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ABSTRACT (EN) 
 

Purinergic P2X receptors are ATP-gated cation channels with multiple physiological roles and 

are emerging as important therapeutic targets in a range of diseases. P2X subunit consists of 

two transmembrane helices (TM1 and TM2), an extracellular ATP-binding domain, and 

intracellular N- and C- termini. Seven different P2X subunits (P2X1-7) can assemble to form 

homotrimeric or heterotrimeric ion channels permeable for monovalent cations and calcium. 

P2X are ubiquitously expressed. Among them, P2X2, P2X4, and P2X7 are the most abundant 

within the brain. The activity of P2X depends not only on the presence of ATP but also on 

allosteric modulators that may inhibit or potentiate the activity of these channels. Our aim was 

to identify new molecules that could interact with allosteric binding sites on P2X receptors, 

design and synthesize new analogues of neurosteroids, and define crucial receptor domains and 

amino acids important for neurosteroid binding. By using a patch-clamp electrophysiology 

technique we recorded ATP-induced currents in HEK293T cells transfected with rat P2X2, 

P2X4, and P2X7, as well as in the rat anterior pituitary cells and hypothalamic neurons 

endogenously expressing these receptors. We found that 17ɓ-ester derivatives of testosterone, 

namely testosterone butyrate and testosterone valerate, selectively potentiate P2X2 and P2X4, 

but not P2X7. These compounds allosterically modulate the gating of P2X possibly by binding 

within the transmembrane domain. We also showed that secondary bile acids, lithocholic acid 

and 4-dafachronic acid are strong inhibitors of the P2X2 but positive allosteric modulators of 

the P2X4, and to a small extent also positive modulators of the P2X7. Neurosteroid modulation 

of ATP-evoked responses mediated by endogenously expressed P2X2 and P2X4 receptors was 

confirmed in native cells. Moreover, we described explicit structural requirements of these 

compounds for modulatory effect. Both testosterone derivatives and lithocholic acid were able 

to inhibit partially the effect of ivermectin, P2X4-specific positive allosteric modulator. We 

showed that the potentiating effect of lithocholic acid is inhibited in Y42A and significantly 

reduced in F48A and V43A mutants that belong to the determinants of the ivermectin binding 

site in P2X4. This indicates the binding site for neurosteroids identified here overlaps with the 

binding site for ivermectin that interacts with the transmembrane domain. 
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ABSTRAKT (CZ) 
 

Purinergn² P2X receptory jsou ATP-aktivavan® iontov® kan§ly, kter® maj² mnoho 

fyziologickĨch rol² a novŊ pŚedstavuj² dŢleģit® terapeutick® c²le v ŚadŊ nemoc². P2X 

podjednotky se skl§daj² ze dvou transmembr§novĨch Ŭ-helixŢ (TM1 a TM2), extracelul§rn² 

ATP-vazebn® dom®ny a intracelul§rn²ch N- a C- koncŢ. Sedm rŢznĨch P2X podjednotek 

(P2X1-7) se mŢģe sloģit a vytvoŚit homotrim®rn² nebo heterotrim®rn² iontov® kan§ly propustn® 

pro monovalentn² kationty a v§pn²k. P2X receptory se vyskytuj² prakticky ve vġech tk§n²ch, v 

mozku maj² nejvŊtġ² zastoupen² podjednotky P2X2, P2X4 a P2X7. Aktivita P2X nez§vis² jen 

na pŚ²tomnosti ATP, ale tak® alosterickĨch modul§torŢ, kter® mohou inhibovat nebo zvyġovat 

aktivitu tŊchto kan§lŢ. Naġim c²lem bylo identifikovat nov® molekuly, kter® mohou interagovat 

s alosterickĨmi vazebnĨmi m²sty na P2X receptorech, navrhnout a syntetizovat nov® analogy 

neurosteroidŢ a urļit kritick® receptorov® dom®ny nebo aminokyseliny, kter® jsou dŢleģit® pro 

vazbu neurosteroidu. Pomoc² patch-clamp elektrofyziologick® techniky jsme sn²mali ATP-

evokovan® proudy z HEK293T bunŊk transfekovanĨch potkan²mi P2X2, P2X4 a P2X7, a z 

bunŊk pŚedn²ho laloku hypofĨzy nebo hypotalamickĨch neuronŢ, kter® tyto receptory pŚirozenŊ 

exprimuj². Nalezli jsme, ģe 17ɓ-ester deriv§ty testosteronu, pŚedevġ²m testosteron butyr§t a 

testosteron valer§t, selektivnŊ potencuj² P2X2 a P2X4, nikoliv ale P2X7. Tyto l§tky alostericky 

moduluj² otev²r§n² P2X iontov®ho kan§lu pravdŊpodobnŊ vazbou mezi transmembr§nov® 

helixy. Tak® jsme uk§zali, ģe sekund§rn² ģluļov® kyseliny, litocholov§ kyselina a 4-

dafachronov§ kyselina, jsou siln® inhibitory P2X2, ale pozitivn² alosterick® modul§tory P2X4 

a v menġ² m²Śe tak® P2X7. Modulace ATP-evokovanĨch proudŢ zprostŚedkovanĨch endogennŊ 

exprimovanĨmi P2X2 a P2X4 receptory byla po aplikaci neurosteroidŢ potvrzena v nativn²ch 

buŔk§ch. Nav²c jsme detailnŊ popsali strukturn² poģadavky na tyto l§tky pro modulaļn² ¼ļinek. 

Jak testosteronov® deriv§ty tak litocholov§ kyselina byly schopny ļ§steļnŊ inhibovat ¼ļinek 

ivermektinu, P2X4-specifick®ho positivn²ho alosterick®ho modul§toru. Uk§zali jsme, ģe 

potenciaļn² ¼ļinek litocholov® kyseliny byl inhibov§n u Y42A, a vĨznamnŊ sn²ģen u F48A and 

V43A mutac², kter® jsou souļ§st² vazebn®ho m²sta pro ivermektin u P2X4. Znamen§ to, ģe 

vazebn® m²sto pro n§mi identifikovan® neurosteroidy se pŚekrĨv§ s vazebnĨm m²stem pro 

ivermektin, kterĨ interaguje s transmembr§novou dom®nou receptoru. 
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Amino acid designations 
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1. INTRODUCTION 

Adenosine 5ô- triphosphate (ATP), produced through cellular respiration and glycolysis, is the 

main intracellular source of every living cell. In addition to this classical cytosolic role, ATP 

acts as an extracellular signaling molecule (Drury and Szent-Gyºrgyi 1929; Burnstock 1972; 

Burnstock 1977). During the early 1990s, the first receptors for extracellular purines (P2X and 

P2Y) were isolated, cloned, and characterized (Brake, Wagenbach et al. 1994; Valera, Hussy 

et al. 1994), and the hypothesis of ópurinergic signalingô was widely accepted (Burnstock 2012). 

The P2Y receptors are also activated by adenosine 5ô- diphosphate (ADP), which is a more 

potent natural agonist for P2Y than ATP, and in some cases can bind pyrimidines, uridine 5ô- 

triphosphate (UTP) or uridine 5ô- diphosphate (UDP), increasing the scope of the óPô (North 

2002). As P2X receptors have been discovered in primitive life forms (Fountain 2013), it is 

suggested that purinergic signaling appeared very early in the evolution of life (Khakh and 

Burnstock 2009). Nowadays, the ópurinergic systemô represents a complex system composed 

of ATP and adenosine-based purines and their receptors. Relatively recently, it has been shown 

that guanosine 5ô- triphosphate (GTP) exerts extracellular effects as well, however, putative 

receptors have not been characterized yet (Di Liberto, Mud¸ et al. 2016; Mancinelli, Fan¸-Illic 

et al. 2020).  

1.1. Purinergic signaling 

Purinergic signaling is very complex, the actions of ATP and its breakdown products initiate 

responses that last from milliseconds to seconds or even longer time scales. The critical step in 

purinergic signaling is the release of endogenous nucleotides, and the duration as well as the 

distance of action of these molecules is limited by ATP degrading enzymes, ectonucleotidases. 

Thus, purinergic signaling involves three main components: the release, action, and degradation 

of ATP.  

1.1.1. Mechanisms of ATP release 

All cells constantly produce and release ATP. There are several pathways that allow the 

transport of these large and negatively charged molecules across the plasma membrane. The 

unregulated leakage of ATP through the disrupted plasma membrane is the consequence of cell 

damage. Undamaged cells release ATP through regulated mechanisms. 

The first regulated mechanism is stimulated exocytosis which occurs in various types of 

cells, including neurons and secretory cells (Taruno 2018). Secretory vesicles, such as adrenal 
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chromaffin granules, and synaptic vesicles contain vesicular nucleotide transporters (VNUTs, 

also termed as SLC17A9) that are able to transfer ATP, but also ADP or GDP (Sawada, Echigo 

et al. 2008). In neurons, the VNUTs appear to be localized in some synaptic glutamate-

containing vesicles. Thus, glutamate and ATP can undergo vesicular co-packaging (Zorec, 

Verkhratsky et al. 2016). Astrocytes also possess secretory vesicles that concentrate ATP 

together with secreted peptides, for example, atrial natriuretic peptide (Pangrġiļ, Potokar et al. 

2007), but co-packaging of ATP with glutamate remains to be determined (Zorec, Verkhratsky 

et al. 2016). The regulated exocytosis in astrocytes is slower than in neurons, probably because 

astrocytic vesicles have less synaptobrevin 2, the SNARE complex protein, than vesicles of 

neurons (Zorec, Verkhratsky et al. 2016; Illes, Burnstock et al. 2019). 

The second regulated mechanism is the flow of ATP anions according to a concentration 

gradient through the conductive pathway (Taruno 2018). Five groups of channels that mediate 

ATP release under physiological and pathophysiological conditions have been described: 

connexin hemichannels, pannexin 1 (PANX1), calcium homeostasis modulator 1, volume-

regulated anion channels also known as outwardly rectifying anion channels, and maxi-anion 

channels (Taruno 2018). In addition, involvement of the P2X7 receptor in ATP release has been 

reported in astrocytes (Suadicani, Brosnan et al. 2006) and osteoclast monocyte precursors 

(Pellegatti, Falzoni et al. 2011). ATP action on P2X7 receptors can activate PANX1 channels 

and this phenomenon is called ATP induced-ATP release (North 2002). ATP release dependent 

on P2X7/PANX1 complex has been reported to play a role in the action of Ŭ-synuclein, the 

main component of protein deposits-Lewy bodies that are involved in pathophysiology of 

neurodegenerative diseases (Wilkaniec, GŃssowska et al. 2017). 

1.1.2. Extracellular ATP hydrolysis 

Following the release into the extracellular space, all major cellular purines and pyrimidines 

(ATP, ADP, UTP, UDP, UDP-glucose, and some additional nucleotide sugars,  dinucleoside 

polyphosphates, and nucleoside adenosine) become substrates for specific enzymes and/or are 

recycled by membrane transporters (nucleoside transporters, NT) (Burnstock 2012; 

Zimmermann, Zebisch et al. 2012). 

The ATPases and 5ǋ nucleotidases are enzymes that degrade ATP to adenosine. 

Adenosine may be taken up, resynthesized, and reincorporated into vesicles, or broken down 

by adenosine deaminase to inosine and hypoxanthine and removed by the circulation 

(Burnstock 2012). The ectonucleotidases are cell-surface located enzymes with hydrolyzing 

activity of extracellular nucleotides. There are four major groups of ecto-nucleotidases: ecto-
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nucleoside triphosphate diphosphohydrolases (E-NTPDases), ecto-5ǋ-nucleotidase (eN), ecto-

nucleotide pyrophosphatase/phosphodiesterases (E-NPPs), and alkaline phosphatases (APs). 

Moreover, there are soluble forms of nucleotidases, devoid of a membrane anchor: soluble ecto-

5ǋ-nucleotidase (eN), alkaline phosphatases (APs), and ecto-nucleotide 

pyrophosphatase/phosphodiesterase 2 (NPP2) (Zimmermann, Zebisch et al. 2012). 

Ectonucleotidases differ in their hydrolysis cleavage sites (Fig. 1.1A), they typically hydrolyze 

nucleoside tri-, di-, and monophosphates and dinucleoside polyphosphates. The final product 

of hydrolysis may be nucleoside diphosphates, nucleoside monophosphates, nucleosides, 

phosphate, and inorganic pyrophosphate (PPi) and adenosine (Stojilkovic 2009; Zimmermann, 

Zebisch et al. 2012). Adenosine is further deaminated via inosine into hypoxanthine by 

adenosine deaminase (ADA) and purine nucleoside phosphorylase (PNP), respectively. In 

astrocytes, adenosine monophosphate (AMP) may be degraded by eN to adenosine, which may 

be degraded to inosine, or converted to AMP by adenosine kinase (Illes, Burnstock et al. 2019).    

 

Figure 1.1 Purinergic signaling pathways. (A) The nucleotide-hydrolyzing pathways. The extracellularly 

released ATP is a substrate for E-NPP and E-NTDPase, that hydrolyze to AMP, whereas AMP is efficiently 

hydrolyzed to adenosine by E-5NT. Adenosine is further deaminated via inosine into hypoxanthine by adenosine 

deaminase (ADA) and purine nucleoside phosphorylase (PNP), respectively. (B) Classification of purinergic 

receptors: ionotropic P2X receptors (P2XRs),  metabotropic P2Y receptors (P2YRs) and P1 adenosine receptors 

(ARs). Taken from (Stojilkovic 2009).   
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The second mechanism that downregulates ATP signaling pathways is reuptake of 

purines via NTs. In humans, there are two different gene families, SLC-28 and SLC-29, 

encoding two different types of integral membrane proteins: concentrative nucleoside 

transporters (CNT) and equilibrative nucleoside transporters (ENTs), respectively (Pastor-

Anglada and P®rez-Torras 2018). The first family, CNT (SLC-28) consists of three isoforms of 

transporters (CNT1-3), which act as co-transporters of nucleosides with Na+ ions, except for 

CNT3 that can also accept protons. Members of this group differ in sodium/nucleoside ration 

and substrate selectivity (except uridine, which can be transported by all subtypes). The second 

family, ENT (SLC-29) consists of four isoforms termed as ENT1-4. An isoform ENT4 is not 

considered as conventional nucleoside transporter and it differs from ENT members. Originally, 

ENT4 was described as a polyspecific organic cation transporter, even though it transports 

adenosine at low extracellular pH. ENT1-3 are able to transport both purines and pyrimidines 

with different substrate and pharmacological inhibitors selectivity. These proteins mediate the 

facilitative transport of nucleosides and some of them also transport nucleobases. In general, 

ENTs exhibit lower affinity for their substrates than the CNT family members (Pastor-Anglada 

and P®rez-Torras 2018).  

1.1.3. Purinergic P1 and P2 receptors 

Extracellularly released purines and pyrimidines as well as their derivatives act as signal 

molecules by binding to adenosine - P1, and nucleotide (ATP and ADP) - P2 receptors (Fig. 

1B). This categorization is based upon the major natural agonist for the receptor and was 

established in 1978 (Burnstock 1978). P1 receptors family are antagonized by methylxanthines 

(Burnstock 1987) which were originally useful to differentiate P1 and P2 receptor subtypes.  

Adenosine - P1 receptors 

There are four subtypes of P1 receptors that are coupled to adenylate cyclase: A1, A2A, A2B, and 

A3. Subtypes, A1 and A3 are negatively coupled, while A2A and A2B are positively coupled to 

adenylate cyclase (Fig. 1.1B). These receptor subtypes differ in selectivity for agonists and 

antagonists (Burnstock 2018). The A2A receptor can be also activated by inosine, the product 

of adenosine catabolism (Welihinda, Kaur et al. 2016). The A1 receptor also induces 

phospholipase C (PLC)-ɓ activation, thereby increasing inositol 1,4,5-trisphosphate (IP3) and 

intracellular Ca2+ levels, which stimulate calcium-dependent protein kinases (PKC) and/or 

other calcium-binding proteins (Borea, Gessi et al. 2018). Adenosine receptors have wide 

distribution as well as many physiological roles. These receptors are found in the nervous, 

cardiovascular, respiratory, gastrointestinal, urogenital, and immune systems as well as in bone, 
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joints, eyes, and skin (Borea, Gessi et al. 2018). In the pituitary gland, adenosine affects 

hormone release, cell proliferation and stimulates IL-6 release from foliculostelate cells (Rees, 

Scanlon et al. 2003), for example. 

Purinergic P2 receptors 

Burnstock and Kennedy divided the P2 receptor family on the basis of agonist and antagonist 

selectivity (Burnstock and Kennedy 1985). The ATP analogues, Ŭɓ-methylene-adenosine 5ǋ-

triphosphate (Ŭɓ-meATP) and ɓɔ-methylene-adenosine 5ǋ-triphosphate (ɓɔ-meATP) activate 

predominantly the P2X receptors, while the P2Y receptors are more sensitive to the ADP 

analogue with a ɓ-sulfur atom, adenosine 5ǋ-(ɓ-thiodiphosphate) (ADPɓS) (Burnstock and 

Kennedy 1985). When the first P2 receptors were cloned, it was definitively clear that P2X are 

ligand-gated ion channels (Brake, Wagenbach et al. 1994; Valera, Hussy et al. 1994), while 

P2Y are G protein-coupled receptors (Valera, Hussy et al. 1994). Native cells usually express 

both types of P2 receptors displaying a very broad range of ATP sensitivities, ranging from 

nanomolar in the case of P2Y, to hundreds of micromolar concentrations for P2X7 (Khakh and 

North 2012). 

There are eight P2Y subtypes divided into two subgroups (Fig. 1.1B): P2Y that 

selectively activates Ŭ-subunits of the Gq family of heterotrimeric G proteins - P2Y1, and 

receptors that activate Ŭ-subunits of the Gi family of heterotrimeric G proteins - P2Y12-like 

receptors subgroups. Members of the P2Y1 subgroup are ADP-sensitive P2Y1, UTP- and ATP-

sensitive P2Y2, UTP-sensitive P2Y4, UDP-sensitive P2Y6, and ATP-sensitive P2Y11. The 

P2Y12 - like receptors are ADP sensitive P2Y12 and P2Y13 and the UDP and UDP-glucose 

sensitive P2Y14 (Erlinge 2011; von K¿gelgen and Harden 2011). These receptors are 

widespread and have various physiological and pathophysiological roles. In the rat anterior 

pituitary gland, for example, purines could be involved in the regulation of the functions of 

gonadotrophs and thyrotrophs via P2Y1 and P2Y4, some lactotrophs and folliculostellate cells 

via P2Y2 (Yu, Guo et al. 2011).  

1.2. Physiology and pathophysiology of purinergic signaling 

In general, purinergic signaling is involved in neurotransmission, immune responses, exocrine 

and endocrine secretion, inflammation, nociception, platelet aggregation and vasodilatation, 

cell proliferation, differentiation, aging, and regeneration (Burnstock and Dale 2015; Burnstock 

2018). In addition to nociception and modulation of chronic pain, within the nervous system, 

P2X are involved in releasing of transmitters in hippocampus, gustatory signaling, endplate 
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formations of neuromuscular junction, auditory transmission and hearing sensitivity, synaptic 

plasticity, processes of learning and memory (Kaczmarek-H§jek, Lºrinczi et al. 2012). 

Different purinergic receptor subtypes and ectonucleotidases are involved in the development 

of heart, blood vessels, skeletal muscle, urinary bladder, central and peripheral neurons, retina, 

inner ear, gut, lung, and vas deferens (Burnstock and Dale 2015). To understand P2X 

physiology and pathophysiology, numerous knock-out (KO), double knockout (DKO), and 

transgenic (TG) mice models have been generated. Despite their wide distribution, however, it 

is worth to be mentioned that none of the current P2X KO models is incompatible with life 

(Kaczmarek-H§jek, Lºrinczi et al. 2012).  

1.2.1. Physiological roles of P2X 

P2X subunits have been found in both the central nervous system (CNS) and peripheral nervous 

systems (Burnstock and Dale 2015). Among P2X subtypes, P2X2, P2X4, and P2X7 are the 

most abundantly expressed in the brain (Khakh and North 2012). For instance, the P2X2  

exhibits high expression levels in the cerebral cortex, basal ganglia, diencephalon, 

mesencephalon, cerebellum, medulla oblongata, olfactory bulb, the dorsal horn of the spinal 

cord (Vulchanova, Arvidsson et al. 1996), the inner ear (Burnstock and Dale 2015; Illes, M¿ller 

et al. 2021), hypothalamus and pituitary (Stojilkovic 2009). P2X4 is immunolabelled in axon 

terminals and dendrites of neurons in the olfactory bulb and spinal cord, suggesting a role in 

sensory synapses (L°, Villeneuve et al. 1998; Montilla, Mata et al. 2020). Microglia express 

relatively high levels of P2X4 (Tsuda, Shigemoto-Mogami et al. 2003; Stokes, Layhadi et al. 

2017) and P2X7 (Kaczmarek-Hajek et al., 2018).  Immunofluorescence, in situ hybridization, 

and Western blot studies showed very high expression levels of the P2X4, followed by P2X5, 

P2X3, P2X2, P2X6, and P2X7 in the anterior pituitary gland (Zhao, Zhang et al. 2020). P2X7 

expression has been described in all brain cells, including microglia, oligodendrocytes, and 

ependymal cells (Anderson & Nedergaard, 2006; Sperl§gh, Vizi, Wirkner, & Illes, 2006) 

(Kaczmarek-Hajek et al., 2018). However, P2X7 expression in neurons is still under inspection 

and debate, for review see (Illes, Khan, & Rubini, 2017). 

P2X are cationic channels, highly permeable to calcium, their activation depolarizes the 

plasma membrane, leading to calcium influx, and neurotransmitter release (Illes, Burnstock et 

al. 2019). The P2X2 and P2X4 may be localized either presynaptically or on neuronal cell 

bodies. ATPïmediated excitatory postsynaptic currents have been also reported in the rat 

medial habenula (Edwards, Gibb et al. 1992), and in excitatory glutamatergic synapses of the 

cerebellum and hippocampus (Kanjhan, Housley et al. 1999). However, this phenomenon was 
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not observed in any other brain areas (Vavra, Bhattacharya et al. 2011). P2X2 and P2X4 

receptors mediate ATP-induced currents in hypothalamic neurons of the supraoptic nucleus 

(SON) and increase the frequency of spontaneous glutamatergic and GABAergic postsynaptic 

currents (Vavra, et al., 2011). Electron microscopy and single-molecule imaging studies 

showed that P2X2 and P2X4 are located further from the synaptic cleft, closer to the edges of 

the post-synaptic density (Khakh and North 2012), indicating that ATP and P2X play only a 

modulatory role in synaptic transmission of the CNS (Vavra, Bhattacharya et al. 2011; Khakh 

and North 2012). The P2X4 has been shown to participate in the formation and consolidation 

of long-term potentiation (LTP). In agreement with this, P2X4-specific positive allosteric 

modulator ivermectin increases the frequency of glutamatergic postsynaptic potentials, and the 

magnitude of LTP is decreased in KO mice lacking the P2X4 (Sim, Chaumont et al. 2006). 

Under physiological conditions, ATP is released mostly from astrocytes, but in some areas of 

the CNS, ATP can be released also from neurons (Illes, Burnstock et al. 2019). Astrocytes 

express both ionotropic P2X7, that are targets of cell damage-induced outflow of large 

quantities of ATP, and metabotropic P2Y that release Ca2+ from intracellular pools (Svobodova, 

Bhattaracharya et al. 2018; Illes, Burnstock et al. 2019). 

The role of P2X in sensory transduction pathways is illustrated in Fig. 1.2 showing that 

sensory cells release ATP that further evokes action potential in sensory nerves. Among  

 

Figure 1.2 Sensory transduction by different P2X subtypes in human. Adapted from (Khakh and North 2006). 
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P2X receptor subtypes, primary afferent neurons express predominantly P2X2/3 heteromer. 

Within the dorsal horn of the spinal cord, as a response to injury to peripheral nerve, microglial 

cells release brain-derived neurotrophic factor (BDNF), which causes the shift in neuronal 

anion gradient in nearby neurons as a response to injury to peripheral nerve. Thus, the inhibitory 

effect of GABA transmission is transformed into excitatory. This mechanism underlies the 

neuropathic pain, and it has been suggested that by acting on microglial P2X4 and P2X7, ATP 

mediates this response, while P2X3 is involved in acute pain sensation (Khakh and North 2006).  

As P2X receptors are widespread, their role has been demonstrated also in various 

peripheral tissues. The P2X1 is involved in the contractility of vas deferens and fertility 

(Mulryan, Gitterman et al. 2000), and the P2X1 and P2X3 in the regulation of bladder and renal 

function (Cockayne, Hamilton et al. 2000; Inscho, Cook et al. 2003; Inscho, Cook et al. 2004; 

Cockayne, Dunn et al. 2005; Guan, Osmond et al. 2007). Within the cardiovascular system, the 

P2X1 is involved in platelet aggregation (Hechler, Lenain et al. 2003; Oury, Kuijpers et al. 

2003), and the P2X4 in the regulation of vascular tone (Yamamoto, Sokabe et al. 2006) and 

contractility of cardiomyocytes (Hu, Mei et al. 2001; Shen, Pappano et al. 2006; Shen, Cronin 

et al. 2007; Sonin, Zhou et al. 2008; Shen, Shutt et al. 2009). It has been shown that endogenous 

P2X4 expression in cardiac myocytes has a protective role in heart failure (Yang, Shen et al. 

2014). The P2X2 and P2X2/3 regulate carotid body function, or hypoxia (Rong, Gourine et al. 

2003). In the gastrointestinal system, the P2X2, P2X2/3 and P2X3 mediate neurotransmission 

within the small intestine (Bian, Ren et al. 2003; Ren, Bian et al. 2003). Multiple studies 

demonstrated the involvement of P2X7 in immune response, the cytokine release, inflammatory 

and neuropathic pain (Solle, Labasi et al. 2001; Labasi, Petrushova et al. 2002; Chessell, 

Hatcher et al. 2005). Moreover, P2X7 is involved in the regulation of secretion of salivary 

(Nakamoto, Brown et al. 2009) and pancreatic glands (Novak, Jans et al. 2010), and bone 

metabolism (Ke, Qi et al. 2003; Li, Liu et al. 2005). The P2X5 mRNA is expressed in 

developing skeletal muscle (Ryten, Dunn et al. 2002). Homomeric P2X6 is not functional and 

not expressed on the cell surface (North 2002), but P2X2/6 heteromers are expressed in 

respiratory neurons of the brainstem, and P2X4/6 in oocytes (Burnstock 2018). 

1.2.2. Pathophysiology of P2X 

The P2X1 appears to be involved in thrombosis (Hechler, Lenain et al. 2003; Oury, Kuijpers et 

al. 2003) and mutations in human P2X2 are connected with disabilities in hearing (George, 

Swartz et al. 2019). The P2X4, which plays a role in neuropathic and inflammatory pain 

(Ulmann, Hirbec et al. 2010), is involved in status epilepticus (Ulmann, Levavasseur et al. 
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2013), and alcohol intake (Franklin, Hauser et al. 2015). Recent P2X5 KO mice demonstrated 

the P2X5 role in the regulation of bone loss in periodontitis (Kim, Kajikawa et al. 2018). P2X7 

is involved in some immunological disorders, such as arthritis (Fan, Zhang et al. 2016) and 

psoriasis (Diaz-Perez, Killeen et al. 2018). Moreover, P2X7 function is important in cancer 

development (Di Virgilio and Adinolfi 2017; Burnstock and Knight 2018; Di Virgilio, 

Schmalzing et al. 2018), epilepsy (Rozmer, Gao et al. 2017), Alzheimerôs disease (Francistiov§, 

Bianchi et al. 2020), and some psychiatric illnesses such as depression and anxiety (Basso, 

Bratcher et al. 2009). 

1.3. Molecular structure and function of P2X receptors 

P2X receptors are members of a large family of pore-containing proteins that regulate flow of 

selected ions across the plasma membrane after binding of specific ligand. These proteins are 

called ligand-gated ion channels (LGICs) or ñionotropic receptorsò. The classification by 

structural similarities of LGICs distinguishes three main groups. The pentameric superfamily, 

also termed Cys-loop channels, which includes the nicotinic- acetylcholine (nACh) receptor, 

serotonin or 5-hydroxytryptamine type 3 (5-HT3)receptor,  ɔ-aminobutyric acid type A receptor 

(GABAA) receptor, glycine and zinc-activated channel receptors. The second group involves a 

tetrameric superfamily of ionotropic glutamate receptors: Ŭ-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors, N-methyl-D-aspartate (NMDA) receptors, kainate 

receptors, and GluD receptors (also known as delta or ŭ receptors) (Hansen, Wollmuth et al. 

2021). The third group involves a family of ATP-gated P2X channels which consists of three 

subunits (North 2002). To identify ATP binding site, the homology between P2X receptors and 

other ATP binding proteins was originally compared, and it has been found that P2X do not 

contain the Walker motif, which characterizes ATP-binding intracellular proteins (Walker, 

Saraste et al. 1982).  

1.3.1. General characteristics of P2X  

There are seven genes that encode P2X subunits termed P2X1-7 and several spliced forms of 

these subunits. The full-length forms have 11ï13 exons, and all share a common structure, with 

well-conserved intron/exon boundaries. P2X subunits are between 384 (P2X4) and 595 (P2X7) 

amino acids long and share 40ï55% sequence identity considering transmembrane and 

extracellular domains (North 2002; North and Jarvis 2013; Illes, M¿ller et al. 2021). Three P2X 

subunits form homomeric and/or heteromeric ion channels (Nicke, Bªumert et al. 1998). Each 

subunit has two transmembrane domains (TM1 and TM2) and a long cysteine-riched 
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extracellular ligand-binding domain, termed ectodomain. The NH2 and COOH terminal regions 

(N-terminus and C-terminus, respectively) are located on the intracellular side. Within the P2X 

family, the P2X7 has the longest C-terminus. Another specific feature of P2X7 is that it cannot 

co-assemble with any other subunit. In contrast to P2X7, the P2X5 subunit can co-assemble 

with any other, except P2X7. The P2X6 lacks part of the ATP binding site and no current can 

be evoked by ATP when it is expressed alone in oocytes (Soto, Garcia-Guzman et al. 1996; L°, 

Babinski et al. 1998; King, Townsend-Nicholson et al. 2000) or HEK293 cells (Soto, Garcia-

Guzman et al. 1996), but heteromers containing P2X6 are functional (L°, Babinski et al. 1998; 

King, Townsend-Nicholson et al. 2000). The P2X differ in sensitivity to agonists, antagonists 

and allosteric modulators, ion selectivity, and desensitization rate (Fig. 1.3) (North 2002).  

Ion selectivity 

The most common approach to study ion selectivity involves the estimation of the ñrelative 

permeabilityò of ions, determined either from current reversal potentials or by the comparison 

of single-channel conductances in solutions of varying ionic composition. Relative 

permeabilities (P) are usually reported for anion, X, with respect to Na+, PX/PNa, or Cs+, PX/PCs. 

To assess Ca2+ permeability, the whole-cell patch-clamp recording in combination with 

fluorimetric measurements of intracellular calcium is often used, which allows to directly 

determinate the fractional calcium current (Pf). Alternatively, the PCa/PCs ratio is determined 

using the reversal potential method (Samways, Li et al. 2014).  

All P2X are nonselective cation channels, permeable to small monovalent cations and 

calcium. The exception is P2X5 which has a relatively high permeability to chloride ions (North 

2002). The P2X1 shows little selectivity for Na+ over K+ (North 2002). The permeability to 

Ca2+ varies among P2X. The homomeric P2X3 has the lowest Ca2+ permeability (PCa/PCs = 1.6, 

Pf% = 3-5). The highest relative Ca2+ permeability among P2X exhibit homomeric P2X1 and 

P2X4 (PCa/PCs = ~4 and 5, Pf% = 12 and 16, respectively) (Samways, Li et al. 2014). The 

P2X1/5 heterotrimer is much less permeable to Ca2+ than P2X1 homomer (P2X1/5: PCa/PNa = 

1.1; P2X1: PCa/PNa = 3.9), however, the Ca2+ permeability of the P2X5 homomer has not been 

measured (North 2002). After prolonged stimulation with agonists, some of P2X channels 

(P2X2, P2X4 and P2X7) become permeable to larger organic cations (N-methyl-D-glucamine, 

NMDG+ e.g.) and nucleic acid-binding fluorescent dyes (YO-PRO-1 and ethidium bromide 

e.g.) (North 2002).  

Receptor desensitization 
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There are three phases of P2X channel response: 1) activation phase, rapid phase involving 

channel opening induced by the binding of an agonist; 2) desensitization phase, a slower decay 

phase in the continuous presence of the agonist and 3) deactivation phase, a rapid decay of the 

current that follows agonist removal (Coddou, Yan et al. 2011). The molecular mechanisms of 

each of these three phases involve conformational changes that will be described later (see 

chapter 1.3.2 Specific characteristics derived from crystal structures of P2X). General features 

of P2X desensitization are described here. 

Desensitization is a physiologically very important molecular adaptation to excessive 

receptor activation by prolonged ligand stimulation. This process is usually dose dependent, 

and higher doses of the ligand promote faster desensitization. During the desensitization of 

ionotropic receptors, there are structural and functional changes in the molecule of the 

receptors, unlike metabotropic receptors which desensitize mainly via receptor internalization 

(Ferguson 2001). Desensitization of ionotropic receptors is characterized by the rate of current 

decay in the continuous presence of an agonist, which is calculated from the time constant(s) 

obtained by monoexponential or biexponential fitting. The kinetics of desensitization and 

resensitization differ within members of the P2X receptor family (Fig. 1.3) (North 2002). 

Figure 1.3 Desensitization profiles of the rat P2X subtypes. Among the P2X receptors, only P2X1 and P2X3 

show fast desensitization during brief applications (2-s duration) of high doses of agonist (upper row).  The P2X2 

and P2X4 show slow desensitization profiles during prolonged application (60-s duration) of agonist, and P2X7 

shows biphasic current growth  (lower row).  Taken from (North 2002). 

 

Based on desensitization rate, P2X are in general divided into three groups. The first 

group consists of the rapidly desensitizing P2X1 and P2X3 that desensitize in the millisecond 
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range. Unlike the P2X1 receptor current which does not recover completely after long-term 

ATP washout, the P2X3 current recovers completely (Giniatullin and Nistri 2013). The second 

group involves receptors with moderate desensitization rates, P2X4 and P2X5. The P2X4 

currents typically decline within 5ï10 s of stimulation with maximal ATP concentrations 

(100 ɛM) and its recovery is very slow, lasting more than 40 min. The rat P2X5 shows little 

desensitization, but the human P2X5 chimera containing C-terminus of the rat isoform shows 

accelerated and complete desensitization. Finally, the third group involves slowly or non-

desensitizing receptors: P2X2, P2X6, and P2X7. However, the splice form of rat P2X2 

(P2X2B) exhibits desensitization, and during prolonged applications there is a progressive 

decline also in rat P2X2A current, the reason why some authors describe these receptors as 

slowly desensitizing (North 2002). The P2X7 shows no desensitization, but an increase in 

current amplitude, called receptor sensitization.   

The full-length P2X2 receptor subunit is termed P2X2A and its homomeric form shows 

slow (time constant Ḑ111 s) or no desensitization (North 2002). Several more rodent and human 

P2X2 alternative splice isoforms were identified (Kaczmarek-H§jek, Lºrinczi et al. 2012). The 

rat splice variant termed P2X2B, in which exon 11 is partially deleted, has shorted C-terminus 

(missing the 69 amino acids from V370 to Q438 ) and shows faster current decay during 

desensitization (time constant Ḑ24 s)(Lynch, Touma et al. 1999). The specific pattern of 

desensitization of the rat P2X2 splicing forms is determined by the C-terminal domain (He, 

Koshimizu et al. 2002). However, there is no difference in desensitization kinetics between 

splice isoforms of human P2X2 receptors (North 2002). Although the TM domains of the rat 

and human P2X2 are primarily conserved, the length of C-terminal and N-terminal domains 

differ between these two isoforms. The rat receptor has additional 10 residues in the C-terminus 

of both the P2X2A and P2X2B forms. Conversely, the N-terminus of the human receptor is 

longer than that of the rat receptor by 12 residues. Thus, differences between rat and human 

P2X2 receptor structures may account for the apparent differences in the desensitization 

kinetics of their splice variants (Lynch, Touma et al. 1999).  

P2X agonists 

The common agonist of the P2X is ATP which binds to the orthosteric binding site(s) and 

triggers the opening of P2X ion channel. Among P2X receptors, P2X1 has the highest affinity 

for ATP, with an EC50 in the submicromolar concentration range.  Contrary, the affinity to ATP 

of the P2X7 receptor is extremely low, the EC50 is in the 1 mM range (North 2002). Several 

agonists mimic the effect of ATP and activate the P2X. Different ATP analogues have been 
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developed with the aim to characterize and differentiate P2X subtypes endogenously expressed 

in different tissues. As mentioned above (see 1.1.3. Purinergic P2 receptors), Ŭɓ-meATP, a 

metabolically stable ATP analogue, shows a preference for P2X1 and P2X3. In homomeric 

P2X1 receptors, ATP and Ŭɓ-meATP elicit approximately equal currents (EC50 well below 

1 ɛM). Therefore, Ŭɓ-meATP is a full agonist, which distinguishes P2X1 and P2X3 from the 

other homomeric P2X forms (North 2002). Another ATP analogue, ɓɔ-meATP, is also a potent 

agonist at the P2X1 but it activates the P2X3 at a 30-fold lower concentration (North, 2002). 

Therefore, the P2X1 can be differentiated from the P2X3 by sensitivity to ɓɔ-meATP 

(Zemkov§, Bal²k, Jindrichov§, & V§vra, 2008). The P2X2 subtype shows only small activation 

if stimulated with high concentration (300 ɛM) of Ŭɓ-meATP, however, the heterotrimer 

P2X2/3 does respond with the typical inward current. Another metabolically stable ATP 

analogues are 2 methylthio ATP (2-MeSATP) and adenosine 5ǋ-O-(3-thio) triphosphate 

(ATPɔS). Of them, the 2-MeSATP is more potent than ATP at P2X2 (Illes, et al., 2021). There 

is no single analouge that would distinguish the P2X4 receptor subtype from other receptor 

forms. Analogues Ŭɓ-meATP and ɓɔ-meATP, are also agonists of P2X4, however with lower 

potency than for P2X1 and P2X3, and higher potency than for P2X2. The P2X5 shows the 

highest affinity to ATPɔS. To study the P2X7 subtype, the synthetic agonist, 2ǋ, 3ǋ-(benzoyl-4-

benzoyl)-ATP (BzATP) is widely used because it is more potent than ATP itself. However, 

BzATP has also high potency at P2X1 followed by P2X3 (EC50 values 0.002 and 0.08 ɛM 

respectively) (Illes, et al., 2021), therefore it has to be used with caution for the identification 

of endogenously expressed P2X7 in native tissues. Structurally unrelated ATP agonists are 

diadenosine polyphosphates that activate P2X expressed on a variety of human and rat cell 

types (Chang, Yanachkov et al. 2010). For instance, the adenosine pentaphosphate (Ap5A) is a 

full agonist at P2X3, while the diadenosine tetraphosphate (Ap4A) is an agonist at P2X1, and 

diadenosine triphosphates (Ap3A) at P2X1 and more at P2X3 receptors (North 2002; Chang, 

Yanachkov et al. 2010).  

P2X antagonists  

Non selective and moderately potent P2X antagonists include suramin, reactive blue 2 (RB-2), 

pyridoxalphosphate-6-azophenyl-2ǋ, 4ǋ-disulfonic acid (PPADS), and iso PPADS. These 

antagonists are of limited use and are being replaced by more potent and selective compounds 

(Illes, M¿ller et al. 2021). The selective antagonists are generated from the already existing 

non-selective antagonists or another available compounds, e.g. derivatives of nucleotide 

agonists. The ATP derivative 2ô,3ô-O-(2,4,6-trinitrophenyl)-adensine 5ǋ-triphosphate (TNP
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ATP) is described as a putative antagonist of P2X4, but also of other P2X subtypes, such as 

P2X1, P2X2, and P2X3 (Virginio, Robertson et al. 1998). The 3ǋ benzamido ATP derivative 

(DT 0111) is a water soluble P2X2/3 antagonist (IC50 value is 0.3 ɛM). This drug is suitable 

for administration by inhalation (Pelleg, Xu et al. 2019) and it is a candidate for the treatment 

of chronic obstructive pulmonary disease and chronic cough (Pelleg, Xu et al. 2019). Among 

di-inosine polyphosphates, Ip5I (P1P5-di-(inosine-5ǋ) pentaphosphate) is potent as a P2X1 

antagonist, but it also blocks P2X3 (P2X1, IC50 = 0.003 ɛM; P2X3, IC50 = 2.8 ɛM). Several 

derivatives are generated from existing non-selective antagonists. For example, NF023, the 

symmetrical polysulfonated naphthyl derivative of suramin, is a competitive P2X1 antagonist 

that also blocks P2X3 at higher concentrations (M¿ller and Namasivayam 2021). Another 

suramin derivative, NF279, is the most potent at P2X1, but it also effectively blocks slowly 

desensitizing P2X2 and non-desensitizing P2X7 receptors. The NF770, a competative 

antagonist, is more potent and selective to P2X2 than to the other P2X receptors (North and 

Jarvis 2013; Illes, M¿ller et al. 2021; M¿ller and Namasivayam 2021). Among PPADS 

derivatives, the MRS2159 binds covalently to the orthosteric binding site of the P2X1, but may 

also block P2X7. Selective antagonists for P2X2, P2X4, and P2X7 receptors will be described 

in more detail later (see chapters 1.4. P2X pharmacology). 

1.3.2. Specific characteristics derived from crystal structures of P2X 

Fundamental structural and functional data about P2X channels were obtained by molecular 

biology, biochemical, and electrophysiological methods (Ennion, Hagan et al. 2000; 

Rassendren, Surprenant et al. 2000; North 2002; Marquez-Klaka, Rettinger et al. 2007; Roberts 

and Evans 2007; Zemkova, Yan et al. 2007; Roberts, Digby et al. 2008; Bodnar, Wang et al. 

2011). For instance, the atomic force microscopy showed the trimeric structure of P2X2 

(Barrera, Ormond et al. 2005), and the tridimensional images obtained by cryo-electron 

microscopy (cryo-EM) revealed an elongated vase-shaped structure having  202 ¡ in height 

and 160 ¡ in major diameter (Mio, Ogura et al. 2009). Site-directed mutagenesis combined 

with electrophysiology revealed ectodomain residues that are critical for ATP binding (K70, 

N296, F297, R298, and K316; all in zfP2X4) (Ennion, Hagan et al. 2000; Rassendren, 

Surprenant et al. 2000; Wilkinson, Jiang et al. 2006; Yan, Liang et al. 2006; Fischer, Zadori et 

al. 2007; Zemkova, Yan et al. 2007; Roberts, Digby et al. 2008). Crystallization studies 

(Kawate, Michel et al. 2009; Hattori and Gouaux 2012; Karasawa and Kawate 2016; Mansoor, 

L¿ et al. 2016; Kasuya, Yamaura et al. 2017) confirmed most of these data and revealed many 

new and unexpected details about P2X structure and function. 
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The P2X architecture 

 

Figure 1.4 Crystal structure of zfP2X4. Closed (A and C) and ATP-bound open (B and D) states are shown. 

Each receptor subunit is presented in a different color (yellow, red, and blue). (A and B) Closed and open trimer 

structures viewed parallel to the membrane, (C and D) trimer structures viewed from the extracellular side. 

Adapted from (Hattori and Gouaux 2012). 

The first P2X crystal was the P2X4 (PDB entry code: 3H9V), derived from zebrafish, the Danio 

rerio, (zfP2X4) which structure was resolved at 3.1 ¡ resolution in the absence of ATP, i.e. the 

closed, apo state (Kawate, Michel et al. 2009). For crystallization purposes, the intracellular N- 
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and C- terminal regions were removed. Consequently, crystallized receptors differ from WT-

zfP2X4 in some properties. Electrophysiological experiments revealed that crystallized forms 

(ȹzfP2X4) exhibited smaller amplitudes of 1 mM ATP-activated current (in pA range) than 

WT-zfP2X4 receptor (in nA range), but showed the P2X4-specific pattern of ATP response 

(Kawate, Michel et al. 2009). Next, zfP2X4 constructs (PDB entry codes: 4DW0 and 4DW1) 

were crystallized in both closed (2.9 ¡ resolution) and ATP-bound open (2.8 ¡ resolution) 

states (Hattori and Gouaux 2012). 

Crystal of zfP2X4 shows that the receptor has a large extracellular domain that reaches 

a distance of 70 ¡ departing from the cell membrane. Comparably smaller, hour-glass-shaped 

transmembrane domain formed by six Ŭ-helices (2 from each subunit), is approximately 28 ¡ 

long. Transmembrane helices (TM1 and TM2) are oriented approximately antiparallel to one 

another with an angle of nearly 45Á from the membrane normal. The ion-conducting pore is 

lined primarily by three TM2 helices. The transmembrane domains of each subunit rotate 

slightly counterclockwise around the receptor axis making the left-handed twist. Conversely, 

the extracellular domain of each subunit wraps around its neighbor with a right-handed twist, 

creating a large number of interactions with each other (Fig. 1.4) (Hattori and Gouaux 2012). 

Each subunit resembles the shape of a dolphin (Fig. 1.5A) with the large body part, a 

huge glycosylated ectodomain composed of many highly conserved residues organized into a 

rigid ɓ-sheet structures and stabilized by five disulfide bonds (Kawate, Michel et al. 2009). 

Structurally more flexible domains, the head, dorsal fin, left and right flippers, are branching 

out from the body. The dolphinôs tail contains transmembrane Ŭ-helices. The major interfaces 

between the individual subunits are body-body, head-body, and left flipper-dorsal fin. A 

comparison of closed (apo) and ATP-bound receptors (Fig. 1.5B) demonstrates that the upper 

body domain is relatively rigid, it does not undergo substantial conformational changes after 

ATP binding, while the lower body region is substantially changed and moves. The highly 

conserved ɓ-sheets in the extracellular upper parts of individual subunits form most of the 

contacts between subunits. In contrast, the lower body domains do not make any contact. This 

region, called the extracellular vestibule, undergoes substantial enlargement after agonist 

binding (Hattori and Gouaux 2012). Extracellular vestibule, previously unknown, is important 

for ion entry to the pore and contains several residues conserved across the P2X family. The 

amino acids in the head domain, left flipper, and dorsal fin are far less conserved. Therefore, 

head-body and left flipper-dorsal fin interactions determine receptor-specific agonist selectivity 
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and the ability of receptor to assemble different subunits into heteromeric forms of P2X 

receptors (Kawate, Michel et al. 2009). 

Figure 1.5 Conformational difference between open and closed states in zfP2X4 receptor. (A) Dolphin-

shaped P2X4 subunit, the superimposition between closed state (grey) and open state (green);  (B) The TMs and 

the body domains of two adjusted subunits of crystals in closed (left) and open(right) states. Adapted from (Hattori 

and Gouaux 2012). 

The same receptor architecture and dolphin-like shape of subunit was also observed in 

crystallized human P2X3 (hP2X3) (Mansoor, L¿ et al. 2016) and panda P2X7 (pdP2X) 

(Karasawa and Kawate 2016) receptors. Crystal structures of P2X1, P2X2, P2X5, and P2X6 

receptors are still not available. However, the available X-ray templates of zfP2X4 (Kawate, 

Michel et al. 2009) and hP2X3 (Mansoor, L¿ et al. 2016) enabled the building of P2X2 

homology model (Gasparri, Wengel et al. 2019).  

ATP binding site in  zfP2X4 

The first resolved crystal structure (PDB entry code: 3H9V) suggested that three ATP binding 

sites are located in deep grooves on the outside of the trimer, between subunits (Khakh, Bao et 

al. 1999). Another crystal structure of the zfP2X4 has confirmed three inter-subunit binging 

sites and found that they are located ~40 ¡ from the extracellular boundary of the TM domain 

(Hattori and Gouaux 2012). The ATP binding pocket is lined with positively charged amino-

acids and consists of the upper body, head, and dorsal fin from one subunit, and lower body and 

left flipper from the second subunit. ATP is recognized by the upper and lower body domains 

through extensive hydrophilic interactions. The head domain, left flipper and dorsal fin 

participate in several additional direct contacts with ATP. The shape of bound ATP in the 

complex with zfP2X4 receptor resembles the letter ĂUñ, thus ATP distorts and establishes 
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conformation in which it can form salt and hydrogen bridges with conserved basic and polar 

amino acid side chains of the receptor subunits (Fig. 1.6). 

 

Figure 1.6 Structural recognition of ATP within the binding pocket of crystalized zfP2X4. (A) All three 

receptor subunits in ATP bounded state, the only one ATP molecule (spheres) is presented in here. (B) The ATP 

molecule (in sticks) is stabilized by polar interactions between adenine ring N-atoms and T189. The triphosphate 

group is stabilized by K70, K72, K193, N296, R298, and K316. A solvent molecule of glycerol (small red ball) 

bridges the interactions between K193 of the receptor and Ŭ-phosphate of ATP. Adapted from (Hattori and Gouaux 

2012). 

Particularly, the amine group of K70 forms interactions with oxygen atoms on all three 

phosphate groups of ATP. This residue is very essential for the binding of ATP and it is 

positioned in the center of the triphosphate óUó. N296 and K316 mediate additional contacts 

with ɓ-phosphate groups, while K72, R298, and K316 participate in interactions with the ɔ-

phosphate. ADP and AMP have very little or no effect as agonists on P2X receptors because 

these molecules miss ɓ- and ɔ-phosphates. Solvent molecules such as glycerol in the crystal 

structure, bridge the interactions between K193 of the receptor and Ŭ-phosphate of ATP (Fig. 

1.6B). Under physiological conditions, water molecules may occupy these sites (Hattori and 

Gouaux 2012). The ATP molecule forms three hydrogen bonds between the adenine ring and 

the side chain of T189 and the main chain carbonyl oxygen atoms of K70 and T189 in the lower 

body. The adenine base of ATP is positioned deeply in the ATP binding pocket, and it also 

forms hydrophobic interactions with L191 in the lower body and I232 in the dorsal fin. Besides 

adenine base, the ribose ring also forms hydrophobic interactions with L217, and the oxygen 

atoms the O2 and O3 of the ribose ring are solvent-accessible (Hattori and Gouaux 2012).  
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Figure 1.7 ATP binding site in bound zfP2X4 state.  Nucleoside triphosphates and residues involved in ATP 

binding (stick representation). (A) ATP bounded to zfP2X4. Superimposition of (B) CTP, (C) GTP, and (D) UTP 

in the ATP binding pocket. Explanation in the text. Adapted from (Hattori and Gouaux 2012). 

The superimposition of other nucleotides into the ATP binding pocket of crystalized 

zfP2X4 receptor (Fig. 1.7) shows that the N4 base of cytidine 5ǋ-triphosphate (CTP) can form 

a hydrogen bond with the oxygen atom of the carbonyl group of the amino acid K70 and 

possibly also with T189.  However, the CTP is too small, and the N3 atom of the base is too far 

to form a hydrogen bond with a T189 side chain. The cytidine base also does not fill the entire 

ATP binding pocket.  The resulting cavity likely further diminishes the extent to which CTP 

can bind and activate P2X receptors (Fig. 1.7A and C) (Hattori and Gouaux 2012). Contrary to 

CTP and ATP, GTP and UTP possess nearly reciprocal hydrogen bonding groups on their base 
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rings that make them unable to form favorable hydrogen-bonding interactions with carbonyl 

oxygen atoms of K70 and T189 (Fig. 1.7B and D) (Hattori and Gouaux 2012). 

Closed and open states of zfP2X4, movement of TM helices during channel gating 

The alignment of zfP2X4 structures in closed and open states provided the first insight into the 

mechanism of channel opening after ATP-induced activation, showing that only TM2 form the 

pore. In the closed state, TM2 helices are arranged in the membrane around the receptor vertical 

axis closing the pore, and TM1 helices surround the TM2 from the outer side. Viewed from the 

extracellular surface (Fig. 1.8), residues L340 and N341 define the extracellular boundary of 

the ion channel gate, with the hydrophobic side chain of L340 occluding the pore. On the 

opposite side of the membrane, the cytoplasmic gate is defined by A347 and the side chain of 

L346. The 'center' of the gate is A344 and it defines the closest association of the TM2 helices 

(Fig. 1.8, left) (Hattori and Gouaux 2012). 

In the open state, the pore is lined by amino acids L340, A344, A347, L351 and I355, 

while at the level of A347 and L351 the channel pore has the narrowest diameter, about 7 ¡ 

(Fig. 1.8, right) (Hattori and Gouaux 2012). During prolonged application of ATP, P2X4 allows 

permeation of large organic cations such as NMDG+ (Khakh, Bao et al. 1999; Virginio, 

MacKenzie et al. 1999). However, the two-electrode voltage clamp showed that crystal 

construct of zfP2X4 did not increase current after prolonged application of saturating 

concentration of ATP, and the authors suggested that the crystalized zfP2X4 has no ability to 

form a large pore (Hattori and Gouaux 2012). There are no hydrophilic residues lining the 

middle of the open channel pore. Most probably the side chains of pore-lining amino acids 

interact directly with permeant hydrated cations by carbonyl oxygen and nitrogen atoms  

 
Figure 1.8 ATP-induced gating and channel opening in zfP2X4.  The TM rearrangement during the transition 

of the receptor from closed (left) to open (right) state viewed from the cytoplasmic side of the membrane. N-

terminus of TM1 (N) and C-terminus of TM2 (C) are indicated. Numbers show the diameters of pore in closed 

and open states. Adapted from supplementary material, (Hattori and Gouaux 2012). 
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(Migita, Haines et al. 2001; Browne, Cao et al. 2011; Hattori and Gouaux 2012). 

The transition from closed to open state is followed by TM2 helices rearrangement that 

resembles an iris movement. The helices move away from the central axis by ~3 ¡ to expand 

and form an ion conductive pore. This transition implies alterations in intra- and intersubunit 

interactions between the TM helices. During ligand binding, L340, L346, and A347 rotate away 

from the center of the pore, which prevents them to interact and close the channel. The 

movement of TM helices also allows the TM2 helix to bend and form new intersubunit contacts 

that include L346 and I355 which stabilize the wide pore-opened channel. This flexion is 

allowed by the conserved residue G350 which has a role as a flexible hinge during 

conformational changes (Hattori and Gouaux 2012).  

Ion access to the pore of zfP2X4  

The crystal structure of zfP2X4 (Kawate, Michel et al. 2009) revealed the existence of four 

vestibules in upper, central, extracellular, and intracellular part of the receptor (Fig. 1.9). 

Moreover, it revealed the presence of three lateral fenestrations that provide an access for ions 

to enter the pore (Kawate, Robertson et al. 2011). Thus, there are two possible pathways    

 

Figure 1.9 Lateral view of zfP2X receptor in ATP bound state. (A) The receptor with indicated lateral 

fenestrations.  (B) Vestibules in closed and open states with key residues involved in their formation. Taken from 

supplementary material (Hattori and Gouaux 2012). 
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for ion entry: a central pathway, along the three-fold axis of symmetry, and the second pathway 

through the lateral fenestrations of the extracellular vestibule just above the transmembrane 

domain. It is supposed that the central pathway is too narrow to allow effective ion permeation, 

whereas the lateral fenestrations in the extracellular vestibule are widely open in ATP-bound 

state (Hattori and Gouaux 2012). 

The gate, a hydrophobic barrier to ion flow formed by three TM2 Ŭ-helices (Fig. 1.8), 

is located below the extracellular vestibule. Just above the TM1, there are several acidic 

residues in the extracellular vestibule (E51 and E56). Together with D59 and D61 at the bottom 

of the central vestibule, they may bind cations, and even create an electrostatic field that would 

concentrate ions from a greater distance. In addition, the side chain oxygen atom of N341from 

the extracellular vestibule chain above TM2, may interact directly with permeant ions (Kawate, 

Michel et al. 2009). There is also a possibility that ions could entry the extracellular vestibule 

through lateral portals while the P2X4 channel is closed (Rokic, Stojilkovic et al. 2014). The 

same study showed an importance of residues above TM1 in ion uptake into the extracellular 

vestibule lumen and TM2 which predominantly facilitates access to gate and permeation 

(Rokic, Stojilkovic et al. 2014). 

Mechanism of hP2X3 desensitization 

Next, in 2016, the crystal structure of hP2X3 was solved and showed for the first time the 

structure of cytoplasmic C-terminus and desensitized state of P2X (Mansoor, L¿ et al. 2016). 

All P2X subunits possess threonine residue that is part of the highly conserved TX(K/R) motif 

in the intracellular N-terminal domain. At the P2X2, the threonine to alanine substitution 

(T18A) changes the receptor property from slow to rapid desensitization (<1 s) (Bou®-Grabot, 

Archambault et al. 2000). Also, only three P2X2-specific amino acid residues of the P2X2-X3 

chimera, (P19/V21/I22), are sufficient to confer a slow-desensitizing phenotype of the P2X3 

receptor (Hausmann, Bahrenberg et al. 2014). During the crystallization of the hP2X3 receptor, 

these substitutions were introduced into the crystal construct to increase the probability of 

obtaining an open state conformation (Mansoor, L¿ et al. 2016). The generated receptor 

exhibited a high affinity for ATP and slow incomplete desensitization. Besides the crystal of 

hP2X3 in the open state, the crystals of receptors in closed-resting and closed-desensitized 

states were also generated. The structural differences between those states were observed and 

used to explain the mechanism of desensitization.  
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B 

 

Figure 1.10 Protomer of hP2X3 and the gating cycle. (A) One subunit of the open state structure of hP2X3 

viewed from two angles. Each of the major P2X3 domains is color-coded. Distribution of Ŭ-helices and ɓ-sheets 

in the cytoplasmic cap. (B) A cartoon model summarizing the mechanisms of activation, ion permeation, and 

desensitization of P2X receptors. Adapted from (Mansoor, L¿ et al. 2016). 

The open state of hP2X3 revealed a novel transient cytoplasmic motif, termed the 

ñcytoplasmic capò or ñtail finò (used for protomer), the secondary structure composed of two 

sequential ɓ-strands (ɓ0 and ɓ1) in the N-terminus of two subunits and ɓ strand (ɓ15) adjacent 

to the C-terminus of the third subunit (Fig. 1.10A). These three ɓ-sheets per subunit forge a link 

that covers the channel exit along the symmetry axis. The P2X2 originating residues provide 

main chain conformational rigidity and make key hydrophobic interactions stabilizing the 

structure of the cap. Therefore, the authors of this crystal construct hypothesized that the 

cytoplasmic cap has a role in P2X receptor gating and provides a structural scaffold for the open 

A 
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state that is likely disassembled in the apo and desensitized states (Fig. 1.10B). To investigate 

the T18A induced switch in desensitization, molecular dynamics simulations of the P2X2 wild 

type and P2X2-T18A receptor were performed (Stavrou, Evans et al. 2020). This study showed 

that the receptor is accessible to extracellularly added positively charged molecule, 2-

(trimethylammonium)-ethyl methanethiosulfonate (MTSET), in both the ATP-bound open and 

ATP-bound desensitized states, confirming that the activation gate is still open in the 

desensitized state (Stavrou, Evans et al. 2020). 

 Structure and function of cytoplasmic ballast in rP2X7 

The most striking structural feature of P2X7 is a very long C-terminus (the 240 amino acids) 

with different unique domains or motifs, that constitutes about 40% of the whole P2X7 protein, 

and that distinguishes this subtype from all other subtypes. An artificially truncated version of 

the giant panda (Ailuropoda melanoleuca) P2X7 receptor (pdP2X7), that was expressed in 

insect cells and remained trimeric during crystallization, allowed to resolve the first P2X7 

receptor structure. The pdP2X7 constructs, in complex with five structurally unrelated 

antagonists, were resolved at 3.5 ¡ resolution (Karasawa and Kawate 2016). The next 

published crystal structure was the chicken P2X7 receptor (ckP2X7) in the complex with TNP-

ATP, at 3.1 ¡ resolution. The ckP2X7 shares 45.0% identity and 61.9% similarity to hP2X7 

receptor (Kasuya, Yamaura et al. 2017). The first full-length rat P2X7 receptor (rP2X7) 

structures in closed (apo) and open (ATP-bound) states were resolved at 2.9 ¡ and 3.3 ¡ 

resolution, respectively, using the single-particle cryo-EM (Fig. 1.11) (McCarthy, Yoshioka et 

al. 2019).  

The cytoplasmic cap, observed for the first time in an open state of hP2X3 (Mansoor, 

L¿ et al. 2016), is also present in rP2X7 (McCarthy, Yoshioka et al. 2019) where each of three 

subunits forms the sequential ɓ strands structure. In contrast to hP2X3 where the cytoplasmic 

cap is visible only in open state, the rP2X7 cytoplasmic cap is present in both the apo closed 

and open states (McCarthy, Yoshioka et al. 2019). The cryo-EM of the rP2X7 revealed two 

new and important cytoplasmic elements that are specific for the P2X7 subtype: cysteine-rich 

region (C-Cys anchor) and 120 additional residues in the C-terminal domain termed 

ñcytoplasmic ballastò (Fig. 1. 11). The cytoplasmic C-Cys anchor begins as TM2, emerges from 

the plasma membrane and enters the cytoplasm. This structure connects TM2 to cytoplasmic 

cap, and by anchoring both regions to the membrane it acts as a molecular hinge. Within the C-

Cys anchor, there are at least four cysteine residues (C362, C363, C374, C377), and one serine 

residue (S360) that are all palmitoylated (Fig. 1.12). 
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Figure 1. 11 P2X7 cytoplasmic domain ï the cytoplasmic ballast.  (A) Ribbon representation of one subunit of 

the open state structure of rP2X7 shown in orthogonal views. Each of the major P2X7 domains is color-coded. 

Distribution of Ŭ-helices and ɓ-sheets in ectodomain, TM domain, C-cys anchor, cytoplasmic cap, and cytoplasmic 
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ballast are highlighted, ATP, guanosine nucleotide (GDP), and zinc ions (Zn2+) binding sites are shown. (B) Ribbon 

representation of the cytoplasmic ballast of rP2X7 with 2 zinc ions, and the GDP. (C) Topology diagram of the 

cytoplasmic ballast, shown in the same orientation as (B), reveals a novel fold. Dashed lines denote un-modeled 

regions around indicated amino acids L442 and S470. Adapted from (McCarthy, Yoshioka et al. 2019). 

Figure 1.12 Localization and structure of cytoplasmatic C-Cys anchor in P2X7. The cytoplasmatic C-Cys 

anchor is presented in a closer view under left. Palmitoylated (red) residues are in the right lower corner, and 

putative phosphatidyl-serine (orange sticks) binding site in the upper right corner. Adapted from (McCarthy, 

Yoshioka et al. 2019). 

Apart from the C-Cys anchor, there is additional palmitoylated cysteine residue (C4) in 

the N terminus. The rP2X7 in which the C-Cys anchor was deleted, as well as the receptor with 

preserved anchor but with alanine mutations in palmitoylatable cysteine residues, resulted in 

the receptor achieving desensitization. Thus, C-Cys anchor prevents desensitization of P2X7 

by anchoring to the membrane through palmitoylation (McCarthy, Yoshioka et al. 2019). The 

cryo-EM of the rP2X7 in closed state also revealed a phosphatidyl-serine (PS) in the center of 

the TM domain, near the middle of the plasma membrane. A phospholipid moiety was observed 

just above the termination point of the aliphatic chains of the palmitoylation groups, with the 

head of putative lipid inserted between TMs (Figure 1.12). It has been shown that activation of 

P2X7 receptor, during immunocyte activation and apoptosis, results in translocation of PS from 
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the inner to the outer leaflet of the plasma membrane by so far unknown mechanism (Elliott, 

Surprenant et al. 2005; Mackenzie, Young et al. 2005; Rysavy, Shimoda et al. 2014). The lipid 

orientation and location in the P2X7 crystals indicates that it might represent a transition state 

of PS, although it was not further investigated (McCarthy, Yoshioka et al. 2019). 

Each P2X7 subunit contains 200 residues hanging below the TM domain of an adjacent 

subunit, and forming a globular wedge shaped structure called ñcytoplasmic ballastò (Fig. 1. 

11B and C). It is composed of an antiparallel ɓ-sheet that is formed from three ɓ -strands (ɓ16, 

ɓ17, and ɓ18) and eight Ŭ-helices of varying lengths (Ŭ9, Ŭ10, Ŭ11, Ŭ12, Ŭ13, Ŭ14, Ŭ15, and 

Ŭ16) separated by loops that form a helical bundle. The entire cytoplasmic domain assembles 

as trimer of three ballasts. Helices Ŭ12 and Ŭ13 from each subunit are positioned in hexagonal 

shape and interact, creating a hole down the center of the cytoplasmic domain. Short Ŭ9 helices 

from each subunit interact forming a tight constriction called ñcytoplasmic plugò (Fig. 1. 11B) 

(McCarthy, Yoshioka et al. 2019). The cytoplasmic ballast contains numerous cysteines (at the 

477, 479, 482, 498, 499, 506, 572, and 573 positions) that are supposed to be important for 

rP2X7 receptor trafficking (McCarthy, Yoshioka et al. 2019). Another unexpected observation 

was the presence of three intersubunit GDP/GTP binding pockets at the interface between two 

adjusted cytoplasmic ballasts (Fig. 1. 11B). The zinc and guanosine nucleotide-binding sites 

are not involved in channel gating, because the receptor construct missing the cytoplasmic 

ballast did not show any changes in basic ion channel properties (McCarthy, Yoshioka et al. 

2019). This observation has led to the idea that the P2X7 may also act like a metabotropic 

receptor by directly interacting with and activating the intracellular signaling proteins (Ugur 

and Ugur 2019).  

1.4. Pharmacology of P2X  

1.4.1. Pharmacology of P2X2 

The first cDNA encoding the rat P2X2 (Koshimitzu et al., 1998) and human P2X2 subunit was 

cloned from the pituitary gland (North 2002). The pharmacology of P2X2, particularly human 

isoform, has not yet been broadly investigated and specific agonists, antagonists or allosteric 

modulators have not been found yet. 

P2X2 antagonists  

As mentioned above (see chapter 1.3.1. General characteristics of P2X) moderately potent non-

selective P2X2 antagonists are PPADS, RB-2, TNP-ATP, and suramin. Selective P2X2 

antagonists are PSB-10211 and PSB-1011, derivatives of RB-2, (Illes, M¿ller et al. 2021), and 
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NF770 suramin derivative (Wolf, Rosefort et al. 2011). The binding of NF770 into the ATP 

binding pocket is achieved by strong polar interactions with G72, Q167 and R290 residues in 

the rat P2X2 (Wolf, Rosefort et al. 2011). So far, four derivatives of RB-2 with positive 

allosteric modulatory effect at rat P2X2 have been described. For instance, the derivative PSB-

10129 increases the maximal response induced by ATP (Stokes, Bidula et al. 2020). Acidic 

extracellular pH (e.g. pH 6.5) and extracellular Zn2+ (< 100 ɛM) potentiate P2X2 currents. 

Alanine substitution of histidine at position 319 (H319A) greatly reduced pH potentiation with 

no effect on zinc modulation. In contrast, two histidine mutations, H120A and H213A, nearly 

eliminated zinc potentiation with no effect on pH modulation (Clyne, LaPointe et al. 2002). 

Thus, it was suggested that zinc and protons act to potentiate the receptor independently, at 

different sites in the extracellular domain.  

1.4.2. Pharmacology of P2X4  

The rat P2X4 was cloned in 1996 from the rat brain (Soto, Garcia-Guzman et al. 1996). Soon 

after, the human P2X4 was cloned from the human brain sample (Garcia-Guzman, Soto et al. 

1997). Subsequently, rabbit, dog, frog, and zebrafish P2X4 isoforms were identified. The 

human P2X4 gene is located at chromosome 12, close to P2X7 gene, both receptors exhibit 

almost 45% homology in ectodomain and TM domain. The P2X4 subunits may assemble as 

functional homotrimer and heterotrimer with P2X1 and P2X6 subunits in expression systems 

for recombinant receptors. Human and mice P2X4 have alternatively spliced, shorten isoforms 

that do not form functional channels. Also, there are four nonsynonymous coding single 

nucleotide polymorphisms (SNPs), in the hP2RX4 gene, but only Y315C affects the receptor 

function (Illes, M¿ller et al. 2021). 

P2X4 receptor antagonists and allosteric modulators 

It has been shown that divalent (Garcia-Guzman, Soto et al. 1997; Nakazawa and Ohno 1997) 

and trivalent (Nakazawa, Liu et al. 1997) cations are potent modulators of P2X. To crystallize 

the zfP2X4 (Kawate, Michel et al. 2009), the authors of the first study used GdCl3 and found 

that four sites were occupied by gadolinium, Gd3+ ions. The first site is located in the central 

vestibule, where Gd3+ is coordinated by the carboxyl group of E98 from each of the three 

subunits. The other three Gd3+ sites are located at the periphery of the receptor. Therefore, the 

authors performed electrophysiological measurements to analyze the modulatory effect of Gd3+ 

and found that Gd3+ acts as an antagonist, and also accelerates the rate of channel deactivation 

(Kawate, Michel et al. 2009). 
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PPADS or suramin, non-selective P2X antagonists (see chapter 1.3.1. P2X General 

characteristics of P2X) affect the zfP2X4 at sites around the ATP binding pocket, preventing 

the induction of conformational changes that lead to closure of the head, right flipper and dorsal 

fin domain 'jaws' (Kawate, Michel et al. 2009). The competitive antagonists, such as TNP-ATP, 

antagonize the receptor by binding to the ATP site while blocking dorsal fin closure and 

subsequent ion channel gating because of the steric bulk of its trinitrophenyl moieties  (Hattori 

and Gouaux 2012), but it has a weak effect at rat P2X4 (Illes, M¿ller et al. 2021). 

An example of selective P2X4 antagonist is the benzodiazepine derivative, 5-(3-

bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e]-1,4-diazepin-2-one (5-BDBD), (IC50 Ḑ 0.5 

ÕM) (Bal§zs, Dank· et al. 2013). Originally, 5-BDBD was described as a competitive 

orthosteric antagonist of rat (Coddou, Sandoval et al. 2019) and human P2X4 that has similar 

inhibitory potency as TNP-ATP (Bal§zs, Dank· et al. 2013). However, there is a radioligand 

binding study, which suggested an allosteric mechanism of 5-BDBD action (Abdelrahman, 

Namasivayam et al. 2017). Molecular modeling and site-directed mutagenesis also suggested 

an allosteric mechanism, where 5-BDBD could bind between two subunits in the body region 

of human P2X4.  The M109, F178, Y300, and I312 of one and R301 of the neighboring subunit 

were described as key residues involved in its binding (Bidula, Nadzirin et al. 2022). An 

inhibitory effect on endogenously expressed P2X4 has been also shown (Wu, Dai et al. 2011; 

Chen, Zhang et al. 2013; Layhadi and Fountain 2017; Coddou, Sandoval et al. 2019). For 

instance, a study conducted on rat hippocampal slices showed that 5-BDBD decreases long-

term potentiation, especially in the late phase of the response (Coddou, Sandoval et al. 2019). 

Ivermectin binding site 

Ivermectin (Fig. 1.13) is selective positive allosteric modulator of P2X4 (Khakh, Proctor et al. 

1999; Jel²nkov§, Yan et al. 2006; Silberberg, Li et al. 2007; Jel²nkova, V§vra et al. 2008). The 

human P2X7 responses are also reported to be potentiated by this drug, while rat and mice 

P2X7 are not affected (Nºrenberg, Sobottka et al. 2012).  

This, semisynthetic macrocyclic lactone is widely used in animals and humans to treat 

nematode infections. In parasites ivermectin modulates glutamate Cl- channels activity, leading 

to muscle paralysis and starvation. Besides P2X receptors, ivermectin is an allosteric modulator 

of GABA- and glycine-activated Cl- channels, Ŭ7 nicotinic acetylcholine receptor channels, and 

histamine receptor channels (for review see Zemkova et al, 2014). In response to supramaximal 

concentration of agonist, the extracellularly applied ivermectin increases the P2X4 current 

amplitude and sensitivity to agonist and greatly prolongs the deactivation of current after 
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agonist removal (Khakh, Proctor et al. 1999; Priel and Silberberg 2004). The application of 

ivermectin also reduces the desensitization rate, and increases the ability of P2X4 to form a 

large pore (Zemkova, Khadra et al. 2015). Single-channel analysis showed that ivermectin 

increases the probability of channel opening and prolongs the mean channel open time without 

affecting significantly the channel conductance (Priel and Silberberg 2004). The chimeric 

receptors, containing the P2X4 ectodomain and transmembrane domain from the ivermectin 

insensitive P2X2, were insensitive to ivermectin (Jel²nkov§, Yan et al. 2006). Contrary, 

chimeric receptors that contained transmembrane domains of the P2X4 and P2X2 ectodomain 

were sensitive to ivermectin (Silberberg, Li et al. 2007). Site-directed mutagenesis revealed that 

several amino acid residues from both TM domains are critically involved in the effect of 

ivermectin (Jel²nkova, V§vra et al. 2008). Using the cysteine scanning mutagenesis of the rat 

P2X4, the L40, V43, W46, V47, W50, G53, F330, D331, I332, I333, and I337 residues showed 

significantly reduced effect of ivermectin. Interestingly, the responses of the P2X4 with 

substituted TM1 tyrosine 42 to alanine mimic the allosteric action of ivermectin supporting the 

view that ivermectin binds within a transmembrane domain (Jel²nkova, V§vra et al. 2008; 

Zemkova, Khadra et al. 2015). The zfP2X4 crystal structure in the ATP-bound state revealed 

that most of the above mentioned residues are located at the subunit interfaces (Fig. 1.13), with 

their side-chains facing one another, suggesting that ivermectin and perhaps endogenous lipids 

may occupy the ógapô between TM helices in the open state (Hattori and Gouaux 2012). 

Figure 1.13 Putative ivermectin binding site. (A) Residues implicated in ivermectin binding in the rat P2X4 are 

shown in stick representation. (B) The TM region of the open state of zfP2X4 trimer (pink, blue or yellow), viewed 

from the extracellular side of the membrane. The red arrow indicates the cleft implicated in ivermectin binding. 

Adapted from supplementary (Hattori and Gouaux 2012). 
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Effect of ethanol 

There is growing evidence that P2X4 mediates ethanol-induced effects in the brain (Li, Xiong 

et al. 2000; Davies, Asatryan et al. 2006; Asatryan, Popova et al. 2008; Tabakoff, Saba et al. 

2009). Among P2X receptors, the P2X4 is known as the most alcohol-sensitive subtype 

(Davies, Kochegarov et al. 2005). Ethanol concentrations starting from below 10 mM inhibited 

ATP-induced currents of P2X4 expressed in oocytes (Xiong, Peoples et al. 1999; Davies, 

Machu et al. 2002; Davies, Kochegarov et al. 2005; Popova, Asatryan et al. 2010). Ivermectin 

antagonizes ethanol-mediated inhibition of P2X4 in vitro (Asatryan, Popova et al. 2010). 

Moreover, in mouse models of ethanol self-administration, ivermectin significantly reduced 

ethanol intake and preference (Yardley, Wyatt et al. 2012). Most probably ethanol directly 

interacts with P2X4 in the ectodomain and the TM interfaces (Xiong, Hu et al. 2005; Asatryan, 

Popova et al. 2008; Yi, Liu et al. 2009). Mutations at positions 331 or 336 in the rat P2X4 TM2 

region, significantly reduced or eliminated the modulatory effects of ethanol (Popova, Asatryan 

et al. 2010). Important residues for the action of both, ethanol and ivermectin, are M336 at the, 

and Y42 and W46 (Asatryan, Popova et al. 2010; Popova, Trudell et al. 2013).  

1.4.3. Pharmacology of P2X7 

The human P2X7 gene is located on the long arm of chromosome 12 close to the P2X4 gene, 

while the mouse P2X7 gene is located on chromosome 5. There are several alternative spliced 

variants of P2X7 receptors that are expressed and functional. For instance, human P2X7B and 

mouse or rat P2X7 receptor variant ñkò (Illes, M¿ller et al. 2021). As mentioned above, P2X7 

exhibits low sensitivity to ATP and is more sensitive to synthetic analogue BzATP than other 

P2X subtypes, therefore there were often doubts about its pathophysiological role. However, in 

some conditions such as inflammation or cancer, the local extracellular ATP concentration can 

rise to levels close to those needed to stimulate the P2X7 receptors (Di Virgilio, Sarti et al. 

2018). In addition, the P2X7 is highly polymorphic. Some SNPs are in the coding region, cause 

gain or loss of receptor function and may be associated to different disease conditions such as 

major depression and bipolar disorder (Illes, M¿ller et al. 2021). Thus, the P2X7 is currently 

one of the P2X subtype most extensively investigated for drug development. Numerous potent 

and selective, mainly allosteric, antagonists have been reported (Illes, M¿ller et al. 2021). The 

sulfonate dye brilliant blue G (BBG) blocks rat P2X7 with an IC50 value of approximately 400 

nM (North and Jarvis 2013), whereas rat P2X2 and human P2X4 are blocked only in the 

micromolar range, and others (rP2X4, rP2X1, hP2X1, rP2X3, hP2X3, rP2X2/3, and rP2X1/5) 

are unaffected even by >10 ɛM (North 2002). The BBG has been used in a number of studies 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4147
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due to its low cost. Nowadays, there are more selective P2X7 antagonists available, with 

suitable pharmacokinetic properties. For example, the JNJ54175446 antagonist of human P2X7 

has been clinically evaluated for the treatment of major depression and bipolar disorders (Illes, 

M¿ller et al. 2021; M¿ller and Namasivayam 2021). 

Inhibitory effect of divalent cations  

Copper, zinc, magnesium, and protons are effective allosteric inhibitors of P2X7 

receptors.Within the extracellular domain of the P2X receptors, there are histidine amino acid 

residues that are necessary for interactions with these ions (Acu¶a-Castillo, Coddou et al. 2007). 

P2X7-specific antagonists  

The crystal structure of pdP2X7 in complex with several antagonists has demonstrated a 

hydrophobic, inter-subunits antagonist binding pocket (Karasawa and Kawate 2016). Five 

antagonists have been examined in this study (A740003, A804598, AZ10606120, GW791343 

and JNJ47965567). All of them fit within the deep cavity in the ectodomain that involves F95, 

F103, M105, F293 and V312 amino acids. Particularly, F103 is a crucial residue for inhibitory 

action. The size and shape of the drug-binding pocket play major roles in the determination of 

the affinity and specificity of the drugs. Among these five antagonists, A801598, which is the 

smallest, which failed to be accommodated in the equivalent position in P2X4. The equivalent 

P2X4 binding-pocket is too narrow to allow the antagonist binding, even though it is similarly 

hydrophobic as that of the P2X7. Previously, three of the examined compounds (A740003, 

A804598, and JNJ47965567) have been reported to be competitive antagonists (Honore, 

Donnelly-Roberts et al. 2006; Donnelly-Roberts, Namovic et al. 2009; Bhattacharya, Wang et 

al. 2013). However, in the pdP2X7 crystal structure, all the examined antagonists are bound to 

the site distinct from the ligand binding pocket, suggesting their non-competitive inhibitory 

activity. Also the concentration-response relationship of the P2X7-mediated YO-PRO-1 uptake 

in the presence of these drugs favored a non-competitive rather than competitive inhibition. 

Finally, the ligand-binding assay in the presence of antagonist confirmed the non-competitive 

allosteric effect (Karasawa and Kawate 2016). 

The TNP-ATP is a competitive antagonist of P2X receptors and is the most potent at 

P2X1 and P2X3, but significantly inhibits also the P2X7 (Virginio, Robertson et al. 1998; North 

and Jarvis 2013). The TNP-ATP in both, the hP2X3 and the ckP2X7 structures, occupies the 

ATP binding pocket (Mansoor, L¿ et al. 2016; Kasuya, Yamaura et al. 2017). In the TNP-ATP 

bound ckP2X7 complex, the extracellular domain architecture is similar to that in the ATP-

bound, open state structures of P2X receptors (Kasuya, Yamaura et al. 2017), and the 
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trinitrophenyl group of TNP-ATP faces toward the head and dorsal fin domains. In contrast, in 

the TNP-ATP bound hP2X3 complex, the overall confirmation is essentially identical to the 

closed state of hP2X3 where the trinitrophenil group of TNP-ATP rotates by 180ę and faces 

toward the lower body and left flipper domains (Kasuya, Yamaura et al. 2017). Thus, the 

binding mode between these two crystal structures is quite different. 

P2X7-specific allosteric modulators 

There is a number of synthetic or natural molecules that act as positive or negative allosteric 

modulators of P2X7 (Stokes, Bidula et al. 2020). The synthetic compound, GW791343 (2-[(3, 

4- difluorophenyl) amino]-N- [2-methyl -5-(1-piperazinylmethyl) phenyl]-acetamide 

trihydrochloride) is a positive modulator of rat P2X7 but negative modulator of human P2X7 

(Michel, Chambers et al. 2008). Also some anesthetics, antihistaminic and anti-inflammatory 

drugs, antibiotics and anthelmintic drugs for instance, ivermectin (Nºrenberg, Sobottka et al. 

2012) have been identified as positive allosteric modulators of human P2X7 (Stokes, Bidula et 

al. 2020). Steroid-like glycosides, ginsenosides, predominantly obtained from the roots of the 

 

Figure 1.14 Proposed structure-activity relationship for glycosides acting as positive allosteric modulators 

at P2X7. (A) The chemical structure of ginsenoside-CK is shown with important groups highlighted. Glucose 

attachment (cyan) is critical for activity at P2X7. C-6 substitutions are not tolerated (yellow). (B) The chemical 

structure of ginsenoside-20(S)-Rg3 is demonstrated with positioning relative to the P2X7 binding mode (inverted). 

The C-3 glucose attachments (cyan) face up into the binding pocket. The C-20 hydroxyl group shows that 

stereochemistry and positioning are critical for activity at P2X7. Adapted from (Piyasirananda, Beekman et al. 

2021). 

plant genus Panax ginseng, could potentiate ATP-activated P2X7 currents, dye uptake and 

intracellular Ca2+ responses (Stokes, Bidula et al. 2020). The most potent ginsenoside is 

compound K (CK) that enhances cell death in non-lethal concentrations of ATP (Helliwell, 

ShioukHuey et al. 2015). Within the central vestibule of human P2X7, there is a ginsenoside-

CK binding pocket that involves D318, L320, and S60 (Bidula, Cromer et al. 2019). There are 



43 
 

two modes of ginsenoside binding which depend on the attached carbohydrate moiety of 

ginsenoside molecule (Piyasirananda, Beekman et al. 2021) (Fig. 1.14). 

Effect of cholesterol on P2X7 function 

Among the P2X receptors, the P2X1, P2X2, P2X3, P2X4, and P2X7 have been detected in lipid 

rafts, indicating that they could be sensitive to displacement or reduction of cholesterol content 

in the membrane (Murrell-Lagnado 2017). It has been shown that depleting cholesterol by using 

the cholesterol-depleting agent, methyl ɓ-cyclodextrin (meɓCD), accelerates the human P2X7 

receptor sensitization after prolonged exposure to agonist. In the mouse P2X7, the cholesterol 

depletion enhances the amplitude of the initial response. Contrary, the loading of cells with 

cholesterol strongly inhibits both human and mouse P2X7 currents. Also, it has been observed 

that meɓCD dramatically enhances the rate of NMDG+ and ethidium uptake by cells expressing 

human P2X7. When the cells were loaded with cholesterol, complete inhibition of NMDG+ 

uptake was observed, suggesting a hypothesis that cholesterol inhibits pore formation and its 

depletion facilitates the sensitization process (Robinson, Shridar et al. 2014). The association 

of the P2X7 receptor with cholesterol is also important in lipid signaling pathways activated 

downstream of P2X7 receptor stimulation (Murrell-Lagnado 2017). 

There are two possibilities for how cholesterol could act in the regulation of P2X7 

activity. Indirectly, via association with other membrane proteins and/or by changing the 

biophysical properties of the membrane. Directly, via cholesterol binding motifs in the P2X7 

protein (Murrell-Lagnado 2017). It has been suggested that the P2X1 receptor inhibitory effect 

mediated by cholesterol depletion is due to disrupting interactions with the actin cytoskeleton 

(Lalo, Roberts et al. 2011). Unlike P2X1, the P2X4 and P2X7 receptors are insensitive on 

disruption of the cytoskeleton. However, another regulatory molecules could be involved 

(Murrell-Lagnado 2017). An example is a raft protein CD44, the receptor for 

glycosaminoglycans (GAGs) that interacts with P2X7. The GAG chain of soluble CD44 variant 

(sCD44) interacts with the P2X7 acting as a positive allosteric modulator, promoting 

sensitization and pore formation. Cholesterol depletion triggers the membrane-dependent 

shedding of CD44 as does the activation of P2X7 receptors, and sCD44 is thought to be part of 

a positive feedback loop contributing to receptor sensitization (Moura, Lucena et al. 2015).  

The second possible cholesterol effect involves direct interaction with P2X protein. The 

cholesterol binding sites have been identified within membrane proteins, and  they include the 

cholesterol recognition amino acid consensus (CRAC) motif (L/V)X1-5-Y-X1-5(K/R), the 

reserve motif known as CARC and cholesterol-sensing motif (CSM) which involves positively 
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charged (R/K), aromatic (W/Y), and hydrophobic (I,V,L) residues (Murrell-Lagnado 2017). 

The CRAC motifs have been identified in the N-terminus, the extracellular end of TM1, and 

the C-terminus of P2X7 (Robinson, Shridar et al. 2014). The mutations of tyrosine to 

phenylalanine (Y358F, Y382F, Y383F, and Y384F) within the CRAC/CARC motif caused a 

progressive decrease in the sensitivity of receptor mediated ethidium uptake to meɓCD 

pretreatment, suggesting that these tyrosine residues are involved in the cholesterol sensitivity 

of P2X7 receptors (Robinson, Shridar et al. 2014). Interestingly, this putative-sensing 

cholesterol region is located immediately upstream of positively charged residues (R386, K388, 

and K395) that are reported to interact with phosphatidylinositol 4, 5-bisphosphate (PIP2) 

(Zhao, Yang et al. 2007; Murrell-Lagnado 2017). PIP2 is a positive cofactor of all functional 

P2X receptor subtypes, except P2X5 (Murrell-Lagnado 2017). Therefore, the inhibition of 

receptor function produced by an enhanced level of cholesterol could be a consequence of PIP2 

displacement. Further, alanine substitutions in the cluster of hydrophobic amino acids (L398, 

V401, F403, and V404) located immediately downstream of the putative PIP2 binding site, 

disrupted both channel function and the trafficking of the receptor to the plasma membrane 

(Robinson, Shridar et al. 2014; Murrell-Lagnado 2017). 

1.5. Neurosteroids and other endogenous steroids 

The term ñneurosteroidò was introduced by the French physiologist Etienne Baulieu. Together 

with his colleagues, Baulieu detected high levels of dehydroepiandrosterone (DHEA) in the 

brain and low levels in the general circulation of male rats. The high level of this compound 

was retained even after several days of gonadectomy and adrenalectomy which supported the 

ñneurosteroidò hypothesis suggesting that steroids are of the brain origin (Baulieu 1998). Soon 

after, other steroids have been also identified to be synthesized within the brain independently 

of the peripheral steroidogenesis in endocrine glands. For example, allopregnanolone (ALLOP) 

persists in the brain after surgery or pharmacological suppression of adrenal and gonadal 

secretions (Purdy, Morrow et al. 1991; Corp®chot, Young et al. 1993).  
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Figure 1.15 Structure and biosynthesis of neurosteroids from cholesterol, (with permission of Eva Kudova). 

Besides, enzymes that are involved in biosynthesis of steroids from cholesterol have been also 

identified in the brain, thus ALLOP can be synthesized de novo in the brain via 5Ŭ-reduction of 

progesterone (Reddy 2010). Moreover, cholesterol low molecular weight precursors, such as 

mevalonate, have been also detected in the brain (Baulieu 1998). Nowadays, it is generally 

accepted that brain may act as a steroidogenic organ, and the neurosteroid term is widely used 

to describe all steroidal compounds that are synthesized de novo in the nervous system from 

cholesterol or from circulating precursors of peripheral origin (Fig. 1.15).  

Synthetic steroids, such as ALLOP derivatives alfaxalone and ganaxolone, exhibit 

anesthetic and anticonvulsant properties (Monaghan, McAuley et al. 1999; Ahrens, Leuwer et 

al. 2008). Based on structure, neurosteroids can be broadly classified as pregnanes, androstanes, 

and sulfated neurosteroids (Reddy 2010). The term Ăneuroactive steroidsñ, introduced by Paul 

and Purdy, describes all natural or synthetic steroids that rapidly alter the excitability of neurons 

by binding to membrane-bound receptors (Paul and Purdy 1992). 
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1.5.1. Allosteric modulation of ligand-gated ion channels by neurosteroids 

Interaction of neurosteroids with ligand-gated ion channels in the brain is reported to have both, 

stimulatory and inhibitory effects (Reddy 2010). These drugs  might be used in the future for 

the treatment of neurological disorders caused by altered ion channel function, such as epilepsy, 

anxiety, depression,  Parkinsonôs and Alzheimerôs diseases, and multiple sclerosis 

(Waszkielewicz, Gunia et al. 2013) . 

Modulation of GABAA receptor activity by neurosteroids 

So far the best studied is the interaction of neurosteroids with GABAA receptor involved in 

inhibitory synaptic transmission. An extremely potent positive allosteric modulators of 

GABAA receptors are ALLOP and allotetrahydrodeoxycorticosterone (THDOC), which have 

sedative, anxiolytic, and anticonvulsant effects (Reddy 2003). At higher, submicromolar to 

micromolar concentrations, ALLOP and THDOC directly activate murine GABAA receptors 

(Lambert, Belelli et al. 2003; Hosie, Wilkins et al. 2007). A synthetic steroid alfaxalone, 

potentiates GABAA and to less extent glycine receptor that also mediates fast inhibitory 

neurotransmission in the CNS (Ahrens, Leuwer et al. 2008). DHEA and its sulfate derivative 

DHEAS are negative allosteric modulators of GABAA receptors, DHEAS has greater potency  

(Majewska, Demirgºren et al. 1990; Demirgºren, Majewska et al. 1991; Genud, Merenlender 

et al. 2009). Some negative GABAA receptor modulators, such are pregnenolone sulfate (PS) 

and dehydroepiandrosterone sulfate (DHEAS), have anxiogenic and proconvulsant effects 

(Reddy 2003). The chimeric receptor, constructed from murine GABAA receptor and 

Drosophila Melanogaster GABA receptor with resistance to dieldrin (RDL) is insensitive to 

neurosteroid-induced potentiation. Chimera containing Ŭ subunit from RDL exhibited 

abolished potentiation as well as direct activation effect of ALLOP and THDOC, indicating 

that transmembrane domains of Ŭ subunit are necessary for neurosteroid binding (Hosie, 

Wilkins et al. 2006). In the same study, by using homology modeling and mutagenesis, two 

discrete groups of conserved residues in Ŭ and ɓ GABAA receptor subunits have been identified 

to be involved in activation and potentiation effects of these neurosteroids. Particularly, ŬT236 

and ɓY284 initiate activation, whereas ŬQ241 and ŬN407 mediate the potentiation (Hosie, 

Wilkins et al. 2006).  
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Figure 1.16 The positive neurosteroid binding site within GABAA receptor chimera. (A) THDOC (green 

sticks) binds across each subunit-subunit interface (box) in the pentameric receptor. (B) Side view, in the 

membrane, and (C) plan, extracellular view, of the THDOC binding at interfaces between principal (p) and 

complementary (c) subunits. Adapted from (Laverty, Thomas et al. 2017). 

 

 

 

Figure 1.17 Inhibitory neurosteroid binding pocket within TM domain of GABAA receptor. Pregnenolone 

sulfate (PS) is represented by cyan sticks and spheres and is located at the lipid face of M3 and M4 Ŭ-helices, 

viewed from the plane of the membrane. Hydrophobic and aromatic residues that line the bilayer-exposed face of 

M3 and M4 are labeled. These residues form a smooth groove at the protein surface, with PS bound alongside the 

Ŭ-helices. Residues that bind THDOC (forming the potentiating-neurosteroid-binding site) are labeled in green, 

and THDOC orientation is shown by the transparent green oval. Cholesterol (CHS)  binding is indicated by orange 

sticks. Adapted from (Laverty, Thomas et al. 2017). 

However, the later crystal structure study of functional GLICïGABAARŬ1 chimeric 

receptor, containing extracellular domain, and the M3ïM4 short linker (-SQPARAA-) of the 

prokaryotic homolog GLIC from Gloeobacter violaceus, and TM from the Ŭ1 subunit of 

GABAA receptor, revealed that both potentiating and activating steroids bind to a single 

intersubunit binding pocket (Fig. 1.16) near the lipid interface, which differ from that for other 

GABAA allosteric modulators such as general anesthetics (Laverty, Thomas et al. 2017). 

Steroids with negative allosteric effect at GABAA receptors have a specific binding site (Fig. 

1.17) but its key determinants are still unknown (Laverty, Thomas et al. 2017).  
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Modulation of NMDA receptor activity by neurosteroids 

NMDA receptors mediate excitatory synaptic neurotransmission and are also targets for 

neurosteroids. DHEAS is weakly active at NMDA receptors (Wu, Gibbs et al. 1991), but in 

higher (nanomolar) concentrations might indirectly stimulate them via modulation of ů1 

receptors coupled to Gi/o proteins, (Monnet, Mah® et al. 1995). Moreover, after DHEAS 

intraperitoneal administration in Wistar rats, the number of NMDA-[3H]dizocilpine radio-

labeled receptors increases in the hippocampus area (Wen, Dong et al. 2001). PS has a dual 

effect, it may act as positive or negative allosteric modulator depending on the receptor subunit 

type: it specifically enhances NMDA-gated currents in spinal cord neurons, while inhibiting 

non-NMDA glutamate receptors (Wu, Gibbs et al. 1991). The observation that PS specifically 

potentiates NMDA but inhibits GABAA receptors is consistent with the hypothesis that 

neurosteroids are involved in regulating the balance between excitation and inhibition in the 

central nervous system (Wu, Gibbs et al. 1991). On the other hand, pregnanolone sulfate (PAS) 

acts only as a negative allosteric modulator (Malayev, Gibbs et al. 2002). A discrete group of 

transmembrane residues of GluN2B subunit membrane helices M1 and M4, and the GluN1 

subunit helix M3 are involved in PS binding at the NMDA receptor. In the receptor channel 

open state, position of the GluN1 M3 helices is stabilized by PS binding (Hrcka Krausova, 

Kysilov et al. 2020). The inhibitory effects of PS and PAS are mediated most probably by 

different binding sites and mechanisms (Malayev, Gibbs et al. 2002; Vyklicky, Krausova et al. 

2015). Sulfated groups of both, PS and PAS, are oriented toward phosphates within the lipid 

membrane, but in a different manner. While PS overall orientation is perpendicular to the 

membrane plane, the preferred orientation of PAS is parallel to the C17 located just below the 

lipid phosphates of the plasma membrane (Hrcka Krausova, Kysilov et al. 2020). 

Modulation of nicotinic receptor activity by neurosteoids 

Nicotinic acetylcholine receptors are another class of ligand-gated ion channels that mediate 

fast excitatory neurotransmission. It has been reported that DHEA and DHEAS inhibit 

catecholamine secretion and suppress cytosolic Ca2+ rise coupled with nicotinic acetylcholine 

receptor (Liu, Lin et al. 1996; Liu and Wang 2004). An estrogen steroid, 17ɓ-estradiol, 

potentiates human Ŭ4ɓ2 neuronal nicotinic receptors without effecting the rat Ŭ4ɓ2 receptor 

isoform. However, both human and rat Ŭ4ɓ2 receptors are positively modulated by an oral 

contraceptive, ethynyl ɓ-estradiol. The Ŭ4 subunit of these receptors differs at the C-terminal 

region, the rat possesses PPWLAAC sequence and human variant PPWLAGMI.  Mutations of 

last two residues (AC to AGMI) in rat, or three residues (GMI to AC) in human where sufficient 



49 
 

to establish  potentiating effect of 17ɓ-estradiol  to the rat Ŭ4 subunit, and remove it from the 

human Ŭ4 subunit. This indicated that ɓ-estradiol requires the AGMI sequence. Mutations of 

W to L, eliminated the ability of ethynyl ɓ-estradiol to potentiate rat receptors, but in human, 

both W and AMGI were necessary to be mutated for eliminating potentiating effect. Therefore, 

it was concluded that 17ɓ-estradiol binding site is located within C-terminal domain of Ŭ4 

subunit (Paradiso, Zhang et al. 2001).  

Allosteric modulation of P2X  by neurosteroids 

Among the first neurosteroids that are reported to modulate P2X  activity is DHEA, which in 

dose-dependent manner potentiated ATP-induced membrane currents mediated by endogenous 

P2X2-containing receptors and inhibited those mediated by P2X3 in neonatal rat dorsal root 

ganglion (DRG) neurones (De Roo, Rodeau et al. 2003). Another study demonstrated both 

potentiating and inhibitory effects of neurosteroids at rat P2X4 in two different cell models, 

HEK293 and Xenopus leavis oocytes. While alfaxalone, ALLOP or THDOC potentiated, 

pregnanolone (but not its sulfated derivative) inhibited ATP-induced current (Codocedo, 

Rodr²guez et al. 2009). Additionally, THDOC was able to increase the deactivation time 

constant of the P2X4 (Codocedo, Rodr²guez et al. 2009), similarly as previously described for 

the GABAA receptor (Harrison and Simmonds 1984). Sex steroids such are progesterone and 

17ɓ-estradiol did not show any modulatory effect at P2X4 even at higher concentrations 

indicating that steroids must interact with receptor protein at structurally specific sites rather 

than eliciting a non-specific membrane perturbation (Codocedo, Rodr²guez et al. 2009). 

However, another studies demonstrated that progesterone selectively potentiates native P2X2 

in rat DRG neurons, as well recombinant P2X2  in transfected HEK293 cells or Xenopus laevis 

oocytes (De Roo, Bou®-Grabot et al. 2010), and 17ɓ-estradiol rapidly and selectively inhibits 

the Ŭɓ-meATP-induced currents mediated by P2X3 receptors in DRG neurons (Ma, Rong et al. 

2005). 

The P2X modulation by neurosteroids may be also indirect, involving intracellular 

signaling pathways. For example, in DGR neurons corticosterone inhibits P2X3 currents by 

activation of glucocorticoid receptor and stimulation of downstream cyclic AMP 

(cAMP)/protein kinase A (PKA) pathway (Liu, Zeng et al. 2008). 

1.5.2. Testosterone and testosterone derivatives as neuroactive steroids 

Testosterone is a dominant circulating androgen in male mammals, including humans. It is 

produced by Leydig cells of testes, and to a much less extent in female ovaries. The synthesis 
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and release of testosterone is stimulated by gonadotropins, luteinizing hormone (LH) and 

follicle-stimulating hormone (FSH) that are synthesized and released from the anterior pituitary 

gonadotrophs into the blood stream under control of hypothalamic gonadotropin-releasing 

hormone (GnRH). Testoterone synthesis is negatively regulated by estradiol that hyperpolarizes 

the GnRH neurons, preventing excess release of gonadotropins and reducing the levels of 

circulating androgens and estrogens (Spritzer and Roy 2020). 

Biosynthesis of testosterone 

As other steroidal compounds, testosterone is cholesterol derivative composed by 19 carbon 

atoms (Fig. 1.15). Within the mitochondrial inner membrane, the side-chain cleavage enzymatic 

complex P450scc transforms cholesterol into pregnenolone. Next, pregnenolone may be 

converted by another, endoplasmic reticulum P450 enzymes to androgens such as DHEA and 

androstenedione. The final step in biosynthesis of testosterone is reduction of androstenedione 

that is catalyzed by 17ɓ-hydroxylase (Baulieu 1998; Spritzer and Roy 2020). Interestingly, all 

the key enzymes involved in testosterone biosynthesis have been found also in the rat and 

human hippocampus, indicating de novo synthesis of testosterone within the brain (Spritzer and 

Roy 2020). Furthermore, testosterone itself may penetrate the brain blood barrier (Hobbs, Jones 

et al. 1992). 

Androgen effects of testosterone 

By binding to its intracellular androgen receptors, testosterone regulates an expression of 

certain genes, producing the androgen effects. This action is termed as genomic, and it occurs 

for minutes or hours. Testosterone undergoes reduction to more potent metabolite 

dihydrotestosterone (DHT) by 5Ŭ-reductase. Compared to testosterone, DHT has a higher 

affinity to androgen receptor and slower dissociation constant. Another enzyme, P450 

aromatase, catalyzes the conversion of testosterone to estrogen. Both enzymes, 5Ŭ-reductase 

and P450 aromatase are present in the brain (Baulieu 1998; Spritzer and Roy 2020).   

The androgen action promotes the development and maintenance of male sex 

characteristics such as maturation of sex organs, voice deepening, and growth of facial and 

body hair. Besides, they promote anabolic activity, which involves the storage of proteins and 

stimulation bone and muscle growth. Testosterone and its (semi-)synthetic analogues 

(androgenic anabolic steroids, AAS) are widely used in treatments of various diseases, 

symptoms and injuries. For instance hypogonadism, male sexual impotence, some types of 

breast cancer in women, immune deficiency syndrome (AIDS), anorexia, or alcoholism, severe 

burns, muscle, tendon, or bone injury, osteoporosis, certain types of anemias, and hereditary 
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angioedema. However, testosterone and AAS have adverse effects, including skin disorders, 

hepatotoxicity (especially true for the orally-active derivatives), altered blood lipid profiles, 

hypertension, cardiovascular and kidney disorders, behavioral changes, and reproduction 

disorders. Moreover, there is an increasing number of recent reports describing AAS abuse by 

non-professional athletes, mostly young people. The AAS abuse may develop withdrawal 

symptoms and addiction (Tauchen, Jur§ġek et al. 2021). 

The effect of testosterone and its derivatives on ligand gated ion channels 

Testosterone may act by a non-genomic mechanism as neurosteroid which modulates ligand-

gated ion channels or G-protein coupled receptors. It has been reported that testosterone 

modulates seizure susceptibility via conversion into its metabolites within the brain. Thus, 

testosterone metabolites such are DHT and 3a-androstanediol were reported to have 

anticonvulsant, and estradiol proconvulsant effects mediated by modulation of GABAA 

receptor activity (Reddy 2004). It has been also shown that androstenediol has a concentration-

dependent effect on GABAA receptor activity in acutely dissociated CA1 pyramidal neurons. 

This compound is structurally similar to ALLOP, and exhibits a positive allosteric modulatory 

effect on GABAA currents with the comparable efficacy. Contrary to ALLOP, androstenediol 

is less potent and has much lower ability to directly activate GABAA receptors (Reddy and Jian 

2010).  

1.5.3. Bile acids and bile acid derivatives as neuroactive steroids 

For decades, bile acids were considered only as Ădetergentsñ in the guts, due to their function 

in solubilizing fats and facilitating an uptake of fat-soluble vitamins in the intestines. Relatively 

recently, it has been shown that they play an additional role as intracellular signaling molecules 

in the liver, for review see (Claudel and Trauner 2020). Nowadays, the importance of bile acid 

signaling outside the gastrointestinal tract has been shown, too. There are several studies 

demonstrating the role of bile acids in the brain, and their involvement in neuropathology 

(Copple and Li 2016; McMillin and DeMorrow 2016). 

Biosynthesis of bile acids 

Bile acids are mostly synthesized in the liver. The biosynthesis of bile acids involves three 

pathways: classical, alternative and neuronal (Fig. 1.18) (McMillin and DeMorrow 2016). In 

the classical pathway, cholesterol is converted by the CYP7A1 enzyme to 7Ŭ-

hydroxycholesterol. After several metabolic interactions, CYP8B1 or CYP27A1 enzymes form 

primary bile acids, cholic or chenodeoxycholic acid, respectively. In the alternative pathway, 
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cholesterol is converted to 27-hydrocycholesterol by the CYP27A1 enzyme. Next, 27-

hydrocycholesterol as a substrate for the CYP7B1 enzyme is converted via a few metabolic 

steps to chenodeoxyxholic acid (McMillin and DeMorrow 2016).  

 

Figure 1.18 Schematic representation of the classic, alternative, and neural cholesterol clearance pathways 

and  bile acid synthesis. Explained in the text, and taken from (McMillin and DeMorrow 2016).  

The brain tissue is very sensitive to hypercholesterolemia. Therefore, the brain regulates 

the level of cholesterol by its conversion to metabolites. The CYP46A1 enzyme is highly 

expressed in the frontal lobe, hippocampus, cerebral cortex, putamen, amygdala, and caudate 

nucleus, and it metabolizes cholesterol into 24(S)-hydroxycholesterol (Lund, Guileyardo et al. 

1999; McMillin and DeMorrow 2016). Unlike cholesterol, this metabolite can pass the brain 

blood barrier, enters circulation, and is taken up by the liver where the enzyme CYP39A1 

continues its metabolism to bile acid biosynthesis (Lorbek, Lewinska et al. 2012; McMillin and 

DeMorrow 2016). Primary bile acids are secreted into the gut where they are converted by 

intestinal bacteria into secondary bile acids, deoxycholic acid, lithocholic acid, and 

ursodeoxycholic acid, by dehydroxylation, which increases the hydrophobicity of the molecule 

and therefore their accumulation in the plasma membrane (Kiriyama and Nochi 2019). 

Furthermore, secondary bile acids may be modified in the liver or gut via sulphation or 
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glucuronidation, and then are conjugated with glycine or taurine (Hofmann 1999; McMillin and 

DeMorrow 2016). 

The bile acids action through nuclear and membrane recepotors 

Bile acids and their derivatives conduct their signaling pathways through nuclear and membrane 

receptors. Among nuclear receptors interacting with bile acids are farsenoid X receptor (FXR) 

(Wang, Chen et al. 1999; Staudinger, Goodwin et al. 2001), pregnane X Receptor (PXR) 

(Staudinger, Goodwin et al. 2001), vitamin D receptor (VDR) (Adachi, Shulman et al. 2004), 

constitutive androstane receptor (CAR) (Chang 2009) and glucocorticoid receptor (McMillin, 

Frampton et al. 2015). Via these interactions, bile acids regulate expression of numerous genes 

involved in up- or downregulation of their biosynthesis, neurosteroid synthesis, development, 

metabolism etc. (McMillin and DeMorrow 2016). Three years after the discovery FXR-

mediated bile acid signaling, a membrane type receptor for bile acids (M-BAR) that is activated 

by lithocholic acid, deoxycholic acid and chenodeoxycholic acid has been identified 

(Maruyama, Miyamoto et al. 2002). This receptor, later called Takeda G-protein coupled 

receptor 5 (TGR5) (Kawamata, Fujii et al. 2003), is also known as G-protein coupled bile acid 

receptor 1 (GPBAR1). It is expressed in the brain, liver, lung, spleen, and high expression has 

been found in the monocyte/macrophage cell population as well (McMillin and DeMorrow 

2016). In primary astrocytes, the activation of TGR5 leads to increases in the intracellular level 

of cAMP and calcium, and the subsequent induction of reactive oxygen and nitrogen species in 

primary astrocytes (Keitel, Gºrg et al. 2010). Two integrins, sphingosine 1-phosphate receptor 

(S1PR2) (Yang, Ishii et al. 2002) and receptor for fibronectin (Ŭ5ɓ1) can also act as membrane-

bound receptors for tauroursodeoxycholic acid (Gohlke, Schmitz et al. 2013). 

The effect of bile acids on ion channels 

Bile acids and their derivatives may also activate or modulate ion channel activities. 

Endogenous bile acids (cholic, deoxycholic, lithocholic, and taurolithocholic acids), as well as 

some synthetic bile acids derivatives activate the Ca2+-activated K+ (maxi-K or BK) channels 

(Dopico, Walsh et al. 2002). It has been shown that lithocholic acid via BK channel activation 

mediates dilatation of cerebral arteries (Bukiya, McMillan et al. 2013). The modulation of 

neuronal activity of hippocampal neurons by bile acids is mediated by antagonizing effect of 

these compounds at GABAA and NMDA receptors. Among bile acids the most potent 

inhibitors of these channels are chenodeoxycholic and deoxycholic acids (Schubring, Fleischer 

et al. 2012). Bile acids have been reported to activate or modulate three members of the 

degenerin/epithelial Na+ channel (DEG/ENaC) family, bile acid-sensitive ion channels 
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(BASIC) (Lef¯vre, Diakov et al. 2014; Wiemuth, Assmann et al. 2014; Ilyaskin, Kirsch et al. 

2018), epithelial sodium channel (ENaC) (Wiemuth, Lef¯vre et al. 2014; Ilyaskin, Diakov et al. 

2016), and acid-sensing ion channel 1a (ASIC1a) (Ilyaskin, Diakov et al. 2017). BASICs are 

closely related to ASICs, but unlike them, they are not activated by protons (Ilyaskin, Kirsch et 

al. 2018). The chenodeoxycholic and hyodeoxycholic acids reversibly activate rat BASIC, and 

three main bile acids present in human bile, chenodeoxycholic, cholic, and deoxycholic acids 

induce non-desensitizing currents at human BASIC. However, it is still not clear if these 

compounds are real natural ligands of BASICs and/or if their effect is mediated by nonspecific 

interaction with the plasma membrane (Lef¯vre, Diakov et al. 2014). The ENaC channels are 

heterotrimers composed from Ŭ, ɓ, ɔ and in human ŭ-subunits. Tauro-conjugated bile acids (t-

bile acid), t-chenodeoxycholic, t-cholic and t-deoxycholic, stimulate ENaC in the Ŭɓɔ- and in 

the ŭɓɔ-configuration, but unconjugated forms stimulate only ŭɓɔ-ENaC form (Ilyaskin, 

Diakov et al. 2016). The whole-cell recordings of Xenopus Leavis oocytes transfected with 

ASIC1a channel revealed that the channel activity at pH 5.5 was significantly increased in the 

presence of tauro-conjugated, t-chenodeoxycholic, t-cholict, and t-deoxycholic, bile acids 

(Ilyaskin, Diakov et al. 2017).  

Modulation or stimulation of ASIC1a and ENaC activity by bile acids is accompanied 

by a significant reduction of the single-channel current amplitude, indicating an interaction of 

bile acids with a region close to the channel pore (Ilyaskin, Diakov et al. 2016). The analysis of 

crystalized chicken ASIC1 revealed that bile acids may bind to the pore region at the degenerin 

site of ASIC1a and ENaC channels (Ilyaskin, Diakov et al. 2016; Ilyaskin, Diakov et al. 2017). 

Substitution of a single amino acid residue within the degenerin region of ASIC1a (G433C or 

G433S) and ɓENaC (N521C or N521A) significantly reduced the stimulatory effect on these 

channels (Ilyaskin, Diakov et al. 2016). Therefore, it has been suggested that the intersubunit 

interface within the transmembrane domain, the degenerin site, is critical for the functional 

interaction of bile acids with these channels (Ilyaskin, Diakov et al. 2016; Ilyaskin, Diakov et 

al. 2017). These led to a hypothesis that BASIC activation by bile acids involves the degenerin 

site as well. Indeed, the substitutions of homologues residues in BASIC with cysteines (D444C 

and A443C) decreased sensitivity to t-deoxycholic acid (Ilyaskin, Kirsch et al. 2018). 

Interestingly, the P2X channels share with AISIC channels a common transmembrane topology, 

large cysteine-rich extracellular domain, pore architecture and the presence of similar cavities 

and vestibules (Gonzales, Kawate et al. 2009). However, there is no significant amino acid 

sequence relationships between ASICs and P2X receptors.  
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2. AIMS 

The aim of this thesis was to identify new molecules that display modulatory effect on 

recombinant and native P2X receptors. At first, we screened a library of 82 neurosteroids, 

purchased or synthesized at the Department of Steroidal Inhibitors, Institute of Organic 

Chemistry and Biochemistry, ASCR, that have not yet been tested with P2X. Based on this 

screening we selected testosterone analogues and cholic acids as promising modulators of P2X, 

and established the following goals: 

1. To examine the effect of testosterone and its derivatives on activity of recombinant 

P2X2, P2X4, and P2X7 in transfected HEK293T cells and endogenous P2X in pituitary cells 

or hypothalamic neurons. To characterize structural requirements of putative steroid-binding 

site(s) for proper receptor-mediated interactions, and analyze the mechanism of action in 

comparison with well-known P2X4-specific allosteric modulator ivermectin. 

2. To test a hypothesis that bile acids control activity of recombinant as well as 

endogenously expressed P2X receptors, compare the effects of primary and secondary bile 

acids on P2X2, P2X4, and P2X7, analyze the mechanism of action and localize putative bile 

acid  binding site using alanine scanning mutagenesis of P2X4-TM1. 
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3. METHODS 

The modulatory effect of neurosteroids on P2X gating was investigated electrophysiologically 

in the HEK293T cells, transfected with wild type (WT) P2X2, P2X4, and P2X7 receptors or 

alanine point mutated P2X4 forms. The primary culture of anterior pituitary cells and 

hypothalamic rat brain slices were used for the investigation the effect of neurosteroids on 

endogenously expressed P2X. The ATP responses in the presence and absence of neurosteroids 

were recorded by the patch-clamp method in both voltage-clamp and current-clamp 

configurations. Moreover, we performed ethidium bromide (EtBr) fluorescence measurements, 

to measure the P2X4 channel pore formation. 

3.1. Generation of single point mutations in the rP2X4 subunit 

The rat full-length P2X2, P2X4 and P2X7 cDNAs and cDNAs of mutated P2X4 subunits were 

subcloned into the bicistronic enhanced green fluorescent protein expression vector, pIRES2-

EGFP (Clontech, Mountain View, CA, USA; RRID: Addgene_43964). Subcloned WT-P2X 

genes were provided by Dr. Stanko S. Stojilkovic, NICHD/NIH, Bethesda, USA. In order to 

generate the mutated P2X subunits, oligonucleotides (synthesized by VBC-Genomics, Vienna, 

Austria) containing specific point mutations were introduced into the rat P2X4/pIRES2-EGFP 

template, using PfU Ultra DNA polymerase (Fermentas International Inc, USA). The generated 

PCR products were used for transformation of the TOP10 bacterial cell line. Next, the bacterias 

were plated onto kanamycin Luria-Bertani (LB) agar for the selection of the bacteria expressing 

P2X4 mutant. The selected transformants were further sub-cultured in liquid LB medium. The 

High-Speed Plasmid Mini Kit (Geneaid, Shijr City, Taipei County, Taiwan) was used to isolate 

the plasmids for transfection. Dye terminator cycle sequencing (ABI PRISM3100, Applied 

Biosystems, Foster City, CA) was used to identify and verify the presence of the mutations. 

The sequencing was performed in the DNA Sequencing company SEQme s.r.o., Prague, Czech 

Republic. 

3.1.1. Polymerase chain reaction 

The P2X4 DNA coding sequence was modified by introducing the point mutations, that each 

of the desired constructs has an alanine amino-acid instead of the original. In the polymerase 

chain reaction (PCR) as a template was used the wild-type P2X4 cDNA and primers length 33-

45 base pairs with point mutation on a desired site. The reaction mixture was prepared in PCR 
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microtubes and was kept on ice. The content of the reaction mixture is summarized in the 

following table: 

The component of the reaction mixture Volume (ɛl) 

10 x PfuUltra buffer 5 

Template (300 ng/ɛl) 1 

dNTP mixture (50 mM) 1.2  

Primer DOWN (100 pm/ɛl) 2 

Primer UP (100 pm/ɛl) 2 

Deionized water 37.8 

PfuUltra DNA polymerase 1 

The PCR tubes with the content mentioned above were mixed in vortex and then 

centrifuged. Homogenous mixture was then placed into the PCR Mastercycler (Eppendorf, 

Hamburg, Germany). The PCR protocol was performed in the following way: 

Step 1: Denaturation at temperature T = 95ęC, duration t = 1 min  

Step 2: Annealing, T = 55 ęC, t = 1 min 

Step 3: Elongation, T= 68 ęC, t = 10 min 

The steps from 1 to 3 were repeated 19 times 

Step 4: Final elongation, T= 68 ęC, t = 12 min 

After the termination of PCR cycles, in the microtube was added 1ɛl of Dpn enzyme in order 

to eliminate the template DNA and then it was incubated at 37ęC for one hour. 

3.1.2. Bacterial transformation 

Liquid Luria-Bertani medium (LB-medium) contained the following chemicals: 1% trypton 

(ICN Biomedicals, Aurora, Ohio, USA), 0.5% yeast extract (Serva), 1% NaCl (Sigma-Aldrich) 

dissolved in the deionized water. The pH of medium was adjusted with NaOH to 7.4. The 

medium was sterilized in autoclave for 20 min at 121ęC, transferred to refrigerator and kept at 

4ęC. 

LB agar with kanamycin contained: 1% tryptone (ICN Biomedicals, Aurora, Ohio, 

USA), 0.5 % yeast extract (Serva), 1% NaCl (Sigma-Aldrich), 1.5- 2% agar (Difco, Detroit, 

USA) prepared in deionized water. The pH was adjusted to 7.4. The medium was sterilized in 

an autoclave for 20 min at 121ęC. Immediately after the sterilization, the medium was cooled 
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to 50ęC. After cooling the 30 ɛg/ml of kanamycin was added to the medium. The medium was 

dispensed onto Petri dishes and kept in the refrigerator at 4ęC. 

The TOP10 competent E. coli culture (Promega, Madison, WI, USA) was exposed to 

heat-shock transformation. At first, the 50 ɛl of competent cells were mixed in a vortex with 

10 ɛl of PCR product followed by 20-30 minutes of incubation on ice. The LB medium was 

preheated in a thermoblock (Eppendorf, Hamburg, Germany). After cooling, the transformation 

mix was inserted in already prepared thermoblock for 45 s, followed by returning the 

transformation mix for 2-3 min on ice. The 170 ɛl of liquid LB medium was added to the 

mixture. Next, the mixture was transferred to the rocking thermoblock to mix (350 rpm) and 

incubate at 37ęC for 1 hour. After incubation, the mixture was plated onto kanamycin 

(30 ɛg/ml) LB agar plate and incubated for 16-20 hours at 37ęC in the incubator. When 

kananamycin-resistant colonies were grown, the several colonies were selected and suspended 

into 5ml of liquid LB medium and kanamycin (30 ɛg/ml). The liquid culture was incubated at 

37ęC and constantly mixed at 200 rpm for 12-16 hours after the cell suspension was ready for 

the isolation of plasmids and DNA concentration measurement.  

3.1.3. Plasmid isolation and characterization of DNA sequence 

The High-Speed Plasmid Mini Kit was used to isolate plasmids. The cellular suspension in LB 

medium was centrifuged at 3000 rpm, for 5 min at room temperature in a test tube. The 

supernatant was removed and the pellet was resuspended in 250 ɛl of a solution containing the 

RNase (PD1 solution). In the mixture was added 200 ɛl of buffer PD2 and it was gently mixed 

by inverting the tube ten times, without vortexing. After 2 min at room temperature, when the 

lysate was homogenous, it was added 300 ɛl of buffer PD3 and immediately mixed by inverting 

the tube in the same way as in the previous step. After achieving the homogeneity, it was 

centrifuged at 13000 rpm at room temperature for 10 min. The supernatant was applied to a 

silica column and centrifuged at 14000 rpm for 1 min at room temperature. On the filter of the 

column, where the DNA was restrained, it was added the 400 ɛl of buffer W1 and discarded by 

centrifugation at 14000 rpm, at room temperature for 30 s. The PD column was placed back in 

the test tube and it was added 600 ɛl of the ethanol-containing buffer, W2 buffer. After the 

buffer was discarded by centrifugation at 13000 rpm, at room temperature for 30 s, the column 

matrix was dried by repeated centrifugation for 3 min and kept for 2 min at room temperature 

to remove the ethanol. Finally, it was added the 60 ɛl ddH2O preheated at 70ęC and centrifuged 

at 13000 rpm for 2 min to eluate plasmid DNA. The DNA concentration was measured by 
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NanoDrop/Nucleic acid/DNA-50. The samples were sent to the DNA sequencing laboratory, 

SEQme, s.r.o. to confirm the validity of the DNA sequence.  

3.2. HEK293T cell culture and transfection 

Chemicals: Dulbeccoǋs modified Eagleôs medium, DMEM (Gibco, Rockville, MD, USA); fetal 

bovine serum (FBS, ATCC, Manassas, VA, USA); penicillin/streptomycin in solution 

(SIGMA, St Louis, MO, USA), versene (Gibco) and trypsin (Sigma-Aldrich). 

The HEK293T cells (ATCC CRL3216TM, Manassas, VA, USA) were grown in 

Dulbeccoǋs modified Eagleôs medium (DMEM) supplemented with 10% FBS 50 U/mL 

penicillin and 50 ɛg/mL streptomycin and kept in a humidified 5% CO2 atmosphere at 37ÁC. 

The cell line was kept and cultured in 75 cm2 plastic culture flasks (Nunc, Rochester, NY, USA) 

for 36ï72 h until they reached 80-95% confluence. Then, cells were reseeded to the new 

passage. Passaging was performed by washing cells with versene followed by 0.25% trypsin 

treatment (1 min) and an addition of 5 ml of fresh DMEM. Diluted cells were centrifuged for 

5-10 min, at 500 rpm. Thereafter, the cells were resuspended in 5-7 ml of fresh DMEM and the 

500 ɛL of this suspension was plated in the 75 cm2 flask filled with 8 ml of fresh pre-warmed 

medium. Passaging was performed for a maximum of 1-2 months, and the maximum number 

of passages was 20.  

On the day before transfection the 100 ɛl of cell suspension, ~ 150, 000 cells, were 

plated onto the single 35 mm culture dishes (Sarstedt, Newton, NC, USA). Each dish was filled 

with 2 ml of fresh medium and incubated at 37ÁC for at least 24 h. The transfection was 

performed, after the cells reached 80% confluence, by using 2 ɛg of receptor DNA with 2 ɛl of 

jetPRIMETM reagent in 2 ml of DMEM, according to the manufacturerôs instructions (PolyPlus-

transfection, Illkrich, France). 

3.3. Primary anterior pituitary cell cultures 

Chemicals: Medium 199 (Gibco); sodium bicarbonate (Sigma Aldrich); inactivated bovine 

serum (Sigma Aldrich); penicillin -streptomycin (Sigma Aldrich); glutamine (Sigma Aldrich) 

and papain (Worthington Biochemical, Lakewood, NJ, USA). 

The pituitary glands were removed between 11 AM and 6 PM, from 4- to 7- days old 

Wistar rats (RRID: RGD_13508588). Three to six animals of both sexes, 8ï10 g weight, were 

used in one cell preparation. The euthanasia was performed by decapitation after anesthesia 

with isoflurane (Forane, Cat. #B506; AbbVie, Prague, Czech Republic). Anterior pituitaries 

were extracted and washed in medium 199 containing sodium bicarbonate, 10% heat-
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inactivated FBS, penicillin (100 U/mL) and streptomycin (100 Õg/mL), 2 mM glutamine, and 

treated with papain for 15 min at 37ÁC. The cells were mechanically dispersed using a glass 

pipette (BRAND GmbH, Wertheim, Germany), and harvested by centrifugation at 300 g for 

10 min. The resulting cell pellet was resuspended in medium 199 and cultured in an air/CO2 

atmosphere at 37ÁC. For electrophysiology, 0.1 ï 0.2 million cells (in a 200 ÕL drop) were 

plated onto 25 mm glass coverslips coated with 1% poly-L-lysine and cultured in a humidiýed 

5% CO2 atmosphere at 37ÁC. After 24ï72 h, cells were ready for the electrophysiological 

experiment. 

All animal procedures were approved by the Animal Care and Use Committee of the 

Czech Academy of Sciences (dissection protocol #67985823). Rats were obtained from the 

Animal Facility of the Institute of  Physiology, Czech Academy of Sciences, approved by the 

Ministry of Environment to use (approval number #56379/2015-MZE-17214), and breed and 

distribute (approval number #1398/2014-MZE-17214) animals. Breeding pairs of rats were 

used to produce male and female rats for anterior pituitary cell preparations. Rats were housed 

in cages (42 x 26 x 22 cm; 1ï2 rats per cage) with wood shavings bedding (LIGNOCELÈ 3ï4 

S; JRS, Rosenberg, Germany), and provided with the breeding diet for rats (Altromin, Velaz, 

Prague, Czech Republic) and fresh water at libitum. Cages were kept in ventilated racks in an 

acclimated room (at 22 Ñ 2ÁC, with 55% humidity), and lights on from 6 AM to 6 PM.  

3.4. Brain slices preparation 

Experiments were performed in Wistar rats, 16- to 24-days old, and 30-35 g weight. Brains 

were removed after decapitation and placed into ice-cold (4ÁC) oxygenated (95% O2 + 

5%  CO2) artificial cerebrospinal fluid (ACSF). Hypothalamic slices (200 to 300 ɛm thick) 

containing SON were cut with a vibratome (DTK-1000, D.S.K. Dosaka, Japan). Slices were 

preincubated for at least 1 h at 32-33ÁC in oxygenated ACSF that contained the following 

components: 130 mM NaCl, 3 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 19 mM NaHCO3, 

1.25 mM NaH2PO4, and 10 mM glucose (pH 7.3-7.4; osmolality 300-315 mOsm).  

3.5. Electrophysiological recording  

Chemicals: All chemicals used for the preparation of the extracellular solution, application 

solutions, and intracellular solution were purchased from Sigma Aldrich if not stated otherwise. 

The electrophysiological recording was performed by the patch-clamp technique at 

room temperature. In the voltage-clamp mode, the amplitude of currents evoked by the 

application of ATP in the presence or absence of steroids and/or ivermectin was measured. The 
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current-clamp mode was used to measure changes in membrane potential in presence of 

releasing hormones to identify cell subtype (Gonadotroph-releasing hormone, GnRH, for 

gonadotorphs, and tyreotroph releasing hormone, TRH, for lactotrophs). Currents and 

membrane potential were recorded by using the Axopatch 200B patch-clamp amplifier (Axon 

instruments, Union City, CA). The recordings were done at a sampling rate of 2 kHz Bassel 

filtered at 1 kHZ. The data was captured and analysed by using the Digidata 1322A and 

pClamp9 software package.  

3.5.1. Preparation of extracellular and application solutions 

During recording, cells were bathed and continuously perfused in extracellular solution at a 

flow rate of 2 ml/minute. The extracellular solution contained next ingredients dissolved in 

deionized water: 142 mM NaCl, 3 mM KCl, 1 mM MgCl2, and 2 mM CaCl2, 10 mM glucose 

and 10 mM HEPES. The pH was adjusted to 7.4 with 1M NaOH and osmolarity was 290-

300 mOsm. The application solutions contained: agonist (ATP, BzATP, and GABA), 

neurosteroids, and/or ivermectin. The ATP and BzATP were prepared from the 100 mM, and 

20 mM stock solutions, respectively. Neurosteroids and ivermectin were dissolved in dimethyl-

sulfoxide (DMSO) and stored in stock solutions of 20 mM. DMSO alone didnôt show any effect 

on ATP-induced currents (102 Ñ 2% for P2X2, and 103 Ñ 5 for P2X4, Fig. 3.1). Agonist stock 

solutions were kept at - 80ęC, neurosteroids at -20ęC and ivermectin stock solution at 5ęC. 

Solutions of neurosteroids and ivermectin were prepared at least once a month. In experiments 

on pituitary cells, GnRH 10-8 M and TRH 10-7 M (both Bachem, USA) were made from the 

stock solutions 10-5 M and 10-4 M respectively. Immediately beforethe experiment, stock 

solutions were defrosted and dissolved in extracellular solution.  

Figure 3.1 Example recoding showing no effect of DMSO on ATP-induced currents. The whole-cell, patch-

clamp recording performed on P2X4 transfected HEK293T cells. The upper section shows the ATP-evoked 

currents (in pA), and the lower section indicates duration (s) of different application solutions: 0 = extracellular 

solution, 2 = 1 ɛM ATP (blue), and 4 = 1.5% DMSO (grey). The image was made using Digidata 1322A and 

pClamp9 software package. 
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3.5.2. The patch electrodes and intracellular solutions 

Glass electrodes were made by pulling capillary tubes 0.86 x 1.50 x 80 mm (BIOMED 

Instruments) using a Flaming Brown horizontal electrode puller (Model P-97; Sutter 

Instruments, Novato, CA) and polished by using a heat polisher (Model MF-830; Narishihe, 

Tokyo, Japan). The recording electrode, as well as the reference electrode, were Ag/AgCl wire 

and pellet respectively. The patch electrodes were filled with an intracellular solution.  

In the experiments with HEK 293T cells, the intracellular solution contained: 154 mM 

CsCl, 11 mM EGTA, and 10 mM HEPES dissolved in deionized water, and pH was adjusted 

to 7.4 with 1 M CsOH solution. The osmolarity was 306-311 mOsm. The final electrode 

resistance was 3-5 Mɋ. The intracellular solution for experiments on pituitary cells contained 

70 mM KCl, 70 mM K-Aspartate, 5 mM MgCl2, and 10 mM HEPES, pH was adjusted to 7.4 

with 1 M KOH and osmolarity was 273 mOsm. The intracellular solutions were stored in 1 ml 

aliquots at -80ęC and kept on ice during experiments. To gain a perforated patch, into 1 ml of 

KCl containing intracellular solution it was added 20 mg/ml Amphotericin B to obtain a final 

concentration of 200 ɛg/ml. Alternatively, it was used Pluronic F-127 (Molecular Probes), a 

dispersing agent, and 50 mg/ml nystatin, a final concentration of 500 ɛg/mL Pluronic F-127, 

and 250 ɛg/ml nystatin. Amphotericin B, nystatin, and pluronic F-127 were dissolved in 

DMSO, always freshly prepared. The final electrode resistance for perforated patch was 6-

9 Mɋ. 

3.5.3. Patch-clamp recording  

HEK293T recording 

Transfected single HEK293T cells chosen for recordings were similar in size, shape and 

cytoplasmic granulation. Single cells were chosen for recordings. The dish with cells was filled 

with extracellular solution and placed in the recording chamber. The microelectrode tubes were 

filled with cesium-containing intracellular solution and posted to the Ag/Cl electrode wire. The 

motion of the electrode was controlled by motorized micromanipulator (Model MP-285; Sutter 

Instruments, Novato, CA). To achieve cell-attached configuration and giga-seal, the patch 

electrode was lowered into solution and gently brought to the cell surface. Negative pressure 

was applied to break a small piece of membrane to achieve whole-cell configuration. The 

membrane potential of cell was held at - 60 mV. Agonist was applied at different concentrations 

(from 0.3 to 100 ɛM). After two or three short (2-5 s) applications of agonist in the control 

solution (see Fig. 3.1), the next series of agonist pulses was applied in the presence of steroid 

and/or ivermectin for up to 120 s, and few more agonist stimulations were performed after 
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washing out of modulators with control extracellular solution. To investigate the desensitization 

rate, agonist was applied for up to 40 s in presence and/or absence of a steroid. To estimate the 

EC50 values, the responses from 15-50 different cells in the presence or absence of steroid were 

pooled, and dose-response curves were constructed using the mean values. The control, ATP-, 

steroid- and ivermectin-containing extracellular solutions were applied via a rapid superfusion 

system (RSC-200, BIOLOGIC, Claix, France), which was able to exchange solution around the 

cell within  30-40 ms. 

Anterior pituitary cells recording 

Coverslip glasses with dispersed anterior pituitary cells, were placed in the dish filled with 

extracellular solution. Single cells were chosen for recordings. Microelectrodes contained 

intracellular solution for the perforated patch (see the section electrodes and intracellular 

solution). The whole-cell recording was started by cell attached configuration, in the same way 

as for HEK293T cells, but the negative pressure step and rupturing of the membrane was 

avoided to prevent mixing of intracellular solution with the cytoplasm. The membrane access 

resistance decreased spontaneously within 1-5 min due to incorporation of amphotericin 

molecules into the membrane. In the current-clamp mode, only cells with resting membrane 

potentials more negative than ï 40 mV were examined. Both, identified and non-identified 

subpopulations of cells were recorded to investigate the effect of neurosteroids on ATP-evoked 

currents. 

Recording from rat brain slices 

Slices in the recording chamber were submerged in continuously flowing oxygenated ACSF at 

a rate of 1-2 mL/min at room temperature. Drugs were diluted and applied for 10-20 s in a 

HEPES-buffered extracellular solution that was used for no more than 2 min. Slices were 

viewed with an upright microscope (Olympus BX50WI, Melville, NY, USA) mounted on a 

Gibraltar XïY table (Burleigh) using a water immersion lens (60x and 10x) and Dodt infrared 

gradient contrast (Luigs & Neumann, GmbH, Germany). SON were identified by the position 

relative to the chiasma opticum (Vavra, Bhattacharya et al. 2011). Recording was performed 

by using the 60Ĭ water immersion objective at 20ï25ÁC 

3.6. Ethidium Bromide uptake 

Epifluorescence microscope (Olympus BX50WI, Melville, NY, USA) was used to examine the 

cellular accumulation of the fluorescent dye ethidium bromide (EtBr). Transfected HEK293T 

cells, previously plated on glass coverslips, were bathed in a normal extracellular solution. The 



64 
 

imaging was performed by using the 40Ĭ water immersion objective at 20ï25ÁC and cells 

expressing P2X4 were identified by the fluorescence signal of GFP (green fluorescein protein). 

Changes in fluorescence of EtBr (20 ɛM) 50 s after ATP (100 ɛM) application were recorded 

using MicroMAX CCD camera (Princeton Instruments; Roper Scientific GmbH, Martinsried, 

Germany). Hardware control and image analysis were performed using MetaFluor software 

(Molecular Devices, Downingtown, PA, USA). EtBr was excited at 526 nm and emission was 

recorded at 605 nm. The average fluorescence signal of 10 cells on each coverslip was 

calculated and each experiment was repeated 3ï16 times 

3.7. Neurosteroids and their derivatives 

In order to increase the steroid induced modulatory effect of neurosteroids, the research group 

of Dr. Eva Kudova, Institute of Organic Chemistry and Biochemistry of the Czech Academy of 

Sciences, designed and synthesized new derivatives of neurosteroids. The examination of the 

effect of neurosteroids on P2X activity was divided into two groups: in the first group the effect 

of testosterone and testosterone-derivatives, and in the second group bile acids and litholic acid 

derivatives were tested. Every steroidal compound of each group was labeled with a number in 

order to simplify the representation of the results (Tables 3.1, 4.1 and 4.3). 

Table 3.1 Summary of computational values of physicochemical properties of testosterone and testosterone 

derivatives (compounds 1-16). 

Compound 

 

ȹGsolv [kcal/mol]   

transfer from 

vacuum to water 

ȹGsolv [kcal/mol]   

transfer from 

n-octanol to water 

LogP 

Testosterone, 1 -14.37 4.06 3.67 

Testosterone formate, 2 -14.33 3.56 3.55 

Testosterone propionate, 3 -14.43 5.10 4.65 

Testosterone butyrate, 4 -14.13 5.80 5.14 

Testosterone valerate, 5 -14.09 6.43 5.61 

Testosterone caproate, 6 -13.92 7.13 6.16 

Testosterone enanthate, 7 -13.61 7.82 6.63 

Testosterone undecanoate, 8 -12.78 10.59 8.52 

Testosterone isobutyrate, 9 -13.82 5.84 5.15 

Testosterone isovalerate, 10 -14.05 6.35 5.61 

Testosterone isocaproate, 11 -13.67 6.99 5.97 

Testosterone methylhexanoate, 12 -13.29 7.55 6.23 

Testosterone 2-methylbutyrate, 13 -18.56 5.00 4.82 

Testosterone perfluorobutyrate, 14 -11.76 6.29 6.24 

Testosterone pivalate, 15 -13.38 6.15 5.49 

Testosterone cyclohexanoate, 16 -19.44 5.58 5.21 
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3.7.1. Testosterone and testosterone derivatives 

Commercially available steroidal compounds of testosterone group were: Testosterone (T, 

compound 1, Steraloids, Newport, RI, USA), T-formate (compound 2, 17ɓ-(Formyloxy)-

androst-4-en-3-one), T-undecanoate (compound 8, 17ɓ-[(1-Oxoundecyl)oxy]-androst-4-en-3-

one) and T-isobutyrate (compound 9, 17ɓ-(2-Methyl-1-oxopropoxy)-androst-4-en-3-one) 

were purchased from Kingston Chemistry, United States, T-propionate (compound 3, 17ɓ-(1-

Oxopropoxy)-androst-4-en-3-one), T-enanthate (compound 7, 17ɓ-[(1-Oxoheptyl)oxy]-

androst-4-en-3-one), T-isocaproate (compound 11, 17ɓ-[(4-Methyl-1-oxopentyl)oxy]-

androst-4-en-3-one) were purchased from Sigma Aldrich. 

New derivatives of testosterone were synthesized via esterification reaction at position 

C-17 of the D ring of the commercially available testosterone (Figure 4.1.): T butyrate 

(compound 4, 17ɓ-(1-Oxobutoxy)-androst-4-en-3-one), T valerate (compound 5, 17ɓ-[(1-

Oxopentyl)oxy]-androst-4-en-3-one), T caproate (compound 6, 17ɓ-[(1-Oxohexyl)oxy]-

androst-4-en-3-one), T isovalerate (compound 10, 17ɓ-[(3-Methyl-1-oxobutyl)oxy]-androst-

4-en-3-one), T methylhexanoate (compound 12, 17ɓ-[(5-Methyl-1-oxohexyl)oxy]-androst-4-

en-3-one), T methylbutyrate (compund 13, 17ɓ-[((R/S)-2-Methyl-1-oxobutyl)oxy]-androst-

4-en-3-one), T perfluorobutyrate (compund 14, 17ɓ-(2,2,3,3,4,4,4-Heptafluoro-1-

oxobutoxy)-androst-4-en-3-one), T pivalate (compound 15, 17ɓ-(2,2-Dimethyl-1-

oxopropoxy)-androst-4-en-3-one) and T hexanoate (compound 16, 17ɓ-

[(Cyclohexylcarbonyl)oxy]-androst-4-en-3-one). Testosterone derivatives differe in 

lipophilicity, corresponding computatuons values are listed in Table 3.1. 

3.7.2. Bile acids and lithocholic acid derivatives 

We first examined common primary and secondary bile acids (Fig. 4.9A): Cholic acid, CA 

(compound 1, 3Ŭ,7Ŭ,12Ŭ-Trihydroxy-5ɓ-cholanic acid), Chenodeoxycholic acid, CDCA 

(compound 2, 3Ŭ,7Ŭ-Dihydroxy-5ɓ-cholanic acid), Deoxycholic acid, DCA (compound 3, 

3Ŭ,12Ŭ-Dihydroxy-5ɓ-cholanic acid), Ursodeoxycholic acid, UDCA cCompound 4, 3Ŭ,7ɓ-

Dihydroxy-5ɓ-cholanic acid), and Lithocholic acid, LCA  (compound 5, 3Ŭ-Hydroxy-5ɓ-

cholanic acid). These compounds were purchased from Sigma Aldrich. Next, we examined the 

commertially available lithocholic acid derivatives (Fig. 4.9B): 4-Dafachronic acid 

(compound 11, DIVERCHIM SA, Damjanich utca, Budapest, 1071, Hungary), 12-Oxo-5ɓ-

cholanic acid  (compound 15, Chemieliva Pharmaceutical) and Obeticholic acid (compound 

16, MCEÈ MedChemExpress). 
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 Newly designed and synthesized derivatives of lithocholic acid were: (Fig 4.9B): 

Isolithocholic acid (compound 6, 3ɓ-Hydroxy-5ɓ-cholanic acid), 3-Oxo-LCA  (compound 7, 

3-Oxo-5ɓ-cholanic acid), 3-Oac-LCA (compound 8, 5ɓ-Cholanic acid-3Ŭ-yl acetate), 5Ŭ-LCA  

(compound 9, 3Ŭ-Hydroxy-5Ŭ-cholanic acid), 3ɓ-Hydroxy-5-cholenoic acid (compound 12), 

3Ŭ-Hydroxy-5ɓ-cholanic acid methyl ester (compound 13) and N-(3Ŭ-Hydroxy-5ɓ-cholan-

24-oyl)-glycine (compound 14) (Fig. 4.9B). 

3.8. Calculations and statistical analysis 

In all ligand-gated ion channels, ligand binds to an orthosteric site of the receptor and triggers 

conformational changes that result in channel opening. The probability of channel opening is 

increased by the rising the concentration of ligand in the extracellular environment that 

surrounds the channel (Colquhoun 1998). When the maximum channel activation is reached, a 

further increase in the concentration does not result in higher response, which is called 

saturation point. In electrophysiological experiments, the amplitude of the current (I) response 

that corresponds to the maximal channel activity elicited by the supramaximal ligand dose is 

designated as Imax. The parameter which characterizes the ligand potency of the channel activity 

is the dose of the ligand which induces half-maximum amplitude of the response (EC50). To 

estimate the EC50 value, the concentration-response data points were fitted with the next 

equation: 

y = Imax/ [1 + (EC50/x) h] 

where y is the amplitude of the current evoked by ATP, Imax is the maximum current amplitude 

induced by 100 ɛM ATP, EC50 is the agonist concentration producing 50 % of the maximal 

response, h is the Hill coefficient, and x is the concentration of ATP (SigmaPlot 2000 v9.01; 

SPSS Inc., Chicago, IL; RRID:SCR_003210).  

Using the program pClamp 10 (Molecular Devices), the kinetics of desensitization or 

deactivation (current decay evoked by washout of agonists) were fitted by a single exponential 

function: 

y = A1 exp (-t/Ű) 

or by the sum of two exponentials: 

y = A1 exp (-t/Ű1) + A2 exp (-t/Ű2) 
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where A1 and A2 are relative amplitudes of the first and second exponentials, and Ű1 and Ű2 are 

the time constants. The derived time constants for deactivation and desensitization were labeled 

as Űoff and Űdes, respectively. Weight desensitization constant was calculated as 

y = [(A1 Űdes1) + (A2 Űdes2)] / (A1 + A2) 

All numerical values in the text are reported as the mean Ñ SEM. Comparisons between two 

groups were performed by Studentôs unpaired t-test (z pz < 0.01 and *p < 0.05). Statistical 

comparison of multiple groups was made by using one-way ANOVA followed by Tukeyôs post-

hoc test in SigmaStat 2000 v9.0, for comparison to a single control. In the case of pituitary cells 

when ATP-induced responses were recorded from the same cell in the presence and absence of 

steroids, Studentôs paired t-test was used. The ñnò indicates a number of cells throughout the 

study, if not otherwise stated. 
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4. RESULTS 

4.1. The effect of testosterone and synthetic testosterone derivatives on the activity 

of recombinant and endogenously expressed P2X receptors 

We used commercially available as well as newly synthesized testosterone derivatives (Fig. 

4.1) and examined their effect on agonist-induced currents mediated by homomeric P2X2, 

P2X4 and P2X7 receptors expressed in treansfected HEK293T cells, or endogenously 

expressed P2X in SON neurons and pituitary cells. Using microfluorimetric method we also 

measured the effect of these drugs on ATP-stimulated EtBr uptake by cells expressing the P2X4 

in comparison with ivermectin. 

 

 

Figure 4.1 Schematic summary of testosterone derivatives (T-derivative) used in this study. We examined 

three types of modifications of the alkyl chain at position C 17 on the D ring of testosterone: linear (red), branched 

(blue) and miscellaneous modifications (green). Compounds 4, 5, 6, 10, 12, 13, 14, 15, and 16 were newly 

synthesized. 



69 
 

4.1.1. Dependence of potentiating effect at P2X2 and P2X4 on chemical structure and 

lipophilicity of  testosterone analogues 

Using electrophysiological whole-cell patch clamp recordings, we examined the effect of 

testosterone and testosterone derivatives (Fig. 4.1) on the ampitude of 1 ÕM ATP-induced 

currents mediated by rat P2X2 and  P2X4, and 30 ÕM BzATP-induced current mediated by 

P2X7. The results of these investigations on P2X2 and P2X4 are summarised in Table 4.1. 

Table 4.1 Concentration-dependent effects of testosterone and testosterone derivatives on P2X2 and P2X4 

currents.  

 

Compound R 1 mM 3 mM 10 mM  30 mM 

Testosterone, 1 
P2X2 

P2X4 

 

n.d. 

111 Ñ 5 

115 Ñ 3 

122 Ñ 11 

134 Ñ 6** 

 

141 Ñ 9** 

Testosterone formate, 2 
P2X2 

P2X4 

 

n.d. 

115 Ñ 4 

113 Ñ 2 

 

145 Ñ 22** 

 

195 Ñ 12** 

Testosterone propionate, 3 
P2X2 

P2X4 

 

n.d. 

121 Ñ 4 

133 Ñ 7* 

 

172 Ñ 10** 

 

243 Ñ 25** 

Testosterone butyrate, 4 
P2X2 

P2X4 

 

120 Ñ 9 

145 Ñ 9** 

148 Ñ 4** 

 

212 Ñ 33** 

 

323 Ñ 32**  

Testosterone valerate, 5 
P2X2 

P2X4 

 

117 Ñ 5 

154 Ñ 13** 

149 Ñ 8** 

 

222 Ñ 9**  

 

323 Ñ 13** 

Testosterone caproate, 6 
P2X2 

P2X4 

 

n.d. 

121 Ñ 5* 

134 Ñ 5** 

 

151 Ñ 13** 

 

214 Ñ 19** 

Testosterone enanthate, 7 
P2X2 

P2X4 

 

n.d. 

119 Ñ 5 

130 Ñ 6** 

 

131 Ñ 7** 

 

183 Ñ 23** 

Testosterone undecanoate, 8 
P2X2 

P2X4 

 

n.d. 

100 Ñ 5 

104 Ñ 2 

119 Ñ 8*  

140 Ñ 8** 

Testosterone isobutyrate, 9 
P2X2 

P2X4 

 

n.d. 

122 Ñ 10* 

126 Ñ 7* 

 

134 Ñ 6** 

 

150 Ñ 9** 

Testosterone isovalerate, 10 
P2X2 

P2X4 

110 Ñ 6 124 Ñ 11 

135 Ñ 6** 

 

205 Ñ 32** 

 

270 Ñ 21** 

Testosterone isocaproate, 11 
P2X2 

P2X4 

 

n.d. 

131 Ñ 9** 

128 Ñ 6** 

 

139 Ñ 7** 

 

155 Ñ 16** 

Testosterone methylhexanoate, 12 
P2X2 

P2X4 

 

n.d. 

125 Ñ 5** 

129 Ñ 4** 

 

137 Ñ 10** 

 

172 Ñ 15** 

Testosterone 2-methylbutyrate, 13 
P2X2 

P2X4 

 

n.d. 

137 Ñ 7** 

145 Ñ 11** 

 

202 Ñ 21** 

 

244 Ñ 19** 

Testosterone perfluorobutyrate, 14 
P2X2 

P2X4 

 

115 Ñ 7 

203 Ñ 19** 

148 Ñ 6** 

 

185 Ñ 9**  

 

235 Ñ 20** 

Testosterone pivalate, 15 
P2X2 

P2X4 

 

n.d. 

131 Ñ 10** 

140 Ñ 12** 

 

159 Ñ 32** 

 

227 Ñ 38** 

Testosterone cyclohexanoate, 16 
P2X2 

P2X4 

 

n.d. 

110 Ñ 3 

119 Ñ 14 

 

127 Ñ 13** 

 

199 Ñ 31** 

Epi-testosterone P2X2 

P2X4 

 

n.d. 

 

n.d. 

102 Ñ 1 

105 Ñ 2 

 

n.d. 

Potentiating effect of compounds 1-16 (in % of control) on P2X2 or P2X4 receptor (R) expressed in HEK293 

cells. Epi-testosterone, 17a-OH testosterone, is nonfunctional structural analogue. Experiments were performed 

on cells stimulated with 1 ɛM ATP in the presence or absence of 1, 3, 10 or 30 ɛM steroid. Data shown are mean 
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° SEM values from 3-30 cells. (*) P < 0.05, (**) P < 0.01 between responses in the presence and absence of 

testosterone derivative; n.d, not determined. 

Agonists were applied  for 1-3 s every 20-30 s in the presence and absence of 3 or 30 ÕM 

steroid (Fig. 4.2). Most of the testosterone derivatives, including testosterone butyrate (Fig. 

4.2A, upper traces), potentiated ATP-induced responses without differences between P2X2 and 

P2X4 subtype, but had no effect on BzATP-induced P2X7 responses, even at 30 ɛM 

concentration (Fig. 4.2A, lower trace). The comparison of chemical structures and whole-cell 

recordings revealed that interactions of testosterone analogues with the P2X depend on 

lipophilicity (estimated as logP; see Table 3.1) and the length of the linear alkyl chain at position  

Figure 4.2 Potentiating effect of testosterone derivatives on P2X2 and P2X4. (A) Agonist-induced currents 

recorded from cells transfected with the P2X2 (red), P2X4 (black) or P2X7 (green) receptors. Testosterone butyrate 

(T-butyrate) in 3 ÕM concentration potentiated responses  induced by 1 ɛM ATP in cells expressing P2X2 and 

P2X4, but had no effect on 30 ɛM BzATP induced current in P2X7-expressing cells even in 30 ÕM concentration 

(P2X7, 104 Ñ 4%, n = 5). In this and all other figures, grey areas indicate the duration of testosterone derivative 

application and black bars above the traces indicate the application of agonist. (B -D) Dependence of the 

potentiating effects of testosterone derivatives (in % of control) on lipophilicity (logP) and the length (B), 

branching (C), or miscellaneous modification (D) of the alkyl chain at position C-17. P2X2 (red symbols) or P2X4 

(black symbols) receptors were stimulated with 1 ɛM ATP in the presence or absence of 3 ɛM steroid. Data are 

presented as the means Ñ SEM; n = 21ï63 cells. Numbers above symbols (1ï16) are the number of testosterone 

derivatives shown in Fig. 4.1. 
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C-17 (Fig. 4.2B), but not on its branching (Fig. 4.2C) or miscellaneous modifications (Fig. 

4.2D). Testosterone derivatives with alkyl chains containing 4 or 5 carbons, testosterone 

butyrate (compound 4), and testosterone valerate (compound 5) were the most efficient 

potentiating drugs (compound 4,  P2X2: 145 Ñ 9%, n = 4, p < 0.01; P2X4: 148 Ñ 4%, n = 10, p 

< 0.01; compound 5, P2X2: 154 Ñ 13%, n = 6, p < 0.01; P2X4: 149 Ñ 8%, n = 12, p < 0.01; Fig. 

4.2B). Both, shorter and longer substituents exhibited lower potentiating effects, and 

testosterone undecanoate (compound 8) was almost inactive (Fig. 4.2B). Branching (Fig. 4.2C) 

or miscellaneous modifications (Fig. 4.2D) of the alkyl chain did not further increase the 

potentiating effect of testosterone butyrate or valerate. Interestingly,  perfluorinated analogue 

(Compund 14) selectively enhanced the P2X2 response compared with P2X4 (compound 14, 

P2X2: 203 Ñ 18%, n = 4; P2X4: 147 Ñ 6%, n = 5; Fig. 4.2D), indicating that steroid binding site 

is not completely conserved; this effect was not investigated further. 

Structurally similar, but nonfunctional, analogue of testosterone, 17Ŭ-OH testosterone 

called Ăepi-testosteroneñ (10 ɛM), was less efficient modulator compared to testosterone 

(10 ɛM) in both receptor types (epi-testosterone, P2X2: 102 Ñ 0.6%, n = 4; P2X4: 105 Ñ 2%, 

n = 4; testosterone, P2X2: 122 Ñ 11%, n = 3; P2X4: 134 Ñ 6%, n = 3; Table 4.1).  

These results revealed that 17ɓ-ester derivatives of testosterone selectively potentiate 

P2X2 and P2X4, but not P2X7, and derivatives with alkyl chains containing 4 or 5 carbons are 

the most efficient modulators. 

4.1.2. Testosterone derivatives potentiate P2X4 activity in a concentration-dependent manner 

Next, we focussed on P2X4 subtype and measured the amplitude of 1 ÕM ATP-induced current 

in the presence of various concentrations of testosterone or its analogues (1, 3, 10 or 30 ɛM), 

and construct the concentration-response graphs (Fig. 4.3 and Table 4.1); concentrations greater 

than 30 ɛM were not tested due to the poor solubility of some compounds.  Testosterone and 

testosterone derivatives produced concentration-dependent potentiating effects  without 

changing the basal current of HEK293T cells (Fig. 4.3A and B). These measurements showed 

that testosterone derivatives with linear alkyl chains containing a C4 or C5 ester moiety at 

position C-17 are more efficient than compounds with shorter (C2 or C3) or longer (C6-C8) 

linear chains at all concentrations tested (Fig. 4.3C and D), and that the branching or any other 

modifications do not increase further the potentiating effect of testosterone (Fig. 4.3E and F). 

These results revealed that maximum potentiating effect produced by 30 ɛM testosterone 

butyrate or valerate reached 323%. 
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Figure 4.3 Concentration-dependent effects of testosterone and testosterone derivatives on P2X4 currents. 

(A) Representative recordings showing the potentiating effect of different concentrations of testosterone valerate 

(T-valerate) on P2X4 responses stimulated with 1 ɛM ATP. (B) Potentiating effect of 30 ɛM testosterone on 1 ɛM 

ATP induced P2X4 response. (C and D) Potentiating effect by compounds 1-8 (in % of control) that differ in the 

length of the linear alkyl chain. (E) Concentration dependent effects of compounds 9-12 containing the branched 

alkyl chain. (F) Concentration-dependent effect of compounds 13-16 containing miscellaneous modifications. 

Experiments were performed on cells stimulated with ATP in the presence or absence of 1, 3, 10 or 30 ɛM steroid. 

Numbers and names of testosterone (T) derivatives are shown in boxes. The threshold concentration, 1 ɛM, is 

shown in each panel only for the most effective steroids. Data points represent the mean Ñ SEM; n = 4-35 cells 

from 3 to 12 experiments per concentration. 

4.1.3. Testosterone derivatives reduce the rate of P2X4 desensitization and accelerate 

resensitization 

In the absence of steroid, the P2X4  almost completely desensitized within 40 s of continuous 

application of 30 ɛM ATP (Fig. 4.4A left), but in the presence of testosterone butyrate (Fig. 

4.4A right) the desensitization time constant (Űdes) increased by approximately two-fold 

(control, Űdes = 9.0 Ñ 0.6 s, n = 3; testosterone butyrate, Űdes = 21.5 Ñ 4.2 s, n = 3; p < 0.01). 

Moreover, the non-desensitized plateau current increased from about 4% to 27% of the initial 

peak current amplitude in the presence of steroid (Fig. 4.4E). When two or more successive 

ATP pulses were delivered, no recovery of the peak current response was observed after 30 or 

60 s ATP washout (Fig. 4.4B). However, after the application of 3 ɛM testosterone butyrate the 

peak amplitude recovered to 227 Ñ 19% (n = 6) within 30 s (Fig. 4.4C), and this effect was 
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concentration dependent as it was higher after the application of 30 ɛM testosterone butyrate 

(Fig. 4.4D).  

 

Figure 4.4 Effect of testosterone butyrate on the desensitization and resensitization of P2X4. (A) The rate of 

desensitization of current induced by 40 s application of 100 ɛM ATP in the presence (right) and absence (left) of 

30 ɛM testosterone butyrate (T-butyrate). The desensitization time constant (Űdes) was measured by fitting the curve 

to a monoexponential or biexponential functions; desensitization time constants derived from biexponential fitting 

were weight. The data are presented as the mean Ñ SEM from 7-8 cells. (B) Representative recording showing the 

desensitization and resensitization of the peak P2X4 current induced by 100 ɛM ATP in control experiments. 

Practically no recovery was observed when the ATP pulse was applied after 30-60 s of washout. (C and D) 

Accelerated recovery from the P2X4 desensitization induced by the application of 3 or 30 ɛM T-butyrate (E) 

Summary histogram showing the desensitization (plateau-to-peak current ratio) in the presence (grey column) and 

absence (white column) of steroid. Data are presented as the mean Ñ SEM with a scatterplot of the individual data 

points (n = 4 cells from four passages). (F) Summary histogram showing the recovery from desensitization (the 

3rdïto-2nd peak ratio) in the presence (grey column) and absence (white column) of steroid. Data are presented 

as the mean Ñ SEM with a scatterplot of the individual data points (n = 4ï7 cells). The statistical significance was 

estimated using unpaired t-test, p < 0.01 (**). 

These results showed that testosterone derivatives reduce the rate of P2X4  

desensitization and accelerate the recovery of the desensitized peak current response. A similar 

effect was observed for ivermectin, a P2X4-specific allosteric modulator (Khakh, Proctor et al. 

1999; Mackay, Zemkova et al. 2017).   

4.1.4. Testosterone derivatives increase sensitivity of P2X2 and P2X4 receptors to agonist 

We stimulated the P2X4 expressed in HEK293T cells with various concentrations of ATP (1, 

3, 10, 30 and 100 ɛM) in the presence or absence of 30 ɛM testosterone butyrate (Fig. 4.5A) 

and constructed the concentration-response gcurve (Fig. 4.5D). Whole-cell recordings showed 

that preincubation with 30 ɛM steroid shifted the ATP concentration-response curve to the left, 
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and reduced the ATP concentration producing a half-maximal potentiating effect (EC50) by 3.5-

fold (control EC50 = 2.4 Ñ 0.4 ɛM; testosterone butyrate EC50 = 0.7 Ñ 0.1 ɛM; p < 0.01; Fig. 

4.5D). The Imax was slightly increased to 120% approximately, but this effect was not 

statistically significant (control: 1.8 Ñ 0.2 nA;  testosterone butyrate: 2.1 Ñ 0.2 nA; n = 5, p 

> 0.05 Fig. 4.5D). 

Figure 4.5 Effect of T-butyrate on the agonist concentration-response curve and the maximum peak current 

amplitude. (A) Representative recordings showing the potentiating effect of 30 ɛM testosterone butyrate (T-

butyrate) on peak P2X4 responses to 3, 10 and 100 ɛM ATP. (B) Representative recordings showing no effect of 

T-butyrate on peak P2X2 response stimulated with 100 ɛM ATP. (C) The P2X7 response to 100 ɛM  BzATP in 

the presence of testosterobe butyrate. (D ï F) The concentration-dependent effects of agonist on the peak amplitude 

of current in the absence (open circles) and presence (closed circles) of 30 ɛM testosterone butyrate for P2X4 (D), 

P2X2 (E) and P2X7 (F) responses. The vertical dotted lines represent the ATP concentration producing the 50% 

maximal response, the numbers represent the mean EC50 values, and the arrow indicates the leftward shift of the 

ATP concentration response curve in the presence of testosterone butyrate. The Hill coefficient was fixed to 1.3, 

a value obtained for P2X4 by fitting the curve in the absence of steroid. Data points represent the mean Ñ SEM; n 

= 5ï17 cells from three to six passages per concentration. 
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The ATP concentration-response curve for P2X2  was also leftward shifted and EC50 

was reduced by 1.7-fold (control EC50 = 3.2 Ñ 0.7 ɛM; testosterone butyrate EC50 = 1.9 Ñ 

0.4 ɛM; p < 0.05; Fig. 4.5E), but the Imax was not affected (Fig. 4.5B and E).  

The BzATP concentration-response curve for P2X7 was not displaced and 30 ɛM 

testosterone butyrate had no effect on Imax (Fig. 4.5C and F).  

These data revealed that testosterone derivatives allosterically potentiate P2X2 and 

P2X4 responses predominantly by increasing the sensitivity of the receptors to the agonist. This 

mechanism is similar to that observed for P2X4-specfic effect of ivermectin (Khakh, Proctor et 

al. 1999; Mackay, Zemkova et al. 2017).   

4.1.5. Antagonizing effect of testosterone derivatives on ivermectin-induced  prolongation of 

P2X4 deactivation 

It is well known that application of ivermectin increases current amplitude and greatly prolongs 

the deactivation of P2X4 current after agonist removal (Khakh, Proctor et al. 1999; Priel and 

Silberberg 2004). Application of 3 ɛM ivermectin increases the amplitude of the 1 ɛM ATP-

stimulated P2X4 current 5.9 Ñ 0.6-fold (n = 16, p > 0.01; Fig. 4.6A). Testosterone valerate 

increases the amplitude of ATP-stimulated current by 2.1 Ñ 0.3-fold (n = 27, p > 0.01) and  

ivermectin, applied in the presence of steroid, increased the amplitude further, but final effect 

was almost the same, by 5.2 Ñ 0.9-fold (n = 6; p > 0.01 Fig. 4.6B and E). The application of 

steroid in the presence of ivermectin did not increase the amplitude, moreover, it had a tendency 

to reduce the potentiating effect of ivermectin (by 4.0 Ñ 0.8-fold); n = 12, Fig. 4.6C and E). 

These data indicated that the effect of steroid and ivermectin are not aditive, but might be rather 

antagonizing. 

We next evaluated the deactivation properties of P2X2 and P2X4 and measured 

deactivation time constant (Űoff), in the presence and absence of testosterone derivate. This value 

was obtained by fitting the current decay evoked by 1 ɛM ATP removal. In control experiments, 

the deactivation of P2X2 and P2X4 receptors proceeded with a time constant of 197 Ñ 23 ms 

(n = 5) and 105 Ñ 3 ms (n = 15), respectively. In the presence of testosterone valerate (3 ɛM), 

the Űoff did not change being 205 Ñ 23 ms (n = 5) and 103 Ñ 4 ms (n = 20) for P2X2 and P2X4, 

respectively; 30 ɛM steroid had also practically no effect (P2X4, Űoff = 218 Ñ 16 ms; n = 8). 

Application of 3 ɛM ivermectin dramatically prolonged P2X4 deactivation (Űoff = 4.79 Ñ 0.60 s;  

n = 25; Fig. 4.6A and D), but in the presence testosterone valerate (3 ɛM) the 
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Figure 4.6 Effect of testosterone valerate on ivermectin-induced delay in P2X4 deactivation. (A) Example 

recording showing the effects of 3 ɛM ivermectin on 1 ÕM ATP-induced P2X4 current amplitude and channel 

deactivation. The horizontal open bar indicates the time of ivermectin (IVM) application, and 2-s pulses of ATP 

are indicated by black bars above the traces. (B) Example recording showing the inhibitory effect of pretreatment 

with 10 ɛM testosterone valerate (T-valerate, gray area) on ivermectin-induced delay in deactivation. (C) Same as 

(B) but steroid was applied in the presence of ivermectin. (D) Expanded recordings showing the concentration-

depened effect of testosterone valerate on current decay induced by the washout of 1 ɛM ATP in the presence of 

3 ɛM ivermectin. Control trace was recorded in the absence steroid and ivermectin (gray trace). (E) Summary 

histograms showing the effects of 10 ɛM testosterone valerate on the 1 ɛM ATP-induced current amplitude in the 

presence (gray columns) and absence (white columns) of ivermectin. Data are presented as the mean  SEM with 

a scatterplot of the individual data points (n = 10-23 cells from five to eight passages). (F) Summary histograms 

show the effects of 3, 10 or 30 ɛM testosterone valerate on the deactivation time constant (Űoff) of 1 ɛM ATP-

induced current in the presence (gray columns) and absence (white column) of 3 ɛM  ivermectin. Data are 

presented as the mean Ñ SEM with a scatterplot of the individual data points (n = 5-25 cells from three to eight 

passages per concentration). 

prolongation effect of ivermectin (3 ɛM) was smaller (Űoff = 2.30 Ñ 0.75 s; n = 5; Fig. 4.6F). The 

antagonizing effect of testosterone valerate was concentration-dependent; in the presence of 

10 ɛM steroid, the ivermectin-induced effect was  reduced about 5.5-fold (Űoff = 0.85 Ñ 0.13 s; 

n = 17; Fig. 4.6D and F).  

These data revealed that testosterone derivatives bind to a position located near the 

binding site for ivermectin and might displace ivermectin from its binding pocket in P2X4. 

4.1.6. Testosterone derivatives increase ATP-stimulated dye uptake by cells expressing P2X4 

The ability to open a large pore permeable for dye may be a common P2X characteristic 

(Karasawa et al., 2017). Electrophysiological experiments showed that ivermectin is able to 

potentiate the formation of a large pore permeable for NMDG+ in P2X4 (Zemkova et al., 2015; 

Mackay et al., 2017). To test a hypothesis that testosterone derivatives exhibit similar effect as 

ivermectin and potentiate large pore opening, we measured the ATP-stimulated uptake of EtBr 
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by HEK293T cells expressing the P2X4 in the presence and absence of testosterone valerate or 

ivermectin (Fig. 4.7).  

 

Figure 4.7 Potentiation of ATP-stimulated dye uptake by testosterone valerate or ivermectin. (A) 

Microfluorimetric measurement of ethidium bromide (EtBr) accumulation by HEK293T cells expressing P2X4 in 

a control experiment (open symbols) and in the presence of 30 ÕM testosterone valerate (T-valerate; black) or 

3 ÕM ivermectin (gray). EtBr accumulation was triggered by application of 100 ÕM ATP (horizontal bar) and the 

amplitude of EtBr fluorescence was measured 50 s after the ATP application. Signals from several (5-10) cells 

were averaged.  A.U., arbitrary units. (B) Summary graph showing ATP-stimulated EtBr fluorescence (in % of 

control) in the presence of 30 ÕM testosterone valerate (black) or 3 ÕM ivermectin (gray). Data are presented as 

the mean Ñ SEM with a scatterplot of the individual data points (n = 4, n = number of experiments which equals 

number of cell passages); statistical significance was estimated by using one-way ANOVA followed by Tukey's 

post hoc test, p < 0.05 (*) and p < 0.01 (**). 

In cells treated with ivermectin (3 ÕM), the rate of ATP-stimulated EtBr uptake was 

faster than in control experiments, and maximum fluorescence signal measured at 50 s after 

agonist application increased to 133 Ñ 20% (Fig. 4.7A and B). In cells treated with testosterone 

valerate (30 ÕM) the maximum fluorescence signal measured at 50 s after agonist application 

increased to 120 Ñ 9% (Fig. 4.7A and B). 

Together with previously described  electrophysiological data, these results provide 

evidence that testosterone derivatives potentiate the uptake of large molecules by cells 

expressing P2X4 similarly to ivermectin, 
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4.1.7. Potentiation of endogenously expressed P2X  in pituitary cells and hypothalamic 

neurons by testosterone derivatives 

For comparison of recombinant with endogenously expressed P2X, we examined the effect of 

testosterone derivatives  on ATP-stimulated currents recorded from pituitary cells in primary 

culture and SON neurons in rat brain slices (Fig. 4.8). Pituitary gonadotrophs are known to 

express the P2X2 (Zemkova, Balik et al. 2006) and pituitary lactotrophs the P2X4 subtype 

(Zemkova, Kucka et al. 2010). SON neurons expresses both P2X2 and P2X4 on neuronal 

somata and nerve terminals (Vavra, Bhattacharya et al. 2011).  

Figure 4.8 Potentiating effects of testosterone analogues on endogenously expressed P2X receptors in 

anterior pituitary cells and hypothalamic neurons. (A) Potentiation of ATP-stimulated current in pituitary 

gonadotrophs. On top example of current clamp whole-cell recording of action potentials stimulated by 

gonadotropin-releasing hormone (GnRH) that was used to identify gonadotrophs. GnRH-evoked membrane 

potential (Vm) oscillations are mediated by activation of oscillatory Ca2+-dependent K+ current. Below application 

of testosterone valerate (T-valerate, 30 ɛM) potentiated the ATP (50 ɛM)-stimulated response mediated by native 

P2X2 in cell voltage-clamped at -60 mV. (B) Potentiation of ATP-stimulate current in pituitary lactotrophs. On 

top example, current-clamp recording from pituitary lactotrophs identified according to the thyrotropin-releasing 

hormone (TRH)-stimulated response. Below, application of testosterone valerate (30 ɛM) in cell voltage clamped 

at -60 mV potentiated the amplitude and reduced the rate of desensitization of the ATP (100 ɛM)-stimulated 

response. (C) On top potentiating effect of 3 ɛM testosterone valerate on the 100 ɛM ATP-induced current in non-

identified anterior pituitary cell. Below inhibitory effect of 30 ɛM testosterone valerate on ɔ-aminobutyric acid 

(GABA) (50 ɛM)-induced current in non-identified pituitary cell. (D) Representative recording from a SON 

neuron in rat brain slices showing the potentiation effect of 3 ɛM testosterone butyrate on the 50 ɛM ATP-induced 

inward current and frequency of spontaneous postsynaptic currents. (E) Summary graphs showing effects of 

testosterone derivatives on amplitude of ATP- and GABA-induced current in pituitary cells. Data are presented as 
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the mean Ñ SEM with a scatterplot of the individual data points. (F) Summary graphs showing effects of 

testosterone derivatives (in %) on desensitization of ATP- and GABA-induced current, respectively. Data are 

presented as the mean Ñ SEM with a scatterplot of the individual data points. Significant differences between 

responses in the presence and absence of testosterone derivatives were estimated using the unpaired t-test (*p < 

0.05; **p < 0.01). 

Application of testosterone valerate (3ï30 ÕM) increased the amplitude of ATP (30-

100 ÕM)-evoked currents both in gonadotrophs (Fig. 4.8A) and lactotrophs (Fig. 4.8B), as well 

as in non-identified pituitary cells (Fig. 4.8C, upper trace) on average to 152 Ñ 13% (n = 12, 

Fig. 4.8E). In addition, testosterone valerate also reduced the  rate of desensitization of ATP-

induced current in P2X4-expressing lactotrophs by 2.6-fold (control, tdes = 6 Ñ 1 s; testosterone 

valerate, tdes = 16 Ñ 2 s, n = 4; p < 0.01, Fig. 4.8B and F). SON neurons in slices respond to the 

ATP application with a somatic current and increases in the frequency of superimposed 

spontaneous postsynaptic currents, and a treatment with 3 ÕM testosterone butyrate potentiated 

both these effects of ATP (Fig. 4.8D). 

All subtypes of anterior pituitary cells express neuronal type of GABAA receptor 

(Zemkova, Bjelobaba et al. 2008). We investigated the effect of testosterone derivatives on 

GABA-induced responses in non-identified pituitary cells for comparison with other 

endogenously expressed ligand-gated receptor channels (Fig. 4.8C, lower trace). In contrast to 

ATP-induced responses, the GABA-evoked responses were inhibited on average to 62 Ñ 3% (n 

= 19, Fig. 4.8E) and the GABAA receptor desensitization was accelerated (control, tdes = 9 Ñ 

1 s; testosterone valerate, tdes = 3.8 Ñ 0.6 s, n = 7; p < 0.01, Fig. 4.8F).  

These data showed that testosterone derivatives potentiate ATP-evoked responses 

mediated by endogenously expressed P2X2 and P2X4, but inhibit endogenously expressed 

GABAA receptors. 
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4.2. The effect of bile acids on the activity of recombinant and endogenously 

expressed P2X receptors 

A 

 

B
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Figure 4.9 Schematic summary of bile acids tested in this study. (A) Primary and secondary bile acids 

(compounds 1-5) that are endogenously synthesized from cholesterol. (B) Three types of modifications of 

lithocholic acid that were tested in this study: modifications at positions C-3, C-5 and C-17. Compounds 6-9 and 

12-14 were newly synthesized.  

4.2.1. Identification of lithocholic acid as the most potent inhibitor of P2X2 and positive 

modulator of P2X4 in comparison with other primary and secondary bile acids 

Using electrophysiological whole-cell patch clamp recordings, we examined the effect of 

common primary and secondary bile acids (compounds 1-5, Fig. 4.9A) on the ampitude of 1 ÕM 

ATP-induced currents mediated by rat P2X2 and  P2X4, and 15 ÕM BzATP-induced current 

mediated by P2X7 (Fig. 4.10). Agonists were applied  for 1-3 s every 20-30 s in the presence 

and absence of 3 ÕM streroid, in the case of P2X7  also with 10 ɛM steroid (Fig. 4.10).  

We found that  cholic acid (compound 1, Fig. 4.10A), chenodeoxycholic acid 

(compound 2, Fig. 4.10B), deoxycholic acid (compound 3, Fig. 4.10C), and ursodeoxycholic 

acid (compound 4, Fig. 4.10D) exhibited no effects on ATP-induced current amplitude. 

Lithocholic acid (compound 5, Fig. 4.10E) significantly inhibited P2X2 (59 Ñ 2%, n = 60, 

P < 0.01) and potentiated P2X4 currents (179 Ñ 7%, n = 59, P < 0.01;  Fig. 4.10E), and slightly  

 

Figure 4.10 Effect of primary and secondary bile acids on agonist-induced currents in HEK293T cells 

expressing rat P2X2, P2X4, and P2X7 receptors. (A - E) Example recordings from cells expressing the rat P2X2 

receptor (red traces) or P2X4 receptor (black traces) and stimulated with 1 ɛM ATP (2-s pulse applied every 20 s) 

in the presence or absence of bile acids: cholic acid (A), chenodeoxycholic acid (B), deoxycholic acid (C), 

ursodeoxycholic acid (D) and lithocholic acid (E); all at 3 ɛM. (F) Example recordings from cells transfected with 

the rat P2X7 receptor showing the effect of 3 ɛM lithocholic acid (upper trace) and 10 ɛM lithocholic acid (lower 

trace) on responses stimulated by application of 15 ɛM BzATP. In this and other figures, long bars above the traces 

indicate bile acid application, and short bars indicate agonist application.  
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potentiated also P2X7 responses, but this effect was not significant (116 Ñ 4%, n = 19, P > 0.05; 

Fig. 4.10F). 

Lithocholic acid (10 ɛM) produced a maximal effect on ATP-evoked current amplitude 

within 40 s of application with a time constant (ŰON) of about 20 s (P2X2: ŰON = 18.9 Ñ 6.1 s, 

n = 3; P2X4: ŰON = 24.3 Ñ 2.3 s, n = 7; Fig. 4.11). The effect of lithocholic acid was fully 

reversible within 3 min of washing with a time constant (ŰOFF) of about 30 s (P2X2: ŰOFF = 25.8 

Ñ 7.9 s, n = 3; P2X4: ŰOFF = 35.3 Ñ 5.8 s, n = 7; Fig. 4.11). 

 

Figure 4.11 Time-courses of P2X modulation during lithocholic acid application and disappearance of this 

effect after its washout. (A and D) An example records showing the effect of 10 ɛM lithocholic acid (LCA) on 

1 ɛM ATP-induced P2X2 (A) and P2X4 (D) current. (B and E) Time-course of the current amplitude changes 

during LCA application ATP-induced current was normalized to the maximum current observed in the presence 

of LCA. Numbers indicate the time constant of the onset (ŰON) of LCA-induced effects shown in A and D. (C and 

F) Time-course of the current amplitude changes after LCA washout. Numbers indicate the time constant of the 

recovery (ŰOFF) of LCA-induced effects  shown in A and D. 

These results showed that low (3 ɛM) concentrations of primary bile acids exhibit no 

effect on P2X responses, while secondary bile acids, particularly the lithocholic acid, 

significantly inhibit the P2X2 but potentiate  the P2X4. In addition these results revealed that 

the onset and offset of both stimulatory and inhibitory effects occur with similar kinetic. 

4.2.2.  Lithocholic acid derivatives modulate P2X2 and P2X4 activity  in a concentration-

dependent manner  

Next, we examined  the concentration-dependent effects of primary and secondary bile acids 

on P2X2, P2X4 and P2X7 currents, and the effect of structural analogues of lithocholic acid 

(Fig. 4.9B) that were designed in order to increase the lithocholic acid-induced modulation,  

and/or to identify critical structural features of this molecule.  
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Figure 4.12 Concentration-dependent effects of primary and secondary bile acids and lithocholic acid 

analogues. (A and B) Example recordings showing the inhibitory effects of several concentrations (1-30 ɛM) of 

lithocholic acid (LCA) on 1 ɛM ATP-induced P2X2  (A) and the potentiating effect on P2X4 (B) receptors. (C) 

Example recordings showing the potentiating of P2X2 by several concentrations (0.3-10 ɛM) of 5ɓ-cholanic acid-

3Ŭ-yl acetate (3-OAc-LCA, compound 8). (D) Concentration-dependent effects of primary and secondary bile 

acids (compounds 1-4). (E) Concentration-dependent effects of lithocholic acid and its derivatives modified at 
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position C-3 (compounds 5-8). (F) Concentration-dependent effects of derivatives modified at position C-5 

(compounds 9-12). (G) Concentration-dependent effects of derivatives modified at position C-17 (compounds 13-

14) and concentration-dependent effect of LCA on 15 ɛM BzATP-induced P2X7 responses (green). (H) 

Concentration-dependent inhibitory effect of lithocholic acid on 1 ɛM ATP-stimulated P2X2 current. The vertical 

dotted line indicates the concentration producing the 50% inhibitory effect, and the number represents the mean 

IC50 value. (I)  Correlation between the inhibitory effect on P2X2 and potentiating effects on P2X4 for individual 

lithocholic acid analogues at 30 ɛM. 

Lithocholic acid inhibited P2X2 and potentiated P2X4 responses in a concentration-

dependent manner (Fig. 4.12A, B and E; Table 4.2), the maximum effect was observed at 30 ɛM 

(P2X2 inhibition: 31 Ñ 11 %, n = 5, P < 0.01; P2X4 potentiation: 391 Ñ 33 %, n = 12, P < 0.01). 

Primary bile acids and other secondary bile acids did not inhibit P2X2 or potentiate P2X4 

responses even at higher concentrations (Fig. 4.12D). 

Structural change of the 3Ŭ-OH to 3ɓ-OH (isolithocholic acid, compound 6) or to 3-

ketone (compound 7) resulted in a significantly reduced potentiating effect on P2X4 (30 ɛM 

compound 6: 142 Ñ 7.2%, n = 5, P < 0.05; 30 ɛM compound 7: 176 Ñ 23%, n = 12, P < 0.05; 

Fig. 4.12E, black), while the inhibitory effect on P2X2 was well preserved (30 ɛM compound 6: 

42 Ñ 5%, n = 5, P < 0.01; 30 ɛM compound 7: 53 Ñ 12 %, n = 12, P < 0.01; Fig. 4.12E, red). 

An acetate moiety at position 3Ŭ (compound 8) completely abolished the inhibitory effect on 

the P2X2 response and both P2X2 and P2X4 recepros were potentiated (30 ɛM compound 8, 

P2X2: 254 Ñ 22 %, n = 5, P < 0.01; P2X4: 243 Ñ 23 %, n = 12, P < 0.01; Fig. 4.12C and E). 

The structural change of 5ɓ-H to 5Ŭ-H (compounds 9, and 10) or the double bond between C-

5 and C-6 (compound 12) completely abolished the potentiating effect on P2X4 and reduced 

also the inhibitory effect on P2X2 (Fig. 4.12F). The double bond between C-4 and C-5 (4-

dafachronic acid, compound 11) had no effect on the inhibitory or potentiating activities of 

lithocholic acid (30 ɛM compound 11, P2X2: 53 Ñ 4%, n = 6, P < 0.01; P2X4: 357 Ñ 84 %, n = 

10, P < 0.01; Fig. 4.12F). Esterification (compound 13) completely abolished both the 

potentiating and inhibitory effect, and conjugation with glycine (compound 14) partially 

reduced both effects (Fig. 4.12G). The P2X7 was potentiated by lithocholic acid at higher doses 

(10 ɛM: 178 Ñ 15%, n = 10, P < 0.01; 30 ɛM: 259 Ñ 25%, n = 9, P < 0.01; Fig. 4.10F, lower 

trace, and Fig. 4.12G, green), but this effect was not studied further. 

Concentration analysis was performed for the inhbibitory effect on the P2X2. The 

concentration of lithocholic acid-producing 50% inhibition of the 1 ɛM ATP-induced P2X2 

response (IC50) was 4.6 Ñ 0.9 ɛM (Fig. 4.12H). 

Compound 15 potentiated both P2X2 and P2X4 similarly as compound 8 (30 ɛM, P2X2: 

211 Ñ 15%, n = 3, P < 0.01; P2X4: 230 Ñ 53%, n = 6, P < 0.01; Table 4.2), indicating that 3Ŭ-
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hydroxy group might be important for the ability of the molecule to switch between potentiation 

and inhibition.  

Table 4.2 Concentration-dependent effects of primary and secondary bile acids and lithocholic acid derivatives 

on P2X2 and P2X4 currents.  

Compound R 1 mM 3 mM 10 mM  30 mM 

Cholic acid CA,1   

 

P2X2 

P2X4 

n.d. 

n.d. 

109 Ñ 6 

109 Ñ 3 

86 Ñ 11 

123 Ñ 3 

96.0 Ñ 5.5 

129 Ñ 16 

Chenodeoxycholic acid, CDCA, 2 

 

P2X2 

P2X4 

n.d. 

n.d. 

105.0 Ñ 2.5 

108 Ñ 2 

80 Ñ 9 

119 Ñ 6 

81 Ñ 10 

132 Ñ 14* 

Deoxycholic acid, DCA, 3  

 

P2X2 

P2X4 

n.d. 

n.d. 

101 Ñ 3 

118.0 Ñ 9.5 

85 Ñ 12 

119 Ñ 4 

86 Ñ 7 

144 Ñ 22 

Ursodeoxycholic acid, UDCA, 4 

 

P2X2 

P2X4 

n.d. 

n.d. 

104 Ñ 3 

113 Ñ 3 

78 Ñ 5* 

127 Ñ 8* 

75 Ñ 6* 

144 Ñ 20 

Lithocholic acid, LCA, 5 

 

P2X2 

P2X4 

76 Ñ 7* 

159 Ñ 7** 

59 Ñ 2** 

179 Ñ 7** 

39.0 Ñ 5.5** 

249 Ñ 10** 

31 Ñ 11** 

391 Ñ 33** 

Isolithocholic acid, 3ɓ-LCA, 6 

 

P2X2 

P2X4 

n.d. 

n.d. 

77 Ñ 1* 

116 Ñ 5 

55.0 Ñ 7.5** 

137 Ñ 16* 

42 Ñ 5** 

142 Ñ 7* 

3-Oxo-5ɓ-cholanic acid, 7 

 

P2X2 

P2X4 

n.d. 

n.d. 

95 Ñ 4 

118 Ñ 10 

60 Ñ 6* 

149 Ñ 9* 

53 Ñ 12** 

176 Ñ 23* 

3-OAc-LCA, 8  

 

P2X2 

P2X4 

167 Ñ 8** 

157 Ñ 12** 

180 Ñ 12** 

164 Ñ 8** 

193 Ñ 15** 

202 Ñ 22** 

254 Ñ 22** 

243 Ñ 23** 

5Ŭ-LCA, 9  

 

P2X2 

P2X4 

n.d. 

n.d. 

88 Ñ 6 

103.0 Ñ 2.5 

87 Ñ 6 

107 Ñ 4 

84 Ñ 3* 

118 Ñ 5 

3ɓ-Hydroxy-5Ŭ-cholanic acid, 10  P2X2 

P2X4 

n.d. 

n.d. 

82 Ñ 8 

96 Ñ 12 

77 Ñ 7* 

111 Ñ 2 

63 Ñ 6** 

113.0 Ñ 5.5 

4-Dafachronic acid, 4-DA, 11  

 

P2X2 

P2X4 

91.0 Ñ 1.5 

117 Ñ 4 

70 Ñ 4** 

153 Ñ 7** 

59 Ñ 5** 

249 Ñ 37** 

53 Ñ 4** 

357 Ñ 84** 

3ɓ-Hydroxy-5-cholenoic acid, 12 P2X2 

P2X4 

n.d. 

n.d. 

71 Ñ 4 

107 Ñ 6 

66 Ñ 8 

117 Ñ 4 

64 Ñ 9* 

129 Ñ 13 

LCA-Me-ester, 13 

 

P2X2 

P2X4 

n.d. 

n.d. 

94 Ñ 6. 

106 Ñ 4 

88 Ñ 9 

116 Ñ 8 

93 Ñ 9 

117 Ñ 3 

glycine-LCA, 14  P2X2 

P2X4 

n.d. 

n.d. 

96 Ñ 6 

115.0 Ñ 3.5 

82 Ñ 4 

123 Ñ 3 

55 Ñ 6** 

142 Ñ 4* 

12-Oxo-5ɓ-cholanic acid, 15 P2X2 

P2X4 

n.d. 

n.d. 

105 Ñ 12 

142 Ñ 9* 

211 Ñ 15** 

230 Ñ 53** 

229 Ñ 45** 

233 Ñ 37** 

Obeticholic acid, 16 

 

P2X2 

P2X4 

n.d. 

n.d 

101 Ñ 9 

104 Ñ 3 

123 Ñ 6* 

143 Ñ 6* 

114 Ñ 11 

182 Ñ 21* 

Experiments were performed on HEK293T cells expressing P2X2 or P2X4 receptors (R) and stimulated with 1 ɛM 

ATP in the presence or absence of 1, 3, 10 or 30 ɛM bile acid. The data shown are the mean Ñ SEM values (in %) 

from 3 to 30 cells recorded in 3-10 independent experiments. (*) P < 0.05, (**) P < 0.01 between responses in the 

presence and absence of bile acids; n.d, not determined. 

We also evaluated the effect of obeticholic acid (compound 16), the most active steroidal 

ligand for FXR, the bile acid receptor that might be endogenously expressed in HEK293 cells 

(Wang, Chen et al. 2008). Obeticholic acid (3 ɛM) had no effect on P2X2 or P2X4 responses, 

and slightly potentiated only P2X4 at higher doses (30 ɛM; P2X2: 114 Ñ 11%, n = 3, P > 0.05; 

P2X4: 182 Ñ 21%, n = 4, P < 0.05; Table 4.2), indicating that the effects of lithocholic acid are 

not due to modulation of P2X receptors via endogenous bile acid receptors.  
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These results idenified lithocholic acid and 4-dafachronic acid as strong inhibitors of 

the P2X2 and potentiating drugs at the P2X4.  These results also showed that modifications of 

lithocholic acid at different parts of the molecule did not generate a more potent modulator but 

all these modifications abolished both inhibitory and potentiating effects to varying degrees. A 

clear correlation between changes in the inhibitory and potentiating effects was not observed 

(Fig. 4.12I), suggesting that lithocholic acid might interact with P2X2 and P2X4 at two different 

modulatory sites. 

4.2.3. Lithocholic acid allosterically modulates P2X2 and P2X4 receptor channel gating  

To explore the molecular mechanism by which lithocholic acid regulates the activity of P2X 

 

Figure 4.13 Effect of lithocholic acid on concentration-response curves for P2X2 and P2X4. (A) Example 

recordings showing the inhibitory effect of 10 ɛM lithocholic acid (LCA) on the P2X2 receptor. (B) Example 

recordings showing the potentiating effect of 10 ɛM lithocholic acid on the P2X4. (C - D) Concentration-
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dependent effects of ATP on the peak amplitude of current in the absence (open circles) and presence (closed 

circles) of LCA for the P2X2 (C) and the P2X4 (D). The vertical dotted lines represent the ATP concentration 

producing the 50 % maximal response, the arrows indicate the shift of the ATP concentration response curve in 

the presence of LCA, and the numbers represent the mean EC50 values in the presence (+LCA) and absence 

(- LCA). The Hill coefficient was fixed to 1.3. Data points represent the mean Ñ SEM; n = 5-17 cells from 3-6 

passages per concentration. 

receptors, we studied its effect on responses stimulated by different concentrations of ATP (Fig. 

4.13A and B). Application 10 ɛM lithocholic acid shifted the ATP concentration-response 

curve for P2X2 to the right (Fig. 4.13C) and increased the  EC50 by 2.4-fold (control EC50 = 3.1 

Ñ 0.3 ɛM;  lithocholic acid EC50 = 7.6 Ñ 1.3 ɛM; P < 0.01) without significantly decreasing the 

maximum current amplitude at saturating (100 ɛM) ATP concentration (control: 3.1 Ñ 0.4 nA; 

lithocholic acid: 2.8 Ñ 0.3 nA; n = 5, P > 0.05). 

In contrast, whole-cell recordings from P2X4-transfected cells (Fig. 4.13B) revealed 

that 10 ɛM lithocholic acid shifted the ATP concentration-response curve to the left (Fig. 

4.13D) and reduced the EC50 value by 2.5-fold (control EC50 = 2.7 Ñ 0.4 ɛM; lithocholic acid 

EC50 = 1.1 Ñ 0.2 ɛM; P < 0.05) without significantly changing the maximum current amplitude 

(control: 2.0 Ñ 0.17 nA; lithocholic acid: 2.6 Ñ 0.27 nA; n = 7, P > 0.05).  

Thus, lithocholic acid acts as allosteric modulator which inhibits P2X2 and potentiates 

P2X4 channel gating.  

4.2.4. Lithocholic acid reduces the level and the rate of P2X4 desensitization 

In control experiments, the P2X4 desensitized to 4.09 Ñ 0.66 % of the initial peak 

amplitude (n = 11) within 40 s of 100 ÕM ATP application (Fig. 14.4A). In the presence of 

10 ɛM lithocholic acid, the nondesensitized plateau current increased to 10.5 Ñ 1.5% (n = 21; 

P < 0.01; Fig. 4.14A and C) and the rate of receptor desensitization decreased by 1.7-fold 

(control, Űdes = 7.2 Ñ 0.45 s, n = 11; lithocholic acid, Űdes = 12.0 Ñ 1.2 s, n = 21; P < 0.01; Fig. 

4.14D). The P2X4 resensitizes slowly (Fig. 4.14B). Application of 10 ɛM lithocholic acid to 

the desensitized receptor accelerated the recovery of the peak current so that the ratio of the 3rd 

to the desensitized 2nd peak current increased from 1.1 Ñ 0.1 (n = 12) to 2.2 Ñ 0.4 (n = 7; Fig. 

4.14B and E).  

These results showed that lithocholic acid reduces the level and slows down the kinetics 

of P2X4 desensitization, and accelerates reasensitization similarly to ivermectin (Khakh, 

Proctor et al. 1999; Mackay, Zemkova et al. 2017). 
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Figure 4.14 Effects of lithocholic acid on P2X4 desensitization and resensitization. (A) Comparison of the 

time courses of currents induced by prolonged application of 100 ɛM ATP in the presence (gray) and absence 

(black) of 10 ɛM lithocholic acid (LCA). The desensitization time constants (Űdes) were derived by fitting the curve 

to a biexponential function. (B) Recovery of the peak of desensitized ATP-induced current and potentiation of 

recovery after application of 10 ɛM lithocholic acid. (C) Summary histogram showing the desensitized plateau-

to-peak ratio in control experiment (white column) and in the presence of lithocholic acid (gray column). (D) The 

means Űdes in control (white column) and in the presence of 10 ɛM lithocholic acid (gray column). (E) Summary 

histogram showing the recovery from desensitization (the 2nd to 3rd peak ratio) in control experiments (white 

column) and after 10 ɛM lithocholic acid application (gray column). Data shown in C ï D are presented as the 

mean Ñ SEM with a scatter plot of the individual data points (n = 7-21 cells from 4 passages). The statistical 

significance was estimated using the unpaired t-test, P<0.01 (**). 

4.2.5. Antagonizing effects of lithocholic acid on ivermectin-induced modulation of P2X4 

deactivation 

We next evaluated the deactivation properties of P2X4 and examined the efect of lithocholic 

acid on ivermectin induced prolongatinion of deactivation. The deactivation time constant (Űoff) 

was obtained by fitting the current decay evoked by 1 ɛM ATP removal. Lithocholic acid 

(10 ɛM) alone exhibited no effect on P2X4 deactivation (control: Űoff  = 286 Ñ 53 ms, n = 6, 

lithocholic acid: Űoff  = 355 Ñ 63 ms, n = 6, P > 0.05). In control experiments, application of 3 

ɛM ivermectin increased the amplitude of the 1 ɛM ATP- induced current by 8.5 Ñ 1.0-fold 

(from 0.26 Ñ 0.03 nA to 2.20 Ñ 0.26 nA; n = 20, P < 0.01), and the Űoff increased to 8.08 Ñ 0.69 s 

(n = 20; Fig. 4.15A).  
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Figure 4.15 Inhibitory e ffect of lithocholic acid and its derivatives on ivermectin-induced delay in P2X4 

deactivation. (A) Example recording showing the effects of ivermectin (IVM) on 1 ɛM ATP-induced current 

amplitude and channel deactivation. (B) Example recording showing the inhibitory effects of pretreatment with 10 

ɛM lithocholic acid (LCA) on ivermectin-induced delay in deactivation. (C) Example recording showing theat 10 

ɛM isolithocholic acid (3ɓ-LCA) failed to prevent the effect of ivermectin on deactivation. (D) Summary 

histogram showing no effects of lithocholic acid, 4-dafachronic acid (4-DA), 5ɓ-cholanic acid-3Ŭ-yl acetate (3-

OAc-LCA) and isolothocholic acid (all 10 ɛM) on the potentiating effect of ivermectin on amplitude of 1 ɛM 

ATP-induced current. (E) Summary histogram showing the inhibition of  ivermectin-induced increase in  

deactivation time constant (toff) by lithocholic acid, 4-dafachronic acid and  5ɓ-cholanic acid-3Ŭ-yl acetate, but 

not isolothocholic acid, (all 10 ɛM). Data are presented as the mean Ñ SEM with a scatter plot of the individual 

data points (n = 3-18 cells from 5-8 passages). 

Lithocholic acid alone increased the amplitude of the ATP-stimulated current by 2.5 Ñ 

0.1-fold (Fig. 4.15B) and ivermectin application further increased the amplitude by 5.2 Ñ 0.9-

fold (to 2.00 Ñ 0.28 nA; n = 8, P < 0.01; Fig. 4.15B) indicating that lithocholic acid has no effect 

on ivermectin-induced potentiation of current amplitude (Fig. 4,15D). However, ivermectin-

induced increase in the Űoff  was reduced to 2.41 Ñ 0.49 s in the presence of lithocholic acid (n 

= 8; Fig. 4.15B). A similar effect was observed in the presence of 4-dafachronic acid and 

compound 8, which potentiates both P2X2 and P2X4 receptors, but not of isolithocholic acid, 

which inhibits P2X2 but exhibits no significant potentiating effect on the P2X4 (Fig. 4.15C and 

E). 

These results showed that lithocholic acid and its derivatives that significantly potentiate 

P2X4 prevent ivermectin-induced delay in receptor deactivation, suggesting interaction with 

the ivermectin binding site. 

4.2.6. Localization of lithocholic acid binding site in P2X4 using alanine scanning of TM1 

In the rat P2X4, mutations of Y42, V43, W46, V47 and W50 in the upper halve of TM1 have 

been shown to reduce ivermectin response (Jel²nkov§, Yan et al. 2006; Silberberg, Li et al. 
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2007; Jel²nkova, V§vra et al. 2008; Popova, Trudell et al. 2013), and mutations of G45 and F48 

increase the ivermectin response (Jel²nkova, V§vra et al. 2008; Zemkova, Khadra et al. 2015). 

To test a hypothesis that lithocholic acid interacts with ivermectin binding site, we examined 

sensitivity of alanine substitutions of residues in the upper part of TM1 (from Y42 to W50) to 

3 ɛM lithocholic acid. The results of these investigations are summarized in Fig. 4.16.  

 

 

Figure 4.16 Alanine-scanning mutagenesis and structural determinants for binding of lithocholic acid at the 

upper halve of TM1 in P2X4 receptor. (A) Example recordings from cells expressing the P2X4-WT or F48A 

and Y42A mutants. 1 ɛM ATP-induced responses were recorded in the presence or absence of 3 ÕM lithocholic, 

except gain of function Y42A mutant that was stimulated with 0.3 ɛM ATP. (B) Summary graph showing the 

effects of lithocholic acid on the amplitude of ATP-induced current in WT and mutants in the upper part of TM1 

(Y42A-W50A); nonfunctional (n.f.). (C) Structural model of rat P2X4 in open state with predicted ivermectin 

binding site between two neighboring subunits. TM1 mutations in W50, W46, V47 and V43 (yellow) abolish the 

effect of ivermectin, whereas mutations in F48 and G45 (cyan) increase the effect of ivermectin, and gain of 

function  mutation in Y42 (gray) cannot be modified by ivermectin (Jel²nkov§, Yan et al. 2006; Silberberg, Li et 

al. 2007). Red asterisks indicate amino acid residues showing altered sensitivity to lithocolic acid. Homology 

model of the rat P2X4 receptor was build previously (Rokic, Stojilkovic et al. 2013) using the model of the 

zfP2X4.1 in the open (4DW1) state (Hattori and Gouaux 2012). This figure was generated using Pymol v0.99 

(http://www.pymol.org). 

As mentioned above, in control experiments application 3 ɛM lithocholic acid increased 

the amplitude of the 1 ɛM ATP-stimulated current by about 2-fold. The potentiation effect of 

lithocholic acid was significantly reduced in F48A and V43A mutants and completely inhibited 

in Y42A mutant (Fig.4.16A). Remaining mutants (I44A, G45A, W46A, V47A and W50A) 

were potentiated similarly to WT receptor (Fig.4.16B). The rP2X4-V49A receptor variant was 

nonfunctional (Rokic, Stojilkovic et al. 2013).  

These data revealed that 3 of 7 resiudes in the upper halve of TM1 that have been 

previously identified to be involved in ivermectin binding participate also in the effect of 

lithocholic acid (Fig. 4,16C), indicating that binding sites for lithocholic acid and ivermectin 

could partly overlap at the P2X4. 
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4.2.7. Modulation of endogenously expressed P2X in pituitary cells and hypothalamic neurons 

by lithocholic acid 

The effect of lithocholic acid was also tested in anterior pituitary cells and hypothalamic SON 

neurons endogenously expressing functional P2X2 and P2X4 subtypes. The application of 

lithocholic acid (3ï10 ɛM) induced significant inhibition of the ATP-evoked currents in 

pituitary gonadotrophs, on average, to 85 Ñ 21 % (from 64.2 Ñ 16.1 pA to 54.9 Ñ 14.0 pA; n = 7, 

P < 0.05; Fig. 4.17A and D), and potentiation of ATP-evoked currents in nonidentified pituitary 

cells, on average, to 137 Ñ 33 % (control: 16.0 Ñ 8.1 pA; LCA: 21.9 Ñ 14.0 pA; n = 4, P < 0.05; 

Fig. 4.17B, upper trace). In SON neurons of rat brain slices, lithocholic acid (10 ɛM) had a 

tendency to increase the amplitude of the ATP-induced current, but this effect was not 

significant (Fig. 4.17C and F). 

 

Figure 4.17 Effects of lithocholic acid on endogenously expressed P2X receptors in anterior pituitary cells 

and hypothalamic neurons. (A) Electrical activity in gonadotrophs stimulated by gonadotropin-releasing 

hormone (GnRH) that was used to identify these cells (upper trace). Lithocholic acid (LCA, 3 ɛM) inhibited the 

ATP (100 ɛM)-stimulated response mediated by native P2X2 in gonadotrophs. Residual oscillations are due to 

oscillatory Ca2+-dependent K+ currents previously activated by GnRH (lower trace). (B)  Potentiating effect of 10 

ɛM lithocholicnacid on the ATP (50 ɛM)-stimulated current in nonidentified anterior pituitary cells indicating the 

presence of P2X4 (upper trace). Inhibitory effect of 3 ɛM lithocholic acidon GABA (50 ɛM)-induced current in 

nonidentified pituitary cell (lower trace). (C) ATP (100 ɛM)-stimulated current in two example SON neurons in 

the presence and absence of 10 ɛM lithocholi acid. (D - F) Summary graphs showing the effects of lithocholic acid 

on the amplitude of ATP-evoked current in pituitary gonadotrophs (D), amplitude of GABA-induced current in 

nonidentified pituitary cells (E) and amplitude of ATP-induced current in SON neurons (F). Data are presented as 

the mean Ñ SEM with a scatter plot of the individual data points (ATP, n = 8 cells from 3 cell culture preparations; 

GABA, n = 7 cells from 3 cell culture preparations. Significant differences between responses in the presence and 

absence of lithocholic acid were estimated using a paired t-test, P < 0.05 (*). 
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The effects of lithocholic acid  was subsequently investigated in nonidentified pituitary 

cells expressing the GABAA receptor (Zemkova, Bjelobaba et al. 2008) for comparison with 

other ligand-gated ion channels. In contrast to ATP-induced responses, the amplitude of the 

GABA-evoked current was inhibited (Fig. 4.17B lower trace) on average to 72 Ñ 5% (from 163 

Ñ 70 pA to 112 Ñ 49 pA; n = 5, P < 0.05; Fig. 4.17E).  

Thus, lithocholic acid inhibits endogenously expressed P2X2 and GABAA receptors, 

and potentiates P2X4 in pituitary cells, but no effect was observed in hypothalamic neurons 

expressing both P2X2 and P2X4. 
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5. DISCUSSION  

In this thesis, we designed and synthesized new steroids, examined their effect on recombinant 

or endogenously expressed P2X receptors and identified derivatives of testosterone and 

lithocholic acid as effective allosteric modulators of P2X2 and P2X4 receptors. The effect of 

these new modulators on activity and agonist sensitivity of P2X was characterized using 

electrophysiology and microfluorimetry. Testosterone derivatives potentiate but lithocholic 

acid inhibits P2X2, indicating that both drugs use different binding sites and mechanisms at 

P2X2. On the other hand, potentiating effects of both testosterone derivatives and lithocholic 

acid at P2X4 are mediated most probably by the same binding site, partially overlapping with 

the receptor-specific binding site for ivermectin. 

5.1. Testosterone derivatives: Positive allosteric modulators of P2X2 and P2X4 receptors 

Our results revealed that 17ɓ-ester derivatives of testosterone selectively potentiate P2X2 and 

P2X4, but not P2X7 subtype, and derivatives of testosterone with a 4-5 carbon alkyl chain at 

position C-17 of the steroid D-ring, such as testosterone butyrate and testosterone valerate,  are 

the most efficient modulators, while testosterone itself exhibits much smaller effect. The 

mechanism by which testosterone derivatives allosterically potentiate P2X2 and P2X4 

responses includes an increase in ATP sensitivity, a decrease in the rate of P2X4 desensitization, 

and accelerated recovery from desensitization. These drugs also increase the uptake of EtBr by 

cells expressing P2X4 and antagonize the effect of ivermectin on P2X4 deactivation.  

Previous studies revealed that neuronsteroids such as DHEA, alfaxolone, ALLOP and 

pregnanolone sulfate, that are well known allosteric modulators of GABAA (Lambert, Belelli 

et al. 2003; Reddy 2003; Hosie, Wilkins et al. 2007) and NMDA receptors (Malayev, Gibbs et 

al. 2002; Hrcka Krausova, Kysilov et al. 2020), are also both positive and negative allosteric 

modulators of P2X. It has been reported that DHEA potentiates P2X2 and inhibits P2X3 in 

neonatal rat DRG neurones (De Roo, Rodeau et al. 2003), alfaxolone, ALLOP or THDOC 

potentiate but pregnanolone inhibits recombinant P2X4 expressed in HEK293T cells and 

Xenopus leavis oocytes (Codocedo, Rodr²guez et al. 2009). Additionally, THDOC was able to 

increase the deactivation time constant of the P2X4 (Codocedo, Rodr²guez et al. 2009), 

similarly as previously described for the GABAA receptor (Harrison and Simmonds 1984). Sex 

steroids such are 17ɓ-estradiol, that potentiates nicotinic Ŭ4ɓ2 acetylcholine receptor (Paradiso, 

Zhang et al. 2001), and progesterone did not show any modulatory effect at recombinant P2X4 

(Codocedo, Rodr²guez et al. 2009) but progesterone potentiates native P2X2 in rat DRG 
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neurons, as well recombinant P2X2 in transfected HEK293 cells or Xenopus laevis oocytes (De 

Roo, Bou®-Grabot et al. 2010), and 17ɓ-estradiol inhibits P2X3 in DRG neurons (Ma, Rong et 

al. 2005). We found that testosterone itself does not effectively potentiate P2X, but derivatives 

of testosterone with a 4-5 carbon alkyl chain at position C-17 potentiate both P2X2 and P2X4, 

indicating that the modulatory effects of steroids might rely on different parts of the molecule, 

particularly the structure of modifications at C3 and C17. Additionally, steroids containing the 

3Ŭ-hydroxyl group, such as alfaxolone or THDOC, directly open the P2X4 channel pore at 

higher concentrations and in the absence of agonist (Codocedo et al., 2009). This effect was not 

observed with 30 ÕM 17ɓ-ester derivatives of testosterone suggesting that modulatory effects 

of different steroids are likely mediated by specific mechanisms. 

Analysis of P2X2 and P2X4 concentration-response curves showed that the potentiating 

effect of testosterone derivatives was due to a steroid-induced increase in the sensitivity of the 

receptor to ATP, rather than to increased efficacy of the agonist. The small increase in the Imax 

observed at P2X4 was apparently due to steroid-induced inhibition of desensitization and 

accelerated resensitization; no increase in the Imax was observed for P2X2. Thus, upon binding, 

testosterone analogues acting as allosteric modulators may change the P2X protein 

conformation and subsequently alter the binding of orthosteric ligands, enhancing receptor 

function. An increase in the sensitivity of the receptor to agonist has been also observed after 

binding of ivermectin, specific allosteric modulator of P2X4 (Khakh, Proctor et al. 1999; Priel 

and Silberberg 2004; Jel²nkov§, Yan et al. 2006; Mackay, Zemkova et al. 2017). Testosterone 

derivatives and ivermectin also potentiated ATP-stimulated EtBr uptake by HEK293 cells 

expressing the P2X4, further indicating that the potentiating effects of testosterone derivatives 

and ivermectin are mediated by the same binding sites. 

In addition to P2X4, ivermectin acts as allosteric modulator of several ligand-gated ion 

channels, such as GABA- and glycine-activated Cl- channels, Ŭ7 nicotinic acetylcholine 

receptor and histamine receptor channels, for review see (Zemkova, Tvrdonova et al. 2014; 

Huang, Chen et al. 2017). In the P2X4 and all these channels, the allosteric binding site for 

ivermectin is located in the transmembrane domain and is formed by an inter-subunit 

hydrophobic pocket (Jel²nkov§, Yan et al. 2006; Lynagh and Lynch 2012; Latapiat, Rodr²guez 

et al. 2017). We found that testosterone valerate antagonizes the effect of ivermectin on P2X4 

deactivation which indicates that the binding site for testosterone derivatives is located within 

the TM domain, possibly within the ivermectin binding pocket. Alternatively, binding sites are 

different and the interaction of testosterone derivatives with receptor causes conformational 

changes that affect receptor-specific ivermectin binding; this possibility was further 
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investigated in the second part of this thesis describing localization of binding site for another 

endogenous steroid, lithocholic acid (see 4.2.6.). 

However, some differences also exist between the actions of testosterone derivatives 

and ivermectin. First, we observed a clear correlation between the potentiating effect on the 

P2X2 and P2X4 responses, suggesting that the binding site for testosterone analogues is well 

conserved among these two P2X subtypes, while ivermectin binding is specific for P2X4 

subtype (Khakh, Proctor et al. 1999). Second, ivermectin application highly significantly 

prolongs the deactivation of P2X4 current  (up to 60-fold) (Jel²nkov§, Yan et al. 2006), while 

no effect on deactivation was observed after the application of testosterone derivatives, further 

suggesting that the binding sites for testosterone derivatives and ivermectin are not identical. 

We suggest that these binding sites partially overlap. 

It is well known that the P2X7 is modulated by endogenous cholesterol that inhibits 

channel activity by binding to the TM helices, and drugs that interact with the cholesterol 

binding site may reduce the inhibitory effect of cholesterol and potentiate P2X7 (Murrell-

Lagnado 2017). Our results show that testosterone derivatives are not able to potentiate activity 

of P2X7 subtype or shift the concentration-response curve for this receptor indicating that 

testosterone derivatives cannot interact with the binding site for cholesterol which is supposed 

to regulate all P2X (Murrell-Lagnado 2017). 

The potentiating effects of testosterone and testosterone derivatives were observed at 

relatively high concentrations (1ï30 ÕM) that are unlikely to be reached under physiological 

conditions (Baulieu 1998; Rupprecht and Holsboer 1999), but might be achieved during 

treatment with anabolic steroids containing synthetic testosterone derivatives, before they are 

cleaved in the plasma by esterases to provide testosterone. Anabolic steroids regulate the 

transcription of target genes that control the accumulation of DNA required for skeletal muscle 

growth, and stimulate the brain through their diverse effects on various central nervous system 

neurotransmitters via a fast, non-genomic action (Ganesan, Rahman et al. 2021). The 

application of anabolic steroids might induce emotional lability, major mood disorders, 

anosmia, headache, depression, nervousness, body pain, violence insomnia and aggressive 

behavior (Ganesan, Rahman et al. 2021). After one dose of anabolic steroids, 750 mg, 

administered as oral pills, injections, creams or topical gels, and skin patches, the levels of 

testosterone derivatives in plasma might increase up to 10 ÕM, a sufficient concentration to 

potentiate endogenously expressed P2X2 or P2X4 (Fig. 4.3). Thus potentiation of P2X 

receptors that are widely expressed in neurons of many areas of the brain (Khakh and North 
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2012) and neuroendocrine cells (Stojilkovic and Zemkova 2013) might be involved in the 

adverse neuropsychiatric effects of anabolic steroids. 

5.2. Lithocholic acid: Potent inhibitor of P2X2 and positive modulator of P2X4 in the rat 

Lithocholic acid, a secondary bile acid, acts as a detergent to solubilize fats for absorption in 

the colon, but outside the gastrointestinal tract it has been shown to play a role as extracellular 

signaling molecule, too (Copple and Li 2016; McMillin and DeMorrow 2016). Our second 

study shows that lithocholic acid (1ï30 ÕM), and its structural analogue 4-dafachronic acid 

inhibit P2X2 and potentiate the P2X4, and to some degree potentiate also P2X7 subtype. 

Primary bile acids exhibited no or reduced effects only at high concentrations (10ï30 ɛM). In 

both P2X2 and P2X4 receptors, lithocholic acid shifts the ATP concentration-response curve 

and modulates ATP sensitivity but not efficacy. These compounds also change the 

pharmacological properties of the P2X4 and antagonize the effect of ivermectin similarly as 

observed previously for testosterone butyrate or testosterone valerate. 

 Secondary bile acids might exhibit higher potency to modulate activity of P2X due to 

their nonpolar character, which is higher in comparison with primary bile acids (Kiriyama and 

Nochi 2019). However, it has been reported that the potencies of common bile acids to modulate 

NMDA and GABAA receptors correlate with their affinities for albumin but not with 

lipophilicity (Schubring, Fleischer et al. 2012), indicating a direct action at receptor proteins. 

Thus, upon binding to P2X, lithocholic acid acts as an allosteric modulator that may change the 

receptor protein conformation and subsequently alter the binding of orthosteric ligands, 

inhibiting or potentiating receptor function. Our data also show that 4-dafachronic acid exhibits 

almost identical effects as lithocholic acid. Dafachronic acid is a natural secondary bile acid, 

but little is known about its physiological role. Endogenous dafachronic acid has been reported 

to be an important steroid hormone in the development of Caenorhabditis elegans and the 

parasitic nematode Haemonchus contortus (Ma, Wang et al. 2019), and in killifish (Romney 

Amie, Davis Erin et al. 2018). It is not unreasonable to speculate that in mammals, the gut 

microbiota could generate such a bile acid starting with lithocholic acid and that 4-dafachronic 

acid might also play a role as circulating signaling molecule. 

 Multiple parts of the lithocholic acid molecule seem to be involved in the interaction 

with the P2X protein, since modifications at C-3, C-5 or C-17 abolished both the potentiating 

and inhibitory effects to varying degrees. Summary Fig. 5.1 shows that the most efficient were 

modifications of COOH group at position C-17 and modifications at position C-5 that abolished 

both the inhibitory and potentiating effect, with the exception of dafachronic acid, which is a 
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natural secondary bile acid. Modifications at position C-3 revealed an interesting properties of 

compound 8 as compared with other compounds considering the trend of this position to 

modulate differently P2X2 vs P2X4 receptors. This compound potentiated both receptor and 

we hypothesized that the C3Ŭ-hydroxy group might be a pharmacophore that define the ability 

of the molecule to switch between potentiation and inhibition. In agreement with this 

hypothesis, compound 15 that also lacks C3Ŭ-hydroxy group potentiated both P2X2 and P2X4 

receptors. On the other hand, compound 7 is also lacking free hydroxyl group while maintaining 

the switch between potentiation and inhibition. Then, we could speculate that compound 8 as 

compared with compound 7 bears more sterically demanding group that may not fit the potential 

binding site. 

 

Figure 5.1 Structure-activity relationship data for lithocholic acid derivatives. The modifications of 

lithocholic acid (LCA) at position C-3: compounds 6, 7, and 8 (blue). Modifications at position C-5: Compounds 

9, 10, 11, and 12 (red). Modifications of COOH group, compounds: 13, 14 (magenta). Note that among C-3 

modified derivatives that differentiate P2X2 vs P2X4 receptors, only Compund 8, with acetate group on C-3 

position, potentiated both receptor subtypes. The structures of the listed derivatives are presented in figure 4.9.  

The inhibitory effects on P2X2 do not clearly correlate with the potentiating effects on 

P2X4 for individual lithocholic acid derivatives indicating two distinct modulatory sites. As 

mentioned above, steroids are reported to be both positive and negative allosteric modulators 

of P2X. For example, DHEA selectively potentiates endogenously expressed P2X2 in cultured 

rat sensory neurons (De Roo, Rodeau et al. 2003). Synthetic neurosteroids, such as alfaxolone 

and allopregnanolone, and THDOC (3Ŭ, 21-dihydroxy-5ɓ-pregnan-20-one), a metabolite of 

deoxycorticosterone, potentiate while very high concentrations of pregnanolone inhibit the 

activity of P2X4 receptors expressed in HEK293 or oocyte cells (Codocedo, Rodr²guez et al. 












