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Zusammenfassung 
Der weitreichende Einfluss von Histamin-H3-Rezeptoren (H3R) im zentralen Nervensystem 

verdeutlicht das Potenzial inversen Agonisten/Antagonisten in der Therapie neurologischer und 

neurodegenerativer Erkrankungen. Pitolisant ist der einzige zugelassene selektive inverse H3R 

Agonist zur Behandlung von Narkolepsie und exzessiver Tagesschläfrigkeit (EDS). Zusätzlich 

laufen aktuell weitere klinischen Studien von Pitolisant zur Behandlung von Autismus und Prader-

Willi Syndrom Patienten. 

Im ersten Teil dieser kumulativen Arbeit ist das Design und die Untersuchung neuer Grundgerüste 

für H3R bzw. Dopamin-D2- und D3-Rezeptor Liganden beschrieben. Die in vitro Evaluierung und 

das Docking führten zu optimierten Grundgerüsten und zeigen die unterschiedlichen Vorteile der 

angewandten Design Strategien („Scaffold Hopping“, bioisosterer Austausch und Linker-Variation) 

als nützliche Instrumente in der Entwicklung neuer Liganden als Grundlage für Struktur-basiertes 

Wirkstoffdesign. 

Die komplexen Mechanismen neurodegenerativer und neurologischer Erkrankungen, wie Morbus 

Parkinson oder Autismus, erschweren die Entwicklung von Arzneimittel mit ausreichender 

Wirksamkeit. Multitarget-Liganden (MTDL) bieten mit gezieltem Angriff verschiedener Targets in 

einem Molekül den Vorteil durch synergistische Effekte eine verbesserte Wirksamkeit erzielen zu 

können. Der zweite Abschnitt dieser Dissertation betrachtet die Entwicklung neuer Dual-target und 

MTDL mit dem Fokus auf Kombinationen von H3R Liganden mit Strukturelementen von Dopamin 

D3 Rezeptor (D3R), Acetycholin- (AChE) und Butyrylcholinesterase (BuChE), L-Typ Ca2+-Kanal 

oder Sigma Rezeptor Liganden. Die Piperazin-basierten Liganden erzielten ausgewogene 

Affinitäten an H3R und D3R. Piperidin-basierte Liganden in MTDL sind zur Erzielung nanomolarer 

Affinitäten flexibler einsetzbar. Die Inhibition der entwickelten Dual-target Liganden (H3R/Ca2+) 

wurde an spezifischen Ca2+-Kanälen (CaV1.2 und CaV1.3) untersucht, angesichts der potenziellen 

Anwendung in der Therapie bei Morbus Parkinson und Autismus. Die Kombination aus H3R und 

Sigma-Rezeptor-Inhibition führte zu einer Leitstruktur mit vielversprechender Wirksamkeit in 

neuropathischen Schmerzmodellen. 

Zusammenfassend präsentiert diese Arbeit durch die optimierten Grundgerüste und die entwickelten 

MTDL wertvolle Einblicke in die pharmakologischen Eigenschaften und gegenseitigen Einflüsse 

der Strukturkombinationen mit dem Potential zur Weiterentwicklung von vielseitig einsetzbaren 

Liganden für die Behandlung neurologischer oder neurodegenerativer Erkrankungen.  
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Abstract 
The broad influence of histamine H3 receptor (H3R) in the central nervous system highlights the 

untapped potential of inverse agonists in the treatment of neurological and neurodegenerative 

diseases. Pitolisant remains the only approved selective H3R inverse agonist in the treatment of 

narcolepsy and excessive daytime sleepiness. In addition, further clinical trials of pitolisant are 

currently ongoing for the treatment of patients with autism and Prader-Willi syndrome.  

The first part of this cumulative thesis describes the design and investigation of new scaffolds for 

H3R and dopamine D2 and D3 receptor ligands. The in vitro evaluation and docking led to optimized 

scaffolds, demonstrating the distinct advantages of the applied design strategies (scaffold hopping, 

bioisosteric exchange, and linker variation) as valuable tools in the development of new ligands, 

providing a basis for structure-based drug design. 

The complex mechanisms of neurodegenerative and neurological diseases, such as Parkinson’s or 

autism, make it challenging to develop drugs with sufficient efficacy. Multitarget-directed ligands 

(MTDLs) offer the advantage of achieving better efficacy through synergistic effects by modulating 

different targets within a single molecule. The second section of this dissertation examines the 

development of new dual-target directed ligand (DTDLs) and MTDLs focusing on H3R ligands in 

combination with structural elements of dopamine D3 receptor (D3R), acetylcholine- (AChE) and 

butyrylcholinesterase (BuChE), L-type Ca2+ channel, and sigma receptor ligands. The piperazine 

based ligands achieved balanced affinities to the H3R and D3R. While the piperidine based ligands 

are more flexible for application in MTDL achieving nanomolar affinities. Inhibition of the 

developed DTDLs (H3R/Ca2+) was investigated on specific Ca2+ channels (CaV1.2 and CaV1.3), 

given their potential application in the treatment of Parkinson’s disease and autism. The 

combination of H3R and sigma receptor inhibition resulted in a lead structure with promising 

efficacy in neuropathic pain models.  

In summary, this work presents valuable insight into the pharmacological properties and mutual 

influences of the structural combinations through the optimized scaffold and the developed 

multitarget ligands, with potential for further development of versatile ligands for the treatment of 

neurological and neurodegenerative diseases. 
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1 Introduction 
A substantial number of approved drugs exert their effects by targeting G protein-coupled receptors 

(GPCRs). This group of proteins remains a key focus for drug research due to their pharmacological 

accessibility and broad involvement in pathophysiological pathways. Essentially, aminergic GPCRs 

lead the list of most approved drugs among other GPCRs, with the dopamine 2 receptor at the top.8, 

9 Second comes the histamine 1 receptor for which the first antihistamines were discovered by 

Fourneau and Bovet, setting a milestone for further development.10 

1.1 Histamine 

The ubiquitously distributed biogenic amine histamine (2-(1H-imidazol-4-yl)ethylamine) is a local 

mediator that modulates various physiological processes of gastrointestinal, cardiovascular, central, 

peripheral, and immune system.11 Versatile effects of histamine include acting as an inflammatory 

mediator of the immune system, increase acid production in the stomach, local vasodilatation in the 

skin and lungs, and the role as a neurotransmitter in the central nervous system (CNS).11, 12 Thereby, 

it modulates the sleep-wake rhythm, temperature regulation, learning and memory processes, 

inflammation, gastric acid secretion, and further physiological processes.7, 11, 13, 14 Early discovery 

mainly investigated the influence of histamine due to its role in allergic reactions, but the 

involvement in vast parts of physiological and pathophysiological processes, peripheral and in the 

CNS, could gradually be uncovered. In the meantime, histamine release from mast cells in the 

gastrointestinal tract (GIT) is assumed as an immune response against the gut microbiome, which 

appears as GIT infection, inflammation, and tumor genesis, or lack of histamine 3 receptor (H3R) 

in mice impacts autoimmunity and immunomodulation, highlighting the fundamental role of 

histamine in acquired and innate immunity.13 

Under physiological conditions, histamine is protonated at the Nα-position, but another tautomer 

exists, in which the imidazole moiety carries the proton at position one (τ).15 The biosynthesis of 

histamine from L-histidine is catalyzed by histidine decarboxylase (HDC) to histamine in the 

tuberomammillary nucleus (TMN), in mast cells and basophils.7, 16, 17 Therefore, histidine 

bioavailability, HDC expression, as well as the histamine 3 autoreceptor on somata or axonal 

varicosities, regulate the rate of histamine biosynthesis and release through a negative feedback 

mechanism.18, 19 Additionally, the release of histamine in the CNS is modulated by other 

transmitters, including muscarinic (M1R), adrenergic (α2R), and peptidergic receptors among 

others.16 
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Peripherally or in the CNS, histamine is stored in mast cells, basophils, other immune cells, 

enterochromaffin-like cells, cell somata, and axon varicosities.11, 16, 20 Neuronal, the vesicular 

monoamine transporter carries histamine into vesicles and release is triggered by different stimuli 

(e.g., action potential).21 Degranulation of mast cells with release of histamine and further 

inflammatory mediators is initiated by binding of specific antigens (e.g., allergens) as immune 

stimulators, neuropeptides, cytokines, platelet activation factor, and peptides of the complement 

system.22, 23 Histamine N-methyltransferase (HNMT) and diamine oxidase metabolize histamine 

mainly intracellular resp. extracellular either to the inactive Nτ-methylhistamine or the imidazolyl 

acetic acid (Figure 1).24 Monoamine oxidase B (MAO B) further metabolizes Nτ-methylhistamine 

to Nτ-methylimidazoyl acetic acid.25, 26 

 

 

The following section provides a brief overview of the histaminergic neurons and histamine’s role 

in the CNS, accompanied by the histaminergic projections (Figure 2). TMN is located in the 

posterior hypothalamus and is considered the same nucleus producing histamine besides γ-

aminobutyric acid (GABA).16, 27 Histaminergic neurons spread widely in and surrounding TMN 

with ascending projections to hypothalamus, hippocampus, thalamus, cortex, basal ganglia, 

hippocampus and amygdala, and descending projections to spinal cord and brain stem.16, 28, 29 TMN 

Figure 1: Biosynthesis, metabolism of histamine in histaminergic neurons.7 
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network enables fast transition from sleep to wakefulness but concurrently prevents rapid repetitive 

change of the states whereby histamine release mainly leads to arousal by encouraging wakefulness 

through activation of basal forebrain cholinergic and raphe serotonergic neurons.30 Ca2+ contributes 

to repetitive firing of histaminergic neurons, leading to histamine release from dendrites, and N- 

and P-type currents are sensitive to histamine H3R activation.11, 31 

TMN is modulated and regulated by a broad spectrum of signals; for example, in rats, afferent inputs 

originate from the anterior hypothalamus, prefrontal and subicular cortex, dorsal tegmentum, and 

the fifth ventricle.16 Excitatory inputs include glutamate, aminergic neurons (dopamine and 

serotonin), cholinergic neurons, and nucleotides (e.g., ATP or ADP). Glycine and GABAergic 

neurons inhibit histaminergic neurons, thereby promoting sleep. In contrast, presynaptic µ receptors 

excite TMN neurons via the inhibition of GABAergic neurons. Nociceptin is found in fibers near 

histaminergic somata of the TMN region and inhibits TMN neurons via activation of K+
ir channels. 

The neuropeptides orexin A and B (hypocretin 1 and 2) arouse histaminergic neurons.16 Histamine 

regulates essential elements of metabolism and food intake in hypothalamic areas13, such as 

corticotropin-releasing hormone or hypothalamic histamine, which lead to glucagon-like peptide 1 

(GLP-1) induced suppression of feeding habits. Thyrotropin-releasing hormone excites most TMN 

neurons, and endocannabinoids enhance histamine release in the TMN region.16, 32 

 
Figure 2: Histaminergic projections from TMN (adapted from reference 33, 34). 
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1.2 Histamine receptors 

Histamine receptors (HxR) belong to the rhodopsin class A-like G-protein coupled receptors 

according to their amino acid sequence.11 These integral membrane proteins contain an extracellular 

N terminus, an intracellular C terminus, and seven transmembrane helices interconnected by three 

intracellular and three extracellular loops (ECL). In general, GPCR ligand binding leads to 

conformational changes that elicit interactions with intracellular transducers, heterotrimeric G-

proteins, GPCR kinases, and β-arrestins. GPCRs are structurally dynamic and comprise different 

states, namely inactive, transitional, active, or apo state. The transmembrane domain (TM) is highly 

conserved, forms the ligand-binding pocket, and is essential for transmembrane signal 

transduction.35 Some GPCRs activate more than one G protein.36 Besides ligand-induced signaling, 

GPCRs have constitutive activity, defined as conformational change from inactive to active state 

and spontaneous signaling without ligand binding. Therefore, many GPCR antagonists are inverse 

agonists, stabilizing the inactive state of the receptor.37, 38 GPCR heterogeneity increases through 

transcriptional and post-transcriptional diversity, as well as homo- or heterodimerization.36, 37 

Receptor densities are controlled by agonist-induced desensitization, which hampers the receptor 

from being permanently responsive, or rather, resensitization. Alterations of desensitization and/or 

resensitization can contribute to pathophysiological conditions.39-41  

In the case of histamine receptors, four subtypes are classified based on receptor genes and distinct 

receptor polypeptide sequences: histamine H1R, H2R, H3R, and H4R.19, 42-44 The total number of 

histamine receptor isoforms is significantly higher due to alternative splicing, particularly for the 

human H3 and H4 receptors.40 Histamine binding is subtype-dependent, with affinities to H3R and 

H4R being higher than to the other subtypes.45 The section below provides a brief overview of the 

signal cascades, discovered ligands/drugs, and the structure of the four histamine receptors, along 

with a summary of their properties in Table 1. 

The first discovered histamine receptor subtype is the H1R, ubiquitously distributed, e.g., in the 

hypothalamus, cortex, thalamus, aminergic and cholinergic brainstem nuclei, and glia, blood cells, 

and vessels.11, 16 The brain regions are neuroendocrine, nutritional state, and behavioral control 

areas.46 Human H1R is generally Gq/11-coupled, and activation leads to the stimulation of 

phospholipase C (PLC). PLC cleaves phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol, resulting in the activation of protein kinase C (PKC), which 

catalyzes Ser/Thr phosphorylation of multiple proteins and release of intracellular Ca2+.11, 47 Signal 

transduction was also observed through Gi/o coupling activating AMP-kinase, nuclear factor kappa 

B (NFκB), nitric oxide (NO) synthases and phospholipase A2 (PLA2). Activation of effector 
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molecules results in the release of cyclic guanosine monophosphate (cGMP), NO, and arachidonic 

acid.11, 16 Increased intracellular Ca2+ induces vasoconstriction of large blood vessels and smooth 

muscle cells in the lung. Stimulation of NO formation causes dilatation of small blood vessels. H1Rs 

are expressed in peripheral tissues, including the skin, lung, GIT, and cardiovascular system, as well 

as in the CNS.11, 26 H1R activation manifests in allergic reactions such as skin redness, swelling of 

nasal mucous membranes, heavy breathing, and itching.48 H1R signaling involves synergistic and 

bidirectional effects. Depending on the timing and coherence of the receptor activation, H1Rs can 

oppose or amplify H2R functions.16 H1R inverse agonists stabilize the inactive state of the receptor 

and are widely applied as antiallergic treatments for allergic rhinitis and chronic urticaria (e.g., 

loratadine or cetirizine (Figure 3)). Due to the sedative profile of first generation H1R inverse 

agonists, these are primarily used for motion sickness or sleep disorders (e.g., diphenhydramine, 

doxylamine).49 

H1R is evidently expressed as homomeric and oligomeric structures.11 First crystal structure of the 

H1R was reported by Shimamura et al., as a mutant human H1R complexed with doxepin (3.1 Å 

resolution).50 They stabilized the inactive receptor state by replacing the third intracellular loop with 

T4 lysozyme fusion protein. The resolved crystal structure extended our knowledge of binding 

properties not only for H1R but also for other histamine receptors. Strong hydrophobic interactions 

of the aromatic moieties of doxepin with Trp248 (TM6) have been demonstrated.50 A recent study 

by Xia et al. resolved the first cryo-EM structure in Gq complex in active conformation, in which 

receptor activation by histamine, with residues of TM3 and TM6 compressing the extracellular side 

of the binding pocket, leading to intracellular Gq signal transduction, was described.51 Followed by 

another cryo-EM in the apo state bound to different antihistamines (mepyramine, astemizole, and 

desloratadine). Wang et al. identified, besides a secondary ligand-binding site (ECL2, TM2, TM3, 

and TM7), a deep hydrophobic cavity in which the phenyl group of antihistamines inserts, blocking 

the toggle switch movement of residue Trp428 (TM6). Interestingly, apparent differences to other 

histamine receptors in the main pocket were reported, e.g., residues Tyr108 (TM3), Asn198 (TM5), 

and Phe432 (TM6) are in close contact with tested antihistamines.52 

The histamine H2R is also expressed ubiquitously and in the CNS, mainly distributed in the 

amygdala, cortex, basal ganglia, and hippocampus.11 H2R is coupled primarily to the Gs-protein 

activating adenylate cyclase (AC), which results in increased intracellular cAMP. Protein kinase A 

(PKA) and the transcription factor cyclic AMP response element binding (CREB) are thereby 

activated, key regulators of neuronal physiology and plasticity. Additionally, cAMP interacts 

directly with the hyperpolarization-activated cyclic nucleotide-gated channel 2. The calcium-
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activated K+ conductance is blocked by PKA-dependent phosphorylation. H2R inhibits PLA2 and 

the release of arachidonic acid.11, 17 Additionally, Gq/11 coupling is for H2R, resulting in increased 

intracellular Ca2+ and IP3. Currently, the therapeutic use of H2R is limited to inverse agonists (e.g., 

famotidine (Figure 3), ranitidine) in the treatment of gastric and duodenal ulcers, gastroesophageal 

reflux disease, and dyspepsia.11, 17 However, some studies have demonstrated the efficacy of 

famotidine in schizophrenia patients53, implicating a potential new therapeutic area. In mice with 

deficient H2Rs, the appearance of cognitive deficits, impaired hippocampal long-term potentiation, 

nociception, gastric, and immune functions indicates that dysfunctional H2Rs are involved in further 

pathophysiological processes.16 Lack of histamine leads to downregulation of H2R expression in a 

tissue-specific manner. H1R and H2R may be arranged as heterodimers, presenting functional cross-

talk such as cross-desensitization and modulation through complex signaling networks.54 Köck et 

al. disclosed cryo-EM of H2R in active conformation bound to histamine with Gs protein (3.4 Å) in 

a nanodisc approach, which presents new insights into histamine interactions with the receptor and 

critical residues for selectivity.55 

H4R is a Gi-coupled receptor with structural similarities to the H3R, but its expression pattern differs, 

with more peripheral expression, particularly on eosinophilic granulocytes.11, 56, 57 H4R is expressed 

on mast cells, monocytes, dendritic cells, basophils, and natural killer cells.11, 58 H4Rs are associated 

with inflammatory responses, including cell recruitment, chemotaxis, upregulated adhesion 

molecule expression, chemokine release, and cytokine modulation.59, 60 The therapeutic potential of 

H4R ligands in inflammatory and allergic diseases is still to be explored.58 However, preclinical and 

clinical data support that H4R plays a role in atopic skin disease and pruritus.61 H4R-deficient mice 

revealed H4R modulation of various neurophysiological processes, namely locomotor activity, 

nociception, anxiety, and feeding behavior.62 H4R agonists resulted in the upregulation of 

interleukin 31 (IL-31) and AP-1 in vitro.63 To date, no H4R ligand has made it a registered drug. 

JNJ-7777120 (Figure 3) was the first selective H4R antagonist64, and many compounds entered 

clinical trials, but lack of efficacy is the main reason for failure in clinical trials.65 

In patients with atopic dermatitis, high H4R expression indicates involvement in the 

pathophysiology, and histamine plays a role in the upregulation of IL-18 and activation of 

eosinophils.66 Cryo-EM structure of H4R-Gi complexes with histamine and further agonists 

(clozapine, VUF6884, clobenpropit) demonstrates different binding modes of histamine in H4R 

compared to that of H1R. Whereas histamine occupies TM3 and TM5 in H1R binding, in H4R, 

histamine binds only on the TM7 side (π-π network). Larger ligands (clobenpropit and clozapine) 

also occupy the TM3 and TM5 sides. Presumably, E182 (TM5) is a regulator for receptor activation 
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that may facilitate the design of H4R ligands.67 At the same time, histamine and agonist imetit bound 

to H4R in complex with Gq was reported.68 This recently gained insights into ligand binding in 

various states and interactions with the receptor facilitate the development of selective ligands for 

each receptor subtype. 

 

Figure 3: Examples of inverse agonists/antagonists to the histamine receptors and their binding 
affinities to the respective receptor.11 

The H3R was discovered by J.-C. Schwartz’s group in 1983.19 The 70-kDa protein consists of 445 

amino acids, and its gene is located on chromosome 20q13.33, comprising either two introns and 

three exons or three introns and four exons.69-71 The most prominent signaling pathways of H3R are 

shown in Figure 4. H3R is negatively coupled to Gi/o proteins, inhibiting N- and P/Q-type voltage-

gated Ca2+ channels and AC.72-75 H3R activation induces increased intracellular Ca2+ by PLC 

activation and IP3 formation.71, 76, 77 In contrast, H3R decreases depolarization-induced Ca2+ in 

histaminergic neurons of the hypothalamus and in striatal neurons. Modulation of neurotransmitter 

release through the Gβ/γ subunit activating G-protein inwardly rectifying K+ channels (GIRK) may 

lead to inhibition of synaptic transmission.78 H3R activation is crucial for presynaptic autoinhibition 

as a negative feedback mechanism. Through crosstalk with other GPCRs, Gq/11 signaling and 

activation of PLA2, Akt/GSK-3β, and MAP kinase pathways are involved in axonal and synaptic 

plasticity.71, 79, 80 In sympathetic nerve terminals, Na+/H+ exchanger activity is attenuated, resulting 

in inhibition of noradrenaline (NA) release.81, 82 High constitutive activity of H3R was demonstrated 

both in vivo and in vitro, with the suggestion that a short amino acid sequence in the sixth TM is 

responsible.83 
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Figure 4: Main signaling cascades of H3R.11, 84 
Abbreviations: AA – arachidonic acid, AC – Adenylatcyclase, Akt – protein kinase B, cAMP - cyclic adenosine 
monophosphate, CREB – cAMP response element binding protein, PKA – protein kinase A, PLC – phospholipase C, 
IP3 – Inositoltriphosphate, ERK1 – GSK3β – glycogen synthase kinase 3β, GIRK – G-protein gated inwardly rectifying 
K+ channel 
 

RNA sequencing data have revealed the expression of multiple H3R isoforms in the brain and tissue-

specific distribution; however, the functional significance of H3R isoforms remains poorly explored. 

H3R splicing across species reveals evolutionary dissonance and conservation, indicating that 

species-specific control mechanisms and isoform-specific interactions and effects are feasible. 

Twenty-four human isoforms identified by cloning and/or RNA sequencing, including canonical 

isoform hH3R-445, extended hH3R-453 (C-terminal tail), and shorter hH3R-365.40 Interestingly, 

Gao et al. found that the short hH3R is constitutively more active and binding properties of agonist 

and antagonist/inverse agonist differ between hH3R-445 and hH3R-365 isoforms namely binding 

affinities of agonists are lower to the short isoform in contrast to binding affinities of inverse 

agonists which are lower at the canonical isoform.85 Complexity of isoforms and their expression 

have rendered it challenging to explore the importance of all H3R isoforms.11 Insight into isoform 

functionality may pave the way for precise pharmacological treatment and targeted therapeutics. 

As previously described, H3R acts either as an autoreceptor on axons of TMN neurons, dendrites, 

and somata, resulting in the inhibition of histamine biosynthesis and release from varicosities, and 

thus inhibiting signal transmission, or as a heteroreceptor.16, 86 High densities of H3R are found in 
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the amygdala, striatum, nucleus accumbens, hippocampus, cerebral cortex, cerebellum, substantia 

nigra (SN), and brain stem. H3 heteroreceptors regulate the release of various transmitters, including 

biogenic amines, acetylcholine (ACh), glutamate, GABA, and peptides.11, 16 Genetic linkage studies 

in knockout (KO) mice suggest that the loss of H3R function is linked to reduced locomotion, 

metabolic syndrome, late-onset obesity, behavioral disorders, increased leptin and insulin levels, 

and neuroinflammatory diseases.16 Recently, a crystal structure of H3R was revealed, unleashing 

new possibilities for ligand design and discovery of ligand-receptor interactions.87 Interestingly, 

homo- and heterodimers are shown, e.g., with D1R and D2R.13, 88, 89
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Table 1: Overview of the properties, distribution, ligands and effects from the four histamine 

receptors*.11, 16, 47, 50, 90 

 H1R H2R H3R H4R 
G-protein coupling Gαq/11 Gαs Gi/o Gi/o 

Location 

Smooth muscle, 
vascular cells, 
neuronal and 

glial cells 
(thalamus, 

hypothalamus, 
septum, 

hippocampus, 
olfactory bulb, 

amygdala, 
cortex), 

epithelial cells 

Smooth muscle 
vascular cells, 

immune system, 
parietal cells, 
CNS (basal 

ganglia, 
hippocampus, 

amygdala, 
cerebral cortex) 

Striatum, 
basal ganglia, 

nucleus 
accumbens, 

cerebral cortex, 
hippocampus 

Hematopoietic 
cells, 

CNS in 
discussion  
(amygdala, 

thalamus, cortex, 
hippocampus, 
spinal cord) 

Agonists Histamine 
Histaprofiden 

Impromidine 
Amtamine 
UR-AK 24 

Nα-Methyl 
histamine, 

Imepip, 
Imetite 

4-
Methylhistamine, 

VUF-8430, 
ST-1006 

Antagonists 
Doxepin, 

Levocetirizine, 
Loratadine 

Ranitidine, 
Cimetidine, 
Famotidine, 

Pitolisant, 
ABT-239, 

DL-77 

JNJ-7777120, 
SENS-1111, 

JNJ-3975879, 

Cellular effects 

cAMP↑, cGMP, 
phospholipase 

C↑, 
phospholipase 

D, 
phospholipase 

A2, NF-κB, 
Ca2+↑  

cAMP↑, AC, c-
fos, C-Jun, 

PKC, p70S6K 

cAMP↓, Ca2+↑, 
MAP kinase↑ 

 

cAMP↓, Ca2+↑, 
MAP kinase↑ 

Pathophysiological 
effect 

Sleep-wake 
disorders, 
allergic 

reactions, 
emesis 

Gastric ulcer 

Sleep-wake 
disorders, 

schizophrenia, 
pain, epilepsy, 

depression 

Inflammatory 
diseases, e.g., 
asthma, pain, 

allergy 

Histamine affinity 
pKi 4.6 5.1 8.2 8.1 

*↑ increase,  ↓ decrease, CNS – central nervous system, cAMP – cyclic Adenosine monophosphate, cGMP – cyclic 
Guanosine monophosphate, AC – adenylylcyclase, MAP – Mitogen-activated protein 
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1.3 Histamine H3 receptor ligands 

At the beginning of H3R ligand discovery, structures were imidazole-based, oriented on histamine 

itself yielded in the antagonist thioperamide and agonist Rα-methylhistamine (RAMH) as selective 

ligands over H1R and H2R.91 Despite the selectivity of these ligands, thioperamide revealed to be 

hepatotoxic, and the first-pass metabolism of RAMH is extensive, but the tritiated agonist proved 

to be a good radioligand.92 Ciproxifan was very potent in vivo, but performed poorly in toxicity 

tests.93 Extensive development led to many promising imidazole-based ligands, among other imetit, 

methimepip, immethridine, BP2-94 (FUB94), [125I]iodoproxyfan94, clobenpropit95, imoproxifan96, 

and FUB-40797. For some imidazole-based agonists, low selectivity over H4R was detected after the 

discovery of H4R in the early 2000s.98 BP2-94 (FUB94), and SCH50971 increased sleep time and/or 

sedation in preclinical animal models.99 Cipralisant, also known as GT-2331100, was one of the first 

H3R ligands in phase II clinical trials for ADHD.101 

Cloning and functional expression of the human H3R enabled the simplified screening of new 

compounds at the human target.72 The discovery of various isoforms by alternative mRNA 

splicing83 and sequence differences in the transmembrane domains, including pharmacological 

variations in animal species102, complicates the interpretation of preclinical data and highlights 

translational hurdles in the development of novel drug candidates.  

Simultaneously, a crucial step in the development of H3R antagonists/inverse agonists was the 

replacement of imidazole with nitrogen-containing heterocycles. Thereby, major drawbacks of 

imidazole-containing compounds, such as poor brain penetration and interaction with cytochrome 

P450 enzymes (CYP), including drug-drug interactions, liver toxicity, extrapyramidal symptoms, 

and inhibition of adrenal steroid synthesis, and selectivity over H4R, were improved and/or 

avoided.11, 103, 104 Ganellin et al. described one of the first potent nonimidazole derivatives 

containing pyrrolidine, with the lead compound UCL 1972105, followed by numerous potent 

nonimidazole H3R inverse agonists/antagonists comprising different structural elements as 

replacements for imidazole. The benzofuran ABT-239 with basic amide methylpyrrolidine is a 

potent H3R antagonist with promising results in preclinical studies for schizophrenia and cognitive 

disorders, but an unfavorable toxicity profile due to human ether-à-go-go-related gene (hERG) 

affinity and consequently QT prolongation.106 Cardiovascular side effects caused by the antitarget 

hERG are one of the main reasons for failure in drug development or even withdrawal from the 

market after approval.107 Cardiac hERG encodes a voltage-gated K+ channel contributing to cardiac 

repolarization and QT intervals. Inhibition of hERG leads to QT prolongation, and consequently, 

arrhythmias and cardiotoxic effects. Therefore, avoiding hERG interactions and employing design-
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out strategies for structural optimization are highly recommended.108 Point out the importance of 

early toxicological screening in drug development to modify structural elements responsible for 

adverse events in the early research stages. The design of H3R agonist without imidazole is more 

difficult, and only a few are described yet, e.g, VUF 16839.4 

On account of H3Rs’ localization in the CNS, a key property of ligands targeting H3R is blood-brain 

barrier (BBB) permeability.109 The BBB is a tight membrane that allows only low molecular weight 

molecules (<400-600 Da) to enter by passive diffusion. Increased lipophilicity enhances BBB 

permeability, with the limitation that high lipophilicity may result in substantial side effects due to 

longer retention times and drug accumulation.110, 111 Furthermore, P-gp, multidrug resistance-

associated membrane proteins, transport drugs from the CNS back into the blood by ATP-dependent 

efflux pumps112 and thus represent an additional protection mechanism between the periphery and 

the CNS. Therefore, ligands should not only be BBB-permeable but also non-P-gp substrates to 

obtain clinical efficacy by systemic administration.  

The approval of Pitolisant (FUB649, BF2.649, or tiprolisant) by the European Medicines Agency 

(EMA) and the U.S. Food and Drug Administration (FDA) was a milestone in the development of 

H3R ligands.113, 114 The N-piperidyl derivative (Figure 3) is still the only approved H3R 

antagonist/inverse agonist on the market, showing high selectivity (nearly hundred various human 

receptors or channels at 100 nM (Ki (hH3R) = 0.3-1.0 nM).115 The application for narcolepsy with 

or without cataplexy was extended by EMA with the approval for the treatment of excessive daytime 

sleepiness (EDS) in obstructive sleep apnea (OSA).116 In practice, gradual dosing to max. 18 mg/day 

(EDS in OSA) resp. 36 mg/day (narcolepsy). While preclinical and clinical safety found single 

doses up to 120 mg acceptable without severe adverse events. Toxic properties were only seen at 

very high doses (several orders of magnitude higher than necessary to saturate cerebral H3Rs) and 

present as behavioral manifestations, mainly convulsive episodes. It is of great importance that 

plasma levels alleviate at the end of the day to avoid disturbing sleep at night due to waking effects. 

Pharmacokinetic decay is mainly driven by CYP3A4 and 2D6 hydroxylation, followed by opening 

of the piperidine ring as a soluble major metabolite inactive at H3R and principal elimination 

pathway through urine.1
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Among others, the most common motifs for bioisosteric exchange are pyrrolidine (e.g., UCL-

2190117), piperidine (e.g., FUB-833118), and piperazine (e.g., Bavisant3 (Figure 5)). Extensive 

structure-activity relationship studies disclosed a blueprint for H3R antagonists/inverse agonists 

(Figure 6). The basic amine moiety is separated from the eastern part by a linker to the central core, 

which is primarily hydrophobic and connected to the eastern region. The eastern region is more 

flexible, permitting basic amines, polar or non-basic moieties.103, 119 

Pitolisant (Figure 3) binding site is located within the transmembrane below the extracellular loop, 

where Glu206 (TM5) forms a salt bridge with the piperidine, the hydroxyl of Tyr374 (TM6) is H-

bonded with the central oxygen of the ligand, Phe198 and/or Tyr189 make π-stacking interactions 

with the para-chlorophenyl group.120 

Figure 5: Structures and affinity values of imidazole and non-imidazole based H3R agonist and 
antagonist.1-6 



Introduction 

14 

Figure 6: Blueprint for H3R pharmacophores and common protein-target interaction with the H3R 

TMs.87, 119, 121 

Abbreviation: TM – transmembrane domain 
 

The crystal structure of H3R bound to PF-03654746 (Figure 5) was resolved in an inactive state at 

2.6 Å resolution by Peng et al. in 2022. In this study, hydrogen bonds between N-ethylcarboxamide 

and carbonyl residues with Glu395 (TM7), and hydrophobic interactions with Tyr91 (TM2), were 

identified. Moreover, a cholesterol-binding site was identified with the potential for allosteric 

modulation. In molecular docking studies, the binding modes of various H3R antagonist/inverse 

agonists (Pitolisant (Figure 3), GSK189254A (Figure 7), LML134, Clobenpropit (Figure 5), 

JNJ5207852, GSK334429 (Figure 7), MK-0249, PF-03654746 (Figure 5), Bavisant (Figure 5), 

Thioperamide (Figure 5)) were investigated; however, it should be noted that docking scores were 

lower than the experimental Ki values. Conserved salt bridges with Asp114 (TM3) and protonated 

nitrogen atoms, and strong hydrophobic contacts at the bottom of the pocket were established.87 

Common interactions with the H3R are ionic interaction of basic moieties with Asp114 (TM3), π-

stacking with the aromatic cluster of TM6, TM5 determines the functional selectivity and Trp402 

(TM7) is a conserved residue.87, 121 

In a recent study, cryo-EM structures of Zhang et al., all four histamine receptors in complex with 

their main G protein bound to histamine, determined important conserved residues for histamine 

recognition in H3R: Asp114 (TM3) for the recognition of histamine by a hydrogen bond with the 

delta nitrogen of the imidazole, Asp114 (TM3)-Tyr115 (TM3)-Tyr374 (TM6) as critical motif for 

histamine recognition, as well as Phe398 (TM7) and Trp402 (TM7) π-π stacking with imidazole.122 
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In this study, distinct binding orientations of histamine were identified in H1R and H2R compared 

to H3R and H4R, with approximately a 180° rotation. In addition, Leu401 (TM7) of H3R and Gln347 

(TM7) of H4R were identified for the selectivity of the piperidine ligand immethridine (Figure 5).122 

Conserved residues and ligand recognition of H3R facilitate the design of specific ligands and pave 

the way for agonist and inverse agonist development.  
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1.4 CNS Disorders Associated with H3R 

The H3R has been implicated in various neurological and neurodevelopmental disorders, including 

Alzheimer's disease (AD) and Parkinson’s disease (PD), schizophrenia, sleep disorders, attention 

deficit hyperactivity disorder (ADHD), autism spectrum disorder (ASD), and depression.11, 123 

However, the breakthrough to marketed pharmaceuticals is still limited to Pitolisant for the 

treatment of narcolepsy and EDS in obstructive sleep apnea. The reasons for the failure of H3R 

ligands in clinical trials are heterogeneous, inter alia, insufficient efficacy, lack of separation 

between side effects and efficacy, and strategic decisions of sponsors.123 Ongoing clinical trials of 

Pitolisant for additional indications such as ASD in children and adolescents (phase II in active 

status)124 and prader willi syndrome (phase III in recruiting status)125 underline unexploited 

capabilities of H3R ligands to date. Recently, promising results of a phase II clinical trial for EDS 

in patients with prader willi syndrome were published.126 Furthermore, the safety profile of 

Pitolisant has been demonstrated since its approval, and an investigation into a pregnancy registry 

is recruiting 127 and for children 128, highlighting its tolerability.  

The following chapter discusses the potential therapeutic applications and the underlying 

pathophysiological mechanisms of H3R ligands, as well as the verified and potential effects of H3R 

modulation in diseases. 
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1.4.1 Sleep disorders 

Sleep impairment leads to deficits in attention, executive function, and processing speed, promoting 

impulsivity, emotional lability, and depression. Sleep disorders in neurodegenerative diseases are 

common and may contribute to the progression and severity of neurodegeneration. Furthermore, the 

glymphatic pathway is predominantly active during sleep and is proposed to play a critical role in 

the clearance of extracellular neurotoxic waste. Lack of sleep promotes the propagation of tau and 

neuroinflammation. Therefore, addressing sleep disorders in neurodegenerative diseases is 

inevitable. Sleep disorders vary from increased arousal, loss of rapid eye movement (REM) sleep, 

or increased time to REM sleep initiation.129 

Narcolepsy is a chronic sleep disorder with onset in adolescence and characterized by EDS.130 

Genetic and environmental factors cause immune-mediated selective loss or malfunction of orexin 

neurons in the lateral hypothalamus. Consequently, patients suffer from reduced quality of life and 

socioeconomic impact. A distinction is made between narcolepsy type 1 (NT1) and type 2 (NT2), 

with similar clinical profiles, with the exception that cataplexy is only present in NT1. The 

symptoms are sleep paralysis, disturbed sleep, impaired wakefulness, abnormal REM sleep, and 

hallucinations. Narcolepsy may also be a comorbidity, e.g., in Parkinson’s disease.131 In NT1 

patients, approximately 90% of the wake-promoting neuropeptide hypocretin (HCRT or orexin) 

signal is lost, which is in contrast to NT2. The hypothesis of NT1 pathogenesis involves the 

autoimmune destruction of orexin-producing neurons in the hypothalamus, and immune-related 

genetic and environmental factors. The clinical spectrum and mechanism leading to orexin loss are 

not entirely clarified. Symptomatic treatment has shown good efficacy and safety, encompassing a 

broad spectrum of substance classes, including modafinil, sodium oxybate, solriamfetol, 

methylphenidate, and the already described H3R antagonist Pitolisant.130 Neither a drug combats the 

cause of the disease, nor an approved drug modulates orexin receptors directly. However, orexin 

agonists are in the development for narcolepsy to directly reduce the orexin deficiency and manage 

multiple aspects of the syndromic condition of narcolepsy.132 Although the oral orexin 2 receptor 

agonist TAK-994 showed good efficacy, hepatotoxic effects in clinical trials led to no further 

consideration as a potential treatment133, several other candidates are in development, such as ALKS 

2680, a selective orexin 2 agonist134, 135 in phase 2 and 3 clinical trials for NT1 and NT2 or TAK-

861 in clinical trial for the treatment of NT1.136, 137 

H3R inverse agonists, such as Pitolisant, activate histaminergic neurons with a wake-promoting 

effect. This drug has fewer limitations compared to other narcolepsy treatments, e.g., low abuse 

potential and fewer side effects. Increased numbers of histamine neurons and decreased histamine 
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release have been observed in patients with narcolepsy.138-140 Furthermore, the interplay between 

HCRT and histamine plays a role in maintaining wakefulness and arousal throughout the day. 

Enhancement of wake-promoting neurons by histaminergic neurons suppresses sleep-promoting 

neurons.131 Samelisant (SUVN-G3931 (Figure 5)) is a novel morpholine-based H3R inverse 

antagonist under investigation for the treatment of NT1 and NT2. Phase 2 clinical trials resulted in 

an improvement in daytime sleepiness, as determined by ESS score, and phase 3 clinical trials are 

planned.6 These clinical trials found fewer side effects and improved cardiovascular safety 

compared to that of  Pitolisant; however, the study’s duration limits its validity. Phase 3 clinical 

trials will show whether samelisant has a favorable safety profile and whether its efficacy can be 

demonstrated in larger patient groups. 

Furthermore, Pitolisant reduced daytime sleepiness in patients with obstructive sleep apnea. 

Obstructive sleep apnea is associated with multiple comorbidities such as EDS, fatigue, stroke, 

arrhythmia, coronary heart disease, and metabolic dysfunction.141 
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1.4.2 Addiction 

Alcohol use disorder (AUD) is a major health risk with high mortality. Pharmacological treatment 

plays a crucial role as a counterpart to psychological interventions.142 Pharmacological interventions 

in the therapy of AUD focus on the prevention of relapses and complete avoidance or reduction of 

alcohol intake. Currently, approved drugs for AUD have versatile mechanisms of action. Disulfiram 

inhibits the enzyme responsible for alcohol decay, acetaldehyde dehydrogenase, leading to an 

increased concentration of acetaldehyde in the blood. Consequently, unpleasant effects of alcohol 

intake are initiated, including nausea, flushing, vomiting, sweating, and even cardiovascular effects. 

Due to its mechanism, it only acts in a preventive manner by deterring the consequences of a relapse. 

Acamprosate is generally considered safe, although its mechanism of action is not fully understood. 

It conceivably restores the imbalance between neuronal excitation and inhibition, presumably 

through N-methyl-D-aspartic acid (NMDA) receptor action and metabotropic glutamate receptor 

5.143 However, it failed in the COMBINE study to be useful for relapse prevention, with different 

outcomes of studies attributed to genetic factors or study design, notably in detoxified patients, 

alcohol abstinence was maintained. Naltrexone is a µ-, κ-, and δ-opioid receptor antagonist and 

decreases dopamine release in the nucleus accumbens. It reduces the quantity of alcohol intake and 

recurrence to heavy drinking in consequence to the contrast desirable alcohol effects.142 Similar is 

nalmefene, an opioid modulator at µ, δ (antagonist), and κ (partial agonist) that decreases alcohol 

consumption and heavy drinking days in patients with high drinking risks with moderate adverse 

events.143 

H3R is expressed in many brain areas involved in alcohol drinking and reward, as the 

mesocorticostriatal system and amygdala.11 Alcohol affects GABA, glycine, and glutamatergic 

NMDA receptors.144, 145 H3R inverse agonists may be beneficial in the treatment of AUD, and some 

H3R antagonists (thioperamide (Figure 5), clobenpropit (Figure 5), ciproxifan, JNJ-39220675, JNJ-

10181475, DL77, ST-1283) demonstrated reduced alcohol intake in vivo in mice or rats.146 The 

clinical trial of Pitolisant for AUD was terminated due to strategic reasons of the sponsor.147 A phase 

2 clinical trial of the H3R inverse agonist BP1. 3656 with low daily doses (30 to 90 µg) from 

Bioprojet for AUD is completed.148 This compound was removed from the website pipeline of 

Bioprojet and will presumably not be pursued 149 presumably due to insufficient efficacy as 

indicated by the results of the primary outcome on EudraCT.150 The question remains open whether 

other H3R ligands may be beneficial in AUD therapy.  

Besides the possible application in AUD, H3R is also indicated as a pharmacotherapeutic target in 

other addictive disorders. Upregulation of H3R expression in opioid use disorder patients due to 
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chronic opioid use is presumably induced by modulation of histaminergic neurotransmission. This 

adaptive mechanism may modulate opioid tolerance and analgesia. In animal models, the opioid 

fentanyl combined with H3R agonists and RAMH showed synergistic effects. Whether the 

upregulation is a compensatory mechanism for opioid analgesia tolerance and whether H3R ligands 

could serve as a therapeutic intervention needs to be elucidated.151 
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1.4.3 Neuropathic pain 

Neuropathic pain is defined as pain initiated or directly caused by primary lesions or dysfunction of 

the somatosensory system. This complex condition can be differentiated between peripheral (Aβ, 

Aδ, and C fibers) and central neuropathic pain, depending on the anatomical location of the lesion 

or disease.152 The pathophysiological mechanisms of neuropathic pain are multidimensional and not 

completely understood. Symptoms include allodynia, hyper-, and hypoalgesia occurring as 

spontaneous pain, among others, induced, for example, by trauma, vascular disease, nerve 

compression, neurological diseases, metabolic syndrome, drugs, or infectious diseases.153 Despite 

pharmacological treatment, for most patients, freedom from pain cannot be achieved. Prevalence 

lies between 7 and 10%, and a realistic therapeutic goal is pain reduction by more than 30%.154 Due 

to the lack of freedom from pain, essential goals in treatment are improvement of sleep quality, 

quality of life, functionality, maintaining the ability to work, and social activities. Pharmacotherapy 

remains necessary for neuropathic pain treatment.152 Monotherapy with currently available drugs is 

associated with limited efficacy and dose‐related side effects. The combination of two or more 

analgesic drugs may improve efficacy, e.g., combination of opioid and gabapentin, but side effects 

increase and are dose-limiting.155 Opioids combined with antidepressants or gabapentinoids and 

gabapentinoids with antidepressants are applied, demonstrating synergistic effects but not 

outstanding efficacy.156 The already available drugs applied in the therapy of neuropathic pain either 

by registration or in off-label use (Table 2). 

 Neuropathic pain models in the development of novel drugs have some limitations: reliable and 

objective measures of behavioral response, adequacy of outcome measures, and a multimodal 

mechanism underlying the development of neuropathic pain.157 

The lack of effective pharmacotherapeutic treatment comprising low side effects and long-term 

efficacy confirms a definite demand for new therapeutic strategies in neuropathic pain management. 

Histamine is a key molecule for the transmission of nociceptive signals, being antinociceptive in 

the CNS and nociceptive in the peripheral nervous system (PNS). While excitatory histamine 

signaling in nociceptive pathways is associated with increased pain, inhibition of histamine 

receptors is neuroprotective, exhibiting antinociceptive effects. All histamine receptors may be 

involved in nociception and, consequently, neuropathic pain, but the exact role of each receptor and 

whether mutual influences exist need further elucidation.7 
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Table 2: Drugs, their mechanism of action, side effects and applications in the treatment of 
neuropathic pain.158-163  

Drug Mechanism of 
action/ effect Side effects Application 

Amitriptyline 
(tricyclic 

antidepressant) 

NA and 5-HT 
transporters, 

activation 

anticholinergic and 
neurologic effects 

Neuropathic pain 
fibromyalgia 

Duloxetine 
(SSNRI) 

SSNRI 
Diabetic peripheral 
neuropathic pain 

Nausea, raised blood 
pressure/administration, 
restricted authorization, 
diabetic polyneuropathy 

Painful diabetic 
neuropathy 

Venlafaxine 
(SSNRI) SSNRI 

Not authorized, but 
medication of choice in 

other guidelines 

Symptomatic 
treatment of 

neuropathic pain 

Gabapentin 

GABA 
Decreases release of 

glutamate, 
norepinephrine and 

substance P 

Neurological symptoms 
as fatigue, dizziness,  

Postherpetic 
neuralgia 

Pregabalin 
GABA, α2δ subunit 
of calcium channel 

neurons 

Neurological symptoms 
as fatigue, dizziness 

Postherpetic 
neuralgia 

painful diabetic 
peripheral 
neuropathy 

Tramadol 
µR agonist and NA 
and 5-HT reuptake 

inhibitor 

Nausea/vomiting, 
constipation, dizziness 

Postherpetic 
neuralgia, peripheral 
diabetic neuropathy, 
spinal cord injury, 

polyneuropathy 

Morphine µR agonist 
Substance abuse, suicide 

risk and driving 
impairment 

Rapid onset of 
analgesic effect 

Oxycodone µR agonist and κR 
antagonist 

Substance abuse, suicide 
risk and driving 

impairment 

Rapid onset of 
analgesic effect 

Lidocain Block of sodium 
channels 

Skin reaction 
(erythema or rash) 

Postherpetic 
neuralgia 

Abbreviation: GABA – γ-aminobutyric acid, µR – µ opioid receptor, κR – κ opioid receptor, 5-HT – 5-
Hydroxytryptamine, NA – Noradrenaline, SSNRI – selective serotonin and noradrenaline reuptake inhibitor 

 

H3R is distributed in the spinal cord, primary sensory neurons, dermal tissue, dorsal root ganglia, 

periaqueductal gray area, and superior cervical ganglia regions, modulating pain transmission.79, 164, 

165 H3R has been found in both the ascending nociceptive pathway and the descending pain control 

pathway, both of which are critical for the transmission of nociception. Studies on H3R inverse 

agonists and agonists in neuropathic pain models have presented contradictory results. Indeed, the 

various animal models, dosages, administration routes, and outcome measures contribute to the 

complexity of result interpretation and the difficulty in drawing the correct conclusions by clearly 
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proving the influences of H3R ligands in the modulation of neuropathic pain. The study findings of 

thioperamide (an H3R and H4R inverse agonist) are controversial due to a lack of selectivity and 

different effects depending on the route of administration and dose.166-168 However, several selective 

H3R antagonists (e.g., GSK189254, A-960656) have demonstrated analgesic effects in animal 

models of neuropathic pain, which are listed along with their respective H3R affinity in Figure 7. 

Mechanical and cold hypersensitivity were reduced to a comparable extent to the clinically relevant 

drugs pregabalin and gabapentin.164, 169, 170 The analgesic effect appears to involve histamine release 

in the locus coeruleus, modulation of descending noradrenergic pathways, and α2R 

desensitization.171, 172 Despite the low affinity of S38093, chronic administration led to 

antihyperalgesia in two neuropathic pain models, and other effects cannot be excluded.169 Efficacy 

against mechanical hypersensitivity, but not thermal, proves the modality-specific action 

presumably due to selective effect on H3R expressing A-fibers rather than C-fibers. Co-expression 

of H3R and transient receptor potential melastatin 8 (TRPM8) on Aδ fibers may contribute to cold 

hypersensitivity. Popiolek-Barczyk et al. (2018) investigated E-162, a selective H3R antagonist, in 

mouse pain models, demonstrating analgesic effects and the contribution of spinal H1R, as 

evidenced by the lower analgesic outcome observed when H1R inhibition using pyrilamine resulted 

in a lower analgesic effect.173 

 

Figure 7: H3R ligands and their binding properties tested in neuropathic pain models.170, 173-176 
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1.4.4 Neurodegenerative diseases  

Parkinson’s Disease 

PD is a neurodegenerative condition characterized by the presence of bradykinesia with rigidity, 

rest tremor, or both, provoked by multiple causes (e.g., genetically or sporadic) that are not fully 

known.177 Some gene mutations (SNCA, LRRK2, PRKN, PINK1, and GBA) are involved in PD 

development, and environmental factors such as toxins, head injuries, and pesticide exposure are 

associated with PD.177 Besides the primary symptoms, various non-motor symptoms, including 

mental and emotional manifestations, constipation, urinary, skin, and sleep problems, cognitive 

symptoms and dementia, muscle cramps and dystonia, pain, fatigue, and loss of energy, difficulties 

in swallowing and chewing, also occur in PD patients.177, 178 This clinical syndrome is multifaceted 

and comprises individual characteristics. The non-motor effects are substantially involved in the 

progression of PD, and no disease-modifying therapy is available to date.178 The pathophysiology 

of PD is complex, and individual manifestations seem that treatment of the disease cause for all 

disease forms by a single pharmacological intervention is unlikely. Processes differ from prodromal 

and early to later stages of the disease.179 Pathophysiology interplay of aberrant α-synuclein 

aggregation, dysfunction of mitochondria, lysosomes, vesicle and synaptic transport, and 

neuroinflammation. Neuronal death of dopaminergic neurons in the SN pars compacta is 

characteristic of PD and accelerates during the progression of the disease. Loss of nigrostriatal 

dopamine cells causes a gradient of striatal dopamine depletion, resulting in an imbalance between 

the direct (dopamine D1 receptor) and indirect (dopamine D2 receptor) pathways through the basal 

ganglia, which leads to bradykinesia. New insights assume compensatory alterations of brain 

activity in areas that are initially unaffected by the pathology of PD, leading to a shift toward more 

anterior corticostriatal circuits and recruitment of cortical regions less connected to the basal 

ganglia.177 

Currently, pharmacotherapy focuses on the symptomatic treatment of disabilities. Symptoms of 

individual PD patients and treatment goals vary from patient to patient, emphasizing the need for 

personalized therapeutic options.177, 178 First-line treatment focuses on the improvement of motor 

symptoms by increasing dopamine in the SN either with dopamine agonists (e.g., pramipexole) 

and/or levodopa (a precursor of dopamine), MAO-B inhibitors (e.g., safinamide, rasagiline), and 

COMT inhibitors (e.g., entacapone).179, 180 Co-medication is used to treat non-motor symptoms with 

emphasis on behavioral and psychological symptoms to maintain independence in daily life 

activities, improve quality of life, prevent dopaminergic side effects, and avoid care dependency. 

For example, adjunctive therapies are cholinergic AChE inhibitors (rivastigmine) for mild to 
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moderate dementia in PD and the atypical antipsychotic clozapine for PD-related psychosis.179, 181, 

182 Despite the reasonable control of motor symptoms in the early stages of PD with levodopa, 

efficacy decreases in later stages, accompanied by motor fluctuations, e.g., dyskinesia.183, 184 

Tavapadone is a selective dopamine D1/D5 receptor partial agonist (D1R Ki = 9 nM, D5R 

Ki = 13 nM) with promising results in phase III clinical trials as an adjunctive treatment for PD with 

motor fluctuations. Besides, the first of its class ligand is also under investigation in clinical trials 

as monotherapy for PD.185, 186 

H3Rs are co-expressed on dopaminergic and glutamatergic neurons in the striatum and SN, brain 

regions directly involved in PD.187, 188 H3Rs are present on glutamatergic and dopaminergic afferents 

from SN pars compacta and cerebral cortex, modulating the release of other neurotransmitters 

within the basal ganglia.187, 189 H3R potentiates D2R but inhibits D1R action, among others, by 

functional heterodimers with D1R and D2R can form on spiny projection neurons.88, 89 In PD, 

alterations in the histaminergic system, including elevated brain histamine, increased H3R mRNA 

levels, morphology, and density changes of histaminergic fibers, indicate a possible contribution to 

disease pathophysiology.190, 191 Despite this, the number of histaminergic neurons in TMN and 

expression of HDC do not appear to be altered in PD.192, 193 

H3Rs modulate dopaminergic signaling through indirect mechanisms in rodent models. Histamine 

can increase the dopaminergic inhibitory effects of D2R in medium spiny neurons and mitigate D1R 

effects. Additionally, presynaptic H3Rs result in the inhibition of cortical and thalamic excitatory 

projections in medium spiny neurons.21 

6-OHDA rats, as a PD model treated with HDC inhibitor (α-fluoromethylhistidine), exhibit a 

significant decrease in rotation behavior induced by apomorphine.194, 195 Thioperamide increases 

histamine in the brain and alleviates apomorphin-induced behavioral responses in rats and may also 

rescue memory impairment in the mouse model of PD.196 In summary, these observations emphasize 

the role of the dysregulated histaminergic system in PD and the potential benefits of H3R 

modulation. 

 

Alzheimer’s Disease 

AD is a progressive neurodegenerative disorder with advanced deterioration of quality of life for 

patients and a primary health issue with increasing prevalence.197 Cognitive impairment is often 

accompanied by neurobehavioral symptoms (e.g., apathy, anxiety, and depression).198 Loss of 

cholinergic neurons and diminished ACh, as well as elevated activity of NMDA receptors on 
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glutamatergic neurons, appear in AD patients.199 Aggregated amyloid β-peptides (Aβ) and 

intracellular neurofibrillary tangles (NFTs) containing phosphorylated tau (τ) accumulate leading to 

progressive synaptic and neuronal loss.200 Despite the immense efforts, disease cause remains 

uncovered to date, and besides the amyloid cascade hypothesis, non-amyloid hypotheses including 

neuroinflammation, τ, and neuroprotection are under discussion.198 The multifaceted characteristics 

require complex pharmacological and non-pharmacological treatment and interventions, depending 

on the state of disease.201 Therapeutic goals are delaying the course of the disease, alleviation of 

symptoms, delayed admission to nursing homes, improvement of quality of life, and relief for 

relatives. Cognitive enhancing pharmacological management focuses on symptomatic treatment, 

and cognitive enhancing drugs include acetylcholinesterase (AChE) inhibitors (e.g., rivastigmine) 

and the NMDA antagonist memantine.197 

In the last decade, several biological drugs have been approved as AD treatments, including 

Aducanumab (Aduhelm™) by the FDA in 2021. The antibody reduces amyloid β-plaques in mild 

cognitive impairment and AD, but the clinical benefits are limited, and approval was 

controversial.202, 203 Two further antibodies against amyloid plaques for the treatment of mild 

cognitive impairment and mild dementia were approved by the FDA, namely Lecanemab-irmb 

(Leqembi™) and Donanemab-azbt (Kisunla™). The latter is an amyloid β-directed antibody that 

binds only to insoluble amyloid-β.204, 205 However, the application of these antibodies for AD is 

debatable in terms of patient benefits. The EMA declined to approve donanemab, concluding that 

the benefits do not outweigh the serious adverse events, including brain swelling and bleeding.206 

Despite progress in approving biological treatments for AD, the disease-modifying effect has not 

been ensured. The costs of development and manufacturing of daily doses are significantly higher 

compared to those of small molecules. 

Histamine receptors are highly expressed in brain areas responsible for cognition, and the 

neurotransmitter is assumed to be a key modulator in cognition. Higher mRNA levels of H3R splice 

variants were observed in the brains of patients with AD symptoms, but H3R densities in the 

prefrontal cortex of AD patients appear to be unchanged.207, 208 The number of histaminergic 

neurons and the activity of HDC in AD patients remain unaltered. However, mRNA fluctuations 

are lost in some patients with AD.32, 209 H3R KO mice perform similarly to wild-type mice in novel 

object recognition and passive avoidance learning, and interestingly, the performance is better in 

spatial learning task suggesting task depending role of histamine in rodents.210 Several studies 

investigated properties of H3R antagonists in cognitive models with emerging positive effects on 

cognitive decline.33 Procognitive properties suggest potential utility in dementia, and some H3R 
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ligands (GSK-239512, ABT-288, and S38093 (Figure 7)) made it to phase 2 clinical trials. However, 

cognitive improvement remained modest or was not clinically meaningful compared to placebo.211-

213 Further studies suggest the neuroprotective effect of the H3R antagonist via CREB and GSK3β 

pathways214, 215 and in a recent study of Pitolisant, restoration of cognitive deficits was demonstrated 

in mice linked to the lysosomal system rather than the neuronal activity of histamine.216 Clinical 

trials are limited by the number of H3R antagonists investigated, however, the mechanism for the 

discrepancy between preclinical observations and clinical trials remains unclear.  
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1.4.5 Psychiatric disorders 

Schizophrenia 

Schizophrenia is a neurological disorder with episodic progression and clinically apparent positive 

and negative symptoms. People with schizophrenia can be affected by the disorder for a lifetime, 

with generally lower life expectancy.217 Positive symptoms are mainly present in acute, psychotic 

episodes, including delusions, hallucinations, and disorganized speech, and at least one of these 

symptoms has to be present. In contrast, the negative symptoms are persistent, such as psychomotor, 

drive disorder, and affectivity. Moreover, disorganization, cognitive, and affective disorders, and 

comorbidities such as substance abuse, post-traumatic stress disorder, depression, and suicidality 

are common in schizophrenia patients. The onset of schizophrenia is usually in early adulthood, and 

somewhat earlier in men than in women.218 Multiple pharmacotherapeutic options are available with 

different modes of action, mainly affecting dopamine transmission, among other neurotransmitter 

systems. Antipsychotics are grouped into the typical class (first generation), like haloperidol, and 

the atypical class, clozapine (second generation), aripiprazole, and cariprazine (third generation), 

which are shown in Figure 8. Even though the second and third generation of antipsychotics led to 

reduced extrapyramidal side effects, the available treatments mainly show good improvement of 

positive symptoms, and efficacy on negative domains is limited.219, 220 Furthermore, multiple side 

effects, such as weight gain or extrapyramidal effects, alleviate patient compliance.221, 222 

 

Figure 8: Structures of first, second, and third generation antipsychotics in the treatment of 

schizophrenia.223 

Recently, a new approval of Cobenfy® that contains xanomeline and trospium chloride for the 

treatment of schizophrenia in adults as the first antipsychotic drug that targets cholinergic receptors. 
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Xanomeline is a muscarinic receptor agonist (M1R and M4R) with a secondary effect on 

dopaminergic alterations. Trospium is an antimuscarinic molecule that counteracts the peripheral 

adverse effects of xanomeline.224 

The role of H3R in schizophrenia has been implicated in several studies, with the principal focus on 

cognitive impairment.174, 225, 226 However, the procognitive effects of H3R antagonist demonstrated 

in rodents were not verified in controlled, double-blind trials of Pitolisant and other H3R inverse 

agonists given in addition to antipsychotics.175 Upregulated H3R expression was observed in the 

prefrontal cortex of individuals with schizophrenia postmortem.226 H3R is present presynaptically 

on glutamate, dopamine, ACh, serotonin, NA, and GABAergic neurons.11 Clozapine is an 

antipsychotic drug that acts as a potent H1R partial inverse agonist, weak H2R full inverse agonist, 

and as a moderate H3R and H4R agonist. These binding properties may contribute to the 

antipsychotic, but also the sedative profile of the drug.227 Recent PET studies of schizophrenia 

patients implicate that H3R levels are not altered but potentially disrupted histaminergic modulation 

of executive function.228 In summary, further studies are necessary investigating H3R antagonist 

influence in schizophrenia patients to prove H3R modulation in schizophrenia patients. 

 

Depression 

The prevalence of major depressive disorder is 15-20% and is often accompanied by comorbidities, 

higher mortality, and increased risk of suicide.229, 230 It is a central public health issue worldwide 

with high heritability. Bidirectional relationships of comorbidities such as bipolar disorder, 

schizophrenia, substance use disorder, anxiety, and neurodegenerative diseases hamper confirmed 

diagnosis.231 Predominant and persistent symptoms are cognitive, affective, and behavioral 

disorders, depressed mood, anhedonia, weight changes, and loss of interest.232 Several hypotheses 

are discussed for the pathological mechanism of major depressive disorder, namely, hypothalamic-

pituitary-adrenal axis dysfunction, monoamine, inflammatory, genetic, and epigenetic anomalies, 

and structural as well as functional brain remodeling hypothesis. However, none of the hypotheses 

provides a complete explanation of the pathological mechanism. The complexity of the disease not 

only limits accurate diagnostics, but the choice and possibilities of pharmacological strategies are 

also limited.233 Even though antidepressants improve symptoms of some patients, recurrence after 

discontinuation of antidepressants and insufficient effect are major issues.229, 233, 234 

Neuropathology and molecular mechanisms of major depressive disorder remain to be elucidated, 

but stress is an etiology proposed to play a fundamental role, especially by chronic activation of 
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stress response pathways.235, 236 Imbalances of monoamines such as dopamine, norepinephrine, and 

serotonin are also implicated in the pathology of major depressive disorder.233 These monoamines 

synergistically regulate different aspects of mood and are dysregulated in depression. For example, 

extracellular serotonin levels in blood, urine, and cerebrospinal fluid are lower than in healthy 

humans. Moreover, the noradrenergic system in the locus coeruleus is impaired, with decreases in 

norepinephrine transporters and increased α2-adrenergic receptors.237 Dopamine plays a role in 

motivation, concentration, pleasure, reward, emotions, and psychomotor speed. Chronic stress 

induces neuroadaptation that attenuates dopamine-mediated reward pathways following depression 

and fatigue associated with changes in dopamine function. Serotonin is involved in cognition, sleep, 

circadian rhythms, motor activity, and other biological functions, and selective serotonin reuptake 

inhibitors (SSRIs) such as fluoxetine are widely used in depression. Drawbacks of these therapeutic 

options are partial lack of clinical efficacy, adverse events, and patient compliance.237 Delayed 

effects of SSRIs may be attributable to long-term neuroplasticity deficits and restorage needs 

chronic treatment. Chronic treatment with antidepressants is associated with increased transmission 

of serotonin in the locus coeruleus and neuroplasticity in specific brain regions.233, 238 Some 

antidepressants show high affinity to σ1R, like the SSRIs fluvoxamine and sertraline. The 

antidepressant like effects of σ1R agonists are demonstrated in several preclinical and clinical 

studies, however, the clinical outcome is indecisive, and none are approved for the treatment of 

depression yet.239, 240 Recently, the widely applied anesthetic drug ketamine was repurposed and 

approved as a nasal spray in combination with SSRI or SNRI for treatment resistant depression and 

major depressive disorder by the FDA and EMA. The FDA extended the use of the rapidly acting 

drug as a standalone therapy in 2025. Esketamine mitigates symptoms of depression rapidly, but 

NMDAR antagonists can lead to serious side effects, e.g., abuse and cognitive impairment.241, 242 

Several studies have postulated a convergence between H3R antagonists and antidepressant resp. 

anxiolytic effects in rodents. It is suggested that precognitive and antidepressant effects are induced 

by H3R modulation of glutamatergic transmission.237 For example, clobenpropit increased 

hippocampal plasticity and decreased immobility in forced swim test by H3R inhibition and thereby 

disinhibition of H1R and H2R in the hippocampus.243 Ciproxifan alleviates depression-like 

behavior.244 ST-1283 demonstrated anxiolytic effects and alleviates depression-like behaviors in 

mice in multiple tests (open field test, elevated plus maze, depression, forced swim test, tail 

suspension test, novelty suppressed feeding test).245 JNJ10181457 improves depression-like 

behavior in mice in the tail suspension test and release of proinflammatory cytokines.246 Compound 

3h (3,5-dimethyl-N-(2-methyl-4-((2S,3'S)-2-methyl-[1,3'-bipyrrolidin]-1'-yl)phenyl)isoxazole-4-

carboxamide), an inverse agonist of H3R with a favorable safety profile, displayed antidepressant-
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like effects in the forced swimming test in rats.247 However, clear evidence of the association 

between depression and H3R is still missing and needs further elucidation. 

Autism spectrum disorder 

Patients with ASD exhibit social deficits and repetitive sensory-motor behaviors. Due to the 

versatile characteristics, no reliable biomarkers are available, and diagnosis is currently based solely 

on behavior. According to the DSM-5, the following aspects must be fulfilled: social 

communication and/or interaction impairment, sensory anomalies, and repetitive behavior (e.g., 

restricted interests and hyper/hyposensitivity). The symptoms must be present in early development 

and cause impairment in current functioning without another explanation. Various levels of 

intellectual disability are possible.248 

Pathophysiological differences include functional brain and subtle anatomical changes, e.g., evident 

in electroencephalography. More than 100 genes and genomic regions are associated with ASD, but 

the knowledge of genetic components has not shown clear benefits yet. Presumably, complex 

interactions in the development of children’s brain activity and behavior cause altered synaptic 

signaling and gene expression. Treatment aims to interfere with specific behaviors, joint attention, 

language, and social engagement through psychosocial interventions. In contrast, pharmacological 

treatment should improve associated symptoms such as irritability and comorbidities, including 

anxiety, Tourette syndrome, ADHD, and depression.249-251 Genetic risk factors of Tourette 

syndrome match those of ASD, and both neurodevelopmental disorders may be associated with the 

upregulated microglia activation, neuroinflammation, and dysfunction of basal ganglia circuits. 

Furthermore, a family association study has shown that nonsense mutations in the HDC gene are 

associated with TS.252 ASD can be classified into syndromic and nonsyndromic based on apparent 

clinical criteria.253 Although some pharmacological treatment options are available, the 

improvement of social interaction is only a secondary effect. Currently applied medicinal products 

and the respective treated symptoms are displayed in Table 3. 

Due to the heterogeneity of ASD with varying principal symptoms, several therapeutic options are 

required. Furthermore, only associated symptoms or comorbidities such as ADHD or anxiety are 

treated with the available drugs to date.248 Prescriptions are mostly off-label, bearing the risk of 

overmedication and insufficient effect due to interindividual differences. Furthermore, side effects 

of these drugs, such as weight gain from atypical antipsychotics, aggression from stimulants, or 

emotional flattening with SSRIs, deteriorate patient compliance.248, 254 Hence, a preferable safety 

profile needs to be considered for novel drug discovery. Treatments targeting the cause of the 

disease and focusing on improving social and communication skills are still in development. 
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Table 3: Drugs in use for specific symptoms of ASD.248, 254, 255 

Drug or drug class Symptoms 

Methylphenidate 

ADHD Atomoxetine 

Guanfacine 

Risperidone Agitation, 
irritability, 
aggression, 
self-injury, 

severe tantrums 

Aripiprazole 

Atypical antipsychotics  
Aggression, 
self-injury, 

tantrum 
SSRI Anxiety, 

repetitive behaviors 
Psychostimulants 

Hyperactivity 
Opioid antagonists (e.g., naltrexone) 

Abbreviations: ADHD – attention deficit hyperactivity disorder, SSRI – selective serotonin reuptake inhibitor 

 

De novo deletions in HNMT suggest a possible influence of the histaminergic system in ASD, the 

comorbidity with Tourette syndrome, and their similar pathophysiological mechanism indicates that 

the histaminergic system may be involved in repetitive behavior.252 In particular, increased H3R 

activity in the striatum might contribute to repetitive behavior in ASD patients. H3R antagonist 

alleviates repetitive behaviors in BTBR mice.256 H3R blockade improved social deficits in 

phencyclidine (PCP) exposed mice.257 Ciproxifan improved sociability and decreased stereotypy in 

valproic acid (VPA) induced ASD.258, 259 E169 demonstrated memory-enhancing capabilities with 

efficacy in modulating cognitive impairment and enhancing short-term recognition memory in 

mice.260 ST-2223 with H3R and D2/D3R properties improved anxiety.256 The H3R antagonist and 

AChE inhibitor E100 alleviated VPA-induced autistic, stereotypic, and repetitive behaviors in mice 

model of ASD.261 DL77 mitigates autistic behavior in the VPA-induced mouse model but failed to 

restore anxiety and hyperactivity.259 These preclinical studies indicate the benefits of H3R 

antagonists in ASD patients, but clinical trials are needed to unravel the effect of H3R antagonists 

in ASD patients. 
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1.5 Dual- and Multi-targeting directed ligands 

In the field of drug discovery, the paradigm of ‘one molecule, one target’ dominated for many years. 

Nevertheless, highly selective ligands targeting individual proteins often fail to provide adequate 

therapeutic efficacy. In diseases with simple pathophysiological mechanisms and clear disease 

causes, traditional single-target drugs are feasible. Nevertheless, the influence of multiple receptors, 

enzymes, and signaling pathways in the pathophysiology of complex diseases demands 

sophisticated solutions.123, 262 

Polypharmacology is frequently applied in multifactorial diseases, either as a drug cocktail or 

coformulation. For example, the dopamine agonist pramipexole is combined with the catechol-O-

methyltransferase inhibitor entacapone or the MAO-B inhibitor safinamide with COMT inhibitors 

for the treatment of PD.180 The applications of drug cocktails are versatile, but the main goal is 

increased efficacy and/or prevention of adverse events, e.g., a non-steroidal anti-inflammatory drug 

with proton pump inhibitors to reduce heartburn.263 Administration of drug cocktails is accompanied 

by poor patient compliance, different pharmacokinetics, and may result in severe adverse events.264, 

265 

Coformulations such as tablets containing multiple active pharmaceutical ingredients improve 

patient compliance and efficacy. Technologically developed formulations are challenging in a 

physicochemical and pharmacokinetic manner. Especially if the combined active pharmaceutical 

ingredients have different technological requirements and a mutual influence on pharmacokinetics. 

The flexibility of dosing is limited, for example, with non-separable tablets or if only a specific 

strength is manufactured.266 However, Corbilta® is a successful example of a coated tablet with 

levodopa, carbidopa, and entacapone for the treatment of PD.266, 267 

The development of new drug candidates with high efficacy and preferable toxicological properties, 

lacking severe adverse events, is becoming increasingly complex due to stricter regulatory 

requirements. Moreover, the lack of definite targets involved in pathophysiology or the cause of 

disease hinders drug discovery. Multitarget-directed ligand (MTDL) development has moved into 

the spotlight of CNS disease recently.123 Formerly, the main reason for MTDL discovery was by 

serendipity, such as the antipsychotic haloperidol (see Figure 8) or imipramine, a tricyclic 

antidepressant, found by serendipity acting as a potent SSRI with NA reuptake inhibition and acting 

as a H1R and mAChR antagonist.268 

The opportunities of MTDL and dual-target directed ligands (DTDL) include synergistic effects, 

higher efficacy and safety, and a simplified dose schedule.262 Taking antipsychotic drugs as an 
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example, the atypical antipsychotic drug clozapine (Figure 8) acts as a dopamine D2R agonist, 5-

HT2AR and mAChR antagonist. This target combination leads to antipsychotic effects (D2R), 

reduction of side effects (5-HT2AR, mAChR), and an overall improvement of positive and negative 

symptoms in schizophrenia. Moreover, the antipsychotic drug Cariprazine (Figure 8) acts as 

dopamine D3R and D2R partial agonist (pKi=10.07, 9.31), 5-HT1AR partial agonist (pKi=8.59), 5-

HT2AR antagonist (pKi= 7.73), and 5-HT2BR (pKi= 9.24), and H1R (pKi =7.63). The interplay of 

several targets improves cognitive and negative symptoms (D3 and D2R), acts as an anxiolytic and 

mood stabilizing agent (5-HT1AR), and reduces extrapyramidal side effects (5-HT2AR).269, 270 

Challenges in the development of MTDL include its large molecular weight due to combined 

pharmacophores, the selection of targets for combination, and the fact that higher drug promiscuity 

may result in unforeseen side effects.262 

The identification of target combinations can be realized with several strategies. Rational 

combinations can be based on clinical observations, such as aripiprazole or cariprazine (Figure 8). 

Moreover, phenotypic screening in cell systems and animal models, as well as in silico techniques, 

such as network pharmacological methods or machine learning, are valuable tools for target 

selection.267 In-silico techniques require wet lab validation. High-throughput screening of effective 

compounds for another target is indeed time-consuming, but it can still result in hit identification. 

Thereafter, affinities and selectivity are improved during lead optimization. The lead ligand’s 

physicochemical and pharmacokinetic properties, and biological activities are improved. The 

challenges of MTDLs improvement are conserving activities on all targets and reducing activities 

at off-targets.262 

MTDLs are classified into linked, fused, or merged ligands depending on the structural overlap of 

the pharmacophores. In contrast, for the linked MTDLs, known pharmacophores are linked to one 

molecule via stable or biodegradable linkers, the fused ligands do not contain a linker, and the 

pharmacophores of the desired targets are fused. The merged approach has the highest overlap of 

pharmacophores. Linked pharmacophores are the most straightforward approach to generating 

MTDLs, eliminating the need for excessive structural optimization. This strategy is of great interest 

for target delivery, e.g., antibody-drug conjugates in cancer therapy, imaging purposes, and 

modulation of pharmacokinetic properties. However, this approach often results in large molecules, 

hindrance of the linker, and bioavailability issues.262, 271 One example, among others, is the dual-

targeting fluorescent ligand UR-NR266 with a polyethylenglycol linker.272  Linker chemistry is 

decisive as it can either support the properties of the MTDL, e.g., polarity and solubility, or impact 

biological activities towards selected targets, e.g., with steric hindrance. Non-cleavable or cleavable 
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linkers, such as hydrazone or disulfide linkers, can be applied depending on the purpose of the 

MTDL. In the fused class, two or more molecules are fused without the necessity of a linker, and 

the merged class composite ligands with similar core structural elements interact with two or 

multiple targets. The main pitfall of this class is promiscuity without selectivity to the intended 

targets.262, 267, 271 

A holistic and rational approach to target and ligand selection, balancing desired activities, is 

necessary to accomplish selectivity, in addition to biological activity at multiple targets. The 

validation of target combinations and elucidation of tolerant positions of structural elements are 

helpful in achieving this. The strategy of lead generation depends on the type of MTDL, and the 

knowledge-based approach focuses on known pharmacophores of selective ligands for multiple 

targets combined into a single compound. An alternative strategy is design-in, in which potent and 

selective compounds that modulate the two targets are employed for MTDL development. The first 

pharmacophore is designed into the second and subsequently modified for dual or multiple potency. 

Similarity of structural features is essential for achieving potency on the selected targets. In an 

optimal scenario, the central building block of both ligands is the same, and only the configuration 

of substituents differs. This approach is beneficial for known selective ligands with detailed 

structure-activity relationships. This helps identify adaptable positions and determine whether 

scaffold hopping might be applicable. In comparison, the design-out approach starts with an 

unselective ligand that modulates multiple targets of interest. The development focuses on structural 

adaptation toward selectivity and reducing the potency of unintended targets.262, 267
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1.5.1 Targets for combination in DTDLs and MTDLs  

The last decades have seen a growing trend towards MTDLs in the field of H3R.123 Selective ligands 

were in the focus of the area, although dual target properties of some H3R antagonists were already 

described more than 20 years ago, e.g., H3R and H1R for allergy and inflammation, NO donor 

properties with guanidine derivatives (neuromodulator), and H3R antagonist with inhibition of 

HNMT.273 Renewed interest in MTDLs has developed in recent years, with several concepts of 

target combinations.123 Targets of interest include other GPCRs such as dopamine D2R and D3R, 

adenosine A1 and A2A receptors, e.g., ST-1992274, serotonin receptors, e.g., ST-2300275, and/or 

enzymes such as cholinesterases and monoamine oxidases, e.g., contilisant109. Understanding the 

causes of disease leads to the best target combinations, and this chapter presents specific 

combinatory targets (Figure 9) focusing on their impact on disease pathophysiology and case studies 

of already described MTDLs.  

 

Figure 9: Schematic representation of dual- and multi-target directed ligand combinations described 
in this thesis (adapted from reference 276). 
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Dopamine Receptors 

Dopamine receptors are GPCRs distinguished into five receptor subtypes, D1-D5R. The receptors 

are grouped into D1/D5 (D1-like) that are mainly Gs-coupled receptors, and D2/D3/D4 (D2-like) 

which are mainly Gi/o-coupled receptors.277-279 Dopamine is a neurotransmitter involved in multiple 

CNS circuits, influencing, among others, motivation, cognition, emotions, and motor function. An 

imbalanced dopamine system in the CNS is associated with mood disorders, schizophrenia, and PD. 

Dopaminergic innervations are present in the nigrostriatal, mesocortical, mesolimbic, and 

tuberoinfundibular regions280, 281 with D1-like receptors postsynaptically and D2-like receptors pre- 

and postsynaptically.282 Affinity of dopamine to the receptor subtypes varies, and higher sensitivity 

of presynaptic receptors may induce biphasic effects of these receptors, which means suppression 

at low and stimulation at high doses.283 D2R is located pre- and postsynaptically, with two main 

splicing variants, the short D2S (mainly presynaptic) and long D2L (mainly postsynaptic) elicit 

distinct functions.284-287 While presynaptic inhibition of dopamine release initiates neuromodulation 

leading to reduced locomotion, postsynaptic inhibition of D2R improves motor activity. For D3R 

and D4R, splicing variants were also found, but their functional characteristics are less well 

characterized.288, 289 

Antipsychotics mainly affect dopamine receptors, and the occurrence of extrapyramidal side effects, 

namely akathisia, parkinsonism, dystonia, and tardive dyskinesia, is caused by the inhibition of 

striatal dopamine receptors.290 Even though the antipsychotic effect is an interplay of several 

neurotransmitters, the main part is the inhibition of dopamine receptors in the mesolimbic area. The 

dopaminergic system is associated with depression, and some dopaminergic agonists have shown 

antidepressant effects in preclinical studies.291 Dopamine agonists and DA reuptake inhibitors may 

have therapeutic effects on depression.292 As already mentioned in section 1.4.4, dopamine D2R 

agonists such as pramipexol or ropinirole are used in the treatment of PD. Moreover, MAO B and 

COMT inhibitors increase dopamine by inhibiting dopamine decay.293 D1R is involved in cognitive 

processes such as learning, attention, and memory, motor functions, and reward, indicating it is a 

potential target in PD, but to date, no selective ligand is available.283  

H3R antagonist alone or as MTDL with MAO-B inhibition increases dopamine concentration and 

achieves improvements in cognitive impairment 109. Some examples are displayed in Figure 10. The 

dual ligand AG-0029 (Figure 10), featuring a merged D2R/D3R partial agonistic and H3R 

antagonistic pharmacophore, ameliorates motor symptoms and improves cognition in vivo (in rats). 

Receptor occupancy study implies that higher doses are required for therapeutic effect at H3R in 

vivo compared to the dopaminergic occupancy, with the emphasis on the balanced activity at both 
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targets.294 ST-2223 (Figure 10) is a merged MTDL with H3R pharmacophore and part of the D3R 

selective inverse agonist BP-897 with H3 and D2/D3R affinity and demonstrating improvement of 

autism-like behavior.256 LINS01 compounds are dihydrobenzofuranyl-piperazine derivates with 

H3R and moderate to weak D2/D3 affinities.295, 296 ST-713 (Figure 10) comprising chlorpromazine 

and H3R pharmacophore showed high affinity at H3R and D2/D3R with additional moderate affinity 

to H1R, H4R, D1R and D5R. In mice, ST-713 ameliorates autism-like behavior.297 Compound 11 

(Figure 10) combines H3R pharmacophore and the neuroleptic amitriptyline (H3R, H1, moderate D2, 

D3, D1, and D5).298  

 

Figure 10: MTDLs comprising dopamine (orange) and H3 (blue) receptor pharmacophores and their 

respective activity at the targets.256, 294, 297, 298 
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Cholinesterases 

Acetylcholinesterase (EC 3.1.1.7, AChE) and Butyrylcholinesterase (EC 3.1.1.8, BuChE) are 

enzymes responsible for the hydrolysis of the neurotransmitter ACh in the synaptic cleft.299 The 

difference between cholinesterase enzymes is their substrate specificity, kinetics, expression 

pattern, and activity in different brain regions, e.g., BuChE affinity for ACh is lower.300-302 AChE 

inhibitors increase ACh levels in synapses and elevate central excitability with neuroprotective 

effects on the stimulation of nicotinic and muscarinic ACh receptors, which improve cognitive 

functions in AD patients.303-305 The AchE inhibitors donepezil, rivastigmine, and galantamine are 

still the first-line treatment of AD but lack long-term effect in progressed AD.306 During the 

progression of AD, AChE levels decrease, and drug efficacy deteriorates, but BuChE levels can 

increase, presumably as a compensatory mechanism.307 BuChE inhibitors may be a possible strategy 

in advanced AD, and selective ligands are assumed to be neuroprotective.301, 308 

Many structurally diverse MTDLs that combine cholinesterase inhibition and H3R antagonism have 

already been described (Figure 11). The most prominent is contilisant (Figure 11), combining good 

affinity to H3R, good MAO B, and MAO A inhibition, as well as moderate cholinesterase inhibitory 

activity and antioxidative properties demonstrated restorage of cognitive deficit in vivo.109 Later 

moderate affinity to σ1R of contilisant (Figure 11) was established.309 Isoflavones with H3R and 

AChE inhibition.310, 311 The tacrine derivative FUB 833 (Figure 11) has additional HNMT inhibition 

(IC50=48 nM) .118 The merged ligand UW-DM-71 (Figure 11) combines balanced H3R affinity and 

AChE inhibition with moderate BuChE.312 Compound 23 (Figure 11) is a xanthone derivative 

comprising a merged H3R and AChE pharmacophore, which showed an enhancing effect on drug-

induced amnesia in rats and analgesic effects in neuropathic pain models in mice and rats.313 
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Figure 11: MTDL with H3R (blue) and AChE and/or BuChE pharmacophore (yellow) and their 

respective activity at the targets.109, 118, 312, 313 
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L-type calcium channels 

Intracellular Ca2+ signals control Ca2+-dependent cellular processes, and Ca2+ ion inward current 

drives membrane depolarization, contributing to the electrical activity of cells.314 Ca2+ channels 

contribute to transmitter secretion, endocrine system, learning, memory, muscle contraction, heart 

pacemaker activity, and sensory functions.314, 315 Voltage-gated Ca2+ channels are classified in L-

type (LTCCs), P/Q-, N-, R-, and T-type calcium channels.316 LTCCs are divided into four channel 

subtypes, namely Cav1.1 (CACNA1S), 1.2 (CACNA1C), 1.3 (CACNA1D) and 1.4 

(CACNA1F).317-319 LTCCs consist of five subunits either α1, α2, β, δ and γ component.315 The pore-

forming α1-subunit is highly conserved and depicts mutation sensitive region.314 In the CNS, 

primarily Cav1.2 and 1.3 are expressed 320, but these are also located peripheral on the sinoatrial 

node, atrial myocytes, or chromaffin cells with impact on heart, brain, and endocrine cells (see 

Figure 12).321, 322 

 

 

Figure 12: Main functions of CaV1.2 and CaV1.3 (adapted from 322). 

The section below focuses on these two LTCCs due to their localization in the brain, their role in 

CNS disease pathophysiology, possible therapeutic applications, and previous studies of MTDLs.  
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In the brain, both channels are primarily located postsynaptically, modulating neuronal firing with 

an impact on multiple pathways. CaV1.2 is involved in spatial memory, long-term potentiation, 

emotional behavior, and addiction, while CaV1.3 regulates both short- and long-term potentiation 

and is associated with memory learning and emotional behavior. The calcium channels activate at 

different voltages, namely CaV1.3 at more negative voltages (9-15 mV), and the proportion of 

CaV1.2 in the brain was detected nine times higher.314, 315, 323  

Calcium channel blockers like isradipine (Figure 13) and amlodipine are widely applied in the 

treatment of cardiac diseases and as antihypertensives.315 The tolerability of these drugs is proved 

during many years of application therefore repurposing of calcium channel blockers was extensively 

studied in recent years.324 Isradipine (Figure 13) was investigated in clinical trials for PD, adjunctive 

for bipolar depression, cognitive improvement in schizophrenia and schizoaffective disorder, but 

efficacy was not persuasive 325-328 or the trial was terminated due to insufficient recruitment and 

study delay329. The disease modifying effect was evaluated in the clinical trial for PD, and it was 

considered that the dose (10 mg/day) may be insufficient to achieve neuroprotective effects and 

questioned whether the timing of administration post diagnosis was too late.330 The influences of 

dihydropyridines (DHP) on brain functions in humans at therapeutic doses were found to be low, 

however, alterations of metaplasticity have been demonstrated.315, 331 It has to be noted that 

interpretation of experimental results is complex, for example differentiation between current 

components of different calcium channels (e.g. CaV1 and CaV2) in native tissue or in vivo 

experiments is challenging due to the contribution of several calcium channels to total Ca2+ current 

and complexity increases even more due to the possible association of α1 subunit with all β subunits, 

alternative splicing and interaction with various modulatory proteins.314, 315 Moreover, a major issue 

in several in vivo experiments concerned the use of supratherapeutic doses leading to cardiovascular 

effects.315 Multiple Ca2+ channelopathies of these LTCC subtypes are discovered, and these genetic 

variations are associated with multiple human diseases.314 Symptoms of the rare genetic disease 

Timothy syndrome are ASD like behavior, such as repetitive and social behavior, and ADHD. This 

syndrome is caused by a mutation of the pore-forming α1 subunit of CaV1.2 and suggests that 

enhanced CaV1.2 may also contribute to other neuropsychological disorders like ASD.321, 332 Single 

nucleotide polymorphism of CaV1.2 is associated with ASD, schizophrenia, and major depressive 

disorder in genome-wide association studies.333 Furthermore, CaV1.3 dysfunction is associated with 

a neurodevelopmental disorder showing symptoms such as hyperactivity, autistic behavior, and 

intellectual disability.322 
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Figure 13: The structures of exemplary LTCC modulators. 

Both Ca2+ channels modulate pain sensitization in dorsal spinal neurons, suggesting their 

involvement and potential therapeutic benefit in neuropathic pain. For example, it is assumed that 

CaV1.3 inhibition might be beneficial for spasticity treatment in spinal cord injury patients.322 

Increased intracellular Ca2+ levels are correlated with mitochondrial dysfunction, oxidative stress, 

or even cellular death and are associated with neurodegenerative disorders, including AD and PD.178 

LTCCs have been reported to play a part in dopaminergic neuron vulnerability in SN by contributing 

to oxidative stress and thereby may be involved in PD progression.321 Even though both Ca2+ 

channels are expressed in SN dopaminergic neurons, it is believed that especially CaV1.3 selective 

blockers allow therapeutic targeting of these neurons. Dose-limiting side effects of DHPs could be 

avoided, which are caused by CaV1.2 inhibition in blood vessels.321, 322 The pyrimidine-2,4,6-trione 

cp-PYT (Figure 13) was first described as a selective CaV1.3 modulator with low potency, but 

following evaluation in another lab showed inconclusive results.334-336 Dopamine receptors 

modulate CaV1.3 on medium spiny neurons, namely, D1R amplifies and D2R diminishes channel 

opening. Loss of dopaminergic neurons in the SN pars compacta in PD consecutively results in 

degeneration of dendritic spines on striatal medium spiny neurons. Dysregulated Ca2+ influx via 

CaV1.3 is involved in the degeneration, and this is presumably triggered by lower modulation of 

CaV1.3 by dopaminergic receptors.337 Interestingly, downregulation and genetic silencing of CaV1.3 

in the striatum decreased dyskinesia in rats.338, 339  

Recently, the first MTDLs with the combination of H3R pharmacophore and calcium channel 

inhibition were reported by Malek et al. as a potential treatment for AD.340, 341 In their studies, 

MTDLs were designed to exhibit calcium channel inhibition, H3R antagonism, and ChE inhibition. 

Both lead compounds, 3p and 3e (Figure 14), restored cognitive impairment in vivo, despite their 

differing properties at the desired targets. While the DHP 3p (Figure 14) showed a more balanced 

but less potent activity profile (H3R Ki = 565 nM, BuChE IC50 = 7.83 µM, Ca2+ channel blockade 

IC50 = 21 µM), the dihydropyrimidine 3e (Figure 14) is more potent at H3R and AChE inhibition 

but weaker calcium channel inhibition.340, 341 These studies indicate that these target combinations 
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may be beneficial in neurodegenerative disease. However, activity on specific Ca2+ channels was 

not explored, and further studies are necessary to achieve balanced activity on all targets. 

 

 

Figure 14: MTDL with H3R (blue) and calcium channel (red) pharmacophore and their respective 

activity at the targets.340, 341 
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Sigma receptors 

Sigma receptors (σ1 and σ2 receptors) are structurally and genetically unrelated endoplasmic 

reticulum membrane proteins that are located in lipid raft-containing cholesterol and sphingolipids 

of the plasma membrane.342, 343 Despite the structural and genetic differences, the binding pockets 

of the two proteins are remarkably similar, and they modulate closely related cellular activities. 

Both targets are involved in neurological and neurodevelopmental disorders, namely AD, PD, pain, 

depression, and Huntington’s disease.343 σ1R Consists of four transmembrane helices and is 

primarily expressed in the CNS, breast, colon, stomach, esophagus, and lung. In addition, σ1R is 

highly expressed in cancer cells. σ1R is an endoplasmic reticulum-associated molecular chaperone 

protein that can translocate to the plasma membrane, interact, and modulate the activity of other 

proteins such as IP3R, ion channels, and small molecule G-protein (Rac1). Regulation and 

modulation of voltage-regulated and ligand-gated ion channels (Ca2+, K+, Na+, Cl-, and SK channels, 

NMDA and IP3 receptors) by σ1R inhibits voltage-gated ion channels and potentiates ligand-gated 

channels.344 

σ1R Agonists have neuroprotective, mood-modifying, analgesic, or cognitive effects. Activation of 

σ1R has been suggested to be involved in the development of neuropathic pain and upregulation of 

spinal cord σ1R during the induction phase of neuropathic pain. KO mice failed to develop 

mechanical allodynia, implicating σ1R antagonist as a potential analgesic strategy.342 Clinical 

studies in healthy and neuropathic pain patients of the selective σ1R antagonist E-52862 alleviated 

diabetic neuropathy and chronic pain with a good safety profile.345, 346 The neuroprotective effect of 

σ1 receptor ligands is linked to regulation of intracellular calcium homeostasis. In PET experiments, 

downregulation of σ1R was observed in early-stage PD patients.347 PRE-084 stimulates σ1R and 

demonstrates an improvement of spontaneous forelimb use in 6-OHDA-lesioned mice. 

Furthermore, increased density of dopaminergic fibers, modest recovery of dopamine levels, and 

upregulation of neurotrophic factors (brain-derived neurotrophic factor and glial cell line derived 

neurotrophic factor) indicate involvement of σ1R in PD.348 

σ1R is highly expressed in the CNS and research has primarily focused on pain and 

neurotransmission.343 Some σ1R variants (G-241T/C-240T (rs.1799729) and A61C (rs.1800866)) 

may be involved in AD development.349 In early stages of AD, σ1R decreases in the brain 350, 351 

possibly associated with higher vulnerability of neuronal cells to amyloid β-mediated toxicity and 

cell death.352 σ1R controls τ-phosphorylation by encouraging p35 turnover, as supported by KO and 

overexpression experiments353, and KO in hippocampal neurons leads to decreased dendritic spine 

formation.354-356 Blacarmesine, an σ1R activator, demonstrated promising results in an early AD 
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phase IIb/III clinical trial.357 CT1812 is a σ2R antagonist in phase 2 clinical trials for AD with 

positive outcomes and clear benefits. The compound could also be a potential cure-modifying 

therapy, not only for symptomatic relief.358 In addition to the influence of σ1R on pain, the σ2R has 

recently emerged as a target for the treatment of pain. Several ligands demonstrated antinociceptive 

properties in neuropathic pain models, but the understanding of the mechanism of action is limited 

to date.346 

For several H3R inverse agonists (JNJ-5207852, PF-3654746 (Figure 5), GSK189254 (Figure 7), 

ABT-239, Pitolisant (Figure 3), S 38093-2), σ1R affinity was shown recently, suggesting σ1 

modulation should be considered interpreting the effects of these compounds.359 Furthermore, for 

the already described contilisant, later σ1R agonism was demonstrated with the implication to 

restore cognitive impairment induced by LPS in vivo.309 The piperazine derivative KSK94 (Figure 

15) with high affinity for H3R and preference for σ2R over σ1R was studied in vivo in an obesity 

model, reducing the development of obesity in rats.360, 361 The activity in neuropathic pain models 

was only evaluated for the piperidine-based dual H3R and σ1R antagonists, e.g., KSK68 (Figure 15). 

These dual target ligands demonstrated promising antinociceptive activity in several in vivo pain 

models.360 

 

Figure 15: MTDL with H3R (blue) and sigma receptor (green) pharmacophore and their respective 
activity at the targets.360 
Abbreviation: n.d.  
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2 Scope and Objectives 
This dissertation aims to develop, evaluate biologically, and optimize novel multi-target directed 

ligands, with special emphasis on the histamine H3 receptor. Almost a decade after the approval of 

Pitolisant, it remains the only approved drug targeting H3R in the treatment of the orphan disease 

narcolepsy and obstructive sleep apnea. Multi-target directed ligands offer the possibility, through 

synergistic effects, to pave the way for further therapeutic areas of H3R antagonists/inverse agonists 

in neurological and neurodegenerative diseases.  

 

Structure-based drug design requires detailed knowledge of structure-activity relationships and 

pharmacokinetic properties. Therefore, the first part of this work aims to design, identify, and 

evaluate novel scaffolds targeting histamine and dopamine receptors utilizing scaffold hopping, 

isosteric replacement, and linker variation. The design strategies are complemented by in vitro 

studies, pharmacokinetic property calculations, and molecular docking, which provide early drug-

target evaluation and safety profiling to guide future applications and lead generation. 

 

The second part of this thesis aims to explore novel multi-targeted ligands with a key focus on the 

histamine H3 receptor, in combination with complementary CNS targets involved in neurological 

and neurodegenerative diseases. Three sets of target combinations will include GPCRs (D3R), σ 

receptors, enzymes (AChE/BuChE), and ion channels (CaV1.2 and CaV1.3) to explore and compare 

various co-targets. The first set of ligands will be piperazine-based, while the second and third sets 

are piperidine-based dual-targeting ligands. The focus lies on early pharmacological evaluation for 

the identification and mutual influences of key structural aspects of these multi-target ligands. 

Extensive pharmacological and pharmacokinetic screening of the sigma receptor-MTDLs will be 

conducted to achieve an in-depth analysis of these ligands. The study of the barely investigated 

combination with calcium channels will focus on the pharmacological characterization of these dual 

target ligands on specific Ca2+ channels 
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4 Conclusion and Perspectives 
Histamine and its receptors have an underestimated therapeutic potential in neurological and 

neurodegenerative diseases. This cumulative dissertation describes the pharmacological evaluation 

of novel H3R ligands contributing to the ongoing search for therapeutic strategies against 

neurological and neurodegenerative diseases. The first part focused on developing novel structural 

elements, while the second part of the dissertation aimed to design and evaluate multi-target directed 

ligands bearing an H3R pharmacophore merged or linked to other targets. This reflects the increasing 

awareness that complex CNS diseases require multifaceted pharmacological concepts for 

therapeutic efficacy. 

The scaffold hopping approach was applied for the structural optimization of previously identified 

ligands362, 363, in terms of pharmacokinetic, physicochemical properties, and toxicity profile. This 

led to identifying the easily accessible compound d2 (Figure 16) with favorable ADME and toxicity 

values, showing moderate affinity at H3R (Ki = 2.61 µM) (Chapter 3.1). The affinity at H3R was 

evaluated using a radioligand displacement assay to confirm the result of molecular docking studies 

and showed concordance with the obtained docking scores. In addition, the demethylated derivative 

of d2 showed lower potency at the H3R, underscoring the importance of subtle chemical 

modifications (e.g., methylation) in modulating receptor affinity. Molecular docking and dynamics 

simulations provide mechanistic insights into receptor-ligand interactions: ionic interaction of the 

nitrogen with Glu206 (TM5) and hydrogen bonds of the amide with Tyr115 (TM3) and Tyr374 

(TM6). The 1,2,3,4-tetrahydroisochinoline scaffold may serve for optimization to obtain higher 

potency and retain the predicted safety profile. 

In the second study, eight purine derivatives were designed by isosteric replacement of pyrrolo[2,3-

d]pyrimidines 364, 365 with purine, resulting in compound 3d (Figure 16) with low nanomolar binding 

affinity to the H3R (Ki = 2.91 nM), in the range of the clinically approved drug Pitolisant (Chapter 

3.2). The structure-activity relationship analysis indicates that 2,6-dichlorobenzyl derivatives have 

the lowest affinity, and ligand-receptor interaction is stabilized by the hydrogen bond of purine with 

Tyr374 (TM6). Importantly, predicted physicochemical properties, including blood-brain barrier 

permeability and in vitro cytotoxicity properties, are favorable. 

Two approaches of structure-based drug design for H3R ligands, namely isosteric replacement and 

scaffold-hopping, were applied, demonstrating their complementary strengths: scaffold-hopping for 

exploration of diverse chemical scaffolds and isosteric replacement for novel ligands that retain high 

potency. The integrative computational approaches are complemented by experimental in vitro 
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studies, presenting a valuable tool towards the development of novel CNS-targeted drugs. Since the 

crystal structure of H3R was not available at the time of these studies, the computational calculations 

were conducted on a homology model of H1R.  

 

Figure 16: New compounds d2 and 3d.  

Dopamine receptors are suitable co-targets due to their modulation of several CNS pathways 

involved in schizophrenia and PD, and the co-expression of H3R on dopaminergic neurons. The 

third study investigated ligands with phenylmethyl and -ethyl linkers on dopamine D2 and D3 

receptors. In the structure-based approach, the western part of Cariprazine and the eastern part of 

BP897 were linked by these two aromatic linkers, revealing the phenylethyl linker with low 

nanomolar binding affinities at both dopamine receptors. The affinities obtained in radioligand 

displacement assays led to compound 6c (pKi(D2R) =7.83, pKi(D3R) = 8.04), comprising similar 

activity on both targets (Chapter 3.3). The electron-donating group (e.g., amide) and phenethyl 

spacer improve affinity to the receptors compared to the electron-withdrawing group. 

 

The first MTDL study focused on a series of substituted piperazines linked to BP897 with the aim 

of simultaneous interaction of H3R, D3R, and cholinesterases. Lead compounds LINS05006 and 

LINS05015 (Figure 17) exhibited similar activity across the GPCR targets in the micromolar range 

(Chapter 3.4). Methylpiperazine moiety and longer alkyl linkers enhanced affinity and balanced 

properties. Balanced activity towards all targets is of great importance, as shown by a recent study 

of the MTDL AG-0029 with imbalanced dual target properties.294 Different aspects of MTDLs were 

investigated with novel insights into binding modes and pharmacological properties of these 

ligands. However, the study is limited by the lack of information on functional properties at the 

dopamine receptors and the overall micromolar affinity or inhibition values. This study supports the 

utility of modular ligand design for investigating novel ligands for H3R, D3R, and cholinesterase 

inhibition, with the prospect of lead optimization. 
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Dual-acting ligands combining H3R and ion channel inhibition present a class of MTDLs that has 

barely been studied. The investigation of this target combination at specific L-type calcium 

channels, CaV1.2 and CaV1.3, is novel, which was realized in fluorescence calcium assay. The lead 

compounds 3f and 5b (Figure 17) showed no cytotoxic effect, selectivity over other histamine 

receptors, and low,  respectively, no frequency dependence in patch clamp experiments (Chapter 

3.5). The study provides new insights into the binding properties and the mutual influences of this 

target combination, demonstrating the flexibility and suitability of the H3 pharmacophore for 

MTDL, while balanced pharmacological properties and sufficient inhibition of LTCC are 

challenging. These results support previous studies of MTDLs with calcium channel blockers that 

could not attain balanced activity even with unspecific calcium channel assay.340, 341 The slight 

preference of 5b (Figure 17) for the CaV1.3 channel was found and might be helpful for further 

structural optimization towards CaV1.3 selective inhibitors. 

The discovery that several H3R antagonists also modulate σ receptors359 raises questions of these 

ligands’ mechanism of action and structure-activity relationships. Systematic analysis of 

protonation states comparing recently published piperazine and piperidine-based ligands360 reveals 

that the 4-pyridylpiperazine fragment determines the basic character of pyridine nitrogen and 

therefore selectivity for H3R over σ1R (Chapter 3.6). Gained knowledge that piperidine forms a salt 

bridge with Glu172 in σ1R was utilized to synthesize and evaluate novel dual target compounds. 

The in vitro evaluation of H3R, σ1R, and σ2R affinity revealed three lead compounds, 3 and 7 (Figure 

17), with the highest σ receptor selectivity values, and compound 12 (Figure 17) with balanced 

properties at all three targets. The pharmacological in vitro and in vivo activities are summarized in 

Table 4. Extensive in vivo evaluation in multiple neuropathic and inflammatory pain models 

demonstrates that compound 12 (Figure 17) is a promising lead with a broad analgesic effect. The 

combination of H3R and σR is the most feasible with balanced activity and selectivity, and the in 

vivo properties emphasize their potential for future therapeutic application.  

 

 

 

 

 



Conclusion and Perspectives 

318 

Table 4: Summary of the in vitro and in vivo properties of lead compounds 3, 7, and 12 from 

chapter 3.6.366 

 3 7 12 

H3R Ki and IC50 [nM] 4.3 and 83.4 5.2 and 83.7 7.7 and 215 
σ1 Ki [nM] 1.9 4.8 4.5 
σ2 Ki [nM] 25 116 10 

Pe (10-6 cm/s) 6.57 10.63 12.00 
t1/2 [h] n.d. n.d. 7.7 h 

Sedative effect 
(rotarod test) 

Sedative effect Sedative effect Decreased but not 
significant 

Antinociceptive 
activity formalin test 

Decrease of 
nociceptive 

response in acute 
and late phase 

Duration of 
nociceptive response 
and late phase of test 

attenuated 

High analgesic effect 
in acute and late 

phase 

Capsaicin-induced 
nociception 

n.d. n.d. Significant effect 

Loperamide-induced 
antinociception 

n.d. n.d. Dose-dependent 
increase of 

antinociceptive 
effect 

Oxaliplatin induced 
neuropathy 

n.d. n.d. Antiallodynic effect 

CCI-exposed mice n.d. n.d. Analgesic effect 
Abbreviations: CCI – chronic constriction injury, n.d. – not determined 
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Figure 17: Lead structures of multi-target ligands and their pharmacological properties (Chapter 3.4 

to 3.6). 

 

In conclusion, rationally designed multitarget ligands integrating in vitro biological evaluation, 

medicinal chemistry principles, and computational modeling provide a solid foundation for MTDL 

development. The in-depth analysis led to a promising lead compound. However, the early tentative 

nature of the herein described MTDL should be augmented with further lead optimization and in 

vivo investigation of lead structures to confirm therapeutic relevance. This work offers valuable 

insights into pharmacological properties and mutual influence on the desired targets with potential 

application in neurological and neurodegenerative diseases. The large heterogeneity in H3R 

elements and target combinations with different activities provides numerous rational approaches 

to new disease therapies.  
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