity of
tryptamine derivatives'?’.

Wallach et al.'® also proposed the compound 25N-NBI, which
demonstrated 23-fold selectivity for 5-HT,5R over 5-HT,cR, as
confirmed in three independent functional assays, indicating its
higher selectivity compared to 25CN-NBOH. Additionally, 25N-
NBI exhibited selectivity for 5-HT,,R over 5-HT,gR and
5-HT,cR in competitive binding studies. Finally, 25N-NBI
induced HTR in mice, confirming the psychedelic potential of
selective 5-HT,4R agonists. Interestingly, 25N-NBI did not show
a preference for either 5-HT,5R-Gy or 5-HT,R-@-arrestin 2
activity.

The compounds described in Section 7 are summarized in
Table 2!6:63.70:88.123.125,128

8. In vitro assays to study biased signaling of 5-HT,,
receptor

Measuring selectivity in the context of biased signaling is a
methodological challenge. Numerous methods aimed at capturing
receptor distribution, receptor activation, or changes in receptor
structure during ligand docking have been extensively described
by Pottie and Stove'?®. This text provides a brief overview of the
most common methods.

The first category of techniques used to determine receptor
distribution within the studied tissue includes radioligand-based
approaches. Among these, the most commonly used radioactive
antagonists are [3H]—spiper0ne, [3H]—ketanserin, and [3H]—
MDL100,907, with the latter exhibiting the highest selectivity for
the 5-HT,4 receptor'*13! It is also worth noting that radioligands
have found applications in binding assays, where agonists such as
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Table 2  Overview of 5-HT,A biased ligands.
Compd. Pharmacological properties Receptor selectivity Primary clinical/research use Ref.
(R)-69 Gg-biased (ECso = 41 nmol/L) 5-HT,4 (K; = 680 nmol/L) Antidepressant-like effects in 63
mice
(R)-70 Gg-biased (ECso = 110 nmol/L) 5-HT,A (K; = 880 nmol/L) Antidepressant-like effects in 63
mice
Kargbo’s compounds Gg-biased 5-HT,a Possible application in 88
neuropsychiatric
treatment (need to further
research)
25CN-NBOH (-Arrestin 2-biased 5-HT,4 (K; = 1.7 nmol/L) Research tool for biased 123,128
(ECsp = 2.75 nmol/L) signaling
25N-N1-Nap (-Arrestin-biased 5-HT,a 16
25N-NBPh B-Arrestin 2-biased 5-HT>A Functional bias studies 16
25N-NBI Balanced activity (G, and 5-HT>A Psychedelic research 16
B-arrestin 2)
6.1,62,1.65,11.3 B-Arrestin 2-biased 5-HT,A 125
Metl, MetT, Nitrol IP signaling agonist 5-HT,a Research compound 70

[*H]-5-HT, [*H]-LSD, [°H]-DOB, ['*’1]-DOI, ['®1]-2C-L, ['*’T)-
21-LSD and [*H]-INBMeO, which show higher selectivity towards
5-HT,, and 5-HT,¢, are more frequently employed®'-'?2,

The second category of methods used to determine receptor
activation includes techniques such as the [3SS]GTP7$ binding
assay, which allows for the detection of the early stages of GDP
exchange for the non-hydrolyzable GTP analog [*°S]GTPyS in
G proteins'**'**, Other methods include receptor internalization
assays using confocal microscopy or flow cytometry, second
messenger assays (such as cAMP, DAG, IP-3, or IP-1 assays), and
calcium mobilization assays'>>.

The third type of method depicts changes within the receptor
or the overall cellular response and includes techniques like real-
time live-cell biosensors, such as dynamic mass redistribution
(DMR) and electric cell-substrate impedance sensing
(ECIS)"**7'* Although these methods provide substantial
information—given that conformational changes of the receptor
caused by ligand binding determine affinity coupling to transducer
proteins—they have only indirect relevance in the context of
biased signaling®®'“°. More specific information about intracel-
lular signaling pathways can be provided by other techniques.
Below are several examples of these techniques and how they are
applied in the context of GPCRs.

The earliest method for specific detection of pathways activated as
a result of antagonist binding to the GPCR, such as 5-HT,,, was
immunoblotting (Western blotting)'#!. This technique allows the
detection of not only receptor phosphorylation, which can indicate
specific substance actions, as shown in the example of Ser280
phosphorylation® but also downstream signaling molecules using
specific antibodies'*>'**. A related technique, ELISA, based on the
same antigen—antibody interaction principle, may be a better choice
for broader studies. In proteomics and phosphoproteomic studies,
mass spectrometry has become a useful and powerful technology73.
Unlike Western blotting, which is a semi-quantitative method, mass
spectrometry provides both a qualitative assessment and precise
quantification of phosphorylated proteins, including the number of
phosphorylation sites®”.

Reporter gene assays are widely used to identify and measure
the activation levels of specific signaling pathways. These assays
utilize promoter elements responsive to specific signaling path-
ways, downstream responses, and reporter genes placed upstream.

Currently, several types of reporter genes are commonly used,
among which the most commonly used in cell biology are fluo-
rescent proteins, secreted alkaline phosphatase (SEAP), and lu-
ciferases. While the first are convenient as pathway activity
changes can be observed in real-time under a fluorescent or
confocal microscope without cell lysis, enzymatic methods or
luciferases provide a more accurate picture of cellular responses.
Particularly convenient and precise for determining pathway ac-
tivity are reporters secreted outside the cell, such as SEAP or
Gaussia Luciferase. In studies on 5-HT, 4 activation, elements like
the Fos promoter (c-Fos), SRE promoter (serum response element)
and NFAT promoter (nuclear factor of activated T-cells) have been
previously used'#*!%,

Due to the dynamic interactions between these proteins and the
activated receptor, several techniques have been developed to
measure protein—protein interactions. One such method is the
PRESTO-TANGO system'#®. This system consists of three ele-
ments: two fusion proteins and a reporter system. The first fusion
protein comprises the receptor under study fused to a transcription
activator (tTA). A sequence recognized by the TEV protease
(tobacco etch virus protease) is situated between the receptor and
tTA. The second element of the system involves the TEV protease,
which, along with @-arrestin, co-creates a functional component.
Upon receptor activation, the $-arrestin-TEV element is recruited,
leading to the release of tTA. Subsequently, tTA is transported to
the cell nucleus, where it binds to a reporter sequence consisting
of a reporter gene encoding a fluorescent protein or luciferase.
This gene is preceded by tTA recognition sites, activating tran-
scription of a reporter that can be readily measured.

Another method, BRET, employs the transfer of light energy
emitted by a donor protein, such as luciferase, to an acceptor, like
a fluorescent protein (Fig. 4). This allows for the observation of
the acceptor’s fluorescence, but only when luciferase and the
fluorescent protein are in close proximity (~115 A) and in the
presence of a substrate for luciferase. This approach has been
utilized to study 5-HT,,—p@-arrestin 2 and 5-HT,,—Gq activity
directly'’ confirming 5-HT,,—G protein coupling preferences'*®
and even identifying a broader list of effectors'®”!7*. Building on
the BRET phenomenon, many innovative platforms for studying
GPCR activity have been developed, including TRUPATH and
ONE-GO'9— 151
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TRUPATH, the first of these platforms, utilizes BRET2, an
enhanced BRET system with increased resolution (~45—55 nm).
It incorporates NanoLuc luciferase (NLuc) fused to G, and a
fluorescent protein, GFP2, fused to Gﬂymg’&. This extensive
structure allows it to cover as many as 14 G protein pathways.
Conversely, the ONE-GO platform enables the detection of active
G,s by employing peptides specifically designed to recognize
G,s—GTP. These peptides, combined with NLuc luciferase as
BRET donors, use yellow fluorescent protein (YFP) as the
acceptor. This system encompasses four families of G proteins'*°.

Another technique based on the same phenomenon of energy
transfer, fluorescence resonance energy transfer (FRET) (Fig. 5),
has also been utilized to detect interactions between proteins
involved in signal transduction'>®. Both methods, FRET and
BRET, have been used for capturing ligand—receptor interaction
and are compatible with downstream signaling measurements
listed above '3,

Lin Tian’s research group'>> demonstrated an innovative
approach by building on their previous work to develop a re-
combinant form of the 5-HT,, receptor, known as psychLight.
This sensor is specifically designed to detect the hallucinogenic
potential of compounds, making it valuable for studying this
phenomenon in vitro and in vivo. The psychLight system func-
tions by causing cells to emit green fluorescence when exposed to
compounds with hallucinogenic properties. This fluorescence
facilitates easy signal detection and enables the implementation
of the system in high-throughput screening of various
substances''®.

Additionally, deliberate modifications of individual elements
within the signaling network can be instrumental in determining
their specific functions. Techniques commonly employed to
remove a particular protein or reduce its expression include
methods based on CRISPR/Cas9 technology and small interfering
RNAs (siRNAs)'7'.

Each of the aforementioned techniques offers a wealth of in-
formation about the functioning of GPCRs, including the 5-HT»,5
receptor. However, it is only through the combination of several of
these techniques that a comprehensive understanding of the
changes occurring in the cell during ligand binding and intracel-
lular signal transduction can be achieved.

Figure 5

9. Behavioral studies of 5-HT,, biased ligands

Activation of the 5-HT,, receptor modulates distinct behavioral
processes across neuropsychiatric conditions. In animal models,
activation of the 5-HT,A receptor engages multiple signaling path-
ways. Notably, G, protein activation has been implicated in modu-
lating memory deficits’' and is essential for the antidepressant-like
effects of 5-HT,A receptor ligands®'. While 8-arrestin recruitment
could be insufficient to produce these therapeutic outcomes, ligands
biased toward @-arrestin with minimal G protein signaling can offer
antidepressant benefits without inducing hallucinations'®. Both
Gq- and Gjyj,-dependent pathways have been implicated in the psy-
chosis-related and hallucinogenic effects observed in rodent
models'®1871157 1 addition, several investigations describe
signaling crosstalk involving (-arrestin-2 and downstream effectors
such as phospholipase C and extracellular signal-regulated ki-
nase'”88! These interacting pathways further modulate anxiety-
like behaviors and fear extinction'®'38.

Behavioral tests like the HTR, FST (Forced Swim Test), TST
(Tail Suspension Test), and DDT are valuable in evaluating the

Figure 6  Forced swim test (FST) and tail suspension test (TST).
The figure was created using BioRender.

TR-FRET assay. The figure was created using BioRender.
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Figure 7

effects of psychedelics on behavior and mood. In the HTR, after
drug is administered, the animal’s head movements are measured.
It is often used as an indicator of serotonergic activity and is
notably elicited by compounds such as LSD and psilocybin,
reflecting activation of 5-HT,, receptors'>®. An increase in head
twitches indicates activation of these receptors, often related to
hallucinogenic or psychoactive effects.

In FST and TST, both of which measure despair-like behavior
in rodents, psychedelics like psilocybin have demonstrated po-
tential antidepressant effects by reducing immobility time, sug-
gesting mood-enhancing properties likely mediated by serotonin
and other neuroplastic changes (Fig. 6)'*°. The FST and TST
assess depressive-like behavior by measuring the amount of time
the mouse remains immobile. Prolonged immobility in both tests
suggests learned helplessness or depression, while decreased
immobility time is interpreted as a positive response to
antidepressants.

In DDT, mice are trained to associate a specific drug with a
particular behavioral response, such as lever pressing. The ability
to correctly identify the drug state indicates the mouse’s percep-
tion of the drug’s effects. DDT is employed to assess the sub-
jective effects of psychedelics, as animals can be trained to
distinguish between the drug and placebo based on sensory or
motor cues, offering insight into the reinforcing properties and
specific receptor interactions of substances like DMT and
MDMA 20161

It has been found that lisuride, IHCH-7079, and IHCH-7086
significantly reduced freezing behavior induced by acute restraint
stress (ARS), which triggers depression-like behavior, as assessed
using FST and TST in rodents. This effect was 5-HT,4 receptor-
dependent. In addition, LSD, IHCH-7079, and IHCH-7086
reduced an increase in immobility in mice induced by

Effects induced by G; and B-arrestin 2-mediated 5-HT4 receptor activation.

corticosterone chronic administration (three weeks of treatment),
and the 5-HT» receptor was also involved in this activity'**2.

Similarly, phenethylamine-based compounds with high selec-
tivity for the 5-HT,5 receptor have been studied for their psy-
chedelic potential. While some of these compounds, such as 25N-
N1-Nap and 25N-NBPh, fail to induce the HTR due to their -
arrestin 2 bias, others, like 250-N1-Nap, exhibit weak G, efficacy
but effectively block the HTR induced by DOI, further illustrating
the complexity of 5-HT, receptor signaling'®. DOI-induced HTR
was attenuated in G4 knock-out mice while was observed in -
arrestin 2 knockout mice>® (Fig. 7).

10. Conclusions and perspectives

GPCRs, including serotonin 5-HT, 4 receptor, are key drug targets
for treating mental diseases, in particular schizophrenia, depres-
sion, and anxiety. Taking into consideration biased signaling via
this receptor, novel more effective and safer drugs can be devel-
oped. It can be facilitated by structural biology (X-ray crystal-
lography and cryo-EM microscopy) and computer-assisted
approaches, in particular advanced molecular dynamics tech-
niques which uncovered subtle aspects of biased ligands—receptor
interactions at the molecular level.

The therapeutic potential of biased 5-HT,4 receptor ligands is
not only conceptual. Compounds, such as 25CN-NBOH, are biased
5-HT, receptor ligands able to achieve therapeutic effects without
inducing hallucinogenic experience which are typically connected
with this receptor stimulation. Next, the clinical efficacy of pima-
vanserin, a drug with antipsychotic properties and no dopamine D,
receptor affinity but a unique biased signaling profile via 5-HT,x
receptor stresses the potential of biased signaling to revolutionize
the safety and effectiveness in the field of antipsychotics.
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Despite significant progress in the field, there are still key
challenges in the design and optimization of biased ligands.
Importantly, novel more advanced predictive models to accurately
predict ligand bias profiles should be developed. This can be
achieved by a combination of advanced high-throughput screening
technologies with machine learning approaches.

To translate laboratory findings into clinical practice, novel
compounds need first a robust in vivo validation. Behavioral
models such as HTR, STR, and DDT as well as new imaging
technologies and molecular analyses are valuable tools to further
assess a link between the biased signaling profile and behavioral
outcome. In addition, clarification of the molecular mechanisms
underlying therapeutic versus hallucinogenic effects is necessary
for the development of safer, more selective therapies. By iden-
tifying the specific conformational states and signaling pathways
engaged, ligands with maximal therapeutic effects and minimal
side effects can be developed.

The importance of 5-HT,5 receptor-biased signaling goes
beyond psychiatry. There is increasing evidence that it may be
involved in neurodegenerative diseases, pain, and immunomodu-
lation. With increasing clinical translation, stringent regulatory
rules will have to be developed that will ascertain the efficacy as
well as safety of these new drugs. Their novel drug pharmaco-
logical profiles, enabling targeted treatment with reduced side
effects, can open the way for new paradigms of therapy, such as
optimized regimens of dosing and tailored medicine strategies.

Finally, expanding our understanding of biased signaling on the
5-HT, receptor is more than incremental progress: it’s a paradigm
shift in GPCR-targeted therapy. By weighing the desire to maxi-
mize therapeutic effect against minimizing risks, this paradigm has
vast potential to revolutionize treatment for psychiatric illness and a
wide variety of other complex medical illnesses.
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