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ABSTRACT (EN)

Purinergic P2X receptors are ATfated 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-BihBing domain, and
intracellular N and G termini. Seven different P2X subunits (P2X)L.can assemble to form
homotrimeric or heterotrimeric ion channels permeable for monovalent cations and calcium.
P2X are ubiquitously expressed. Among them, P2X2, P2X4, 2Kd Bre the most abundant
within the brain.The activity ofP2X 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 intetavith allosteric binding sites on P2X receptors,
design and synthesize new analogues of neurosteroidsefamel crucial receptor domains and
amino acids important for neurosteroid bindily. using a patctelamp electrophysiology
technique we recordedTP-induced currents in HEK293cells transfead with rat P2X2,

P2X4, and P2X7as well as in the rat anterior pituitary cells and hypothalamic neurons
endogenously expressing t-égsterderivativescoktgstosterose, We
namely tstosterone 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 aadslithacid

and 4dafachronicacid 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 responsesediated 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, P2Xgpecific positive allosteric modulatdNe
showed that the potentiating effect dhbcholic acid is inhibited in #2A and significantly
reduced in F48A and V43A mutaritgeat belongo the determinants of theermectin 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.



ABSTRAKT (C2)

Purinergn? P2X r-alcteipt @y yn® sioantAV® kans8ly,
fyziologicklch rol2 a novhD pSedstavuj2 dTlI
podjednotky se skl 8daj 2-healei xdlvouT Ml aan s mdnp r 8 ¢
ATP-vaz e bn® dom®ny a -a Gtkrosmaell.ulSBerdnmd cthTzMT ch P2
(P2X1:7) se mTge slogit a vytvoSit homotri m®rn?2
pro monovalentnP2Xateoaptyomay v8en¥ kskehtwuj 2 pr
mozku maj2 nej vpodpfedast by pRARNXNERP2XPR X3V ias P 2jX§&
na pS2tomnost.i ATP, ale tak® alostericklch n
aktivitu tRDchto kan8lI T. Nagim er® emo lbyu oi n tde
s alosterickimi vazebnimi m2sty na P2X recerg
neurosteroidT a urlit kritick® receptorov® d
vazbu neur ost er-dampelektrolomboyi pr®chechni ky | s
evokovan® proudy z HEK293T bunhDk transfekov:
bunNk pSedn2ho | aloku hypofilzy nebo hnpotal a
exprimuj?2. gNalegdleir yjdemaes, vt 85t eronu, pSedevg?2m
testosteron val egr8§tP2 XelaelPR2XUTRhphkb&Eh&kyabkboP

modul uj 2 otev2r §n?2 P2X iontov®ho kan8lu pra
hel i xy. Tak® peshrand&rgrease@l unhggey ® 1 kt ocdhol ov §
dafachronov8 kyselina, jsou siln® inhibitory

a v meng?2 m2Se tal®oRdXANTMhd plrdoua TAEProst Se
exprimovanl dé# PeXepthoPY byla po aphakhBen? aku
buRk&ch. Nav2c jsme detailnhD popsali struktu
Jak testosteronov® derivg8§ty tak I|litochol ovs

ivermektinu, P2X4s peci fi ck ®h o positivn2ho alosterick

potencialn?2 Y% inek |itocholov® kyseliny byl
V43A mutac?, kter® jsou soul 8st?2 vazglkn®ho
vazebn® m2sto pro n8mi identvdzi dbrvam®mheue m
ivermektin, kterl interaguje s transmembr§no
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Amino acid designations

Amino acid Three letter Single letter
abbreviation abbreviation
Alanine Ala
Arginine Arg R
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Aspartic acid Asp D
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Serine Ser S
Threonine Thr T
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Tyrosine Tyr Y
Valine Val Vv




1. INTRODUCTION

A d e n o s triphesphaté (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 moledideury and SzerGy° r g vy i 1929; Burnst
Burnstock 1977)During the early 1990s, the first receptors for extracellular purines (P2X and

P2Y) were isolated, cloned, and characteridke, Wagenbach et al. 1994; Valera, Hussy
etal.1994) and the hywpoghesbssgofl o pyBurnstoak201R)i del vy
The P2Y receptors ar e -dipsphate CADP)wditheadmorey ade
potent natur al agonist for P2Y than ATFP, and
triphosphate (UTPd r  u r  diphasphate® ® P ) i ncreasi ng(Natihe sco
2002) As P2X receptors have been discovered in primitive life faffresintain 2013)it is

suggested that purinergic signaling appeared very early in the evolution (KHié&h aml

Burnstock 2009) Nowadays, the 6purinergic systemd r
of ATP and adenosineased purineand their receptorfelatively recently, it has been shown

t hat g u atripbosphatee(GT®)Yexerts extracellular effects ai, mowever, putative

receptors have not been characterized yBti Liberto, Mud, etllical . 20
et al. 2020)

1.1. Purinergic signaling

Purinergic signaling is very complethe actions of ATP and its breakdown producitate
responses that last from millisecondsézonds or eveonger time scaled he criticalstep in
purinergic signaling ishe release of endogenous nucleoti@esl the duration as well dse
distanceof actionof these moleculeis limited by ATP degrathg enzymesectonucleotidases
Thus, purinergic signalminvolves three main componeritse 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 fird regulated mechanism is stimulated exocytosis which occurs in various types of

cells, including neurons and secretory c€llaruno 2018)Secretory vesicles, such adrenal
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chromaffin granules, and synaptic vesicles contain vesicular nucleotide ttensggiNUTS,

also termed as SLC17A9) that are able to transfer ATP, but also ADP ofSaladBda, Echigo

et al. 2008) In neurons, the VNUTs appear be localized in some synaptic glutamate
containing vesicles. Thus, glutamate and ATP can undergo vesicupackaging(Zorec,
Verkhratsky et al. 2016)Astrocytes also possess secretory vesicles that concentrate ATP
together with secreted peptides, éxample, atrial natriuretic peptidgePangr gi | , Pot ok
2007) but cepackaging of ATP with glutamate remains to be determ{@eckec, Verkhratsky

et al. 2016) The regulated exocytosis in astrocytes is slower than in neurons, probably because
astrogtic vesicles have less synaptobrevin 2, the SNARE complex protein, than vesicles of
neurongZorec, Verkhratsky et al. 2016; llles, Burnstock et al. 2019)

The second regulated mechanisrneflow of ATP anions according to a concentration
gradient thragh the conductive pathw#yaruno 2018)Five groups of channels that mediate
ATP release under physiological and pathophysiological conditions have been described:
connexin hemichannglpannexin 1 (PANX1), calcium homeostasis modulator 1, volume
regulaed anion channels also known as outwardly rectifying anion channels, andmxi
channelgTaruno 2018)In addition, involvement of the P2X7 receptor in ATP release has been
reported in astrocyte€Suadicani, Brosnan et al. 200&)d osteoclast mono&ytprecursors
(Pellegatti, Falzoni et al. 2011ATP action on P2X7 receptors can activate PANX1 channels
and this phenomenon is called ATP induéekP releas€North 2002) ATP release dependent
on P2X7/PANX1 complex has been reported to play a rotedmction of U-synuclein, the
main component of protein deposltewy bodies thatare involved in pathophysiology of

neurodegenerative diseage®Vi | kani ec, GNssowska et al. 2017
1.1.2. Extracellular ATP hydrolysis

Following the release into the extracellular spaall major cellular purines and pyrimidines
(ATP, ADP, UTP, UDP, UDRjlucose, and some additional nucleotide sugars, dinucleoside
polyphosphates, and nucleoside adenosine) become substrates for specific enzymes and/or are
recycled by membrane transpoge (nucleoside transporters, NT(Burnstock 2012;
Zimmermann, Zebisch et al. 2012)

The ATPases and 5Nj nucl eoti dases are enz.
Adenosine may be taken up, resynthedized reincorporated into vesicles, or broken down
by adenosine deaminase to inosine and hypoxanthine and removed by the circulation
(Burnstock 2012) The ectmucleotidasesire cellsurface located enzymes with hydrolyzing

activity of extracellular nucleades. Thee are four major groups of eetmicleotidases: ecto

11



nucleoside triphosphate diphosphohydrolaseblTlPDases), ectb -Njicleotidase (eN), ecto
nucleotide pyrophosphatase/phosphodiesteras®P{ES), and alkaline phosphatases (APs).
Moreover, therare soluble forms of nucleotidases, devoid of a membrane anchor: soluble ecto
5-Nycleotidase (eN), alkaline phosphatases (APs), and -necteotide
pyrophosphatase/phosphodiesterase 2 (NPRZjnmermann, Zebisch et al. 2012)
Ectonucleotidasediffer in their hydrolysis cleavage sites (Fig. 1.1A), they typically hydrolyze
nucleoside tr, di-, and monophosphates and dinucleoside polyphosphates. The final product
of hydrolysis may be nucleoside diphosphates, nucleoside monophosphates, nucleosides,
phosphateand inorganic pyrophosphate (Péhd adenosingtojilkovic 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 tmosine, or converted to AMP by adenosine kir(#tes, Burnstock et al. 2019)

A 1

|
v

ATP 2+ ADP > AMP -“» Adenosine —» Inosine 2

N

P2XRs P2YRs ARs

1. E-NPP: ATP — AMP + PP,
2,3. E-NTPDase: ATP — ADP +P, ; ADP—AMP + P,

4. [E-5NT: AMP — Adenosine + P,
5.  ADA: Adenosine — Inosine
6. PNP Inosine — Hypoxanthine
B P2XRs P2YRs ARs
l % qu'l % G\;‘tlo G& % Gua
Cations P2Y,R P2Y,;,R A;Rs ARs
P2X1-7R P2Y,R P2Y,,R AxRs AsRs

P2Y,R P2Y,,R
P2Y,R P2Y,.R

Figure 1.1 Purinergic signaling pathways. (A) The nucleotidenydrolyzing pathways. The extracellularly
released ATP ia substrate for ENPP and ENTDPase, that hydrolyze to AMP, whereas AMP is efficiently
hydrolyzed to adenosine byENT. Adenosine is further deaminated via inosine into hypoxanthine by adenosine
deaminase (ADA) and purine nucleoside phosphorylase (PNPgatasly. (B) Classification of purinergic
receptors: ionotropic P2X receptors (P2XRs), metabotropic P2Y receptors (P2YRs) and P1 adenosine receptors
(ARs). Taken fron{Stojilkovic 2009)
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The second mechanism that downregulates ATP signaling patheagsiptake of
purines via NTs. In humans, there are two different gene families;28La@nd SLE29,
encoding two different types of integral membrane proteins: concentrative nucleoside
transporters (CNT) and equilibrative nucleoside transporters (ENTpeatvely (Pastor
Angl ada -dorras 20R8Thesfizst family, CNT (SLE28) consists of three isoforms of
transporters (CNT-B), which act as ctransporters of nucleosides with Nans, except for
CNT3thatcan also accept protons. Members of grisup differ in sodium/nucleoside ration
and substrate selectivity (except uridine, which can be transported by all subtypes). The second
family, ENT (SLG29) consists of four isoforms termed as ENIL1An isoform ENT4 is not
considered as conventional temside 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. ENBlare 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 ioers(PastorAnglada
and H®rs2018)

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 adenosin®1, and nucleotide (ATP and ADPJ2 receptorgFig.

1B). This categorization is based upon the major natural agonist for the receptor and was
established in 197@urnstock 1978)P1 receptors family are antagonized by methylxanthines
(Burnstock 1987yhich wereoriginally useful to differentiate PInd P2 receptor subtypes.

Adenosine P1 receptors

There are four subtypes of P1 receptors that are coupled to adenylate cyglAsg: Acs, and

As. SubtypesA1 and As are negatively coupled, while;Aand Aeg are positively coupled to
adenylate cyclase (Fig. 1.1B). These receptor subtypes differ in selectivity for agonists and
antagonistgBurnstock 2018)The A receptor can be also activated by inosine, the product

of adenosine catabolisrfWelihinda, Kaur € al. 2016) The A receptor also induces
phospholipase C (PL&) acti vati on, t h e r etisphosphate ({(P8)asdi n g
intracellular C&" levels, which stimulate calcitiependent protein kinases (PKC) and/or
other calciurbinding proteins(Borea, Gessi et al. 2018\denosine 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 skifBorea, Gessi et al. 2018 the pituitary gland, adenosine affects
hormone release, cell proliferation and stimulate$ lelease fronfoliculostelate cell§Rees,

Scanlon et al. 200Q3for example.

Purinergic P2 receptors

Burnstock and Kennedy dividede P2 receptor family on the basis of agonist and antagonist
selectivity (Burnstock and Kennedy 1985Jhe ATP analoges, U bmethylenead enosi ne 51
tri phos-mbAT®) (-@dhglendra e n o stirn ep h®Nj-MmdARR) activatd o
predominantly the P2X receptors, while the P2Y receptors are more sensitive to the ADP
analogiewi t h-s wal fbur at o m( Hhiedghresnpotsa tnee) EdfpdDoRkbaBd
Kennedy 1985)When the first P2 receptors were cloned, it was difatjt clear that P2X are
ligand-gated ion channel@Brake, Wagenbach et al. 1994; Valera, Hussy et al. 19&4)e

P2Y are G protentoupled receptorg/alera, Hussy et al. 1994Native 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 fol(Ri2zakh and

North 2012)

There are eight P2Y subtypes divided into two subgroups (Fig. 1.1B): P2Y that
selectively activate U-subunits of the Gq family of heterotrimeric G proteinB2Y1, and
receptor s -subunits ofahe Gi famiyt ok hetérotrimeric G proteinB2Yiz-like
receptors subgroups. MembersloéP2Y1 subgroup ardDP-sensitive P2Y, UTP- and ATR
sensitive P2Y¥, UTP-sensitive P2Y, UDP-sensitive P2¥, and ATRsensitive P2Y1. The
P2Y1, - like receptors aréd\DP sensitive P2Y> and P2Y3 and the UDP and UDBlucose
sensitive P2Ys ( Er Il i nge 2011; von K ¢ Jhesegrecaptora are Har
widespread and have various physiological and pathophysiological roles. In the rat anterior
pituitary gland, for example, purines could be inwalvin the regulation of the functions of
gonadotrophs and thyrotrophs via R2"d P2Y, some lactotrophs and folliculostellate cells
via P2Y2 (Yu, Guo et al. 2011)

1.2. Physiology and pathophysiology of purinergic signaling

In general, purinergic signaling involved in neurotransmission, immune responses, exocrine
and endocrine secretion, inflammation, nociception, platelet aggregation and vasodilatation,
cell prdiferation, differentiation, aigg, and regeneratiofBurnstock 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 ofneuromuscular junction, auditory transmission and hearing sensitivity, synaptic
plasticity, processes of learning and memdkaczmarekH 8 j e k , L°rinczi et
Different purinergiaeceptor subtypes and ectonucleotidases are involved in the devetopme

of heart, blood vessels, skeletal muscle, urinary bladder, central and peripheral neurons, retina,
inner ear, gut, lungand vas deferengBurnstock and Dale 2015)To understand P2X
physiology and pathophysiology, nhumerdusock-out (KO), double knockat (DKO), and

transgenic (TG) nte models have been generat@dspite their wide distribution, however, it

is worth to be mentioned that none of the current P2X KO models is incompatible with life
(KaczmarekH 8 j e k , L°rinczi et al. 2012)

1.2.1. Physiological rées of P2X

P2X aubunits have been found in bdlbie centrahervous system (CN@nd peripheral nervous
systemgBurnstock and Dale 2015Among P2Xsubtypes, P2X2, P2X4, and P2X7 are the
most abundantly expressed in the bréfinakh and North 2012)For instance, the P2X2
exhibits high expression levels in the cerebral cortex, basal ganglia, diencephalon,
mesencephalon, cerebellum, medulla oblongata, olfactory thdllorsal horn of the spinal
cord(Vulchanova, Arvidsson et al. 199@he innereaf Bur nst ock and Dal e 20
et al. 2021)hypothalamus and pituitary (Stojilkovic 20082X4is immunolabelled in axon
terminals and dendrites of neurons in the olfactory bulb and spinal cord, suggesting a role in
sensory synapsd€t ¢ Villeneuve et al. 1998ylontilla, Mata et al. 2020)Microglia express
relatively high levels of P2X{Tsuda, ShigemotMogami et al. 2003; Stokes, Layhadi et al.
2017)and P2X7 (KaczmareKajek et al., 2018). Immunofluorescence, in situ hybridization,
and Westrn blot studies showed very high expression levels of the P2X4, followed by P2X5,
P2X3, P2X2, P2X6, anB2X7in theanterior pituitary glangZhao, Zhang et al. 2020p2X7
expression has been described in all brain cells, including microfj@dendrocytes, and
ependymal cells (Anderson & Nedergaard, 200
(KaczmarekHajek et al., 2018 However, P2X#&Expressionn neurons is still under inspection
and debate, for review see (llles, Khan, & Rubini, 201

P2X are cationic channels, highly permeable to calcium, their activation depolarizes the
plasma membrane, leading to calcium influx, and neurotransmitter r¢léeseBurnstock et
al. 2019) The P2X2 and P2X4 may be localized either presynaptiocalign neuronal cell
bodies. ATPmediated egitatory possynaptic currents have been also reported in the rat
medial habenuléEdwards, Gibb et al. 1992andin excitatoryglutamatergic synapses of the

cerebellum and hippocamp(sanjhan, Housley et al. 89). However, this phenomenon was

15



not observed in any other brain ssd&avra, Bhattacharya et al. 201192X2 anl P2X4
receptors mediate AFRduced currerstin hypothalamic neurons dghe supraoptic nucleus
(SON) andincreasdhe frequency of spontanesglutamaergic and GABAergipossynaptic
currents (Vavra, et al., 2011klectron microscopyand singlemolecule imaging studies
showed that P2X2 and P2X4 are located further from the synaptic cleft, closer to the edges of
the postsynaptic densityKhakh and North 2012)indicating that ATP and P2X play only a
modulatory role in synaptic transmission of S (Vavra, Bhattacharya et al. 2011; Khakh
and North 2012)The P2X4 has been shown participate in the formation and consolidation
of long-term potentiation (TP). In agreement with this, P2X8pecific positive allosteric
modulator ivermectimncreases the frequencygitamaergicpostsynaptic potentigland the
magnitude of LTP is decreased in KO mlaeking the P2X4Sim, Chaumont et al. 26Q)
Under physiological conditions, ATP is released mostly from astrocytes) batne areas of
the CNS, ATP can be released also from neufbles, Burnstock et al. 2019Astrocytes
express both ionotropic P2XThat are targets of cell damameluced outflow of large
quantities of ATPand metabotropic P2Y that releasé@eom intracellular pool§Svobodova,
Bhattaracharya et al. 2018; llles, Burnstock et al. 2019)

The role of P2Xn sensory transduction pathvgaig illustrated in Fig. 1.2h®wingthat
sensorycells release ATP that further evokes action potential in sensorysn&meng

Normal visceral afferents ¢ Neuropathic pain
Tongue i
PaX2 P2X3
Peripheral Peripheral

nene : nene

P2XZ P2X4 =
P2X7

Carotid body

AN Carotid glomus cells

artery @7 %@-

P2X4 P2X7

; Smooth B ——
Urinary ———
bladder MuSCle mm— = —

\3
P2X1 P2X2 P2X3

Figure 1.2 Sensory transduction by different P2X subtypes in humarAdapted from(Khakh andNorth 2006)
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P2X receptor subtypesrimary afferent neuronexpress predominantly2X2/3 heteromer.
Within the dorsal horn dhespinal cord, aaresponse to injury to peripheral nerve, microglial
cells release braiderived neurotrophic factor (BDNF), which causes the shift in neuronal
anion gradient in nearlneurons as a response to injury to peripheral n&hues,theinhibitory
effect of GABA transmission is transforméuto excitatory.This mechanismunderlies the
neuropathic pain, and it has been suggestedthatting on microglial P2X4 and P2XATP
mediateghisresponsgwhile P2X3 is involved in acute pain sensat{&makh and\North 2006)

As P2X receptors are widespread, their rods beerdemonstratedlso in various
peripheraltissues The P2X1is involved inthe contractility of vas deferens and fertility
(Mulryan, Gitterman et al. 2000and the?2X1 and P2X3n theregulation of bladder and renal
function (Cockayne, Hamilton et al. 2000; Inscho, Cook et al. 2003; Inscho, Cook et al. 2004;
Cockayne, Dunn et &2005; Guan, Osmond et al. 200Within the cardiovasculasystemthe
P2X1is involved in platéet aggregationHechler, Lenain et al. 2003; Oury, Kuijpers et al.
2003) and theP2X4 in the regulationof vascular ton€Yamamoto, Sokabe et al. 200d)d
contractility ofcardiomycytes(Hu, Mei et al. 2001; Shen, Pappano et al. 2006; Shen, Cronin
et al. 2007; Sonin, Zhou et al. 2008; Shen, Shutt et al. 200@)s been shown thamdogenous
P2X4 expression in cardiac myocyteasa protective role in haafailure (Yang, Shen et al.
2014) The PX2 and P2X2/3egulate carotid body function, or hypoXxRong, Gourine et al.
2003) In the gastrointestinal systerthe P2X2, P2X2/3and P2X3mediate neurotransmission
within the small intesting(Bian, Ren etal. 2003; Ren, Bian et al. 2003)ultiple studies
demonstrated the involvement of P2X7 in immune response, the cytokine release, inflammatory
and neuropathic pai(Solle, Labasi et al. 2001; Labasi, Petrushova et al. 2002; Chessell,
Hatcher et al. 2005Moreover P2X7 isinvolved inthe regulation of secretion of salivary
(Nakamoto, Brown et al. 2009)nd pancreatic gland®ovak, Jans et al. 201,0and bone
metabolism(Ke, Qi et al. 2003; Li, Liu et al. 2005he P2X5 mRNA is expressed in
developing skietal musclgRyten, Dunn et al. 2002Homomeric P2X6s not functionaknd
not expressed othe cell surface(North 2002) but P2X2/6 heteromers are emssed in
respiratory neurons dlie brainstem, and P2X4/6 in oocy{Bsirnstock 2018)

1.2.2. Pathophysiology of P2X

TheP2X1 appears to be involved in thrombdsgiechler, Lenain et al. 2003; Oury, Kuijpers et
al. 2003)and nutations in lmman P2X2are connected with disabilities in hearif@eorge,
Swartz et al. 2019)The P2X4, which play a role in neuropathic and inflammatopgin

(Ulmann, Hirbec et al. 2010)s involvedin status epilepticu$Ulmann, Levavasseur et al.
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2013) and alcohol intaké-ranklin, Hauser et al. 2015Recent P2X%O mice demonstrated

the P2X5rolein theregulaton of bone loss periodontitis(Kim, Kajikawa et al. 2018P2X7

is involved in some immunological disorders, swadarthritis (Fan, Zhang et al. 201é)nd
psoriasis(Diaz-Perez, Killeen et al. 201.8Moreover, P2X7unction is important in cancer
development(Di Virgilio and Adinolfi 2017; Burnstock and Knight 2018; Di Virgilio,
Schmalzing et al. 2018¢pilepsy(Rozmer, Gaoetal. 2017) Al zhei meKFroan dii Steia® v
Bianchi et al. 202Q)andsome psychiatricllnesses such agepression and anxief8asso,

Bratcher et al. 2009)

1.3. Molecular structure and function of P2X receptors

P2X receptors are members of a large family of yporgaining proteins that regulatew of

selected ions across the plasma membrane after biotispecific ligand. Tiese proteins are

called ligandgated ionc hannel s (LGIICs) r eae piitioornsodt.r ophe ¢
structural similaritie®f LGICs distinguishes three magmoups. The pentameric superfamily,

also termed Cytoop channels, which includes the nicotingcetylcholing(nACh) receptor,

serotonin or Ehydroxytyptamine type 3 @ T3)receptor,o-aminobutyic acid type A receptor

(GABAA) receptor glycine and zin@activated channel receptors. The second giougivesa

terameric superfamily ofionotrogc g1 ut a mat e -amaa3dyuioxy5reethy-4d
isoxazolepropionic acid (AMPA) receptors;hethylD-aspartate (NMDA) recéprs, kainate

receptors, an€&luD receptors (alsk nown as del t(Hansem Walmutheetcak pt or s
2021) The third group involvea family of ATP-gatedP2X channels which consists of three
subunitgNorth 2002) To identify ATP binding site, the homology between P2X receptods

other ATP binding proteins was originally compared, and itliegs found thalP2X do not

contain the Walker motif, whichharacterizes AT®inding intracellular proteindWalker,

Saraste et al. 1982)

1.3.1. General characteristics of P2X

There are sevegeneghat encode P2XubunitstermedP2X1-7 andseveral spliced formsf

these subunitsrhe fulklength forms have 1113 exons, and all sha common structure, with
well-conserved intraiexon boundarie$22X subunits are between 384 (P2X4d 595 (PX7)

amino acids longand share 4®5% sequence identity considering transmembrane and
extracellulardomaine Nor t h 200 2; North and JaThweePg2X 201 3;
subunits form homomeriandor heteromeric ion channe{sNi ¢ k e , #&.21908)&ach et

subunit has two transmembrane domains (TM1 and TEI®) a long cystee-riched
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extracellular liganebinding domain, termeectodomainThe NH and COOH terminal regions
(N-terminus and @erminus, respectivel\grelocatedontheintracelular side. Within the P2X

family, theP2X7 has the longe€kterminus Another pecific feature of P2X¥ that it cannot
co-assemble with any other subunit. In contrast to R2XgP2X5 subunit can cassemble

with any other, except P2X7. The P2X6 lagstof the ATP binding siteandno current can

be evoked bATP when it is expressed alone in oocytesto, GarciscGu z man et al . 19
Babinski et al. 1998; King, Townseiicholson et al. 20000r HEK293 cell§Soto, Garcia

Guzman et al. 1996put heteromers containing P2X6 are functignal ° , Babinski et
King, TownseneNicholson et al. 2000)The P2X differ in sensitivityto agonists, antagonists

and allosteric modulatorgon selectiviy, and desensitization rate (Fig. 1(8)orth 2002)

lon selectivity

The most common approach to study s@tectivityinvolves the estimation ofthefir el at i v e
per meabi | deteymind either fromcnrent reversal potentials or Ilye comparison

of singlechannel conductances in solutions wérying ionic composition. Relative
permeabilitiegP) are usually reported for anion, X, with respedi#d, Px/Pna, or CS, Px/Pcs.

To assess Ch permeability the wholecell patchclamp recording in combination with
fluorimetric measurements afitracellular calciumis often used, which allows tdirectly
determinate the fractional calcium current (Pflternatively, thePc4/Pcs ratio is determined

using the reversal potential meth@hmways, Li et al. 2014)

All P2X are nonselective cation channels, permeable to small monovalent cations and
calcium. The exception is P2XBhichhasarelatively high pemeability to chloride ionfNorth
2002) The P2X1shows little selectivity foNa" over K* (North 2002) The permeality to
Ca* varies among P2XThe homomeric P2XBas the lowesEa?* permeability(Pcd/Pcs= 1.6,
Pf% = 35). The highest relative &apermeability among P2X¥xhibit romomeric P2X1 and
P2X4 (PcdPcs = ~4 and 5, Pf% =12 and 16, respectivglfSamways, Liet al. 2014) The
P2X1/5 heterotrimeis much less permeable @* than P2X1 homomer (P2X1/8co/Pna =
1.1; P2X1:PcdPna = 3.9), however, th€a2* permeability of the P2X5 homomer has not been
measuredNorth 2002) After prolongedstimulation withagonists,someof P2X channels
(P2X2, P2X4and P2X7) becompgermeable to larger organic cationsrfiéthylD-glucamine,
NMDG" e.g.) and nucleic acidinding fluorescent dyes (Y&@PRO1 and ethidium bromide
e.g.)(North 2002)

Receptor desensitization
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Thereare three phases of P2X chanresponse: 1) activation phasapid 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 phpskgdacay of the
current that follows agonist remov@oddou, Yan et al. 2011y he nolecular mechanisms of
each of these three phases involve conformational changes that will be described later (see
chapter 1.2 Specific chareteristics derivd fromcrystal structures of P2XGeneral features
of P2X desensitizatioaredescribed here.

Desensitization is physiologically very important molecular adaptation to excessive
receptoractivationby prolonged ligandstimulation This process is usually dodependent,
and higher doses of the ligand promote fasteredsgization. Duringhe desensitization of
ionotropic receptors, there are structural and functional changes in the molecule of the
receptors, unlike metabotropic receptors which desensitizdyma@nreceptor internalization
(Ferguson 2001 PDesensitization of ionotropic recepsas characterizetly the rate of current
decayin the continuous presence ari agonist, which is calculated from the time constant(s)
obtained by monoexponential drexponential fitting The kinetics of desensitization and
resensitization differ within members thie P2X receptor fany (Fig. 1.3) (North 2002)

P2X, P2X, P2X4 P2X, P2X P2X,

Ir"_ .'/— | .f/__ S ™ If"
| | ! f | /
| | f |
| | |
|

| ] |

20s

Figure 1.3 Desensitization profiles of the rat P2X subtype®\mong the P2X receptors, only P2X1 and P2X3
show fast desensitization during brief applications @uration) of high doses of agonist (upper row). The P2X2
and P2X4 show slow desensitization profiles during prolonged applicaties ¢6@ation) of agonist, and P2X7
shows biphasic current growthorer row). Taken from (North 2002).

Based ordesensitization rate, P2X are in general divided into three gratedirst
group consists of the rapidly desensitizing P2X1 and P2X3 that desensitieamiilisecond
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range. Unlikethe P2X1 receptor currenvhich doesnot recover completely after lorigrm

ATP washout, the P2X3 current recovers compld@ipiatullin and Nistri 2013)The second

group involves receptors with moderate desensitization rates, P2X4 and P2X5. The P2X4
currents typically decline within 510 s of stimulation withmaximal ATP concentrations
(100e M) and its recovery is very sl ow, l astin
desensitization, but the human P2X5 chimera contai@i#eyminus of the rat isofan shows
accelerated and complete desensitization. Finally, the third group involves slowly-or non
desensitizing receptors: P2X2, P2X6, and P2X7. Howewer splice form of rat P2X2
(P2X2B) exhibits desensitization, and during prolonged applications ther@risgressive

decline also in rat P2X2A current, the reason why some authors describe these receptors as
slowly desensitizingNorth 2002) The P2X7 shows no desemaition, but an increase in
current amplitude, called receptor sensitization.

The fulklength P2X2 receptor subunit is termed P2X2A and its homomeric form shows
slow (time constarD111 s) or no desensitizati@orth 2002) Several more rodent and human
P2X2 alternative splice isoforms were identifi@&czmarekH 8 j ek, L°r i nThei et
rat splice variant termed P2X2B, in which exon 11 is partially deleted, has shetethiGus
(missing the 69 amino acidsom V370 to Q438 ) and shows fastarrrent decay during
desensitization (time constab4 sJLynch, Touma et al. 1999)The specific pattern of
desensitization of the rat P2X2 splicing forms is determined by ttegndinal domain(He,
Koshimizu et al. 2002)However, there is no difference in desensitization kinetics between
splice isoforms of human P2X2 recept@®rth 2002) Although the TM domains of the rat
and human P2X2 are primarily conserved, the length-tdr@inal and Nierminal domains
differ beween these two isoforms. The rat receptor has additional 10 residbe€iterminus
of both the P2X2A and P2X2B forms. Conversely, théehninus of the human receptor is
longer than that of the rat receptor by 12 residuess,Ttifferences betweentrandhuman
P2X2 receptor structures may account for the apparent differences in the desensitization

kinetics of their splice varianteynch, Touma et al. 1999)

P2X agonists

The common agonist of the P2X is ATwhich binds to the orthosteric binding &) and
triggers the opening d?2X ion channelAmong P2X receptors, P2Xias the highest affinity

for ATP, with an EGpin the submicromolar concentration ran@antrary, the affinity tcATP

of the P2X7 receptor is extremely low, thesg G in the 1 mM rangéNorth 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 meotied above (se&.1.3.Purinergic P2 receptors)] bmeATP, a
metabolically stable ATP analogue, shows a preference for P2X1 and P2X3. In homomeric
P2X1 recept ormeATP diditRppm@xintitelJdnual currents @@ell below

1e M) . T h e-4meATR isadu)l agthfst, which distinguishes P2X1 and P2X3 from the
other homomeric P2X form®orth 2002) Another ATPanalogie  -meATP, is als@potent

agonist at the 2X1 but it activates the P2X3 at3@-fold lower concentrationNorth, 2002).
Therefore, the P2X1 can be differenmATP at ed
(Zemkovsg8, Bal 2k, Ji MheiP2X2 subtyp&shows.only $ireadtivation 2 0 0 8 )
if stimulated withhigh concentration3 0 0 & M)-meATP, haweverthe heterotrimer
P2X2/3 does respond wittihe typical inward current. Anothemetabolically stable ATP
anal ogues ar e 2-Men8 AT R ) t lmina Aaf@thio)otBphospbate 5 N;j
(ATP2S). O+fMeSATPesmore pokert than ATP at P2X2 (lllesal., 2021). There

is no single analagge that would distinguisthe P2X4 receptor subtype from other receptor
forms. Anmé AR eaneddP bre also agonists of P2X4, however with lower
potency than for P2X1 and P2X3, and higher potenay tor P2X2. The P2XShows the
highestaffim t y t o AT PtleeB2X7sTuob tsytpued,y t he s y(benZoydt i ¢ ag
benzoyl}ATP (BzATP) is widely used because it is more potent than ATP itdeliiever,

BzATP has also high potency at P2X1 folled by P2X3 (Egs values 0.002 and 0.08 M
respectively)llles, et al., 2021)therefore it has to be used with cautiontfugidentification

of endogenously expressed P2X7 in native tiss8asicturally unrelated ATP agonists are
diadenosine polyphosptes that activate P2Xexpressed on a vatyeof human and rat cell
types(Chang, Yanachkov et al. 201@)pr instance, thedenosine pentaphosphafgbA) is a

full agonist atP2X3 while the diadenosine tetraphosphi@p4A) is anagonist at P2X1and
diadenosine triphosphatésp3A) at P2X1 and more at P2X3 recept@orth 2002; Chang,
Yanachkov et al. 2010)

P2X antagonists

Non selective and moderately potent RAX ant a

pyridoxalphosphaté-azopheny2 Nj,-disufaNjc acid( PP ADS) , and iso PPA
antagonists are of limited use and are being replaced by more potent and selective compounds
(11l es, M¢ |. The seledite argalganistabegéngrated fromithady existing

nonselective antagonister another available compounds.,g. derivatives of nucleotide
agonists. The ATP derivative 0 ;O0324,6trinitrophenyl}adensine5-Njr i phosphate (
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ATP) is described as a putative antagonist of P2X4, butadlsther P2X subtypes, such as

P2X1, P2X2, and P2X@Virginio, Robertson et al. 1998y he 3 Nj benzami do ATP
DT O01®B1l)waiter sol ubl e sfv2aXd2u/e3 iasntOa.g3o nei M)t. (TMhG s
for administration by inhalatio(Pelleg, Xuet al. 2019)xand it is a candidate fohe treatment

of chronic obstructive pulmonary disease and chronic céaglheg, Xu et al. 2019Among

di-inosine polyphosphates, Ip5P'@°-di-(inosine5 Nj) p e n t)asppotens @shaaP2>€l
antagonist, but it also blocks P2X3 (P2X15d€ 0.003e M; P 2:X32.8¢ IM(Several

derivatives are generated from existing 1s@fective antagonists:or example, NF023, the
symmetrical polysulfonated naphthyl derivativesuramin, isa competitive P2Xlantagonist

that also blocks P2X3 at higher concentrationM¢ | | er and Narraothervayam
suramin derivative, NF279, is the most potent at P2X1, but it also effectively blocks slowly
desensitizing P2X2 and natesensitizing P2X7 reptors. TheNF770, a competative
antagonist, is more potent and selective to P2X2 than to the other P2X re¢dpttinsand

Jarvi s 201 3; I 11 es, M¢el I er et . arhong PPRADS] ; M¢
derivatives, the MRS2159 binds covalently todnosteric binding site of the P2X1, but may

also block P2X7. Selective antagonisis P2X2, P2X4and P2X7 receptors will be described

in more detail later (see chapters IP2X pharmacology

1.3.2. Specific characteristics derived from crystal structurd32{

Fundamental structural and functional data about P2X channelsobaieed by molecular

biology, biochemical, and electrophysiological methodnnion, Hagan et al. 2000;
Rassendren, Surprenant et al. 2000; North 2002; Maiidlaéa, Rettinger et aR007; 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. 20Q5and the tridimensional mages olained by cryeelectron
microscopy(cryo-EM) revealed an elongated vasigaped structure having 202 i n hei ght
and 160 | i m(MoaQgora et al20@0)mIté-drected mutagenesis combined

with electrophysiolgy revealed ectodomain residubst are critical for ATP bindingKk(70,

N296, F297,R298, and K316; all in zfP2X4)jEnnion, Hagan et al. 2000; Rassendren,
Surprenant et al. 2000; Wilkinson, Jiang et al. 2006; Yan, Liang et al. 2006; Fischer,eZadori

al. 2007; Zemkova, Yan et al. 200Rpberts, Digby et al. 2008Crystallization studies

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

L et al . 2016; K a sanfrraedmost afrthase data arel reveatddny 2 0 1 7 )
new and unexpected @ds about P2X structur@nd function
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The P2X architecture

Figure 1.4 Crystal structure of zfP2X4. Closed(A andC) and ATRbound opern(B andD) states are shown
Each receptor subunit is presented lifferent color (yellow, red, and blug)A andB) Closed andpen trimer
structuresviewed parallel to the membrang; and D) trimer structuresviewed from the extracellular side.
Adapted from(Hattori and Gouaux 2012)

The first P2X crystalvastheP2X4(PDB entry code: 3H9Vderived from zebrafish, tHeanio
rerio, (zf P2X4) which structure was resolved at

closed, apo staigawate, Michel et al. 2009For crystallization purposes, the intracellular N

24



and G terminalregions were removed. Consequently, crystallized receptors differ from WT
zfP2X4 in some properties. Electrophysiological experiments revealed that crystallized forms
(pzf P2X4) exhibited s ma-éactiveted curemp(inipA range thano f 1
WT-zfP2X4 receptor (in nA range), but showétke P2X4-specific pattern of ATP response
(Kawate, Michel et al. 2009Next, zfP2X4 constructdPDB entry codes: 4DwWand 4DW1)

were crystHized in both closed2 . 9 r ardATRbtoiumm) open (2.8
stateqHattori and Gouaux 2012)

Crystal ofzfP2X4shows that the recepthas a large extracellular domain thatctess
adistance of 7Q departing fronthe cell membrane. Comparably smaller, hglassshaped
transne mbr ane do ma i nhelites (2 n@ndeach subitl is apprdximately 2§
long. Transmembrane helicésM1 and TM2)are oriented approximately antiparallel to one
another with an anglefnear |y 45A from t he -corguotmg @eni® nor m
lined primarily by three TM2 helices. The transmembrane domains of each subtatie
slightly counterclockwise around the receptor axis making théndeftied twistConversly,
the extracelluladomainof each subunit wraps around its neighbor with a #igirided twist,
creating a large number of iméetions with each other (Fig. ).@Hattori and Gouaux 2012)

Each subuniteasembles the shape of a dolpffig. 1.5A) with the large body part, a
huge dycosylated ectodomain composednodnyhighly conserved residues organized into a
r i g-isheet $iructuseand stabilized by fivelisulfide bondgKawate, Michel et al. 2009)
Structurally more flexible domainshe head, dorsal fin, left and rigtippers, are branching
outfromthebody The dol phi nds t ai-helicesoThd najorringerfates a n s me
between the individuasubunits are bodpody, heaebody, and left flipper-dorsal fin. A
comparison of closed (apo) and AbBund receptoré~ig. 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 charaedi movesThe highly
Cc 0 n s e rsheetslin the extrabalar 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, calledthe extracellular vestibule, undergoes substantial enlargement after agonist
binding (Hattori and Gouaux 2012xtracellular vestibulggreviously unknownis important
for ion entry to the pore antbntains several residues conserved across the P2X family. The
amino acids in the head domain, left flippand dorsal fin are far less consetvé&herefore,
headbody and left flippeidorsal fin interactions determareceptorspecific agonist selectivity
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and the ability of receptor to assemble different subunits into heteromeric forms of P2X

receptorgKawate, Michel et al. 2009)

A B

Upper body : Upper body
e

Upper
vestibule

Extraceliular
vestibule

Uy &
In , n T™M &
™1 TM2 ™2

Figure 1.5 Conformational difference between open and closed states in zfP2X4 recept¢h) Dolphin
shaped P2X4 subunit, the superimposition between closed state (grey) and open state(B)r&ér)TMs and
the body domains of two agjted subunits of crystals atosed (left) and open(right) states. Adapted f(bfattori
and Gouaux 2012)

The sameeceptorarchitecture ath dolphinlike shape of subunivas alsabserved in
crystalized human P2X3 (hP2X3] Mansoor , L ¢andepandaaP2X7 (pARRX)6 )
(Karasawaand Kawate 2016)eceptorsCrystal structureof P2X1,P2X2 P2X5 and P2X6
receptos arestill not available. However, the availablerXy templates otfP2X4 Kawate,
Michel et al. 2009)and hP2X3( Mansoor , L @gnaldedthe ddilding @f (PAXR )
homology mode(Gasparri, Wengel et al. 2019)

ATP binding site in zfP2X4

The first resolved crystal structufeDB entry code: 3H9V3uggested that three ATP binding
sites are located in deep grooves on the outside of the trimer, between Jithakls Bao et

al. 1999) Anothercrystal structure of the zfP2Xdasconfirmed three intesubunit birging
sites and founthat they are located~40 f r om t he extracell ul ar
(Hattori and Gouaux 2012Yhe ATP binding pocket isfed with positively charged amino
acids and consists of the upper body, head, and dorsal fin from one subunit, and loveedbody
left flipper from the second subunATP is recognized by the upper and lower body domains
through extensive hydrophilic inections. The head domain, left flipper and dorsal fin
participate in several additiondirect contacts with ATPThe shape of bound ATP in the
complex with zfP2X4 receptor resembles t
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conformation in whicht can form salt and hydrogen bridges with conserved basic and polar

amino acid side chains of the receptor subyfits. 1.9.

A Upper body B
/ o Upper body(A)

. Lower body (B)

Dorsal fin (B
Left flipper 'Il R E — 5
(A) - .

Sy

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 presenteBh TieedA TP
molecule (in sticks)s stabilized by polar interactions between adenine rirggd¥ns and T189. The triphosphate
group is stabilized b¥70, K72, K193, N296, R298&nd K316.A solvent molecule of glycerol (small red ball)
bridges the interactions between K193 ofithe ¢ e p t -phosplate df ATPAdaptedrom (Hattori and Gouaux
2012)

Particularly the amine group of K70 forms intericts 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 triphosphat e
w i t-phosphate groups, while K72, R%nd K316 participate intner act i ons wi t h
phosphateADP and AMP have very little or no effect as agonists on P2X receftecause
t hese mol eaunbdphasphates.sSelverii molecules such as glycerol in the crystal
structure, bridge thimteractions between K193 of the reaept aphabphate of ATP (Fig.
1.6B). Under physiological conditions, water molecules may occupy these(lda¢®ri and
Gouaux 2012)The ATP molecule forms three hydrogen bonds betwieeadenine ring and
the siak 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 Wit 191 in the lower body an@32 in the dorddin. Besides
adenine base, the ribose ring also forms hydrophobic interactions with &r2d The oxygen

atoms the O2 and O3 of the ribose rarg solventaccessibléHattori 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 zfP2X4Superimposition ofB) CTP, (C) GTP, andD) UTP
in the ATP binding pocket. Explanation in the text. Adapted ftbliattori and Gouaux 2012)

The superimposition of other nucleotides into the ATP binding pocket of crystalized
zfP2X4 receptofFig. 1.7) showsthat the N4 base @y t i d -triphesphatCTP) can form
a hydrogen bond with the oxygen atom of the carbonyl group of the amino a@icrii7
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 furthemehishes the extent to which CTP
can bind ad activate P2X receptors (Fig. 1.7A and(Battori and Gouaux 2012 ontrary 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 feafole hydrogetbonding interactions with carbonyl
oxygen atoms of K70 and T189 (Fig. 1.7B and(Battori and Gouaux 2012)

Closed and open states of zfP2X4, movement of TM helices during channel gating
The alignment of zfP2X4 structurgsclosedand operstates provided the first insight into the
mechanism of channel openiafier ATRinduced activationshowing that onlyrM2 form the
pore. In the closed state, TM2 helices are arranged in the membrane around the receptor vertical
axis closinghe poreand TM1 helices surraud the TM2 from the outer sid€iewed from the
extracellular surfacéFig. 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
opposte side of tle membranethe cytoplasmic gate is defined by A347 and the side chain of
L346. The 'center' of the gate is A344 and it defthexlosestassociation of the TM2 helices
(Fig. 1.8,left) (Hattori and Gouaux 2012).

In the open state, th@ore is lined by aminacids L340, A344, A347, L351 and 1355,
while atthe level 0fA347 and 1351 the channgborehas the narrowest diametabout 7;
(Fig. 1.8right) (Hattori and Gouaux 2012puring prolonged application of ATP2X4allows
permeatio of large organic cations such as NMD@hakh, Bao et al. 1999; Virginio,
MacKenzie et al. 1999)However, the tweelectrode voltage clamp showed that crystal
construct of zfP2X4 did not increase cuamt after prolonged application of saturating
concentration of ATPandthe authors suggested that the crystalized zfPBX<l no ability to
form a large pord¢Hattori and Gouaux 2012 here are no hydrophilic residues lining the
middle of the open channel pore.obt probablythe side chais of porelining amino acids

interactdirectly with permeant hydrated cations by carbonyl oxygen and nitrogen atoms

Figure 1.8 ATP-induced gating and channel opening izfP2X4. The TMrearrangemerduringthetransition
of the receptor fromclosed (left)to open (right) state viewed fromhe cytoplasmicside of the membrane.-N
terminus of TM1 (N) and @erminus of TM2 (C) are indicated. Numbers show the diameters ofipatesed
and open states. Adaptdm supplementary materia{Hattori and Gouaux 20)2
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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 by2Hdlices rearrangement that
resembles an iris movement. The helices move
and forman ion conductive pore. This transition implies alterations in-imtna intersubunit
interactions between the TM helices. Dgrligand binding, L340, L346, and A347 rotate away
from the center of the pore, which prevents them to inteaadt close the channelhe
movement of TM helices also allowise TM2 helix to bend and form new intersubunit contacts
that include L346 and I3 which stabilize the wide porepenedchannel. This flexion is
allowed by the conserved residue G350 which has a role as a flexible hinge during

conformational changdsiattori and Gouaux 2012)

lon access to the pore of zfP2X4

The crystal structure of zfP2X@Kawate, Michel et al. 2009evealed the existence of four
vestibules in upper, central, extracellular, and intracellular pathefeceptor (Fig. 1.9).
Moreover, it revealed the presenceloke lateral fenestrationsatiprovide an access for ions
to ener the pore(Kawate, Robertson et al. 201Thus, there are two possible pathways
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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 invisithdir formation Taken from
supplementary materiéiHattori and Gouaux 2012)
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for ion entry a central pathway, along the thifiedd axis of symmetry, and the second pathway
through the lateral fenestrations tbk extracellular vestibule just above the transmembrane
domain.lt is supposed that the centpalthwayis too narrow to allow effectaion permeation,
whereas the lateral fenestrations in the extracellular vestibule are widely open-inoAi®
state(Hattori and Gouaux 2012)

The gate, a hydrophobic bar rheleasFig. 8.8,i on f |
is located belowthe extracellular vestibule. Jusibove theTM1, there are severadcidic
residues in the extracellulaestibule(E51 and E56)Together with D59 and D6t the bottom
of the central vestibuleheymay bind cations, and even create an electrostatic field that would
concentrate ions from a greater distamieeaddition the side chain oxygen atom of N34in
the extracellular vestibule chain above TMfy interact directly with permeant iofiféawate
Michel et al. 2009)There is also a possibility that ions couldrgrihe extracellular vestibule
throughlateral portals while the P2Xehannel is close(Rokic, Stojilkovic et al. 2014)The
same study showed an importanceaesidues above TMih ion uptake into the extczllular
vestibule lumenand 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 hP2X®as solved and showed ftre first time the
structure of cytoplasmic-@rminus and desensitized state of R2Xlans oo r Le et a
All P2X subunits possess threonine residue that is part of the highly conserved TX(K/R) motif
in the intracellular Nerminal domain. At the P2X2, the threonine to alanine substitution
(T18A) changes the receptor property from slow to rapid desensitization (<B s}@r&bot,
Archambault et al. 2000Also, only three P2X2specific amino acid residues of tR@X2-X3
chimera,(P19/V21/122), aresufficient to confera slowdesensitizing phenotype tie P2X3
receptoHausmann, Bahrenberg et al. 20I2)ring the crystallization of the hP2X3 receptor,
these substitutions were introduced into the crystal construct tease the probability of
obtaining @ open state conformatioh Mans oor , L ¢ Thee generatéd. receptorl 6 )
exhibited ahigh affinity for ATP and slow incomplete desensitizatiBesides the crystal of
hP2X3 inthe openstate, thecrystals ofreceptos in closedresting and closedesensitized

states were also generated@he structural differences between those states were obsargded

used to explain the mechanism of desensitization.
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Figure 1.10Protomer of hP2X3 and the gating cycle(A) One subunitof the open state structure dP2X3

viewed from two anglesEach of the major P2X3 domains is cetmded.Distribution ofUh e | i ¢ esheetand b
in the cytoplasmic cap(B) A cartoonmodel summarizing the mechanisms ofivation, ion permeationand
desensitization dP2X receptorsAdapted froml Mansoor , Le et al . 2016)

The open statef hP2X3 revealed a novel transient cytoplasmic motif, termed the
Acytopl as mi c (osadofar pratamer)hé secohdary structdire composed of two
sequewstiraindls ( b0 -taenrdmibnluys ionf ttlesmor srudo u(nf 1t 55) aanc
tothe Gterminus of the third subur(ifig. 1.10A) T h e s -sheé¢tdper subunibforge a link
that covers the chael exit along the symmetry axish& P2X2 originating residues provide
main chain conformational rigidity and make key hydrophobic interactions stabilizing the
structure of the cap. Thereforthe authors of this crystal constitubypothesized thathe

cytoplasmic cap haarolein P2X receptor gating and provides a structural scaffold for the open
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state that is likely disassembled in the apo and desensitized(Bigtes 10B).To investigate

the T18A induced switch in desensitization, molecular dynasnicalations of the P2X2 wild
type and P2X2I'18A receptor were performg&tavrou, Evans et al. 2020his study showed

that the receptor is accessible to extracellularly added positively charged moleeule, 2
(trimethylammonim)-ethyl methanethiosulfona{tITSET), in both the ATRHound open and
ATP-bound desensitized states, confirmirtgat the activation gate is still open in the
desensitized sta{&tavrou, Evans et al. 2020)

Structure and function of cytoplasmic ballast in rP2X7

The most strikingstructural feature of P2X7 is a very longt€minus (the 240 amino acids)
with different unique domains or motifs, that constitutes aboutdf®e whole P2X7 protein,
andthat distinguikes this subtype from all other sub#gpAn artificially truncatedversion of
the giant pandaA{luropoda melanoleugaP2X7 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 fateucturally unrelated
antagm i st s, wer e r eesoltion(Kadasawa and Kawafe 2Q16)he rext
published crystal structure was the chicken P2X7 receptor (ckP2X7) in the complex with TNP
ATP, at 3.1 resolution. The ckP2X7 shares
receptor(Kasuya, Yamaura et al. 2017)he first fultlength rat P2X7 eceptor (rP2X7)
structures in closed (apo) and open (Ad® u n d) states were resolve
resolution, respectively, using the singlarticle cryeEM (Fig. 1.11)(McCarthy, Yoshioka et
al. 2019)

The cytoplasmic cambservedor the first tme in anopen state of hP2X@ansoor,
L¢ et adalso peefetit  yP2XMcCarthy, Yoshioka et al. 2019)here @ch of three
subunits for,sthes equent i al b Inscontra to P2X3where thes cytoptasmic
capis visible only in open stat¢he rP2X7 cytoplasmic cap is present in both thecpsed
and open state@cCarthy, Yoshioka et al. 2019)he crycEM of the rP2X7revealediwo
new andmportant cytoplasmic elementsat are specific fothe P2X7 subtype: cysteinerich
region (C-Cys anchor)and 120 additional residues itme C-terminal domaintermed
ficytoplasmic ballast ( F i gThe c¥toplasinic ¥Cys anchor begins as TM@merges from
the plasma membrane and enters the cytoplasm. This structurects TM2 to cytoplasmic
cap,and by anchoringothregionsto the membranig actsasa molecular hinge. Within the-C
Cys anchorthere are at least four cysteine residues (C362, C363, C374, C377), and one serine
residue (S360) that are all palmitoyidig-ig. 1.12).
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Figure 1. 11P2X7 cytoplasmic domaini 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 domainscedealor
Distribution ofUh e | i ¢ esheetain ettodomain, TM domaingc@sanchor, cytoplasmic capnd cytoplasmic
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ballast are highlighted, ATP, guanosine nucleotide (GBR) zinc ions (Z#) binding sites are show(B) Ribbon
representation of the cytoplasmic ballast2X7 with 2 zinc ions, and the GDE) Topology diagram of the
cytoplasmic ballast, shown in the same orientation as (B), reveals a novel fold. Dashed lines deruatel@nh
regions around indicated amino acids L442 and S470. Adaptedfto@arthy, Yosioka et al. 2019)

Figure 1.12 Localization and structure of cytoplasmatic GCys anchorin P2X7. The cytoplasmatic €ys
anchor is presented in a closeew under left.Palmitoylated (red) residuese in the right lower corneand
putative phosphatidyserine (orange sticks) binding site in the upper right corner. Adapted tMoCarthy,
Yoshioka et al. 2019)

Apart fromthe C-Cys anchor, there is additional palmitoylated cysteine regi@4dein
the N terminus. TheP2X7 in which the &Cysanchor was deleted, as well as the receptor with
preserved anchor but with alanine mutations in palmitoylatable cysteine resekidted in
the receptorachievingdesensitization. Thus,-Cys anchor preventdesensitization of P2X7
by anchoring tahe membrane through palmitoylatigMcCarthy, Yoshioka et al. 2019)he
cryo-EM of the rP2X7 inclosed statalsorevealeda phosphatidyserine (PS)n the center of
the TM domain, near the middle of the plasma membrapbospholipid moiety was observed
just above the termination point of the aliphatic chains of the palmitoylation groups, with the
head of putative ftiid inserted between TMs (Figure 1)1R has been shown that activation of
P2X7receptor, during immunocyte activation and apoptosis,tesulranslocation d?Sfrom
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the inner to the outer leaflet of the plasma membrday so far unknown mechanigglliott,
Surprenant et al. 2005; Mackenzie, Young et al. 2005; Rysavy, Shimoda et al. T2 4pid
orientation ad location in the P2X@rystals indicates that it might represent a transition state
of PS, although it was not furthewestigatedMcCarthy, Yoshioka et al. 2019)

Each P2X&ubunit contains 200 residues hanging below the TM domain of an adjacent
subunit, and forming a globulsre dge shaped structure called |
11B and C). liscomposedocdna nt i pasrhad dtelt hbat i s -stramdgmed6 f r om
bland b18) -laemldi eésghdaf Uvarying | engths (09, I
U 1 @eparated by loops that form a helical bund@ilee entire cytoplasmic domain assembles
as trimer of three ballasts. Helicgds 2 and U13 from each subunit
shape and interaatyeating a hole down the centdrthe cytoplasmicdnai n. Short U9
from each subunit interact formilmgoa (tfFight 1c
(McCarthy, Yoshioka et al. 2019 he cytoplasmic ballast containumerous cysteines (at the
477, 479, 482, 498, 499, 506, 572, and paé8itiors) that are supposed to be important for
rP2X7 receptor traffickingMcCarthy, Yoshioka et al. 201.9\nother unexpected observation
was the presence of three intersubunit GDP/GTP binding pockets at the interface between two
adjusted cytoplasmiballasts (Fig. 1. 11B). The zinc and guanosine nucledtidding sites
are not involved in channel gating, becauseréweptor construct missirifpe cytoplasmic
ballast did not show anghangs in basic ion channel properti€¢slicCarthy, Yoshioka et al.

2019) This observationhasled to the idea that the P2XTay also act likea metabotropic
receptor by directly interactingith and activating the intracellular signaling prote{kkyur
and Ugur 2019)

1.4. Pharmacology of P2X

1.4.1. Pharmacology of P2X2

The firstcDNA encoding theat P2X2 (Koshimitzu et al., 1998) arftimanP2X2 subunit was
cloned fromthe pituitary gland(North 2002) The pharmacology of P2Xparticularlyhuman
isoform, has not yet bediroadly investigated and specific agosistntagonist or allosteic

modulators have not been falyet.

P2X2 antagonists

As mentionedbove §ee chpter 1.3.1General characteristics of PRXoderately poternion
selectve P2X2 antagonists are PPADS, RB TNRATP, and suramin. 8ective P2X2
antagonists areSB-10211 and PSRO011, derivativesof RR,( I | | es, M¢ldaner et
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NF770suraminderivative (Wolf, Rosefort et al. 2011)The binding of NF770 into the ATP
binding pocket is achieved by strong pataeractionswith G72, Q167and R290 residues
the rat P2X2(Wolf, Rosefort et al. 2011)So fa, four derivatives of RE with positive
allosteric modulatory effecttrat P2X2have been describeBor instancethe derivative PSB
10129 increases the maximal response induced ¥ (8Tokes, Bidula et al. 2020Acidic
extracellular pH (e.g. pH 6.5) and extracellufa* ( < 1 O (Qotentibte P2X2 currents.
Alanine substitution of histidine at position 319 (H31@#¢atly reduced pH potentiation with
no effect on zinc modulationn Ilcontrast, two histidine mutations, H120A and H213A, nearly
eliminated zinc potentiation with no effeah pH modulation(Clyne, LaPointe et al. 2002)
Thus, it was suggested that zinc and protartg@potentiate the receptordependeny, at
differentsites inthe extracellular domain.

1.4.2. Pharmacology of P2X4

The at P2X4 was cloned in 1996 from the takin (Soto, GarcigGuzman et al. 1996%00n
after, the mmanP2X4 was cloned from the human brain sanf@arciaGuzman, Soto et al.
1997) Subsequently, rabbit, dog, frog, and zebrafish P&Mormswere identified. The
human P2X4 gene is located at chromosdrdeclose to P2X7 gene, both receptors exhibit
almost 45% homologin ectodomain and TM domaiithe P2X4 subunits may asmble as
functional homotrimer and heterotrimesith P2X1 and P2X6 subunits in expression syste
for recombinant receptors.urhan and mice P2Xdavealternatively spliced, sirten isoforms
that do not formfunctional channels. Also, there afeur nonsynonymous codinsingle
nucleotide polymorphismg&NP9, in the hP2RX4gene, but only Y315C affects the receptor
functon( I I | es, M¢gll er et al. 2021)

P2X4 receptor antagonists and allosteric modulators

It has been shown thdivalent(GarciaGuzman, Soto et al. 199Kakazawa and Ohno 1997)
and trivalentNakazawa, Liu et al. 199¢htionsare potent modulators of P2Xo crystallize

the zfP2X4(Kawate, Michel et al. 2009)he authors of the first studysed GdG andfound

that four sites were occupied ggdolinium,Gd®* ions. The first site is located in the central
vestibule, where G is coordinated by the carbgxgroup of E98 from each dhe three
subunits. The other three &dites are located séhe periphery of the receptdrherefore, the
authorgperformed electrophysiogical measurements to analyhe modulatory effect of Gd
andfound that G&" acts as an antagonisiyd also accelerates the rate of channel deactivation
(Kawate, Michel et al. 2009)
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PPADS orsuramin, norselecive P2X antagorsis (see chapter 1.3.P2X General
characteristics of P2Xaffectthe 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, Mchel et al. 2009)The competitive antagonists, suciTai>-ATP,
antagonize the receptor by binding to the ATP site while blocking dorsal fin closure and
subsequent ion channel gatingchuse of the steric bulk of tt#nitrophenyl moieties(Hattori
andGouaux 2012)but it has a weak effectatrat P24 | | e s , M¢ell er et al

An exampleof selective P2X4antagonist is the benzodiazepine derivativg3-5
bromophenyh1,3-dihydro-2H-benofuro[3,2e]-1,4-diazepin2-one (5-BDBD), (ICso D 0.5
OM)( Bal §zs, D a n kOriginally, 5BDBD wa2 @es@i)ed as a competitive
orthosteric antagonist of ré@€oddou,Sandoval et al. 2013nd human P2X4 that has similar
inhibitory potency as TN\PATP ( Bal 8§z s, D a n Howeves,tthera ik a radiydnd 3 )
binding study, which suggested an allosteric mechanismBIDBD action (Abdelrahman,
Namasivayam et al. 2017olecular modeling and sHdirected mutagenesis also suggested
an allosteric mechanism, whereB®BD could bind between two subunitstime body region
of human P2X4The M109, F178, Y300, and 1312 of one and R301 of the neighboring subunit
were described as key residues involvedtsnbinding (Bidula, Nadzirin et al. 2022)An
inhibitory effect on endogenously expressed P2X4 has been also §hayDai et al. 2011
Chen, Zhang et al. 2013; Layhadi and Fountain 2017; Coddou, Sandoval et al. R19)
instance, a study conducted on rat hippocampal slices showedBIR#[3 decreases long

term potentiation, especially in the late phase of the resg@osklou, Sandoval et al. 2019)

Ivermectin binding site

Ivermectin(Fig. 1.13)is selective positive allosteric modulator of P2hakh, Proctor et al.

1999; Jel 2alkov&dQO06&,anSieltber ber g, Li etThea!l . 20
humanP2X7 responses are alsgported to bgatentiated by this drug, whileat and mice
P2X7 are not affected N° r enber g, Sobottka et al. 2012)

This, semisynthetic macrocycliactone is widely used in animals and humans to treat
nematode infections. In parasitesrmectinmodulates glutamate @hannels activity, leading
to muscle paralysis arsflarvation. Besides P2X receptav&rmectinis an allosteric modulator
of GABA- and glycineactivatedClc hannel s, U7 nicotinic acetyl c
histamine receptor channels (for review see Zemkova et al, 2014). In response t@siupaam
concentration of agonisthe extracellularlyappliedivermectinincreaseshe P2X4 current

amplitude and sensitivity to agonist and greatly prolongs #ativation of current after
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agonistremoval(Khakh, Proctor et al. 1999; Priel and Silberberg 200#g gplication of
ivermectinalsoreduces the desensitization raaé@dincreases the ability of P2X4 to form a

large pore(Zemkova, Khadra et al. 2015%inglechannel analysis showed thaermectin
increases the probability of channel opening and prolongs the mean channel opathtione
affecting significantly the chanel conductancéPriel and Silberberg 2004)'he chimeric
receptos, containing the P2Xéctodomainandtransmembrane domain frothe ivermectin
insensitive P2X2, were insensitive tovermectin( J el 2 nkov §, Y @ontrang t al
chimeric receptors thabntained transmembrane domains of the P2ixd P2X2 ectodomain

were sensitive tovermectin(Silberberg, Li et al. 2007pBitedirected mutagenesis revealed that
several amino acid residues from both TM domains are critically involved in the effect of
ivermectint J el 2 nkova, VUwmgtlecysteine stdnning 2r@a@ehésis of the

P2X4, the L40, V43, W46, V47, W50, G53, F330, D331, 1332, 1333, and 1337 residues showed
significanty reduced effect of ivermectininterestingly, the responses of the P2X4 with
substitutedrM1 tyrosine 42 to alaninmimic the allosteric action afermectin supporting the

view that ivermectin binds withia transmembrane domainJ el 2 nk o v a, V8vr a
Zemkova, Khadra et al025). The zfP2X4 crystal structerin the ATRbound state revealed

that most of th@bovementionedesiduesare located at theubunit interfaceé~ig. 1.13) with

their sidechairsfacing one another, suggesting that ivermectin and perhaps endogenous lipids

may occupy the 6égapb between TM helices in t
A B
V50
V46
Y45
V42
N
T™1 ™2 |
P | _OHlm
W M (Y .
Lty Ivermectin

OH

Figure 1.13 Putative ivermectin binding site. (A)Residues implicateih ivermectin binding in the rat P2X4 are
shown in stick representatio®)(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 implicatedriactin binding.
Adapted from supplementary (Hattori and Gouaux 2012).
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Effect of ethanol

There is growing evidence that P2Kediates ethanolinduced effectén the brain(Li, Xiong
et al. 2000; Davies, Asatryan et al. 2006; Asatryan, Popova et al. 2@b8koff, Saba et al.
2009) Among P2X receptorsthe P2X4 is known as the most alcofsansitive subtype
(Davies, Kochegarov et al. 200&thanol concentrations starting from belown®! inhibited
ATP-induced currents of P2X4 expressed in oocy¥seng, Peoples et al. 1999; Davies,
Machu et al. 2002; Davies, Kochegarov et al. 2005; Popova, Asatryan et al.28dectin
antagonizes ethanatediated inhibition ofP2X4 in vitro (Asatryan Popova et al. 2010)
Moreover, in mouse models of etharsa@ladministrationjivermectinsignificantly reduced
ethanol intake and preferen{éardley, Wyatt et al. 2012)Most probably ethanol directly
interacts with P2X4 in the ectodomain and the TM interfé@€amg, Hu et al. 2005; Asatryan,
Popova et al. 2@) Yi, Liu et al. 2009)Mutations at positions 331 or 336 in ttaP2X4 TM2
region, significantly reduced or eliminated the modulatory effects of etflRopbva, Asatryan
et al. 2010)Important residues for the action of both, ethanoligednectin are M336 at the,
and Y42 and W4gAsatryan, Popova et al. 2010; Popova, Trudell et al. 2013)

1.4.3. Pharmacology of P2X7

The uman P2X7gene is located on the long arm of ahosome 12 close tihe P2X4 gene,

while themouse P2X®ene is located on chromosome 5. There are several alternative spliced
variantsof P2X7 receptors #t are expressed and functionalr fhstancehuman P2XB and
mouse or rat P2X7Ilteespt Mg | Asenentioacn abaviilRRX/2 0 2 1)
exhibits low sensitivity tGATP andis more sensitive to synthetic analo@®ATP than other

P2X subtypegherefore there were often doubts about its gatlisiological role. Howevemn

some conditions such as inflammation or cancer, the local extlac&lUP concentration can

rise to levels close to those needed to stimulate the P2X7 rec@pitdrggilio, Sarti et al.

2018) In addition,theP2X7 is highly polymorphicSome SNPs are in the coding region, cause

gain or loss of receptor function andyrze associated to different disease conditions such as
major depression and bipolar disordet | | e s, M¢ |. Thast he @2X7 ia durrentl® 0 2 1)
one ofthe P2Xsubtype most extensively investigated drug developmenfNumerous potent

and selective, mainly allosteric, antagonists have been reffoited | e s , M¢ L Ther et
sulfonate dydrilliant blue G(BBG) blocks ratP2X7 with an 1Go value of approximately 400

nM (North and Jarvis 2013Whereasrat P2X2 and humak2X4 are blocked only in the
micromolar range, and others (rP2X4, rP2X1, hP2X1, rP2X3, hP2X3, rP2X2/3, and rP2X1/5)
are unaff ect e (Norih2082) The BBG hds bDeereused in a number of studies
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due to its low cost. Nowadays, there amere selectivdP2X7 antagonistgavailable,with
suitable pharmacokinetproperties. For exampl#ye INJ5417544@ntagonist of aimanP2X7
has been clinically evaated for the treatment of major depression and bipolar disdttiess

Ml I er et al . 2021; M¢l I er and Namasi vayam 2

Inhibitory effect of divalent cations

Copper, zinc, magnesiumand protons are effectv allosteric inhibitors of P2X7
receptorddithin the extracellular domain of the P2X recepttinere are histidine amino acid

residues that amecessary for interactions with these ipn& ¢ +C8stllo, Coddou et al. 2007)

P2XT-specific antagonists

The crystal structure gbdP2X7in complexwith several antagonistsas demonstratedh
hydrophobic, intessubunits antagonist binding pock@€arasawa and Kawate 2016jive
antagonists have been examined in this study (A740003, A804598, AZ10606120, GW791343
and JNJ4785567). All of thenfit within the deep cavityn the ectodomaithat involves F95,
F103, M105, F293 and V312 amiaoids. Particularly, F103 &crucialresiduefor inhibitory
action. The size and shape of the dhnirgding pocket play major roles the determination of
the affinityand specificity of the drugs. Among these five antagoms861598, which is the
smallestwhich failed to be accommodated in theleglent position in P2X4. The equivalent
P2X4binding-pocket is too narrow to allow the antagonist binding, even thdug similarly
hydrophobic aghat ofthe P2X7 Previously, three of the examined compounds (A740003,
A804598, and JNJ47965567) have been reported to be competitive antafjdoistse,
Donnelly-Roberts et al. 2006; Donneloberts, Namovic et al. 2009; Bitacharya, Wang et
al. 2013) However, in the pdP2X@rystal structureall theexamined antagonsarebound to
the site distinct from the ligand binding pocket, suggesting theircoampetitive inhibitory
activity. Also the concentratieresponse relainship of the P2X#mediated YOGPRO-1 uptake
in the presence of theskugs favored a norcompetitive rather than competitive inhibition.
Finally, the ligandbinding assay in the presence of antagonist confirmed theomopetitive
allosteric effec{Karasawa and Kawate 2016)

The TNRATP is a competitive antagonist of P2X receptors ianthe most potent at
P2X1 and P2X3butsignificantlyinhibits also thé>2X7(Virginio, Robertson et al. 1998; North
and Jarvis 2013)The TNRATP in both, the hP2X3 and the ckP2X7 structures, occupies the
ATP binding pockef Mansoor , Le et al . 201 ®Bthe NaAsTB y a Y &
bound ckP2X7complex the extracellular domain architecture is similar to that in the ATP

bound, open state structures of P2X receptfifasuya, Yamaura et al. 2017and the
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trinitropheny group of TNRATP faces toward the head and dorsal fin domains. In @nira
the TNRATP bound hP2X3 complex, the overall confirmation is essentially iddrttcthe
closed state of hP2X3 where the trinitrophenil group of WPP r ot at es by 180
toward the lower body and left flipper domaifiéasuya, Yamaura et al. 2017)hus, he

binding mode between these two crystal structures is quite differen

P2X*specific allosteric modulators

There isa number osynthetic omaturalmolecules that act as positive or negative allasteri
modulators of P2XTStokes, Bidula et al. 2020Jhe syntheticompound, GW791343 {#3,

4- difluorophenyl) amino}N- [2-methyl -5-(1-piperazinylmethyl) phenyacetamide
trinydrochloride) is a positive modulator it P2X7 butnegativemodulator ofhumanP2X7

(Michel, Chambers et al. 2008)Iso some anesthetics, antihistaminic and-arftammatory

drugs, antibioticsrad anthelmintic drugs for instanaeermectin( N° r enber g, Sobot
2012)have been identified gositive allosteéc modulators ohumanP2X7 (Stokes, Bidula et

al. 2020) Steroidlike glycosides, ginsenosides, predominantly obtained from the obtite

A — B

C-20: glucose glycoside

C-3 glucose glycoside

OH
HO, _F

C-6: unsubstituted C-20: 8 stereochemistry
Ginsenoside CK Ginsenoside (208)-Rg3

Figure 1.14Proposed structureactivity relationship for glycosides acting as positive allosteric modulators

at P2X7.(A) The chemical structure of ginsenosidK is shown with important groups highlighted. Glucose
attachment (cyan) is criticébr activity at P2X7. @b substitutions are not tolerated (yello\is) The chemical
structure of ginsenosie20(S)YRg3 is demonstrated with positioning relative to the P2X7 binding mode (inverted).
The G3 glucose attachments (cyan) face up into the bigiocket. The 0 hydroxyl group shows that
stereochemistry and positioning are critical for activity at P2xJaptedfrom (Piyasirananda, Beekman et al.
2021)

plant genusPanax ginsengcould potentiate ATRctivated P2X7 currents, dy@ptakeand
intracellular C&" responsegStokes, Bidula et al. 2020)fhe most potent ginsenoside is
compaind K (CK) that enhancesell death innonlethal concentratianof ATP (Helliwell,
ShioukHuey et al. 2015Within the central vestibule of hum#&2X7, there is a ginsenoside
CK binding pocket that involves D318, L326hd $0 (Bidula, Cromer et al. 2019There are
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two modes of ginsenoside binding whidepend on the attached cdnlgdrate moiety of

ginsenoside molecul@iyasirananda, Beekman et al. 20Hiy. 1.19.

Effect of cholesterol on P2X7 function

AmongtheP2X receptors, the P2XP2X2, P2X3, P2X4, and P2X7 have bdetectd in lipid

rafts, indicatng that they could be sensititedisplacement oreduction of cholesterol content

in the membran@urrell-Lagnado 2017)t has been shown that depleting cholesterol by using
the cholesteretl e p| et i ng acgehodemet hgl ( tbebhGniap P2XA c c e | €
receptorsensitization after prolonged exposure to agonist. In the nR2X@& the choksterol
depletion enhanceke amplitude of the initial response. Contrary, the loading of cells with
cholesterol strongly inhibitlsoth human and mouse P2X7 curremikso, it has been observed
that mebCD dr a rhetate af AMDGwand etmédhnauptake Isy cells expressing
human P2X7 When the cells were loaded witholesterolcomplete inhibition oNMDG?*
uptakewas observed, suggestiadgypothesis that cholesterol itiis pore formation ands
depletion facilitates the sensitization preséRobinson, Shridar et al. 2014he association

of the P2X7 receptor with cholesterol is also important in lipid signaling pathways activated
downstrean of P2X7 receptor stimulatiofMurrell-Lagnado 2017)

There are two possibilitier how cholesterocould act in the regulation ofP2X7
activity. Indirectly, via association witbther membrangroteins and/or by changing the
biophysical properties of the membraerectly, via cholesterol binding motifs in the P2X7
protein(Murrell-Lagnado 2017)it has beersuggested thahe P2X1 receptor inhibitory effect
mediated by cholesterol depletion is due to disrupting interactions with the actin cytoskeleton
(Lalo, Roberts et al. 2011nlike 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 receptfor
glycosaminoglycans (GAG#H)atinteracts with P2X7. The GAG chain of soluble CD44 variant
(sCD44) inteacts with the P2X7 acting as a positive allosteric modulator, promoting
sensitization and pore formation. Cholesterol depletion triggers the mentepeedent
shedding of CD44 as does the activation of P2X7 receptors, and sCD44 is thought to be part of
apositive feedback loop contributing to receptor sensitizgtiboura, Lucena et al. 2015)

The secongbossible cholestereiffect involves direcinteraction withP2X protein The
cholesterobinding sites have been identified within membrane proteins, andinttiage the
cholesterol recognition amino aci@rsensus (CRAC) motif (L/V)XbB-Y-X1-5(K/R), the
reserve motif known as CAR&hd tolesterolsensing motif (CSM) which involves positivel
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charged (R/K), aromatic (W/Y), and hydrophobic (I,V,L) resid(idsirrell-Lagnado 2017)

The CRAC motifs have been identified in thetdiminus,the extracellular end of TM1, and

the Gterminus of P2X7(Robinson, Shridar et al. 2014The mutations of tyrsine to
phenylalanine (Y358F, Y382F, Y383F, and Y384F) within the CRAC/CARC motif caused a
progressive decrease in the sensitivity of receppgg di at ed et hi di um upt:
pretreatment, suggesting that these tyrosine residues are involved in #staribbkensitivity

of P2X7 receptors(Robinson, Shridar et al. 2014)nterestingly, this putativeensing
cholesterol region is located immediately upstream of positively charged residues (R386, K388,
and K395) that are reported to interact with phosgiiositol 4, Sbisphosphate (PIP2)
(Zhao, Yang et al. 2007; Murrdllagnado 2017)PIP2 isa positive cofactor of all functional

P2X receptor subtypes, except P2HBurrell-Lagnado 2017)Therefore, the inhibition of
receptor function produced by an a@nlked 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 downstreartheputative PIP2 binding site,
disrupted both ltannel function and the trafficking of the receptor to the plasma membrane
(Robinson, Shridar et al. 2014; Murrkkgnado 2017)

1.5. Neurosteroids and other endogenous steroids

The term Aneurosteroidod was introduced by th
with his colleagues, Baulieu detected high levelsdiehydroepiandrosterone (DHEA) the

brain and lowevelsin the general circulation of male rats. The highdewef this compound
wasretained egn after several days of gomatiomy and adrenalectomy which supported the
Aneur ost er osughesting thad stetollseaseiofshe brain orjBiaulieu 1998) Soon

after,other steroids have been also identifiethéosynthesized withithe brain independently

of the peripheral steroidogenesieimdocrine glands. Fexample, allopregnanolone (ALLOP)

persists in the brain after surgery or pharmacological suppression of adrenal and gonadal

secretiongPurdy, Morrowe t  a | . 1991; Corp®chot, Young et
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Figure 1.15 Structure and biosynthesis ofieurosteroids from cholesteraol (with permission oEva Kudova).

Besides, enzymes that are involved in biosynthesis of steroids from cholesterol haasbee
identified in the brain, thus ALLOPan be synthesizate novd n

t

h e bredactiomof v i 5 (

progesteron¢Reddy 2010) Moreover, cholesterol low molecular weight precursors, such as

mevalonatehave beeralso detected in the bra{Baulieu 1998) Nowadays, it is generally

accepted that brain may actasteroidogenic organ, aride neurosteroid term is widely used

to describe all steroidal compounds that are synthesieatbvoin the nervous system from

cholesterobr from circulating precursarof peripheral origiffFig. 1.15)

Synthetic steroids, such @4 LOP derivatives dlxalone and ganaxolone, exhibit

anesthetic anenticonvulsant propertigdlonaghan, McAuley et al. 1999; Ahrens, Leuwer et

al. 2008) Based on structure, neurosteroids ba broadly classified as pregnanes, androstanes,

and sulfated neurosteroiReddy 2010)T h e

term Aneuroact i VPaul

stero

and Purdy, describedl natural or synthetic steroids that rapidly alter the excitability of neurons

by binding to membranbound receptoréPaul and Purdy 1992)
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1.5.1. Allosteric modulation of ligandjated ion channels by neurosteroids

Interaction of neurosteroids with ligaigéed ion channels in tHaain is reported to havoth,
stimulatoryandinhibitory effect (Reddy 2010) These drugs might be usedtie future for
thetreatment of neurological disorders caused by altered ion channel function, spibEsy,
anxiety, depression, Par ki nsonods and ,Aand mhmeliiple esclégrosis di s e

(Waszkielewicz, Gunia et al. 2013)

Modulation of GABAA receptor activity by neurosteroids

So far the best studied is the interaction of neurostemittisGABAA receptorinvolved in

inhibitory synaptic transmission. An extredy potent positive allosteric modutas of

GABAA receptors are ALLORNdallotetrahydrodeoxycorticostero@HDOC), which have

sedative, anxiolyt, and anticonvulsant effec(Reddy 2003) At higher, submiasmolar to
micromolar concentrations, ALLOP and THDOC directly activate murine GABAA receptors
(Lambert, Belelli et al. 2003; Hosie, Wilkins et al. 200A) synthetic steroicalfaxalone
potentiates GABAA and tdess extent glycine receptor that also mexdiatast inhibitory
neurotrangissionin the CNS(Ahrens, Leuwer et al. 2008DHEA and its sulfate derivative

DHEAS are negative allosteric modulators of GABAA receptors, DHEAS has greater potency
(MajewskaDe mi r gt rah . 1990; De nal 1991° Geaud, Merdhtenderw s k a
et al. 2009) Some negative GABAA receptor modulatasach are pregnenolone sulfate (PS)

and dehydroepiandrosterone sulfate (DHEA&ve anxiogenic and proconvulsant effects
(Reddy 2003) The chimeric receptor,constructedfrom murine GABAA receptor and
Drosophila MelanogasteGABA receptor wih resistance to dieldrin (RDL) is insensitive to
neurosteroidnduced potentiation. Chimera containing s u bfrorm iRDL exhibited

abolished potentiation as well as direct activatitieot of ALLOP and THDOC, indicating

t hat transmembr ane doessaiyrfos neardsterdid bisdirliosie,i t ar e
Wilkins et al. 2006) In the same study, by using homology modeling and mutagenesis, two
discretegroupe f conser v eadn o ebs i GAUBeAsA irneclept or subuni t
to be involved iractivation and potentiation effects of these neurosterBaigiculary , UT 2 3 6
and bY284 initiate activation, wh e r(osis UQ2 4
Wilkins et al. 200%.
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Figure 1.16 The positive neurosteroid binding site within GABAA receptor chimera.(A) THDOC (green
sticks) binds across each subusitbunit interface (box) in the pentameric recep{B) Side view, in the
membrane, andC) plan, extracellular viewpf the THDOC binding at interfaces between principal (p) and
complementary (c) subunits. Adapted frélsaverty, 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 spheresbhndlc at ed at t he | i-pelicds, f ace o
viewed from the plane of the membrane. Hydrophobic and aromatic residues that line theekjpaged face of

M3 and M4 are labed. These residues form a smooth groove at the protein surface, with PS bound alongside the
Uhelices. Residues that bind THDOC (forming the potentiatiegrosteroiebinding site) are labeled in green,

and THDOC orientation is shown by the transparergrgoval. Cholesterol (CHS) binding is indicated by orange

sticks. Adapted fronfLaverty, Thomas et al. 2017)

However, the later crystal structure study of functional GIGA BAARU1 chi mer
receptor, containing extracellular domain, amel M3 M4 short linker {SQPARAA:) of the
prokaryotic homolog GLIC fronGloeobacter violaceys and TM from the U:
GABAA receptor,revealed that both potentiating aadtivating steroids bind to a single
intersubunit binding pockéFig. 1.16)near the lipid interfacewhich differ from that for other
GABAA allosteric modulators such ageneral anebetics (Laverty, Thomas et al. 2017)
Steroids with negative allostericfe€t at GABAA receptorbavea specificbinding site(Fig.
1.17)but its keydeterminants arstill 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 alss farget
neurosteroidsDHEAS is weakly active at NMDA receptofg/u, Gibbs et al. 1991 )ut in

hi gher (nanomol ar) concentrations might i nd
receptorscoupled to G proteins,( Monnet |, Ma h.@Moreotver, affer. DHHEAS 9 5 )
intrapertoneal administration in Wistar rats, the number of NM[B3A]dizocilpine radie
labeled receptors increases in the hippocampus(#fea, Dong et al. 2001PS hasa dual
effect,it may act as positive or negative allosteric modulator depending oeddgtor subunit

type: it specifically enhances NMD#ated currents in spinal cord neurons, while inhibiting
nonNMDA glutamate receptor@Vu, Gibbs et al. 1991)he observation that PS specifically
potentiates NMDA but inhibits GABAA receptors is consigt with the hypothesis that
neurosteroids are involved in regulating the balance between excitation and inhibition in the
central nervous syste(W/u, Gibbs et al. 1991PDnthe other handyregnanolone sulfate (PAS)

acts only a anegative allosteric modtor (Malayev, Gibbs et al. 2002 discrete group of
transmembrane residues of GIuUN2B subunit membrane helices M1 and M4, and the GIluN1
subunit helix M3 are involved in PSnlding at the NMDA receptor. In the receptor channel
open stateposition of theGIuN1 M3 helices is stabilized by PS bindifigrcka Krausova,
Kysilov et al. 2020) The inhibitory effects of PS and PAS are mediated most probably by
differentbinding sites and mechanisifidalayev, Gibbs et al. 200%/yklicky, Krausovaet al.

2015) Sulfated groups of both, PS and PAS, are oriented toward phosplithiesthe 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 lacsitbdlpw the

lipid phosphates of the plasma membréfecka Krausova, Kysilov et al. 2020)

Modulation of nicotinic receptor activity by neurosteoids

Nicotinic acetylcholinereceptors are another class of ligagaded ion channels that mediate

fast excitatory neurotransmissiornt has been reported that DHEA and DHEAS inhibit
catecholamine secretion and suppress cytosofit i@ coupled with nicotinic acetylcholine
receptor(Liu, Lin et al. 1996; Liu and Wang 2004An estr ogenestaidler oi d,
potentiates human U4b2 neuronal nicotinic r
isof or m. However, both human and r at U4b2 rec
contracept-sraiplTaehyYdylsubuni t iffersatthenGesminalr ece pt
region, the rat posseessPPWLAAC sequence and human variBRWLAGMI. Mutations of

last two residues (AC to AGMI) in rat, or three residues (GMI to AC) in human where sufficient
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to establish potentiating effect 1 7-éstradiolt o t he rat U4 subunit, a
human U4 subuni t -estrfidiol requiresriek IAGMI seguince. Musationshof

W to L, el i mi nat e destiadiokto ptentidteirat necepioirs, battinrhymary, | b

both W and AMGI wer@ecessary to be mutated for eliminating potentiating efféxrefore,

it was ¢ on c-ésuadi@ Bindinghsdet is |dcatda withintCe r mi n a | domai n
subunit(Paradiso, Zhang et al. 2001)

Allosteric modulation of P2X by neurosteroids

Amongthe firstneurosteroid thatare reported tonodulate P2Xactivity is DHEA, which in
dosedependent manner potentiated Aiflduced membrane currents mediate@bglogenous
P2X2-containing receptors and inhibited those mediated by P2X3 in neonadialrsat root
ganglion (DRG) neuronegDe Roo, Rodeau et al. 2003nother study demonstratdubth
potentiating and inhibitorgffects of neurosteroids at rat P2Xd two different cell models,
HEK293 and Xenopus leavi®ocytes.While alfaxdone, ALLOP or THDOC potentiated,
pregnanolone (but not its $aled derivative) inhibited AT#hduced current{Codocedo,
Rodr 2 guez .d&ddtonaly, THRACOWRY able to increase theactivation tne
constant of the P2X4 Codocedo, R o d rsinipdyexz pregiduslyescribedZdd 0 9 )
the GABAA recepto(Harrison and Simmonds 1984 x steroids such are progesterone and

1 7-éstradiol did not show any modulatory effett P2X4even at higher concentrati®n
indicating that steroids must interagith receptor proteirat structurally specific sites rather
than eliciting a nosspecific membrane perturbatignCodoc e d o, Rodr.2 guez
However,amother studies demonstrated that progestesatectivelypotentiatesiative P2X2

in rat DRGneurons, swell recombinant P2X2n transfected HEK293 cells &enopus laevis
oocytes( De R o eGraboBei al. 2010)@ndl 7-éstradiol rapidly and selectively inhibits

t h e-mddTP-induced currents mediated by P2X3 receptors in DRG ne(imsRong et al.
2005)

The P2Xmodulation by neurosteroids may béso indirect, involving intracellular
signaling pathways. For exampia, DGR neurons corticosterone inhibits P2X3 currents by
activation of glucocorticoid receptor and stimulation of downstream cyclic AMP
(cAMP)/protein kinase A (PKA) pathwdYiu, Zeng et al. 2008)

1.5.2. Testosterone and testosterone derivatives as neuroactive steroids

Testosterongs a dominant circulatingnarogen inmale mammals, including humans.idt

produce by Leydig cells of testes, amol amuch less extent in femadwaries The synthesis
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and release of testosteroisestimulated by gonadotropins, luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) that are synthesized and releasedHeamterior pituitary
gonadotrophs into the blood stream under control of hypothalamic gonadeti®asing
hormone (GnRH). Testoterone synthesis is negatively regulated by estradiol that hyperpolarizes
the GnRH neurons, preventing excess release of goopdwrand reducing the levels of

circulating androgens and estrogé8pritzer and Roy 2020)

Biosynthesis of testosterone

As other steroidal compounds, testosterone is cholesterol derivative composed by 19 carbon
atomg(Fig. 1.15) Within themitochondrial inner membrane, the sidein cleavage enzymatic
complex P450scc transforsncholesterol into pregnenoie. Next, pregnenolonenay be
converted by another, endoplasmeticulum P450 enzymde androgenssuch as DHEAand
androstenedione. THimal step in biosynthesis of testosterone is reduction of androstenedione

t hat | s c ahydroxylaseBdulien ¥9981 Sphtzer and Roy 2020)terestingly, all

the key enzymes involved in testosterone biosynthesis havefdeeth alsoin the ratand

human hippocampus, indicatidg novesynthesis of testosterone wittiire brain(Spritzer and

Roy 2020) Furthermorgtestosterongself may penetrate the brain blood bar(idobbs, Jones

et al. 1992)

Androgen effects of testosterone

By binding to its intracellular androgen receptaestosteone regulatesan expression of

certain genes, producing the androgen effects. This action is termed as genomic, and it occurs
for minutes or hours.Testosterone undergoeeduction to more potent metabolite
dihydrotestosterone (DHTD y -rédUctaseCompared totestosterone, DHT haa higher

affinity to androgen receptoand slower dissociatiortonstant Another enzyme,P450
aromatasgcatalyze the conversion of testosterone to estrogen. Both enzyméeductase
andP450 aromatase are present in the bidaulieu 1998; Spritzer and Roy 2020)

The adrogen action promotes the development and maintenance of male sex
characteristics such asaturation 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 -fsgnihetic analogues
(androgerc anabolic &eroids, 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, tendoor bone injury, osteoporosis, certain types of anemias, and hereditary
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angioedema. Howevetestosteronand AAS have adverse effects, including skin disorders,
hepatotoxicity (especially true fohe orallyactive derivatives), alteed blood lipid profiles,
hypertersion, cardiovascular ankidney disorders, behavioral changes, and reproduction
disordes. Moreover, there is an incrgag number of recent reports describhkgS abuse by
nonprofessional athletes, mostly young peoplbée TAAS abuse may develop withdrawal

symptoms and addictionTauchen, Jur 8gek et al. 2021)

The effect of testosterone and its derivatives on ligand gated ion channels

Testosterone may act laynongenomic mechanism as neurosteroid which modulajasd
gated ion channels or-@otein coupled reptors.It has been reported that testosterone
modulats seizure susceptibility via conversion ints metabolites withinthe brain. Thus,
testosteronemetabolites such are DHBnd 3aandrostanediolwere eported to have
anticonvulsant, and estradiol proconvulsaffece mediated by modulation oGABAA
receptor activitfReddy 2004)It has been also shown tltdrostenediol hascncentration
dependent effeain GABAA receptoractivity in acutelydissociated CA1 pyramidal neurons
This compounds structurallysimilar to ALLOP, and exhibg apositive allosteric modulatory
effect on GABAA currents with the comparalgfficacy. Contrary to ALLOP, androstenediol
is less potent and has much loweriaptb directly activate GABAA receptofReddy and Jian
2010)

1.5.3. Bile acids and bile acid derivatives as neuroactive steroids

For decades, bil e aci érgentivietheegutxdoericsthed fanctoerd o n | vy
in solubilizing fats and facilitating an uptake of-&atluble vitamins in the intestineseRtively

recently,it has beeshown that they play an additional role as intracellular signaling molecules

in the liver, for review se@Claudel and Trauner 202Mlowadaysthe importance of bile acid

signaling outsidethe gastrontestinal tract has been shown, to®here are several shes
demonstratinghe role of bile acidsn the brain, and their involvement meuropathology
(Coppleand Li 2016; McMillin and DeMorrow 2016)

Biosynthesis of bile acids

Bile acids are mostly synthesized in the liver. Ti@synthesis obile acidsinvolves three

pathways classical alternative and neuronéfig. 1.18) (McMillin and DeMorrow 2016) In

the classical pathwaycholesterol is converted bythe CYP 7 A1 enzy-me t o
hydroxycholesterol. After several metabolic interactions, CYP8B1 or CYP27A1 enzymes form

primary bile acids, cholic or chenodeoxycholic acid, respectively. In the alternative pathwa
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cholesterol is converted to 2drocycholesterol bythe CYP27A1 enzyme. Next, 27
hydrocycholesterol as substra¢ for the CYP7B1 enzymas converted viaa few metabolic
steps tachenodeoxyxholic aciMcMillin and DeMorrow 2016)

tiassical pathway Alternative pathway Neural cholesterol
Cholesterol clearance pathway

7)/
Ta-hydroxycholesterol 27-hydroxycholesterol 2465) ydveowcholesterol

1 C cyere1 ) ic;l'm >

7a-hydroxy-4-cholesten-3one 5-cholesten-3p3,7a,27-triol 5-cholesten-3(,7a,24(S)-triol

7ot,12a-hydroxy-4- Ja-hydroxy-58- 7a-hydroxy-3-oxo-4- Primary BA S a BA
S Secondary BAs
cholesten-3-one cholestan-3-one cholestenoic acid =ilaccaos
l l Cholic acid =3 deoxycholic acid
5p-cholestan-3c, 5@-cholestan-3a,
7a,12a-triol 7a-diol Chenodeoxy .
- cholic acid =3 lithocholic acid
| <™
-
3a,7a,120- 3a,70- o " Y J
trihydroxy-5p- dihydroxy-5p- _
cholestanoic acid cholestanoic acid Conjugated BAs

Taurocholic acid Taurodeoxycholic acid
Glycocholic acid Glycodeoxycholic acid

|
B s et o
Figure 1.18Schematic representation of the classic, alternative, and neural cholesterol clearance pathways
and bile acid synthesisExplainedin the text, and taken frofMcMillin and DeMorrow 2016)

The brain tissue is very sensitive iypercholesterolemia. Therefore, the brain regulates
the level of cholesterol by its conversion to metabolites. The CYP46A1 enzyme is highly
expressed ithe frontal lobe, hippocampus, cerebral cortex, putamen, amygdala, and caudate
nucleusand it metablizes cholesterol into 24(8)ydroxycholestero{fLund, Guileyardo et al.
1999; McMillin and DeMorrow 2016)Unlike cholesterolthis metabolite can pass the brain
blood barrier enterscirculation, and is taken up by the liver wherthe enzyme CYP39A1
coninuesits metabolism tile acid biosynthesid orbek, Lewinska et al. 2012; McMillin and
DeMorrow 2016) Primary lile acids are secreted into the gut whirey are converted by
intestinal bacteriainto secondary bile acids, deoxycholic acid, lithocho#icid and
ursodeoxycholic acidoy dehydroxylation, which increases the hydrophobicity of the molecule
and therefore their accumulation in the plasma memb(&ireyama and Nochi 2019)

Furthermore, secondary bile acids may be modified in the liver owigusulphation or
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glucuronidationand then are conjugated with glycine or tau¢@mann 1999; McMillin and
DeMorrow 2016)

The bile acids action through nuclear and membrane recepot

Bile acids andheirderivatives conduct their signaling pathways through nuclear and membrane
receptors. Among nucleagceptors interacting with bile acids daesenoid X receptor (FXR)
(Wang, Chen et al. 1999; Staudinger, Goodwin et al. 20@Egnane X Receptor (PXR)
(Staudinger, Goodwin et al. 20QMitamin D receptor (VDR)Adachi, Shulman et al. 2004)
constitutive androstaneceptor (CARYChang 2009andglucocorticoid receptofMcMillin,
Frampton et al. 2015Yia these interactions, bile acids regulate expresdionmerous genes
involved in up or downregulation of their biosymesis, neurosteroid synthegigvelopment,
metabolism etc(McMillin and DeMorrow 2016) Three years after the discovery FXR
mediated bile acid signaling, a membraymee receptor fobile acids (MBAR) that s activated

by lithocholic acid, deoxycholic acidand chenodeoxycholic acichas been identified
(Maruyama, Miyamoto et al. 2002Yhis receptor, later calledlakeda Gprotein coupled
receptor 5 (TGR5(Kawamata, Fujii et al. 20035 also known as @rotein coupled bile acid
receptor 1 (GPBARL1). It is expressediwe brain, Iver, lung spleen, and high expression has
been foundn the monocyte/macrophage cell population as wkltMillin and DeMorrow
2016) In primary astrocyteghe activation of TGR5 leads to increasetheintracellular level

of cAMP and calciumand the subsequent induction of reactive oxygen and nitrogen species in
primary astrocytes Ke i t el ,  G?2Twg integtins, aghingosh@phdsphate recepto
(S1IPR2)Yang, Ishiietal. 2002 nd receptor for fibronectin

bound receptors for tauroursodeoxycholic d8adhlke, Schmitz et al. 2013)

The effect of bile acids on ion channels

Bile acids and their derivatives may alsmtivate or modulate ion channel activities
Endogenous bile acids (cholic, deoxychplithocholic, and taurolithocholic@ds), as well as
some synthetibile acids derivativesactivate theCa?*activated K (maxiK or BK) channels
(Dopico, Walsh eal. 2002) It has been shown thitthocholic acidvia BK channel activation
mediates dilatation of cerebral arteri@ukiya, McMillan et al. 2013) The modulation of
neuronal activity of hippocampal neurons by bile acids is mediated by antagonizirigoéffec
these compounds at GABAA and NMDA receptors. Among bile acids the most potent
inhibitors of these channels arleenodeoxycholianddeoxycholic acid¢Schubring, Fleischer

et al. 2012)Bile acids have been reported to activate or modulate thnexabers ofthe

degenerin/epithelial Nachannel (DEG/ENaC)amily, bile acidsensitive ion hannels
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(BASIC)( Lef wvr e, Diakov et al. 2014; Wiemuth, A
2018) epithelial sodiumttannel (ENaCj Wi e mut h, .R044; llyaskine Diakdv etall
2016) and acigsensing ion lcannel 1la (ASIClafllyaskin, Diakov et al. 2017)BASICs are
closely related t&\SICs but unlike them, they are not activated by protdiyaskin, Kirsch et
al. 2018) Thechenodeoxycholiandhyodeoxycholic acidseversiblyactivaterat BASIC, and
three main bile acids present in human ,lleenodeoxycholic, cholic, and deoxycholic acids
induce nordesensitizing currents aumman BASIC. However, it is still not clear ithese
compoundsarereal ratural ligands of BASICand/or if their effect is mediated by nonspecific
interaction with the plasma membrahd e f v r e, Di .arkecENaCechannakdre. 2014
heterotrimers composed frothp p  a n d itsubinissnTaurconjugatedile acids (&
bile acid, t-chenodeoxycholic-tholic and tfdeoxycholics t i mul at e E-Mwadn i n t h
t h e -canfigoration, butunconjugated forms stimulatenly U b-BNaC form (llyaskin,
Diakov et al. 2016)The wholecell recordings ofXenopus Leavisocytestransfected with
ASIC1la channelevealed thathe channel activity at pH 5Wassignificantly increased in the
presence of tauroonjugated, -thenodeoxycholic,-tholict, and {deoxycholic, bile acids
(llyaskin, Diakov et al. 2017)

Modulation or stimulation of ASICla and ENaC activity by bile acids is accompanied
by a significant reduction dhe singlechannel current amplitude, indicating an interaction of
bile acids with a regionlose to the channel pofiéyaskin, Diakov et al2016) The analysis of
crystalized chicken ASIC1 revealed th#e acids may bind to the pore region at the degenerin
site of ASIC1a and ENaC channé@lyaskin, Diakov et al. 2016; llyaskin, Diakov et al. 2017)
Substitution of a single amino acid resedwithin the degnerin region of ASIC165433C or
G433S) and DbDENaC (N521C or N521A) significar
channelqllyaskin, Diakov et al. 2016)Therefore, it has been suggested that the intersubunit
interface within theransmembrane domain, the degenerin site, is critical for the functional
interaction of bile acids with these chann@lgaskin, Diakov et al. 2016; llyaskin, Diakov et
al. 2017) These led to a hypothesis that BASIC activation by bile acids involvesgieaerin
site aswell. Indeed, the substitutiomms homologues residues in BASWGth cysteires(D444C
and A443C) decreased sensitivity t-deoxycholic acid(llyaskin, Kirsch et al. 2018)
Interestingly, the P2X channels share with AISIC channels a common transmembrane topology,
large cysteingich extracellular domain, pore architecture and the presence of similar cavities
and vestibulegGonzales, Kawate et al. 200However, there is neignificant amino acid

sequence relationships between ASICs and P2X receptors.
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2. AIMS

The aim ofthis thesis was tadentify new moleculedhat display modulatory effect on
recombinant and native P2X receptohs.first, we screened a library &2 neurosteroids,
purchased or synthesized at thep@rtment of Steroidal Inhibitors, Institute of Organic
Chemistry and Biochemistry, ASCR, that have net lyeen tested with P2)Based on this
screening we selected testierone analogues and cholic acidprasnising modulators ofZX,

andestablished the following goals:

1. To examinethe effect of testosterone aitd derivatives on activity of recombinant
P2X2, P2X4, and P2Xin transfectedHEK293T cells and endogenous P2X in pituitary cells
or hypothalant neurons. To characterize structural requirements of putative stenoiichg
site(s) for proper receptonediated interactions, and analyze the mechanism of action in
comparison with welknown P2X4specific allosteric modulator ivermectin.

2. To test ahypothesis that bile acids control activity of recombinant as well as
endogenously expressed P2X receptomsnparethe effects ofprimary and secondary bile
acids onP2X2, P2X4, and P2X7 analyze the mechanism of actiandlocalize putative bile
acid binding site using alanine scanning mutagenesis of R4
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3. METHODS

The modulatory effect of neurosteroids on P2X gating was investigated electropifigsibfo

in the HEK293T cellstransfected witlwild type WT) P2X2, P2X4, and P2X7 receptoos
alanine point mutated P2X4 forms. The primary culture of anterior pituitary cells and
hypothalamicrat brain slicesvere used for the investigatidhe effect of neurosteroids on
endogenously expressed P2X. The A&gponses in the presence and absence of neurosteroids
were recorded by the patckamp method in both voltaggamp and currentlamp
configuratiors. Moreover, we performed ethidium bromide (EtBr) fluorescence measurements,

to measure the P2X4 channel @formation
3.1. Generation of single point mutations in the rP2X4 subunit

The @t full-length P2X2, P2X4 and P2)XEDNAs and cDNAs of mutated P2X4 subunits were
subcloned into thbicistronicenhancedjreenfluorescent protein expression vector, pIRES2
EGFP (Clontech, Mountain Vie, CA, USA; RRID: Addgene_43964). Subcloned WWPR2X
genes were provided by Dr. Stanko S. StojilkoMtCHD/NIH, Bethesda, USAIn order to
generate the mutated P2Xbunits, oligonucleotidgsynthesized by VB&enomics, Vienna,
Austria) containing specific point mutations were introduced into th®2at4/pIRES2EGFP
templatepusing PfU Ultra DNA polymeragéermentas International Inc, USA). The generated
PCR products were used for transformatiothefTOP10 bacterial cell lindNext, thebacterias
were plated onto kanamycin Luigertani (LB) agar for the selection of the bacteria expressing
P2X4 mutant. The selected transformants were furthecsitilored in liquid LB medium. The
High-Speed Plasmid Mini Kit (Geneaid, Shijr GifTaipei County, Taiwan) was used to isolate
the plasmids for transfectiorDye terminator cycle sequencing (ABI PRISM3100, Applied
Biosystems, Foster City, CA) was used to identify and verify the presence of the mutations
The sequencing was performedltie DNA Sequencing company SEQme s.r.o., Prague, Czech

Republic.
3.1.1. Polymerase chain reaction

The P2X4DNA coding sequence was modified by introducing the point mutations, that each
of the desired constructs has an alanine aragid instead of the originaln the polymerase
chain reaction (PCR) as a template was used thetypkiP2X4 cDNA and primerghgth 33

45 base pairs with point mutation on a desired $ite.reaction mixture was prepared in PCR
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microtubes and was kept on ice. The content of the reactixture is summarized in the

following table

The component of the reaction mixtt Vo | u e

10 x PfuUltra buffer 5
Templ ate (300 ng 1
dNTP mixture (50 mM) 1.2
Pri mer DOWN (100 2
Primer UP (100 p 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 = 95eC
Step 2: Annealing, T=5& (&t =1 min

Step 3: Elongation, T=68 C, t = 10 mi n

The steps from 1 to 3 were repeated 19 times

Step 4: Final elongation, T=@8C, t = 12 mi n

After the termination of PCR cycl es, i n the
to eliminate thetemplae D NA and then it was incubated at

3.1.2. Bacterial transformation

Liquid Luria-Bertani medium (LBmedium) contained the following chemicals: 1% trypton
(ICN Biomedicals, Aurora, Ohio, USA), 8% yeast extract (Serva), 1% NaCl (SigAldrich)
dissolved in the deionized water. The pH of medium was adjusted with NaOH to 7.4. The
medi um was sterilized in autoclave for 20 mi
4¢C.

LB agarwith kanamycincontained:1% tryptore (ICN Biomedicals, Auraa, Ohio,
USA), 05 % yeast extract (Say, 1% NaCl (Sigmaldrich), 1.5 2% agar (Difco, Detroit,
USA) prepared in deionizedater. The pH was adjusted t@l.7The medium was sterilized
anautocl ave f oG Imddliateh after thet sterllizati, ghe medium wasooled
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t o CS5AGter coolingthe 3@ g / ml o f whsaaddadnihenedium. The medium was
dispensed onto Petri dishes and keghar ef r i ger at or at 4eC.

The TOP10 competetd. coli culture (Promega, Madison, WI, USA) was exposed
heatshock transformation. At firsthe 50¢ | of c olnpeeetmixadtin aovatex with
10¢ | of PCR pr od43&ninutesoof ihcobatiendon icey Th& thediumwas
preheated in a thermoblo@ppendorf, Hamburg, Germany). After coolitige transformation
mix was inserted in already prepared thermoblock for 45 s, followed by returning the
transformation mix for28 mi n on i ce. The 170 ¢l of [ i qui
mixture. Next, the mixture was transferred to the rocking tbhbtatk to mix(350 rpm) and
i ncubate at 37eC for 1 hour. Af ter Il ncubat
(30e g/ ml ) LB agar pl a6 &aondr s natubd8t7ed fior the&
kananamycifresistant colonies were grown, the sever&bes were selected and suspended
into 5ml of liquid LB medium and kanamycin (
37eC and constant | yl6 hours adter thedell s@spedsion wasireddpfor 1 2
the isolation of plasmids and DNA omentration measurement.

3.1.3. Plasmid isolation and characterization of DNA sequence
The HighSpeed Plasmid Mini Kiivas used to isolate plasmids. The cellular suspension in LB

medium was centrifuged at 300@m, for 5 min at room temperature atest tube. The

supernant was removed and tipelletwa s r e s u s p e n dseldtionicontaiBirgbhe ¢ I o f
RNase (PD1 solution). I n the mixture was add

by inverting the tube ten times, without vortexing.e&f2 min at room temperature, when the

| ysate was homogenous, it was added 300 ¢l o
the tube in the same way asthe previous step. After achieving the homogeneity, it was
centrifuged at 13000 rpm at roonmtgerature for 10 min. The supernatant was applieal to

silica column and centrifuged at 140G0n for 1 min at room temperatui@n the filter of the

column, wherehe DNA wasrestrainedit was added the 4601 o f b uf $cardediWl and
centrifugationat 1400rpm, at room temperature for 30The PD column was placed baok

the testtube anditwa added 6 et@anokdntaimngbuffer) &2 buffer.After the

buffer was dscarded by centrifugation at@@0 rpm,atroom temperature for 30 the column

matrix was dried Y repeated centrifugation forr8in and kept for 2 min atboom temperature

to remove the ethandtinally, it was added the 60 | ddH2Od pate h7eCaet & and c el
at 1300 rpm for 2 min to eluate plasmid DNA. The DNA centation was measured by
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NanoDrop/Nucleic aci@NA-50. The samples were sentth® DNA sequencing laboratory,

SEQme, s.r.0. to confirm the validity thfe DNA sequence.
3.2. HEK293T cell culture and transfection

ChemicalsDul beccoNjs modi fDM&EM (Ghe dRockvills, My & SA) fatain
bovine serum KBS, ATCC, Manassas, VA, USA) penicillin/streptomycin in solution
(SIGMA, St Louis, MO, USA, versene (Gibcoand typsin (SigmaAldrich).

The HEK293T cellslATCC CRL3216TM, Manassas, VA, USAyere grown in
DubeccoNjs modi fi e(@MERasypplendested micthd B0 bFBS 50 U/mL
penid | ' in and 50 eg/ mL str epthCHpnmospheraat@&FCkept i
The cell line wagept anctultured in 75 crhiplastic culturelisks (NuncRochester, NY, USA
for 36i 72 h until thg reached 8®5% confluence. Then, cells wereseededo the new
passagePassaging was performed by washing cells with versene followed by 0.25% trypsin
treatmat (1 min) and an addition ofrdl of fresh DMEM. Diluted cells were centrifugedr
5-10 min,at500 rpm. Thereafter, the cells weesuspendeuh 57 ml of freshDMEM and the
5 0 @ ofehis suspension was plated in the Gi% flask filled with 8ml of fresh prewarmed
medium. Passaging was perfornfeda maximumof 1-2 months, and the maximum number
of passagewas 20.

On the day before transf ecetl50@00celishwere1 00 ¢
plated onto the singl@5 mm culture dises (Sarstedt, Newton, NC, USA). Each dish was filled
with 2 ml of fresh medium anthcub at ed at 37AC for at | east y
performed, after the cells reached 86%W obnfl
jetPRIME™ reagentm 2ml of DMEM, accordingtshemanuf act ur er 6s Fnstr uc

transfection, lllkrich, France).
3.3. Primary anterior pituitary cell cultures

Chemicals:Medium 199 (Gibcg) sodium bicarbonate (Sigma Aldrich)nactivated bovine
serum (Sigma Aldrich)penicillin-streptomycin (Sigma Aldrich)glutamine (Sigma Aldrich)
and @mpain (Worthington Biochemical, Lakewood, NJ, USA)

The pituitary glands were removedtween 11 AM and 6 PMrom 4- to 7- daysold
Wistarrats(RRID: RGD_13508588)Three to six aimalsof both sexes3i 10 g weightwere
used in one cell preparation. Thathanasiavas performed by decapitation aftereathesia
with isoflurare (Forane, Cat. #B506; AbbVie, Prague, Czech Republnjerior pituitaries
were extracted ral washed in medium 198ontaining sodium bicarbonate, 10% heat
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inactivatedFBS, penicillin (100 U/mL)and st r e pt omiy, 2 mMgluarmifepandd g /
treated wih papaiff or 15 miTme celld werg@ mdckanicaltlispersed using a gkas
pipette (BRAND GmbH, WertheinGermany), and harvested byentrifugation at 30@ for
10min. The resulting cell pellet wassispended in medium 199 and cultured in an air/CO2
atmosphere &8 7 A C . For el ecitORomplhlyiso m| o ¢gly Idepdweien a 2 (
plated onto 2%nm glass coverslips coated with 1% pay ysi ne and cul tured
5% CQat mos pher after24i 72 8, cdliCwere ready fdhe electrophysiological
experiment.

All animal procedures werapproved by the Animal Care and Use Committee of the
Czech Academy of Sciences (dissection protocol #67985823). Rats were obtaingdefrom
Animal Facility of the Institute of Physiology, Czech Academy of Sciences, approvee by
Ministry of Environmentto use (approval number #56379/2eMIZE-17214), and breed and
distribute (approval number #1398/20MZE-17214) animals. Breeding pairs of rats were
used to produce male and female rats for anterior pituitary cell preparations. Rats were housed
in cages (2 x 26 x 22 cm; 12 rats per cage) with wood shavings beddir‘lgE-(‘{LOCELE 34
S; JRS, Rosenberg, Germany), and provided thigtbreeding diet for rats (Altromin, Velaz,
Prague, Czech Republic) and fresh water at libitum. Cages were kept in ventilated eacks
acclimated room (at 22 N 2AC, with 55% humid

3.4. Brain slices preparation

Experiments were performed Wistar rats,16- to 24-daysold, and30-35 g weight. Brains

were removed after decapitat and placed intdce-cold (4A C) oxygenated (9
5% COy) artificial cerebrospinal fluidA CS F) . Hypot hal ami cthick) i ces
containing SON were cut with a vibratome (DTIRO00, D.S.K. Dosaka, Japan). Slices were
preinctbated for at least 1 h at &3A C okygenated ACSF that contained the following
components: 130 mM NaCl, 3 mM KCI, 1 mM MgCR mM CaC4, 19 mM NaHCQ,

1.25mM NaH2PQ, and 10 mM gluase (pH 7.37.4; osmolality 306815 mOsm).

3.5. Electrophysiological recording

Chemicals:All chemicalsusedfor the preparatio of the extracellular solutionapplication

solutions and intracellular solutiowere purchased from Sigma Aldrich if retated otherwise
The electrophysiologicalecording was performed by the patdbamp technique at

room temperat@. In the voltagelamp mode the amplitude of currents evokda/ the

application of ATHn the presencer absencef steroidsandbr ivermectinvas measured he
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currentclamp modewas usedto measure changes membrane potential in presence of
releasing hormone® identify cell subtype(Gonadotropfreleasing hormone, GnRHor
gonadotorphs,and tyreotroph releasing hormone, TRFbr lactotrophg Currents and
membrane potential were recorded by using the Atobp200B patckclamp amplifier (Axon
instruments, Union City, CA). The recordings were done at a sampliegf& kHz Bassel
filltered at 1kHZ. The data was capturexzhd analged by using the Digidata 1322A and

pClamp9 software package.
3.5.1. Preparation ofdracellular and application solutions

During recording, cells were bathed and continuously perfused in extracellular solution at

flow rate of 2 ml/minute. Thex¢racellular solution contained nektgredients dissolved in

deionized water: 142 mM NaC3, mM KCI, 1mM MgCl,, and 2mM CaCb, 10 mM glucose

and 10 mM HEPES. The pH was adjusted to 7.4 with 1M NaOH and osmolarity was 290
300mOsm. The application solutions contained agonist (ATP, BzATP, and GABA),
neurosteroidsand/or ivermectinThe ATP and BzATP were prepared from the 100 rakd

20 mM stock solutionsespectivelyNeurosteroids and ivermectin were dissolved in dimethyl
sulfoxide(DMSO) and stored in stock solutions of M. DMSO aloned i d ho@vany sffect

on ATRinducedcurrents { 0 22%f or P2 X2, and 103 Afoniststofkkor P2 X
solutions were kept at8 0 ¢ C, temmiduat-2&e C and i ver mexttC.He st oc
Solutions of neurosteroids and ivermectin were prepared at least ommatla In expements

on pituitary cells, GhnRH 1®M and TRH 10 M (both Bachem, USAjvere made from the

stock solutions 1® M and 10* M respectively.Immediately beforthe experiment, stock

solutions were defrosted and dissolved in extracellular solution.
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Figure 3.1 Example recodingshowing ro effect of DMSO on ATRinduced currents. The whole-cell, patch
clamp recording performedn P2X4 transfectetHEK293T cells. The upper section shows the AsM@ked
currents (in pA), anthe lowersection indicates duration (s) different application solution® = extracellular
solution, Ablue),ard 4 s 8% BMIO (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 (Mod8l7;PSutter

Instruments, Novato, CA) and polishbg using a heat polisher (Model M&30; Narishihe,

Tokyo, Japan)The recording electrode, as well as the reference electrode, were Ag/AgCl wire

and pellet respectivelylhe patch electrodes were filladth anintracellular solution.

In the experiments with HEK 293T cells, the intracellular solutontained: 154 mM
CsCl, 11 mM EGTAand 10 mM HEPES dissolved in deionized watad pH was adjusted
to 7.4 with 1 M CsOH solution. The osmolarity was I8 mOsm.The final electrode
resistance was-83  Mhe intracellular solution for experiments atujiary cells contained
70 mM KCI, 70 mM kAspartate, 5 mM MgG| and 10 mM HEPES, pH was adjusted to 7.4
with 1 M KOH and osmolarity was 273 mOsm. The intracellular solutione stered in inl
aliquots at8 (Ceand kept on ice during experiments. Tingaperforated patch, into rhl of
KCI containing intracellular solution it was add2d mg/mlAmphotericin B toobtain a final
concentr at i oAltermativly2t@v8s used Plurdnic-E27 (Molecular Probesy
dispersing agent, arsD mg/minystatina f i n a | concentrati-d2y, of
and 25 Onystatm./Ammdhotericin B, nystatin and pluronic FL27 were dissolved in
DMSO, always freshly preparedhe final eleatode resistancéor perforated patchvas 6
9Mq .

3.5.3. Patchclamp recording

HEK293T recording

Transfected single HEK293T cells chosen for recordings were similar in size, shape and

cytoplasmic granulatiorsingle cells were chosen for recordingke dish with cells was filled
with extracellular solution and plagtén therecordingchamber. The microelectrode tubes were
filled with cesiumcontaining intracellular solution and posted to the Ag/Cl electrode wire. The
motion oftheelectrode was controlled by motorized micromanipulator (Model28®, Sutter
Instrumeng, Novato, CA). To achieve calttached configuration and gigaal, the patch
electrode was lowered into solution and gently broughiheocell surface. Negative pressure
was applied to break a small piece of membrane to achieve -a#lbleonfiguration The
membrane potentialf cell washeldat- 60 mV.Agonist was applied at different concentrations
(from 0.3 to 100 ¢ M) -5s)appications bfvagoniso the cantiof e e
solution(see Fig. 3.1)the next series of agonist pulseas applied in the presence of steroid

and/or vermectin for up to 120 s, arfdw more agonist stimulations were performed after
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washing out of modulators with contettracellular solution. To investigate the desensitization
rate, agonist was applied fop to 40s in presence and/or absencasferoid.To estimate the
EGCso values, the responses from-38 different cells in the presence or absence of steroid were
pooled, and doseesponse curves were constructed using the mean vahesontrol, ATP,
steroid and ivermectircontaining extracellular solutions were appliedarapid superfusion
system (RS€00, BIOLOGIC, Claix, France), which was able to exchaajation around the

cell within -34Mms.

Anterior pituitary cells reording

Coverslip glasses withigpersedanterior pituitary cells, were placed in the dish filled with
extracellular solutionSingle cells were chosen for recordingdicroelectrodes contained
intracellular solution forthe perforated patch (see the section electrodes and intracellular
solution) The wholecell recording was started by cell attached configuration, in the gam

as for HEK293T cells, buthe negative pressure step and rupturing of the membrane was
avoided o prevent mixing of intracellular solution with the cytoplasm. The membrane access
resistance decreased spontaneously withb rhin due to incorporation of amphotericin
molecules into the membrania the currentclamp mode, only cells with resting memhea
potentiak more negative thain 40mV were examinedBoth, identified and noidentified
subpopulatiosof cells were recorded to investigate #ffect of neurosteroids on ATévoked

currents.

Recording from rat brain slices

Slices intherecordingchamber were submerged in continuously flowing oxygenated ACSF at

a rate of 122 mL/min at room temperature. Drugs were diluted and applied f@0%0in a
HEPESDbuffered extracellular solution that was used for no more than 2 min. Slices were
viewed withan upright microscope (Olympus BX50WI, Melville, NY, USA) mounted on a
Gibraltar X Y 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
relaive to the chiasma opticum (Vavra, Bhattacharya et al. 2GRegording was performed

by using the 601 watir5 AiChmer si on objective

3.6. Ethidium Bromide uptake

Epifluorescence microscope (Olympus BX50WI, Melville, NY, USA) wssd 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
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i maging was performed by wusing iR2SAE &didl wat e
expressing P2X4 weidentifiedby the fluorescence signal of GFP (green fluorescein protein).
Changes in tlorescence dEt Br (G afteM)P (100 eM) applicatio

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)tHt 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 repedt&f 8mes
3.7. Neurosteroids and their derivatives

Il n order t o i nucedeanadulatoryeffest ofsnéusesoids, the raseath group
of Dr. Eva Kudova|nstitute of Organic Chemistry and Biochemistry of the Czech Academy of
Sciences, designed and synthesized new derivatives of neurosteroids. The examitiagion of
effect of newosteroidon P2Xactivity was divided into two group the first group the effect

of testosterone and testosterateivatives, anth the second groulpile acids and litholic acid
derivativeswere testedEvery steroidal compound of each group waslkedbwitha numbein

order to simplify the representationtberesults(Tables 31, 4.1and4.3).

Table 3.1 Summary of computational values of physicochemical propertigestésterone and testosiee

derivativescompoundsl-16).

@ Gov [kcal/mol] o Gow [kcal/mol]
Compound transfer from transfer from LogP

vacuum to water | n-octanol to water
Testosteronel -14.37 4.06 3.67
Testosterone formate, -14.33 3.56 3.55
Testosterone propionate, -14.43 5.10 4.65
Testosterone butyraté, -14.13 5.80 5.14
Testosterone valeratg, -14.09 6.43 5.61
Testosterone caproatg, -13.92 7.13 6.16
Testosterone enanthate, -13.61 7.82 6.63
Testosterone undecanoaie, -12.78 10.59 8.52
Testosterone isobutyrate, -13.82 5.84 5.15
Testosterone isovaleratt) -14.05 6.35 5.61
Testosterone isocaproafi, -13.67 6.99 5.97
Testosterone methylhexanoat@, -13.29 7.55 6.23
Testosteron@-methylbutyrate13 -18.56 5.00 4.82
Testosterone perfluorobutyratie} -11.76 6.29 6.24
Testosterone pivalatép -13.38 6.15 5.49
Testosterone cyclohexanoal, -19.44 5.58 5.21
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3.7.1. Testosterone and testosterone derivatives

Commercially available steroidal compounds of testosterone group Weststerone(T,
compoundl, Steraloids, Newport, Rl, USA) -formate (compound2, 1 7-@ormyloxy)
androst4-en-3-one), T-undecanoateg(compound, 1 7-[k1-Oxoundecyl)oxyjandrost4-en-3-
one) andT-isobutyrate (compound9, 1 7-@-Methyl-1-oxopropoxy)androst4-en3-one)
were purchaseftom Kingston Chemistry, United Statdspropionate (compound3, 1 7-@-
Oxopropoxyj)androstd-en-3-one), T-enanthate (compound 7, 1 7-[f1-Oxoheptyl)oxy}
androst4-en-3-one), T-isocaproate (compound 11, 1 7-[p4-Methyl-1-oxopentyl)oxy}
androst4-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 commercigl available testosterone (Figure 4:1IT but yr at e
(compound4, 1 7-@-Oxobutoxy}androst4d-en3-one), T v a | @ompdured5, 1 7-[ijl-
Oxopentyl)oxy}androst4-en3-one), T ¢ a p r(@mmpgownd 6, 1 7-[H1-Oxohexyl)oxy}
androst4-en-3-one), T i s o v @dmpauradiOel 7-[i3-Methyl-1-oxobutyl)oxylandrost
4-en3-one),T met hy | h(eompoundl? 17&(5-Methyl-1-oxohexyl)oxy}androst4-
en3-one), T met hyl fcampyndld tl &-[H(R/S)2-Methyl-1-oxobutyl)oxy}landrost
4-en3-one), T per fl uor dmpung ri4dt & 7-@,2,3,3,4,4,Heptafluorel-
oxobutoxy}androst4-en3-one), T pi v a(compoerd 15 1 7-@,2Dimethyl1-
oxopropoxyjandrost4-en3-one) and T hexan qcampeund 16, 17-b
[(Cyclohexylcarbonyl)oxyjandrost4-en-3-one). Testosterone derivatives  differe in

lipophilicity, corresponding computatuons values are listed in Table 3.1.

3.7.2. Bile acids and liocholic acid derivatives

We first examined common primary asdcondary bile acids (Fig. 4.9ACholic acid, CA
(compound 1, 30U, 7 U-Trihy&roky-5 Echolanic aid), Chenodeoxycholic acid, CDCA
(compound2, 3 4Dihydrbxy-5 Echolanic &id), Deoxycholic acid, DCA (compound3,

3 U, -Diydroxy-5 Echolanic a@id), Ursodeoxycholic acid, UDCAcCompound4, 30, 7 b
Dihydroxy-5 Echolanic a&id), and Lithocholic acid, LCA (compound5, 3 WHydroxy-5 b
cholanic acigl. These compounds were purchafedn SigmaAldrich. Next we examined the
commertidly available lihocholic acid e@rivatives (Fig. 4.9B):4-Dafachronic acid
(compoundll, DIVERCHIM SA, Damjanich utca, Budapest, 1071, Hungafy2,Oxo-5 b
cholanic acid (compoundl5, Chemieliva Pharmaceutical) a@beticholic acid (compound

16 MCEE MedChemExpress).
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Newly designed andynthesizedderivativesof lithocholic acidwere: (Fig 4.9B):
Isolithocholic acid (compound6, -Byflroxy-5 Echolanic acid)3-Oxo-LCA (compound?,
3-Oxo-5 Echolanic acidl, 3-Oac-LCA (compounds, 5 ECholanic acieé3 Yl acetaty 5U-LCA
(compound9, 3 WHydroxy-5 ttholanic aciyl,  -Bylroxy-5-cholenoic acid(compoundl?),
3 tHydroxy-5 Echolanic acid methyl ester(compoundl3) andN-( 3-Hydroxy-5 Echolan-
24-oyl)-glycine (compoundl4) (Fig. 4.9B).

3.8. Calculations and statistical analysis

In all ligand-gated ion channels, ligand binds to an orthosteric sitleeseceptor and triggers
conformational changes that result in channel opening. The probability of channel opening is
increased by the risinghe concentration of ligand in the extracelluEmvironment that
surrounds thehannelColquhoun 1998)When the m@mum channel activation is reached,
further increase in theoacentration does not result mgher response, which is called
saturation point. In electrophysiological experiments, the amplitude of the current (I) response
that corresponds to thmaximal channel activity elicited by the supramaxitigdnd dose is
designated asax The parameter which characterizes the ligand potency of the channel activity
is the dose of the ligangthich induces halfnaximum amplitude of the response €gCTo
estimate the E£ value, the concentratieresponse data points were fitted with the next

equation:
y = Imal [1 + ECs0/X) "]

wherey is the amplitude of the current evoked by AT is the maximum current amplitude
induced by 10@ M A T Ry is the @gonist concentratigoroducing 50 % of the maximal
responseh is the Hill coefficient, and is the concentratio of ATP (SigmaPlot 2000 v9.01;
SPSS Inc., Chicago, IL; RRID:SCR_003210).

Using the program pClamp 10 (Molecular Devices),kimetics of desensitization or
deactivation (current decay evoked by washout of agonists)fittetkby a single exponential

function:
y = A exp(-t/()
or by the sum of two exponentials:

y = A1 exp(-t/Q) + Az exp(-t/3)
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whereA; andA; are relative amplitudes of the first and second exponentiald] amd J are
the time constants. The derived time constants for deactivation and desensitization were labeled
asWr andUes respectivelyWeight desensitizeon constant was calculated

Y= [(Al Qes]) + (AZ Gesé] / (Al + AZ)

Al | numer i cal values in the text are report e
groups were perfor metdst thpy< 091 and Hxt0.05. Statsap ai r e d
comparison of multiple groups was made by usingweey A NOVA f ol |l owed by
hoc test in SigmaStat 2000 v9.0, for comparison to a single control. In the case of pituitary cells
when ATRinduced responses were recorded from the same ¢ké# presence and absence of
steroids, Stedeéenwads nuasieme id cTdhteesi a number of

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 recombnant and endogenously expressed P2X receptors

We used commercially availables well asnewly synthesizedestosterone derivative§ig.

4.1) and examined their effect on agorirstiuced 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 A3tinulated EtBr uptake by cells expressing the P2X4

in comparison with ivermectin.

Linear alkyl chain:
o] o}

o_H O o o
\u\_ H \\U H k\,\ H g \\\, I

/ 2, T-formate 3, T-propionate 4, T-butyrate 5, T-valerate
o~ 0P 0-/°
\\\v ~J H ‘ \’\

6, T-caproate 7, T-enanthate 8, T-undecanoate

Branched alkyl chain:

O%O o] 2 0»{/0 Oh..l/‘/O
AN cesdceatceaiNovad
\\\, H \\,\\ H “‘“\\\U H - \\\ H {

9, T-isobutyrate 10, T-isovalerate 11, T-isocaproate 12, T-methylhexanoate

Miscellaneous:
0

0O 0 _/-O . o] ._.'O 8] \O
P = F B :
AL = N AN

13, T-2-methylbutyrate 14, T-perfluorobutyrate 15, T-pivalate 16, T-cyclohexanoate

Figure 4.1 Schematic summary of testosterone derivativell -derivative) used in this stug.. We examined

three types of modifications of t he alidear(red¢bnaached at po
(blue) andmiscdlaneous modifications (greenfompounds 4, 5, 6, 10, 12, 13, 14, 15, and 16 were newly
synthesized
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4.1.1. Dependenceof potentiatng effect at P2X2 and P2X4 ochemical structure and

lipophilicity of testostérone analogues

Using electrophysiological wholeell patch clamp recordings, we examined the effect of
testosterone and testosterone derivativeg. @.1)on t he ampi t u-théuced f 1
currents mediatedy rat P2X2 and P2X4, and 30M BzATP-induced current mediadeby

P2X7. The results of these investigatianms P2X2 and P2Xd4re summarised ihable 4.1.

Table 4.1Concentratiordependent effects eéstosterone and testosterone derivativeB2X2 and P2X4
currents.

Compound R 1nM 3nmv 10nmv 30V
P2X2 111 N122 N
Testosterone} P2X4 n.d. 115 N134 RN| 141 K
pP2Xx2 115 N
Testosterone formaté, P2X4 nd. 113 N145 K| 1950 12
Testosterone propionate P2X2 121 N
prop : P2X4 n.d. 133 RNl172 RN| 243 K
pP2Xx2 145 N
Testosterone butyratd, Poxa | 120 1 148 RN|212 R| 323R32+
Testosterone valeratg P2X2 154 N
' P2X4 117 01 149 N| 2229*N| 323N 13
Testosterone caproate P2X2 121N *5
P ’ P2X4 n.d. 134N 5% 151 N| 214 N
P2X2 119N 5
Testosterone enantha, P2x4 | nd. | 130N 6% 131 RN| 183 K
pP2Xx2 100N 5| 119*N
Testosterone undecanodde, PoxX4 nd. 104N 2 140 K
. P2X2 122N 1 d
Testosterone isobutyrat2, P2X4 n.d. 1268 71134 RN| 150 K
Testosterone isovalerat) P2X2 110N6 124N 1
P2X4 135N 6% 205 N| 270 N
. P2X2 131 N
Testosterone isocaproat P2X4 n.d. 128 N| 139 R| 155 K
P2Xx2 125 N
Testosterone methylhexanoat@, PoX4 nd. 129 Nl137 ®l 172 K
P2X2 137N 7 A
Testosterone-tethylbutyrate 13 PoX4 nd. 1450 11202 | 244 R
P2Xx2 203N 19
Testosterone perfluorobutyrate} PoX4 115 1 1488 64 185 %[ 235 K
. P2X2 131N 10
Testosterone pivalate P2X4 nd. | 1408 12159 R| 227 K
P2X2 110N 3
Testosterone cyclohexanoal®, | 5 n.d. 1198 1{127f 13 199 R
Epi-testosterone P2X2 102N 1
P2X4 n.d. n.d. 105 R n.d.

Potentiating effect of @ampoundsl-16 (in % of control) on P2X2 or P2X4 receptor (R) expressed in HEK293
cells. Epi-testosterone, 17@H testosterone, is nonfunctional structural analogx@eriments were performed
on cells stimulated with 1 €M ATP in the presence or
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° SEM valuesfrom 3-30 cells. (*) P < 0.05, (**) P < 0.01 between responses in the presence and absence of

testosterne derivative; n.d not determined.

Agonists were pplied for 3 severy 2630 sin the presencand absence of& 300M
steroid (Fig. 4.2) Most of thetestosterone derivativescluding testosterone butyratEidg.
4.2A, upper traces patentiatedATP-induced responsegthoutdifferences between P2X2 and
P2X4 subtype, but had no effect on BzAifuced P2X7 responses, even ate3M
concentration (Fig. 4.2Apwer tracg. The comparison of chemical structures able-cell
recordings revealed thanteractions of testosterone analeg with the P2X depend on

lipophilicity (estimated as logP; see Tablg)and the length of the linear alkylain atposition

A 1 WM ATP, 3 pM T- butyrate B

180- Linear alkyl chain
o 5 o P2X4
i ® pP2X2
~ 1601
g 205 .‘i\, i @
1 uM ATP 3 uM T-butyrate = i
[ ' " 0 . - a g . I i
u u 8 1404 [ .
P2X4 - - + § %
sL_ 3
& 20 o oq20{ 2@ @ § 2
30 pM BzATP 30 uM T- butyrate ?
. 8
P2X7 —1 . 1004 | | | | | g |
E)‘103 logP
° BrEnetRd ARy Shein D Miscellaneous modifications
220+
1804
o P2X4 200+ ®P2xX4
= 160- ®p2X2 s eP2x4
E ~ 180+
5 c
Bl 5
E 1 T © 160 13 ”
= 140 o T2 2 l ” §
5 II $ £ 1401
4 f o t 16
T a0 T T g l
120
&)
100 , | , . . ‘ 100
3 4 5 6 7 8 9 3 4 5 6 7 8 9
g logP

Figure 4.2 Potentiating effect of testosterone derivatives on P2X2 and P2X4. (Agonistinduced currents
recorded from cells transfected with the P2X2 (red), P2X4 (black) or P2X7 (green) receptors. Testosterone butyrate

(Tbutyrate) in 3 OM concentratiegdMnAge®t émt icatléd rxppeErns
P2X4,bu had no effect on 30 & M xBrrAeTsPs ii mgd ucceeldl sc uerweemn ti n n:
(P2X7, 104 N 4%, n = 5). In this and al/l ot her figur

application and black bars above thecés indicate the application of agoni@® -D) Dependence of the

potentiating effects of testosterone derivatives (in % of control) on lipophilicity (logP) and the [&)gth
branchingC), or miscellaneous modificatiqiD) of the alkyl chain at positiof-17. P2X2 (red symbols) or P2X4

(black symbols) receptors were stimulated with 1 &M /
presented as t hei63mells Nembdis aBozesymbols {6) ar@ the number of testosterone

derivaives shown in Fig. 4.1.
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C-17 (Fig. 4.2B, but not on its branching (Fig. 4.26r miscellaneous moddations (Fig.
4.2D). Testosterone derivatives with alkyl chaiogntaining 4 or 5 carbongestosterone
butyrate (ompound4), and testosterone valerafeompound5) were the most efficient

potentiating drugs mmpound4, P2X2 145 N 9%, nX4:= 1448 pN <4 %,.

< 0.01; ompounds, P2X2 154N13% n =6, p<0.01; P2X4 1 8%, n {12, p < 0.QFig.
4.2B). Both, shorter and longer bgtituents exhibited lower potentiagy effects, and
testosterone undecanoaterfgoundd) was almost inactive (Fig. 4.2BBranching(Fig. 4.2Q
or miscellaneous moddations (Fig. 4.2p of the alkyl chain did not furthencrease the
potentiating effecof testosterone butyrate or valerdtgerestingly, perfluorinated analogue
(Compund14) selectively enhancetthe P2X2 response compared with PAgdmpound14,
P2X2: 203 N 1.809%,4 7n Nt FBs%.2DPRli¥atindgthat steroid bindirgjte
is not completely conservethis effect was not investigated further.

Structurally similar, but nonfunctional, analogue of testosterbfidOH testosterone

cal | ede sAtesi(t 0 q waJless efficient modulator compared to testosterone
(10e M) in both reesposretgpes P2X2: 102% N 0. 6

n= 4; testosterone, P2X26% n=23Tabl4.1 1%, n =

These resul t s-esteredervaideead testosteadne sélétctively potentiate

P2X2 and P2X4, but not P2Xa@nd derivativesvith alkyl chains containing 4 or 5 carbons are

the most efficienmodulators
4.1.2. Testosterone derivatives potentiate P2X4 activity in a concent@dgpandent manner

Next, we focussed on P2X4 subtype ameéasured the amplitude ofIM  A-iidRiced current

in the presence of various concentratiohsestosterone or its analoguds 3, 10or B0 ¢
and construct the concentratiogsponse graphs (Fig. /aBdTable 4.); concentrations greater

t han 3de nettbstedvdue to the posplubility of some compoundsTestosterone and

testosterone derivativeproduced concentratietlependent potentiating effects  without

changing the basal currentldEK293T cells (Fig. 4.3A and B). These measurements showed

that testosterone derivatives with linear alkyl chaiostaining a C4 or C5 ester moiety at
position G17 are more efficient than compounds wittoger (C2 or C3) or longer (G68)
linear chains at atoncentrations tested (Fig. £&nd D), and that éhbranching or any other
modifications do not increase further the potentiagffgct of testosterone (Fig. 4.3E and F
These results revealed that maximum potentiating effect producédy ¢edlosterone

butyrate or valerate reached 323%.
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Figure 4.3Concentration-dependent effects of testosterone and testosterone derivatives on P2X4 currents.

(A) Representative recordings showing the potentiating tedfiedifferent concentrations eéstosterone valerate

(T-valerate) on P2X4 responses stimulatedt h 1 @MWoATemh.t i ati ng effect of 30 ¢
ATP induced P2X4 respong&€ andD) Poentiating effect by ampoundsl-8 (in % of control) that differ in the

length of the linear alkyl chaifE) Concentration épendent effects obenpounds9-12 containing the branched

alkyl chain.(F) Concentratiordependent effect ofaampoundsl3-16 containing miscellaneous modifications.

Experi ments were performed on cells stimulated with A
Numbers and names of testosterone (T) derivatives ar
shown in each panel only for the most effective steroids. Data points representthen N S BMcellsn = 4

from 3 to 12 experiments per concextion.

4.1.3 Testosterone derivatives reduce the rate of P2X4 desensitization and accelerate

resensitization

In the absence of steroid, the P2X#most corpletely desensitized within 400f continuous

application of3 0 ATW (Fig. 4.4Aleft), but in thepresence of testosterone butyrate (Fig.

4.4A right) the desensitization time constarfied increased by approximately twiold
(control,es= 9.0 N 0.6 s ,butyrateles3 ;21 e5tNs4e2o8e n =
Moreover the nondesensitized plateau currentreased fromabout 4%to 27%of the initial

peak current amplitude the presence of stero{&ig. 4.45. When two or more successive

ATP pulses were delivered, no recovery of the peak current response was obseradédafter

60 s ATP washout (Fig. 4.4BHowever, after the application 8 Mestosteronbutyratethe

peak amplitude ecover ed t o 2whih 30 (Fig94L4C)( andhis efféct) was
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concentration dependent as it was highiger the applicatioof 30 ¢ Mtestosterondutyrate
(Fig. 4.4D.

A 30 uM T-butyrate D

. 100 uM ATP 100 uM ATP. 100 uM ATP 30 uM T-butyrate

3 100 _ . b - = -
: l/ e
2

&

3

o

<
10s g.
(- Tb«'\l-lv) T =9.0206s 8

(FTonymte) Tooe = 2152428

——
)]

o

w

B 100 uM ATP

— _— —_— E Desensitization F Resensitization
30
‘é| 2 2 f
- < g
20s % 20 x 2 o
L4 @
= = ®
= b=
® e 1] Op oo
C 100 umaTP 3 uM T-butyrate 5 10 S o8
— — — = ©
~ V" 0 0
Tbuhf ate +Tbuh
i
(=]
(=
w
20s

Figure 4.4 Effect oftestosterone butyrate on the desensitization and resensitization of P2X4. (M)e rate of
desensitization of current induced by 40 s applicationofel@0 AT P i n trigh® andabserce (lefdfe  (

30 &M test os t-hutyrate). @ helblasensitizatian me Cohstakt)(was measured by fitting the curve

to a monoexponential or biexponential functions; desensitization time constants derived from biexponential fitting

were veight. Thedata are presented as the mBan S E M 8 celisifB) Representative recording showing the
desensitization and resensitization of the peak P2X4 current induced ByMIOOATP i n contr ol e X |
Practically no recovery was observed whea &TP pulse was applied after-80 s of washout(C and D)

Accelerated recovery from the P2X4 desensitization induced by the application of ¥ oM3@tyrate(E)

Summary histogram showing the desensitization (plategueak current ratio) in the prsce (grey column) and
absence (white column) of steroid. Data are presented
points (n = 4 cells from four passage$)) Summary histogram showing the recovery from desensitization (the

3rdi to-2nd peak ratio) in the presence (grey column) and absence (white column) of steroid. Data are presented

as the mean N SEM with a scat fi7cellp).lThetstatistical dsighifecancerwdsi v i d u a
estimated using unpaireddst, p <0.01 (**).

These results showed thdestosterone derivatives reduce the rate of P2X4
desensitization and accelerate the recovery of the desensitized peak current resporige. A sim
effect was observed for ivermectin, a P23ecific allosteric modulatdKhakh, 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 expressedHEK293T cells with variousoncentrations of ATPL(
3, 10 30and100&M) in the presencer absence a8 0 M testosterone butyrate (Fig. 4.5A)
and constructed the concentoatresponse gcurve (Fig. 4.5D)hole-cell recordings showed

that preincubation with 30 erbspogeeurvethalefts hi ft e
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andreduced the ATP concentration producing a-hadikimal potentiating effect (&g) by 3.5

fold (control EGo=

2.

4

N 0. 4 hutyrate EGe=s t00.67% BN o M e

4.5D). Thelmax was slightly increased to 120% approximately, but this effect was not

statistical!/l significant (control
> 0.05 Fig.4.5D).
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Figure 4.5Effect of T-butyrate on the agonist concentratiorrespon curve and the maximum peak current
amplitude. (A) Representati ve
butyrate) on peak P2X4 responses to 3, 10 and 100 A {BPRepresentative recordings showing no effect of

T-butyrate on peak P2X2 response stimulated withel®0 A TOP The P2X7 response to 1860M

recordi

ngs

showi

ng

t he

p < 0.
1.8 N
potent

BzATP in

the presence of testosterobe butyrddd. F) The concentratiolependent effects of agonist on the peak amplitude

of current in the absence (open ard )

and

presence

(closed

circl(®s)

of

P2X2(E) and P2X7(F) responses. The vertical dotted lines represent the ATP concentration producing the 50%
maximal response, the numbers represent the megyvElQes, and th 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 repeesent éha n

= 5i 17 cells from three to six passages per concentration.
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The ATP concentratienesponse curve for P2X2 was also leftward shifted argd EC
was reduced by 1-fold (control EGo= 3.2 N 0. 7 & M; tsestb.s? eNon
0.4e M; < 0p05; Fig. 4.5E), but thiaxwas not affected (Fig. 4.5B and E).

The BzATP concentratiosn e sponse curve for P2X7 was n
testosterone butyrate had no effect e (Fig. 4.5C and F).

These data revealed that testosterone derestallosterically potentiate P2X2 and
P2X4responsepredominantly by increasing the sensitivafythe receptors to the agonist. This
mechanism is similar to that observed for PZpcfic effect of ivermecti(Khakh, Proctor et
al. 1999; Mackay, Zemkavet al. 2017)

4.1.5. Antagonizing effect of testosterone derivatives on ivermeaatinced prolongation of
P2X4 deactivation

It is well known that application of ivermectin increases current amplitudgreatly prolongs
the ceactivation of P2X4urrent after agonisemoval(Khakh, Proctor et al. 1999; Priel and
Silberberg 2004)Ap p | i c at i wwermedih incBeasesid amplitude of the 8 M TR-
stimulated P2X4 curreri . 9 -fold =86 p > 0.01; Fig. 4.6\ Testosterone valerate
increases the amplitude of ATR i mu |l at ed c u rfole(n £ 27ppy> 0D1) &and N 0 . 3
ivermectin, applied in the presence of steroidreased the amplitudarther, but final effect
was almost the samb,y 5 . #old fh =®;.p% 0.01 Fig. 4.6B and EJhe application b
steroid in the presence of ivermectin did not increase the amplitude, morebadraitendency

to redice the potentiating effect of ivermecfioy 4 . 0 -féld);0n.=8L2, Fig. 4.6C and E)
These datandicated that the effect ofesbid and ivermectin are not aditive, but might be rather
antagonizing.

We next evaluated the deactivation properties of P2Xd P2X4and measured
deactivatiortime constants), in the presence and absence of testosterone derivate. This value
was obtained by fitting the cincontwmexperientsay ev
the deactivation of P2X2 and P2X4 receptors
(n = 5) and 105 N 3 ms (n testob®),0onree symd @triav el
theUrdid not changebeing 05 N 23 ms (n = 2B)for RKMandiP@X® N 4
respecti vel y: al8d0practiddlly aa effactqR2eddska @18 N 16 ms:
Application of 3 & Molonged P2Xkdedctivationdg+ ad4nat 9scl | Q .y6
n = 25; Fig. 4.6A and D), but in the presence testosteraleer at e (3 € M) t he
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Figure 4.6 Effect of testosterone valerate on ivermectiinduced delay in P2X4 deactivation(A) Example

recordng showing theéevefmect $ n o-ibdocedlP2Xa MurrénTamplitude and channel
deactivation. The horizontal open bar indicates the time of ivermectin (IVM) application;sapdlges of ATP

are indicated by black bars above the tra(@sExample recording showing the inhibitory effect of pretreatment

with 10 &M t es tvalerate gray area) on vdrnecetimluced d€lay in deactivatiofC) Same as

(B) but steroid was applied in the presence of iverme(iip Expanded reardings showing theancentration

depened effectdf e st ost er one valerate on current decay induce -
3 €M ivermectin. Control trace was recor(E)Sdnmaryn t he a
his ograms showing the effects of JdinducedBurréneasmplindeineghe one v a
presence (gray columns) and absence (white columns) of ivermectin. Data are presented as ttgEkeaith

a scatterplot of thendividual data pmts (n = 1023 cells from five to eight passaged)) Summary histograms

show the effects of 3, 10 or 30 &M teti owtferlorev VAdIPe
induced current in the presence (gray columns) and absence ¢@wbite u mn ) of 3 &M i ver me
presented as the mean elNndi8daadaia pdints (na=%5scella from ¢hre@tb eight of t h
passages per concentoa).

prolongation effect of ivermectin @ M) wa s Ug=r2a |1310e rNn £(; Fig.31.655 The
antagonizing effect of testosteromalerate was concentrati@ependent; in the psence of
10e M st er oi d, -indubedeffectwas redueecabautrs.5fold (4s=0. 85 & 0. 13
n = 17; Fig. 4.6D and)F

These dataevealed thatestosterone derivativdsind 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 Adifnulated dye uptake by cells expressing £2X

The ability to open darge porepermeablefor dye may be a commo®2X characteristic
(Karasawa et al., 2017).l¢etrophysiologcal experiments showed that ivermedsnable to
potentiate the fanation of a large pore permeable for NMDi@ P2X4(Zemkowa et al., 2015;
Mackay et al., 2017)lo test ehypothesis that testosterone derivatiggkibit similar effect as
ivermectin and potentiate large pore opening,measured th&TP-stimulateduptake ofEtBr
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by HEK293T cellsexpressing the P2X# the presereand absence of testosterone valerate or
ivermectin (Fig. 4.7).
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Figure 4.7 Potentiation of ATRstimulated dye uptake by testosterone valerate or ivermectin(A)
Microfluorimetric measurement of ethidium bromide (EtBr) accumulation by 283K cells expressing P2X4 in

a control experiment (openy mb ol s) and in the presenwoaeraeblacBo OM t es
30M ivermectin (gray). Et Br accumul ation was triggere
amplitude of EtBr fluorescence was measured 50 s after the ATP application. Sigmateveral (5L0) cells

were averaged. A.U., arbitrary uni{®) Summary graph showing AF&timulated EtBr fluorescence (i of
control) in the presence of 30 OM t esDamsre@esenteccasv al er &
t he m®EMmwithf scatterplot of the individual data points (n = 2, mumber of experiments which equals

number of cell passages); statistical significance was estimated by usingp@eNOVA followed by Tukey's

post hoc test, p < 0.05 (*) and p < 0.01 (**).

In cells treated with ivermectih 3 OM) , t h stimulaed EBr upfake wvasP
faster than ircontrol experimentsand maximum fluorescence signal measured at 50 s after
agonist application increasem133N 2 FFigp4.TA and B. In cells treated with testosterone
val erate (30 OM) the mensuiedrat50 s &fteritagonist applieation e s |
increased to 1289% (Fig. 4.7A and B.

Together with previously describedlectrophysiological data, these resyti®vide
evidence that testosterone derivatiyastentiate the uptake of large molecules byiscel

expressing P2X4imilarly to ivermectin,
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4.1.7. Potentiation of endogenously expressed P2X in pituitary cells and hypothalamic

neurons by testosterone derivatives

For comparisomf recombinantvith endogenously expressB@X, we examinedhe effect of
tedosteronederivatives on ATFstimulated 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 P2X®&Zemkova, Balik et al. 2006nd pituitary lactotrops the P2X4 subtype
(Zemkova, Kucka et al. 20L050ON neuronsexpresses botRP2X2 and P2X4on neuronal

somata andierveterminals(Vavra, Bhattacharya et al. 2011)
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Figure 4.8 Potentiating effects of testosterone analoguesn endogenously expressed P2X receptois

anterior pituitary cells and hypothalamic neurons (A) Potentiation of ATPstimulated currenin pituitary
gonadotrophs On top example of current clamp whalell recording of action potentials stimulated by
goradotropinreleasinghormone (GnRH) that was used to identify gonadotrophs. Geliked membrane

potential (Vm) oscillationare mediated by activation of oscillatory’Gdependent Kcurrent. Below application

of testosterone valeraté{alerate3 0 M)t ent i at e d -stimdated edpongeddiatectblylnative

P2X2 in cell voltageclamped at60 mV. (B) Potentiation of ATRstimulate currenin pituitary lactotrophs On

top example, currerstlamprecording from pituitary lactotrophs identified according tottigotropinreleasing
hormone(TRH)-stimulated response. Bav, application otestosterone al er at e (30 €M) in cell
at-60 mV potentiated the amplitude and redutieelrate d desensitization of the AP (1 O-Qimukatit)
responsefC)Ontop potentiating efvfad etr adfe D ne-Mdoted din@dsnteahr AT &
identified anterior pituitary cell. Belw i nhi bi tory ef fect of -afibbugyridacide st ost e
(GABA) ( 5 0 -iadiMted current in an-identified pituitary cell.(D) Representative recording from a SON

neuron in rat brain slices showinggth pot ent i ati on eflfwetcytr atfe 30 re-Mduted s53 ® s M r
inward current andrequency of spotaneous postsynaptic currenfg) Summary graphs showing effects of
testosterone derivatives on amplitude of AARd GABAinduced current in pituitary cells. Data are presented as
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the mean N SEM with a sc pdntséR) Bunmary geaphs shomeng éffectsiofv i d u a |
testosterone derivativdin %) on desensitizationf ATP- and GABAinduced current, respectively. Data are
presented as the mean N SEM with a scatterbgieont of t h
responses in the presence and absence of testosterone derivatives were estimated using thetestp@ped t

0.05; *p < 0.01).

Application of testosteronealerate (83 0 O Mased the amplitude of ATP (30
1000 M-evoked currents both in gonadotrophs (Bi§A) and lactotrophs (Figt.8B), as well
as in noridentified pituitary cells (Fj. 4.8G upper traceonae r age t o 152 N 13¢
Fig. 4.88. In addition, testosterone valerate also reduced the fakesensitization of ATP
induced current in P2Xéxpressing lactotrophs by 2f6ld (control,fees= 6 N 1 s; t est
valeratefees= 16 N 2 s, n = 4; p < 0.01, Fig. 4.88B
ATP application with a somatic aent and increases ithe frequency ofsuperimposed
spmntaneous postsynaptic curr en busyrate potegtiated t r e a
boththese effects of ATIFig. 4.8D).

All subtypes of anterior pituitary cells expressuronal typeof GABAA receptor
(Zemkova, Bjelobaba et al. 2008)e investigatedhe effect of testosterone derivatives on
GABA-induced responses in ndadgentified pituitay cells for comparison with other
endogenously expressed ligagated receptor chaals (Fig. 4.8C, lower tracg In contrast to
ATP-inducedresponses, theABA-evoked responses were inhibit:
= 19, Fig. 4.8E) and the GABAA receptor desensitization was accelerated (ctyatrol, 9 N
1s; testosterone valeratkes= 3 0.8's, iN= 7; p < 0.01, Fig. 4.8F).

These data showed th&ststerone derivativepotentiate ATP-evoked responses
mediated byendogenously expressed P2A8d P2X4 but inhibit endogenously expressed
GABAA receptors.
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4.2. The effect of bile acidon the activity of recombinant and endogenously
expressed P2X receptors

HO' 5 5
Cholestrol (CHOL)

Primary bile acids

HO" “OH

H

Cholic acid (CA)
Compound 1

Chenodeoxycholic acid (CDCA)
Compound 2

Secondary bile acids

Deoxycholic acid (DCA) o
Compound 3 Ursodeoxycholic acid (UDCA) Litocholic acid (LCA)

Compound 4 Compound 5

Litocholic acid (LCA)

o Compound §
. =9/
AR N
. | (substituted versus free COOH|

Double bond Ho ).
5a versus 53-H H Me

HO

H
Compound 6 (3p-LCA)

o HO™

A H
Compound 9 (5a-LCA) .
H Compound 14 (Glycin-LCA)
Compound 7 (3-Oxo-LCA)

[e]

HO B
H
Compound 10 (3f3-Hydroxy-5a-cholanic acid)

Compound 8 (3-OAc-LCA)

Compound 11 OH Compound 12
(4-Dafachronic acid) (3p-Hydroxy-5-cholenoic acid)

80



Figure 49 Schematic summary of bile acids tested in this study. (APrimary and secondary bile acids
(compounds1-5) that are endogenously synthesized from cholestd®). Three types of modifications of
lithocholic acidthatwere tested in this study: modifications at position3, ©-5 and G17. Compound$-9 and
12-14 were newly synthesized.

4.2.1. Identification of lithocholic acid as the most potenttibitor of P2X2 ad positive

modulatorof P2X4 in comparison with other primary and secondary bile acids

Using dectrophysiological wholeell patch clamp recordings, we examined the effect of

common prinary and secondary bile acidsepoundd-5, Fig. 4.9A)on the ampitude of © M

ATP-i nduced currents medi at ed BzpaTPinduted du2edt2 and

mediated by P2X7 (Fig. 4.10). Agonists weppleed for 13 severy 2030 sin the presence

and absence of 3 OM salsowdrho ildtercdd(#g. 418)e case of
We found that cholic acid ¢cnpound 1, Fig. 410A), chenodeoxychic acid

(compound2, Fig. 4.10B), deoxycholic acid genpound3, Fig. 4.DC), and ursodeoxycholic

acid (mmpound4, Fig. 4.10D) exhibited no effects oATP-induced currenh amplitude.

Lithocholic acid (ompound5, Fig. 4. 10E) significantly 1inh

P<0.01) and potenti at e d59PXB@AL Rgudl@E)amdstightly 1 79 K
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Figure 4.10 Effect of primary and secondary bile acids on agonishduced currents in HEK293T cells

expressing rat P2X2, P2X4, and P2X7 receptoréA - E) Example recordings from cells expressing the rat P2X2
receptor (red traces) or P2X4 r ec P(®2splseappbed eaverk206)r ac e s)
in the presence or absence of bile acids: cholic &&)d chenodeoxycholic aci@B), deoxycholic acidC),
ursodeoxycholic aci(D) and lithocholic acide); a | | (B Exam3ple gebbrdings from cells transfected with

the rat P2X7 receptor showing the effect of 3 M | ith
trace) on responses stimulated by apagngbarsabdvetoertracest 15 ¢
indicate bile acid appli¢en, andshortbars indicateagonist application.

300 pA
200 pA
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potentiated alsB2X7 responsedut this effect was not significafit16N4%, n=19, P> 0.05;
Fig. 4.10F).

Lithocholic acid (10 &M) -qvokeddwreneainpliudema x i m
within40s of applicati onoNwift mb@ utt i Be 18NEPLPR X2t: (U
n= 3; Bw=X4.3N283 s, n=7Fig. 4.1). The effectof lithocholic acidwas fully
reversible within 3 min om®bfabow 30 hXg2rmvi2heh a t i

N7 . 9 s, n ofr= 335 .P2 XM :5.U8 s, n = 7; Fig. 4.11) .
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Figure 4.11Time-courses ofP2X modulation during lithocholic acid application and disappearance bthis

effect after itswashout.(A andD)An exampl e records showing the effect
le M A-indaicedP2X2 (A) and P2X4(D) current.(B andE) Time-course of the current amplitude changes

during LCA application ATHnduced current was normalized to the maximum current observed in the presence

of LCA. Number s i ndi cat eontoffL€A-induceteeffectosmavh ia Adnd @ Bndt he ons
F) Time-course of the current amplitude changes after LCA washout. Numbers indicate the time constant of the

r e ¢ 0 voe)rofyfLCA-iiduced effectsshown in A and D

These results shwvedthat low(3e M) ¢ oatiooseofptimrary 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 stimulataryd inhibitory effects occur with similar kinetic.

4.2.2. Lithocholic acid derivatives modulate P2X2 and P2X4 activity in a concentration

dependent manner

Next, weexamined theancentratiordependent effects of primary and secondary bile acids
on P2X2, P2X4 and P2X7 currents, ahe effect ofstructural analoges of lithocholic acid
(Fig. 4.9B)that were designed in order to increase the lithocholiciaddcedmodulation,

andbr to identify critical structural features of this molecule.
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Figure 4.12 Concentration-dependent effects of primary and secondary bile acidsnd lithocholic acid
analogues (A andB) Example recordings showing the inhibitory effects of several concentratih®(1 ¢ M) o f
l'ithocholic aci dinddcéde2X?l (Aoandthé poterdatig Effect oR2X4 (B) receptors(C)
Example recordingshowing the potentiatingf P2X2 byseveral concentrations (0130 ¢ M)-chalahica&db

3 Yl acetate (3DAc-LCA, compound8). (D) Concentratiordependent effects of pniary and secondary bile

acids (ompoundsl-4). (E) Concentratiordependent effects of lithocholic acid and its derivatives modified at
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position G3 (compounds5-8). (F) Concentratiordependent effects of derivegs modified at position G
(compound®-12). (G) Concentratiordependent effects of derivegis modified at position-@C7 (mmpound<l 3-

14) and concentraticd e pendent ef fect o f -induced\ P2¥7n resdobses g(gvee(®z AT P
Concentratord e pendent i nhibitory ef f estnulatedfP2X2 currdnoTthédverticalc ac i d
dotted line indicates the concentration praidg the 506 inhibitory effect, and the number represents the mean

ICso value.(l) Correlation baween the inhibitory effect on P2X2 and potatihg effects on P2X#or individual

lithocholic acid analoges at 30 & M.

Lithocholic acid inhibited P2X2 and potentiated P2X¥dponses in a concentration
dependent mannéFig. 4.12A B and E Table 4.2, themaximum effect was observed atS8M
(P2X2inhibition: 31N11 %, n = 5, K 0.01; P2X4potentiation 391N33 %, n=12,P< 0.01).
Primary bile acids and othesecondary bile acids did not inhibit P2X2 or potentiate P2X4
responses eveat higher concendtions (Fig. 4.1D).

Structur al cOHa ro g@H ffisdlithothablie aci8, Bmpound6) or to 3

ketone (ompound?) resulted in a significantly reduced pote i at i ng ef fect on

compounds: 142 N 7. 0.05,30enMompdaind7z: P 146 N 23%, n = 1.
Fig. 4.12EbplacK, while the inhibitory effectoP 2 X2 was wel | pmpeusd:.r ved (
42 N 5%, n = 5,ompound7: 0581N B2 &M o = I(ed), P <

An acetate moietatp o s i t i conpour@ig) coptetely abolished the inhibitory effect on

the P2X2 response and both P2X2 and P2¢&pros were potentiated (80M ormpounds,

P2X2: 254 N 22 %, n = 5, P < 0.01; P2X4: 24:
Thestraet ur al ¢ hH ntgeel (Grtipourtd®, and10) or the daible bond between-C

5 and CG6 (compoundl2) completely abolished the potentiating effect on P2X4 and reduced

also the inhibitory effect on P2X2 (Fig. 4.12F). Tdheuble bond between-€ and G5 (4

dafachronic acid,ampoundll) had no effect on the inhibitory or potentiating ackdstof

lithocholic acid (3¢ M orapoundll, P2X2: 53 N 4%, n = 6, P < O
10, P < 0.01 Fig. 4.12F). Esterification @npound13) completely abashed both the
potentiating and inhibitory effecand conjugation with glycine @mpound14) partially

reduced both effects (Fig. 4.12G). The P2X7 was potentiated by lithocholic acid at higher doses
(10 ¢ M: 178 N 15 %, n = 1059, P<0901; Big. 8.10FoweB 0 ¢ M:
trace, and Fig. 4.12CGgreer), but this effect was not studied further.

Concentration analysis was performed for the inhbibitory effect on the P2X2. The
concentration of lithocholicacidr oduci ng 50% i M ATPbonducad ®2X2 of t h
response (1) was 4.6 N 0.9 &M (Fig. 4.12H).

CompoundL5 potentiated both P2X2 and P2X4 similarly ascomp@hd83 0 ¢ M, P2 X2
211 N 15%, n = 3, P < 0.01; P2X4: 2t3n0atN 3508 %,
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and inhibition.

Table 4.2Concentratiordependent effects of primary and secondary bile acids and lithocholic acid derivatives
on P2X2 and P2X4 currents.

hydroxy group might be important for the ability of the molecule to switch between potentiation

Compound R 1nv 3nv 10nv 30nmM
Cholic acid CAL P2X2 n.d. 109 N 86 N | 96.0
P2X4 n.d. 109 N 123 N 129 N
Chenodeoxycholic acid, CDCR, | P2X2 n.d. 105.0 80 N 81 N
P2X4 n.d. 108 N 119 N 132 K
Deoxycholic acid, DCA3 P2X2 n.d. 101 N 85 N 86 N
P2X4 n.d. 118.0 119 N 144 N
Ursodeoxycholic acid, UDCA4 P2X2 n.d. 104 N 78 N 75 N
P2X4 n.d. 113 N 127 N| 144K20
Lithocholic acid, LCA5 P2X2 76 N 59 N [39.®5+N 31 N
P2X4 | 159 N| 179 N| 249 N| 391N 33
| solithocHHGAG6 c |P2X2 n.d. 77 N |[55.0 N 42 N
P2X4 n.d. 116 N 137 N| 142N 7
3-Oxo-5 Echolanic acid? P2X2 n.d. 95 N 60 N | 53 N
P2X4 n.d. 118 N| 149 Nl 1768 2
3-OAc-LCA, 8 P2x2 | 167 N| 180 N|[193 N|[254 N
P2x4 | 157 N| 164 N| 202 N| 243N 23
5 WCA, 9 P2X2 n.d. 88 N 87 N 84 N
P2X4 n.d. 103.0 107 KN 118N 5
3 BHydroxy-5 ktholanic acid10 | P2X2 n.d. 82 N 77 N 63 N
P2X4 n.d. 96 N 111 K 1130N 5
4-Dafachronic acid, DA, 11 P2x2 | 920N 1| 70 N 59 N 53 N
P2X4 117 N 153 N| 249 N| 35708 814
3 EHydroxy-5-cholenoic acid12 | P2X2 n.d. 71 N 66 N 64 N
P2X4 n.d. 107 N 1127 N 129N 1
LCA-Me-ester,13 P2X2 n.d. 94 N 88 N 93 N
P2X4 n.d. 106 N 116 N 1178 3
glycineLCA, 14 P2X2 n.d. 96 N 82 N| 55 N
P2X4 n.d. 115.0 123 N 1428 4
12-Oxo-5 kcholanic acid15 P2X2 n.d. 105 N[ 21115*K| 229 N
P2X4 n.d. 142 N/ 230 N|233 N
Obeticholic acid16 P2X2 n.d. 101 N 123 N 114 N
P2X4 n.d 104 N 143 Nl 182 KN
Experiments were performed on HEK293T cells expressing P2X2 or P2)ptaecéR) and stimulated withel M
ATPinthepr esence or absence of 1, 3, 10 or 30 €M bile ac
from 3 to 30 cells recorded ir1D independent experiments. (*) P < 0.05, (**) P < 0.01 between responses in the
presence and absence of bile acids; rotidetermined.

We also evaluated the effect ofatizholic acid (ompoundl6), the most active steroidal
ligand for FXR, thebile acid receptor that might be endogenously expressed in HEK293 cells
(Wang, Chenetal. 2008pb et i chol i ¢ acfectlon P2X2 ar RRX4 respathisesy o e f
and slightlypotentiated only P2Xdthigrer doses (30 &4in=3PP2>XD5 114

P2X4:

not due to modulation of P2X rquers via endogenous bile acid receptors.
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These results idenifielithocholic acid ad 4-dafachronicacid as stronginhibitors of

the P2X2and potentiating drugs #te P2X4. These results also showed that modifications of
lithocholic acid at different parts of the molecule did not generatere potent modulat but

all these modifications abolished both inhibitory and poténgaeffects to varying degrees. A

clear correlation between changes in the inhibitory and potentiating effects was not observed

(Fig. 4.12), suggesting that lithocholic acid might interact with R2x%d P2X4t twodifferent

modulatory sites.

4.2.3. Lithocholic acid allosterically modulat&2X2 and P2X4 receptor channel gating

To explore the molecular mechanism by which lithocholic acid regulates the activity of P2X

A P2X2
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Figure 4.13 Effect of lithocholic acid on oncentration-response curves for P2X2 and P2X4A) Example
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dependent effects of ATP on the peakplitude of current in the absence (open circles) and presensedclo
circles) of LCAfor the P2X2(C) and the P2X4D). The vertical dotted lines represent the ATP concentration
producing the 50 % maximal response, the arrows indicate the shift ATth&oncentration response curve in
the presence of LCA, and the numbers represent the mearv@des in the presence (+LCA) andsahce

(- LCA). The Hil coefficient was fixed to 1.3Data points represent the mediSEM; n= 517 cells from 36
passage per concentration.

receptors, we studied its effect on responses stimulated by different concentrations of ATP (Fig.
4.13A and B). Applicatont 0 €M | it hochol i c aci d-resporisd t ed t
curvefor P2X2to the right (Fig. 4.3C) and inczased theECso by 2.4fold (control EGo= 3.1

N 0. 3lithachdlicacidEGo= 7.6 N 1.3 e€M; P < 0.01) witho
maxi mum current amplitude at saturating (100
lithocholic aeb5B>008.8 N 0.3 nA; n

In contrast, wholeell recordings from P2x#ransected cells (Fig. 43B) revealed

t hat 10 &M |lithochol i c a-<espdnseschrveftd teedleft{(Flpge ATP
4.13D) and reduced the E€value by 2.5fold (control EGo= 2. 7 N 0. 4 e M; | it
EGo= 1.1 N 0. 2 & Msignifitanty ciiangbdthe maximurh curent amplitude

(control: 2.0 N 0.17 nA;=7/P>00®Bpcholic acid: 2

Thus, lithocholic acid acts as allest modulatomwhich inhibits P2X2 and potentiates
P2X4 channel gating.

4.2.4 Lithochdic acid reduces the level and the rate of P2X4 desensitization

In control eyperiments, the P2Xd esensiti zed to 4.09 N 0.6
amplitude (n= 11) within40 o f 100 OM ATP application (Fig.
10e M | i t laddethembndesensitizett @t eau current I mcEREased
P < 0.01;Fig. 4.14A and C) and the rate of receptor desensitization decrepskdfold
(control, Jes= 7.2N0.45 s, n = 11; lithocholic acidlles= 12.0N1.2 s, n = 21; K 0.01;Fig.
4.14D). The P2X4 resensitizes slowlfi@. 414B).Appl i cati on of 10 &M | i
the cesensitized receptor acceleratieelrecovery of the peasurrent so that theatio of the 3rd
to the desensitized 2nd peak curfieteasedrom1 . 1 N 0 .tal2.2R04 (== 71F)
4.14B and B

These results showed thighocholic acid reduces tHevel and slows down the kinetics
of P2X4 desensitization, and acceleratessensitizatiorsimilarly to ivermectin(Khakh,

Proctor et al1999; Mackay, Zemkova et al. 2017)

87



A 100 uM ATP B 100 uM ATP 10 uM LCA
T 4. _ = = = = = >
g — 1 T
b 10s
3 <
c -
= — (LCA)t,. =665 S0s
= (+LCA) 1. = 12.9's
o 0!

C _ ” D " E o
S 5 30 o - 30
o o fo)
® 20 ) © o OOO
X '50"20 . % o
@ — o] @
210 g o s N[ &
§ 0 =10 &
: sl -
3 0 0 0

-LCA +LCA -LCA +LCA -LCA +LCA

Figure 4.14 Effects oflithocholic acid on P2X4deseasitization and resensitization (A) Comparison of the

time courses of cuents induced by prolongeip p| i c at i OATP io the pteBebce €gidy) and absence

(black of 10 €M Il ithocholic
to a biexponential functio(B) Recovery of the peak of desensitized Alrfdlucedcurrentand ptertiation of
recovery after appl i ca(€)iSommaryohistogtaén showing the debeosttized plateau a c i d
to-peak ratian control experiment (white column) andthre presencef lithocholic acid(gray columi. (D) The

me a Resin cthtrol (white column) and ih h e

column) and aftel 0  Bthdcholic acidapplication (gray column)Datashown in Ci D are presented as the

aci d ( deg®Arg derivadibefittiodgehse eurves i t i z at

p r e s e nithceholw Acid@@ray celuvhn) (E) Summary
histogram showing the recovery from desensitization (the 2nd to 3rd peak ratio) in contranerpeiiwhite

meanN SEM with a scatter plot of éhindividual data points (n =-Z1 cells from 4 passagedjhe statistical
significance was estimated using the unpairegst, P<0.01 (**).

4.2.5. Antagonizingeffects of lithochbc acid on ivermectiinducedmodulation of P2X4

deactivation

We next evaluated éhdeactivation properties of P2X#hdexamined the efect of lithocholic

acid on ivermectin induced prolongatinion of deactivatfitre deactivation timeonstant{ o) f f

was obtained by
(10e M) al one exhi

fi
bi

Tt
t ed

ng t hRrenoowval Liteoghblic dcelc ay e

no ef f3e=x286NE3H mMsPR=x64

lithocholic acid Wi = 355N 63 ms, n = 6, B 0.05).In control experiments,pplication of 3

eMi vermectin increased t-hendanmgldi tcwd e - ft
(from 0.26 N 0®6rMA3N=20/<0.01), ahd tiefxinckeasedd 8. 08 N 0. 6

(n = 20; Fig. 4.1B).
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Figure 4.15 Inhibitory e ffect of lithocholic acid and its derivatives on ivermectininduced delay in P2X4

deactivation. (A) Example recording showing the effecdsi ver mect i n (| ViMucedocarrert ¢ M AT

amplitude and channdkactivation(B) Example recording showing the inhibitory effects of pretreatwiht10
eM Iithochol i c a c-indiiced deleyAndeactinatia() Example rdoiding showing thekd
€ Mi sol it hoc hIldC) failed docpredtent thd keffect of ivermatton deactivation.(D) Summary
histogram showing neffects oflithocholic acid 4-dafachronic acid @A), 5 Echolanic acié3 Yl aceate (3
OAc-LCA) and isolothocholic acid a | | 1 (the potdntiatimgreffect of ivermectin on amplitude bt M
ATP-induced current(E) Summary histogranshowing theinhibition of ivermectininduced increase in
deactivation time constant.f) by lithocholic acid, 4d a f a ¢ hr o ni cchokmic adié3 &hadetate, Dt
not i sol ot hocho Ditaare presénted as tharmdhSEM Ovith s Bttteplot of the individual
data points (n =-38 cells from 58 passages).

Lithocholic acid alone increased the amplitude of the ATPi mul at ed curr en

0.1-fold (Fig. 4.15B) and ivermectin applicationfuh er i ncr eased t h-e ampl

fold (to 2.00 N 0.28 nA; n = 8, P < 0.01;
on ivermectirinduced potentiation of current amplitude (Fig. 4,15D). However, ivermectin
induced increase intHds was r educ ed inihe pPesedck of Rthocholid &id @
= 8; Fig. 4.15B). A similar effect was observed in the @nes of 4dafachronic acid and
compound8, which potentiates both P2X2 and P2X4 receptors, but not of isolithocholic acid,
which inhibitsP2X2 but exhibits no significant potentiating effentthe P2X4 (Fig. 4.X5 and
E).

These results showed that lithocholic acid iderivatives that significantly patéate
P2X4 prevent ivermectiinduced delay in receptaleactivation, suggesting interactiorithw

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, WA&7 and W50 in the upper hale¢ TM1 have
been Bown to reduce ivermectin responsel el 2 nkov §, Yan et al
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2007; Jel 2nkova, V8vra et ,antdmutaBods0oBG45 dPabFad v a ,
increase the ivermectinresporfsd el 2 nkova, V8vr a almetall2015200 8,
To test a hypothesis that lithocholic acid interacts with ivermectin binding site, we examined

sensitivity of alaninesubstitutions ofesidues in the upper part of TM1 (from Y42 to W50) to

3 M |ithochol i c a cestigationsTaresummarigedHigt 4s16.0f t hes e
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Figure 4.16Alanine-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 R¥XA or F48A

and Y42A mut aintducdd eiMe AgdPnses were recorded in the p
except gain of function Y42A mut(B)rBummarh gph shewirggthet i mul a
effects of lithocholic acid on the amplitude of ATiRluced current in WT and mutants in the upper part of TM1
(Y42A-W50A); nonfunctional (n.f.)(C) Structural model of rat P2X4n open state with predictadermectin

binding sitebetveentwo neighboring subunitdM1 mutations in W50, W46, V47 andd3 (yellow) abolish the

effect of ivermectin whereas mutations in F48 andl%5(cyan) increase the effect of ivermectimdgain of

function mutation in 42 (gray) cannot be modified by iverotim( J el 2 nkov g, Yan et al . 20
al. 2007) Red asterisks indicate amino acid residues showing altered sensitilittyotmlic acid. Homology

model of therat P2X4 receptor was build previous{iRokic, Stojilkovic et al. 2013ysing tle model of the

zfP2X4.1in the open (4DW1) stat@Hattori and Gouaux 2012Y his figure was generated using Pymol v0.99
(http://www.pymol.org).

As mentioned above, in control experimergplacation3  ¢litlocholic acidincreased
the amplitude of th&  eAWIP-stimulated curent by about Zold. The potentiation effect of
lithocholic acidwassignificantly reduced if48A and V43A mutantand completelynhibited
in Y42A mutant(Fig.4.16A). Remainingnutants (I144A, G45A, W46A, V47A and W50A)
were potenited similarly to WTreceptor (Fig.4.1B). The rP2X4V49A receptor variant was
nonfunctionalRokic, Stojilkovic et al. 2013)

These data revealdtiat 3 of 7 resiudes in the upper halve of TM1 that have been
previously identified to be involved in ivesutin binding participate also in the effect of
lithocholic acid (Fig. 4,16C), indicating that binding sites ftindcholic acid andvermectin
could patly overlap at the P2X4.
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4.2.7. Modulation of endogenously expressed P2X in pituitary cell$wgpdthalamic neurons
by lithocholic acid

Theeffect of lithocholic acid waalsotested inanteriorpituitary cells and hypothalam®8ON

neurons endogenously expressimgctional P2X2and P2X4 subtypesThe application of
lithocholic acid (31 0  eifd)ced significantinhibition of the ATP-evoked currents in
pituitary gonadotrophs, on average, td\851 %( f r om 6 4 . 2548N12.BpAIn=H A t o
P <0.05; Fig. 417A and D), and potentiation AATP-evoked currents in nonidentified pituitary

cels, on average, to 13¥33 % (control: 16.0N8.1 pA; LCA: 21.9N14.0 pA; n = 4, R 0.05;

Fig. 4.1'B, upper trace)in SON neuron®f rat brain sliceslithocholic acid (1& M) had a
tendency to increase the amplitude of the Aiduced current, buthis effe¢ was not
significant (Fig. 4.17C anH).
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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 gonadotreplaasing
hormone (GnRH) that was used to identify these ¢aftper trace)Li t hochol i ¢ acid (LCA, 3
ATP ( 1 estimulatéd)responseadiated by native P2X2 in gonadotropResidual oscillations are due to
oscillatory Ca*-dependent Kcurrents previously activated by GnRldwer trace)(B) Potentiating effect of 10

eM | it hooohthd Ar B n (@ %-8tichaldepcurrent in nonidentified anterior pituitary ceitglicating the
presence of P2Xdupper trace)l n hi bi t or y litadcliokc @adicb ro f GABB A& -{ndubed eulvenin
nonidentified pituitary cel(lower trace)(C) AT P ( 1 estimulatéddurrentin two exampleSON neuronsn

the presence and abs g-d&eSumniary tiaphs shdving the effenté lithacholic agidc i d
on the amplitude of ATfevokedcurrent inpituitary gonadotrophgD), amplitude of GABAinduced current in
nonidentified pituitary cell§E) andamplitude of ATRinduced current in SONeurongF). Data are presentexds

the mearlN 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 respottgeprigsence and
absence of lithocholic acidere estimad using a pairedtest, P< 0.05 (*).
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The effects of lithocholic acid was subsequently investigated in ndifidépituitary
cellsexpressing the GABAA receptdZemkova, Bjelobaba et al. 2008)r comparison with
other ligandgated ion channels. In contrast to Ailffduced responses, the amplitude of the
GABA-evoked current was inhibited (Fig. 4.1&Bver trac@onaveragest 72 N 5% (fr or
N 70 1p1A2 tfb 49 pA; n = 5, P < 0.05; Fig. 4.17]
Thus, lithocholic acid inhibits endogenously expressed P2X2 and GABAA receptors,
and potentiates P2X4 in pituitary cells, but no effect was observed in hypothalamicsneuron
expressing both P2X2 and P2X4
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5. DISCUSSION

In this thesis, we dggned and synthesized neteroids, 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 wl#erent binding sites ahmechanismsit

P2X2 On the other hanghotentiating effects of both testosterone derivatives and lithocholic
acid at P2X4 are mediated mosolpably by the same binding sifgartially overlapping with

the receptospecific binding site for ivermectin.

5.1. Testosterone derivativesositive allosteric modulators of P2X2 and P2X4 receptors

OQur resul t s -esteevderadtivesiof testostaronelséldrtively potentiate P2X2 and
P2X4, but not P2X7 subtgy andderivatives of testosterone with éb4carbm alkyl chain at
position G17 of the steroid Bing, such as testosterone butyrate and testosterone vakate,
the most efficient modulators, whileestosterone itself exhilsitmuch smaller effectThe
mechanism by which testosterone derivatives adlasally 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 dismsicrease the uptake of EtBr by
cells expressing P2X4 andtagonize 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 (Malajshs &
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), alfaxddwhOP or THDOC
potentiate but pregnanolone inhibits recombinant P2X4 expressed in HEK293T cells and
Xenopus | eavis oocytes (Codocedo, Rodr2guez
increase the deactivation time constant of the P2X4 (Cododedod r 2 guez et al
similarly as previously described for the GABAA receptor (Harrison and Simmonds 1984). Sex
steroi ds -esautcrha cairel ,1 7tbhat potentiates nicotini
Zhang et al. 2001), and progesterone aitlgmow any modulatory effect at recombinant P2X4
(Codocedo, Rodr2guez et al . 20009) but pr oge
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neurons, as well recombinant P2X2 in transfected HEK293 cells or Xenopus laevis oocytes (De
Roo, -@abat@ al. 2000, a restradlol/irhibits P2X3 in DRG neurons (Ma, Rong et

al. 2005). We found that testosterone itself does not effectively potentiate P2X, but derivatives
of testosterone with a8 carbon alkyl chain at positionL7 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

3 thydroxyl group, such as alfaxolone or THDOC, directly offe® P2X4 channel pore at
higher concentrations and in the absence of agonist (Codocedo et al., 2009). This effect was not
obser ved wi-¢ster d&idatives\df telstdsberone suggesting that modulatory effects
of different steroids are likely mediatbeg specific mechanisms.

Analysis of P2X2 and P2X4 concentratimsponse curves showed that the potentiating
effect of testosterone derivatives was due to a stémdigced increase in the sensitivity of the
receptor to ATP, rather than to increased afficof the agonist. The small increase¢hi@lmax
observed at P2X4 was apparently due to staradced inhibition of desensitization and
accelerated resensitization; no increaseénqkc was observed for P2X2. Thus, upon binding,
testosterone analogs 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 P2¢hakh, Proctor et al. 1999; Priel
and Silberberg 2004; Jel 2nkov§8, Yestostertne al . 2
derivatives and ivermectin also potentiated AstiPhulated EtBr uptake by HEK293 cells
expressing the P2X4, further indicating that pleéentiating effects of testosterone derivatives
and ivermectin are mediated by the same binding sites.

In addition to P2X4, ivermectin acts as allosteric modulator of several {ggted ion
channels, such as GABAand glycineactivated Clc hannel s, U7 nicotini
receptor ad histamine receptor channefsy review segZemkova, Tvrdonova etl.a2014;

Huang, Chen et al. 2017In the P2X4 and all these channels, the allosteric binding site for
ivermectin is located in the transmembrane domain and is formed by arsubtenrit
hydrophobic pockef J el 2 nkov8, Yan et al; 2@a0aéapihbynad®ioc
et al. 2017)We foundthat testosterone valerate antagonizes the effect of ivermectin on P2X4
deactivation which indicates that the binding site for testosterone derivatives is located within

the TM domainpossibly within the ivermain binding pocket. Alternatively, binding sites are

different and the interaction @éstosterone derivatives with receptor causes conformational

changes that affect receppecific ivermectin binding; this possibility was further
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investigated in theexond part of this thesis describing localization of binding site for another
endogenous steroid, lithocholic acgkeé4.2.6.).

However, some differences also exist between the actiotestofsterone derivatives
and ivermectinFirst, we observed a clear correlation betweerptitentiating effect on the
P2X2 and P2X4esponses, suggesting that the binding site for testosterone analogues is well
conserved among these tviR2X subtypes, while ivermectin binding is specific forX@2
subtype (Khakh, Proctor et al. 19995econd, ivermectin applicationighly significantly
prolongs the deactivation of P2X4 currefip to 60fold) ( J el 2 nkov 8, ,whden et a
no effect on deactivation was observed after the apilicaf tesbsterone derivatives, further
suggestinghat thebinding sites for testosterone derivativesd ivermectin are not identical.

We suggest that these binding sites partially overlap

It is well known that the P2X7 is modulated by endogenous cholesterahkiilaits
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 BXTell-

Lagnado 2017)Our results show that testosterone derivativesiat able to potentiate activity

of P2X7 subtype or shift the concentrati@sponse curve for this receptor indicating that
testosterone derivatives cannot interact with the binding site for cholesterol which is supposed
to regulate all P2XMurrell-Lagrnado 2017)

The potentiating effects of testosterone and testosterone derivatives were observed at
relatively high concentrationsi@ 0 OM) t hat are unlikely to be
conditions (Baulieu 1998; Rupprecht and Holsboer 199890t mightbe 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 theuaculation of DNA required for skeletal muscle
growth, and stimulate the brain through their diverse effects on various central nervous system
neurotransmitters via a fast, nrgenomic action(Ganesan, Rahman et al. 202T)he
application of anabolic steds might induce emotional lability, major mood disorders,
anosmia, headache, depression, nervousness, body pain, violence insomnia and aggressive
behavior (Ganesan, Rahman et al. 202After one dose of anabolic steroids, 750 mg,
administered as oral sl injections, creams or topical gels, and skin patches, the levels of
testosterone derivatives in plasma might i nc¢
potentiate endogenously expressed P2X2 or P2X4 (Fig. #R)s potentiation of P2X

receptos that are widely expressed in neurons of many areas of the(Khaikh and North
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2012) and neuroendocrine cel(S$tojilkovic and Zemkova 2013night be involved in the

adverse neuropsychiatric effects of anabolic steroids.

5.2. Lithocholic acid: Btentinhibitor of P2X2 and positive modulatof 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 eztracellul
signaling molecule, too (Copple and Li 2016; McMillin and DeMorrow 2016). Our second
study shows that lithocholic acidi@ 0 OM) , and i tus4-dafachranic acidr a | a
inhibit P2X2 and potentiate the P2X4, and to some depotentiatealso P2X7 subtype.
Primary bile acids exhibited no or reduced effects only at high concentratiai&s @10 € M) . I n
both P2X2 and P2X4 receptors, lithocholic acid shifts the ATP concentraBponse curve
and modulates ATP sensitivity but not efficacy. S&ecompounds also change the
pharmacological properties of the P2X4 and antagonize the effect of ivermectin similarly as
observed previously for testosteroneybate or testosterone valerate.

Secondary bile acids might exhibit higher potency to modualetigity 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 thmeaffinities 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 confamation and subsequently alter the binding of orthosteric ligands,
inhibiting or potentiating receptor function. Our data also show tdafdchronic acid exhibits
almost identical effects as lithocholic acid. Dafachronic acid is a natural secondargidiile a
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 nematodelaemonchus contortu®la, Wang et al. 2019), and 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 anddadehronic
acid might also play a role as circulatingrsaling molecule.

Multiple parts of the lithocholic acid molecule seem to be involved in the interaction
with the P2X protein, since modifications at3CC5 or G17 abolished both the potentiating
and inhibitory effects to vging degrees. Summary Fig. Sshhows that the most efficient were
modifications ofCOOH groupmat position 17 and modificationat position G5 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 positieB @vealed an ietesting properties of
compound8 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 hypot hesi hamxygrdup mightbe @pha&rBadophore that define the ability
of the molecule to switch between potentiation and inhibition. greement with this
hypothesis, ampoundl5t h at a | s-bydroxpgrouspoténBatéd both P2X2 and P2X4
receptors. On the other handngpound? is also lacking free hydroxyl group vidmaintaining

the switch betweepotentiation and inhibitionThen, we could speculate thatnepoundd as
compared with@mpound? 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 C3: compounds 6, 7, and 8 (blu&)odifications at position &: Compounds
9, 10, 11, and 12 (red). Modifications of COOH group, compounds: 18nadenta). Note that among3_
modified derivatives that differentatP2X2 vs P2X4 receptors, onlyo@pund 8, with acetate group or3C
position, potentiated both receptor subtypes. The structures of the listeatides are presented 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 mothriasites. As
mentioned above, steroidse reported to be both positive and negadil@steric modulators
of P2X. For example, DHEA selectively potentiates endogenously expressed P2X2 in cultured
rat sensory neurori®e Roo, Rodeau et al. 200®ynthetic neurosteroids, such as alfaxolone
and all opregnanol dldiaydroxgsnfdregiak®ade€), a (mBtabolite of
deoxycorticosterone, potentiate while very high concentrations of pregnanolone inhibit the
activity of P2X4 receptors expressed in HEK293 or oocyte ¢ellso d o c e d o, Rodr 2 gt
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