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Abstract 
The histamine H3 receptor (H3R) regulates the release of histamine and various other central 

transmitters such as acetylcholine, norepinephrine, glutamate and γ-aminobutyric acid. Therefore, the 

receptor plays a part in numerous neurologic processes. Consequently, H3R ligands have emerged as 

promising tools in neurogenetic disorders such as schizophrenia and Gilles de la Tourette syndrome (GTS), 

in the neurodegenerative conditions Alzheimer's disease (AD) and Parkinson's disease (PD), in autism-

spectrum disorder (ASD) and the rare Prader–Willi syndrome (PWS). However, only two H3R inverse 

agonists have been marketed to date of which only one emanated from dedicated drug development 

campaigns. 

Firstly, this work aimed to identify novel strategies in the molecular pharmacological characterisation of 

H3R ligands to elucidate their binding behaviour at the receptor. Secondly, novel H3R ligands should be 

discovered, without or with strategical co-activity at relevant other targets to address neurogenetic 

disorders following the multitargeting ligand (MTDL) concept. 

A novel homogeneous fluorescence polarisation approach revealed marked affinity differences between 

prominent receptor ligands, although, they are usually determined as highly-potent ligands by common 

reference methods. This study points towards differences in target binding modes of various receptor 

ligands and emphasises the importance of non-traditional methods and receptor-labelling tracers in 

molecular pharmacology of H3R. Further studies revealed limits of the bioisosteric replacement according 

to the common pharmacophore blueprint for the medicinal chemistry of H3R ligands and solutions for the 

design of potent H3R drug candidates. 

Furthermore, hit and lead compounds were discovered, but also drug candidates with co-activities at 

dopamine D2/D3 receptor (D2R/D3R) subtypes and enzymes involved in neurotransmitter degradation. Hit 

structures with combined H3R/D2R/D3R activity showed novel drug design strategies for MTDLs against 

schizophrenia and GTS. New lead and drug candidates with combined activity at monoamine oxidase B 

and cholinesterases (ChE) emerged as potential tools against PD and AD. Furthermore, this study 

demonstrates the applicability of H3R/ChE ligands in an in vivo model of ASD. 

Finally, a novel MTDL approach to neurogenetic disorders was proposed, bridging to the recently identified 

involvement of the histone H3 methyltransferase G9a in AD, ASD and especially in PWS. Strategic 

manipulation of neurotransmitter levels, combined with the manipulation of cellular neuronal function, 

present multi-strategical perspectives to multifactorial disorders. Thus, combined H3R antagonists/G9a 

inhibitors represent a single strategy against a plethora of neurogenetic disorders.  
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Zusammenfassung 
Der Histamin-H3-Rezeptor (H3R) moduliert die Freisetzung von Histamin und weiteren zentralen 

Neurotransmittern, wie Acetylcholin, Noradrenalin, Glutamat und γ-Aminobuttersäure. Deshalb ist dieser 

Rezeptor in zahlreiche neurologische Prozesse involviert. Folglich haben sich H3R Liganden als 

vielversprechender Ansatz in neurogenetischen Erkrankungen erwiesen, wie Schizophrenie, Gilles de la 

Tourette Syndrom (GTS), in den neurodegenerativen Erkrankungen wie dem Alzheimer und Parkinson 

Syndrom (AS und PS), in der Autismus-Spektrum-Störung (ASS) und dem seltenen Prader–Willi-Syndrom 

(PWS). Jedoch sind bis heute nur zwei inverse Agonisten des H3R zugelassen, wovon nur einer aus gezielten 

Arzneistoffentwicklungsprogrammen stammt. 

Als Erstes verfolgte diese Arbeit das Ziel, neue Strategien zur molekular-pharmakologischen Untersuchung 

des Rezeptorbindungsverhaltens von H3R Liganden zu finden. Zweitens sollten neue H3R Liganden entdeckt 

werden, um mit gezielter Koaktivität an relevanten weiteren Zielstrukturen im Rahmen des Multi-

Targeting-Ligand (MTL) Konzeptes neurogenetische Erkrankungen zu adressieren. 

Eine neue, kontinuierliche Fluoreszenzpolarisationsmethode zeigte deutliche Affinitätsunterschiede von 

Rezeptorliganden, die mittels Standardmethoden gewöhnlich als hoch potente Liganden charakterisiert 

werden. Diese Studie deutet auf Unterschiede im Rezeptorbindungsverhalten verschiedener Liganden hin 

und spricht für den Einsatz neuartiger Methoden in der Molekularpharmakologie des H3R. Weitere Studien 

zeigten Grenzen des bioisosteren Ersatzes nach der Pharmakophor-Blaupause für die medizinische Chemie 

von H3R Liganden auf und Lösungen für das Design potenter H3R Arzneistoffkandidaten. 

Ferner wurden Hit- und Leitstrukturen, aber auch Arzneistoffkandidaten mit Koaktivität an Dopamin D2/D3 

Rezeptorsubtypen und Enzymen entdeckt, die für den Neurotransmitter-Abbau verantwortlich sind. 

Hitstrukturen mit kombinierter H3R/D2R/D3R Aktivität zeigten neue Strategien für die Entwicklung von 

MTDLen gegen Schizophrenie und GTS auf. Neue Leitstrukturen und Arzneistoffkandidaten mit 

kombinierter Aktivität an Monoaminoxidase B und Cholinesterasen (ChE) traten als mögliche Ansätze 

gegen PS und AS hervor. Darüberhinaus konnte mittels in vivo Studien die Anwendbarkeit von H3R/ChE-

Liganden in der ASS aufgezeigt werden. 

Abschließend wurde ein neuer MTDL Ansatz für neurogenetische Erkrankungen vorgestellt, als 

Brückenschlag zu den kürzlich identifizierten Verbindungen der Histon-H3-Methyltransferase G9a zu dem 

AS, der ASS und insbesondere, dem PWS. Die strategische Manipulation des Neurotransmitterhaushalts, 

kombiniert mit der Manipulation zellulärer, neuronaler Funktionen, eröffnet multistrategische Perspektiven 

für multifaktorielle Erkrankungen. Deshalb stehen H3R Antagonisten/G9a Inhibitoren für eine einzige 

Strategie gegen zahlreiche neurogenetische Erkrankungen. 
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1.1. Physiological implications of the histamine H3 receptor 

Histamine (HA) was discovered by Sir Henry Dale, whose findings date back to the year 1907 (Riley, 

1965). However, these credits must be taken with care. While he admitted that HA was already known 

from a synthesis project in the same year, he was initiating the isolation of the compound from the 

Wernich's preparation -  a putrefied extract of ergot-alkaloids in which he assumed the presence of a 

compound with unprecedented pharmacological effects. In the same year of publishing this procedure, it 

was another researcher who identified HA in putrefied samples of L-histidine. However, it was Dale who 

correlated the pharmacological effects of specific fractions from the Wernich's preparation with known 

effects of an endogenously released compound that exerts anaphylaxis and with the then-recent 

identification of HA (Riley, 1965). Several decades had passed before HA was established as a 

neurotransmitter in the late 1970s, although several other neuronally released compounds have manifested 

well before (Tiligada et al., 2020). In contrast to other neurotransmitters such as norepinephrine (NE), HA 

is a hormone that exerts both, endocrine and neurohumoral, actions by the same chemical entity (Tiligada 

et al., 2020). 

HA exerts its actions among receptor subtypes of the class-A of G protein-coupled receptors (GPCRs). 

Thereof, four histaminergic ones are known to date (H1R, H2R, H3R and H4R). They differ in tissue 

distribution within the mammalian organism as well as in their coupling to G proteins and other signalling 

pathways (Table 1). The subtypes H1R, H2R and H3R shows relevant participation in the signalling of brain 

HA. The role of the H4R, which shows high structural similarity to H3R, is considered without functional 

expression in neurons; however, this is still a topic of discussion (Schneider et al., 2016). 

 

Table 1. Coupling and tissue distribution of HA receptor subtypes. 

 H1R H2R H3R H4R 

Main 

coupling partners0 

Gαq/Gα11 

β-arrestin2 

Gαs 

β-arrestin2 

Gαi/o 

 

Gαi/o 

β-arrestin2 

Tissue distribution0 
Neuronal (CNS), 

lung, blood vessels 

Neuronal (CNS), 

stomach, heart 
Neuronal (CNS) 

Bone marrow & 

haematopoietic 

cells 
Abbreviations: CNS = central nervous system 

References: (Panula et al., 2015; Southan et al., 2015; Bosma et al., 2016; Pandy-Szekeres et al., 2018) 

 

As presynaptic receptors were found for other neurotransmitters before, the paradigm of an 

autoreceptor for HA has evolved concurrently with the discovery of neuronal HA. Therefore, the disclosure 

of H3R and its characteristics was concluded from depolarisation-induced [3H]HA release from cortical slices 



Molecular pharmacology of histamine H3 receptor ligands 

and their implications in neurogenetic disorders  David Reiner-Link (2020) 

6 

of the rat and in the human brain (Arrang et al., 1983; Arrang et al., 1988). In detail, Arrang and co-workers 

found that 

i. the release of [3H]HA from histaminergic neurons was inhibited in the presence of HA, 

ii. the effect was abolished by two competitive antagonists, 

iii. there was no evidence for product repression of L-histidine decarboxylase (HDC) by HA in vitro, 

and thus, the observed actions were unlikely to be linked to this enzyme, 

iv. the observed effects were saturable and thus, target mediated, 

v. the results were indistinguishably linked with an inhibitory process that was not in line with 

stimulation (Gαs-mediated or Gαq-mediated) that is elicited by H1R or H2R, 

vi. the potencies of a series of agonists differed significantly from such for H1R and H2R (Arrang 

et al., 1983). 

Additionally, first hints for constitutive activity were revealed by the ability of the antagonists to 

increase the depletion of [3H]HA, though, this was not fully understood before the emerging of 

recombinant experimental systems in H3R pharmacology (Arrang et al., 1983; Morisset et al., 2000). 

In contrast to various other GPCRs, for which coupling to various isoforms of G proteins have been 

described, it was assumed that the H3R transduced intracellular actions are exclusively mediated by Gαi/o 

and the corresponding Gβγ-proteins (Inoue et al., 2019). After previous experiments, direct evidence was 

provided by Clark & Hill, who found pertussis-toxin sensitivity of agonist-mediated stimulation of 35S-

labelled analogue of guanosine 5'-O-[gamma-thio]triphosphate (GTPγ[35S]) binding (Clark et al., 1996). 

Interestingly, Gαi/o coupling is a shared feature of most auto- and heteroreceptors as they predominantly 

act via inhibition of neurotransmitter-release by a negative feedback mechanism (Hill, 1990). 

After receptor activation, H3R triggers various cell signalling pathways as depicted in Figure 1. The 

heterotrimeric G protein exchanges bound guanosine diphosphate (GDP) for guanosine triphosphate (GTP) 

and dissociates into subunits Gαi/o and Gβγ (right panel, Figure 1). Gαi/o reduces the activity of adenylyl 

cyclase and thereby cyclic adenosine monophosphate (cAMP)-elicited pathways. Both Gαi/o and Gβγ seem 

to inhibit voltage-gated Ca2+ channels, which decrease Ca2+-influx and vesicular exocytosis (Nieto-Alamilla 

et al., 2016). Gβγ elicited pathways comprise of mitogen-activated protein kinase (MAPK) and 

PI3K/PKB/GSK3β (phosphoinositide 3 kinase/protein kinase B/ glycogen synthase kinase 3β), which are 

essential for antiapoptosis, neuronal development, and it is a mechanism that is supposed to be involved 

in H3R-mediated neuroprotection (Bongers et al., 2007). 

Moreover, H3R triggers the release of lipid mediators such as arachidonic acid and may thereby elicit a 

direct role in neuroinflammatory processes (Bongers et al., 2007)
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G protein-coupled inwardly rectifying potassium channels (GIRK) also belong to the Gβγ–associated 

pathway, mediate membrane hyperpolarisation and consequently, decrease in granular exocytosis (Hibino 

et al., 2010). Additionally, the typically Gαq/11 coupled phospholipase C/inositol-1,4,5-trisphosphate 

(PLC/IP3)-pathway, which mediates Ca2+ influx, has been described within recombinant cell lines (Coge 

et al., 2001). While coupling of Gβγ to this pathway is known but usually less efficient than Gαq/11 coupling, 

the relevance for signalling in vivo remains to be clarified (Nieto-Alamilla et al., 2016). 

Besides G proteins, arrestins have emerged as signalling modulators, which mediate receptor 

internalisation after prolonged activation. However, this signalling pathway could not be linked to the H3R 

yet, while internalisation was shown in some previous studies (Lozeva et al., 2003; Bongers et al., 2007; 

Riddy et al., 2017). 

 

Figure 1. H3R associated signalling pathways (left panel) and G protein activation (right panel), adapted from Bongers et al. 

(2007), Panula et al. (2015) and Nieto-Alamilla et al. (2016). 

Left panel: green and orange arrows depict Gβγ and Gα-triggered pathways, respectively. 

Abbreviations: PLA2 = phospholipase A2, AA = arachidonic acid, MAPK = mitogen-activated protein kinase, 

PI3K = phosphatidylinositid 3-kinase, PKB = protein kinase B, GSK-3β = glycogen synthase kinase 3β, PLC = phospholipase C, 

IP3 = inositol-1,4,5-trisphosphate, AC = adenylyl cyclase, cAMP = cyclic adenosine monophosphate, PKA = protein kinase A, 

CREB = cAMP response element-binding protein. 

Right panel: grey circles with two and three red dots depict GDP and GTP, respectively. 
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Histaminergic neurons have been defined as HA producing, storing and releasing neurons which in 

mammalian brain exclusively emanate from the hypothalamic tuberomammillary nucleus (TMN) (Panula 

et al., 1984) but show extensive projections to the cerebral cortex, midbrain, cerebellum and stem brain 

(Haas et al., 2008). TMN neurons receive inputs from areas to which, conversely, histaminergic neurons 

themselves have projections (Brown et al., 2001), highlighting the regulatory functions of HA in the CNS. 

This supervisory role becomes even more perspicuous, considering the fine-tuning between the 

histaminergic and other neurotransmitter systems. As summarised in Table 2, the tone of histaminergic 

neurons is modulated through various neurotransmitter systems. In several cases, TMN neurons are not 

activated or inhibited directly but through neuronal circuits of non-histaminergic fibres. For example, 

norepinephrine shows both excitatory and inhibitory modulation of HA release. While the inhibition is 

performed by activation of α2 heteroreceptors on terminals of histaminergic neurons, the excitation follows 

an indirect pathway among γ-amino butyric acid (GABA)ergic terminals in TMN (Gulat‐Marnay et al., 

1989a). 

 

Table 2. Modulation of TMN-histaminergic neuronal activity. 
Afferent 

origin1) 

Neurotransmitter Receptor2) Effect on histaminergic 

TMN neurons 

DBB, VLPO, 

LHA 
GABA 

GABAAR postsyn. ↓ (direct) 

GABABR presyn. ar. ↓ (indirect, via GABA) 

VLPO 
galanin 

(from GABAergic fibres) 
GalRx presyn. hr. ↓ (indirect, via GABA) 

LPO, LHA glutamate NMDAR postsyn. ↑ (direct) 

MPT acetylcholine (ACh) 

M1R, M3R presyn. hr. ↓ (direct) 

nAChR postsyn./ax. ↑ (direct) 

NCA1/A2 norepinephrine (NE) α2AR presyn. hr. ↑ (indirect, via GABA) 

PAG (?) enkephalins κOR postsyn. ↓ (direct) 

ArcN (?) nociceptin ORL1 postsyn. ↓ (direct) 

PFA (LHA) orexin-A/-B (ORX-A/ORX-B) ORX2R postsyn. ↑ (direct) 

Raphe nuclei serotonin (5-HT) 5-HT2CR postsyn. ↑ (direct) 

1) Abbreviations: DBB = diagonal band of Broca; (V)LPO = (ventro)lateral preoptic area; LHA = lateral hypothalamic area; 

MPT = mesopontine tegmentum; NCA1/A2 = Noradrenergic cell group A1/A2 (formatio reticularis); PAG = periaqueductal grey;; 

ArcN = arcuate nucleus; PFA (LHA) = perifornical area (part of LHA). 
2) Abbreviations: postsyn. = postsynaptic, on histaminergic fibres; presyn. ar./hr. = presynaptic autoreceptor / heteroreceptor; ax. = axonal 

Data were extracted from references (Ericson et al., 1989; Gulat‐Marnay et al., 1989b; Gulat-Marnay et al., 1990; Arrang et al., 1991; 

Schönrock et al., 1991; Sherin et al., 1996; Uteshev et al., 1996; Yang et al., 1997; Stevens et al., 1999; Eriksson et al., 2000; Pillot et al., 2002; 

Yamanaka et al., 2002; Sergeeva et al., 2003; Stevens et al., 2004; Faucard et al., 2006) 
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The synthesis of HA starts from the naturally occurring semi-essential amino acid (aa) L-histidine,  

exclusively by HDC (Schwartz et al., 1970). This process is blocked upon H3R activation (Arrang et al., 

1987b). Ahead of cytosolic synthesis, L-amino acid-transporters mediate neuronal L-histidine resorption, 

and afterwards, the vesicular monoamine transporter 2 mediates the HA uptake into synaptic vesicles 

(Peter et al., 1994). Vesicular stored HA is released from depolarised histaminergic neurons in a [Ca2+]-

dependent manner (Arrang et al., 1985). This release is slightly reduced in the presence of exogenously 

added HA, suggesting an influence of H3R on Ca2+ influx. Additional studies in a perfused system allowed 

to diminish the contribution of endogenously released HA. There, the potency of exogenously added HA 

to inhibit HA release was shifted with increased frequency of electric stimulus that raised the assumption 

for an H3R reserve within this physiological environment (van der Vliet et al., 1988). 

A specific mechanism for a neuronal re-uptake of depleted HA has been doubted as there is a rather slow 

HA influx (Arrang et al., 1983), despite of an inflicting demonstration of an antagonisable HA enrichment 

in synaptosomes (Sakurai et al., 2006). 

After release of HA into the synaptic cleft, the neurotransmitter is inactivated by the membrane linked 

HNMT to teMH whose turnover serves as a common surrogate for HA neuronal activity due to prolonged 

metabolic stability (Schayer et al., 1973; Barnes et al., 2002). The metabolite, but not HA itself, is 

subsequently further catabolised by diamine oxidase (DAO) or monoaminoxidase B (MAO B), DAO only 

occurring in the periphery (Burkard et al., 1963; Elsworth et al., 1980; Lin et al., 1991). 

H3R cloning facilitated the disclosure of the receptor expression pattern on messenger ribose nucleic 

acid (mRNA)-level, supplementing previous knowledge from receptor staining studies with radiotracers. In 

human, the H3R encoding sequence is localised on chromosomal loci 20q13.32-13.33 and consists of three 

exons flanked by two introns. Based on indirect mRNA in situ hybridisation experiments and upon direct 

labelling with [3H]NAMH, high receptor densities were determined in the putamen of the corpus striatum 

with elevated levels in the human brain from Parkinson's disease (PD) (Anichtchik et al., 2001). 

Interestingly, the corresponding H3R was not labelled there, but in substantia nigra (SN), pars reticulata 

(SNr) indicating either the histaminergic innervation of SN or striatonigral projections from presumably 

GABAergic neurons that co-express H3R (Anichtchik et al., 2001). 

Based on HA-induced GTPγ[35S] binding, slightly lower activity was determined in SNr of PD patients 

compared to healthy brains (Anichtchik et al., 2001). Low H3R expression was found in SN, pars compacta 

(SNc) of healthy humans which produce nigrostriatal dopaminergic output (Pillot et al., 2002). In rat brain, 

high receptor expression was found in thalamus, caudate nucleus, cerebral cortex, hippocampus, olfactory 
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tubercle (Lovenberg et al., 1999; Lovenberg et al., 2000). Within the hypothalamus, high receptor 

expression was found in the TMN as well as in neurons of the ventrolateral preoptic nucleus (VLPO), the 

suprachiasmatic nucleus (SCN), the lateral hypothalamic area (LHA) and the arcuate nucleus (ArcN) (Pillot 

et al., 2002). Interestingly, most of such regions are the origin of GABAergic (VLPO, LHA) and 

glutamatergic (LHA) projections, again emphasising the central regulatory role of HA in the mammalian 

brain. In the caudal area as well as in many (sub-)thalamic nuclei and the zona incerta, high H3R mRNA 

expression can be found in Raphe nuclei, locus caeruleus (LC) and Purkinje layer of the cerebellar cortex. 

However, in these cases, binding sites were located elsewhere, supporting H3R expression on serotonergic, 

noradrenergic, enkephalinergic and melanin-concentrating hormone (MCH) neurons (Pillot et al. 2002). 

However, not all of them are linked with modulation of HA release. There are several ways how HA 

influences neuronal activation, as well, via H3 heteroreceptors that inhibit the release of other 

neurotransmitters. This mechanism was demonstrated for NE and 5-HT, for striatonigral and striatopallidal 

GABAergic neurons, as well as in hypothalamic GABAergic neurons (Schlicker et al., 1988; Schlicker et al., 

1989; Smits et al., 1991; Yamamoto et al., 1997; Zhou et al., 2006; González-Sepúlveda et al., 2013). 

Moreover, Schlicker et al. could evidence heteroreceptors on mouse striatal dopamine (DA) neurons, which 

failed in various previous research projects, presumably due to only mild modulation of striatal DA release 

in the presence of HA (Schlicker et al., 1993; Chiavegatto et al., 1998). This group assumed that this might 

be due to a negative interaction between H3R and DA D2 receptor (D2R) that, indeed, could be evidenced 

15 years later by the discovery of H3R/D2R heteromers (cf. page 19)(Ferrada et al., 2008). Conclusively, 

striatal DA levels are not influenced by H3R inverse agonists, but they are elevated in the frontal cortex 

(Fox et al., 2005; Ligneau et al., 2007a). Functional heteroreceptors exist on corticostriatal glutamatergic 

neurons (Doreulee et al., 2001; Molina-Hernández et al., 2001), such as in the dentate gyrus and 

hippocampus that contain relevant circuits for facilitating the consolidation of memory (Brown et al., 

1996). Finally, acetylcholine release is modulated by H3R heteroreceptors on cholinergic neurons and is 

increased upon H3R inhibition. However, H3R activation is not sufficient for a complete abolishment of ACh 

release (Clapham et al., 1992; Prast et al., 1994). 

Besides presynaptic expression of H3R, evidence for postsynaptic H3R has been made. For example, 

postsynaptic H3R were found on MCH neurons (Parks et al., 2014) and are believed to dominate in 

histaminergic transmission within the caudate nucleus and putamen (Ellenbroek et al., 2014). 

The most central function of the brain HA system is the control of arousal which is due to the involvement 

of the TMN in the ascending (non-reticular) arousal system (AAS, Figure 2)(Lin et al., 1990). A key 

indicator of arousal is pronounced activity of the layers 2/3 of cerebral pyramidal cells that influenced by  
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both the direct ascending reticular activation system and the bypassing AAS (Poulet et al., 2019). The latter 

makes use of cholinergic projections from pontine and tegmental nuclei to thalamocortical gatekeeper 

neurons (Saper et al. 2005, Haas et al. 2008). Within the AAS, the histaminergic neurons from TMN exert 

direct activation of lateral-, medial- and orbitofrontal cerebral cortex, in concerted action with excitatory 

input towards other neurotransmitter systems that ascend from the LHA (ORX), basal forebrain (ACh) and 

formation reticularis, in particular the PAG (DA), Raphe nuclei (5-HT) and LC (NE)(Saper et al., 2005). Apart 

from such activator circuits in AAS, this system is counteracted by inhibitory GABAergic inputs that 

emanate from the ventrolateral preoptic nucleus (VLPO) and MCH from LHA (Sherin et al., 1996; Jones 

et al., 2013). Conclusively, activation of AAS correlates with wakefulness, vigilance, memory, cognition, 

emotion and reward and motivation while deactivation contributes to wake-promotion (Saper et al., 2005; 

Sander et al., 2008; Edlow et al., 2012). 

None of those neurotransmitters mentioned above contribute to the AAS in a simple, additive manner but 

rather in a comprehensive network of several fine-tuned circuitries. There, HA plays a central role as an 

activator for the AAS, as a mediator for the other neurotransmitter systems, but as well as a regulator for 

the feedback inhibition of neurotransmitter release. Consequently, reductions of HA levels, activity of 

tuberomammillary HA producing neurons and H1R blockade are well known to alter arousal, vigilance, 

attention, cognition and wakefulness (Parmentier et al., 2016). 

 

Figure 2. The brain HA system takes up an activator role in the ascending arousal system (AAS, blue arrows). Apart from 

histaminergic neurons, H3R acts as a versatile regulator of the co-actors (ACh = acetylcholine, ORX = orexin, 

MCH = melanin-concentrating hormone, DA = dopamine, 5-HT = serotonin, NE = norepinephrine). Graphics was adopted 

and modified from (Saper et al., 2005; Wallis, 2019). 
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In more detail, the orexinergic system (hypocretin) which consists of two polypeptides (ORX-A/ORX-B) 

transmit their signals through two GPCRs, the orexin-1 and the orexin-2 receptor (ORX1R and ORX2R, 

respectively)(Gotter et al., 2012). Both receptors couple primarily, but not exclusively, to Gαq/11 proteins 

through which they exert excitatory input (Pandy-Szekeres et al., 2018). It has been demonstrated that 

orexin-A liberation in the TMN leads to HA release in the frontal cortex as well as ventrolateral preoptic 

area, which is followed by an ORX2R-mediated and H1R-dependent boost in arousal (Huang et al. 

2001)(Nishino et al., 2001; Yamanaka et al., 2002). ORX-/- mice have shown both reduced wakefulness and 

narcolepsy, and both can be reversed upon ORX administration (Chemelli et al. 1999). Additionally, overall 

brain HA levels are reduced under impaired ORX2R signalling (Nishino et al., 2001). In contrast, it is 

noteworthy that H1R knock-out mice show reductions in wakefulness but absence of narcoleptic attacks 

(Huang et al. 2001). In summary, histaminergic neurons in TMN serve as an interface for excitatory input 

from orexinergic neurons from the dorsal LHA (De Lecea et al., 1998). 

H3R inverse agonists can effectively increase histaminergic tone and thereby, bypass the missing activating 

input from orexinergic neurons and increase wakefulness under orexin-deficient conditions (De Lecea et 

al. 1998, Guo et al. 2009). Moreover, they have emerged to bypass orexin deficiency that commonly occurs 

in neurodegenerative diseases such as Alzheimer´s disease (AD) and PD (section 1.5) where HA neurons 

have appeared unaffected from the main degradation process (Shan et al., 2015b). 

Once activated, the TMN inhibits sleep-promoting MCH neurons to maintain wakefulness (Parks et al., 

2014). HA release in or injection into TMN causes strong suppression of the activity of GABAergic VLPO 

neurons (Lin et al. 1994, Williams et al. 2014). Vice versa, GABAergic interneurons inhibit ascending 

histaminergic neurons via GABAB receptors during sleep induction (Okakura‐Mochizuki et al., 1996; 

Stevens et al., 1999). 

The H3R exercises its role in cognition, learning & memory as a modulator of other neurotransmitter 

levels acting as heteroreceptors. Among such neurotransmitters, ACh is of particular interest for its 

spacious cortical activation that leads to normalisation of impaired cognition as well as facilitated 

perception, association and attention (Sarter et al., 1997). The cholinergic and histaminergic activity is 

interdependent (Onodera et al., 1998). In particular, it has been shown that increased activity of 

histaminergic neurons can functionally antagonise memory deficits induced by the muscarinergic 

cholinergic receptor antagonist scopolamine (Miyazaki et al., 1997; Onodera et al., 1998). Moreover, it has 

been demonstrated that histaminergic activity is a prerequisite for cholinergic signalling (Munari et al., 

2013; Provensi et al., 2016b). As a consequence, H3R inverse agonists have shown to facilitate cholinergic 

neurotransmission (Abdul Majeed et al., 2017). 
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Additionally, it seems likely that H3R has a direct contribution to the establishment and the consolidation 

of memory. This assumption is based on their expression as heteroreceptors on glutamatergic neurons in 

the dentate gyrus that contains relevant neuronal circuits that have been associated with these processes 

(Brown et al., 1996; Hainmueller et al., 2020). The pro-cognitive effects of H3R inverse agonists rendered 

them attractive for application in neurodegenerative disorders and, recently, this strategy was attested 

effectiveness in paediatric patients suffering from the Prader–Willi syndrome which represents a 

neurogenetic disorder with low prevalence (section 1.5). 

From current knowledge, H3R has only a minor part in the modulation of striatal DA release 

(cf. page 10). However, several studies have raised at least a modulatory participation of H3R in 

neurotransmission of basal ganglia for a good reason, as more than 85% of striatal D1R and 

D2R-expessing neurons express H3Rs (Hu et al., 2017). Regarding the role in the regulation of motor 

activity, it has been demonstrated that antagonising H3R potentiates locomotion upon DA D1 receptor 

(D1R) activation that has been attributed to a shifted signal transduction (cf. page 19). 

Moreover, i.c.v. injections of HA shows a dynamic and complex impact on motor activity that strongly 

depends on the administration route and involves an H1R-mediated increase and an H2R or (postsynaptic) 

H3R mediated decrease in motor activity (Bristow et al. 1988, Chiavegatto et al. 1998). A transient phase 

of decreased locomotion is followed by a period of increased locomotion that may be explained by 

differential receptor affinity profiles of HA (section 1.3). Additionally, such effects disappear upon H1R-/-, 

H2R-/- or H3R-/- or their blockade, emphasising the central dependence of HA in these regulatory circuitries 

(Huang et al. 2006, Haas et al. 2008). 

In some studies, the H3R inverse agonist thioperamide (cf. page 28) showed a slight increase in locomotor 

activation whereas the compound and several other H3R inverse agonists failed to do so in other related 

models (Clapham et al. 1994, Ligneau et al. 2007b). Interestingly, they were able for an effective 

abrogation of methamphetamine-induced hyperlocomotion (Clapham et al. 1994, Fox et al. 2005, Ligneau 

et al. 2007b). On a cellular level, it was evidenced that H3R activation results in inhibited GABA release 

within SNr, in reduced glutamate release from corticostriatal glutamatergic neurons, but not from 

thalamostriatal ones that are involved in motor symptoms of PD (Molina-Hernández et al., 2001; González-

Sepúlveda et al., 2013). Such findings provide several hints for a potential role of H3R in fine-tuning the 

deregulated glutamatergic and GABAergic system in basal ganglia in PD. 

Additional support has been provided by physiological studies, demonstrating an important role of HA in 

gating sensorimotor circuitries in the striatum. For example, lacking prepulse inhibition (PPI) was observed 

H3R-/- mice but not in H1R and HDC-deficient mutants (Kononoff Vanhanen et al., 2016). PPI serves as an 
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in vivo surrogate for schizophrenia and has been validated in clinical tests (Braff et al. 1999). In this model, 

startle behaviour of a subject to two subsequent acoustic signals is measured with a first, soft signal (i.e., 

the "prepulse") followed by a louder one. In healthy subjects, startling response to the second signal is 

usually less than in, e.g., schizophrenia patients due to affected sensorimotor gating (Braff et al. 1999). 

Also, this model draws some evidence for impacted attention and perception associated with 

schizophrenia. To relate these differential observations, it seems likely that the H3R mediated effects on 

locomotion do not rely on the modulation of the striatal dopaminergic system ("motor processor 

component") but the stimulation of the dopaminergic system in other brain areas such as the prefrontal 

cortex ("decision making/planning component"). While some roles of H3R in basal ganglia and on the 

dopaminergic system in other brain areas have been revealed within the last years, the complete puzzle 

remains to be solved to evaluate the therapeutic role of H3R ligands in PD and schizophrenia (section 

1.5)(Ellenbroek et al., 2014; Hu et al., 2017). 
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1.2. Molecular identity of the histamine H3 receptor 

The H3R belongs to the large class of GPCR, which represents a target class for about one-third of 

approved drugs (Hauser et al., 2018). Here, the receptor belongs to the subclass of class-A receptors (class-

R, according to the GRAFS (glutamate, rhodopsin, adhesion, frizzled/Taste2 and secretin families) scheme 

(Fredriksson et al., 2003)), which represents the rhodopsin family and encompass olfactory, visual and 

taste receptors. Besides such receptors, 197 of them have a known ligand and play central roles in humoral 

function, immunomodulation and neurotransmission (Alexander et al., 2019a). As all GPCR reside as 

membrane proteins within phospholipid bilayer, elucidation of GPCR structure and signalling was 

obstructed for a long time and, after the extensive works by Brian Kobilka and Robert Lefkowitz, awarded 

with the 2012 Nobel prize in chemistry (Kobilka, 2013; Lefkowitz, 2013). Most recently, a receptor of the 

D2R in a bio-membrane and interacting with a G protein heterotrimer was disclosed (Yin et al., 2020). 

The H3R receptor has been classified for detecting HA as endogenous transmitter based on findings 

from classical pharmacological experiments. Meanwhile, attempts to determine the receptor encoding 

sequence were unsuccessful for a long time. Upon intensive reverse transcriptase, polymerase chain 

reaction (rtPCR)-based screening with an expressed sequence tag (EST) of the previously known orphan 

receptor GPCR97 among a size-selected thalamic copy deoxyribose nucleic acid (cDNA) library, a 

nucleotide sequence encoding for a putative biogenic amine receptor was detected by Lovenberg and co-

workers (1999; Bongers et al., 2007), showing low overall sequence similarity to other GPCRs for biogenic 

amines (20 – 27 %). This receptor sequence is localised on chromosome 20q13.33. Among them, low 

sequence similarity to H3R is surprisingly shown by H1R and H2R sequences (22 % and 21.4 %, 

respectively), which was attributed as a reason of previous failure to identify the sequence (Lovenberg 

et al., 1999; Lovenberg et al., 2000). 

Moreover, the low similarity was a reason that the H3R sequence has been previously introduced as a novel 

muscarinergic receptor subtype within a patent application, due to higher sequence similarity to M1R 

(Goodearl et al., 1999). Highest sequence similarity of 38 – 58 % is shared with H4R (Sander et al., 2008). 

Subsequently, they could correlate their pharmacological findings with literature results for H3R ligands, 

markedly, the ability of a novel HA receptor to couple Gαi proteins instead of Gαq or Gαs like the H1R or 

H2R, respectively (Lovenberg et al., 1999). 

About relevant receptor isoforms on early drug discovery stage, the human isoform shows 93.5 % 

sequence similarity with rH3R (Ligneau et al., 2000), which rises to 97 % considering the transmembrane 

(TM) region only (Lovenberg et al., 2000). In turn, the TM region of rH3R is homologue to the one of mH3R 
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(Palczewski et al., 2000). Overall sequence similarity to other species has been determined as > 92 % 

(Hancock et al., 2003).

Several splice variants of the receptor have been identified so far. At least nine different human H3R 

isoforms (hH3R) emanating from combinatorial splicing are known, of which two have been characterised 

in more detail. The predominant isoform consists of 445 aa (hH3R445aa). In comparison, another functional 

one lacks 80 aa within the third intracellular loop (ICL3, hH3R365aa), has high brain expression levels (in 

particular in hippocampus and hypothalamus), shows decreased agonist affinity, but improved functional 

potency that might be due to a more efficient transducer coupling (Wellendorph et al., 2002). Interestingly, 

the two introns in H3R encoding deoxyribose nucleic acid (DNA) sequences are located at positions 

corresponding to the expressed TMH2 and ICL2. The hH3R365aa variant with deletions in ICL3 is therefore 

not a product of exon splicing flanked by two introns but due to intra-exonic in-frame deletions on mRNA-

level (Morisset et al. 2001). Recently, the H3R365aa isoform has been subjected to detailed investigation in 

recombinant cell lines on the consequences for the signalling behaviour (Riddy et al., 2017). Depending on 

the observed signalling pathway and in comparison to the hH3R445aa, it appeared that the hH3R365aa 

maintains or increases signalling performance among the Gαi/o pathway for agonists while signalling was 

abrogated among the Gβγ exerted pathway (Riddy et al., 2017). If not stated otherwise within this thesis, 

the hH3R refers to the hH3R445aa. 

The sequence of H3R has enabled first efforts for drawing structural comparisons to resolved receptor 

structures such as the bovine rhodopsin model that was presented by Palczewski and co-workers in 2000 

(Palczewski et al., 2000) and others that have been resolved within the last decade. Most recently,  

However, as no direct structural information is available for the H3R to date, computational simulations 

have been widely applied to explain molecular features of the receptor (Schlegel et al., 2005; Axe et al., 

2006; Dastmalchi et al., 2008; Roche et al., 2008; Ishikawa et al., 2010). 

A spatial representation of the receptor structures is denoted in Figure 3. Conserved features within 

terminal regions of H3R comprise of a glycosylation site at N11, as well as palmitoylation site at C428 that 

is believed to facilitate the spatial orientation of helix 8 parallel to the membrane (Qanbar et al., 

2003)(Nieto-Alamilla et al. 2016). Additionally, it is supposed that C107 and C188 form a cystine bridge 

between the extracellular loop (ECL)1 and ECL2 (Tiligada et al., 2009). Structural features within the 

transmembrane segments have been drawn in analogy to conserved motifs from other GPCRs that is 

currently the only anchor point for the structural explanation of H3R. In the rhodopsin receptor model, the 

conserved "DRY" motif (composed of D/E3.49, R3.50, F/Y3.51) is responsible for keeping the receptor in the 

inactive state by an ionic interaction between the positively charged R3.50 residue and the negatively 
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charged E6.30 residue and is therefore referred to as the "ionic lock" (Rovati et al., 2007). In case of H3R, this 

DRY motif consists of a DRF motif (Yao et al., 2003). Molecular dynamics simulations failed to reproduce 

this feature for H3R, as the corresponding aa in TMH6 represents the shorter D3536.30 (Jończyk et al., 2017; 

Pandy-Szekeres et al., 2018). Thus, the homology model may give one rationale for the high constitutive 

activity observed for H3R (Rovati et al., 2007). The "3-7 lock" is located within the upper receptor 

hemisphere and describes the congregation of TMH3 and TMH7 can be seen in the rhodopsin crystal 

structure as well (Palczewski et al., 2000). In the case of H3R, it is represented by D1143.32 and W4027.42 

and is abrogated upon agonist binding (Jończyk et al., 2017). The CWxP motif, which is responsible for 

the agonist-induced reorganisation of TMHs 3, 5 and 6 during receptor activation ("transmission switch"), 

is represented by C3706.47, W3716.48, A3726.49 and P3736.50 (Deupi et al., 2011; Jończyk et al., 2017). 

However, it is difficult to derive details of the dynamic changes within this region during receptor 

transition, as this process diverges considerably among different GPCRs (Trzaskowski et al., 2012). The 

NPVLY motif (N4087.49 - Y4127.53, "Y-toggle switch") in TMH7 corresponds to the conserved NPxxY motif 

(Nieto-Alamilla et al., 2016) that plays a role in receptor interaction with intracellular signal transducers 

(Galés et al., 2000; Bouley et al., 2003). 

 

 

Figure 3. Receptor sequence given as snake-plot (left panel) and as a homology model with truncated ICL 3 (right panel). Light-

blue and dark-blue residues denote post-translational modification sites (cystine bridge between TMH3 and ECL2, 

palmitoylation site in helix 8) and the lacking part in hH3R365aa, respectively. Residues in green depict conserved motifs which 

are important in receptor transition. Red highlighted residues are known to be involved in ligand binding, as determined from 

mutagenesis experiments. Snake-plot and H3R homology model of the inactive receptor state have been taken from GPCRdb 

(https://gpcrdb.org/, (Pandy-Szekeres et al. 2018)). Data are taken from references, cited within the main text. 
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ICL3 often handled in its truncated form (i.e., the 413aa H3R) in in silico models as structural homologies 

to other GPCRs are hard to draw for this region (Figure 3)(Schlegel et al., 2005; Rai et al., 2010). The 

truncated isoforms did not differ in binding affinities for the H3R antagonists [125I]iodophenpropit, 

clobenpropit and thioperamide. However, they showed slightly improved affinities for the agonists HA, 

[3H]NAMH and immepip at the rat receptor isoform (Drutel et al., 2001), whereas not at the human one 

(Nieto-Alamilla et al., 2018). Additionally, an A280V single-nucleotide polymorphism (SNP) within ICL3 

was associated with reduced agonist-exhibited efficacy and reduced constitutive activity among the Gαi/o 

pathway. However, no reduced potency and no overall changes were observed among the Gβγ exhibited 

one (cf. Figure 1)(Flores‐Clemente et al., 2013). These findings imply that the ICL3 is not involved in ligand 

binding, but can change the transducer coupling and thereby, the potency of agonists. This property was 

recently supported by two studies demonstrating an agonist-induced conformational change between a 

YFP-substituted or HaloTag®-substituted ICL3 and C-terminal fused CFP or NanoLuc®, respectively (Liu 

et al., 2018; Schihada et al., 2020). 

Various molecular biological experiments have assisted in elucidating the binding pocket of H3R 

(Figure 4). Working with h1-144aa/r145-445aaH3R chimaera have localised the first 144 to be involved in ligand 

binding (Yao et al., 2003). E2065.46 is supposed to interact with positively charged imidazole of HA as 

indicated by site-directed mutagenesis studies with E2065.46A mutation (Uveges et al., 2002). 

 

 

 
Figure 4. Binding pocket of H3R with selected aa residues that are involved in ligand interaction (red), and highlighted ‘A’-site 

of the binding pocket (blue) and ‘B’-site (green). Modified from (Schaller et al., 2019). Homology model was taken from GPCRdb 

(https://gpcrdb.org/, (Pandy-Szekeres et al. 2018)). 
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D1143.32, which is conserved among biogenic amine GPCRs, is assumed to interact with the positively 

charged amino-side chain of HA with resemblance to elucidated binding structures of other monoaminergic 

GPCRs. Interestingly, most agonists for H3R possess imidazole as well as a basic side chain and thus, 

enabling interaction with both acidic amino residues (section 1.3). The H3R binding pocket sub-divides into 

two hemispheres, stretching from D1143.32 (Levoin et al., 2008). The bulky ‘A’-site of approx. 225 Å3 is 

formed between D1143.32 and E2065.46, and a markedly smaller ‘B’-site points out from D1143.32 towards 

the opposing side (Levoin et al., 2008). Interestingly, while previously generated models have predicted 

that agonists can interact with the receptor within both cavities, the same has not been demonstrated for 

antagonists which seem to always interact with E2065.46 within the ‘A’-site (Levoin et al., 2008; Jończyk 

et al., 2017). Further residues within TMH5 involved in ligand binding have been identified by Uveges and 

co-workers (2002). W1965.36A and T2045.44A mutations have shown a 2 to 5-fold increase in potency of 

HA, the latter accompanied by an approximately 5-fold reduced affinity. In contrast, L1995.39A and 

I2005.40A reduced the affinity, with a depression of the maximum inhibitory effect in Gαs signalling 

exhibited by HA, an observation that was aligned with the role of K1915.40 in H1R in receptor activation 

(Uveges et al., 2002). The second-most pronounced affinity loss for the endogenous ligand was observed 

upon A2025.42Q, causing 20-fold loss in potency due to a repulsive effect of the bulkier glutamine on 

E2065.46 (Uveges et al., 2002). The latter residue has shown the highest impact on HA affinity towards H3R 

that almost diminishes upon E2065.46A mutation (affinity loss > 2,000-fold). Conclusively, E2065.46 is an 

important residue for the detection of the endogenous ligand, while other ligands may not involve this 

residue and thus, not displace HA in a strictly competitive manner. 

Additionally, sequence comparisons to different species have explicated binding residues for ligand 

recognition. Among them, the Rattus norvegicus isoform has been investigated most comprehensively. The 

residues A1193.37 and V1223.40 have been associated with discrepancies in affinity compared to the human 

isoform, which consists of T1193.37 and A1223.40 (Ligneau et al., 2000). Interestingly, such discrepancies 

have not been observed for H3R agonists, including HA. In contrast, some inverse agonists showed either 

higher affinity (ciproxifan, thioperamide) or lower affinity (FUB349) at the rH3R compared to the hH3R 

(Ligneau et al., 2000; Lovenberg et al., 2000; Stark et al., 2001). Such observations enable for comparison 

with other species that share the same mutations, for which similar pharmacologic results are expectable. 

Similar to rH3R, as well the Mus musculus isoform shows A1193.37 and V1223.40, while the Cavia porcellus 

(guinea pig) isoform shows T1193.37 in analogy to the hH3R. 

Further evidence has been made that the H3R may not mediate its actions as a monomolecular entity, 

but forming heteromers with other receptors, which has been investigated for D1R, D2R and A2AR 
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(Ferrada et al., 2008; Ferrada et al., 2009; Márquez-Gómez et al., 2018). In each of such cases, the result 

of this interaction has been the inhibition of affinity towards the respective endogenous agonist (HA, DA 

or adenosine) and consequently, the inhibition of receptor function after activation of the other (Ferrada 

et al., 2008; Ferrada et al., 2009; Márquez-Gómez et al., 2018). Interestingly, each of such receptor dimers 

have been detected in striatal neurons, where predominantly postsynaptic expression of H3R is assumed. 

Thus, such heteromers suggest a regulatory role and might be of importance to interpret the role of H3R 

in neurotransmission of basal ganglia (cf. page 13). H3R heteromers with D1R have shown preferential 

coupling to Gαi/o proteins, while D1R primarily couple to Gαs and sometimes to Gαq/11 (Inoue et al., 2019). 

Therefore, D1R can shift the transduction pattern upon heteromerisation with activated H3R and thereby, 

eliciting inhibitory instead of excitatory features (Ferrada et al., 2009). Such heteromers do not seem to 

have relevance in vitro only, as less ERK-1/2 phosphorylation in striatonigral GABAergic neurons is seen in 

D1R-/- mice (Moreno et al., 2011). Meanwhile, it is assumed that this mechanism requires as well σ1R which 

modulate the functions of H3R-D1R complex (Moreno et al., 2014), which is an interesting finding as several 

H3R ligands share the enigmatic σ1R as co-target (Riddy et al., 2019). 

H3R shows a high degree of constitutive activity, a concept introduced in 1993 by Lefkowitz and co-

workers (Lefkowitz et al., 1993; Morisset et al., 2000). This concept describes that a receptor 

spontaneously adopts active conformation(s) without priorly binding to an agonist. The discovery of this 

feature could not be observed before receptor cloning, as it is characteristic for overexpressed receptor 

systems that were introduced into molecular pharmacology after molecular biological techniques have 

emerged. This property is roughly detectable in native pharmacological systems (Morisset et al., 2000). 

The behaviour is extensively shown by H3R along the Gαi/o coupled pathway (Figure 1)(Morisset et al., 

2000; Rouleau et al., 2002; Ellenbroek et al., 2014). Therefore, the receptor is not only a target for 

throttling HA release and the release of other neurotransmitters, but inverse agonists can even reverse this 

activity. 

Such findings are in line with the assumption that GPCRs do not act as simple on-off-switches. Meanwhile, 

this concept has been expanded by the assumption that GPCRs can as well adopt multiple receptor 

conformations (Baker et al., 2007). The model of multiple intermediate states between ligand binding and 

receptor activation has to be extended by several further intermediates, as the aa framework represents a 

flexible interactome of partially rigid strands that are linked together. Therefore, a model of sequential 

replacements of such strands from a completely inactive to a completely active receptor conformation 

gives rise for multiple intermediates within the ternary complex model (Deupi et al., 2011; Latorraca et al., 

2017). Also, this model gives rise to the assumption that potentially each receptor-ligand differentially 
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impacts the arrangement of this framework. Furthermore, if different ligand affinities would represent 

such constitutively occurring conformational states, as seen with NAMH coupling to two distinct receptor 

conformations with different affinity (Witte et al., 2006), it would lead to the hypothesis that differentially 

targetable fractions of the receptor population will exist. 
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1.3. Medicinal chemistry of histamine H3 receptor ligands 

From the very beginning of H3R pharmacology, the characterisation of the receptor was inextricably 

linked with pharmacological tools as it was a pharmacologically defined target (Hill et al., 1997). Therefore, 

they not only have importance for therapeutic exploitation of this target due to its versatile central 

functions (section 1.1). Additionally, they served as tools for revealing essential characteristics of the 

receptor and its function in the brain. 

In the same experiments that led to the discovery of H3R, the very first agonists of the receptor have 

been detected that mimicked the actions of HA (Arrang et al., 1987a). Likewise to the discovery of many 

blockbusters, the search for potent H3R ligands has started with the orientation on a biological sample at 

hand. This procedure led to detailed insights into structural variations in order to obtain potent and 

selective H3R agonists. 

Intriguingly, the endogenous ligand HA has a remarkably higher affinity to H3R than to H1R and H2R 

(Figure 5). This observation can be rationalised by the interactions of HA within the receptor binding 

pocket (Figure 4). In contrast to H1R and H2R, where the ionisable E2065.46 is represented by asparagine or 

threonine, respectively, the H3R binding pocket facilitates polar/ionic interactions with the imidazole 

moiety of HA (Ishikawa et al., 2010). This selectivity profile can be maintained in further methylated HA 

derivatives. Unfortunately, some H3R agonists display comparable affinity at the H4R as the E2065.46 residue 

is conserved between both receptors. Methylation at distinct key positions of HA leads to alterations in this 

selectivity profile: While methylation of the amino group or an α-methylene group leads to a slight increase 

in H3R preference over H4R, the selectivity profile reverses upon 5-methylation of the imidazole moiety 

(Figure 5). The receptor affinity diminishes upon extensive Nτ methylation that resembles the endogenous 

HA metabolite in the CNS and has a high affinity towards monoaminoxidase B (Elsworth et al. 1980, 

Rouleau et al. 1997, Labeeuw et al. 2016). 

RAMH is one of the H3R agonists that have been most extensively studied in vivo, representing a chiral, 

methylated HA derivative (Table 3). Azomethine analogues of RAMH were developed as prodrugs to 

overcome the susceptibility for extensive inactivation by HNMT and the subsequently low bioavailability 

in human species (e.g., BP2.94, Table 3)(Rouleau et al., 1997). 

Extension of side chain has been investigated regarding the influence on H3R affinity. Imetit, imbutamine, 

immepip and methimmepip maintain a basic moiety, which is shifted by two methylene units from the 

imidazole moiety compared to HA (Table 3). In contrast to RAMH and HA, imetit does not serve as a 

substrate for HNMT (Garbarg et al., 1992). Various structural variations have been undertaken to derive 

potent and selective agonists. Direct derivatives of HA with increased alkyl linker between the imidazole  
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and primary amine encompass VUF-8326 (n=3), imbutamine (n=4), impentamine (n=5) and VUF4732 

(n=6, with n depicting the number of methylene units between the imidazole and primary amine).

The propylene and ethylene (i.e., HA) analogues do not distinguish between H3R and H4R, both having 

affinities in low nanomolar concentration ranges (Kitbunnadaj et al., 2003). Upon side chain extension, 

however, selectivity increases progressively, but accompanied by a loss in their intrinsic efficacy as 

determined in CRE-driven β-galactosidase reporter gene assays in recombinant H3R-SK-N-MC cells 

(Kitbunnadaj et al., 2003). Thus, one could conclude, that the efficiency for stabilisation of the active 

receptor conformation inversely correlates with the spacer length between the amino moieties interacting 

with E2065.46 and D1143.32. Immepip resembles a structurally constrained rotamer of imbutamine that has 

an 8-fold increased H3R affinity (Table 3). After the discovery of H4R, imetit and immepip were re-

characterised as potent agonists thereof which revitalised efforts for design of selective H3R agonists. The 

latter resulted in methimmepip that has a > 2,000-fold selectivity for H3R over H4R. 

Figure 5. Differential methylation of HA and corresponding affinity profiles at HA receptor subtypes. Data were taken from 

Panula et al. (2015), Gaulton et al. (2016) and Chazot et al. (2019), except for teMH, which were taken from elsewhere 

(Driver et al., 1987; Baker, 2009; Labeeuw et al., 2016). Data were stated as means and s.e.m. 

Abbreviations: teMH = Nτ-methylhistamine, 5-MH = 5-methylhistamine, RAMH = (R)-α-methylhistamine, 

NAMH = Nα-methylhistamine. 
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Side-directed mutagenesis experiments of 

H3R suggest that RAMH, imetit and 

impentamine show similar receptor 

interactions like HA. However, these agonists 

differ in their susceptibility for alterations in 

receptor binding and activation upon 

mutation in distinct key positions as studied 

by Uveges et al. (2002). 

Here, the long-chain analogue impentamine 

shows only a slight loss in potency and no 

alterations in G protein coupling upon 

E2065.46A mutation. On the contrary, this 

agonist is more sensitive to mutations of 

F208A and completely diminishes receptor 

binding upon L1995.40A shift, where the 

others still excite the receptor in a nanomolar 

concentration range. 

In 2018, putative H3R agonists with 

almost no structural resemblance to 

canonical structures for H3R ligands were 

reported, which consisted of either β-

lactams or pyrrolidine-2,5-diones and were 

presented to the scientific community as 

potent H3R agonists with selectivity over HA 

receptor subtypes and 5-HT2CR (Ghoshal et al., 2018a; b). Compound 6-k as the lead structure of this 

project will be subjected for profound pharmacological characterisation within this work as it exerted its 

action in subnanomolar concentration range and showed promising in vivo effects concerning food intake 

in obese mice. The latter might be beneficial as the previous question whether agonists or inverse agonists 

of the H3R are more beneficial in controlling food intake remains a highly debated topic. 

VUF16839 was presented as another potent non-imidazole-based agonist. It has potency in subnanomolar 

concentration range and showed an amnestic effect after i.p. application in vivo. However, usage as a 

pharmacological tool to investigate H3R function may be limited by two factors (Wágner et al., 2019). 

Table 3. H3R agonists with side chain variations.  

 RAMH 

 hH3R: Ki = 2.5 nM 

 off-targets: 

hH4R: Ki = 160 nM 

HNMT:  KM = 3,000 nM 

 

 BP2.94 

 hH3R: EC50 = 10 nM 

 

 imbutamine 

 hH3R: Ki = 4.1 nM 

 off-targets: 

hH4R: Ki = 15 nM 

 

 immepip 

 hH3R: Ki = 0.5 nM 

 off-targets: 

hH4R: Ki = 22 nM 

hH1/2R: Ki > 16,000 nM 

 

 methimmepip 

 hH3R: Ki = 1.0 nM 

 off-targets: 

hH4R: Ki = 2,000 nM 

hH1/2R: Ki > 10,000 nM 

 

 imetit 

 hH3R: Ki = 0.5 nM 

 off-targets: 

hH4R: Ki = 3.3 nM 

hH1/2R: Ki > 7,900 nM 

 

References: (Vollinga et al., 1994; Rouleau et al., 1997; Kitbunnadaj 

et al., 2003; Kitbunnadaj et al., 2005; Panula et al., 2015; Chazot et al., 

2019) 
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Due to the aminopyrimidine moiety, the 

compound shows substantial activity at 

H4R as well, and data for blood-brain 

barrier permeability have not been 

disclosed yet despite a highly polar 

structure. 

After cloning of H3R and concomitant 

expression in recombinant cell lines with 

different receptor-effector coupling 

efficiency (i.e., an introduced "system 

bias"), systematic re-investigation of previously developed ligands was enabled due to novel opportunities 

in in vitro screening (Gbahou et al., 2003; Krueger et al., 2005; Kenakin et al., 2013). Occasionally, agonist 

properties have been measured for numerous ligands though they were initially identified as inverse 

agonists at the same receptor isoform (Krueger et al., 2005). This phenomenon, which was poorly 

understood in the early 2000s, has been termed ‘protean’ (Kenakin, 2001). Meanwhile, the most common 

terminology for such phenomena encompass the terms "biased agonism/signalling" or "functional 

selectivity" (Kenakin et al., 2013). 

For H3R and in contrast to other GPCRs, biased signalling could not be subdivided into a G protein-

dependent and an independent (e.g., arrestin-mediated) component. So far, all observations for functional 

selectivity at H3R have been linked with Gαi proteins and the corresponding Gβγ subunits (Riddy et al., 

2017) and therefore, emphasising multiple receptor conformations with different active GPCR 

conformations (Kenakin, 2001; Krueger et al., 2005). The latter is supported by [125I]iodoproxyfan binding 

Table 4. Novel non-imidazole agonists.  

 6-k 

 hH3R: EC50 = 0.1 nM 

 

VUF16839 

 hH3R: Ki = 3.2 nM 

 off-targets: 

hH4R: Ki = 7.9 nM 

 

References: (Ghoshal et al., 2018b; a; Wágner et al., 2019) 

 
 

   

  

Table 5. H3R ligands with protean agonist behaviour. 
 

 

 

 

 proxyfan iodoproxyfan cipralisant  

 

hH3R: Ki = 5.0 nM hH3R: Ki = 0.10 nM hH3R: : Ki = 2.4 nM 

 

 Affinity data were taken from Wulff et al. (2002)  
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studies to E2065.46A receptor mutants, in which HA completely loses competitiveness, while the receptor 

affinity of iodoproxyfan remains unaltered (Uveges et al., 2002). 

This protean behaviour has been extensively investigated for proxyfan, iodoproxyfan and cipralisant 

(Table 5), which exert submaximal Gαi/o-protein activation in recombinant cell systems but not in rat 

cerebral cortex membranes. In contrast, a pronounced bias towards Gβγ coupled pathways (GSK-3β, 

MAPK, PLA2) was found for proxyfan and its iodinated analogue, in comparison to Gαi/o mediated cAMP-

accumulation and to RAMH-induced signalling (Riddy et al., 2017). Moreover, this study evidenced that 

this behaviour is abolished in the shorter hH3R365aa isoforms with truncation in ICL3 (Riddy et al., 2017). 

H3R inverse agonists have been developed as agents to increase the activity of histaminergic 

neurotransmission by enhanced release of HA and as well to influence the signalling of other 

neurotransmitters upon enhanced release thereof, mediated by heteroreceptors (cf. page 10). 

With orientation on the structure of HA, first 

rationally designed H3R inverse agonists 

included an imidazole moiety for which this 

first-generation is referred to as the class of 

imidazole-based ligands (Figure 6)(Celanire 

et al., 2005). Thioperamide (Table 6) was one 

of the very first potent H3R 

antagonists/inverse agonists and has 

contributed as a pharmacological tool to many 

insights into H3R pharmacology. Clinical 

development was, however, hindered due to a marked hepatotoxicity of the compound that has been 

attributed to the incorporated thiourea moiety, and also poor pharmacokinetic properties such as relevant 

cytochrome P450 (CYP) inhibition and slow blood-brain barrier (BBB) permeability, associated with the 

imidazole moiety (Ganellin et al., 1996; Schwartz, 2011). Another standard H3R ligand with the antagonist 

or inverse agonist efficacy is given with clobenpropit. The development of this ligand had the agonist 

imetit as a starting point for which it serves as a chlorobenzyl-substituted congener. This design strategy 

led to the working hypothesis that the introduction of a large hydrophobic cap like an aromatic moiety 

inverses efficacy of H3R agonists (Celanire et al., 2005). While clobenpropit and thioperamide appeared 

selective before the early 2000s, both tool compounds must have been re-classified being potent inverse 

agonists at the H4R as well, after this receptor was discovered (Table 6). 

In analogy to the design strategy of clobenpropit to modify the side chain upon introduction of a 

  

 

 

Figure 6. Pharmacophore blueprint of imidazole-based H3R 

ligands, adapted from Celanire et al. (2005). 
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hydrophobic cap (Figure 6), but now with HA as starting point instead of imetit, pointed out prospects for 

the development of further antagonists that are devoid of (iso)thiourea moieties (Ganellin et al., 1995).  

Consequently, the introduction of a second aryl moiety resulted in numerous potent antagonists/inverse 

agonists that avoid (iso)thiourea scaffolds and of which some have been exemplified in Table 6. 

Introduction of electron-withdrawing groups at the aryl moiety increases the potency (Ganellin et al., 1996; 

Krause et al., 1998). This strategy has paved the path towards enlargement of the class of potent first-

generation H3R antagonists. Retrospectively, the exact spatial position of the aryl moiety apparently seems 

to play a role for the susceptibility for protean agonist behaviour (cf. page 26), which was observed for 

proxyfan and its iodinated analogue but not for others, e.g., ciproxifan or clobenpropit (Krueger et al., 

2005). 

Unfortunately, clinical investigation of H3R ligands within the first two decades after H3R discovery was 

without successful results, that has been retrospectively attributed to two reasons: First, the 

Table 6. Imidazole-based H3R ligands with antagonist or inverse agonist efficacy. 

   

thioperamide clobenpropit FUB 465 

 hH3R: Ki = 6.5 – 600 nM 

 off-targets: 

hH4R: Ki = 9.1 nM 

α2AAR: Ki = 130 nM 

α2CAR: Ki = 320 nM 

5-HT3R: Ki = 2,500 nM 

 hH3R: Ki = 0.34 – 3.2 nM 

 off-targets: 

hH4R: Ki = 10.5 nM 

hH1/2R: Ki > 3,400 nM 

α2A/2CAR: Ki = 160 nM 

5-HT3R: Ki = 7.9 nM 

 hH3R: Ki = 190 nM 

 off-targets: 

hH4R: Ki = 700 nM 

 

 

 

 

  

 

 4-(3-(phenoxy)propyl)-1H-

imidazole 
ciproxifan 

 

  hH3R: Ki = 27 nM 

 

 

 

 

 

 hH3R: Ki = 50 – 280 nM 

 off-targets: 

α2AAR: Ki = 40 nM 

α2CAR: Ki = 63 nM 

5-HT3R: Ki = 320 nM 

hH4R: Ki = 1,900 nM 

 

References: (Ligneau et al., 2000; Meier et al., 2001; Morisset et al., 2001; Stark et al., 2001; Meier et al., 2002; Esbenshade et al., 2003; 

Liedtke et al., 2003; Lippert et al., 2004; Mikó et al., 2004; Gbahou et al., 2006; Kottke et al., 2011; Panula et al., 2015; Hagenow et al., 

2017; Affini et al., 2018; Chazot et al., 2019) 
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pharmacological characterisation initially relied on models employing H3R isoforms other than the human 

one (cf. page 19)(Sander et al., 2008). This issue was resolved after cloning of the hH3R and facilitated the 

introduction of hH3R already in in vitro studies. Secondly, the first representatives of H3R inverse agonists 

relied on incorporated imidazoles (Table 6). Such scaffolds have higher liability to detrimental 

pharmacokinetic properties, as imidazoles tend to bind and inhibit isoforms of cytochrome-P450 upon 

coordination to the hem-iron of such enzymes (Alves-Rodrigues et al., 1996; Davenas et al., 2008). As 

exemplified above, such imidazole-based ligands often represent substrates of HNMT as degrading enzyme 

(Rouleau et al., 1997) Furthermore, tolerance to in vivo effects after repeated dosage was more often 

correlated with imidazole-based H3R ligands than with non-imidazole ones (Guo et al., 2009). Probing for 

a potential bioisosteric replacement of imidazole by basic alicyclic amines in the late 90's led to a 

paradigmatic change in the design of H3R antagonists and inverse agonist (Ganellin et al., 1991; Ganellin 

et al., 1998; Meier et al., 2001). 

Thereby, a new, second-generation of H3R ligands was proclaimed. However, not only disadvantages 

were associated with the inherent imidazole-motif. The beneficial potency that is attributed to them is 

 

 

 
Figure 7. Bioisosteric replacement approach towards non-imidazole H3R inverse agonists with affinity scales at rH3R. Data 

were taken from (Meier et al., 2001; Liedtke et al., 2003). 
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accompanied by selectivity towards H1 and H2 receptor subtypes (Gemkow et al., 2009). Therefore, the 

imidazole replacement came with new obstacles, as it was accompanied by a significant drop in receptor 

affinity, which might impact their selectivity profile. This behaviour was shown fo r thioperamide and 

clobenpropit of which the piperidine congeners (FUB 645 and FUB 661, respectively) showed reduced 

potencies in models of rH3R in rat cerebral cortex (Figure 7)(Meier et al., 2001; Liedtke et al., 2003). 

In the same models, it was demonstrated that the potency of pitolisant was considerably less affected 

compared to its imidazole congener FUB 181 (Figure 7). This observation may be a reason for a good 

correlation of its preclinical effects in vivo and the clinical performance of pitolisant, which was granted 

with marked approval in the EU and the U.S.A for the treatment of excessive daytime sleepiness in 

narcoleptic patients with or without cataplexy (Syed, 2016; Kumar et al., 2019). Preclinical characterisation 

demonstrated lack of off-target interaction among approx. 100 known human targets (Ligneau et al., 

2007b). In contrast, pitolisant showed potent inhibition of [125I]iodoproxyfan and [35S]GTPγS binding to 

recombinantly and natively expressed hH3R, synaptosomal release of [3H]HA mediated by rH3R, and 

inhibition of histamine-elicited twitches of isolated guinea pig ileum (Ligneau et al., 2007b). Despite 

previous reports of hERG binding liability associated with the non-imidazole strategy, this issue was not 

observed for pitolisant (Levoin et al., 2011; Shah et al., 2016). Consistent with previous results of H3R 

inverse agonists, the pharmacological tool showed increased teMH levels in the cerebral cortex as well as 

in striatum and hypothalamus (Ligneau et al., 2007a). The observed elevated DA turnover in the prefrontal 

cortex, but unaffected one in striatum, raised the hope for pitolisant and other H3R agonists as drug 

candidates against negative symptoms in schizophrenia for which effective compounds have been 

overdue until today (Ligneau et al., 2007a). Previous clinical studies have demonstrated the effectiveness 

and tolerability of pitolisant in narcolepsy compared to placebo, and a non-inferiority to the well- 

established modafinil (Dauvilliers et al., 2013; Kumar et al., 2019). 

Another compound derived from bioisosteric replacement efforts has been UCL-2190 (Figure 7). Although 

this compound displayed a slightly 

decreased affinity at rH3R compared to 

ciproxifan, this behaviour reverses at the 

human isoform, where it shows an even 

increased affinity compared to the 

imidazole congener ciproxifan 

(Figure 7)(Mikó et al., 2004). However, 

ciproxifan is still highly rated as a 

  

 

 

Figure 8. Pharmacophore blueprint of second-generation / non-

imidazole H3R antagonists, modified from (Celanire et al., 2005; 

Walter et al., 2010). 
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pharmacological tool for in vivo 

investigations (Hagenow et al., 

2017). 

Today, most second-generation 

inverse agonists follow the 

pharmacophore blueprint depicted 

in Figure 8 (Celanire et al., 2005; 

Walter et al., 2010). This guide has 

led to a plethora of H3R inverse 

agonists that have been developed 

to the present. The most 

prototypical second-generation 

ligand is represented by 1-(3-

phenoxypropyl)piperidine which 

consists of a benzene ring as an 

aromatic core scaffold and shows a 

more than tenfold reduced receptor 

affinity compared to its first-

generation analogue. As hinted in 

Table 7, the receptor affinity can 

be modulated upon modifications 

within the eastern part of the 

molecule, where not only lipophilic residues can be placed as a strategy to a probably entropy-driven 

affinity increase.  

This strategy is inherent in the tert-butyl and tert-pentyl substituted analogues DL76 and DL77, as well as 

in the biphenyl-derivative 1-(3-([1,1'-biphenyl]-3-yloxy)propyl)piperidine. Besides, polar groups, basic 

moieties and acidic moieties are tolerated within this region as will be shown in several studies throughout 

this work (Celanire et al., 2005; Sander et al., 2008; Walter et al., 2010; Ghamari et al., 2019a). 

DL76 and DL77 have both already been profiled on preclinical investigation stage. As DL76 belongs to the 

first H3R inverse agonists from the second-generation and was presented almost 15 years ago (Lazewska 

et al., 2006), pharmacokinetic parameters have already been determined (Szymura-Oleksiak et al., 2012; 

Szafarz et al., 2015). Therefore, this drug candidate has already be applied in in vivo model of non-

neurogenetic disorders such as vascular dementia and, recently, glaucoma (Stasiak et al., 2011; Lanzi et al., 

 
Table 7. Selected non-imidazole-based ligands, derived from 
the pharmacophore blueprint (Figure 8). 

 

 pitolisant 

 hH3R: Ki = 8.7 nM 

 off-targets: 

σ1R: Ki = 10 nM 

hH1R: Ki = 1,700 nM 

CYP: IC50 = 2,600 nM 

 

 1-(3-phenoxypropyl)piperidine 

 hH3R: Ki = 310 nM 

 

 

 1-(3-([1,1'-biphenyl]-3-

yloxy)propyl)piperidine 

 hH3R: Ki = 76 nM  

 

 DL76 

 hH3R: Ki = 22 nM 

 

 DL77 

 hH3R: Ki = 8.4-37 nM 

 off-targets: 

hMAO B: Ki = 19 nM 

 

References: (Lazewska et al., 2006; Sander et al., 2010; Panula et al., 2015; Calik, 

2017; Łażewska et al., 2017; Lazewska et al., 2018; Riddy et al., 2019) 
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2019). Besides, the more recent tert-pentyl analogue has shown anticonvulsant and pro-cognitive effects 

in rats, reduced ethanol intake in conditioned mice and alleviation of deficits associated with a mouse 

model of autism-spectrum disorder (Bahi et al., 2015; Sadek et al., 2016a; Eissa et al., 2018). 

In contrast, the prototypic ligand 1-(3-phenoxypropyl)piperidine and its biphenyl congener have so far 

only got importance as in vitro tool compounds and can be ruled out as promising drug candidates due to 

their unsubstituted phenyl residues which are prone to extensive metabolism (Sharma et al., 2009). 

 As the H3R pharmacophore shows as well tolerability for modifications at the central moiety, one 

approach towards increased drug-likeness has been the application of heterocyclic cores. This idea is based 

on the assumption that containing heteroatoms enable specific interactions within binding pockets of 

targets, and heterocyclic cores show increased metabolic stability and pharmacokinetic properties 

(Gomtsyan 2012). Another rationale is that a decreased lipophilicity may lead to decreased entropy-driven, 

unspecific interactions with off-targets and therefore, a reduced risk of toxicity and side-effects (Raymer 

et al., 2018). Several of H3R inverse agonists that were designed upon this assumption have been 

investigated in vivo (ADS-531) or have already reached out for clinics, such as ABT-239 (Sadek et al., 

2016b; Ghamari et al., 2019a). ADS-531 represents a 1,3-thiazole-based congener which shows high 

affinity towards H3R and selectivity over H1R. In a recent study, this tool compound was characterised as 

multitarget-directed agent with combined activity at cholinesterases and revealed pro-cognitive effects in 

in vivo studies (Jończyk et al., 2019). From docking studies, it was elucidated that the thiazole ring 

facilitates specific interactions with the cholinesterases and therefore, supporting the general hypothesis 

for employing heterocycles within drug development campaigns. 

 

Table 8. Non-imidazole H3R inverse agonists with heterocycles as central cores. 

  
ST-979 ADS-531 ABT-239 

 hH3R: Ki = 41 nM  hH3R: Ki = 3.2 nM 

 off-targets: 

eeAChE:  IC50 = 14,000 nM 

eqBuChE:  IC50 = 15,000 nM 

 hH3R: Ki = 0.45 nM 

 off-targets: 

σ1R: Ki = 6.3 nM 

α2CR: Ki = 63 nM 

α2AR: Ki = 250 nM 

hH1/2/4R: Ki > 1,000 nM 
References: (Cowart et al., 2004; Frymarkiewicz et al., 2009; Walter et al., 2010; Riddy et al., 2019) 
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1.4. Progress in molecular pharmacology of histamine H3 receptor ligands 

Given the various implications of H3R, several pharmacological concepts have emerged and are of 

current interest to reveal pharmacological secrets of H3R and to screen and characterise potent H3R ligands 

with improved clinical profile. 

More than one decade ago, it was suggested that receptor binding kinetics might be more relevant in 

future screening campaigns. The parameter “drug-target residence time” (τ) was postulated as an improved 

predictor for clinical effectiveness in screening campaigns than affinity measures (only) (Copeland et al., 

2006). As introduced by Robert Copeland (2006), this parameter has been defined as 

� =
�

����
, (1) 

that is proportional to the dissociation half-life, and with koff being the dissociation rate constant for the 

given drug-target interaction: 

�� → � +  � , (2) 

where R is the receptor and L ligand that together form the receptor-ligand complex RL. For the dissociation 

of L from LR under sink conditions, the empiric rate law is defined as 

−
�[��]

��
= ���� ∗ [��], (3) 

that leads to the solution for [RL]t: 

����� = [��]	 ∗ �
����∗�. (4) 

The relationship between affinity and kinetic rate constants is given by 

�� =
��∗[�]

[��]
=

����

���
, (5) 

for the equilibration of L with R, 

�� ⇋ � +  � . (6) 

In equation (5), kon depicts the association rate constant of a ligand according to equation (6). For the latter, 

the rate for the equilibrium reaction is defined by the reversible, second-order rate equation 

�[��]

��
= ��� ∗ ��� ∗ ��� − ���� ∗ [��]. (7) 

Substituting experimental conditions [L] >> [R], so that [L] ≈ [L]t=0, and [R]t=0 = [R]+[RL] into (7), integration 

and solving for [RL]t leads to the expression for  

����� = [��]�→� ∗ (1 − �
����∗�����������∗�). (8) 
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The idea to focus on ligands with slow receptor dissociation rate has been derived from the 

pharmacological concept of insurmountability, which describes the inability of a ligand to displace from 

the receptor in an appropriate time and which, in turn, has similar effects as pseudo-irreversibility. It was 

alleged, τ being a better predictor for drug-effectiveness as it leads to a longer duration of target-occupancy 

and therefore, to sustained action in the organism (Copeland et al., 2006). This was justified referring to 

the organism as an open system, where equilibrium conditions do not apply, and therefore, kinetic 

descriptions may be more suitable to approximate the situation in organisms. Simultaneously, it was 

justified as a strategy to achieve kinetic selectivity and, conclusively, reducing off-target associated side-

effects (Copeland, 2010). However, this claim is far from conclusions and needs more profound 

investigation, not only at the H3R (Schuetz et al., 2017). In particular, this idea has been limited for the 

following reasons: 

• Despite the aim of approximating the open system situation in vivo, most of the applied models 

utilise derivations from steady-state kinetics such as the derivations of Colquhoun (1968) and 

Motulsky & Mahan (1984) for competitive binding kinetics. 

• Comparisons between τ and in vivo effectiveness are not always feasible as shown for tiotropium 

that shows a long residence time towards M3R as well as kinetic selectivity over M2R (Sykes et al., 

2012). On the other hand, it is often not rationalisable, which in vivo parameters to correlate with 

(Folmer, 2018). 

• If t½,dissociation < t½,elimination, then estimation of τ would be useless, meaning the drug would enable re-

association as long as it is not cleared from the organism (Dahl et al., 2013). In this case, persisting 

drug action would emanate from its pharmacokinetic, not from pharmacodynamic, properties 

(Sykes et al., 2012). Additionally, t½,elimination is a mostly unknown parameter on the screening stage 

of drug discovery. 

• Ranking based on dissociation kinetics only may be misleading for ligands with similar association 

rate constants as koff then correlates with KD, both becoming interchangeable parameters for drug 

screening (Copeland, 2016; de Witte et al., 2018; Folmer, 2018). 

Taking account of the limitations mentioned above, the drug-target residence time concept was expanded 

by prompting investigation of association kinetics and reflecting τ together with the temporal receptor 

occupancy (de Witte et al., 2016; 2018). For example, if KD is similar for two compounds, but they would 

differ in koff, kon will change consequently. In turn, this will affect receptor occupancy. 

Albeit the unsolved question for medicinal chemistry, whether τ serves as a better surrogate for clinical 

effectiveness of leads, receptor binding kinetics are of general interest in molecular pharmacology. Given 
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limited approaches for systematic manipulation for kon so far, this parameter plays a subordinate role for 

a medicinal chemist in lead optimisation (Copeland et al., 2006), while providing hints for the binding 

mechanism (Sykes et al., 2019). This rate constant consists of several micro-constants, characterising the 

‘journey’ of a drug towards its target, such as diffusion towards the target, isomerisation processes, 

concentration next to and subsequent diffusion into the binding pocket and, maybe, conformational 

changes that reduce the probability of unbinding (i.e., induced fit). Considering a simple one-step binding 

mechanism, kon is often limited by the diffusion rate, which is around 108 to 109 M--1 min-1(Copeland et al., 

2006). 

Radioligand-based methods to investigate target binding kinetics have so far been of choice if target 

manipulation is not desired (Schuetz et al., 2017), with the accompanying disadvantage of low-throughput. 

The requirement of a labelled ligands puts further limits so far as direct monitoring is desired. Therefore, 

indirect models have been developed, such as the model of Motulsky & Mahan (1984). This model serves 

as a mathematical solution for the kinetics of an unlabelled ligand in competition with a labelled ligand, of 

which the association and dissociation rates are known. As it is derived from the law of mass action and 

the corresponding rate laws, this model can be described as a temporal resolution of a traditional 

displacement curve of a three parametric logistic fit (Figure 9). Previous efforts towards H3R binding 

kinetics have relied on determining ligand binding by NanoBRET sensors attached to the receptor (Mocking 

et al., 2018), or functional [Ca2+]-mobilisation assays under hemi-equilibrium conditions (Riddy et al., 

2019). 

For labelling the receptor, some H3R agonists and inverse agonists have been designed as radio- and 

fluorescence-labelled tracers. Working with commonly used and commercially available tracers in binding 

studies establishes comparability of data within the scientific community. However, working with 

radiolabelled ligands always puts constraints on the observable space of the targeted receptor and may, 
 

 

 
Figure 9. Relation of equilibrium and kinetics of competitive binding, simulated according to the model of Motulsky & Mahan 

(1984). Simulations were made with data for a labelled ligand (kon = 1 107 M-1 min-1, koff = 0.02 min-1, KD = 2 nM [L] = 2 nM) and 

unlabelled ligand (kon = 1 107 M-1 min-1, koff = 0.2 min-1). 
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therefore, hide its essential characteristics (Kenakin, 2010). Radiolabelled tracers with widespread use in 

H3R pharmacology are depicted in Figure 10. To date, only the presented agonist probes are commercially 

available for screening purposes even though interesting molecular pharmacological findings have been 

reported for the antagonist ones. For example, binding to a larger fraction of the receptor population was 

shown for both [3H]A-349821 and [3H]-thioperamide compared to agonists such as [3H]NAMH or RAMH, 

as well as they were able to label multiple receptor conformations with distinct affinities (Alves-Rodrigues 

et al., 1996; Witte et al., 2006). As introduced previously, [125I]iodoproxyfan, which has been widely used 

to characterise H3R antagonists earlier (Panula et al., 2015), despite its protean agonist behaviour and 

apparent insensitivity to E2065.46 mutation that both indicate different binding modes of this chemical 

probe (cf. page 18). 

Careful choice of a tracer for such heterologous experiments has been suggested as crucial for accurate 

resolution of receptor kinetics (van der Velden et al., 2020). In particular, selection of agonists may 

compromise the performance of kinetic experiments due to their marked biphasic binding kinetics (West 

et al., 1990). 

 

 

 
Figure 10. Selected radiolabelled tracers for pharmacological characterisation of H3R taken from (Arrang et al., 1987a; Alves-

Rodrigues et al., 1996; Stark et al., 1996; Hamill et al., 2009; Igel et al., 2009; Andrews et al., 2012; Panula et al., 2015; Dahl 

et al., 2018). 
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Fluorescently labelled tracers are of high interest in modern molecular pharmacology due to their wide 

applicability in fluorescence-imaging and (fluorescence/bioluminescence) resonance energy transfer 

((F/B)RET) techniques (Stoddart et al., 2016). Compared to radiolabelled ligands, they reduce the 

regulatory efforts and safety concerns (Sridharan et al., 2014). However, only a few attempts have been 

made in the application of fluorescently labelled ligands to elucidate further features of H3R pharmacology, 

despite of commercial availability of several potent and selective tools such as mirisant-405 and bodilisant 

that are depicted in Figure 11. In addition to them, a BODIPY-labelled analogue of clobenpropit is 

commercially available, without disclosed structure but probably belonging to the imidazole-based type 

(Mocking et al., 2018). Additionally, a BODIPY-labelled histamine analogue shows mediocre binding at H3R 

(Mocking et al., 2018). UR-DEBa242 represents the most recently published fluorescent tracer for H3R 

(Bartole et al., 2020). However, as BODIPY-histamine and BODIPY-clobenpropit, the novel probe is not 

selective over other histamine receptor subtypes (Mirzahosseini et al., 2015; Mocking et al., 2018; Bartole 

et al., 2020). In contrast to the imidazole-based analogues, bodilisant resembles a selective H3R ligand 

which is suitable for ex vivo receptor staining in tissues (Tomasch et al., 2013). Conclusively, this chemical 

probe permits novel approaches to H3R binding behaviour with satisfactory properties for replacing 

radiolabelled tracers in the molecular pharmacology of the receptor. 

 

  

 

 
Figure 11. Fluorescence tracers for H3R, taken from (Amon et al., 2006; Tomasch et al., 2012; Tomasch et al., 2013; 

Mirzahosseini et al., 2015; Bartole et al., 2020). 
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1.5. Histamine H3 receptor ligands in neurogenetic disorders 

Many diseases for which H3R ligands may provide beneficial effects accompany disorders that are 

linked with alterations on gene expression level. Such diseases termed neurogenetic disorders have been 

defined as clinical diseases that are based on genetical defects with alterations in “differentiation and 

function of the neuroectoderm and its derivatives” (Müller et al., 1994). This large group of disorders can 

be subdivided into four major classes according to their genetic aetiology (Bird, 2009): 

Chromosomal disorders are characterised 

by chromosomal deletions, inversions, 

translations and multiplications as well as de 

novo genetic mutations with strong selective 

pressure. Mendelian disorders consist of an 

inheritable component due to genetic 

mutations or copy-number variations. 

Mitochondrially denoted neurogenetic 

diseases show deficits in electron transport 

chain components and are as well inheritable, 

either maternally from mitochondrial DNA or 

autosomal from nuclear DNA. A fourth group 

encompass diseases which combine genetic 

disposition (polygenic) with environmental 

factors (multifactorial) and, thus, represent 

diseases of heterogenous aetiology, which 

usually manifests after infancy (Müller et al., 1994; Bird, 2009). Various neurogenetic diseases where 

histamine H3 receptor ligands have been under clinical evaluation are depicted within this classification in 

Figure 12. Of such, relevant conditions for this work are elaborated below in more detail.

Neurogenetic disorders often share co-morbidities of other mental diseases. Vice versa, candidate 

genes for several disorders often overlap with such for others, as seen from recent genome-wide association 

studies (GWAS). Such shared co-morbidities encompass 

• intellectual disability, 

• behavioural conspicuousness, 

• impacted attention and perception (Ornitz, 1969), 

• sleep disorders (Dosier et al., 2017), 

 

Figure 12. Classification of neurogenetic disorders with selected 

indications for H3R ligands, according to literature (Bird, 2009; 

Ghamari et al., 2019a).  
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• schizophrenia, 1 in 100-200 individuals with schizophrenia are linked with 22q11.2 deletion 

syndrome (Gur et al., 2017), 

• autism-spectrum disorders (American Psychiatric Association, 2013a) and 

• compulsive-obsessive disorders (Grove et al., 2019). 

Additionally, many syndromes belonging to mental disorders show remarkable inheritability, although the 

molecular genetic nature is in most cases as elusive as the neuropathology. However, major advances have 

been made within the last two decades upon increasing cohorts of GWAS that allow for correlation with 

rare genetic variants (Hirschhorn et al., 2005). In all neurogenetic diseases, alterations on genomic level 

lead to alterations in distinct neuron populations and therefore, in different neurotransmitter systems. Two 

central theories have evolved to explain how ubiquitous genetic alterations can impact the function and 

even degeneration of specific cell-types: The theory of selective vulnerability rationalises that variances 

in a broadly/ubiquitously expressed gene makes one specific cell-type vulnerable (Fu et al., 2018). In 

contrast, that of selective expression describes a defect cell-type as consequence of perturbated gene 

expression that is usually expressed from this one cell-type only. 

The sleep disorder narcolepsy is characterised by severe daytime sleepiness during phases where 

vigilance is required, and REM sleep during the wake period, despite adequate sleep during the night 

(Scammell, 2015). The disorder can be accompanied by cataplectic attacks which are characterised by 

sudden loss of muscular tone. According to the aetiology, narcolepsy is classified as type 1 that is 

characterised by loss of ORX-A or ORX-B and as an idiopathic type 2 (Scammell, 2015). It has been 

hypothesised that the loss of orexin producing neurons is linked to an autoimmune mechanism as a specific 

human leukocyte antigene (HLA) expression pattern has been associated with 95 % of the cases (HLA class 

II allele: HLA-DQB1*0602) (Mignot et al., 1997). However, previous descriptions of an infantile case of 

narcolepsy has been attributed to a de novo non-functional L16A mutation in the signal domain of the ORX 

precursor prepro-orexin (Peyron et al., 2000; Kornum et al., 2017). Given the multifactorial explanation of 

pathogenesis, the disorder is classified as a disorder of multifactorial genesis (Figure 12)(Yamasaki et al., 

2016). The neuronal circuits of orexigenic neurons are directly linked to the pharmacotherapeutic strategy 

for H3R ligands. Their application aim to compensate the missing orexinergic excitatory input to TMN 

histaminergic neurons by H3 auto- and heteroreceptors. Thus, pitolisant has been granted market 

authorisation by the U.S. Food and Drug Administration (FDA, 2016) and the European Medicines Agency 

(EMA, 2019) while some other H3R inverse agonists are on clinical development state (Syed, 2016; 

Ghamari et al., 2019a; Kumar et al., 2019).
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Schizophrenia is a psychiatric syndrome characterised by episodic (> 1 months) hallucinations, 

delusions or disorganised speech, while each of such symptoms presents in complex forms and can appear 

in combination with each other (American Psychiatric Association, 2013d). During and in between of such 

episodes, patients appear as well with negative symptoms such as social withdrawal, cognitive 

impairments, lacking motivation as well as deficits in executive function and memory (McCutcheon et al., 

2020). The still supported molecular pathological theory focussing on imbalanced dopaminergic, and 

subsequent glutamatergic and GABAergic neurotransmission, relies on the consistency with clinical effects 

of applied D2R/D3R antagonists (Lau et al., 2013). However, only the hypothesis of GABAergic hypofunction 

remains irrefutable up to post-mortem analysis (Birnbaum et al., 2017). The difficulties in the alignment 

of results from in vivo and post-mortem studies is mostly due to that examined tissues have persisted in 

pathological environment for up to several decades and may have undergone compensatory mechanisms 

(Birnbaum et al., 2017). Typically, the disease manifests in early maturity and has a long-since known 

inheritable component (Kallmann, 1938), which is estimated to be about 80 % (Cardno et al., 2000). 

Theories for attributing positive and negative symptoms to specific alterations in specific neuronal circuits 

dominate current discussion as will for the molecular genetic trigger. Despite remarkable inheritability and 

several identified candidate genes from genome-wide association studies (GWASs)(Hirschhorn et al., 

2005), unambiguous ramifications with the aetiology of schizophrenia remains impossible as long as 

comprehensive pathophysiological explanations are overdue (Birnbaum et al., 2017). Thus, and due to non-

excludable environmental factors contributing to schizophrenia, the disorder is best classified as of 

multi-factorial and polygenic origin, as done in Figure 12. Relying on the dopaminergic hypothesis, which 

is based in dopaminergic hyperactivity in the mesolimbic system but as well in caudate nucleus, H3R inverse 

agonists have emerged as potential treatment of schizophrenia. Even if an effect of H3R inverse agonists 

on psychosis is without evidence, they emerged due to their pro-cognitive properties and their ability to 

ameliorate glutamatergic hypoactivity seen in basal ganglia of many patients. The latter is a feature of H3R 

inverse agonists that D2R antagonists do not exert (Faucard et al., 2006; Moghaddam et al., 2012; 

Ellenbroek et al., 2014). 

Gilles de la Tourette syndrome (GTS) is a disease belonging to tic disorders with involuntary, 

stereotyped motoric and vocal movements. It has an unknown genetic cause but a strong heritable 

component (Albin et al., 2006). However, some accordance with chromosomal translocations and genetic 

polymorphisms with impacts on neuronal growth and dopaminergic neurotransmission was found 

(O'Rourke et al., 2009). So far, mainly D2R and D3R antagonists have been used in the pharmacotherapy 

of GTS (Thomas et al., 2013). The linkage to H3R in the disease is attributed to its role in basal ganglia, 
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where increased inhibitory striatonigral and striatopallidal input leads to insufficient curbing of motoric 

events (Albin et al., 2006; Rapanelli et al., 2016). From a genetic perspective, interestingly, an association 

to histaminergic neurotransmission seems likely for frequently observed SNP on the hdc gene on 

chromosome 15q21.2 (Karagiannidis et al., 2013; Udvardi et al., 2013). Interestingly, upregulated H3R 

expression in striatum was reported for HDC-/- mice (Pittenger, 2020) as well as affected gene expression 

in H1R and H2R signalling pathways (Fernandez et al., 2012). Finally, promising effects from a phase II 

clinical trial in GTS patients have been reported for the H3R inverse agonist AZD5213 (Rizzo et al., 2019). 

However, no follow-up has been communicated so far. Common co-morbidities with GTS are attention-

deficit disorders, for which H3R inverse agonists have been investigated clinically (Ghamari et al., 2019a), 

as well as compulsive-obsessive disorders which are shown by 52-75 % of GTS patients (McDougle et al., 

1993). 

Alzheimer´s disease (AD) belongs to the neurodegenerative disorders and represents a dementia 

syndrome, characterised by a loss of acetylcholine producing neurons. It is either diagnosed upon a decline 

in memory and learning, with a steadily progressive decline in cognitive functions, which is without 

transient stagnation and other cause (e.g., cerebrovascular events), or upon familial history associated with 

causative genetic basis (American Psychiatric Association, 2013b). In 2016, this disease affected around 

43 Mio people globally, which was more than twice as much as in 1990, and this number is expected to 

double within another 15 years (Nichols et al., 2019). With about 2.4 Mio deaths within that year, AD 

became the fifth leading death cause in 2016 (Nichols et al., 2019). Slightly more women (1.17-fold, after 

standardisation for generally longer lifetime of women) suffered from the disease compared to men 

(Nichols et al., 2019). While most of the AD patients become symptomatic above the age of 65, it does not 

preclude events of earlier onset (Tellechea et al., 2018). Overall, a disease heritability of 80 % have been 

estimated while environmental factors contribute to the aetiology. Thus, AD also belongs to 

polygenic/multifactorial neurogenetic disorders (Figure 12)(Bettens et al., 2013; Van Cauwenberghe et al., 

2016). 

Progress has been made in delineating genetic predisposition of AD, which has found to attribute to 5-10 % 

of early-onset AD cases and show high degrees of inheritability (Van Cauwenberghe et al., 2016). Such 

approaches have focussed on neurotoxic β-amyloid plaques presented in the pathophysiology. First, 

autosomal-dominant mutations in genes encoding for amyloid precursor protein (APP, gene-locus 21q21.3) 

were ascribed responsible for driving the formation of the fibril precursor β-amyloid fragment, aa sequence 

1-42 (Aβ1-42)(Van Cauwenberghe et al., 2016). Secondly, mutations in components of the γ-secretase 

complex, which is responsible for Aβ1-42 cleavage (presenilin 1 and 2, loci 14q24.2 and 1q42.13, 
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respectively), were correlated with several cases (Van Cauwenberghe et al., 2016). Thirdly, the high-density 

lipoprotein component apolipoprotein-E (ApoE), which has been found present in amyloid plaques, appears 

in different isoforms from allelic variants (ε2, ε3, ε4) on locus 19q13.32, of which ε3 is most common 

(Weisgraber et al., 1996). However, ε4 has been associated with increased susceptibility for AD with a 

positive correlation to ε4-concentration (Corder et al., 1993). At the age of 85, the ε4-allele accounts for 

an increased lifetime risk (LTR) for AD in heterozygous carriers of the ε4-allele (female: LTR = 30 %, 

male: LTR = 23 %) which duplicates again for homozygous ones (female: LTR = 60 %, male: LTR = 51 %), 

compared to people with homozygous ε3-allele (female: LTR = 14 %, male: LTR = 11 %). By contrast, a 

protective value was attributed to the second isoform (ε2) (Corder et al., 1994). A large GWAS among 

approx. 74,000 individuals was conducted and resulted in several loci, of which SNPs could be correlated 

with late-onset of AD (Lambert et al., 2013). Further GWASs revealed further genetic polymorphisms in 

the context of AD, and raised implications for intracellular deposited hyperphosphorylated tau protein-

aggregates which represents another neurotoxic process in AD (Van Cauwenberghe et al., 2016). 

AD has been associated with decreased activities of HA and ACh synthesising enzymes (HDC and choline 

acetyltransferase, respectively) that contributes to the overall cholinergic deficits in patients (Schneider 

et al., 1997). In addition to reductions in norepinephrine, 5-HT and DA brain levels as a result of a 

progredient global neurodegeneration, the orexinergic system has evolved as putative co-actor as it triggers 

generation of amyloid plaques in AD (Wang et al., 2018). H3R ligands are clinically examined for their 

symptomatic approach to AD due to their role in cognition, learning & memory, such as GSK-239512 

and AZD5213 (cf. Figure 13)(Nathan et al., 2013; Ghamari et al., 2019a). 

After AD, Parkinson´s disease (PD) represents the second-most prevalent neurodegenerative disorder 

with 6.1 Mio persons affected in 2016. Similar to AD, this number has doubled from1990 and is assumed 

to double once again until 2040 as a result of higher life expectancy (Dorsey et al., 2018; Rocca, 2018). 

Also, this disease has an onset after the 50th year of age, but, in contrast to AD, affects 1.4 times more 

males than females. PD is a clinical diagnosis made upon loss of motoric movement (bradykinesia) with 

rest tremor, lead-pipe rigidity and assessment of selective or supportive criteria (such as response to 

levodopa or olfactory loss) (Kalia et al., 2016). Patients suffering from PD can show neurocognitive decline, 

anxiety, depressive and sleep-wake disorders during the progression of the disease (American Psychiatric 

Association, 2013c). Hence, pitolisant as well as bavisant (cf. Figure 13) were examined in phase 3 and 

phase 2 clinical trials concerning excessive daytime sleepiness (EDS) in PD (clinicaltrials.gov identifiers: 

NCT01066442, NCT01036139 and NCT03194217)(Ghamari et al., 2019a). Based on a case series, 

marked changes in the Epworth sleepiness scale-score were reported for which the community waits for 
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the pending results from the interventional study (Liguori et al., 2020). From the neuropathologic point of 

view, PD is based on the degeneration of dopaminergic neurons in SN well before the onset of symptoms, 

which has decoupling of motoric regulation between frontal motor-cortex, subthalamus and basal ganglia 

as common consequence (Poewe et al., 2017). On a molecular level, the detection of intraneuronal 

oligomeric aggregates consisting of α-synuclein (SNCA), ubiquitin and other protein filaments (termed 

“Lewy bodies”) have been found as neurotoxic agent (Poewe et al., 2017). Recent progress on a molecular 

level has pointed towards a prion-like behaviour due to an apparent transferability of SNCA aggregates 

between different neurons, the ability of such aggregates to recruit additional SNCA in unaffected cells, 

and the potential of SNCA aggregates to cross the BBB (Kalia et al., 2015). However, the point of origin of 

the aggregation process is elusive in most of the PD cases, despite some cases of genetically determined 

forms (Blauwendraat et al., 2020). Furthermore, a potentially environmental intake of SNCA aggregates 

which trigger the pathophysiological process is under current discussion (Scialò et al., 2020). 

More than 20 rare variants are known to predispose PD, and despite the increasing assumption of a genetic 

background for most cases, not all of the rare variants are unambiguously associated with the disease; still, 

larger cohorts with more rare or very rare variants in GWAS are needed to complete evidence 

(Blauwendraat et al., 2020). Prominent examples with reasonable relation to PD include autosomal-

recessively inherited parkin (PRKN/PARK2, gene-locus: 6q26), PTEN-induced kinase (PINK/PARK6, gene-

locus: 1p36) and DJ-1 (PARK7, locus: 1p36.23), all of which being essential for adequate mitochondrial 

function, for which genetic alterations can cause early-onset PD (Canet-Avilés et al., 2004; Valente, 2004). 

Besides such mitochondrial diseases, prominent monogenic variants are found for the lysosomal leucine-

rich repeat kinase 2 (LRRK2/PARK8, locus: 12p11.2-q13.1) and SNCA encoding genes with autosomal-

dominant inheritance and with either late- or early-onset characteristics, respectively (Deng et al., 2018). 

Autism-spectrum disorder (ASD) is defined by deficits in social interaction, in communication to a 

verbal and non-verbal extent, and includes restriction or repetition in behaviour and motoric movements, 

all with typical onset in infancy (American Psychiatric Association, 2013a). It is a heterogeneous disease 

spectrum, based on the clinical appearance between several patients but as well on intra-individual 

differences in autistic behaviour throughout development, and it frequently occurs with a cognitive 

component (Lord et al., 2000). While a genetic cause of ASD seems confirmed based on correlations 

between twin pairs suffering from the disorder (Lichtenstein et al., 2010; Hallmayer, 2011), no pertinent 

link to one specific genetic aberration could be drawn yet. For example, ASD has been associated with 

partial tetrasomy on chromosome 15q11-13, together with various other chromosomal aberrations in some 

individuals (Gillberg, 1998). Conversely, de novo events have been put as a cause in the last years based 
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on the observation that ASD is often accompanied by fertility and, thus, genetic marks being mostly 

noninheritable (Castellani et al., 2020). Such missense and nonsense variants are found approximately in 

half (46.3 %) of the patients (Neale et al., 2012). Recently, some correlations between missense variants 

and ASD could be made in a whole-exome association study among approx. 12,000 patients, in which gain-

of-function mutations were described, e.g., in the kcnq3 gene for Kv7.3 channel or scn1a gene for Nav1.1. 

The first finding is an intriguing one as HA, through H1Rs, can decrease the activity of Kv7-type channels 

(Obara et al., 2020). Besides possibly direct links between ASD and the brain HA system, recent findings 

point towards decreased acetylcholine levels in mouse models with autism-like characteristics (Karvat et al., 

2014). Therefore, this may be a hint for the molecular action of the H3R inverse agonist DL77 that provided 

promising effects in previous in vivo studies with ASD mice (Eissa et al., 2018). A direct effect of DL77 on 

H1R cannot be precluded as the compound appeared selective towards H3R but still with remarkable activity 

at H1R in submicromolar concentration range (Eissa et al., 2018). Nevertheless, application of H3R inverse 

agonists for the treatment of ASD represents an indication on preclinical investigation stage (Ghamari 

et al., 2019a). 

Compared to other genetic disorders introduced above, Prader–Willi syndrome (PWS) represents a 

neurogenetic disorder with well-characterised genetic determinism which is long-since known and, thus, 

forms part of diagnosis (Buiting, 2010; Beygo et al., 2019). In more detail, PWS is an imprinting disorder 

that is caused by a loss of genes from paternal chromosome 15q11.2-13 by either de novo deletion, 

uniparental disomy, microdeletions or imprinting defects. Additionally, the corresponding genes on the 

maternal chromosome are epigenetically silenced under physiological conditions (Beygo et al., 2019). 

Within this imprinted domain, several genes encoding for proteins and small nucleolar RNA (snoRNA) 

clusters (SNORD) are located, the latter being involved in RNA editing processes (Mehler, 2008; Beygo 

et al., 2019). While the unique lack of several proteins (MKRN3, MAGEL2, NDN) have demonstrated not 

to induce PWS in full extent (Kanber et al., 2008), lacking the protein SNURF-SNRPN and SNORD116 

cluster is strongly correlated with the full phenotype. However, no functional role thereof is known to date 

(Bieth et al., 2015; Beygo et al., 2019). 

Langdon Down made the earliest known documentation of a PWS patient in 1864, but Andrea Prader, 

Alexis Labhart and Heinrich Willi provided a detailed clinical description about 90 years later (Prader et al., 

1956; Ward, 1997). The disorder is in its initial prenatal and infantile stage characterised by markedly 

reduced muscular tone, leading to reduced foetal movements. After birth, complications in feeding and 

metabolism leads to a predisposition for increased mortality due to decreased energy intake and aspiration 

risk (Holm et al., 1993). Following normalisation of this hypotonia, which has an onset between the second 
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and mandatorily, before the sixth year of age, the situation reverses with weight gain and hyperphagia 

accompanied by delayed development, which leads to a reduced foetal movement (Cassidy, 1997; Cassidy 

et al., 2009). Mortality during adulthood is increased due to the occurrence of metabolic disorders, without 

accounting for an additional risk component due to mild intellectual disability (Einfeld et al., 2006). 

Besides, additional behavioural characteristics of PWS patients can be compulsivity, obsessiveness, 

manipulative and argumentative behaviour and problems with changes in daily routine (Cassidy et al., 

2012). 

Similar to other neurogenetic disorders, PWS shares many facultative co-morbidities such as sleep 

disorders/EDS, cognitive deficits, autism, attention-deficit/hyperactivity disorder and psychosis (Cassidy 

et al., 2012) for which H3R inverse agonists have emerged as pharmacotherapeutic option. Interestingly, 

the long-since known betahistine emerged as a potential drug for PWS with market-approval for more than 

50 years (cf. Figure 13). While it has been tried to exploit its H3R antagonist and H1R (partial) agonist 

mode of actions on improved vestibulocochlear blood flow in preclinical studies, these effects have not 

been sufficiently evidenced in clinics yet as elaborated by the Cochrane collaboration (Murdin et al., 2016). 

These drawbacks and the low interest in betahistine as combined H1R (partial) agonist / H3R antagonist are 

for one thing attributed to its low potency at H1R but, maybe more relevant, to its poor bioavailability and 

BBB permeability. To overcome these obstacles, an intranasal formulation of this drug was developed and 

subjected to clinical trials. Recently, it was granted an orphan drug status by the FDA for the therapy of 

obesity that is associated with PWS (Provensi et al., 2016a; Timmins, 2019). Furthermore, pitolisant has 

emerged as a potential drug in the treatment of PWS as improvements in cognitive performance and 

mental clarity, decreased sleepiness, as well as moderate amelioration in behavioural problems, have been 

reported on case series (Pullen et al., 2019a; Pullen et al., 2019b; c). 

 

 

 
 

Figure 13. Selected H3R antagonists as current clinical candidates against neurogenetic disorders. 
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1.6. Multitarget-directed histamine H3 receptor ligands 

in neurogenetic disorders 

The variety of H3R in neurological processes as outlined in section 1.1 in addition to the traditional role 

of H3R in neurogenetic diseases (section 1.5) prompt for novel strategies to improve the effectiveness of 

H3R ligands on clinical investigation stage. Studiously designed ligands that combine several activities 

among relevant neurological circuits have emerged, promising to achieve additive effects, while reducing 

side-effects due to off-targets (Proschak et al., 2018). In contrast to dirty drugs, a perfect multitarget-

directed ligand (MTDL) would elicit its actions only on the desired targets while maintaining selectivity 

over off-targets (Dessalew et al., 2008). Besides, the application of such agents can reduce the number of 

administered drugs and thereby, reduce the metabolic work-load (Proschak et al., 2018). 

The principle of H3R-MTDLs is as old as the discovery of H3R, with the early finding of potent H3R 

antagonism exerted by a previously known H1R partial agonist (betahistine, Figure 13). Thereby, this drug 

became the first marketed H3R antagonist and first MTDL with H3R potency. While clinical effectiveness 

in Menière´s disease is questioned based on a recent Cochrane review (Murdin et al., 2016), it has been 

subjected for clinical investigation proving for its effectiveness in CNS-mediated diseases such as primary 

and secondary obesity, associated with administration of antipsychotics and in the PWS (Nelson et al., 

2012; Kang et al., 2018; Ghamari et al., 2019a). 

From a drug design perspective, MTDL approaches can be subdivided in linking, fusing or merging 

pharmacophores and pharmacophore fragments (Morphy et al., 2005). Of such, the latter one is preferred 

due to the avoidance of decreased drug-likeness as a consequence of increased molecular size (Proschak 

et al., 2018). 

MTDL approaches involving the H3R can be subdivided among several co-targets, such as other (GPC)Rs, 

enzymes, transporters or releasing mediators for signalling (Khanfar et al., 2016). Various have been 

subject matter of successful drug design campaigns, but the only evidence for almost all of such drug 

candidates is of preclinical nature (Ghamari et al., 2019a). In most of such examples, strategic coactivity 

not only follows the purpose to address several neurotransmitter systems involved in a given disease, e.g., 

by addressing their receptors or inhibiting their degradation. Due to the widespread involvement of 

heteroreceptors, the major driver of MTDL approaches has been the purpose of achieving synergistic 

effects in specific neurotransmitter systems upon activation of their release, combined with inhibiting their 

catabolism (Bautista-Aguilera et al., 2018). Furthermore, several neurogenetic disorders share psychiatric 

co-morbidities, such as attention deficit ADHD, schizophrenia, sleep-wake disorders. Thus, these disorders 

may be best addressed in a multi-strategical approach. 
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Besides the previously outlined example of the combined H1R/H3R activity exerted by betahistine 

(cf. page 46), DA and 5-HT receptors have emerged as reasonable co-targets among neurological GPCRs 

(Butini et al., 2016). Among them, dopamine receptor subtypes are potential co-targets to H3R for 

antagonists applied in schizophrenia. However, they may have their implications for GTS and ASD as well, 

where antipsychotics have shown symptomatic amelioration (Posey et al., 2008; Roessner et al., 2011). 

Albeit the strategy to address striatal glutamatergic activity in patients suffering from schizophrenia and 

GTS, selective H3R antagonists have appeared without consistent effectivity in models for schizophrenia 

(Ligneau et al., 2007a; Ellenbroek et al., 2014), for which H3R/D2R/D3R antagonists/inverse agonists may 

be useful. Their implications in GTS is linked to the reduced HA synthesis, but as well to elevated striatal 

DA levels that have been found upon impairment of HDC function (Rapanelli et al., 2014). Figure 14 

exemplifies several ligands with combined affinity at H3R and dopaminergic receptor subtypes. Such were 

derived by fusing the H3R pharmacophore with chlorpromazine (ST-713), chlorprothixene (ST-777) or 

fluphenazine (ST-780), a strategy making them appear with relatively large molecular size (Mr = 530 to 

680 Da) (von Coburg et al., 2009). Hence, pharmacophores with decreased molecular size are of current 

interest. 

Acetyl- and butyrylcholinesterase (AChE/BuChE) are enzymes, which belong to serin hydrolases and 

are responsible for the degradation of ACh in order to abrogate cholinergic neurotransmission (Alexander 

et al., 2019b). In turn, ACh is a crucial neurotransmitter in the parasympathetic nervous system, where it 

mediates vegetative functions among nicotinic and muscarinergic receptor subtypes, but as well in 

neuromuscular excitation upon activation of nicotinic receptors. In the central nervous system, where ACh 

elicits actions among both receptor types, this neurotransmitter is responsible for (re)cognition processes 

and consolidation of memory (Hasselmo, 2006). Thus, ACh catabolic enzymes are targets for the treatment 

of AD (cf. page 42). However, among several approved AChE/BuChE inhibitors, only one selective ligand 

with sufficient blood-brain-barrier permeability has been marketed so far (donepezil, Figure 15). While a 

recent review by the Cochrane collaboration ascribes some benefits in cognition, learning and memory for 

 
Figure 14. H3R-MTDLs with co-target activity at DA receptor subtypes, taken from von Coburg et al. (2009). 
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donepezil, it did not markedly change the quality of life for patients suffering from AD (Birks et al., 2018). 

The engagement of H3R in cholinergic transmission and its role in cognition, learning and memory 

conveyed its targetability in diseases such as Alzheimer´s (Esbenshade et al., 2008; Reitz et al., 2011; Shan 

et al., 2015a; Zlomuzica et al., 2016). 

Even if H3R antagonists still do not provide a causal cure to the disease, they have emerged as promising 

candidates being on clinical investigation stage, however, without relevant results (Ghamari et al., 2019a). 

Various demonstrations of increased acetylcholine levels in hippocampus and prefrontal cortex upon 

administration of H3R inverse agonists (Panayi et al., 2017), together with retardation of acetylcholine 

degradation leads to additive synergism (Schwartz et al., 2016). Therefore, MTDLs involving H3R, AChE 

and BuChE have been the subject matter of several research campaigns for exerting direct and indirect 

stimulation of cholinergic neurotransmission and thereby, increased cognitive performance. 

Facilitating cholinergic signalling is not only valuable in AD. Moreover, it has recently found relevance for 

ASD (cf. page 44) as cholinergic deficits were observed in the BTBR T+tf/J mouse strain, which fulfils all 

behavioural symptoms of autism (McFarlane et al., 2008; Karvat et al., 2014). However, studies with 

rivastigmine and donepezil have shown inconsistent effectiveness towards behavioural and articulatory 

features of ASD (Handen et al., 2011; Lee et al., 2014). Besides, amelioration in glutamatergic signalling 

showed to improve sociability deficits in BTBR T+tf/J mice (Silverman et al., 2010; Meyza et al., 2013). 

Finally, cognitive improvements upon administration of AChE inhibitors have been suggested to treat Lewy 

body dementia in PD (Hutchinson et al., 1996). 

Ladostigil represents an MTDL drug candidate on clinical investigation stage for the treatment of AD and 

Lewy body dementia (Figure 16). From a structural point of view, it consists of a rasagiline fragment, 

 
Figure 15. Structures of approved non-selective and selective AChE/BuChE inhibitors with activities (Luo et al., 2006; Alexander 

et al., 2019b). 

 

 

 

 

 
Figure 16. Rational design of ladostigil as merged rasagiline and rivastigmine pharmacophore fragments and with combined 

MAO & cholinesterase affinity (Weinreb et al., 2012). 
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merged with the pharmacophore of rivastigmine to combine inhibition of ChE with MAO (Weinstock et al., 

2000; Weinstock et al., 2003; Weinreb et al., 2012). However, and following rasagiline, ladostigil exerts 

inhibition of MAO B as 6-hydroxyrasagiline, which is formed as metabolite after carbamate cleavage 

(Sterling et al., 2002). The latter enzyme exists in two therapeutically exploited isoforms for which 

reversible and irreversible, and as well some subtype-selective inhibitors have been granted market 

authorisation for the treatment of PD (cf. page 43) and depression (Youdim et al., 2006). 

The underlying pharmacodynamics is a diminished degradation of neurotransmitters DA, 5-HT and 

norepinephrine that results in increased availability of such within the synaptic cleft. For ladostigil, 

however, introduction of a propargylamine in order to irreversibly inhibit MAO was neither rationalised 

on increasing neurotransmitter levels nor as MAO being an established target of classic antidementives. 

The strategy for the design of ladostigil was based on neuroprotective effects associated with 

propargylamine. Such effects are a consequence of specific mechanisms in APP secretion (Weinreb et al., 

2012). First, rasagiline triggered the secretion of soluble non-amyloidogenic APP via α-secretase and 

PKC/MAPK-dependent mechanisms. The same was shown by ladostigil, the distomer of rasagiline and even 

propargylamine alone (Yogev-Falach et al., 2002; Yogev-Falach et al., 2003). Secondly, all of such 

compounds showed a neuroprotective effect against Aβ1-42 due to antiapoptotic effects (Yogev-Falach et al., 

2003; Yogev‐Falach et al., 2006). Unfortunately, the expectations of almost 20 years research about 

ladostigil failed the primary endpoint in phase 2 clinical trial, which was the delay of progression from 

mild cognitive impairment to AD (Schneider et al., 2019). 

Combined H3R antagonist/ChE inhibitors have been proposed and designed for more than ten years 

and emerged as potential lead compounds for cognitive impairment in dementia and AD. Such ligands 

consisted of a fused tacrine pharmacophore or donepezil fragment (Apelt et al., 2002; Petroianu et al., 

2006; Morini et al., 2008), but still bearing a molecular weight below 480 Da (Figure 17). Recent 

developments in H3R MTDLs have been the discovery of inherent reversible MAO-inhibiting properties of 

prominent H3R ligands such as ciproxifan and UCL-2190 (cf. page 28 and 30), and the subsequent design 

of reversible H3R ligands/MAO B inhibitors with the purpose to obtain leads for preclinical investigation 

in models of PD (Hagenow et al., 2017; Affini et al., 2018). Similar inhibition of MAO B elicited by 

ciproxifan, and its non-imidazole congener UCL-2190 raised the assumption that the pharmacophore for 

MAO B consist of the cyclopropylcarbonyl substituent (Bautista‐Aguilera et al., 2017). As a combination 

of both strategies, such efforts were applied to the systematic design of ASS234 and contilisant that 

represent small-molecule H3R inverse agonists (Bautista‐Aguilera et al., 2017). Whereas ASS234 consists 

of a merged H3R/ChE motif fused with a donepezil fragment, contilisant represents an MTDL with 
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completely merged pharmacophores and tetra-target activity among the former targets and towards σ1Rs 

(Bautista-Aguilera et al., 2018). Finally, contilisant has appeared with neuroprotective properties that, 

together with previous results, have elicited promising in vivo effects in models of impaired cognition 

elicited by lipopolysaccharides and Aβ1-42  (Bautista‐Aguilera et al., 2017; Bautista-Aguilera et al., 2018). 

Apart from the strategies mentioned above to facilitate neurotransmission, strategies focussing on the 

genetic aetiology are emerging in neurogenetic disorders. The most straightforward methods rely on 

genetic intervention such as vectorial substitution of missing or defective genes, which have already 

progressed into clinics for the treatment of AD or PD (Eberling et al., 2008; Malkki, 2015). However, the 

associated costs (5 to 6-digit U.S.$) will put an inconceivable financial burden on patients and will be 

intolerable by any health insurance system working in an intact ethical culture (Johnson et al., 2015). Thus, 

the development of small molecules to intervene on a genetic level by modulating physiological 

mechanisms that are involved in gene organisation (epigenetics), has resulted in remarkable progress 

within last years and will dominate future pharmacotherapeutic interventions. In neurogenetic disorders, 

epigenetic marks and the corresponding editing enzymes seem a promising mechanism of intervention. 

Several of genes that are correlated with previously described pathologies are under the control of 

epigenetic regulatory mechanisms. Together, all distinct mechanisms interplay in a non-isolated, 

orchestrated manner in order to regulate cell cycle regulation, chromatin organisation, gene transcription, 

 
Figure 17. H3R with inhibitory activity at either ChEs (upper left) or MAOs (lower left), or both (right panel) with pharmacological 

data taken from (Petroianu et al., 2006; Bautista‐Aguilera et al., 2017; Hagenow et al., 2017). a)Ref. (Morini et al., 2008) 
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post-translational modifications, translation of mRNA and DNA repair (Mehler, 2008). Such complex 

mechanisms can be subdivided upon their molecular nature (Mehler, 2008), into 

• histone modifications acting by introduction and removal of acetylation and methylation marks 

by a plethora of residue-specific modifying enzymes, 

• DNA methylation, 

• regulation of non-coding RNAs (such as micro RNAs, spliceosomal RNAs and snoRNAs), and 

• enzymes that are responsible for RNA editing. 

Finally, such mechanisms provide a broad range of chances for pharmacological intervention. Therefore, 

several drugs or drug candidates have been investigated on preclinical or clinical investigation stage, or 

have already been granted market authorisation (Teijido et al., 2018; Peedicayil, 2019): 

• inhibitors of histone acetylation (nicotinamide, vorinostat, panobinostat; all approved) or 

methylation (A-366, UNC-0642; on preclinical investigation stage), 

• nucleoside analogues to be incorporated as demethylated DNA (decitabine; approved), 

• non-nucleoside DNA methyltransferase inhibitors of which several have been discovered among 

approved drugs and natural compounds (procain, epigallocatechingallate; both approved), and 

• non-nucleoside analogues acting as methyl donors (L-methyl folate, S-adenosylmethionine). 

While most of the interventions mentioned above were aiming for the treatment of cancer, some preclinical 

progress in treatment of neurogenetic disorders have been made within recent years. 

Among previously mentioned drugs and candidate drugs, inhibitors of the histone H3 

methyltransferase G9a have emerged as potential tools to intervene at the basis of neurogenetic 

disorders, and several of them have been linked with this target. Interestingly, recent reports indicated the 

restoration of SNURF-SNRPN, SNORD116 and other candidate genes from the maternal copy by inhibition 

of the histone H3 methyltransferase G9a (syn. EHMT2/SU(VAR)3-9) and associated the findings with 

improved survival in a mouse PWS-model (Kim et al., 2017; Kim et al., 2019). Additionally, G9a inhibitors 

have shown to ameliorate autism-like social deficits in Shank3-deficient mice (Kim et al., 2017; Kim et al., 

2019; Wang et al., 2019). Moreover, G9a inhibition recently showed ameliorated cognitive performance 

and reduced molecular risk-factors such as beta-amyloid plaques and consecutive neuroinflammation in 

mouse models of early-onset AD (Griñán-Ferré et al., 2019). Without pharmacological effects, G9a was 

associated in transcriptional repression of a factor involved in DA neuron maintenance am involvement in 

PD (Habibi et al., 2011). 
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Interestingly, it is especially this target that shows multiple implications in multifactorial diseases, while 

meanwhile, as well the H3R has emerged as a therapeutic approach. Thus, from a MTDL perspective, G9a 

appears as an attractive co-target for H3R ligands. However, studies focussing on MTDLs with binding 

towards H3R and the histone H3 methyltransferase have not been conducted yet. Ultimately, the genetic 

and epigenetic basis of neurogenetic disorders is now progressively elucidated and thereby, accompanied 

by novel pharmacotherapeutic approaches. 

Together with the multi-faceted neurological roles of H3R that were outlined within this introduction, both 

approaches will be alongside one another for combined symptomatic and causal treatments. 
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Preclinical insights that pinned hopes on H3R inverse agonists have often been counteracted within 

clinical campaigns, leading to high attrition risk in development campaigns of H3R ligands, and despite 

almost 40 years of H3R research, only one progressed into the market (Schwartz et al., 2016; Ghamari 

et al., 2019a). Given the various physiological implications of H3R that were outlined previously 

(section 1.1), the high failure rate of potent H3R ligands in clinics puts several questions to molecular 

pharmacology as the proximal part of the drug discovery process. 

Dedication of my work will be given to the development and application of molecular pharmacological 

methods to H3R ligands, for profiling novel hit and lead compounds with improved pharmacological profile 

for investigation within in vivo models. 

The section 3 starts with the development of a novel fluorescence polarisation (FP)-based method for 

the objective, to assess novel tracers in binding studies, to shift equilibrium read-outs towards a kinetic, 

and to increase the throughput upon working in a homogeneous environment. Thereby, this method will 

be tested among imidazole-based and non-imidazole-based inverse agonists, but also agonists. The desired 

increase in throughput will be required for the further purposes of my studies. There, the applicability of 

the pharmacophore blueprint of non-imidazole-based H3R inverse agonists will be analysed within a 

bioisosteric replacement approach towards heterocyclic receptor ligands with improved drug-likeness. 

Within the projects in section 4, I aim for the discovery of novel H3R ligands with or without activities 

at promising co-targets, as a strategy to improve existing pharmacological approaches to neurogenetic 

disorders such as schizophrenia and GTS, the highly prevalent neurodegenerative diseases PD and AD, and 

the less prevalent ASD and PWS. This search will be conducted among novel hit and lead structures from 

medicinal chemistry or in silico screening efforts, but will as well encompass well-characterised drug 

candidates. As potential co-targets, dopaminergic GPCRs, MAO B, AChE and BuChE enzymes appear as the 

most attractive ones from current knowledge. Some of such MTDLs will be explored in in vivo models of 

PD and ASD, for which detailed knowledge of their molecular pharmacological profile is essential. 

Final queries will be made to expand the concept of H3R-MTDLs on novel candidate structures which 

combine H3R antagonism with epigenetic modulatory function. Such novel MTDLs could be promising 

tools against neurogenetic disorders, which often are multifactorial and that often share co-morbidities. 

Therefore the pharmacological manipulation of neurotransmitter levels, as well as re-programming cellular 

function, may open novel perspectives towards this class of neurological conditions. 
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3.1. Ligand binding kinetics at histamine H3 receptors by 

fluorescence polarization with real-time monitoring 

David Reiner1) and Holger Stark2) 
 
1) Institute of Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Düsseldorf, Universitaetsstr. 1, 

40225 Duesseldorf, Germany 

 

Published in: European Journal of Pharmacology, 2019, 848:112-120. 
 DOI: 10.1016/j.ejphar.2019.01.041 
 
Contribution to research: DR developed the novel assay system, designed, planned, prepared and 
conducted the pre- and main-experiments. He analysed the data, wrote the manuscript and processed the 
revision. 
 
Abstract: 

Growing evidence recommends incorporating the concept of drug-target residence times within drug 

development and screening programmes. For many targets, systematic research for binding kinetics is 

emerging and reported, as in case of the histamine H3 receptor. Alternatively, fluorescent methods based 

on Foerster resonance energy transfer have been reported recently but application of fluorescence 

polarization to kinetics of unlabeled ligands is not known to us. Thus, we established a radiolabel-free, real-

time resolving method that is compatible to high-throughput-screening programmes with the objective to 

explore the underlying binding kinetics. This method takes benefit of bodilisant as H3 receptor ligand. 

Thereby, we detected short residence times around 5 min for the H3 receptor ligands ciproxifan, 

clobenpropit, thioperamide as well as pitolisant. Monitoring association rates, remarkably slower 

association rate constants were examined for ciproxifan and thioperamide when compared to those of 

pitolisant or clobenpropit. The affinities for the ligands derived by the kinetic approach differ from affinity 

estimates in literature using radiolabeled agonists in displacement assays. Further investigation raised 

exceptional pharmacological properties, consistent with occurrence of secondary binding sites at the H3 

receptor. Validation of resulting affinity constants was successfully performed by displacement assays 

based on fluorescence polarization with bodilisant. 

 

Reproduced from Reiner D and Stark H, Ligand binding kinetics at histamine H3 receptors by fluorescence polarization with real-time monitoring, 

Eur. J. Pharmacol., 2019, 848:112-120, with permission for personal use from Elsevier. 

Copyright 2019 Elsevier B.V. 
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3.2. Novel pyrrolidinone derivative lacks claimed 

histamine H3 receptor stimulation in receptor binding and functional 

studies 

David Reiner1), Aleksandra Zivkovic1), Olivier Labeeuw2), Stéphane Krief2), Marc Capet2) and  
Holger Stark1) 
 
1) Institute of Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Düsseldorf, Universitaetsstr. 1, 

40225 Duesseldorf, Germany 

2) Bioprojet Biotech, 4 Rue du Chesnay Beauregard, 35760, Saint-Grégoire, France 

 

Published in: European Journal of Medicinal Chemistry, 2020, 191:112150 
 DOI: 10.1016/j.ejmech.2020.112150 
 
Contribution to research: DR designed, prepared and conducted radioligand displacement experiments 
and fluorescence polarisation-based binding studies and was involved in planning and interpretation of 
LC-MS based purity analysis. He analysed and interpreted the data from binding and functional assays, 
wrote the manuscript and processed the revision. 
 
Abstract: 

Since the discovery and early characterization of the histamine H3 receptor (H3R) in the 1980´s, 

predominantly imidazole-based agonists were presented to the scientific community such as Na-

methylhistamine (Nα-MeHA) or (R)- α-methylhistamine ((R)α-MeHA). Whereas therapeutic applications 

have been prompted for H3R agonists such as treatment of pain, asthma and obesity, several drawbacks 

associated with imidazole-containing ligands makes the search for new agonists for this receptor 

demanding. Accordingly, high interest arose after publication of several pyrrolidindione-based, highly 

affine H3R agonists within this journal that avoid the imidazole moiety and thus, presenting a novel type 

of potential pharmacophores (Ghoshal, Anirban et al., 2018). In our present study performed in two 

independent laboratories, we further evaluated the exposed lead-compound (EC50 = 0.1 nM) of the previous 

research project with regards to pharmacological behavior at H3R. Thereby, no binding affinity was 

observed in neither [3H]Nα-MeHA nor bodilisant displacement assays that contradicts the previously 

published activity. Additional functional exploration employing GTPγ[35S], cAMP-accumulation assay and 

cAMP response element (CRE)-driven reporter gene assays exhibited slight partial agonist properties of 

such pyrrolidindiones but acting apart from the reported concentration range. We conclude, that the 

previously reported actions of such pyrrolidindiones result from an overestimation based on the method 

of measurement and thus, we cast doubt on the new pharmacophores with H3R agonist activity. 

Reproduced from Reiner D, Zivkovic A, Labeeuw O, Krief S, Capet M and Stark H, Novel pyrrolidinone derivative lacks claimed histamine H3 

receptor stimulation in receptor binding and functional studies, Eur. J. Med. Chem., 2020, 191:112150, with permission for personal use from 

Elsevier. 

Copyright 2019 Elsevier Masson SAS. 
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3.3. Design, synthesis, and biological evaluation of 

novel oxadiazole- and thiazole-based histamine H3R ligands 

Mohammad A. Khanfar1),2),3), David Reiner1), Stefanie Hagenow1), Holger Stark1) 
 
1) Heinrich Heine University Düsseldorf, Institute of Pharmaceutical and Medicinal Chemistry, Universitaetsstr. 1, 

40225 Duesseldorf, Germany 

2) Faculty of Pharmacy, University of Jordan, P.O Box 13140, Amman 11942, Jordan 

3) College of Pharmacy, Alfaisal University, Al Takhassusi Rd, Riyadh 11533, Saudi Arabia 

 
Published in: Bioorganic & Medicinal Chemistry, 2018, 26:4034–4046. 
 DOI: 10.1016/j.bmc.2018.06.028. 
 
Contribution to research: DR was in major parts involved in preparation, planning and conduction of 
radioligand displacement experiments, in maintenance of the corresponding cell-culture and evaluated 
corresponding data to determine H3R affinity. DR drafted the supplementary material, wrote the 
pharmacological parts of the manuscript, and processed the revision. 
 
Abstract: 

Histamine H3 receptor (H3R) is largely expressed in the CNS and modulation of the H3R function can affect 

histamine synthesis and liberation, and modulate the release of many other neurotransmitters. Targeting 

H3R with antagonists/inverse agonists may have therapeutic applications in neurodegenerative disorders, 

gastrointestinal and inflammatory diseases. This prompted us to design and synthesize azole-based H3R 

ligands, i.e. having oxadiazole- or thiazole-based core structures. While ligands of oxadiazole scaffold were 

almost inactive, thiazole-based ligands were very potent and several exhibited binding affinities in a 

nanomolar concentration range. Ligands combining 4-cyanophenyl moiety as arbitrary region, para-xylene 

or piperidine carbamoyl linkers, and/or pyrrolidine or piperidine basic heads were found to be the most 

active within this series of thiazole based H3R ligands. The most active ligands were in silico screened for 

ADMET properties and drug-likeness. They fulfilled Lipinski’s and Veber’s rules and exhibited potential 

activities for oral administration, blood-brain barrier penetration, low hepatotoxicity, combined with an 

overall good toxicity profile. 

 
Reprinted from Khanfar MA, Reiner D, Hagenow S, Stark H, Design, synthesis, and biological evaluation of novel oxadiazole- and thiazole-based 

histamine H3R ligands, Bioorg. Med. Chem., 2018, 26:4034–4046, with permission for personal use from Elsevier. 

Copyright 2018 Elsevier Ltd. 
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4.1. Profiling of LINS01 compounds 

at human dopamine D2 and D3 receptors 

Michelle F. Correa1), David Reiner2), Gustavo A. B. Fernandes1), Marina T. Varela1), 
Cecilia M. S. Q. Aranha1), Holger Stark2) and Joao P. dos Santos Fernandes1) 
 
1) Department of Pharmaceutical Sciences, Universidade Federal de Sa˜o Paulo, Rua Sa˜o Nicolau 210, Diadema, 

SP 09913-030, Brazil 

2) Institute of Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Düsseldorf, Universitaetsstr. 1, 

40225 Duesseldorf, Germany 

 

Published in: Journal of Chemical Sciences, 2020, 132:5. 
 DOI: 10.1007/s12039-019-1694-6 
 
Contribution to research: DR was involved in cell-culture, prepared and conducted radioligand 
displacement experiments at dopamine D2 and D3 receptors, evaluated inhibition and affinity data, wrote 
pharmacological parts of the manuscript draft and reviewed the manuscript. 
 
Abstract: 

Histamine and dopamine neuronal pathways display interesting overlapping in the CNS, especially in the 

limbic areas, making them very attractive to designing drugs with synergistic and/or additive effects. The 

roles of these systems to treat schizophrenia, drug addiction, Parkinson’s and Alzheimer’s diseases, among 

others are widely known. The LINS01 compounds were previously reported as histamine H3 receptor (H3R) 

antagonists and some of them are under evaluation in rodent memory models. Considering their 

pharmacological potential and similarities to literature dopamine D2 receptor (D2R) and dopamine D3 

receptor (D3R) ligands, this work aimed to evaluate these compounds as ligands these receptors by using 

[3H]spiperone displacement assays. A set of 11 compounds containing the dihydrobenzofuranyl-piperazine 

core with substituents at 5-position of dihydrobenzofuran ring and at the piperazine nitrogen was 

examined. The compounds showed low to moderate affinities at both, D2R and D3R. N-Phenyl compounds 

LINS01005 (1d), LINS01011 (1h), LINS01012 (1i) and LINS01016 (1k) showed the highest affinities in 

the set to D3R (Ki 0.3–1.5 µM), indicating that N-phenylpiperazine moiety increases the affinity to this 

receptor subtype with some selectivity, since they showed lower affinities to D2R (Ki 1.3-5.5 µM). With the 

LINS01 compounds showing moderate binding affinity, new lead structures for optimisation with regards 

to combined H3R and D2R/D3R-ligands are provided. 

 
Reproduced from Correa MF, Reiner D, Fernandes GAB, Varela MT, Aranha CMSQ, Stark H and dos Santos Fernandes JP, Profiling of LINS01 

compounds at human dopamine D2 and D3 receptors, J. Chem. Sci., 2020, 132:5. Reprinted with written permission from Springer Nature (Licence 

number: 4810140827557). 

Copyright 2019 Springer Nature. 
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4.2. Dual target ligands with 4-tert-butylphenoxy scaffold as 

histamine H3 receptor antagonists and monoamine oxidase B inhibitors 

Dorota Łazewska1), Agnieszka Olejarz-Maciej1), David Reiner2), Maria Kaleta1), Gniewomir Latacz1), 
Małgorzata Zygmunt3), Agata Doroz-Płonka1), Tadeusz Karcz1), Annika Frank2), Holger Stark2) and 
Katarzyna Kiec-Kononowicz1) 
 

1) Department of Technology and Biotechnology of Drugs, Jagiellonian University Medical College, 9 Medyczna Str, 

30-688 Kraków, Poland 

2) Institute of Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Düsseldorf, Universitaetsstr. 1, 
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Published in: International Journal of Molecular Sciences, 2020, 21:3411. 
 DOI: 10.3390/ijms21103411 
 
Contribution to research: DR was involved in preparation, planning and conduction of cell-culture and 
radioligand displacement experiments, and evaluated corresponding data to determine H3R affinity. DR 
wrote the pharmacological parts of and reviewed the manuscript. 
 
Abstract: 

Dual target ligands are a promising concept for the treatment of Parkinson’s disease (PD). A combination 

of monoamine oxidase B (MAO B) inhibition with histamine H3 receptor (H3R) antagonism could have 

positive effects on dopamine regulation. Thus, a series of twenty-seven 4-tert-butylphenoxyalkoxyamines 

were designed as potential dual-target ligands for PD based on the structure of 1-(3-(4-tert-

butylphenoxy)propyl)piperidine (DL76). Probed modifications included the introduction of different cyclic 

amines and elongation of the alkyl chain. Synthesized compounds were investigated or human H3R (hH3R) 

affinity and human MAO B (hMAO B) inhibitory activity. Most compounds showed good hH3R affinities 

with Ki values below 400 nM, and some of them showed potent inhibitory activity for hMAO B with IC50 

values below 50 nM. However, the most balanced activity against both biological targets showed DL76 

(hH3R: Ki = 38 nM and hMAO B: IC50 = 48 nM). Thus, DL76 was chosen for further studies, revealing the 

nontoxic nature of DL76 in HEK293 and neuroblastoma SH-SY5Ycells. However, no neuroprotective effect 

was observed for DL76 in hydrogen peroxide-treated neuroblastoma SH-SY5Y cells. Furthermore, in vivo 

studies showed antiparkinsonian activity of DL76 in haloperidol-induced catalepsy (Cross Leg Position 

Test) at a dose of 50 mg/kg body weight. 

 
Reprinted with permission from Łażewska D, Olejarz-Maciej A, Reiner D, Kaleta M, Latacz G, Zygmunt M, Doroz-Płonka A, Karcz 

T, Frank A, Stark H and Kiec-Kononowicz K, Dual Target Ligands with 4-tert-Butylphenoxy Scaffold as Histamine H3 Receptor 

Antagonists and Monoamine Oxidase B Inhibitors, Int. J. Mol. Sci., 2020, 21:3411. 

Copyright 2020 The Authors. 
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4.3. Rasagiline derivatives combined with histamine H3 receptor properties 

Kiril Lutsenko1), Stefanie Hagenow1), Anna Affini1), David Reiner1) and Holger Stark1) 
 

1) Institute of Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Düsseldorf, Universitaetsstr. 1, 

40225 Duesseldorf, Germany 

 

Published in: Bioorganic & Medicinal Chemistry Letters, 2019, 29:126612. 
 DOI: 10.1016/j.bmcl.2019.08.016 
 
Contribution to research: DR was involved in conduction of and data-evaluation from radioligand 
displacement experiments at histamine H3 receptors, and reviewed the manuscript. 
 
Abstract: 

The irreversible monoamine oxidase B (MAO B) inhibitor rasagiline has been described with multiple 

disease modifying effects in vitro on models of Parkinson’s disease. The combination of this established 

drug to recently developed histamine H3 receptor (H3R) antagonist elements gives new impetus to the 

design of multitargeting ligands. Surprisingly, the 5-substituted 3-piperidinopropyloxy rasagiline 

derivative 1 was more potent on both targets than its 6-substituted isomer. It showed nanomolar affinities 

at the desired targets (MAO B IC50 = 256 nM; hH3R Ki = 2.6 nM) with a high preference over monoamine 

oxidase A (MAO A) and negligible affinity at histamine H1, H4, dopamine D2, D3 receptors or acetyl-

/butyrylcholinesterases. 

 
Reprinted from Lutsenko K, Hagenow S, Affini A, Reiner D and Stark H, Rasagiline derivatives combined with histamine H3 

receptor properties, Bioorg. Med. Chem. Lett., 2019, 29:126612, with permission for personal use from Elsevier. 

Copyright 2018 Elsevier Ltd. 
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4.4. Histamine H3 receptor ligands by hybrid virtual screening, docking, 

molecular dynamics simulations, and investigation of their biological 

effects 

Nakisa Ghamari1),2), Omid Zarei3),4), David Reiner5), Siavoush Dastmalchi1),2), Holger Stark5), 
Maryam Hamzeh-Mivehroud1),2) 
 
1) Biotechnology Research Center, Tabriz, University of Medical Sciences, Tabriz, Iran 

2) School of Pharmacy, Tabriz University of Medical Sciences, Tabriz, Iran 

3) Neurosciences Research Center, Kurdistan, University of Medical Sciences, Sanandaj, Iran 

4) Cellular and Molecular Research Center, Research Institute for Health Development, Kurdistan University of Medical Sciences, Sanandaj, 

Iran 

5) Institute of Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Duesseldorf, Duesseldorf, Germany 

 
Published in: Chemical Biology & Drug Design, 2019, 93:832–843. 
DOI: 10.1111/cbdd.13471. 
 
Contribution to research: DR planned, conducted and supervised cell-culture. DR co-organised test-
ligands, prepared, planned and conducted radioligand displacement experiments, and evaluated 
corresponding data to determine H3R affinity. DR wrote pharmacological parts of and reviewed the 
manuscript. 
 
Abstract: 

Histamine H3 receptors (H3R), belonging to G protein-coupled receptors (GPCR) class-A superfamily, are 

responsible for modulating the release of histamine as well as of other neurotransmitters by a negative 

feedback mechanism mainly in the central nervous system (CNS). These receptors have gained increased 

attention as therapeutic target for several CNS related neurological diseases. 

In the current study, we aimed to identify novel H3R ligands using in silico virtual screening methods. To 

this end, a combination of ligand-and structure-based approaches was utilized for screening of ZINC 

database on the homology model of human H3R. Structural similarity-and pharmacophore-based 

approaches were employed to generate compound libraries. Various molecular modelling methodologies 

such as molecular docking and dynamics simulation along with different drug-likeness filtering criteria 

were applied to select anti-H3R ligands as promising candidate molecules based on different known parent 

lead compounds. In vitro binding assays of the selected molecules demonstrated three of them being active 

within the micromolar and submicromolar Ki range. The current integrated computational and 

experimental methods used in this work can provide new general insights for systematic hit identification 

for novel anti-H3R agents from large compound libraries. 

 
Reproduced from Ghamari N, Zarei O, Reiner D, Dastmalchi S, Stark H, Hamzeh-Mivehroud M, Histamine H3 receptor ligands by hybrid virtual 

screening, docking, molecular dynamics simulations, and investigation of their biological effects, Chem. Biol. Drug Des., 2019, 93:832-843. 

Reprinted with written permission from John Wiley & Sons (Licence number: 4810131416149). 

Copyright 2018 John Wiley & Sons A/S 
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Published in: Chemical Biology & Drug Design, 2020, 195:279-290. 
 DOI: 10.1111/cbdd.13642 
 
Contribution to research: Co-authorship. DR co-organised shipment of test-ligands, prepared, planned 
and conducted radioligand displacement experiments, and evaluated corresponding data to determine 
H3R affinity. DR reviewed the manuscript. 
 
Abstract: 

Recently, multi‐target directed ligands have been of research interest for multifactorial disorders such as 

Alzheimer's disease (AD). Since H3 receptors (H3Rs) and cholinesterases are involved in pathophysiology 

of AD, identification of dual‐acting compounds capable of improving cholinergic neurotransmission is of 

importance in AD pharmacotherapy. In the present study, H3R antagonistic activity combined with 

anticholinesterase properties of two previously computationally identified lead compounds, that is, 

compound 3 (6‐chloro‐N‐methyl‐N‐[3‐(4‐methylpiperazin‐1‐yl)propyl]‐1H‐indole‐2‐carboxamide) and 

compound 4 (7‐chloro‐N‐[(1‐methylpiperidin‐3‐yl)methyl]‐1,2,3,4‐tetrahydroisoquinoline‐2‐

carboxamide), was tested. Moreover, molecular docking and binding free energy calculations were 

conducted for binding mode and affinity prediction of studied ligands toward cholinesterases. Biological 

evaluations revealed inhibitory activity of ligands in nanomolar (compound 3: H3R EC50 = 0.73 nM; 

compound 4: H3R EC50 = 31 nM) and micromolar values (compound 3: AChE IC50 = 9.09 µM, 

BuChE IC50 = 21.10 µM; compound 4: AChE IC50 = 8.40 µM, BuChE IC50 = 4.93 µM) for H3R antagonism 

and cholinesterase inhibition, respectively. Binding free energies yielded good consistency with 

cholinesterase inhibitory profiles. The results of this study can be used for lead optimisation where dual 

inhibitory activity on H3R and cholinesterases is needed. Such ligands can exert their biological activity in 

a synergistic manner resulting in higher potency and efficacy. 

Reproduced from Ghamari N, Dastmalchi S, Zarei O, Arias-Montaño JA, Reiner D, Ustun-Alkan F, Stark H, Hamzeh-Mivehroud M, In silico and in 

vitro studies of two non-imidazole multiple targeting agents at histamine H3 receptors and cholinesterase enzymes, Chem. Biol. Drug Des., 2020, 

195:279-290. Reprinted with written permission from John Wiley & Sons (Licence number: 4810140373332). 

Copyright 2019 John Wiley & Sons A/S  
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neuroinflammmation in sodium valproate-induced autism in mice 
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Published in: Chemico-Biological Interactions, 2019, 312:108775. 
 DOI: 10.1016/j.cbi.2019.108775 
 
Contribution to research: Co-authorship. DR co-organised shipment of test-ligands, prepared, planned 
and conducted radioligand selectivity screenings at H1R and H4R, and evaluated corresponding data. DR 
proof-edited the manuscript. 
 
Abstract: 

Postnatal exposure to valproic acid (VPA) in rodents induces autism-like neurobehavioral defects which are 

comparable to the motor and cognitive deficits observed in humans with autism-spectrum disorder (ASD). 

Histamine H3 receptor (H3R) and acetylcholine esterase (AChE) are involved in several cognitive disorders 

such as Alzheimer's disease, schizophrenia, anxiety, and narcolepsy, all of which are comorbid with ASD. 

Therefore, the present study aimed at evaluating effect of the novel dual-active ligand E100 with high H3R 

antagonist affinity and balanced AChE inhibition on autistic-like repetitive behavior, anxiety parameters, 

locomotor activity, and neuroinflammation in a mouse model of VPA-induced ASD in C57BL/6 mice. E100 

(5, 10, and 15 mg/kg) dose-dependently and significantly ameliorated repetitive and compulsive behaviors 

by reducing the increased percentages of nestlets shredded (all P < 0.05). Moreover, pretreatment with 

E100 (10 and 15 mg/kg) attenuated disturbed anxiety levels (P < 0.05) but failed to restore the 

hyperactivity observed in the open field test. Furthermore, pretreatment with E100 (10 mg/kg) the 

increased microglial activation, proinflammatory cytokines and expression of NF-κB, iNOS, and COX-2 in 

the cerebellum as well as the hippocampus (all P < 0.05). These results demonstrate the ameliorative effects 

of E100 on repetitive compulsive behaviors in a mouse model of ASD. To our knowledge, this is the first 

in vivo demonstration of the effectiveness of a potent dual-active H3R antagonist and AChE inhibitor 

against autistic-like repetitive compulsive behaviors and neuroinflammation, and provides evidence for the 

role of such compounds in treating ASD. 

Reprinted from Eissa N, Azimullah S, Jayaprakash P, Jayaraj RL, Reiner D, Ojha SK, Beiram R, Stark H, Łażewska D, Kieć-Kononowicz K, Sadek B, 

The dual-active histamine H3 receptor antagonist and acetylcholine esterase inhibitor E100 ameliorates stereotyped repetitive behavior and 
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and oxidative stress in valproic acid induced autism in mice 

Nermin Eissa1),2), Sheikh Azimullah1),2), Petrilla Jayaprakash1),2), Richard L. Jayaraj1),2), David Reiner2), 
Shreesh K. Ojha1),2), Rami Beiram1),2), Holger Stark2), Dorota Łażewska3), Katarzyna Kieć-Kononowicz3), 
Bassem Sadek1),2) 
 
1) Department of Pharmacology & Therapeutics, College of Medicine and Health Sciences, United Arab Emirates University, P.O. Box 17666, 

Al Ain, United Arab Emirates 

2) Zayed Center for Health Sciences, United Arab Emirates University, Al Ain P.O. Box 17666, UAE 

3) Institute of Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Düsseldorf, Universitaetsstr. 1, 

40225 Duesseldorf, Germany 

4) Jagiellonian University-Medical College, Faculty of Pharmacy, Department of Technology and Biotechnology of Drugs, Medyczna 9 St., 30-

688, Kraków, Poland 

 

Published in: International Journal of Molecular Sciences, 2020, 21:3996. 
 DOI: 10.3390/ijms21113996 
 
Contribution to research: Co-authorship. DR co-organised shipment of test-ligands, prepared, planned 
and conducted radioligand selectivity screenings at H1R and H4R, and evaluated corresponding data. DR 
proof-edited the manuscript. 
 
Abstract: 

The histamine H3 receptor (H3R) functions as auto- and hetero-receptors, regulating the release of brain 

histamine (HA) and acetylcholine (ACh), respectively. The enzyme acetylcholine esterase (AChE) is involved 

in the metabolism of brain ACh. Both brain HA and ACh are implicated in several cognitive disorders like 

Alzheimer’s disease, schizophrenia, anxiety, and narcolepsy, all of which are comorbid with autistic 

spectrum disorder (ASD). Therefore, the novel dual-active ligand E100 with high H3R antagonist affinity 

(hH3R: Ki = 203 nM) and balanced AChE inhibitory effect (EeAChE: IC50 = 2 M and EqBuChE: IC50 = 2 

M) was investigated on autistic-like sociability, repetitive/compulsive behaviour, anxiety, and oxidative 

stress in male C57BL/6 mice model of ASD induced by prenatal exposure to valproic acid (VPA, 500 mg/kg, 

intraperitoneal (i.p.)). Subchronic systemic administration with E100 (5, 10, and 15 mg/kg, i.p.) 

significantly and dose-dependently attenuated sociability deficits of autistic (VPA) mice in three-chamber 

behaviour (TCB) test (all p < 0.05). Moreover, E100 significantly improved repetitive and compulsive 

behaviors by reducing the increased percentage of marbles buried in marble-burying behaviour (MBB) (all 

p < 0.05). Furthermore, pre-treatment with E100 (10 and 15 mg/kg, i.p.) corrected decreased anxiety levels 

(p < 0.05), however, failed to restore hyperactivity observed in elevated plus maze (EPM) test. In addition, 

E100 (10 mg/kg, i.p.) mitigated oxidative stress status by increasing the levels of decreased glutathione 

(GSH), superoxide dismutase (SOD), and catalase (CAT), and decreasing the elevated levels of 

malondialdehyde (MDA) in the cerebellar tissues (all p < 0.05). Additionally, E100 (10 mg/kg, i.p.) 

significantly reduced the elevated levels of AChE activity in VPA mice (p < 0.05). These results demonstrate 
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the promising effects of E100 on in-vivo VPA-induced ASD-like features in mice, and provide evidence that 

a potent dual-active H3R antagonist and AChE inhibitor (AChE-I) is a potential drug candidate for future 

therapeutic management of autistic-like behaviours. 

Reprinted with permission from Eissa N, Azimullah S, Jayaprakash P, Jayaraj RL, Reiner D, Ojha SK, Beiram R, Stark H, Łażewska 

D, Kieć-Kononowicz K, Sadek B, The Dual-Active Histamine H3 Receptor Antagonist and Acetylcholine Esterase Inhibitor E100 

Alleviates Autistic-Like Behaviors and Oxidative Stress in Valproic Acid Induced Autism in Mice, Int. J. Mol. Sci., 2020, 21:3996. 

Copyright 2020 The Authors. 
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4.8. Epigenetics meets GPCR – Inhibition of 

histone H3 methyltransferase (G9a) and histamine H3 receptor for 

Prader-Willi syndrome 
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Published in: Scientific Reports, 2020, 10:13558. 
 DOI: 10.1038/s41598-020-70523-y 
 
Contribution to research: DR designed, planned, and conducted radioligand displacement assays and 
functional studies. DR organised CRE-Luc cell lines, organised and established functional assays and 
conducted cell-culture. DR organised the shipment of test-ligands, and evaluated corresponding data. DR 
wrote the manuscript and was involved in processing the review. 
 
Abstract: 

The role of epigenetic regulation is in large parts connected to cancer, but additionally, its therapeutic 

claim in neurological disorders has emerged. Inhibition of histone H3 lysine N-methyltransferase, 

especially G9a, has been recently shown to restore candidate genes from silenced parental chromosomes 

in the imprinting disorder Prader–Willi syndrome (PWS). In addition to this epigenetic approach, pitolisant 

as G-protein coupled histamine H3 receptor (H3R) antagonist has demonstrated promising therapeutic 

effects for Prader–Willi syndrome. To combine these pioneering principles of drug action, we aimed to 

identify compounds that combine both activities, guided by the pharmacophore blueprint for both targets. 

However, pitolisant as selective H3R inverse agonist with FDA and EMA-approval did not show the required 

inhibition at G9a. Pharmacological characterization of the prominent G9a inhibitor A-366, that is as well 

an inhibitor of the epigenetic reader protein Spindlin1, revealed its high affinity at H3R while showing 

subtype selectivity among subsets of the histaminergic and dopaminergic receptor families. 

This work moves prominent G9a ligands forward as pharmacological tools to prove for a potentially 

combined, symptomatic and causal, therapy in PWS by bridging the gap between drug development for 

G-protein coupled receptors and G9a as an epigenetic effector in a multi-targeting approach. 

 

Reprinted with permission from Reiner D, Seifert L, Deck C, Schüle R, Jung M, Stark H, Epigenetics meets GPCR – Inhibition of 

histone H3 methyltransferase (G9a) and histamine H3 receptor for Prader-Willi syndrome, Sci. Rep. 2020, 10:13558. 

Copyright 2020 The Authors. 
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Tremendous efforts have been made in molecular pharmacology within the last decades, aiming for 

identification of novel potent H3R inverse agonists with effectiveness on clinical investigation stage. Despite 

the multiple involvements of H3R in physiological regulation of not only the histaminergic neurotransmitter 

system, but as well of GABAergic, glutamatergic, dopaminergic and adrenergic ones, only one H3R inverse 

agonist has succeeded on its way throughout the drug development, with market authorisation in the 

European Union and, in 2019, within the U.S.A (Syed, 2016; Kumar et al., 2019). Given this discrepancy 

between multiple efforts in drug design and drugs approved after almost 40 years of H3R research, this 

research aimed to identify potential pitfalls in the molecular pharmacology of H3R ligands. The second 

objective was dedicated to the identification of novel hit and lead structures with multitarget directed 

profile for complex neurogenetic disorders such as schizophrenia and Gilles de la Tourette syndrome, 

Alzheimer´s disease and Parkinson´s disease, ASD and the PWS. 

In order to increase throughput in an automated screening environment, an FP-based homogenous 

method to investigate drug-target binding kinetics was developed. Bodilisant was chosen due to the 

outlined initial considerations of fluorescent, non-imidazole-based antagonists as chemical probes and to 

elucidate their binding behaviour (Reiner et al., 2019). Another reason in favour of bodilisant was its 

detectability in even nanomolar concentration range. This observation was a practical prerequisite to 

obtain a signal in FP, which requires binding of a significant amount of bodilisant. Furthermore, employing 

novel fluorescence-labelled chemical probes in screening methods can unveil pharmacologic features of 

the target in interest. The observations made in the study in section 3.1 highlights the importance of 

reaching out for novel tracers and to motivate further exploration of receptor binding behaviour of H3R 

ligands (Reiner et al., 2019). Most attractively, the method enabled for distinguishing association kinetics 

of the standard antagonists ciproxifan, clobenpropit, thioperamide, pitolisant (cf. page 29) and the 

agonist NAMH (cf. page 24) while measuring comparable dissociation kinetics. This observation points 

towards differences in the mechanism of receptor binding but similarities in unbinding events, the latter 

being an inherent property of the drug-target complex. Besides, the observed affinities were in marked 

contrast to such observed with the standard-tracer [3H]NAMH, for all investigated ligands except for 

pitolisant. Employing a classical molecular pharmacological model, the displacement behaviour of 

[3H]NAMH against bodilisant was characteristic for a competitive binding behaviour including secondary 

binding sites for NAMH and consequently for bodilisant. However, the location of this secondary binding 

site could not be elucidated to date. Certain probability for this binding occurring elsewhere could not be 

ruled out. However, it was considered low as a result of study design, that relied on experimentation with 

purified membrane extracts derived from a receptor-overexpressing recombinant cell line. Furthermore, 
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non-specific binding in such measurements was determined with the H3R antagonist pitolisant, 

representing a drug which underwent thorough selectivity screening during development. However, 

comparison with screening techniques that consider the spatial proximity between the receptor and a given 

ligand (such as F/BRET techniques) will help to rule out this uncertainty, while deciphering the receptor 

structure in complex with bodilisant will provide final evidence for the binding mode (Goulding et al., 

2018). 

As an orthogonal method to [3H]NAMH displacement assays, it was subsequently used in an attempt to 

characterise receptor binding of the novel non-imidazole-based H3R agonist 6-k (cf. page 26) that was 

previously reported by Ghoshal et al. (2018b). This group identified 6-k in a functional assay, applying a 

biosensor consisting of an engineered luciferase, which restores luciferin-oxidation upon conformational 

shift after cAMP-complexation. The effects were indirectly attributed to H3R, upon antagonism of signal in 

the presence of a selective H3R antagonist (Ghoshal et al., 2018b), while the determination of receptor 

binding was not performed. The non-imidazole nature which was apart from previously known H3R 

pharmacophores prompted us for further elucidation on level of receptor binding. As within our [3H]NAMH 

displacement assay, an unambiguous receptor binding was not observed for 6-k, the novel FP-method was 

employed to screen the agonist against potential secondary binding sites. However, even this method did 

not show displacement of bodilisant (section 3.2, (Reiner et al., 2020b)). As such behaviour might not only 

occur from off-target activity but as well occur for partial agonists in an overexpressing system, a subset 

of consecutive functional assays within the Gαi/AC/cAMP cascade were performed by our collaboration 

partners, each without effect that was in accordance with previously published results. 

In conclusion, the novel FP-based methods delivered important hints for the molecular pharmacology of 

H3R ligands and was able to differentiate between distinct receptor binding modes of potent receptor 

ligands. Additionally, it was able to identify compounds with H3R affinity while not showing results for 

compounds with an apparent off-target activity. 

Given such insights, using drug-target binding experiments were chosen as a suitable strategy for all 

subsequent projects to identify novel hit and lead compounds with multitargeting properties, in order to 

expand pharmacotherapeutic strategies for neurogenetic disorders. While the novel FP-based method 

using bodilisant will be an element of future characterisation but not the desired substitute for radioligand 

displacement assays, the latter were chosen for further purposes in order to achieve comparability of my 

results with the literature and functional assays were considered as a second-line option for more detailed 

characterisation. 
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The purpose of the work described in section 3.3, was to explore novel H3R ligands based on five-

membered multi-heterocycles such as oxadiazoles and thiazole (Khanfar et al., 2018). We have focussed 

on the introduction of heteroaromatic elements into the standard pharmacophore of H3R ligands, proving 

for bioisosteric replacement of the central aromatic core. This design was rationalised by improved drug-

like properties that focussed such nuclei within several recent drug development campaigns and resulted 

in lead structures against a plethora of disorders (Saha et al., 2013; Chhabria et al., 2016). However, the 

previously outlined pharmacophore model for H3R ligands (Figure 8) was not uniformly applicable to draft 

potent 1,2,4- or 1,3,4-oxadiazole-based H3R ligands. 

For ligands incorporating 1,3-thiazoles, an easier strategy was chosen based on previous works that 

presented a highly affine H3R ligand (Figure 18). ST-979 can be seen as a result of bioisosteric replacement 

of the central phenyl core within the compound 1-(3-([1,1'-biphenyl]-3-yloxy)propyl)piperidine, by a 5-

methyl-1,3-thiazole core. Interestingly, the corresponding ligand ST-2088, which was derived by the same 

strategy but showed a different orientation of the central methyl thiazole, showed an essential drop in 

affinity as compared to that of ST-979 (Figure 18, upper panel). This observation might be rationalised 

mainly for two reasons. First, as of the substituents, only the methyl scaffold attached to the central nucleus 

is changing its spatial orientation, this observation might be due to a steric repulsive effect. Secondly, if 

this discrepancy in affinity may be due to thermodynamic stability of a rotamer of ST-2088 different to 

that as drawn in Figure 4, the interactions of the functionalised thiazole with the receptor may change 

additionally. 

Within our studies, we have shown that derivatisation of the substituents was suitable to obtain highly 

affine H3R ligands. Concomitantly, a series of 38 derivatives with affinities ranging from micromolar to 

single-digit nanomolar concentration range were characterised in this project. The amelioration of the 

impaired affinity of ST-2088 was mainly attributable to two strategies, 

i. functionalisation of the phenyl-moiety with H-bond acceptors within the “arbitrary region” 

(see ST-2114 and MAK-84, Figure 18), or 

ii. rigidification of the linker to the alicyclic amine leading to a spatial constraint in the 

eastern part of the pharmacophore (see ST-2111 and MAK-84, Figure 18). 

Interestingly, ABT-239 (cf. page 32) represents a well-characterised drug candidate that underwent clinical 

investigation and which contains both design features as well. 

Regarding potential lead structures with applicability as H3R inverse agonists, the group consists of easily 

accessible H3R ligands with promising lead-like properties. They comply to Lipinski´s and Veber´s rules, 

and they possess good toxicity profile according to structure-based prediction (Khanfar et al., 2018). 
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Overall, the derived compound series will be of importance and a guide for future chemico-biological 

efforts to 1,3-thiazole-based H3R ligands and the understanding of drug-target interaction with the H3R. 

This study constrains the simplicity of ligand design guided by the general H3R pharmacophore, in 

particular, constrained the replaceability of the central aromatic core by a 5-methyl-1,3-thiazole moiety in 

an attempt to improve drug-likeness. 

MTDLs have emerged as promising drug candidates with superior activity in multifactorial diseases 

such as neurogenetic disorders (section 1.6). Given the numerous involvements of H3R in neurological 

processes and the corresponding value for not only a single but two or more diseases, the search was 

conducted among targets with numerous pharmacotherapeutic implications. Thereby, the multitargeting 

concept could be expanded from the ‘one disease – multiple targets’ paradigm to a ‘multiple targets – 

multiple diseases’ strategy. 

Thus, the scope of the first approach was the identification of novel hit compounds among 

pharmacophore fragments with known H3R affinity from recent studies, but with potential usefulness for 

future medicinal chemistry efforts for drugs against schizophrenia and Gilles de la Tourette syndrome. 

Both represent diseases of high inheritability but without clear genetic aetiology (section 1.5) and in both, 

DA receptor antagonists have provided some therapeutic effects, but not uniformly. Therefore, combined 

H3R/D2R/D3R ligands may have superior effects. Currently available H3R ligands with D2 and D3 

antagonism are of large molecular size. Therefore, I have focussed on the characterisation of the LINS01 

series with previously published affinities at HA receptor subtypes H1, H2 and H3 (Corrêa et al., 2019). The 

compounds were subjected for [3H]-spiperone displacement at the short and full-length isoform of D2R and 

D3R, respectively. As depicted in Table 9, LINS01004, LINS01005 and LINS01012 fulfilled the desired 

 
Figure 18. Novel 1,3-thiazole-based H3R ligands, taken from Khanfar et al. (2018) (section 3.3). All affinity estimates were derived 

within the same experimental setup. 

 

 



 

5. Summary & perspectives 

 

  281 

properties with affinities in (sub)micromolar concentration range, while showing comparability among 

their D3R affinity measures (Corrêa et al., 2020)(section 4). Only LINS01004 showed slight discrepancies 

in receptor binding to each investigated receptor subtype (affinity profile: hH3R > hD3R > hD2R), while 

LINS01012 was showing higher affinity at hH3R without differentiation between hD2R and hD3R. 

Interestingly, all compounds were different in terms of their H3R affinity (Corrêa et al., 2019), suggesting 

further exploration of modifications of the motif attached to the piperazine and 5-position of dihydro 

benzofuran moiety. The latter insights will, therefore, be crucial in hit-to-lead optimisation of this series of 

MTDLs to candidate structures for the application in schizophrenia and likewise, in GTS. 

The discovery of H3R ligands with putative modulation of striatal DA levels aiming for application in PD 

models, prompted screening of previously designed H3R ligands with combined MAO B inhibition. A 

first study with the previously known H3R antagonist, with the capability to enhance cortical HA turnover, 

DL76 (Lazewska et al., 2006), revealed potent MAO B inhibition (Łażewska et al., 2020)(section 4.2). 

 

 

Table 9. Hit compounds with combined activity at either HA hH1R or hH3R from (Corrêa et al., 2019), or 
at hH3R, hD2,sR and hD3R from (Corrêa et al., 2020). 

 

 R1 R2 
hH1R1) 

KD 

[µM] 

hH2R1) 

KD 

[µM] 

hH3R1) 

KD 

[µM] 

hD2,sR 

Ki 

[µM] 

hD3R 

Ki 

[µM] 

LINS01001 H H 
5.4 

[2.5;11.2] 
> 10 > 10 > 10 > 10 

LINS01003 Me H 
2.2 

[1.1;4.6] 
> 10 

0.21 
[0.13;0.33] 

> 10 > 10 

LINS01004 Allyl H > 10 > 10 
0.14 

[0.09;0.21] 
5.5 

[5.0;6.0] 
1.5 

[0.8;3.0] 

LINS01005 Ph H > 10 > 10 
2.5 

[0.9;6.4] 
2.4 

[2.0;2.9] 
0.89 

[0.45;1.75] 

LINS01007 Me Cl > 10 > 10 
0.50 

[0.35;0.68] 
> 10 > 10 

LINS01008 Me Me > 10 > 10 
0.16 

[0.09;0.29] 
> 10 > 10 

LINS01010 Me tBu > 10 > 10 
0.10 

[0.09;0.11] 
> 10 > 10 

LINS01012 Ph Me > 10 > 10 
0.51 

[0.44;0.60] 
2.4 

[1.1;5.3] 
1.5 

[0.4;4.8] 
all affinity values are stated as means [95 % confidence-interval] 
1) Affinities converted from pKi values, taken from (Correa et al., 2017; Corrêa et al., 2019) 
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Concerning the previously made assumption for the responsible MAO B pharmacophore in ciproxifan and 

UCL-2190 (section 1.6), the tert-butyl substituted phenyl scaffold elicited a considerably higher enzyme 

inhibition compared to the cyclopropylmethanone substituted one. These findings point towards a 

preference of MAO B for unpolar groups in the eastern part of the H3R pharmacophore. 

Proving for a pharmacophoric relevance of the piperidinoalkoxy scaffold on the MAO binding capacities, 

the results from collaborators from the Medical College of Jagiellonian University Krakow (Poland) pointed 

more towards a direct involvement of the whole H3R pharmacophore into MAO B binding. Intolerability 

towards mono- and dimethylation of piperidine in 3-,4- and 5-position as well as towards increased linker 

length was demonstrated. In contrast, monomethylation in 2-position of piperidine seemed to improve 

MAO B binding for the piperidinopropoxy-based ligand. Screening for the H3R affinities of this compound 

series showed some, but less sensitivity towards dimethylation in combination with increased linker length, 

compared to the behaviour against MAO B. Such results from a first larger series of dual H3R/MAO B 

ligands provide evidence for a complete overlap of H3R and MAO B pharmacophore. Thus, it prompts for 

including MAO B assay into the standard selectivity screening of future H3R ligands. With a focus on the 

identification of a combined H3R/MAO B inhibitors within this series, DL76 depicted the most interesting 

candidate within this series, not representing a novel ligand but being re-characterised as a dual-targeting 

ligand with good preclinical profile. Fulfilling the aim to prove for potential applicability in an in vivo model 

of PD, DL76 exhibited profound and dose-dependent reduction of neuroleptics-induced catalepsy in Cross 

Leg Position test, besides showing ambiguous results in the bar test (section 4.2). 

 

 

 
Figure 19. Rasagiline inspired MAO B inhibitors with H3R affinities from section 4.3 (Lutsenko et al., 2019). 1)Depicted indanone-

derivatives (ST-1930, ST-1931) were taken from a previous study (Affini et al., 2018). 
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Furthermore, H3R binding properties were investigated for two derivatives of the previously published 

H3R/MAO B inhibitors ST-1930 and ST-1931 (Figure 19), with structural resemblance to the approved 

irreversible and selective MAO B inhibitor rasagiline (Lutsenko et al., 2019)(section 4.3). Within this study, 

the propargyl aminoindane derivative ST-2328 showed less potent and reversible MAO B inhibition 

compared to the 5-substituted congener ST-2035, which irreversibly and selectively inhibited MAO B in 

the nanomolar concentration range. In contrast, both candidates did not differ in their low nanomolar Ki 

for H3R (section 4.3). This affinity pattern emphasised the assumption that was raised for the DL76 

congeners (section 4.2), that whole H3R pharmacophore is involved in MAO B binding. The latter is 

supported by the binding behaviour, where MAO B showed a higher tolerability of a contralateral 

substitution at the indane scaffold than for an ipsilateral one. 

With regards to extensive studies by Yogev-Falach et al. (2002; 2003; 2006), both drug-like give rise for a 

probable MAO-independent neuroprotective mechanism as shown by rasagiline, ladostigil and even 

propargylamine. This structural feature is not included in DL-76 (Łażewska et al., 2020)(section 4.2). 

Therefore, they may suit as promising lead candidates for further exploration in models of AD and PD. 

The discovery of MAO B inhibition exerted by the pharmacophore of H3R was a motivator for a novel 

approach towards combined H3R inverse agonist/ChE inhibitors in order to achieve additive effects by 

enhancement of ACh release and decelerated degradation. In contrast to previous approaches (e.g., by 

Petroianu et al. (2006) or Bautista-Aguilera et al. (2018)), this search was not conducted upon rational 

design using the piperidinoalkoxyphenyl pharmacophore for H3R, but among databases of commercially 

available ligands with unknown binding properties towards the receptor and the enzymes of interest 

(section 4.4 and 4.5). Therefore, a set of computational screening methods was set up by our collaborators 

from Tabriz University of Medical Sciences (Iran) with subsequent application towards libraries of 

commercially available ligands. In more detail, they consisted of either ligand-based structural similarity 

approach guided by the structure of pitolisant among the SwissSimilarity database (Zoete et al., 2016), 

or a search method using a pharmacophore model that was based on a generated H3R homology model in 

complex with pitolisant among the ZINCPharmer dataset (Koes et al., 2012). Both methods could be used 

for screening among smaller libraries of < 11 Mio and < 23 Mio compounds. 

Moreover, a hybrid approach consisting of both, pitolisant structure-based library generation and 

subsequent pharmacophore-based virtual screening was undertaken among the larger ZINC15 database 

(>210 Mio compounds, (Sterling et al., 2015)). In summary, four commercially available ligands were 

derived from ligand-based structural similarity approach, one from the hybrid-method. In contrast, no 

structure from the pharmacophore-based approach was able to pass the preset parameters for drug-
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likeness and predicted absorption, distribution, metabolism and excretion (ADME) properties (Ghamari 

et al., 2019b). The affinity at H3R was determined again using the [3H]NAMH displacement approach to 

rule out false positives among such screening results (Figure 20). Thereby, three out of five screenings 

hits resulted in novel H3R ligands in micromolar and submicromolar concentration range. While 

ZIN2895674 resemble fragments of pitolisant but consisting of a more hydrophilic linker, ZINC69700808 

and ZINC90563066 compose of methyl piperazine and methyl piperidine as basic moieties, and bear 6-

chloro-1H-indole and 7-chloro-1,2,3,4-tetrahydroisochinoline as aromatic core moieties, respectively. 

Subsequent functional investigation of the latter two compounds revealed H3R inverse agonist efficacy, 

and both were even more potent than expected from H3R affinity alone. These findings argue for a strong 

decoupling of the Gαi/o/AC/cAMP pathway, exerted by such compounds. Concerning our search for 

combined H3R/AChE inhibitors, both compounds were able to inhibit cholinesterases in micromolar 

concentration range, slightly less active than the previously presented contilisant, which was yield by 

rational drug design approach. Both lead compounds were similar in their capabilities to inhibit AChE and 

differed marginally in their preference for BuChE, with ZINC69700808 showing somewhat lower and 

ZINC90563066 somewhat higher affinity in comparison to AChE (Ghamari et al., 2020) (section 4.5). This 

combined strategy of computational and molecular pharmacological methods for the discovery of potent 

MTDL with H3R inverse agonism/AChE provided us with two lead structures based on novel 

pharmacophore motifs to serve as a starting point for future lead optimisation on the one hand, but for 

the application in in vivo models of neurogenetic disorders such as Alzheimer´s disease on the other. 

Not only AD represents a condition where combined H3R inverse agonist/ChE inhibitors emerged as 

potential drugs to ameliorate decreased cortical AChE levels. Similar aberrations have been found in the 

BTBR mouse models for ASD. Consequently, this was a motivator for testing the effects of a known H3R  

 
Figure 20. Novel H3R pharmacophores identified from combined virtual screening and molecular pharmacological analysis, taken 

from (section 4.4)(Ghamari et al., 2019b). 
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Table 10. Changes in behavioural paradigms of autism in C57BL/6 mice with or without valproate-
induced autistic-like behaviours, upon several pharmacotherapeutic interventions (E100 or donepezil), 
and reversal tests by BBB-permeable H1R, H2R, H3R and M1R-M5R antagonists (mepyramine, 
zolantadine, RAMH and scopolamine). Each drugs were administered i.p. (section 4.6 and 4.7). 
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2) Ref. (Eissa et al., 2020), section 4.7. 
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inverse agonist/AChE & BuChE inhibitor in C57BL/6 mice with induced autism-like behaviour upon 

prenatal exposure to valproate. On the one hand, valproate treatment resulted in neuroinflammation that 

was characterised by increased levels of proinflammatory cytokines in cerebellum and hippocampus, both 

areas involved in either executive or cognitive tasks, E100 was able to ameliorate such levels, to decrease 

elevated expression of enzymes linked to inflammation processes (Eissa et al., 2019), and to reduce 

increased markers of oxidative stress (Eissa et al., 2020). 

Moreover and focussing on behavioural effects, E100 (10 mg/kg or 15 mg/kg) was efficient in abrogation 

of valproate-induced autistic deficits in terms of anxiety, sociability and repetitive or compulsive-obsessive 

behaviour. As depicted in Table 10, such effects were comparable with such exerted by the approved AChE 

inhibitor donepezil. Determination of involved neuronal circuitries was conducted by abrogation groups, 

where each effect was diminished upon H3R agonism (RAMH), but not by H1R antagonism (mepyramine). 

This prompted for in vitro selectivity screening to exclude inherent H1R antagonism of E100. This was 

confirmed for concentrations up to 1 µM while some inhibition was seen at 10 µM. Thus, a contribution 

of H1R to the observed effects seems unlikely but cannot be completely ruled out. H4R-mediated distortions 

in inflammatory processes, however, seem not to participate in the observed effects due to unambiguous 

absence of effect in a physiologic concentration range. 

Moreover, H2R receptors (as indicated by zolantadine-antagonism), together with muscarinergic receptors 

(as indicated by scopolamine-antagonism), showed involvement in sociability and the marble-burying 

paradigm for repetitive behaviour but not in the nestlet shredding paradigm (Eissa et al., 2019; 2020). At 

first sight, the results obtained from donepezil might be surprising, which indicate a cholinergic triggered 

but non-muscarinergic effect. However, this can be rationalised by a potential involvement of nicotinic ACh 

receptors, of which α4β2 and α7 heteromers in the forebrain, have shown a contribution to cognitive 

performance (Dineley et al., 2015) and of which the α7 receptor has shown to activate histaminergic TMN 

neurons. Thus, E100 joins the group of combined H3R inverse agonists/ChE inhibitors as a drug candidate 

with promising in vivo effects for the complex ASD. 

My work on H3R inhibitors with combined effects at other targets terminates with some outlook on the 

problem of whether modulating the genetic basis might provide us with better strategies for neurogenetic 

disorders. Fortunately, auspicious efforts in the field of G9a inhibitors have been recently dedicated to 

neurogenetic disorders such as AD, ASD and PWS (section 1.6). This progress supports multitargeting 

properties apart from specific neurotransmitter levels and moves towards the most intracellular source of 

neurologic pathophysiology, that usually falls out of sight in the daily business of a histaminologist. A 

straightforward approach to a multi-faceted neurogenetic disease will be an MTDL combining targets with 



 

5. Summary & perspectives 

 

  287 

numerous physiological indications. This theorem was the motivator for the last project, dedicated to the 

rare-disorder PWS and novel MTDLs for the rare-disorder PWS. More precisely, the H3R and the histone 

H3 methyltransferase G9a were chosen not due to their coincidental linguistic comparability but due to 

their apparent engagement in various neurogenetic disorders. 

Initially, we could rule out inherent G9a inhibition properties of H3R ligands that often seem to bind desired 

co-targets, as shown previously (section 4.8)(Reiner et al., 2020a). Conversely, the study revealed potent 

H3R antagonism of A-366, which was exclusively investigated in models of cancer so far, and UNC-0642 

which evolved as a candidate drug for neurogenetic diseases. Whereas some H3R affinity was ascribed for 

UNC-0642 before (Liu et al., 2013), this important property was neglected in the interpretation of recent 

results from mouse models of AD, ASD and PWS (Kim et al., 2017; Griñán-Ferré et al., 2019; Wang et al., 

2019). Also, A-366 was identified as an MTDL with previously known high potency at G9a (Sweis et al., 

2014). The compound displayed high affinity at hH3R, high selectivity over other dopaminergic and 

histaminergic receptor subtypes, fulfils multiple drug-like properties due to exceptionally low molecular 

weight of a MTDL and shows no affinity difference to a rodent H3R isoform (Figure 21). Such prominent 

drug candidates with extensive preclinical characterisation have appeared as potent H3R ligands, which is  

 

 
 

Figure 21. A-366 as MTDL with G9a inhibitory and H3R-antagonist properties as a paradigmatic shift of pharmacotherapy in 

neurogenetic disorders (section 4.8). Figure is a derivative from Figure 3 in (Reiner et al., 2020a), used under CC BY 4.0. 
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attributable to an inherent H3R pharmacophore of such ligands. 

Concluding such findings, A366 and UNC-0642 are promising tools of which a pivotal mode of action can 

be expected. Due to the involvement of G9a in many neurogenetic disorders where H3R inverse agonists 

have emerged as well, these drug candidates will be of relevance for the future pharmacotherapy of 

neurogenetic disorders. Thus, combined H3R antagonists/G9a inhibitors represent MTDLs with an excellent 

profile, which strike the path from a neurotransmission-focussed strategy outlined in the anterior studies 

of this thesis, towards a single but versatile pharmacotherapeutic approach to numerous neurogenetic 

disorders (Figure 21). 
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AAS ascending arousal system 
Aβ1-i β-amyloid fragment 1-i 

(B/F)RET (bioluminescence/förster) resonance energy transfer 

5-HT 5-hydroxytryptamine, serotonin 

5-HT2CR serotonin 5-HT2C receptor 

5-HT3R serotonin 5-HT3 receptor 

5-MH 5-methylhistamine 

A2AR adenosine A2A receptor 

A2AR adenosine A2A receptor 

aa amino acid 

AAS ascending arousal system 

AChE acetylcholinesterase 

AChE acetylcholine esterase 

ACS American Chemical Society 

AD Alzheimer’s disease 

AD Alzheimer´s disease 

ADHD attention-deficit / hyperactivity disorder 

ADME absorption, distribution, metabolism and excretion 

ADMET ADME and toxicology 

APP amyloid precursor protein 

ArA arachidonic acid 

ArcN arcuate nucleus 

AS Alzheimer Syndrom 

ASD autism-spectrum disorder 

ASS Autismus-Spektrum-Störung 

AUCc-plasma(t) area under the plasma-concentration-time curve 

BBB blood-brain barrier 

BDNF brain-derived neurotrophic factor 

BTBR Black and Tan Brachyury, T+ tf/J 

BuChE butyrylcholine esterase 

cAMP cyclic adenosine monophosphate 

cDNA copy DNA 

CFP cyan fluorescent protein 

ChE cholinesterase 

CNS central nervous system 

CRE cAMP response element 

CRH corticotropin-releasing hormone 

CYP cytochrome P450 

DA dopamine 

DAO diamine oxidase 

DBB diagonal band of Broca 

DNA deoxyribose nucleic acid 
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DSM-5 diagnostic and statistic manual of mental disorders, edition-5  

ECL extracellular loop 

EDS excessive daytime sleepiness 

EPM elevated plus maze 

ERK-1/2 extracellular signal-regulated kinase 1/2 

ERNEST European Research Network on Signal Transduction 

EST expressed sequence tag 

F-BODIPY boron-dipyrromethene-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 

FDA Food and Drug Administration of the United States of America 

FP fluorescence polarisation 

G protein guanosine triphosphate-binding protein 

GABA γ-amino butyric acid 

GABAA/BR GABAA/B receptor 

GBD global burden of diseases 

GDP guanosine diphosphate 

GIRK G protein-coupled inwardly rectifying potassium channels 

GPCR G protein-coupled receptor 

GRAFS glutamate, rhodopsin, adhesion, frizzled/Taste2 and secretin families 

GSH glutathione 

GSK3β glycogen synthase kinase 3β 

GTP guanosine triphosphate 

GTPγS guanosine 5'-O-[gamma-thio]triphosphate) 

GTS Gilles de là Tourette syndrome 

GWAS genome-wide association study 

H1R/H2R/H4R histamine H1/H2/H4 receptor 

H3R histamine H3 receptor 

HA histamine 

HDC l-histidine decarboxylase 

hH3R human (Homo sapiens) isoform of H3R, GPCR-97, 

HLA human leukocyte antigen 

HNMT histamine-N-methyl transferase 

i.c.v. intra-cerebroventricular 

ICL intracellular loop 

iodoproxyfan FUB 249 

IUPHAR International Union of Basic and Clinical Pharmacology 

LC locus caeruleus 

LHA lateral hypothalamic area 

LTR lifetime risk 

M1R/M2R/M3R muscarinergic acetylcholine M1/M2/M3 receptor 

MAO A/B monoamine oxidase A/B 

MAP mitogen-activated protein 

MAPK MAP kinase 
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MBB marble-burying behaviour 

MCH melanin-concentrating hormone 

MDA malondialdehyde 

meangeom geometric mean 

Mepyramine pyrilamine 

mH3R mouse (Mus musculus) isoform of H3R, [UniProtKB identifier: P58406] 

MPT mesopontine tegmentum 

mRNA messenger RNA 

MTDL multitarget-directed ligand 

MTL Multi-Targeting-Ligand 

NAMH Nα-methylhistamine 

NET norepinephrine transporter 

NMDAR N-methyl-d-aspartate receptor 

ORL1 Opioid receptor-like 1 receptor 

ORX orexin 

ORX1R/ORX2R orexin-1/-2 receptors 

ORX-A/ORX-B orexin-A (hypocretin-1)/orexin B (hypocretin-2) 

PAG periaqueductal grey 

PCR polymerase chain reaction 

PD Parkinson´s disease 

pD2 negative logarithm of EC50 

PFA perifornix / perifornical area 

PI3K phosphoinositide 3 kinase 

PKA protein kinase A 

PKB protein kinase B 

PPI prepulse inhibition 

PS Parkinson Syndrom 

PWS Prader–Willi syndrome/Prader-Willi-Syndrom (de.) 

RAMH  (R)-α-methylhistamine 

REM rapid eye movement 

rH3R rat (Rattus norvegicus) isoform of H3R, [UniProtKB identifier: Q9QYN8] 

RNA ribose nucleic acid 

SCN suprachiasmatic nucleus 

SERT serotonin transporter 

SN substantia nigra  

SNc SN, pars compacta 

SNCA α-synuclein 

SNORD snoRNA cluster 

snoRNA small nucleolar RNA 

SNP single-nucleotide polymorphism 

SNr SN, pars reticulata 

SNRPN small nucleolar riboprotein-N 
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SNURF SNRPN upstream reading frame 

SOD superoxide dismutase 

SWS slow-wave sleep 

TCB three-chamber behaviour 

teMH tele-methylhistamine, Nτ-methylhistamine 

TM transmembrane 

TMD/H transmembrane domain/helix 

TMN tuberomammillary nucleus 

U.S.A. United States of America 

VLPO ventrolateral preotic nucleus 

VPA valproate 

YFP yellow fluorescent protein 

ZINC ZINC is not commercial 

µOR µ-opioid receptor 

α2AR α2 adrenoceptor 

α-FMH α-fluoromethylhistidine 

β2AR β2 adrenoceptor 

κOR κ opioid receptor 

σ1R σ1 receptor 

 
Presentation of aminoacids: Throughout this thesis, amino acids within peptide sequences are depicted by 
one-letter code followed by the numeric index of consecutive position in the peptide chain as recommended 
by the Commission on Biochemical Nomenclature of International Union of Pure and Applied Chemistry 
(IUPAC-IUB) (Nomenclature, 1984). Within this scheme, the numbering of histamine follows the 
recommendations for histidine. Numeric indices of amino acids in transmembrane regions of GPCRs are 
followed by superscript indices according to Ballesteros & Weinstein while following the recommendations 
for most conserved aminoacids in TMHs by Baldwin (Baldwin, 1993; Ballesteros et al., 1995). 
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