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ABSTRACT 

Central nervous system (CNS) disorders, such as depression, Alzheimer’s 

disease (AD), and schizophrenia, continue to present major clinical challenges due to 

their complex nature. Despite intensive research, drug development has progressed 

slowly, and current pharmacotherapies often fail to adequately address core symptoms 

or are limited by side effects. Multitargeting ligands (MTDLs), designed to simultaneously 

and synergistically modulate multiple biological targets, represent a promising strategy 

to enhance treatment efficacy. This cumulative dissertation describes the 

pharmacological characterisation of novel aminergic ligands that, within the 

multitargeting framework, target dopamine D2 (D2R), dopamine D3 (D3R) and/or 

histamine H3 receptor (H3R), in combination with serotonin receptors or enzymes such 

as acetylcholinesterase (AChE) and monoamine oxidase B (MAO-B). Radioligand 

binding assays, enzyme assays, and in vivo mouse models were employed to assess 

affinity, selectivity, and physiological effects. Additionally, fluorescent D2R/D3R ligands 

were developed as potential tools for bioimaging applications and fluorescence assays. 

Several novel MTDLs were characterised within the scope of this work. The 

pimavanserin derivative ST-2300 combines H3R and serotonin receptor subtype 5-HT2A 

antagonism and demonstrated antidepressant- and anxiolytic-like effects (Publication 1). 

In a series of benzothiazole derivatives, promising H3R ligands were identified that also 

inhibit AChE and MAO-B, making them potential drug candidates for AD (Publication 2). 

Publication 3 showed that the H3R/D2R/D3R-targeting ligand ST-2223 reduces autism-

like repetitive behaviours in a mouse model of autism spectrum disorder (ASD). 

Publications 4 – 6 focus on the pharmacology of dopamine receptors. An extensive 

library of bitopic ligands was designed based on the antipsychotic drug cariprazine and 

pharmacologically characterised. Insights were gained regarding D2R/D3R/5-HT2A 

selectivity, affinity, and the influence of orthosteric and secondary receptor-ligand 

interactions (Publication 4). In Publication 5, arylpiperazine derivatives were synthesised 

and tested pharmacologically, combining dopaminergic and serotonergic activity with 

antioxidant properties. While these compounds showed promising affinities for potential 

use in psychoses and ASD, they exhibited limited metabolic stability. Finally, in 

Publication 6, BOPPY-based fluorescent ligands were developed as fluorescent probes 

for D2R/D3R.  

Overall, these results demonstrate that MTDLs targeting histaminergic and 

dopaminergic systems can make substantial advances in the treatment of CNS 

disorders. This work highlights the therapeutic and translational potential of the described 

aminergic ligands and provides a significant contribution to future drug development in 

neuropsychiatric and neurodegenerative diseases. 
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ZUSAMMENFASSUNG 

Erkrankungen des zentralen Nervensystems wie Depressionen, Morbus Alzheimer und 

Schizophrenie stellen aufgrund ihrer Komplexität nach wie vor große klinische 

Herausforderungen dar. Trotz intensiver Forschung schreitet die Entwicklung von 

Medikamenten nur langsam voran, und die derzeitigen medikamentösen Therapien 

können die Kernsymptome oft nicht ausreichend behandeln oder sind durch 

Nebenwirkungen eingeschränkt. Multitargeting-Liganden (MTDLs), die mehrere 

biologische Ziele gleichzeitig modulieren, bieten einen innovativen Ansatz zur 

Verbesserung von Wirksamkeit und Verträglichkeit zukünftiger Wirkstoffe. 

Diese kumulative Dissertation beschreibt die pharmakologische 

Charakterisierung neuartiger aminerg wirkender Liganden im Rahmen des MTDL-

Konzepts. Zielstrukturen waren Dopamin-D2/D3- (D2R/D3R) und Histamin-H3-

Rezeptoren (H3R), ergänzt durch Serotoninrezeptoren und Enzyme wie 

Acetylcholinesterase (AChE) und Monoaminooxidase B (MAO-B). Zur Bewertung der 

Affinität, Selektivität und physiologischen Wirkungen wurden Radioligandenbindungs- 

und Enzymassays sowie ausgewählte in-vivo-Modelle verwendet. Zusätzlich wurden 

fluoreszierende D2R/D3R-Liganden für mögliche Imaging-Anwendungen entwickelt. 

Im Rahmen dieser Dissertation konnten mehrere aminerge MTDLs 

charakterisiert werden. Das Pimavanserin-Derivat ST-2300 kombiniert H3R mit 

Serotonin (5-HT2A)-Antagonismus und zeigte in vivo antidepressive und angstlösende 

Eigenschaften (Publikation 1). In einer Reihe an Benzothiazol-Derivaten wurden 

vielversprechende MTDLs identifiziert, die zusätzlich AChE und MAO-B inhibieren 

(Publikation 2). In Publikation 3 konnte gezeigt werden, dass der Ligand ST-2223, der 

als H3R/D2R/D3R MTDL designed wurde, autismus-ähnliche Verhaltensweisen in einem 

Mausmodell mildert. Eine umfangreiche Bibliothek an bitopischen Cariprazin-Derivaten 

wurde im Rahmen der Publikation 4 pharmakologisch charakterisiert. So konnten 

Erkenntnisse über D2R/D3R/5-HT2A Rezeptorselektivität, Affinität und über den Einfluss 

von orthosterischen/sekundärer Rezeptor-Liganden-Wechselwirkungen erhalten 

werden. In Publikation 5 wurden Arylpiperazin-Derivate charakterisiert, die dopaminerge 

und serotonerge Aktivität mit antioxidativen Eigenschaften kombinieren, jedoch nur eine 

geringe metabolische Stabilität aufweisen. Zuletzt wurden in Publikation 6 BOPPY-

basierte Fluoreszenzliganden für D2R/D3R entwickelt, die als Werkzeug für die 

Bioimaging dienen könnten.  

Die vorgestellte Arbeit verdeutlicht das therapeutische und 

anwendungsbezogene Potenzial von MTDLs, die ein aminerges Wirkspektrum vereinen 

und liefert einen wichtigen Beitrag zur zukünftigen Arzneimittelentwicklung im Bereich 

neuropsychiatrischer und neurodegenerativer Erkrankungen.
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1 INTRODUCTION 

1.1 THE CONCEPT OF MULTITARGETING DRUGS 

Modern drug discovery has come a long way since Paul Ehrlich proposed his 

‘magic bullet concept’ in the late 19th century. In this idealised theory, he envisions a 

highly specific drug that selectively targets a particular disease or pathogen, destroying 

the disease-causing source while leaving the healthy tissue unaffected. This was based 

on the idea that diseases have a distinct molecular target that can be exploited for 

therapeutic reasons. Nowadays, we know that this ‘one disease – one target – one drug’ 

paradigm cannot meet the requirements of complex, multifactorial diseases. Still, 

Ehrlich’s drug discovery programme marked a significant milestone in pharmaceutical 

research as it pioneered the systematic chemical modifications of lead compounds to 

optimise their biological activity [2]. In opposition to Ehrlich’s idea, the concept of 

multitargeting drugs and polypharmacology has gained attention over the last decades. 

Multitargeting drugs (MTDs) or multitarget-directed ligands (MTDLs) are therapeutic 

agents that interact with multiple targets or pathways simultaneously. By engaging 

multiple targets, MTDs aim to achieve a beneficial polypharmacology with additive or 

even synergistic therapeutic efficacy [4]. 

Complex, multifactorial diseases could benefit significantly from MTDs. By 

definition, complex diseases result from the interplay of various genetic, environmental, 

and lifestyle factors [5], in contrast to single-gene disorders, such as sickle cell anaemia, 

which are primarily characterised by a malfunction or mutation in a single gene. 

Multifactorial diseases, including cancer, neurodegenerative and psychiatric disorders, 

infectious diseases, and metabolic and cardiovascular conditions, face a tough challenge 

in efficacious drug development. Despite the emergence of highly potent single-target 

drugs in recent years, preclinical efficacy could not be sufficiently reproduced in human 

subjects [6,7]. Given the involvement of multiple signalling pathways or dysregulation of 

different physiological processes, a modulation of multiple biological targets is a 

promising approach to restore physiological conditions and achieve higher therapeutic 

efficacy in complex diseases. Addressing multiple targets may even necessitate lower 

drug doses due to additive and synergistic effects, facilitating adequate therapeutic 

outcomes at reduced drug doses and thereby enlarging the therapeutic window [8,9]. 

The multitargeting strategy can be achieved through either polypharmacy, which 

involves the combination of several target-specific drugs (combination therapies), or 

through polypharmacology, which utilises a single drug molecule that addresses multiple 

targets in a balanced manner [10]. The potential benefits of MTD therapy, as compared 

to a combination therapy, include a more predictable pharmacokinetic and safety profile 
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(unified onset time, half-life, and metabolism), reduced risk of drug-drug interactions, and 

lower chances of adverse effects and negative synergistic effects [10]. Additionally, 

MTDs have a statistically lower probability of developing target-based resistance and 

offer a reduced treatment complexity due to simplified dosing schedules, greatly 

enhancing patient compliance. Furthermore, MTDs offer a more straightforward 

development path, as regulatory requirements for combination therapies are more 

stringent, often necessitating separate assessments of individual drugs and their 

combinations, which can delay the evaluation of new therapies and uncover new 

toxicities [4].  

Early MTD discovery took great benefit from serendipitous discoveries. For 

example, long-established drugs such as aspirin, paracetamol, and metformin exhibit 

multiple target activities by coincidence. Modern drug discovery approaches intentionally 

aim to design molecules with multitargeting activity. Morphy and Rankovic have 

conducted fundamental research in the classification of multitarget agents and the design 

strategies, as outlined in their pioneering publications [11–13], followed by several other 

reviews on multitargeting [4,10,14,15]. 

The key factor of successful MTDL design and development relies on the 

strategic selection of target combinations. Although in theory, any combination of targets 

is feasible, multitarget molecules are more readily developed when the targets share 

close relationships. For example, enzymes belonging to the same protein family, various 

G protein-coupled receptors with structural similarities, or targets that bind structurally 

alike ligands present feasible options for target selection. Furthermore, the consideration 

of cellular and tissue localisation of these targets is crucial, as different localisations 

introduce additional complexity and challenges to the development process [10]. There 

are several strategies for identifying suitable target combinations for MTDL: One rational 

approach involves utilising insights from clinical data. An exemplary case is the 

development of antipsychotic drugs, where clinical data from dopamine D2 receptor 

antagonists, coupled with observations on anti-serotonergic effects, led to the creation 

of drugs with a functional profile at dopaminergic and serotonergic receptors, minimising 

side effects and enhancing efficacy [16,17]. Another strategy employs high-content 

screening or phenotypic screening of target combinations. However, this strategy 

harbours the impracticality and ethical concerns associated with testing numerous 

compound combinations in vivo. Instead, utilising cellular, tissue, or non-mammalian 

animal models proves more convenient, allowing the assessment of compound 

combinations for synergistic effects [10]. Furthermore, in silico techniques, including 

statistical approaches, machine learning, and pathway/network pharmacology analyses, 

represent a third strategy [18,19]. While these in silico techniques are generating 
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acceptable hypotheses, in vitro or in vivo validations remain irreplaceable. A 

multidisciplinary approach combining in vitro and in silico methods can provide valuable 

data on synergy while remaining ethical and cost-effective [10]. 

Finding a suitable lead structure is another crucial aspect in MTD discovery. Two 

major strategies are employed in this context. The screening-based approach starts with 

a single ligand exhibiting noticeable activity for one target and at least one additional, 

albeit weak activity for another target [15]. Subsequently, in the optimisation process, 

efforts are directed towards harmonising the affinities for the two (or more) targets. This 

strategy is particularly useful when knowledge about the pharmacophore of a specific 

target is limited. The second strategy is a knowledge-based approach that commences 

with two molecules possessing known target-specific pharmacophores [12,20]. There 

are three options for designing an MTDL via a knowledge-based approach (Figure 1): 

linking, fusing, or merging pharmacophores. Linking pharmacophores involves the 

straightforward connection of pharmacophores through stable or cleavable linkers [21]. 

However, this method has its limitations, as it often results in the formation of large 

molecular weight molecules. The potential consequences include diminished 

bioavailability and a failure to reach desired cellular compartments, and the linker itself 

may disturb the ligand's interaction with the target, posing challenges to achieving 

optimal binding [10]. In the fused pharmacophores approach, two pharmacophores are 

directly combined without the use of a linker [12]. Despite its simplicity, this method gives 

rise to larger molecules characterised by high lipophilicity. The merging strategy is the 

most complicated approach, as it requires the amalgamation of two features from 

different pharmacophores into a single, unified molecule. This results in an overlap that 

produces a smaller molecule with a lower molecular weight. Notably, this approach aims 

to satisfy Lipinski's rule of five [22]. Although the rule has limitations and an increasing 

number of approved drugs fall outside of it, it still provides a useful starting point, 

particularly in early-stage screenings, for assessing drug-likeness. Despite its 

complexity, merging pharmacophores holds promise as a strategic avenue for designing 

multitarget ligands that not only exhibit favourable drug-like properties but also have the 

potential for enhanced therapeutic efficacy. 
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Figure 1: Knowledge-based strategy of designing dual or multitargeting compounds by merging, fusing, or 
linking pharmacophores of single target compounds, adapted from [13] and [23]. Merging compounds results 
in lower molecular weights and higher drug-likeness. 

MTDLs emerge as valuable choices for the treatment of various multifactorial 

diseases. Especially in the field of central nervous system (CNS) disorders like 

neurodegenerative diseases, the discovery and development of new drugs have 

encountered significant challenges, leading to high failure rates both preclinically and 

clinically. These failures often stem from inadequate evidence of clinical efficacy, 

incomplete understanding of disease pathophysiology, and the lack of suitable predictive 

animal models [7]. Given the limited success of single-agent treatments, there is a 

growing consensus that combination therapies or MTDLs might offer the best hope for 

CNS conditions resistant to current therapeutic interventions. 

Despite progress in elucidating disease mechanisms, our understanding of the 

roles of specific targets in neuronal systems remains incomplete [7]. The complexity of 

CNS diseases and the frequent clinical trial failures underscore the need for a deeper 

insight into the brain's biochemical milieu. Neurotransmitters are crucial for neuronal 

development, differentiation, and survival [24]. Therefore, imbalances in 

neurotransmitter levels result in disrupted brain functions, manifesting in a range of 

neurological and psychological disorders. Histamine, a neurotransmitter whose 

important role in brain physiology was frequently overlooked, may offer new therapeutic 

avenues. In contrast, dopamine, a neurotransmitter involved in several executive and 

behavioural functions, has been extensively studied, yet treatments targeting its 

pathways remain suboptimal. The following chapters will further explore both 

neurotransmitter systems, their roles in disease, and the potential of MTDLs as 

innovative therapeutic strategies. 
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1.2 THE HISTAMINERGIC SYSTEM 

Histamine (HA) is a biogenic amine that is produced in various cells, including 

mast cells, parietal cells, and neurons. Originally identified as a hormone and tissue 

mediator, HA's potential for neuronal activity was under debate but hinted at through the 

sedative side effects of antihistamines such as the early first-generation H1 receptor 

antagonists. In the 1970s, emerging evidence began to highlight the presence of HA and 

histaminergic neurons within the brain. However, it was not until 1984 that the neuronal 

histaminergic system gained widespread acceptance [25]. This recognition came with 

the immunohistochemical validation of the tuberomammillary nucleus (TMN) in the 

hypothalamus as the sole source of histaminergic neurons [26,27]. These neurons 

project widely throughout the brain, indicating the extensive role of HA in various cellular, 

synaptic, and behavioural functions. Histaminergic innervations in mammalian brain 

reach the cerebral cortex, amygdala, striatum, substantia nigra, hippocampus, thalamic 

areas, cerebellum, the posterior pituitary gland, retina, and spinal cord with different 

densities depending on the brain area [25] (Figure 2).  

 

Figure 2: Histaminergic projection throughout the brain: Histaminergic neurons originate from the 
tuberomammillary nucleus, projecting to several brain regions with varying density. Moderate to dense 
projection pathways reach the posterior pituitary gland (A), the ventral tegmentum (B), the striatum (C), the 
medial thalamus (D), hippocampus and amygdala (E), as well as the brain stem and cerebellum (adapted 
from [28]). 

Within the brain, HA’s biosynthesis occurs in histaminergic neurons and mast 

cells [29]. HA is synthesised from L-histidine via decarboxylation by histidine 

decarboxylase (HDC) (Figure 3). It is stored in vesicles until release into the synaptic 

cleft upon calcium-dependent depolarisation of nerve terminals. Within the synaptic cleft, 

the degradation of HA involves the enzyme HA N-methyltransferase (HNMT), which 

converts HA into Nt-methylhistamine [30]. This metabolite is subsequently oxidised by 

monoamine oxidase B (MAO-B) to 1-methyl-4-imidazoleacetic acid. In the periphery, HA 
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is converted to imidazole acetaldehyde by diamine oxidase (DAO). The activity of DAO 

in the brain is relatively low [31]. 

 

Figure 3: Histamine (HA) biosynthesis and degradation: HA is synthesised from L-histidine by histidine 
decarboxylase (HDC). Within the synaptic cleft, HA is degraded either by HA N-methyltransferase (HNMT) 
or in the extracellular space by diamine oxidase (DAO). 

The neurophysiological and hormonal effects of HA are mediated through the 

activation of four G protein-coupled receptors (GPCRs). GPCRs are a huge and diverse 

class of membrane proteins that play a crucial role in signal transduction and are involved 

in a variety of physiological processes [32,33]. Their structural hallmarks include seven 

transmembrane helical domains, three extracellular loops, three intracellular loops, an 

extracellular N-terminal region, and an intracellular C-terminal region. GPCRs possess 

an extracellular/transmembrane binding site for ligands and an intracellular binding site 

for GTP-binding proteins (G proteins). Depending on the type of G protein (Gαs, Gαi/o, 

Gαq, and Gα12/13), different cell signalling processes are activated or inhibited. 

Among GPCRs, HA receptors belong to the class A, rhodopsin-like GPCR. The 

first identified HA receptor, the histamine H1 receptor (H1R), was discovered in the early 

20th century, leading to the subsequent discovery of H2, H3, and H4 receptors (H2R, H3R, 

H4R). The four receptors differ in tissue localisation, HA affinity, and signalling 

mechanisms (Figure 4). The H1R is implicated in allergic responses and the regulation 

of sleep-wake cycles, while the H2R is enriched in the stomach, where it stimulates 

gastric acid secretion. The most recently identified H4R [34] has been found in the 

periphery on hematopoietic cells, i.e., mast cells, eosinophils, or leukocytes, playing a 

role in immune responses and inflammation. The presence of the H4R in the brain 

remains a subject of debate. To date, there is no conclusive evidence of its neuronal 

presence, although some studies suggest its existence in the mouse brain [35]. While 

H1R, H2R, and H4R mediate diverse peripheral and central effects of HA, the H3R 

occupies a unique position in the CNS with its distinct localisation and signalling 

properties. The following chapter will focus on the H3R, its pharmacological profile, and 

the ligands developed to modulate its function. 
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Figure 4: HA and its receptors: HA is a crucial biogenic amine involved in various physiological functions, 
including immune responses, gastric acid secretion, and neurotransmission. The effects of HA are mediated 
through its interaction with four types of receptors, each with unique functions and distribution throughout 
the body. H1R and H2R have a lower affinity for the endogenous ligand HA compared to H3R and H4R [36]. 

 

1.3 THE HISTAMINE H3 RECEPTOR AND ITS LIGANDS 

The H3R, discovered in 1983 by Arrang et al. [37], added a new dimension to the 

existing knowledge of the H1R and H2R. The H3R is predominantly expressed in the 

CNS, particularly on neuronal cells, with varying expression levels reported in the 

thalamus, different parts of the basal ganglia, cortex, and hippocampus. Due to its 

expression in relevant brain regions, it plays a central role in modulating the sleep-wake 

cycle, food intake, and cognitive processes [38]. The H3R can be found on presynaptic 

nerve terminals of histaminergic neurons (autoreceptor function), regulating the 

synthesis and release of HA into the synaptic cleft through a negative feedback 

mechanism [39,40] (Figure 5). On the other hand, as a presynaptic heteroreceptor on 

non-histaminergic neurons, H3R activation reduces the release of other 

neurotransmitters, including dopamine, γ-aminobutyric acid (GABA), serotonin (5-HT), 

noradrenaline, and acetylcholine [36]. The H3R shows a high degree of constitutive 

activity. Ligands exerting antagonism or inverse agonism promote HA release and 

thereby postsynaptic HA signalling events, leading to several biological effects like 

wakefulness, improved cognition, memory, and learning. Understanding the role of the 

H3R in modulating neuronal networks and neurotransmitter release marked a key step 

toward exploring its potential as a therapeutic target in neurological and psychiatric 

disorders. 
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Figure 5: HA is biosynthesised from L-histidine by histidine decarboxylase (HDC) and stored in vesicles. The 
H3R can be expressed pre- or postsynaptically. Pre-synaptic H3R on histaminergic neurons, also known as 
H3-autoreceptor, can modulate histaminergic neurotransmission dependent on the ligand binding to it. HA 
binding to H3R activates G protein-dependent events, including inhibition of HDC, adenylyl cyclase, Ca2+-
influx, and HA release into the synaptic cleft. This effect is called a negative feedback mechanism. Pre-
synaptic H3R on non-histaminergic neurons, so-called H3-heteroreceptors, promote the release of other 
neurotransmitters like acetylcholine (ACh), dopamine (DA), serotonin (5-HT), or noradrenaline (NA) when 
bound by antagonists/inverse agonists. Modified from [28]. 

 

Genomic Organisation and Isoforms 

The human H3R gene (HRH3, GenBank ID 11255) is located on chromosome 

20q13.33. This gene comprises three introns and four exons [41], a structure that is 

relatively uncommon among GPCRs. The H3R shares a low sequence identity with H1R 

and H2R but an overall sequence identity of 38% with H4R, with up to 54% within the 

transmembrane [36,42]. The H3R gene transcription results in multiple isoforms due to 

alternative splicing. The full-length receptor is composed of 445 amino acids. To date, at 

least 20 human isoforms have been identified, not all of which are functional. The 

functional hH3R isoforms with a classic 7-transmembrane structure, including hH3R-

453, -445, -415, -413, -373, -365, and -329, show alterations in key areas like the 

intracellular loop 3 (IL3) and C-terminal tail, crucial for signalling and regulation [43]. 
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Changes in IL3 are linked to autoreceptor function (e.g., hH3R-413) [44] and constitutive 

activity (e.g., hH3R-365) [45] of the H3R. Co-expression of the H3R isoforms occurs in 

the human brain but shows region-specific expression patterns at the transcriptome 

level. hH3R isoforms 445 and 365 are the most expressed isoforms within the human 

brain [46]. hH3R-445 is highly expressed in the thalamus, caudate nucleus, and 

cerebellum, with moderate levels in the amygdala, hippocampus, cerebral cortex, and 

substantia nigra. While hH3R-415 and hH3R-365 have similar high expression in these 

areas, they have low expression in regions like the amygdala, hippocampus, substantia 

nigra, and cerebral cortex [41]. The physiological implications of these expression 

patterns across brain regions are still not fully understood. The study of H3R 

heterogeneity is an active field of research [47]. This interest is driven by the observation 

that shorter, functional isoforms exhibit differences in their pharmacological properties, 

ligand potencies, signalling events, and expression patterns [36]. Isoform bias is a form 

of differential signalling, where different receptor isoforms selectively activate or 

attenuate signalling pathways. For the hH3R, isoform bias has been proven [43,46,47]. 

Additionally, differential ligand affinity and constitutive affinity among hH3R isoforms were 

observed. From a therapeutic point of view, the broad modulation of hH3R isoforms in 

the CNS by H3R-targeting drugs might lead to on-target side effects, affecting normal 

physiology. Targeting specific hH3R isoforms or pathways could offer a more targeted 

approach. 

 

H3R Signal Transduction 

The H3R is a GPCR linked to a Gαi/o protein. When activated by HA or other 

agonists, the H3R undergoes a series of conformational changes. These changes 

facilitate the exchange of GDP for GTP within the associated G protein, leading to the 

subsequent dissociation of the Gα subunit from the Gβ/γ dimer and the receptor. The 

GTPase activity inherent to the Gα subunit catalyses the hydrolysis of GTP to GDP as a 

form of self-regulation, reverting the subunit to its inactive state, which then reassociates 

with the receptor and Gβ/γ subunits. Following receptor activation, the ligand-bound 

GPCRs are phosphorylated by G protein-coupled receptor kinases (GRKs), which 

promotes the recruitment and binding of β-arrestins. Bound β-arrestins reduce G protein 

re-association, thereby desensitising the receptor. Additionally, it initiates clathrin-

mediated receptor internalisation, which can either lead to receptor recycling after 

dephosphorylation or receptor degradation. Both processes are part of the 

downregulation of receptor signalling and availability. 



1.3 The Histamine H3 Receptor and Its Ligands 

10 
 

After receptor activation, the dissociated subunits initiate distinct cellular 

signalling pathways (Figure 6). The activated Gαi/o inhibits the enzyme adenylate cyclase 

(AC), thereby reducing the synthesis of cyclic AMP (cAMP) from ATP. Given that cAMP 

is an allosteric activator of protein kinase A (PKA), the inhibition by Gαi/o results in 

reduced activation of this secondary effector protein. PKA itself is involved in a variety of 

biological functions, influencing synaptic plasticity, gene expression, and behavioural 

processes [48]. Activation of the H3 receptor inhibits the Na⁺/H⁺ exchange (NHE) in 

sympathetic nerve terminals, a mechanism involved in restoring intracellular pH [49]. 

This effect is thought to be Gαi/o-dependent [50], although the underlying mechanism 

remains to be fully elucidated.  

Besides Gαi/o mediated effects, the heterodimer Gβ/γ initiates several other 

signalling events. The Gβ/γ subunit mediates a decrease in Ca2+ influx through voltage-

gated calcium channels (VGCC) and stimulates the opening of G protein-gated inwardly 

rectifying potassium channels (GIRK), thereby attenuating neurotransmitter exocytosis 

and decreasing neuronal excitability [49,51]. Gβ/γ also activates the PI3K/AKT/GSK3β 

(phosphatidylinositol 3-kinases/ protein kinase B/ glycogen synthase kinase-3 beta) 

pathway, influencing neuronal migration, neuroprotection, and cell survival [49,52]. 

Activation of the mitogen-activated protein kinase (MAPK) pathway, which plays a role 

in cell growth, differentiation, neuronal plasticity, and memory, occurs upon H3R 

stimulation and is believed to depend on the Gβ/γ complex, although β-arrestins might 

also participate in MAPK activation [53]. Activation of H3R stimulates phospholipase A2 

(PLA2) via a Gβγ-dependent pathway. In cardiac sympathetic nerves, H3R-triggered Gβγ 

release activates MAPK, leading to PLA2 phosphorylation and arachidonic acid (AA) 

release [54]. Additionally, direct stimulation of PLA2 by Gβγ subunits was previously 

demonstrated [55]. Activation of PLA2 also releases docosahexaenoic acid and 

lysophospholipids. Those are known precursors to lipid mediators like cytotoxic 4-

hydroxynonenal, which is known to be involved in apoptotic neuronal death and is 

elevated in disorders such as Alzheimer’s and Parkinson’s disease [56]. Furthermore, 

PLC pathway activation has been observed post-H3R activation, leading to inositol 1,4,5-

trisphosphate (IP3)-dependent intracellular calcium release from the endoplasmic 

reticulum. This effect is typically associated with Gαq-coupled receptors but is also 

partially Gβ/γ dependent. Notably, this pathway's activation is highly dependent on the 

isoform variation, with calcium mobilisation observed in H3R-445 but not H3R-365 

isoforms (isoform bias) [51]. 
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Figure 6: Signalling pathways: H3R activation after binding of HA leads to the dissociation of the G-protein 
from the receptor. The heterotrimeric protein dissociates into two subgroups, Gα and Gβγ, both involved in 
different signalling pathways. Gαi/o mediated signalling includes the inhibition of AC, leading to 
downregulation of cAMP-induced PKA activation, and the inhibition of Na+/H+ exchange. On the other hand, 
the Gβγ subunit activates different pathways, including PLC, PI3K, MAPK, PLA2, as well as the inhibition of 
calcium influx and the stimulation of potassium efflux via GIRK. PLC activation initiates intracellular Ca2+ 
influx, while PI3K activation leads to downstream activation of the AKT/GSK3β pathway. PLA2 activation 
increases the release of lipid second messengers like AA. Modified from [28]. Abbreviations: AC: adenylyl 
cyclase, AKT: protein kinase B, AA: arachidonic acid, ATP: adenosine triphosphate, cAMP: cyclic adenosine 
monophosphate, GIRK: G protein-coupled inwardly rectifying potassium channel, GSK3β: glycogen 
synthase kinase 3 beta, NHE: Na⁺/H⁺ exchange, MAPK: mitogen-activated protein kinase, PI3K: 
phosphoinositide 3-kinase, PKA: protein kinase A, PLA2: phospholipase A2, PLC: phospholipase C. 

In addition to Gα- and Gβ/γ-mediated signalling, GPCRs can also signal through 

β-arrestin-dependent mechanisms. This topic has been extensively explored by the 

research group of Lefkowitz et al. [57,58]. The β-arrestin-dependent pathways have been 

proven for several 7-TM receptors, including angiotensin type 1A [59] and β2-adrenergic 

receptor (β2AR) [60,61]. For the H3R, desensitisation and internalisation occur in a GRK- 

and clathrin-dependent manner [62], and β-arrestin2 recruitment has been confirmed 

across various H3R isoforms [46,47]. However, β-arrestin–mediated signal transduction 

has not yet been demonstrated for this receptor.  

An important characteristic of the H3R is its constitutive activity, meaning it can 

transition to an active state and activate second messengers independently of agonist 

binding. True antagonists are ligands that bind to the receptor without influencing this 

basal activity. In contrast, ligands that decrease the receptor's basal activation state are 

termed inverse agonists. Some signalling events, such as cAMP production, AA release 

[63], and the PI3K pathway [48], are more prone to constitutive receptor activation. In 

contrast, events like β-arrestin recruitment or MAPK activation exhibit no or a low degree 

of constitutive activity [47,48]. The basal activity of H3R makes it an intriguing target for 

diseases that are characterised by abnormal neurotransmitter concentrations.  
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GPCR ligands may demonstrate selectivity with respect to the signalling 

cascades they stimulate or reduce, which is referred to as biased signalling [64,65]. 

Currently, it is generally recognised that GPCRs can adopt different receptor 

conformations depending on which ligand has bound, which can cause a bias for certain 

signalling pathways or an attenuation of others. Biased ligands can be used to selectively 

modulate signalling pathways that are abnormal in disease states without affecting 

clinically unaffected signalling pathways. 

 

H3R Ligands 

For over four decades, the field of H3R ligands has experienced a high research 

intensity, which culminated in the approval and marketing of Pitolisant (Wakix®), the 

pioneering H3R antagonist/inverse agonist for the treatment of narcolepsy. In the early 

stages of H3R ligand discovery, HA was used as the structural template. The first H3R 

agonists were structurally similar due to the retained imidazole ring, e.g., R-α-

methylhistamine and N-α-methylhistamine (Figure 7). [3H]-N-α-methylhistamine is a 

frequently used radiolabelled ligand for competitive binding experiments due to its high 

affinity for rat H3R (rH3R) [66]. Further drug development led to the discovery of imetit 

and immepip with improved lipophilic properties. They are both characterised by a high 

affinity for rH3R, which is why they have established themselves as a practical 

pharmacological tool [66]. Nevertheless, they all have a low HA receptor selectivity and 

a low oral bioavailability and are rapidly metabolised [67]. This limits their in vivo 

practicability; however, they were historically useful in vitro tools. After the discovery of 

the H4R, some H3R ligands previously thought to be selective had to be reclassified. 

Interestingly, the methylated derivative of immepip, methimmepip, shows excellent 

potency and also selectivity to H3R (>2000 fold selectivity over H1R, H2R, and H4R) 

[36]. Currently, there are no clinically relevant H3R agonists, but possible future 

indications are pain, inflammation, migraine, or insomnia [67]. 
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Figure 7: Early imidazole-containing H3R ligands. 

The first H3R antagonists were imidazole-based ligands, with the most prominent 

examples being thioperamide, clobenpropit, or ciproxifan (Figure 7). The imidazole ring 

was maintained due to the fact that initial studies had shown a drastic drop in potency 

upon imidazole replacement [68,69]. Thioperamide was broadly used as an H3R 

antagonist in behavioural animal models, as it is particularly potent on rH3R (rH3R Ki = 

4.3 nM). The same applies to clobenpropit, which found application in different in vivo 

models of, e.g., Alzheimer’s disease, working memory, or seizure [70–72]. However, both 

compounds have a profound activity at H4R [73] (Table 1). Ciproxifan, though, is more 

selective towards H3R and has a good oral bioavailability; thus, it was extensively used 

as a reference compound in preclinical animal models. However, these ligands have the 

same disadvantages as other imidazole-containing compounds: CYP450 inhibition, low 

CNS penetration, off-target activity, and low HA receptor subtype selectivity [74].  

Table 1: Binding affinities (pKi) for human HA receptor subtypes (hH1-4R) for selected agonists and 
antagonists. Data from [36]. 

Ligand hH1R pKi hH2R pKi hH3R pKi hH4R pKi 

Imetit 4.30 5.10 9.29 8.48 

Immepip 4.79 <3.5 9.44 7.79 

Methimmepip - - 9.00 5.70 

Thioperamide 3.88 4.27 7.6 7.04 

Clobenpropit 5.45 5.47 9.0 7.98 

Ciproxifan <5 <5 7.1 5.73 

 

A milestone was the replacement of imidazole with bioisosteric structural motifs 

like pyrrolidine and piperidine rings. Those non-imidazole-containing ligands display a 

wide range of functional groups, but they share certain similarities within their structure. 
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This general blueprint of an H3R antagonist/inverse agonist was identified by several 

structure-activity relationship (SAR) studies [75,76]. The blueprint can be divided into 

four parts (Figure 8): The western part contains a basic moiety, often a tertiary amine, 

that is crucial for receptor binding [77]. This basic structure is connected to an aliphatic 

linker that links the basic moiety with the core region. The core often contains a 

lipophilic/aromatic structure and a heteroatom connecting the linker and core. In the 

eastern part of the pharmacophore, several substitutions with different functionalities are 

feasible, e.g., lipophilic, basic, polar, or even acidic groups. The eastern part has been 

frequently used to incorporate different moieties with the aim of enhancing H3R affinity 

[76] and fine-tune pharmacological properties.  

 

Figure 8: Blueprint of typical structural components of non-imidazole H3R antagonists, illustrating the 
western basic moiety, aliphatic spacer, central core with heteroatoms and hydrophobic groups, and a 
variable eastern region. Modified from [76]. 

Detailed insights into receptor-ligand interactions and ligand orientation within the 

binding pocket can be obtained through X-ray crystallography or cryo-electron 

microscopy (Cryo-EM), but such data were long unavailable for the H3R. The crystal 

structure of the H3R was published by Peng et al. [78] only recently. In 2024, cryo-EM 

structures (Figure 9) of HA receptors in complex with various G-proteins and ligands 

were reported by Shen et al. [79] and Zhang et al. [80]. Prior to these advances, 

knowledge on receptor-ligand interaction was primarily predicted through homology 

modelling and molecular docking studies [77,81–84]. These computational methods are 

valuable tools for studying proteins with little experimental data. However, their accuracy 

is limited, and the use of different homology models and docking procedures may 

produce variable or even contradictory information on ligand binding. Nonetheless, 

evidence from crystal structure, cryo-EM, and homology modelling has highlighted key 

features of ligand interactions, including: (i) a crucial ionic salt bridge between aspartic 

acid (Asp114/D3.32) and/or glutamic acid (Glu206/E5.56) and protonated basic groups of 

the ligand, (ii) hydrophobic interactions (π-stacking, CH-π, cation-π) with aromatic amino 

residues facing the binding site, and (iii) hydrogen bonds between hetero atoms in the 

linker or arbitrary region with, e.g., tyrosine side chains. 
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Figure 9: Cryo-EM structure of the H3R bound to HA (magenta), showing key interactions with Asp114 
(D3.32) and Glu206 (E5.46), supported by aromatic residues that stabilise ligand orientation in the binding 
pocket. Picture from Shen et al. [79] Copyright © 2024 The Authors. Advanced Science published by Wiley-
VCH GmbH CC4.0 https://creativecommons.org/licenses/by/4.0/ 

Following the first potent non-imidazole H3R antagonists developed in 1998 [85], the 

number of compounds with pyrrolidine, piperidine, piperazine or diazepine scaffolds 

expanded steadily in the early 2000s [86–88], with several entering clinical trials for sleep 

and cognitive disorders, attention deficit hyperactivity disorder (ADHD), Alzheimer’s 

disease, and allergic rhinitis [36] (Figure 10). 

 

Figure 10: Prominent examples of clinically relevant non-imidazole H3R antagonists [36]. 

Among them, Pitolisant – also known as tiprolisant or BF-2649 – remains the 

most prominent, and is to date the only marketed H3R drug, approved for narcolepsy 

with or without cataplexy (Wakix®) and for obstructive sleep apnoea in adults with 

excessive daytime sleepiness (Ozawade®). Pitolisant promotes its wake-promoting 

effects through blockage of presynaptic auto- and heteroreceptors, enhancing 

histaminergic neurotransmission as well as release of other neurotransmitters. Lately, 

https://creativecommons.org/licenses/by/4.0/
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Pitolisant was tested in a Phase III study for safety and efficacy in paediatric narcolepsy 

(age 6-17) with/without cataplexy, with a beneficial outcome on EDS and cataplexy 

symptoms [89]. The safety profile was in accordance with that observed in adult patients. 

Furthermore, Pitolisant is also undergoing or has recently completed trials for idiopathic 

hypersomnia (Phase III, NCT05458128), restless-legs syndrome (Phase IV, 

NCT05581576), autism spectrum disorder (ASD) (Phase II, NCT05953389), Prader-Willi 

syndrome (Phase II, NCT04257929), and alcohol use disorder (Phase I, NCT04596267). 

Additionally, the effects of Pitolisant on cognitive and emotional processing in healthy 

individuals are being explored in an academic study at the University of Oxford 

(NCT05849675). 

Beyond Pitolisant, numerous preclinical studies have demonstrated that H3R 

antagonists/inverse agonists can improve memory and learning in animal models [28,74] 

and elevate neurotransmitter levels across different brain regions [90,91]. Given this 

broad therapeutic potential, HA neurotransmission and the H3R have emerged as 

promising targets in neuropsychiatric and neurodegenerative diseases, which will be 

discussed in the following two chapters. 

 

1.3.1 DEPRESSION AND ANXIETY 

MAJOR DEPRESSIVE DISORDER 

Major depressive disorder (MDD) is a well-documented mental health condition marked 

by significant disturbances in mood, affect, neurovegetative functions, cognition, and 

psychomotor activities [92]. MDD is not only a leading problem in public health globally 

but also the primary cause of mental-health-related disability [93]. Its global prevalence 

is around 4.4% [94], illustrating its widespread impact. MDD exhibits a higher occurrence 

in women than in men and is more common in individuals with other medical conditions 

than in those without [95]. For both genders, the typical onset age for MDD is around 25, 

with peak risk spanning from mid-adolescence to the early 40s [3]. The major symptoms 

include depressed mood and anhedonia, a certain state of despair, hopelessness, 

fatigue, and loss of concentration. In extreme cases, suicidal ideation may occur [96]. 

The disorder significantly undermines personal relationships, employment opportunities, 

and cognitive and educational ability, affecting various facets of an individual's life. The 

pathophysiology of MDD is not yet fully understood; however, it is widely accepted that 

MDD cannot be explained by a single mechanism but rather arises from a multifactorial, 

complex cause. Several factors might contribute to disease onset, including genetic 

predisposition (heritability), environmental and epigenetic influences (childhood trauma, 

epigenetic changes), neurobiological changes (monoaminergic system disturbances, 
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neuroinflammation, impaired neurogenesis), and structural or functional brain changes 

(hippocampal volume reduction, altered brain networks) [3]. 

Depression is a prevalent comorbidity among chronic medical conditions including 

neurological, metabolic, cardiovascular disorders, and cancer. This comorbidity brings 

pronounced clinical implications due to the additive or synergistic negative impact on 

overall health [97]. Notably, the presence of comorbid depression is often associated 

with a worse prognosis and an increase in mortality rates. The mechanisms underlying 

this co-occurrence are multifaceted, involving coincidental overlaps, therapy-related 

effects, behavioural factors, and shared biological processes [95]. Conversely, patients 

with MDD are at higher risk of developing cardiovascular, metabolic diseases, and 

dementia, including Alzheimer's disease [98,99]  (). Cognitive impairment is a significant 

concern in patients with MDD, commonly affecting executive functions, memory, and 

attention. These neurocognitive 

impairments play a crucial role in 

the psychosocial functioning and 

overall quality of life for affected 

individuals [3]. Even after 

achieving remission, patients may 

continue to experience subtle 

impairments in executive control 

and memory, highlighting the need 

for comprehensive treatment 

strategies that address both the 

emotional and cognitive aspects of 

depression. 

Disease Management 

Treatment of MDD involves a psychosocial approach, encompassing 

psychotherapy, social support, and/or pharmacotherapy. However, for moderate to 

severe cases of depression, medication is considered necessary [100]. In terms of 

pharmacotherapy, the main goal is to enhance neurotransmission, especially 

serotonergic and/or noradrenergic neurotransmission by inhibition of reuptake 

transporters or certain receptor blockage. First-line treatments for depression include 

selective serotonin reuptake inhibitors (SSRIs), serotonin-norepinephrine reuptake 

inhibitors (SNRIs), bupropion (a norepinephrine-dopamine reuptake inhibitor), or 

vortioxetine (a multimodal receptor antidepressant) [101] (Figure 12). SSRIs and SNRIs 

are generally well-tolerated; however, they are not devoid of adverse effects like 

headaches, nausea, dizziness, gastrointestinal symptoms, and long-term effects like 

Figure 11: Comorbidities of MDD patients: The relative risk (RR) 
of developing one of the above-mentioned comorbidities is 
increased in MDD patients compared to those without 
depression, which is the result of a meta-analysis from 
longitudinal studies [1]. Modified from [3]. 
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sexual dysfunction, loss of libido, anxiety, sleep disturbances, weight gain, or agitation 

[3,100]. Furthermore, these medications often require time to manifest benefits, and 

achieving full recovery might necessitate a combination of multiple drugs. 

Tricyclic antidepressants, such as amitriptyline or imipramine (Figure 12), have 

been the gold standard of antidepressant treatment for a long time. This class of 

antidepressants inhibits the uptake of serotonin, norepinephrine, or both, but also blocks 

histaminergic, cholinergic, and adrenergic receptors, leading to a profound side effect 

profile and possible lethal poisoning by overdose [102,103]. It is noteworthy that a 

significant proportion of MDD patients, ranging from a third to a half, exhibit resistance 

or only partial responses to antidepressants [100]. This situation underscores an urgent 

need not only for the development of new and effective drugs but also for a deeper 

understanding of their modes of action.  
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Figure 12: Representative chemical structures of clinically relevant antidepressants categorised by 
pharmacological class: selective serotonin reuptake inhibitors (SSRIs), serotonin-norepinephrine reuptake 
inhibitors (SNRIs), serotonin modulators, atypical antidepressants, and tricyclic antidepressants. 
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Pimavanserin (PIM) has been a compound 

of interest for its potential in addressing depressive 

and associated symptoms in patients with MDD, 

particularly those unresponsive to standard 

antidepressants [104]. It was approved in the 

United States in 2016 for treating psychosis in 

Parkinson's disease patients. PIM is a small 

molecule (Figure 13) that modulates serotonergic 

neurotransmission through its antagonistic/inverse 

agonistic functionality on serotonin receptor 

subtype 5-HT2A, and to a lesser extent, on serotonin receptor subtype 5-HT2C [105]. It 

shows negligible affinity for other aminergic receptors or monoamine transporters [106], 

distinguishing it from traditional antipsychotics that act on dopamine receptors and from 

first-line antidepressants targeting serotonin transporters. PIM has been tested as an 

adjunctive treatment for MDD in patients who have shown inadequate responses to 

conventional antidepressants. In a phase 2 double-blind, placebo-controlled clinical trial 

(CLARITY, NCT03018340) [107], PIM significantly improved depression severity and 

showed benefits for associated MDD symptoms such as anxiety, sleep disturbances, 

irritability, and treatment-related sexual dysfunction. However, the outcome of two 

combined phase 3 clinical trials (NCT03968159 in the US; NCT03999918 in Europe) 

[108] did not meet the primary endpoint, as PIM failed to exhibit a significant 

improvement in depression symptoms when compared to placebo. Despite its promising 

pharmacological profile and initial positive outcomes in reducing depressive and 

associated symptoms, the effectiveness of PIM in treating MDD as an adjunctive therapy 

remains uncertain. Beyond these clinical outcomes, the structural features that define 

PIM’s selective serotonergic activity also make it an attractive building block for 

multitarget drug design. 

 

GENERALISED ANXIETY DISORDER 

In Western societies, anxiety disorders represent the largest group of mental 

diseases, with over 60 million Europeans diagnosed with such a condition in 2010 [109]. 

The hallmark features of anxiety include an excess of fear and anxiety, along with an 

avoidance of perceived threats and occasional panic attacks. This group of disorders is 

rather diverse, including but not limited to generalised anxiety disorder, separation 

anxiety, social anxiety, panic disorder, and specific phobias. Despite significant research, 

the neuropathophysiological mechanisms remain largely unknown, although it is 

Figure 13: Chemical structure of 
pimavanserin, a 5-HT2A receptor 
antagonist/inverse agonist. In vitro affinity 
data from [105]. 
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hypothesised that alterations in the limbic system, the hypothalamic-pituitary-adrenal 

axis, and genetic predispositions may play crucial roles [109].  

Generalised anxiety disorder (GAD) is characterised by a persistent state of worry 

and anxiety across various contexts outside the patient’s control. It is often accompanied 

by physical symptoms such as tension, restlessness, fatigue, concentration difficulties, 

or sleep disturbances [110]. Additionally, autonomic arousal may show as 

hyperventilation or tachycardia [109]. The lifetime prevalence of anxiety disorders seems 

to be influenced by geographic and socioeconomic factors [111], with significant 

differences between the studied countries, ranging from estimates of <5% to >30 [112]. 

The variability of prevalence throughout the world is not fully understood yet. Further 

research is needed to investigate whether these variations are true or result from invalid 

diagnosis criteria for different cultural backgrounds and the lack of measurement 

equivalence [111,113].  

Disease Management 

When it comes to the treatment of anxiety disorders, the options are categorised 

into psychological and pharmacological interventions. Cognitive-behavioural therapy 

(CBT) often stands as the first-line psychological treatment for certain anxiety disorders, 

recommended by health practice guidelines across numerous countries. CBT covers a 

variety of therapeutic techniques, including psychoeducation, cognitive restructuring, 

exposure to feared stimuli, breathing, and relaxation exercises. All of them have been 

found effective in relieving symptoms in individuals of all ages suffering from anxiety 

disorders [109]. Pharmacological treatment might serve as an alternative or supplement 

to psychological methods, with antidepressants, specifically SSRIs and SNRIs, being the 

primary choice of medical treatment. These medications have demonstrated efficacy in 

improving several anxiety disorders, with the exception of certain phobias, and are 

favoured due to their safety profile and minimal risk of abuse [109]. The downside is that 

anxiolytic effects often occur with a latency period of 2 to 6 weeks, and side effects such 

as jitteriness and a temporary increase in anxiety can occur at the beginning [114]. 

Tricyclic antidepressants have a well-proven efficacy against certain anxiety disorders, 

but have a higher risk of adverse effects compared to SSRIs/SNRIs, and should be 

avoided in patients with suicidal tendencies [114]. Benzodiazepines are considered 

second- or third-line treatments due to their efficacy against a variety of anxiety disorders 

(Figure 14). They are acting as positive allosteric modulators on GABA-A receptors, 

enhancing their response to the inhibitory neurotransmitter GABA [115]. However, their 

potential for abuse, withdrawal symptoms, and dependency restricts their usage, 

especially in individuals with a history of alcohol or drug abuse [109]. Buspirone, a non-

benzodiazepine anxiolytic, has shown effectiveness in treating GAD and is 
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recommended as a secondary option when SSRIs are ineffective or cause adverse 

effects. Buspirone acts as a high-affinity 5-HT1A partial agonist, with a lower affinity for 5-

HT2 receptor subtypes and the dopamine D2 receptor [116]. In general, the effectiveness 

of current anxiolytic treatment typically reaches an upper threshold, with treatment 

response rates of approximately 50% and the possibility of relapses [109]. Therefore, 

there is an ongoing need for novel, safe, and effective drugs. 

 

Figure 14: Typical representatives of clinically used anxiolytics categorised by pharmacological class: 
benzodiazepines and non-benzodiazepine anxiolytics. 

 

Therapeutic Potential of H3R Antagonists for MDD and GAD 

In the preclinical stage of innovative, anxiolytic, and antidepressant research, 

H3R antagonists have shown quite promising results, especially in improving cognition, 

mood, and wakefulness [98]. An important aspect of these compounds is their potential 

for a lower risk of abuse and to cause fewer side effects than the conventional 

pharmacological treatments. This could be an important advancement in the therapeutic 

strategies for managing depressive and anxious symptoms, offering a balance between 

efficacy and a more favourable safety profile.  

Several previous studies have illustrated a potential link between histaminergic 

neurotransmission and the manifestation of depressive states in murine models. In 1998, 

Lamberti et al. underscored the antidepressant effects of endogenous HA, which is 

hypothesised to be mediated through the activation of postsynaptic H1Rs [117]. Using 

the forced swim test (FST) (see excursus 1), an established behavioural test for 

antidepressant effects, it was demonstrated that administration of either H3R antagonist 

thioperamide, HNMT inhibitor metoprine, or selective H1R agonists effectively reduced 

the immobility time. The influence of thioperamide and metoprine was found to be 

reversible by (R)-α-methylhistamine (RAMH). This suggests that the antidepressant 

effect is mainly driven by elevated HA levels in the synaptic cleft, either through increased 

release or reduced breakdown. Importantly, the general mobility of the mice remained 
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unaffected, supporting the action of these compounds without impairing general motor 

functions.  

The role of the histaminergic system in 

anxiety has been explored through the study of H3R 

antagonist ST-1283 by Bahi et al. [118] (Figure 15). 

Tested in various mouse models, ST-1283 showed 

effects similar to those of conventional anxiety and 

depression medications. Like diazepam, ST-1283 

increased the time mice spent in the centre of the 

open field test (OFT) and reduced the number of 

buried marbles in the marble burying test (MBT). In 

addition, ST-1283 demonstrated antidepressant properties similar to fluoxetine, reducing 

immobility time in the tail suspension test (TST) and FST, and decreasing feeding latency 

in the novelty suppressed feeding (NSF) test. Notably, these effects were blocked by 

RAMH, indicating that the H3R blockade might play a role, although further research is 

needed to elucidate the specific mechanisms. 

Figure 15: H3R antagonist ST-1283 [118]. 



1.3 The Histamine H3 Receptor and Its Ligands 

24 
 

 

 

In the field of neuropsychiatric research, the use of in vivo models is important for the understanding 

and development of treatments for anxiety and depression. Several well-established tests such as the 

forced swim test (FST), open field test (OFT), tail suspension test (TST), elevated plus maze test (EPM), 

novelty suppressed feeding (NSF), and marbles burying test (MBT) are frequently employed. These 

tests are designed to measure the depressive-like and/or anxiety-like behaviours in rodents and are 

critical for evaluating the potential effectiveness of pharmacological agents.  

The FST and TST are designed to assess antidepressant-like activity by recording the immobility time, 

which reflects the state of depression-like behaviour in the subjects. In FST, rodents are place in a glass 

cylinder filled with water, while in TST they are suspended by their tails 50 cm above a table top [213]. 

Significant reduction of immobility time indicates antidepressant effects of the administered drug 

substance.  

Conversely, EPM and NSF focus on anxiety-related behaviours. EPM evaluates the preference of 

animals between open and enclosed spaces, by exposing them to an elevated cross-shaped platform 

with two open and two closed arms. The duration on each arm and the number of entries are 

measured [213]. An increased time spend on the open arms indicates reduced anxiety-like behaviour. 

NSF measures the latency to feed in a novel, potentially threatening environment, where food in place 

in the centre of an open field. Initially, this test was used to assess anxiety-like behaviour but has now 

become popular to investigate antidepressant effects.  

The OFT is utilized to assess general locomotor activity levels and anxiety. The rodents are placed on a 

squared open field, which is divided into smaller squares by black lines. Increased time spend in the 

centre of the arena indicates lower anxiety levels and the total line crossings are measured to assess 

general locomotor activity.  

The MBT measures the compulsion of animals to bury marbles, reflecting their anxiety and obsessive-

compulsive tendencies. The number of marbles buried and the time spend burying are related to the 

anxiety level or compulsive tendencies [213].  

These in vivo tests are essential tools as they provide a standardized method to investigate the efficacy 

of new pharmacological treatments and to understand the underlying neurobiological mechanisms of 

psychiatric disorders. Despite the simplicity and efficiency of these tests, researchers must interpret 

the results with caution due to the complex nature of human psychiatric conditions which these 

models attempt to replicate. 

 

Excursus 1: Behavioural animal models for depression and anxiety. 
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1.3.2 ALZHEIMER'S DISEASE 

Alzheimer’s disease (AD), an irreversible, neurodegenerative disorder, is the most 

common cause of dementia that is clinically characterised by cognitive decline, 

progressive memory loss, and impairments in language and behaviour [119]. According 

to the World Alzheimer Report, 55 million people were estimated to have suffered from 

dementia in 2019, with 60-70% cases due to AD [120]. AD is mostly age-related. The 

prevalence of AD increases with age, affecting about 5% of individuals aged 65–74, 

13.1% of those aged 75–84, and one-third of people aged 85 or older [121]. AD is a 

major burden for public health care; this is fuelled by the fact that between 2015 and 

2050, the percentage of people over 60 will approximately double, while the number of 

people suffering from dementia is expected to triple [122]. AD can be categorised into 

sporadic and familial AD, where familial cases are associated with inherited genetic 

mutations. The largest group of patients has sporadic AD without a single genetic cause. 

Alongside age, various lifestyle, environmental, and metabolic risk factors have been 

linked to an increased probability of disease development [123,124]. Most forms of AD 

are late-onset AD, manifesting after the age of 65. Early-onset AD, occurring before age 

65, is nearly always familial, while the majority of late-onset AD is sporadic.  

Despite extensive research on cellular and molecular mechanisms, the aetiology 

of AD remains unclear, and there is no cure available. Several pathological mechanisms 

have been identified that might contribute to the pathogenesis and progression of the 

disease. The most studied pathological hallmarks are: i) the extracellular aggregation of 

amyloid beta (Aβ) into plaques, and ii) the intracellular formation of neurofibrillary tangles 

from hyperphosphorylated tau protein. Both are accompanied by synaptic loss and 

neuronal death (brain atrophy) [125,126]. Other pathological mechanisms include 

neuroinflammation, oxidative stress, mitochondrial dysfunction, ferroptosis, metal ion 

accumulation, and CNS hypometabolism [127].  

Aβ is a naturally occurring polypeptide mostly secreted by neuronal cells and by 

other cell types throughout a lifetime. The Aβ monomer is a degradation product of the 

amyloid precursor protein (APP), which is an integral membrane protein of neuronal 

synapses. Upon proteolytic breakdown of APP by β-secretase BACE1 (β-site APP 

cleaving enzyme 1) or γ-secretase, Aβ monomers of varying length between 38 and 43 

amino acids are built and secreted into the extraneuronal space. It is suggested that Aβ 

becomes pathogenic after aberrant accumulation and changes of conformation [128]. 

Aβ1-42 is especially highly prone to aggregate into oligomers. The variety of Aβ species 

ranges from soluble oligomers and protofibrils to insoluble amyloid plaques, each 

associated with different neurotoxic effects, including the induction of oxidative stress, 
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neuroinflammation, synaptic dysfunction, alterations in membrane permeability, or 

impairment of cell signalling. This can lead to synaptic loss and promote neuronal death 

[127,129]. The extracellular deposits are resistant to proteolytic cleavage. However, the 

presence of senile plaques alone is not sufficient to explain AD-related 

neurodegeneration, since no brain atrophy appears during their maturation [130]. 

The second most common histopathological hallmark is the accumulation of 

intracellular neurofibrillary tangles consisting of hyperphosphorylated tau protein. Tau is 

a microtubule-associated protein that contributes to the stabilisation and assembly of 

microtubules, thereby supporting cytoskeletal structures. It is regulated by post-

translational modifications like phosphorylation mediated through different kinases, e.g., 

GSK-3β [127]. Abnormal hyperphosphorylation of tau leads to a higher affinity for self-

aggregation and the formation of filamentous deposits in the soma. The loss of tau’s 

normal function leads to disruptions of the microtubule network, axonal trafficking, and 

dendritic structures, loss of synapses, neuronal death, and eventually dementia [131]. 

The concentration of neurofibrillary tangles correlates positively with the progress and 

severity of AD [132].  

Both Aβ- and tau-associated pathophysiological changes are closely connected 

to a loss of neurons and neuronal networks. Over the past few decades, numerous 

studies have emphasised that the severity of AD is closely connected to the disruption 

of the cholinergic neurons. Cholinergic neurotransmission is widespread in the human 

CNS, especially in the thalamus, striatum, limbic system, and neocortex. This suggests 

a critical role in memory, learning, attention, and other higher brain functions. The 

cholinergic hypothesis in AD suggests that the gradual loss of basal cholinergic neurons 

is one of the major components responsible for the manifestation of clinical symptoms. 

This hypothesis is supported by the observation of three early key findings [133]: i) 

reduced presynaptic cholinergic markers in the cerebral cortex [134,135], ii) severe 

neurodegeneration of the nucleus basalis of Meynert, which is the origin of cortical 

cholinergic innervation [136,137], and iii) the detrimental effects of cholinergic 

antagonists on memory [138]. Additionally, an elevated level of acetylcholinesterase 

(AChE) has been observed around amyloid plaques and neurofibrillary tangles [139]. 
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Disease Management 

The hypothesis was further supported when cholinesterase inhibitors were found 

to significantly improve symptoms in AD's patients [140], leading to the approval of three 

AChE inhibitors as treatments for mild to moderate dementia in AD patients, namely 

donepezil, rivastigmine, and galantamine (Figure 16). Beyond acetylcholine, other 

neurotransmitters, including serotonin, dopamine, HA, and glutamate (GLU), play crucial 

roles in cognitive processes. Memantine, a non-competitive N-methyl-D-aspartate 

(NMDA) receptor antagonist, represents another neurotransmission-modulating drug in 

AD treatment. Importantly, these drugs only provide symptomatic improvements. The 

diverse spectrum of pathological factors makes it difficult to develop disease-modifying 

drugs that attenuate or reverse the progression of the disease. In recent years, notable 

progress has been made in the development of disease-modifying treatments. 

 

Figure 16: Chemical structures of currently available AD drugs. 

In 2021, the first disease-modifying drug, Aducanumab, was approved by the 

FDA for AD patients with mild cognitive impairment or mild dementia. Aducanumab is an 

antibody targeting amyloid fibrils and significantly reduces amyloid plaques in the brain 

[141]. However, the approval was controversial because two phase 3 studies (EMERGE 

and ENGAGE) showed contradictory results regarding the efficacy in improving cognitive 

abilities [142], which is why the European Medicines Agency (EMA) decided to decline 

the approval. Moreover, frequently appearing side effects, so-called amyloid-related 

imaging abnormalities (ARIA), raised concerns about the benefit-to-risk ratio [141]. Most 

of these ARIAs have been asymptomatic, though some life-threatening events have 

occurred [143]. Donanemab (Kisunla®) and lecanebab (Leqembi®) are next-generation 

amyloid-targeting antibodies that have been shown to significantly improve cognitive 

measures, but the risk of ARIAs remains [144], especially within APOE ε4 allele carriers. 

Lecanemab/Leqembi® has already been approved by the EMA for mild cognitive 

impairment or early-stage AD [145]. Donanemab/Kisunla® has received a positive 

recommendation in July 2025 after re-evaluation by the EMA [146]. However, for both 

antibodies, the patient population is restricted to APOE ε4 non-carriers/heterozygotes, 

and patients must be frequently monitored to detect adverse events. The unfavourable 

risk/benefit profile emphasises the need for ongoing research. Although these treatments 
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may slow disease progression, they do not prevent its onset. Targeting amyloid beta 

alone may therefore be insufficient to address the multifactorial nature of AD. 

Therapeutic Potential of H3R Antagonists 

The H3R is a promising drug target for AD due to its role in modulating 

neurotransmitter release. H3R antagonists have been explored as potential treatment 

options due to their pro-cognitive effects, especially in a multitargeting approach. 

Contilisant (Fehler! Verweisquelle konnte nicht gefunden werden.), a compound that 

inhibits H3R, AChE, BuChE, and MAO-B 

simultaneously [147,148], is a promising 

example of an H3R MTDL for 

neurodegenerative diseases. In addition, 

contilisant exhibits neuroprotective and 

antioxidant qualities that reduce oxidative 

stress and slow neuronal death. In vivo tests in 

mice have shown that contilisant significantly 

improved cognitive function in a model of 

memory impairment induced by 

lipopolysaccharide [148], suggesting its 

potential as a multipurpose therapeutic agent. 

As demonstrated for mood disorders such as MDD and GAD, as well as for 

neurodegenerative disorders like AD, H3R antagonists have shown promising preclinical 

effects. Their ability to modulate different neurotransmitter systems underscores the 

broad therapeutic potential of targeting HA pathways. In combination with additional drug 

targets, MTDLs hold considerable potential as future treatments of complex, 

multifactorial disorders. Building on these insights, it is equally important to explore other 

neurotransmitter systems, such as the dopaminergic system, which plays a central role 

in other neurodegenerative and psychiatric disorders. 

 

 

 

 

1.4 THE DOPAMINERGIC SYSTEM 

Dopamine (DA), is a biogenic amine belonging to the class of catecholamines. 

Inside the brain, DA acts as a neurotransmitter, responsible for important 

Figure 17: Chemical structure of Contilisant, an 
MTDL acting on hH3R, hAChE, and hMAO-B. 
Binding affinity data from [147]. 
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neurophysiological functions, such as reward-motivated behaviour, motor control, and 

cognition. The dopaminergic system operates within a complex homeostatic network, 

and its dysregulation can lead to severe neurological, psychiatric, and metabolic 

disorders. The following chapters aim to explore the biological basis of the dopaminergic 

system in the brain, dopamine receptor involvement in neurogenic diseases with special 

focus on schizophrenia, and evaluate current pharmacological approaches. 

DA, like noradrenaline, adrenaline, HA, and 5-HT, belongs to the monoamine 

neurotransmitters, with DA, noradrenaline, and adrenaline called catecholamines. They 

share the same structural motif, the catechol nucleus with an ethylamine chain attached 

to it. The catecholamine neurotransmitters are successive products of a single 

biosynthetic pathway that starts with the non-essential, proteinogenic amino acid L-

tyrosine, which is either absorbed by food intake or can be synthesised from the essential 

amino acid phenylalanine [149]. Tyrosine is actively transported across the blood-brain 

barrier (BBB) into the brain. It is taken up into dopaminergic neurons and converted to L-

DOPA by the enzyme tyrosine hydroxylase (TH) (Figure 18). In dopaminergic neurons, 

the aromatic L-amino acid decarboxylase (AADC) catalyses the decarboxylation of L-

DOPA to produce DA, the active neurotransmitter. DA is stored in vesicles within 

dopaminergic neurons and is released upon stimulation, where it binds to postsynaptic 

DA receptors to mediate various physiological processes. To maintain homeostasis, DA 

is either reabsorbed into the neuron via DA transporters or degraded by enzymes such 

as monoamine oxidase (MAO) and catechol-O-methyltransferase (COMT) [150].  

DA and its precursor L-DOPA can undergo oxidation to form reactive quinones, 

which contribute to the formation of neurotoxic species and protein adducts. These 

neurotoxins and the reactive oxygen species (ROS) generated from MAO can lead to 

neuronal damage and degeneration. Therefore, the DA metabolism greatly affects the 

redox homeostasis and cell viability [150]. 
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Figure 18: DA is synthesised from L-tyrosine and can be converted to noradrenaline (NA) and adrenaline. 
DA is degraded via two pathways, both leading to homovanillic acid (HVA). Abbreviations: TH: tyrosine 
hydroxylase, DBH: DA β-hydroxylase, PNMT: phenyl ethanolamine N-methyltransferase, MAO: monoamine 
oxidase, COMT: catechol-O-methyltransferase, ALDH: aldehyde dehydrogenase, DOPAL: 3,4-
Dihydroxyphenylacetaldehyde, DOPAC: 3,4-Dihydroxyphenylacetic acid, 3-MT: 3-Methoxytyramine, MHPA: 
3-methoxy-4-hydroxyphenylacetaldehyde. 

From the approximately 100 billion neurons in the brain, only about 500,000 are 

dopaminergic neurons. This limited number of neurons originates from distinct parts of 

the midbrain. However, they are remarkably organised and project widely into different 

terminal fields [149]. The dopaminergic system in the brain can be divided into four major 

pathways (Figure 19), each linked to specific neurophysiological functions. The major 

pathways include:  

1) Nigrostriatal pathway: These dopaminergic neurons originate in the substantia nigra 

pars compacta (SNc) and project to the striatum. Striatal depletion of dopaminergic 

neurons has been linked early to motor control deficits such as those observed in PD. 

Nowadays, it is known that the nigrostriatal pathway is crucial for motor control regulating 

voluntary movement. 

 2) Mesolimbic pathway: Originating in the ventral tegmental area (VTA) of the midbrain, 

dopaminergic neurons project to the ventral striatum in the forebrain (like the nucleus 
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accumbens (NAc)). This pathway is often also referred to as the reward pathway, since 

it is involved in motivation and reward-related behaviour. This pathway is considered to 

be markedly involved in addictive behaviour in psychiatric disorders.  

3) Mesocortical pathway: Also originating in the VTA, mesocortical, dopaminergic 

neurons project to the prefrontal cortex, influencing executive functions, cognitive 

control, and decision processes. Irregularities in the mesocortical pathway can contribute 

to cognitive deficits in diseases like schizophrenia or ADHD.  

 

4) Tuberoinfundibular pathway: This population of DA neurons projects from the arcuate 

nucleus of the hypothalamus to the median eminence. This pathway regulates prolactin 

secretion and can prevent hyperprolactinemia. 

 

Figure 19: DA plays a significant role in various brain functions, including motor control, motivation, reward, 
and cognition. Its influence is mediated through several major pathways, each originating from specific brain 
regions and projecting to different target areas. The four primary dopaminergic pathways are depicted above. 
NAc: nucleus accumbens, Hth: hypothalamus, SNc: substantia nigra pars compacta, VTA: ventral tegmental 
area. Modified from [151,152]. 

 

 

 

 

 

 

1.5 DOPAMINE D2/D3 RECEPTORS AND THEIR LIGANDS 

DA exerts its effects through five distinct receptor subtypes, all of which belong 

to the class A G-protein coupled receptors, namely dopamine D1, D2, D3, D4, and D5 

receptors (D1R-D5R). These five dopamine receptors (DARs) are categorised into two 

families: D1-like receptors (D1R and D5R) and D2-like receptors (D2R, D3R, and D4R). 
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While D1-like receptors stimulate cAMP production via Gs-proteins, D2-like receptors 

inhibit cAMP production through Gi/o-proteins [153].  

DARs [154] are widely distributed across the brain and periphery. Within the 

brain, the D1R is highly expressed in regions such as the striatum, nucleus accumbens, 

and frontal cortex, while D5R expression is more diffusely distributed and at lower 

densities. The D2R shows high density in the striatum, olfactory tubercle, and nucleus 

accumbens, with additional expression in the substantia nigra and hypothalamus. The 

D3R is more selectively expressed, predominantly in limbic areas, like the shell of the 

nucleus accumbens and island of Calleja, with lower levels in the striatum, substantia 

nigra, ventral tegmental area, cortical regions, and hippocampus. Finally, the D4R 

exhibits the lowest overall expression in the brain but was found in the frontal cortex, 

amygdala, and hippocampus [153]. All DARs are expressed postsynaptically on 

dopamine-receptive cells, such as GABAergic neurons in the striatum. Notably, D2R and 

D3R also function as presynaptic autoreceptors, regulating DA release, synthesis, and 

neuronal firing rates through a negative feedback mechanism. While there is limited 

evidence for the presence of presynaptic D4R in rat brains [155], this area has not been 

extensively studied and needs further investigation.  

DARs are involved in neurophysiological and pathological processes. The 

regulation of locomotor activity is predominantly mediated by D1R, D2R, and D3R in the 

ventral striatum. Depending on the receptor subtype, the localisation (presynaptic or 

postsynaptic), and the agonist concentration, receptor activation can induce stimulatory 

or inhibitory effects on locomotor activity. Activation of presynaptic D2-class 

autoreceptors reduces DA release, lowering locomotor activity, while activation of 

postsynaptic D2R increases movement. Since autoreceptors respond to lower DA levels 

than postsynaptic receptors, the same DA agonist can decrease activity at low doses but 

stimulate it at higher doses [153]. D1R, D2R, and D3R in mesolimbocortical regions play 

a role in reward and reinforcement, contributing to addiction behaviour [153,156]. In the 

prefrontal cortex, D1R and D2R appear to strongly influence memory and learning 

processes [157]. D3R is hypothesised to influence cognition by modulating prefrontal 

cortex function, despite low expression levels in that region. D3R antagonism has been 

found to enhance cognition, while agonism impairs it. The pro-cognitive effect may result 

from mechanisms such as increased acetylcholine release in the prefrontal cortex and 

activation of CREB signalling in the hippocampus, but further research is necessary 

[158]. Another well-researched area is the involvement of DARs, mainly D2R and D3R, 

in psychosis, such as observed in schizophrenia and bipolar disorder. This topic will be 

explored further in Chapter 1.6 Schizophrenia.  
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Genomic and Structural Aspects 

The D1- and D2-like receptor families differ significantly in genetic structure, 

localisation, and pharmacological characteristics. Notably, D1-like receptors lack introns 

in their coding regions, whereas D2-like receptors have several introns, resulting in 

receptor variants by alternative splicing [159]. For instance, the D2R has two major 

isoforms: the short form (D2SR), predominantly presynaptic and functioning as an 

autoreceptor, and the long form (D2LR), primarily expressed postsynaptically. These 

variants differ in structure by 29 amino acids within the third intracellular loop and exhibit 

distinct physiological, pharmacological, and functional properties [153]. Despite these 

differences, receptors within the same family share significant sequence homology. D1R 

and D5R share 80% of their transmembrane (TM) sequence identity. D3R and D4R are 

75% and 53% homologous to D2 receptors in their TM domains [160]. This structural 

similarity makes the development of selective ligands within a receptor family particularly 

challenging. D2R and D3R share a highly conserved orthosteric binding site (OBS), 

responsible for primary ligand binding. However, differences in the extracellular loop 2 

(ECL2) region and the less-conserved secondary binding site (SBS) contribute to 

subtype selectivity and functional diversity [161]. The SBS in the extracellular vestibule 

plays a role in modulating ligand interactions and pharmacological effects [162], e.g., 

some antipsychotics use SBP binding to improve receptor selectivity while minimising 

side effects. Bitopic ligands, designed to engage both OBP and SBP, represent a 

promising approach to refining therapeutic profiles for neuropsychiatric disorders [163]. 

DAR Signalling 

DARs exhibit distinct signalling mechanisms depending on the receptor subtype. 

The primary signalling mechanism of DA receptors involves the G-protein-dependent 

regulation of adenylyl cyclase (AC). D1-like receptors are coupled to Gαs protein, D2-like 

receptors are coupled to Gαi/o protein. As for GPCR, DARs signal through a variety of 

Gα- or Gβγ-dependent pathways [164]. Additionally, for D1R and D2R, β-arrestin2 

signalling events have been documented [165,166]. The detailed description of G-

protein-dependent and -independent signalling events was thoroughly provided in 

Chapter 1.3. 

D2R/D3R Ligands 

Alterations of the dopaminergic system are involved in a variety of neurological 

conditions, including PD (PD), Huntington’s disease, ADHD, ASD, drug abuse, and 

schizophrenia. Targeting dopaminergic neurotransmission is a well-established 

approach for the treatment of neurogenic diseases and the management of their 

associated symptoms. DAR agonists that modulate dopaminergic signalling are widely 
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used. Several D2R/D3R agonists, including bromocriptine, pergolide, pramipexole, and 

ropinirole, are applied for the treatment of PD and other disorders, such as restless legs 

syndrome and sexual dysfunction [167] (Figure 20).  

 

Figure 20: D2-like receptor agonists for the treatment of Parkinson’s disease (PD). 

While targeting both D2R and D3R may be 

beneficial for certain diseases, recent efforts have 

focused on developing selective ligands – a challenging 

task due to the high sequence identity between these 

receptors. Selective D3R agonists have attracted interest 

because of the receptor’s restricted tissue distribution 

and potential neuroprotective effects [168]. A notable 

example is PF-592,379 (Figure 21), a highly selective 

D3R agonist investigated for sexual dysfunction and 

pain, which demonstrates minimal abuse potential [169].  

The development of D3R-preferring ligands has been advanced by the 

introduction of bitopic ligands. Bitopic ligands interact not only with the OBS but also with 

an allosteric binding site. Some of the most prominent bitopic ligands developed in recent 

years are D2R/D3R antagonists or partial agonists, including several modern 

antipsychotics. D2R/D3R ligands with antagonist or partial agonist properties have been 

characterised through SAR studies, which have identified three structural key features 

that contribute to receptor affinity and selectivity: a lipophilic aryl amide or ether moiety, 

a linear alkyl linker, and a basic amine moiety with aryl substitution [170] (Figure 22).  

Figure 21: Chemical structure of 
D3R-prefering agonist PF-
592,379. Binding affinity values 
form [169]. 
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Figure 22: Key structural features of D2R/D3R antagonists/partial agonists, illustrated using the D3-preferring 
partial agonist BP897. The molecule comprises three characteristic elements: an aryl amide moiety, a linear 
alkyl spacer, and a basic amine residue. BP897 shows high affinity for D3R (Ki = 0.92 nM) with 66-fold 
selectivity over D2R (Ki = 61 nM) [171]. 

Although modifications can be introduced at various parts of the ligand, certain 

structural elements have shown particular efficacy in promoting D2R/D3R antagonist 

activity. For instance, the 4-phenylpiperazine moiety is considered a "privileged scaffold" 

for D2R/D3R interactions [170]. Other beneficial variations of the basic element include 

benzazepines, pyrrolidines, tetrahydroisoquinolines, and triazoles [172]. The cationic 

amine of the basic substructure forms either a hydrogen bond or a salt bridge with 

Asp110 in TM3 [173]. The amide group acts as a hydrogen bond acceptor, further 

stabilising ligand binding.  

While the arylpiperazine moiety is essential for D2R/D3R affinity, the lipophilic 

aryl moiety influences receptor subtype selectivity. Modifications in this region allow fine-

tuning of binding properties, affinity towards additional drug targets (e.g., used for 

MTDLs), or optimisation of pharmacokinetic properties [174,175]. A variety of 

substituents, including heteroaryls and biphenyls, can be tolerated in this region. 

Structural modifications can also introduce additional functional properties, such as 

antioxidant activity. Regarding the alkyl spacer, SAR studies have shown that a 

tetramethylene chain provides optimal D3R affinity and selectivity over D2R [170]. 

Alternative linker designs, such as phenylmethyl and phenylethyl linkers, have also been 

explored to refine receptor selectivity [176].  

Recent research has highlighted the development of biased ligands as a 

promising strategy to improve therapeutic outcomes. Biased agonists selectively engage 

G protein or β-arrestin pathways, optimising efficacy while reducing side effects [177]. 

Another emerging direction of ligand development involves chemical probes and 

fluorescent ligands, enabling real-time visualisation of receptor interactions [178]. 
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The pharmacological modulation of D2R and D3R plays a crucial role in 

neuropsychiatric disorders, particularly schizophrenia. While D2R antagonism remains 

a cornerstone of antipsychotic treatment, the role of D3R in cognitive and negative 

symptoms is increasingly being investigated. The following section discusses the 

pathophysiology of schizophrenia, the role of DA dysfunction, and the therapeutic 

implications of targeting D2R and D3R in the development of antipsychotic drugs. 

 

1.6 SCHIZOPHRENIA 

Schizophrenia (SCH) is a severe psychiatric disorder, with multifactorial causes 

and a heterogeneous symptom profile, that affects more than 24 million people 

worldwide [179]. Patients suffer from relapsing psychotic episodes and cognitive 

disabilities that affect almost all areas of their personal and social lives. The 

heterogeneous symptoms can broadly be divided into three categories: positive, 

negative, and cognitive. The positive symptoms refer to events that are not present in 

healthy individuals, like hallucinations and delusions, which are part of psychotic 

episodes. Negative symptoms describe the absence or reduction of normal emotional or 

motivational states, such as anhedonia, social withdrawal, a lack of initiative, and 

affective flattening. Lastly, cognitive symptoms sum up the range of cognitive 

dysfunctions commonly observed in schizophrenic patients. Comorbid symptoms like 

depression, anxiety, or aggressive behaviour are common [180,181]. The aetiology of 

SCH involves components of genetic and environmental factors that affect early 

neurodevelopmental states [181]. According to most sources, the onset of SCH typically 

occurs in late adolescence or early adulthood. However, 18% of individuals experience 

symptoms before the age of 18. SCH that is diagnosed between the ages of 13 and 17 

is referred to as early-onset SCH [182]. During the prodromal phase, the phase before 

the first psychosis, early signs of cognitive and social impairments begin to emerge 

[181,183]. Risk factors of SCH include genetic predisposition, prenatal and perinatal 

complications, paternal age, sex (with men being slightly more affected), urban 

environment, migration status, or drug abuse [181]. 

The pathogenesis of SCH is not fully elucidated yet. However, over the last 

decades, pathological mechanisms and contributing factors have been identified. Among 

those, irregularities in the neurotransmitter system, especially DA, have been extensively 

studied. As early as the 1960s, after a serendipitous discovery, chlorpromazine was 

found to be a potent antipsychotic [184]. In the 1970s, the direct correlation between the 

therapeutic efficacy of antipsychotic medications and their ability to bind to DARs was 

made [185–187], which was the beginning of the formulation of the “DA hypothesis of 
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SCH”. The hypothesis was adapted and expanded over the last decades, and new 

insights keep evolving the theories on the aetiology of SCH.  

The DA hypothesis comprises the following assumptions: 

1. There is a hyperdopaminergic activity in the mesolimbic pathway, predominantly 

contributing to the positive symptoms. 

2. There is a hypodopaminergic activity in the mesocortical pathway, responsible 

for the negative and cognitive symptoms.  

Neurochemical imaging techniques have provided evidence that presynaptic striatal 

DA synthesis was increased in SCH patients [188], and DA release was elevated [189–

191]. D2R/D3R density seems to be 10-20% higher in SCH patients compared to 

controls, an observation independent from antipsychotic drug effect [192].  

Apart from DA, other neurotransmitters seem to be involved. The “glutamate 

hypothesis" proposes that there is a dysregulation of glutamate, which disrupts the DA 

balance. This was initially proposed, as it was found that NMDA receptor (NMDAR) 

antagonists like ketamine and phencyclidine induce psychomimetic symptoms [193,194]. 

In healthy patients’ brains, glutamate excites inhibitory GABA interneurons, maintaining 

proper signalling balance. However, it is proposed that in SCH, impaired glutamate 

binding to NMDARs on GABA interneurons reduces inhibitory neurotransmitter release, 

while excitation from glutamate neurons persists, leading to excessive GLU signalling 

[195–197] (Figure 23). This disinhibition of cortical GLU neurons leads to excessive GLU 

release, which overstimulates both striatal DA neurons and inhibitory GABA 

interneurons. The hyperactivation of DA neurons in the mesolimbic pathway leads to 

excessive DA release in the subcortical and limbic regions, resulting in 

hyperdopaminergia and the occurrence of positive symptoms. At the same time, the 

overstimulation of GABA interneurons results in excessive inhibition of DA neurons that 

project to the prefrontal cortex, suppressing DA activity in the mesocortical pathway. This 

contributes to a hypodopaminergic state associated with negative symptoms [198].  
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Figure 23: The glutamate (GLU) hypothesis states that in schizophrenia, impaired GLU binding to N-methyl-
D-aspartate receptors (NMDARs) on γ-aminobutyric acid (GABA) interneurons reduces inhibitory 
neurotransmitter release, while excitation from glutamatergic neurons persists. This disinhibition leads to 
excessive cortical GLU release, which overstimulates both striatal DA neurons and downstream inhibitory 
interneurons. The figure illustrates weakened inhibitory tone (left inset), enhanced excitatory output (right 
inset), and resulting network hyperactivity. Neurotransmitters and receptor types are indicated: GLU (blue), 
GABA (yellow), impaired NMDARs (grey), functional NMDARs (purple), and GABA receptors (orange). 
Figure adapted from [199] and created with https://BioRender.com. 

In contrast to the DA hypothesis, no glutamate-targeting drugs have been approved 

to date. While both hypotheses present reasonable arguments, they also have their 

limitations. The true underlying cause may lie somewhere between or beyond these 

frameworks, necessitating further research. 

Disease Management 

The primary approach to SCH treatment relies on antipsychotic medications, 

which have undergone considerable evolution over the past several decades, resulting 

in three generations of antipsychotics. First-generation antipsychotics (FGAs), also 

known as typical antipsychotics, primarily function as D2R antagonists, like haloperidol, 

chlorpromazine, and loxapine (Figure 24). While these drugs are effective in treating 

positive symptoms, they have limited efficacy against negative and cognitive symptoms 

and may even worsen them. Studies have found that D2R occupancy must remain within 

a therapeutic window of 60-78% to ensure efficacy while minimising the risk of adverse 

effects [200]. Exceeding this threshold increases the likelihood of side effects 

significantly. A major drawback of FGAs is their high risk of extrapyramidal symptoms 

(EPS), which result from non-selective D2R blockade. Since DARs are not targeted 

regiospecifically, D2R antagonism in the nigrostriatal pathway leads to severe motor 

dysfunctions, including tremor, akathisia, and dystonia, while blockade in the 

https://biorender.com/
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tuberoinfundibular pathway can cause hyperprolactinemia. Furthermore, a significant 

number of patients do not respond adequately to FGA treatment [201]. Due to the 

limitations associated with FGAs, the development of second-generation antipsychotics 

(SGAs) led to the introduction of drugs such as risperidone, olanzapine, and quetiapine 

(Figure 24). Unlike FGAs, SGAs target a broader range of receptors, including 

dopaminergic (D1R-D4R), serotoninergic, adrenergic, histaminergic, and muscarinic 

receptors. A key characteristic of SGAs is their ability to block both D2R and 5-HT2A 

receptors. This broader receptor profile not only effectively addresses positive symptoms 

of psychosis but also reduces the risk of EPS [202]. Among SGAs, clozapine is 

considered the gold standard in SCH pharmacotherapy. Unlike most antipsychotics, it 

exhibits high efficacy against negative symptoms and even reduces suicidality [17,202]. 

It is also the treatment of choice for refractory and therapy-resistant SCH [203]. 

Interestingly, clozapine has a higher affinity for D4R than for D2R, which may contribute 

to its unique therapeutic effects. However, clozapine carries a significant risk of 

agranulocytosis, a potentially fatal condition. Close monitoring of patients is required to 

ensure management of this adverse effect [204]. 

While SGAs were initially regarded as superior to FGAs, recent meta-analyses 

have questioned this assumption, particularly regarding efficacy [205], and treatment of 

negative and cognitive symptoms [206,207]. Moreover, due to their broader receptor 

affinity, SGAs remain associated with significant side effects, including metabolic side 

effects like weight gain and diabetes, sedation, and cardiovascular risks [208–210]. To 

overcome these limitations, researchers have developed a new class of antipsychotics: 

D2R/D3R partial agonists, often referred to as third-generation antipsychotics (TGAs). 

This category currently includes aripiprazole, brexipiprazole, and cariprazine (Figure 24), 

all of which act as partial agonists, modulating DA activity based on regional 

neurotransmitter levels. In hyperdopaminergic areas (e.g., mesolimbic pathway), they 

reduce excessive DA transmission, while in hypodopaminergic regions (e.g., 

mesocortical pathway), they enhance DA signalling [202]. Their additional 5-HT1A partial 

agonism and 5-HT2A antagonism contribute to their antipsychotic efficacy while reducing 

the risk of extrapyramidal symptoms [211]. All three TGA are approved for the treatment 

of SCH. In addition, aripiprazole and cariprazine are also indicated for bipolar mania, 

while aripiprazole and brexipiprazole are approved as adjunct treatments for major 

depressive disorder [212]. The development of second- and third-generation 

antipsychotics exemplifies the potential of multitargeted drug design in neuropsychiatric 

disorders. They are yet another example of how “selectively non-selective drugs” can be 

advantageous for multifactorial diseases [17].  
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Figure 24: Typical first-, second-, and third-generation antipsychotics. 

Among the three approved TGAs, cariprazine demonstrates superior efficacy in 

treating predominant negative symptoms and cognitive impairment, and shows lower 

incidents of side effects [213]. Cariprazine has a sub-nanomolar in vitro affinity for D3R, 

10-fold higher than for the other two TGAs (Table 2). It has approximately 6-fold 

selectivity for D3R over the D2R, making it the only high-affinity D3R-preferring 

antipsychotic currently available [211]. Given that D3R is highly expressed in brain 

regions implicated in cognition and mood regulation, this receptor selectivity is 

hypothesised to underlie cariprazine’s unique therapeutic benefits. Preclinical studies 

have shown that cariprazine reverses cognitive impairment and anhedonia-like 

symptoms in wild-type mice but fails to do so in D3R knockout models, strongly 

suggesting a D3R-dependent mechanism [214]. Clinical trials further support 

cariprazine’s superior efficacy in reducing negative symptoms. It has demonstrated 

significantly greater improvement compared to placebo, aripiprazole [215], and 

risperidone [216]. The precise mechanism of action is only partially clear. One proposed 

explanation involves differences in receptor binding kinetics. Unlike aripiprazole, which 

exhibits slow, monophasic dissociation from the D3R, cariprazine displays a fast, 

biphasic dissociation process [217]. Furthermore, it functions as a bitopic ligand, 
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interacting not only with the OBS but also with a secondary allosteric site, which may 

influence receptor conformation and downstream signalling. This rapid receptor 

dissociation may contribute to cariprazine’s ability to adapt to fluctuating DA levels. 

Another key difference between aripiprazole and cariprazine is the in vivo receptor 

occupancy. Despite exhibiting notable D3R affinity in vitro, aripiprazole and most 

antipsychotics either lack significant in vivo occupancy or display only low levels of it 

[218]. Ultimately, due to its unique pharmacological profile, cariprazine represents a 

promising lead compound for further drug development. 

Table 2: Binding affinities (Ki values [nM]) of Cariprazine, Aripiprazole, and Brexipiprazole for relevant DA 
and 5-HT receptors. Modified table and data from [219]. 

Receptor Cariprazine Aripiprazole Brexipiprazole Therapeutic effects 

D2R 0.49 0.34 0.30 Antipsychotic 

D3R 0.085 0.8 1.1 

Antipsychotic 
(including negative 

symptoms), 
antidepressant 

5-HT1A 2.6 1.7 0.12 
Antidepressant, 

anxiolytic 

5-HT2A 18.8 3.4 0.47 
Effective against 
extrapyramidal 

symptoms 

5-HT2C 134 15 34 Antidepressant 
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2 SCOPE AND OBJECTIVES 

The development of effective therapeutics for neuropsychiatric and 

neurodegenerative disorders remains challenging due to their multifaceted nature. 

Traditional, single-target approaches often fail to address the complexity of conditions 

such as depression, AD, ASD, and SCH. MTDLs, ligands that simultaneously modulate 

key receptors and pathways, have emerged as a promising strategy to enhance 

therapeutic efficacy and reduce side effects. 

This cumulative dissertation focuses on the pharmacological characterisation of 

novel aminergic MTDLs targeting histaminergic (H3R) and/or dopaminergic (D2R/D3R) 

receptors, which are critically involved in the regulation of neurotransmission, cognition, 

motivation, and mood. These neurotransmitter systems are linked to the pathophysiology 

of multiple CNS disorders. By incorporating additional serotonergic (e.g., 5-HT2A) or 

enzymatic (e.g. AChE) activity, the novel aminergic ligands are intended to act at various 

neurochemical levels.  

The primary objective of this cumulative work is to explore the pharmacological 

profile of novel aminergic ligands for histaminergic and dopaminergic receptors. Various 

molecular scaffolds are explored, including phenoxypropyl piperidine, arylpiperazines, 

benzothiazole derivatives, which are combined in a multitargeting approach to interact 

with different drug targets. The compounds were evaluated through in vitro radioligand 

binding and enzyme inhibition assays to assess receptor affinity, selectivity, and activity 

profiles. Complementary in vivo experiments were conducted to investigate 

antidepressant-, anxiolytic-like effects and neuroprotective properties in established 

mouse models. The presented publications investigate structure-activity relationships to 

identify molecular motifs enhancing receptor binding, as well as functional and 

behavioural outcomes. Furthermore, this thesis includes the development of 

fluorescently labelled D2R/D3R ligands for a potential use in bioimaging or biophysical 

assays. 

By addressing these objectives, this cumulative dissertation contributes to the 

field of multitarget drug design by identifying novel MTDL scaffolds, offering new insights 

for therapeutics with improved efficacy, selectivity and reduced side effects for CNS 

disorders. 
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Table 3: Overview of the MTDLs pharmacologically evaluated in this cumulative dissertation: The illustrated 
compounds represent rationally designed ligands targeting H3R, D2R/D3R, and other selected targets. It 
shows the key structural scaffolds and their corresponding multitarget activity profiles across the six 
publications incorporated in this dissertation. 

 

 

 

 

 



3 Publications 

45 
 

3 PUBLICATIONS 

3.1 PUBLICATION 1 

The Novel Pimavanserin Derivative ST-2300 with Histamine H3 Receptor Affinity 
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4 CONCLUDING DISCUSSION AND PERSPECTIVES 

Neurogenic diseases are complex, multifactorial conditions that place a 

significant burden on both patients and their families, highlighting the urgent need for 

effective treatments. The presented scientific work aims to contribute to the progress of 

drug development in the field of neurodegenerative, neuropsychiatric, and 

neurodevelopmental disorders. The MTDL approach is regarded as one of the most 

promising strategies in tackling multifactorial diseases.  

Within the histaminergic research field, the first publication from Venkatachalam, 

Zhong, Dubiel et al. (2022) presents the novel compound ST-2300, a pimavanserin 

derivative and MTDL, targeting H3R and serotonin 5-HT2A receptor simultaneously. The 

compound was designed to combine the procognitive effects of an H3R antagonist with 

the antidepressant effect of 5-HT2A antagonist/inverse agonist properties. The design 

utilises the strategy of “merging” two pharmacophores within one molecule, which is the 

most promising option for ligands that aim to achieve CNS-penetrance and drug-like 

properties. The compound has been tested in various animal models mimicking 

depression and anxiety-like behaviours. The in vivo results suggest that ST-2300 induces 

antidepressant and anxiolytic effects, comparable or superior to the reference compound 

pimavanserin, which in parts might be due to its effect on H3R receptor. ST-2300 showed 

excellent affinity for H3R; however, 5-HT2A affinity was found to be only moderate. 

Nevertheless, ST-2300 presents a promising compound for further lead optimisation in 

the field of depression and anxiety-related disorders. 

In Publication 2 from Hafez, Dubiel, et al. (2023), several benzothiazole-based 

MTDLs are presented that aim to exhibit antagonist properties for H3R, and inhibitory 

properties towards AChE, BuChE, and MAO-B, combining the procognitive effects for 

the treatment of AD. The benzothiazole central core represents a privileged scaffold for 

a variety of substituents while maintaining receptor affinity. Among all tested compounds, 

six could be regarded as MTDL; however, affinity values are not equally balanced. For 

example, compound 3b, a pyrrolidine-substituted derivative with a H3R Ki of 0.036 µM 

and IC50 of 1.60 µM for MAO-B, only achieved an IC50 of 6.7 µM for AChE. Additionally, 

some compounds exhibit a notable H1R inhibition. Further drug development should 

focus on improving desired affinities for a balanced multitargeting profile while reducing 

unfavourable affinities and maintaining druglike properties. 

 Publication 3 of Eissa et al. (2021) builds the bridge between the histaminergic 

and dopaminergic research fields by presenting an H3R and D2R/D3R MTDL. The 

compound is being explored in the context of autism-like repetitive behaviour. Autism 
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spectrum disorder (ASD), a neurodevelopmental disorder with high heterogeneity, is 

accompanied by a pattern of restricted, repetitive behaviour, which is not sufficiently 

treated by current pharmacotherapies. Dopaminergic dysfunction is proposed to play a 

role in the pathophysiology of ASD, while genetic alterations in HNMT and HA receptors 

have been found. The presented study introduces the compound ST-2223, an MTDL 

merging the pharmacophores of H3R antagonists/inverse agonists with D2R/D3R 

antagonist properties. The compound has been assessed for the reduction of RRB in a 

mouse model of autism spectrum disorder. ST-2223 significantly reduced repetitive 

behaviour (marble burying and self-grooming), similar to antipsychotic aripiprazole and 

NMDAR antagonist memantine. Additionally, antioxidant properties and anxiolytic-like 

effects have been observed. ST-2223 might be a promising compound for the treatment 

of RRB in autism and associated comorbidities; however, further research and 

mechanism of action studies are necessary to confirm the insight gained from this in vivo 

study.  

Within the dopaminergic research field, the publication by Egyed et al. 

(Publication 4) delves deeper into the role of D2R/D3R as drug targets for 

neuropsychiatric disorders such as SCH and depression. The presented compounds are 

bitopic ligands designed to interact with both the orthosteric binding pocket (OBP) and 

the secondary binding pocket (SBP) of D2/D3 receptors. Cariprazine served as the lead 

compound for the design and synthesis of this compound library, incorporating a 

cyclohexyl linker and variations in the SBP and OBP binding moieties. This study aimed 

to elucidate the impact of linker rigidity, investigate the influence of the SBP moiety on 

receptor affinity, selectivity, and functionality, and identify derivatives with the most 

promising polypharmacological properties relevant to antidepressant effects. A 

comprehensive SAR analysis of over 40 compounds confirmed that both the SBP moiety 

and the linker affect not only receptor affinity and selectivity but also signalling pathways 

and functional outcomes, as demonstrated by BRET studies. From this compound set, 

20b, a D3-preferring partial agonist with additional partial agonist activity at the 5-HT2A 

receptor, was further evaluated in an in vivo model, where it demonstrated 

antidepressant-like effects. This SAR study provides valuable insights into the structural 

determinants governing receptor interaction, offering a foundation for the rational design 

of novel bitopic ligands with optimised therapeutic profiles for neuropsychiatric disorders.  

Following the path of bitopic ligands, the publication from Mastromarino et al. 

(2022) explores long-chain arylpiperazine derivatives as multitarget compounds for 

neuropsychiatric disorders. The compounds were designed to modulate serotonin (5-

HT1A, 5-HT2A, 5-HT7) receptors and D2R while also demonstrating neuroprotective 

effects. Compound 12a was showing a pharmacological profile consistent with 
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antipsychotic activity and antioxidant properties, while compound 9b demonstrated 

selectivity for serotonin receptors, making it a promising drug candidate for ASD. Despite 

favourable BBB penetration properties, most compounds lacked sufficient metabolic 

stability, except for 9b, which needs further investigation and lead structure optimisation. 

With the publication of Elek et al. (2022), research on arylpiperazines continues, 

but with a different approach. This work explores the development of fluorescent 

dopaminergic ligands for imaging of D2R and D3R. The goal was to synthesise selective 

ligands with beneficial fluorescent properties by coupling dopamine pharmacophores 

with BOPPY, a chemically stable fluorophore. The synthesised compounds showed 

moderate to high affinities for D2R and D3R, with a slight preference for D3R. Among 

them, compound 6e demonstrated the highest selectivity for D3R. Structural variation 

influenced receptor selectivity and fluorescent properties. For example, compounds 6c 

and 6d combined strong D3R affinity with high quantum yield, making them promising 

candidates for fluorescent probes. This study represents the first application of BOPPY 

in GPCR ligand design. Upon further research, these compounds could prove their 

potential use for in vivo receptor localisation and tracking, as well as for fluorescent 

biophysical assays. 

The presented scientific work represents one small part of extensive preclinical 

research on drug discovery and development for CNS diseases. Despite the vast amount 

of research, overall drug approvals have experienced a declining trend in recent years, 

with a particular drop in neurology compared to the five-year average [220]. This trend 

underscores the urgent need for improvement in the transition “from bench to bedside”. 

There are several barriers in academic, preclinical, and clinical research. Addressing 

translational barriers is crucial for ensuring that promising drug candidates advance 

successfully into clinical applications [221,222].  

The development of H3R ligands faces early difficulties. Despite many promising 

preclinical effects of H3R antagonists, the outcome of marketed drugs is low. One issue 

is the high resemblance of the H3R and hERG K+ channels' pharmacophore, which can 

cause cardiotoxic effects [223]. Another concern is phospholipidosis, especially for 

ligands with two basic centres, or prolonged receptor blockage, which may cause 

insomnia [224]. Consequently, receptor occupation should be below 80% to reduce 

wake-inducing side effects, and the residence time of the ligand should be rather short 

[225]. Addressing these challenges early in development can help to improve a 

successful transition from the preclinical to the clinical phase. 

Other generally applicable challenges are the lack of reproducibility of in vitro 

assays [226,227] and the limited predictive value of current preclinical models, as rodent 
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models often fail to fully capture human disease complexity [228]. Efforts towards 

improving the reproducibility of in vitro assays, as well as refining and expanding human-

relevant preclinical models, such as induced pluripotent stem cells (iPSCs)-derived 

neurons and brain organoids, will improve translational success [229]. The multitarget-

directed approach should be further explored to address the complexity of CNS 

disorders. One of the most promising developments in the field of next-generation CNS 

therapeutics is the emergence of biased GPCR ligands. For instance, selective activation 

of the D1R β-arrestin pathway could improve normal movement and cognitive function 

while reducing the risk of side effects [230]. Other studies have demonstrated that D2R 

agonists with signalling bias for β-arrestin recruitment mitigate SCH-like behaviour in 

mice without inducing motor site effect [231,232]. Similarly, biased D3R ligands are being 

explored to enhance therapeutic benefits for neurodegenerative and neuropsychiatric 

disorders [168,233]. Advances in GPCR structural biology have also played a crucial role 

in modern drug discovery [177]. The identification of novel binding sites and secondary 

binding pockets has opened new possibilities for the design of highly selective and 

efficacious drug candidates. Another future trend is the utilisation of computational 

modelling and artificial intelligence-assisted drug discovery [234,235]. Together with 

advanced imaging technologies, these innovations will not only enhance drug screening 

but also provide valuable tools for diagnostic insights. The future of neuropsychiatric and 

neurodegenerative therapeutics lies in this interdisciplinary, multitargeting effort, aiming 

to transform promising molecular discoveries into effective, accessible treatments for 

patients in need. 
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APPENDIX 

ABBREVIATIONS 

 

5-HT ................................................................................................................... serotonin 

5-HT1A/2A/2C/7 ............................. serotonin receptor subtype 5-HT1A/5-HT2A/5-HT2C/5-HT7  

AA ........................................................................................................... arachidonic acid 

AADC ..................................................................... aromatic L-amino acid decarboxylase 

AC ........................................................................................................... adenylyl cyclase 

ACh .............................................................................................................. acetylcholine 

AChE ................................................................................................ acetylcholinesterase 

AD ..................................................................................................... Alzheimer's disease 

ADHD ..................................................................... attention deficit hyperactivity disorder 

AKT ......................................................................................................... protein kinase B 

ALDH ....................................................................................... aldehyde dehydrogenase 

ASD .......................................................................................... autism spectrum disorder 

Asp ................................................................................................................ aspartic acid 

ATP ............................................................................................. adenosine triphosphate 

Aβ ................................................................................................................. amyloid beta 

BACE1 .............................................................................. β-site APP cleaving enzyme 1 

BBB ..................................................................................................... blood-brain barrier 

BuChE ............................................................................................. butyrylcholinesterase 

cAMP ........................................................................... cyclic adenosine monophosphate 

CBT .................................................................................... cognitive-behavioural therapy 

CNS ............................................................................................. central nervous system 

COMT ................................................................................ catechol-O-methyltransferase 

CREB ................................................................ cAMP response element-binding protein 

Cryo-EM .................................................................................... cryo-electron microscopy 

D1R/D2R/D3R/D4R/D5R .......................................... dopamine D1/D2/D3/D4/D5 receptors 

D2LR ................................................................................. long isoform of dopamine D2R 

D2SR ............................................................................... short isoform of dopamine D2R 

DA ..................................................................................................................... dopamine 

DAO ........................................................................................................ diamine oxidase 

DAR .................................................................................................. dopamine receptors 

DBH .......................................................................................... dopamine β-hydroxylase 

ECL2 ................................................................................................... extracellular loop 2 

EPM ................................................................................................... elevated plus maze 

EPS .......................................................................................... extrapyramidal symptoms 

FGA ..................................................................................... first-generation antipsychotic 

FST ......................................................................................................... forced swim test 

GABA ................................................................................................. γ-aminobutyric acid 

GAD ..................................................................................... generalised anxiety disorder 

GDP ............................................................................................. guanosine diphosphate 

GIRK ......................................... G protein-gated inwardly rectifying potassium channels 

Glu ............................................................................................................... glutamic acid 

GLU ................................................................................................................... glutamate 

GRK .......................................................................... G protein-coupled receptor kinases 

GSK3β ......................................................................... glycogen synthase kinase-3 beta 

GTP ............................................................................................. guanosine triphosphate 

H1R/H2R/H3R/H4R ......................................................... histamine H1/H2/H3/H4 receptor 

HA ..................................................................................................................... histamine 
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HDC ............................................................................................. histidine decarboxylase 

hH3R ............................................................................................ human isoform of H3R 

HNMT ............................................................................... histamine N-methyltransferase 

Hth .............................................................................................................. hypothalamus 

HVA ....................................................................................................... homovanillic acid 

IP3 ......................................................................................... inositol 1,4,5-trisphosphate 

L-DOPA ............................................................................................................... levodopa 

MAO ................................................................................................. monoamine oxidase 

MAO-B ........................................................................................... monoamine oxidase B 

MAPK ............................................................................ mitogen-activated protein kinase 

MBT .................................................................................................... marble burying test 

MDD ........................................................................................ major depressive disorder 

MTD ..................................................................................................... Multitargeting drug 

MTDL ....................................................................................... Multitarget-directed ligand 

NA .............................................................................................................. noradrenaline 

NAc .................................................................................................... nucleus accumbens 

NHE ....................................................................................................... Na⁺/H⁺ exchange 

NMDA ............................................................................................. N-methyl-D-aspartate 

NMDAR .................................................................................................... NMDA receptor 

NSF ....................................................................................... novelty suppressed feeding 

OBP ......................................................................................... orthosteric binding pocket 

OBS .............................................................................................. orthosteric binding site 

OFT ............................................................................................................ open field test 

PD ..................................................................................................... Parkinson's disease 

PI3K ................................................................................... phosphatidylinositol 3-kinases 

PIM .............................................................................................................. pimavanserin 

PKA ......................................................................................................... protein kinase A 

PLA2 ...................................................................................................... phospholipase A2 

PLC ........................................................................................................ phospholipase C 

PNMT ............................................................. phenyl ethanolamine N-methyltransferase 

RAMH ............................................................................................ (R)-α-methylhistamine 

rH3R .................................................................................................... rat isoform of H3R 

ROS ............................................................................................ reactive oxygen species 

SAR ..................................................................................... structure activity relationship 

SBP .......................................................................................... secondary binding pocket 

SBS ............................................................................................... secondary binding site 

SCH ............................................................................................................ schizophrenia 

SGA ............................................................................... second-generation antipsychotic 

SNc ..................................................................................substantia nigra pars compacta 

SNRIs ......................................................... serotonin-norepinephrine reuptake inhibitors 

SSRIs ................................................................... selective serotonin reuptake inhibitors 

TGA ................................................................................... third-generation antipsychotic 

TH ..................................................................................................... tyrosine hydroxylase 

TM ........................................................................................................... transmembrane 

TMN ........................................................................................ tuberomammillary nucleus 

TST ..................................................................................................... tail suspension test 

VGCC ............................................................................. voltage-gated calcium channels 

VTA ................................................................................................ ventral tegmental area 

β2AR ............................................................................................ β2-adrenergic receptor 
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