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Abstract

Background

Trigeminal gangliofTG) is a keylayelin processing noxious stimuli. Among many kgand
gated ion channetsgeminal sensory neuragress on tiremembranes purinergic P2X3
receptors andapsaichsensitive transient receptor potential vanilloid 1 channels (TRPV1).
Thesereeptors ardhoughtto be involved in pain transduction grathophysiologpf

different pain syndromesincluding migraine disordeP2X3 and TRPV1 channelse
continuously regulated bwarietyof endogenous modulators, whiapregulating these
recepors,cancause sensitization and promote development of pathologicaingkiions
Although positive P2X3 and TRPV1 regulators are well studied, not much is known about
thosewhich might restrain the activity of these receptonse candidate for the leoof
endogenous negative regulator of sensory ganglion activity is the brain natriuretic peptide
(BNP) In fact BNP was recently reported to downregudk@mmatory paimnd firing
frequency of small neurons in dorsal root ganglits receptor NPR.

Aims

In order to investigathe role ofBNP/NPR-A system in trigeminghanglion in control
conditions and in migraine pathology we usedypd(WT) mice and transgenic R192Q

Kl mice of the familial hemiplegic migraine typ@&HM1) model. kst we characterized

BNP and NPRA expression antunctional properties of the BNP/NPR pathway in
trigeminal ganglions of WT and KI mice. Understand if this pathway can affect the
propertienf sensory neurons in TG we studied the effects of endogenaogadous

BNP on P2X3 and TRPV1 receptmesponsem vitrolnvestigatingnolecular mechanisms
underneath P2X3 receptor modulation wearefully examinedchanges in P2X3
phosphorylation and membrane distributaod considered involvement of particular
kinases and phosphatases in this proEessy activity ofthe WT and KI trigeminal
neurons weralsoevaluated to find outtiie modulatory effects of BNP/NPR systenon
theP2X3channelgre reflected in neuronal excitability.

Additionally, in searcfor new potent P2X3 antagonists a variety of diaminopurine
derivativess well as seveealenosine nucleotide analoguerxe evaluated esacombinant

P2X3 receptors in HEK celimdon native P2X3 receptors of TG sensory neurons.

Results

We foundabundat expression of NPR in trigeminal ganglion along with low levels of
BNP itselfthe BNP/NPRA pathway in both WT and KI neurons proved to be functional.
Exogenously applied BNP inhibited TRiPMWadiated responses in WT and Kl trigeminal
neurons withoutan changes in the receptords expres
receptors were not sensitive to additional exogenous BNP, but appeared to be
downregulated by the low amount of endogenousas&dypresent iIWWT TG cultures.

This negativenodulationncludedP2X3 serine phosphorylation and receptor redistribution

to the nonlipid raft membrane compartmer®th mechanisms were dependent on the
activity of protein kinase terestingly, in KI mice NRR-mediated P2X3 inhibition
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could not be seen @meceptors remaideipregulated, most probably due to the increased
activity of P/Q calcium channels and highcentration of calcitonin gene related peptide
(CGRP).Considerindiring propertie®f trigeminal neurongactivation oBNP/NPR-A
systenwith NPR-A antagonist anantin causeldyperexcitability phenotypé/t cultures
which was very similar to whatyipical forKl neurons Kl culturesremained unaltered,
consistent withack of BNP/NPRA regulation oveP2X3 activity.

Experiments with mwe diaminopurine compoundsd adenosine nucleotid#erivatives
resulted in molecules which showed antagonistic behavior towards P2X3 watte[gys
values in low micromolar and nanomolar range, respectively

Conclusion

The main result of th@resent teidy is theidentifcation ofBNP/NPR-A pathway as an
intrinsic negative modulatory system for P2X3 and TRPV1 reasptaity in sensory
neurons of mouse trigeminal ganglion and related neuronal exditahiétyer, irmmouse
FHM1 migraine mod&NP/NPR-A lacked the inhibitorgffecton P2X3 receptordue to

the overalamount of activatiotihese receptors undergo in Kl neurons.

Modifications of diaminopurine and adenosine scaffold could serve as a Batsyyy

in search for new potent antagtso$ P2X3 receptors.



Introduction

1 P2X3 receptors

11. ATP receptors

Nowadays the notion that ATP is not only a principal energy source and component of
nucleic acids inside the dellt also a signaling molecule and a geneimetransmitter is

widely acceptetd ATP was first reported to be released from sensory nerves by Pamela
Holton 2 and therthisidea was further developed by Geoffrey Burnétheier onATP

was shown to cause neuronal depolarization in rat dorsal horn nearactivate inward

cation currets in mammalian semgmeuros °® andto act like a mediator during synaptic
transmission in the peripheral and central nervous sJ&t&TB is released from a variety

of cell types in physiological and pathophysiological conditi@msponse to ethanical

tissue injury, hypoxia, and inflammatiokfter being released ATP usually undergoes rapid
breakdown bythe ecton u c | e o ttiplklogphate dipHosphohydrolase (NTPDase)
enzyme family to ADP, ANd&hd adenosiné(Fig. 1).

ADP UDP ADO
g UMP URID INOS

ATP UTP UDP-ghu *_ hydrolysis =4

receptor \ nucleotide/

activation release
* extracaliuar
space
cytoplasm
P2Xx *

P2Y E-NTDPase E-NPP
ATP

A1, A2 A3
utTP
UDP-sugars

Figure 1 Interplay of released nucleotides, nucleotide metabolism, and activity of P2Y, P2X,
and adenosine receptorsReleased ATP, UTP, an®®glucose activate P2Y2, P2Y4, P2Y11, or
P2Y14 receptors and ATP activates all P2X receptdi§PBases generate ADP and UDP,
transiently providing agonists for P2Y1 and P2Y6 receptor activation, respectively

Nucleotide action is mediated by a large groupllofurface receptors divided into two
main families: metabotropic P2Y receptors that work through couplingprtitei@s and
ionotropic P2X receptors that form an ion permeable pore upon agonist bineliirge T
scale of purinergic receptor actoratand subsequent effects vary from milliseconds to
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minutes", likewise, receptor ATP sensitivity has a wide range: from nanomolar in the case
of P2Y receptors, to hundreds of micromolar for P2X7 recéptors

12 P2X receptor structure

P2X receptors were cloned in 1994 showedto possess amnique structure, different

from other known ligandated channel$! This was fuhter supported when the crystal
structure of zebrafish P2X4 receptor in cld3eamd open'® states were reported. Even
though the transmembrane (TM) topologies of P2X receptors are similar to acid sensing ion
channels (ASICs), epithelial sodium channels (ENaCs), and degenerin channels (DEGS),
their primary amino acid sequences have little in comin@even subunits of P2X
receptors are encoded in the mammalian genome and form homomeric and heteromeric
complexe$®. Each subunit contains two hydrophobic transmembrane segments (TM1 and
TM2) separated by a glycosylated antfidiésich extracellular domafRig. 2;***. The
extracellular domain forms bindingssifor ATP, competitive antagonists and modulatory
metal ions, whereas the transmembrane domains form-szlewiive cation channel,
permeable for sodium, potassium and cal@uBystematic anaf/by Egan and Khakh
showed that P2X channels seem to have relatively high calcium permeabditybthat

even larger thanthe oneof acetylchiine, serotonin or glutamag@ted channel$.
Moreover, P2X receptors carediate Ca2+ influx at resting or low membrane potential
when other Ca2+ sources (like high Cqizrmeable NMDA receptors) are not acfite

In some cells, P2X channels are also permeable to &peamfic properties of various P2X
receptors are summarized in Table 1.

P2X receptors arpresent in virtually all mammalian tissues and mediate a variety of
responsesuch asynaptic transmission, smooth muscle contraction, platelet aggregation
activation of macrophagesllproliferation and cell deapain and taste sensatfof2%,

Table 1 Properties of P2X receptor®

NC-IUPHAR subunit nomenclature

P2X1 P2X2 P2X3 P2X4 P2X5 P2X6 P2X7
Molecular properties
Gene name P2RX1 P2RX2 P2RX3 P2RX4 P2RX5 P2RX6 P2RX7
Human chromosome location 17p13.3 12924.33 1q12 12q24.32 17p13.3 22q11.21 12q24
Protein length (amino acids) 399 472 393 389 455 379 595
C tall length (amino acids) 45 19 53 31 96 26 239
Membrane expression Good Good Good Good Poor No expression Good

in most cases

Desensitization (complete in) Fast (<1s) Slow ( >205s) Fast(<15s) Slow (>20s) Slow ( > 20 s5) = Slow ( > 20s)
Pore "dilation” No Yes No Yes - = Yes
Pea/Pla 48 28 12 4.2 15 - =
Fractional Ca 2P current (9%) 124 5.7 2.7 " 4.5 - 4.6
Conductance (pS) 18 19-21 Unresolvable 9 - = -
Activation-dependent endocytosis Yes No - Yes - = -
Physiology and pathophysiology
Major cellular expression Smooth muscle Neurons Pain sensing neurons  Microglia Skeletal muscle Broad expression Immune cells
Major role Neuroeffector  Taste, pre- and  Bladder reflexes, Vascular remodeling, - - Bone reabsorption,

transmission post-synaptic  chronic pain, taste neuropathic pain chronic pain

responses
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\/ First transmembrane domain
§ contains residues associated with
determining time-course
Second transmembrane domain
. contains residues which line the
pore and are associated with

- time-course

R - » a Positively charged residues
QOJQQQ?Q ““Q"' involved in agonist binding
RRLRLRLRYE RALRLALR Y Minked glycosylation sites
200000 0000202 (0000t elee . .
) )) ) » » ») )) ) » ) » ) » ) » Protein kinase C consenvsus site
Q2999999 QP99 * involved in determining time-

course
s Region involved in determining

\~_‘ time-course

Figure 2. Structure of P2X3 receptorGdated froms0)

13 P2X3 receptors in pain pathways

ATP-activated P2X receptors and in particular P2X3 receptors are widely acpégped to

an important role in nociceptiét®**** Studies on role of P2X receptrgain started

with early observations that ATP evokes pain in humans when &ppiésters.
Investigations considering P2X receptor distribution within the tissues and their localisation
to pain relevant neuronal structures showed almost unique P2X3 receptor distribution to
nociceptive neurons of small and medium somati®&#8’, suggesting their particular
importance in pain pathways among all P2X recépigs3). In particular, P2X3 receptors

are predominantly expressed era@ d -fio&r&and their cell bodies of priynafferent
neurons in most tissu&s® and also on their central projections to the spinal cord and
brainsten{Fig.3; ).

P2X3 is often coexpressed with capsaamsitive TRPV1 channels and isolectin B4,
further supporting the involvement of P2X3 receptors injpat

P2X3 knockout miceffered furtheevidencedr the role of these receptors in nociception,
showing reduced mechanical allod§fi4"

Considering their fast desensitization and slow recovery, the importance of homomeric
P2X3 receptors is most often regarded in relation to chronic rather than acute pain
conditions®,

13.1 P2X3 receptors in inflammatory and neuropathic pain

During inflammation high concentrations of extracellular & site of tissue injury,
originated from damaged cells as well as frondamoaged endothelial cells have been
measured in humans and anifffdlsSelective P2X3 antagonists or prior depletion of P2X3
reeptor expression by intrathecal antisense oligonucleotides were shown to reduce chronic
neuropathic and inflammatory pain as well as prevent or reduce mechanical hyperalgesia and
allodynia in neuropathic pain mod&t§ providing strong evidence for the involusnoé

P2X3 receptors in the development of inflammatory pain. Further scpp@tfrom

12



experiments on P2X3 KO mit&? Inflammation was proved to enhance P2X3 receptor
expression in TG and DRG neurotis® Neuropeptides such as CGRBng with
inflammatory factors released within the inflamed tissue were observed to further sensitise
P2X3 receptors leading to hyperalgegid

Cortex
Q&
d1/0 Thalamus
Nucleus trigeminus
TG-neuron
. P2X2133
Nociceptive
terminal :
_ Brainstem
A\ Tractus spinothalamicus
\ ~\
Spinal cord
P2Xo/3 9 P1 neuron
Nociceptive
terminal  /

DRG-neuron

Microglia
cell

Astrocyte

Spinal cord

Figure 3. P2X receptors in pain pathwaygadaptedrom 32. ATP is released by nociceptive
stimuli from primary afferent neurons or from damaged neuronal-newmamal cells in peripheral

tissue and can stimul&®2X2/3,3 receptors localized on nociceptive terminals of sensory ganglia
(TG, DRG)neurons. The signal is then projected to the spinal cord and brainstem and through the
thalamus to the cortex. Ad@denosine, DR@ dorsal root ganglion, T&trigeminal ganglion.

13



spike

threshold
Weak priales |
; R No P
stimuli T = S - 5 Pl
P =2 f‘/\ Acute Pain

noxious I J\
stimuli r LLL
— 2 -
j\ J\H\ Chronic Pain

Pain r

sensitization

- ¥

[

ATP Generator Action
current  potential potentials

Figure 4. P2X3 in pain sensitizationadaptedrom 59 If the noxious stimulus is weak (top row),

the ATP membrane current is small and cannot produce a generator potential large enough to reach
the threshold for spike firing and pain signal. A strong stimudiaiée(noiw) can, however, evoke an

ATP receptor current large enough to induce generator potential that reaches firing threshold and
thus elicits pain. When there is pain sensitization (bottom rows) due to pathological processes, the
ATP receptor current roposed to be very large even for modest stimuli: the resulting increase in
generator potential may allow repetitive firing and stronger pain signals.

Experimental models include sensitisation of the peripheral or central pain processing to
mimic certai aspects of chronic pain conditichDuring inflammatory and neurdpat

pain nociceptors become sensitized and could be activated evethissisolol stimuli

(Fig.4). Recent experiments on chemidgatlyced colitis in rats show that P2X3 receptors
mediate visceral hypersensitivity via different mechanisms of sensttitatewise, im

rat model of lumbar disc herniatiparsistent pain hypersensitivity was associated with
increased P2X3 expression and was partarsed bthe P2X3 antagonist A3174%1

P2X3 expression and function upregulation in DRG was also shown in relation to chronic
pancreatic paifland neuropathic pain dimbetiaats®.

The particularly high expressiof P2X3 receptors by the majority of sensory neurons in
TG *° provides the molecular substrate for P2X8iated trigeminal painclinding
migraine pairt>. Experimental models of trigeminal and migraine pain showed P2X3
receptor upregulation via different mechanisms, including enhanced membrane expression
and trafficking bthese receptors, changes in phosphorylation state and receptor membrane

distribution®®6?

132 P2X3 receptors in migraine pain

Accumuléing evidence suggests that P2X3 receptors play an important role in trigeminal
and migraine paitt®®®, The high expression of P2X3 receptors by the vast majority of
trigeminal sensory neurchprovides the molecular substrate for P@%8iated trigeminal

pain including migrairié Experiments oR192Q CACNA mouse migraine model in vitro
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show upregulation of P2X3 curretitand P2X3nediated firing activity of TG neurdhs
Sensitization of P2X3 receptors during migraine headache could be caused by neuropeptides
and inflammatory mediators released in TG after activation of trigeminal &fférénts
welkknown migraine mediator CGRP’, increases P2X3 receptor membrane level in vitro

by enhancing receptor transcription and trafficking from intracellular compartdents a
facilitates P2X3 receptor recovery from desensitiS$atfosontributing to the elevated

P2X3 receptor function. Furthermore, most neurons coexpress P2X3 and CGRP receptors
in TG*° a phenomenon that can facilitate P2X3 modulation by CGRP.

A clinical study found higher lisvef nerve growth factor (NGF) in the cerebrospinal fluid

of patients with chronic headache, supporting its involvement in chronic héadN@din

was shown to enhance P2X3 activity in trigeminal netfrare neutralization of
endogenous NGF downregulated P2X3 currents and their recovery from desensitization via
a PKGdependent pathwéy

Data obtained witwvellestablished anmigraine drugs further support the role of P2X3
receptors in migraine pain. Thus, naproxen, a populdreadéche analgesic, directly
inhibits P2X3 receptors by facilitating receptor desensitization, amréféeutedn the

presene of the algogen nerve growth fatdhe level of which is elevated in patients with
chronic migrain&. Another study found that dihydroergotamine (DHE), an ergot alkaloid
derivative used extensively in the acute migraine treatment, supressexli#€e
sensitization of trigeminal neurons via downregulation of P2X3 reeptors

14 Modulation of P2X3 receptors
A summary of known modulators of P2X3 recegansTable2, 3; some of them will be
discussed further in more details.

Table 2. Pain Mediators Upregilating P2X3 Receptorgadaptedrom 31).

Pain Mediator Effect References

NGF Potentiation via PKC phosphorylation D’Arcoet al. 2007

Fabbretti ef al. 2006

CGRP Potentiation via enhanced trafficking and gene expression Siiistt gFal 2008
PGE2 Potentiation via Epac, PKA, PKC Wang et al. 2007
Bradykinin Neuro-glia crosstalk facilitation Ceruti et al. 2011
BDNF Enhanced gene expression Simonetti ef al. 2008
GABAaclingonBARA; Sokolova et al. 2001

Occlusion Toulmé et al. 2007

Sokolova et al. 2003

GABAGg receptors
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Table 3. Cell Signaling Effectors on P2X3 Receptofadaptedrom 39).
Modulator Effect References

Paukert ef al. 2001

PKC Potentiation
D’Arco et al. 2007
Tubulin Trafficking Chaumont et al. 2004
Csk Inhibition D’Arco et al. 2009
Trafficking; Nair et al. 2010
CaMKII o
Potentiation Xu et al. 2004
Cdk5 Potentiation Nair et al. 2010

Chen et al. 2012
Trafficking Vacca et al. 2009
Ceruti et al. 2011

Early endosome
Lampl Rab5 Rab7

Calcineurin Potentiation Nair et al. 2010
TNFa Potentiation Oliveira et al. 2010

PKA Epac Potentiation Wang et al. 2007

Ubiquitin Trafficking Vacca et al. 2009

Vacca ef al. 2009

Lipid rafts Trafficking
Gnanasekeran et al. 2011

Simonetti ef al. 2008
Ugarte et al. 2012
Franck et al. 2011

Upregulation;

CREB, C/EBPg, Ret "
potentiation

14.1 P2X3 Synthesis

Changing the amount of receptor protein can be one of the mechanisms to modulate its
activity. De novo expression of P2X3 receptordistinct neuronal subpopulations can
underlie persistent enhancement of ATP mediated activity in sensory neurons during chronic
and neuropathic pain conditiofi$”’> CGRP promotes P2X3 receptor expressiom via
BDNF-dependent mechanism, CaMKactivation and phosphorylation of CREB
transcriptio factor ® (Fig. 5). Recent evidence indicates
transcription factors also can directhragqulate P2X3 gene transcription in DR@hile

Retis a critical regulator of several palated ion channels and receptorgdiray P2X3
receptors®. Recent evidence suggests that P2X3 expreassite positively regulated by
p2x3r gene promoter DNA demethylation and enhanced interaction with p65, an active
form of nuclear factekappa B (NFKB), contributing to cancer and neuropathic pain in rats

79 Another study shows enhanced P2X3 receptor synthesis in chronic neuropathic pain
injuryprobably viantermedirdependent phosphorylation of p38 and ERK1/2
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14.2 P2X3 trafficking

With the development of imaging and biochemical experimental methods to track ion
channelsit had become clear that membrane receptors undergo constant surface diffusion
and trafficking. A conserved site responsible for P2X receptor surface expression and
recepto trafficking has been identified in the cytoplasmermiinus, that for P2X3
subunits comprises residues-358, YKAKK ®. Enhancing surface abundance of-pain
facilitating receptors, including P2X3 receptors, even without changes in their total
expression level, in nociceptors and dorsal horn neurons is an important mechanism
underpinning chronigain states (Ma 2014). Inflammation, tissue damage or pain mediators
facilitate P2X3 cell surface trafficking in primary sensory neurons to amplify pain intensity
and duratiorf2 Conversgl in other brain regiorise same pathological conditions could

lead to decreased P2X3 delivery to the membrane. Thus, in the model of neuropathic pain in
diabeticrats decreased P2X3 membrane expression in PAG led to mechanical allodynia,
most likely bympairing the descending inhibitory system in modulating pain transtission

P2X, QLS
A e _ v w
ATP [ &6

o~V“J1 N7
MEINC - - <@ mRNA

/L\’”

Figure 5. Molecular mechanisms regulating P2X3 receptors of trigeminal neurons (TG) in

basal conditions (nonsensitized, A) and in a migraine pain model (sensitizeddB), when

pain mediators such as CGRP (B, C) or NGF (D) are releaséadgted froms?. A, ATP-gated

P2X3 receptors are expressed intracellularly and on the neuronal membrane of trigeminal neurons at
rest. B, CGRP stimulates trafficking of P2X3 receptors from intracellular stores to the cell membrane
via PKA and PKCGdependent mechanisms. C, CGRP triggers new P2X3 gene expression to support
longlasting upregulation of P2X3 receptor function. D, NGF induces rapid and reversible
upregulation of P2X3 receptor function through their-B&gzndent phosphdagion.

The nolecular mechanisms to speed up P2X3 membrane delivery can vary for different cell
types. Thusn DRG it relies on CaMK whereas in TG increased membrane expression of
P2X3isrelated to PKC and PKA activity that in turn is modulated RPCGE**(Fig.5).
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The level of functional receptors expressed on the cell surface is tempathagenist
dependent’. Agonist stimulation rapidly increases the number of P2X3 on the membrane as
well as augments receptor endocytosis accompanied by preferential targeting of the receptors
to late endosomes/lysosmnavith subsequent degradafforikewisethe protein kinase

CASK stabilizzéP2X3 receptors on the membrane and desrémese internalization and
degradatioft’. Experiments show that retrograde trafficking of P2X3 receptors along DRG
neuronal processes relies on the activity of the GTPase family proteins, Rab5*aAd Rab7
recent study describes the mechanism of-iAdiiiced membrane delivery of #2X3
receptors in DRG as a CaMK a  aeolid1-depandent process. CaMK a sto the d

P2X3 Nterminus and phosphorylat&hr388 on C terminus responsible for P2X3
interaction with caveot(Fig.6; ).

Lo
oo - -]

Plasma membrane

P2X3

q , P2X2

x\ w= Raft

o ATP
Ca*
= CaMKIIa

\J Caveolin-1
$ ERK

@Endosome

Trans-Golgi network

Figure 6. A schematic diagram showing the ATRnduced membrane delivery of the P2X3

and P2X2/3 receptors(adaptedfrom 89). Extracellular ATP binds to and activates the P2X3
receptors present on thell membrane in the soma and the nerve terminal of DRG neurons. Ca2+
influx via the P2X3 receptor not only phosphot
activates CaMKII &, which binds to theh388ter min
in the C terminus. Thr388 phosphorylation of the P2X3 receptor enhances its binding td caveolin
leading to the promotion of forward trafficking and membrane insertion of the P2X3 receptor.
CaMKIlla is dispensabl e ireceptbraftewkhnr3&8 pHosplkorylatpmo r t o
Furthermore, this regulated trafficking of the P2X3 receptor also drives the membrane delivery of
the assembled P2X2 receptor and enhances the P2X3 reegjrtzd response.
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14.3 Lipid rafts in control of P2X3 fution

Growing evidence indicates that liggattd receptor clustering and localization to
particular membrane regions is one of the key factors to regulate their FHicRaX3
receptors were shown to be unevenly distributed within the membrane, showing their
association with so called lipid r&ftsmembrane microdomains rich in cholesterol and
sphingolipids™®®. Preferential localizatiasf P2X3 receptors to lipid rafts in sensory
neurons of migrairmodel mice is associated with a large gain of function that is promptly
lost following disruption of membrane cholestéralpid rafts were also shown to regulate
P2X3 receptor trafficking and agohistding dependent endocytdsis

Lipid rafts can affect P2X3 egtors in a number of different ways, from directpifmtein
interaction to indirect mechanisms. Thus, phosphoinositides can regulate P2X3 activity by
interacting with their @rminal domairi®. On the other handipid rafts can create a
specific membrane microenvironment and facilitate P2X3 modulation by the protein kinase
CASK, known to upregulate P2X3 receptors aodlly found in a complex with P2X3
receptors in trigeminal sensory neutoiis

Nanomolar ATP

ATP
w4 =9
Ips! _
Ay \ '\\' /,'/ ;naproxen

cAMP
P

Cd3*, Ln?*, Ca?
Low pH
Heating

Human P2X3
CGRP
Cibacron blue

Figure 7. A simplified kinetic scheme for P2X3 receptor operation indicating resting, open

and desensitized receptor stategadaptedirom 63). Note multiple factors accelerating (+, red

arrow) or retarding-,( black arrow) recovery frogesensitization, while naproxen promotes
desensitization onset. Factors accelerating recovery are expected to facilitate ATP signaling via P2X3
receptor activity, whereas factors retarding recovery (or promoting desensitization onset) could
provide the ainociceptive effect.

144 Desensitization

Desensitization is a general phenomenon which can be observed in most membrane
receptor types and implies a loss of receptor responsiveness which devetbps with
continuous presencetbieagonist. P2X3 reptors are characterized by very fast (ms range)
desensitization onset and slow (min range) recovery from desensitiZdtion
Desensitization is an important process to limit P2X3 receptisted responsé$
Desensitization onset of P2X3 receptors is atedldnaincreased agonist concentrdtion

and remarkably insensitive to the temperature chafigdsow pH slows down

19



desensitization developméhithat might contribute to the development of migraine pain,
during which acidic conditimould potentially originafé'®® Likewise, experimentsth
Xenopusocytes showed a decreiaseeteromeric P2X2/3 receptor channel desensitization
diter treatment with inflammatory mediators substance P and bral/Kitnversely, the
analgesic naproxespeeds up the desensitization onset of recombinant P2X3 receptors
expressed in HEK celf(Fig. 7).

Recovery from desensitization of P2X3 receptors is an apeaific procesS. Unlike
desensitization onset, recovery frasedsitization is highly temperature deperfiand
facilitated by cibacron bltfé extracellular CaZ¥, low pH or CGRP®. The independent
modulation of desensitization onset andvey suggests that they are likely to have
different determinan$

145 P2X3 phosphorylation/dephosphorylation

A number of kinases are involved diremtljndirectlyin P2X3 modlation ** (Fig. 8). A

highly conserved -X-K motif (residues 124 TTK in P2X3) for PK@nediated
phosphorylation is present in the intracelluigariinus of P2X3 receptdf§ and is likely

to mediateNGF-dependent potentiatioff. It has been shown that substance P and
bradykinin as well as PKC activators augment P2X3 recematscuia PK&lependent
phosphorylation of the receptoftérminal domain, although some reports argue that PKC
mediated upregulation does not require direct P2X3 receptor phosphdiidtion

D6 Ar c o' demonsdrated that P2X3 receptor function is constitutively inhibited by
phosphorylationf its C-terminal tyrosin893 by the @erminal Src inhibitory kinase (Csk).
Cyclindependent kinase 5 (Cdk5) involved in pain sighalvas shown to downregulate
P2X3 receptordy increasing their serine phosphorylafiprwhereashe phosphatase
calcineurin and aetited CaMK opposed this action®. Moreover, a specific
phosphorylation site on P2X3 receptoefntnus was identified for CaMK a , namel vy
Thr388, which is crucial for AiRduced receptor delivery to the memb(aitg 67).

=S o NGF. PGE2

ATP & > TNF.
S o 82" carp ™M
.: P2X3 OO Bcrjadyk/mn
Q @ o @a_i Cava.1
Lipids ﬂ; ]
Ca?*

\@f) CAMKII

Figure 8. Schematic representation of cell signaling effectors and intracellular modulators
known to act on P2X3 receptoréadaptedrom 32).

20



Another important P2X3 modulates the inflammatory mediator, PGE®at largédy
increaseATP currents by stimulating PKA and RKigpendent P2X3 phosphorylatién

A critical role in this process is played by the es@ffonsive guanine nucleotide exchange
factor 1 (Epacl), since it biases the intracellular kinase activity towardoPKC
phosphorylate P2X3 recepttfs

15 P2X3receptorantagonists

In the last dcades P2X3 and P2X2/3 ion channels have received strong interest by research
groups and pharmaceutical companies for development of new therapeutic strategies to treat
P2X3related pathologiés™*'Synapses formed by involvement of P2X3 sisbinnihe

spinal cord or in the brainstem are suggested to play a role in enhanelegsieof
glutamate at this first sensory synapse, and therefore provide smbjdetako amplify
neuronal responses by sensitizatiipression of P2X3 subugibrtaining receptors

very limitedand is mostly restrictedgsmalland mediunmociceptive sensory neurons in the
dorsalroot, trigeminal and nodose gandlia€Considering that, P2X&ibunitantagonists

may offer a lower likelihoad adverse effecisusedtherapeuticallyDatafrom studies on

P2X3 knockout mice are also useful for identifying mcieside effestof a future P2X3
antagonisindrug most probablbeinghypogeusiand urinary hyporeflexia*s

According to thereview ofpatent literature a considerable number of the of potential
therapeutic usecould be proposed for compounds with P2X3 antagonist propérties
Most important therapeutic fields for the P2X3 antagonists include genitolisewsgs

such as urinary incaméince, overactive bladddysuriaand benign prostate hyperplasia.
FurthermoreP2X3 antagonistsould be potentially uséar treating respiratory disorde

such as asthma, bronchospasmchndnic obstructive pulmary diseas@ther relevant

areas disease targets may incled@ disorders and epilepsies as welriass/acutand

chronic pain conditions such as neuropathécinflammatory pautisorderstissue injury

pain, headache and migraine.

Differently from agonists, most of which are derivatives of the natural P2X agonist ATP,
P2X receptor antagonists belong to difterchemical classé¥. Until recently,only
nonselectie P2X antagonistsych as PPAD@-[(E)-diazenyl]berenel,3disulfonic acid
suramin, were available as tools for pharmacolagiicellstudiesandin vivgpain models

(Fig. 9). However, hey show weak P2X3 antagonist aityiwith IC., valuesin the
micromolar rangévith the exceptionof NF11Q which displays nanomolar actidtyrat
receptors andnot favourable pharmacokinetic properties due to the presence of several
charged groups$™ Modification of the natural ligand ATP led to the discovery of
competitiveP2X receptor antagonist TMETP (Fig. 9; *), which, although not selseti
showed high potency at P2XR2X3 (IG, of 0.006puM and 0.001 uM, respeety), and
heteromeric P2X2/3 receptors.
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Figure 9. P2X antagonists: PPADS, suramin, NF110, TNRTP (adaptedrom 113,

Several pharmacological companies proposed and patented a variety of molecules with P2X3
antagonist properties, with thleree main compoundéamilies dominating the pat

literature Fig. 10 *3. More than 50 patent applications have been pubiistel field of
smaHlmolecule P2X3 and P2X2r8ceptor antagonistwith most active companies being

Roche, Merk, Evotec, Shionogi and AstraZeréc&ompoundA-317491(Fig. 11)

designed by Abbatas the earliest nonucleotide small molecule with nanomolar affinity

for blocking P2X3 and/or P2X2/3 receptétHowever, bcause of the poor bioavailability

and the competitive mechanism of actfsi*'® A-317491 could not serve as a lead
compound or a starting point for any chemical program.
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Figure 11 P2X3 antagonistdeveloped byAbbot (A-317491)AstraZeneca(AZ-2), Roche (RO
4) andMerck (MK-3901)adaptedrom 113,

The common structural featuref severalpromisingcompoundsproduced byRoche,

Merck and Evotec are three aryl andhetaryl moieties and a carboxamide function in meta
arangement on the central ring of the mole€&ide 0. Most of theseompounds show

high P2X3 antagonist adiv(IC,, values in the nanomolar range) and-kikagoroperties

3 The conpound showing the highest level of selectivdpp oximately 57@old) for

P2X3 overP2X2/3 is AZ-2 (Fig. 11) produced by #raZeneca (P2X3 JC= 15 nM;

P2X2/3 IC,, = 8579 nM). AZ2 wasprovedto act only peripheralgnd demonstrated

anal gesic effect i n  ainducedtinflammatarynpdi® modét o mp | e |
Roche has been the most activierfield of P2X3 dagonists. In the early research in this

field their favdte scaffold was the diaminopyrimidine, nriagious modifications of which
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(like RO-3, RO-4, RO-51) were reported as promising P2X3 inhibitdrs? A dual P2X3

and P2X2/3allosteri@antagonisRO-4 (Fig.11) is known as AR353 anchas recently been

shown to have a favorable pharmacokinetic profile with reasonable oral bioavailability and
high brain penetrability®. Substitution of the diamipgridine scafid with daminopurine

led to mdecules which maintaith the antagonistic bckav'?. Another group of P2X3
antagonists from Roche consists of carboxamide derivatives. Thea ooypnd s fir:
carboxamide derivative, F85'** hasa modest P2X3 Igvalue (398 nMput this was the

first compound reportetd be selectie over P2X2/3 receptor€ne of the mospromising
compounds produced by Merk is M801(Fig. 11), which, however, does not fulfill the
requirements of drelikeness, containing too many aromatic and heteroaromatfic rings

Apart fromsynthetic molecules, several natural compounds have been repotidglt to ex
antagonist propertider P2X3 receptorRecentlyscientists from Nanchang University
published that the known fewone, puerarirfFig 12 was useful for treating P2X3
receptormediated acute pain and other nervous system dis€as@siditionally,
compounds emodin and resveatrol (Fig. 12 were claimedto have P2X3 inhibitory
properties and have been propdeethe treatment of neuropatkiedchronic pairt*

\
OH

Puerarin Emodin Resveratrol

Figure 12 Natural products with P2X3 antagonistactivity (adaptedrom 113,

So far, tke most advancekportedP2X3 antagoniss R-1646known as AR219(structure
undisclosedyleveloped by Afferent Pharmaceuticals (licensed from Roche in 2@19). AF

is the onlycompoundthat has beeim clinical developme(®hasel) for the treatment of
chronic coul, osteoarthriti®f the knee and bladder pain syndrdhen fact further

Phase Il studies are currentlgaing in order to prove the applicability of P2X3 anistgo

for treatmenbther pathologies likenee osteoarthritis and interstitial cystitisd#again

3 The results of these clinical studig$ clarify the therapeutic potential of P2X3
antagonists. Supposing that the outcome of these trials is pesappetic applications of
AF-219and P2X3 antagonists in generay bdurther extendedConsideaible amount of

data on various available P2X3 antagonists together with the recently published crystal
structure of sebrafish P2X4 recepfdf and, hopefully, future availability of the P2X3
structure itself, will help to develop new potent and selective molecules with P2X3
antagonist activity.

24



2. Transient receptor potential vanilloid 1 (TRPV1)

2.1 TRP receptors gperfamily

The mammalian TRP channel superfamily consists of 28 members subdivided into 6
subfamilies according to their primary amino acid sequence hdfdI&®RC (canonical,

7 members), TR (vanilloid, 6 members), TRPM (melastatin, 8 members), TRPA (ankyrin,

1 member), TRPP (polycystin, 3 members) and TRPML (mucolipin, 3 members). TRP
receptors share a common structure, which consists of six transmembrane dé6jains (S1
S5 and S6, and natellularly located NH2 and COOH termini which regulate channel
assembly and channel functfdrirhe rumber of ankyrin repeats, coited regions, a TRP
signature motif and other domains differentiate TRP subfamilies. Complete TRP channels
are composed of foysoreforming subunits that may assemble as hamndetere
tetramers® Upon activationTRP channslform a cation permeable pore, mediadimg

inward catiolc currentthat producemembrane depolarization and the opening of voltage
gated ion channels and hemt a large series of intracellular events that eventually lead to
specific cell respons&&'*® Each individual TRP channel can be activated by a large series
of disparate exogenous and endogemiouglisof both physical and chemical nature.

TRP channels are expressed in almost every tissue and cell type and play an important role in
the regulation of various cell functions. Currently, significant effort is devoted to
understanding the physiologyT&P channels and their relationship to human dis&ases

2.2 TRPV1 activation and structure

The tansient receptor potential vanilloid 1 (TRPV1) channel was first identified by its
responsigness to capsaicin, a vanilloid derived from chili peppers that elicits a hot burning
sensation'*. Apart from capsaigifTRPV1 is directly activated by high temperatures
(>42°C) ** and potentiated by low pH conditions that originate during inflammation and
injury**® Therefore, TRPV1 can act as a poiahnociceptor integrating multiple forms of
noxious stimulf’.

TRPV1 is expressed by approximate®y080 of smalland mediunsized sensory neurons

in TG and DRG*'% predominantly peptidergicfiBer nociceptors®. As all TRP
receptorsTRPVL1 is a nonselective cation channel with six transmembrane,dopaies

loop region between the S5 and S6 segments, and six apégtsatethe N terminal (Fig.

13) *°*3! Recent singfearticle crydEM structural analyses revedted RPV1 architecture

as a tetramer with a radial symmetry arthaxcentral ion poré® (fig. 14).
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Figure 13. Schematic structure of TRPV1 channel illustrating residues that are involved in
channel activation and regulationadaptedrom 133). TRPJ transient receptor potential domain
conserved for TRP channels required for PIP2 activ&i®2 6 phosphatidylinositol 4,5
bisphosphate; black cirofgshosphorylation sites involved in sensitizing actions of PKC and PKA.

Figure 14. Tetrameric architecture of the rat transient receptor potential vanilloid type 1
(rTRPV1) homology model viewed from the extracellular side(adaptedrom 3%). The four
monomers (A, B, C, D) are arranged so that their loop between transmembrane (TM) domains TM5

and TM6 form a central position.
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Vanilloidagonist pass through the plasma membrane to actatramntracellular side of

TRPV1 binding to a hyalphobic pocket composed of tihansmembrane domains S3 and

S411133 TRPV1 proton sensitivity relies on the residues in the pore helix and i§4he S3
region'**as well as on thesidue E648 between the selectivity filter and S6, whereas E600
mediates the ability of protons to potentiate the activity of other TRPV1 aonRRV1

is intrinsically temperature sensitive astidri@inal region, pore forming region and N

terminal region aiienplicated in this process, and recently it has been found & CA 1 | i s
also required for TRPV1 thermal sensitivity®.

A Direct activation and release from inhibition by PIP2 C TRPVI activation
breakdown.
STIMULUS RECEPTOR
Stimulus Heat Na*,Ca*2 H* NGF TrkA (via PKC)
* \ : Bradykinin BK (via PKC)
ATP P.,Y (via PKC)
Serotonin 5-HT (via PKC)
PGE, EP,, (via PKA)
Ethanol Eipids ¥§E\\;1/4
IP, DAG AA ind
. Sapann Heat TRPV1/4
Ya“"'°'ds Pressure TRPV4
* Bradykinin B, receptor, Anandamine
PAR, receptor, P,Y receptor 15-HETEs
12-HETEs
LTB,
OEG

B sensitization by phosphorylation.

NGF Stimulus

Na* Ca*2

Ethanol

Figure 15 TRPV activation by neuropegpides and inflammatory mediatorgadaptedrom 122,

Owing to the smaller number of charged amino acids in the voltage sensor domain, TRPV1
was shown to be weakly voltdgpendent®***! Neverthelessgapsaicin and high
temperatures shift this voltage dependence toward physiological relevant potentials,
indicating that TRPV1 could operate as a veitge cation chanri&l
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2.3 TRPV1 modulation

TRPV1 activity is modulated via various second messenger signaling pathways by a range of
proalgesic and proinflammatory agents including NGF, bradykinin, lipids, prostaglandins
and ATP (Fig. 3 **"'# Activation of GPCRs by bradykinin or prostaglandins initiates
intracellular pathways for phosphorylatmiuced sensitization/activation of TRPV1
channel, thus forming an indirect activatibiSimilar indirect positive modulation is under

the effect of NGFP°**#43 P|3K promotes trafficking of TRPV1 to the plasma membrane

%4 Endogenous lipidglands such as endocannabinoids, lipoxygenase metabolites, or LPA
are also released intracellularly, inducing a direct activation of TRPV1.
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Figure 16 Complex operational features of the TRPV1 channel on the nociceptive nerve

ending of the primary afferat neuron (adaptedfrom 131). 1, Exogenous (g, capsaicin) or
endogenous (lipoxygenase products, H+) chemical agents as well as physical interventions (noxious
heat, depolarizing voltage) trigger channel opening. 2, PKA, PKC, phospholipase C pathways induce
TRPV1 sensitization; dephosphorylatiorthef channel induces desensitizatiointBacelluldy

released lipophilic ligandsy(, anandamide, lysophosphatidimadtijpoxygenase metabolitesyld

act directly on TRPV1. 4, Influx of Ca2+ through the activated channel induces releasg of sensor
neuropeptides from the nerve endings. AP: axonal action potentials, mediated lgatedltage
channels (green) transmit information to the spinal dorsal horn or brainstem where synaptic ligand
gated channels (orange) are activated by the releasedrsenitter.
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Activation of other GPCR receptors, mediated by opioids, cannabinoids, and somatostatin,
lead not to activation, but to inhibition of TRPV1 sighalOne way to modulate
functioning of TRPV1 receptor is to target its phosphorylation state5({HRegulation of

TRPV1 by phosphorylatiohas been shown to contribute to its ability to respond to
noxious stimuli, whereas dephosphorylation led to receptor desensitization following
activation'®. Figure 16 summarizes multiple functions of the TRPV1 chepiive
thermosensor ion channel.

2.4 TRPVL1 in pain conditions

Preferential expression of TRPV1 on peripheral nocic&gtdiss ability to sense noxious

stimuli and become potentiated by various peptioles and inflammatory agents involved

in pain conditions, have made TRPV1 one of the major targets foelgakh research
12413L145.158Cyrrently, a pivotal role of TRPXLeptors in nociception and development of
various pathological pain states is well recogffizéd

TRPV1 channels have become a promising target for high throughput screening (HTS) for
analgesics that either block the function of the receptor or utiliastiting loss of function

of nociceptors which ensues after application of high doses of capsaicin. However, side
effects such as hyperthermia and impaired noxious heat sensation (burn risk) were the main
obstacles discovered in preclinical studies aiedldiiials of TRPV1 antagonists.

2.4.1Inflammatory pain

There is growing evidence showing a strong link between TRPV1 receptors and
inflammatory pair®. TRPV1 knockout mice exhibit reduced nociceptive behavior in
various models of inflammation. Likewdsgagonists of TRPV1 receptors were shown to

act as analgesics in inflammation modef¥ Human studies reported @trease in
TRPV1 immunoreactive fibers in inflamed skin that correlates with inflammatory
hyperalgesid®. Furthermore, TRPV1 receptors are associated with the pain from
inflammatory diseases of the gastrointestinat*fatt

2.4.2 Neuropathic pain

TRPV1 expression increases following nerve jmungreas TRPV1 antagonists reduce
thermal and mechanical hypersensitivity?> Additionally, desensitization of TRPV1
receptors with capsaicin or resiniferatoxin has been showrvémnstéearthrit pain and

nerve injunyinduced heat sensitivity, further supporting the idea of the importance of
TRPV1 in the development of neuropathic and inflammatory paif®stztes

2.4.3 TRPVL1 in migraine

Numerous studies foaexlon the role of TRPV1 in the generation and pathophysiology of
migraine ®. A twostage genetic association study found that single nucleotide
polymorphisms in the TRPV1 gene contribute to the genetic susceptibility to migraine in
Spanish popation, but how these channel mutations may contribute to migraine is not clear
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%9 An immunohistological study found that nerve fibers in the dura mater express TRPV1
81 In line with thabbservationapproximately 24% of dural afferents express TRPV1
Application of capsaicin to the rat dura produces behavioral responses consistent with
headach&®'®} and sumatriptan, a wetiown antimigrainedrug inhibts TRPV1 channels

%5as well as attenuates the positive modulation of TRBWated behavioral responses by

SHT ¢

Bolus injections of capsaicin induce dural vessel dilation throughmBétated release of
CGRP, which plays an important role in the generation i@imaidneadach®. Another
weltknown inducer of headache, ethanol, is able to stimulate TRPV1 on pfarery af
neurons, promoting neurogenic inflammation and Q@&ated coronary dilatidff.
Endogenous or exogenous mediators of inflammation have been shown to either activate
TRPV1 directly or lower its activation thresfofd Thus numerous mechanisms exist by
which dural TRPV1 receptors may be activated and sensitized following meningeal
inflammationbut which of these actually occurs either before or dugngimei headache

is not cleal®

Multiple TRPVargeted therapies have been developed to potentially treat migraine, some
of which showed to be patrtially effective, although not sidefeféedeaving the question

of the efficacy of TRPWiased therapy op&t®?

3. B-type natriuretic peptide system

3.1 Natriuretic peptide family

Natriuretic peptides (NPs)roprise the structurally related atrial, brain, andype
natriuretic peptides (ANP, BNP, and CNP, respectively) which principally mediate
natriuretic, diuretic, vasorelaxant, and antimitogenic respynsekicing blood pressure

and maintaining fluicdblume homeostasi€'’2 ANP, BNP, and CNP are expressed as pro
hormones and are protgtically processed to form the mature peptides. The three peptides
share a similar structure (Rig. consisting of two cysteine residues flanking r@sidue
disulfidelinked ring that is essential for biological acti%ity

3.1.1. Atrial natriuretic peptide (ANP)

The gene encoding for ANP (NPPA) is localized on chromosome 1p36.2 in humans and o
chromosome 4 in micE® ANP knockout mice show marked hypertensive ¥fate
highlighting the critical role of this peptide in regulating blood pressure, inducing natriuresis
and diuresis in the kidnEy Like the other two natriuretic peptide genes, NPPA contains
three exons and its mMRNA iarislated into a preprohormone that needs to be sequentially
processed in order to generate the mature peptide. In humans, a 151 domgoacid
preproANP is cleaved off from its amieominal signal sequence to yield aat#ioacid
proANP. This form ishe one predominantly found stored inside the atrial myocardial
secretory granulé$’ The prohormone is then converted to its caremxginal 28
aminoacid active form, via exocytosis by a transmembrane serine protea$evbainjs
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crucial for correct ANP processiiiyy Interestingly, ANP aminoacid sequence of ANP is
highly conserved, being almost identical across various mammaliaii’$fecies

ANP is mainly synthesizedtie heart, mostly in the atria, and secreted into the circulation

in response the atrial walls stretch. The major molecular form of circulating ANP is a 28
aminoacid peptide with a ring structure formed by an intramolecular disulphide link (Fig.
17). Amongextracardiac tissues that also express ANP are kidney, lung and the central
nervous systetft, although ANP expression there is much lower than in the heart.

TISSUE PROTEOLYTIC MATURE
EXPFRESSION PROCESSING PROTEIM

SR

AMP
Atria [ Ili‘ ! 151
Yentricles | e )
Kidney ! pro-ANP '
El:r;:l
HOCEC —({1]

Vanoriclas i F ‘ !

Apria

ENP
7 103 134
L h ]
T 1

pro-BHP \J
7

Bone

Brain
Endothelium
Hueart

Figure 17 Natriuretic peptides structure and tissue expression(adaptedfrom 183,
Representation of the polypeptide precursors of ANP, BNP and CNP and their aminoacidic length
in human. Their proteolytic processing by corin andion fleads to the production of the
respective active peptides. The disulfide link generating the conserved ring structure is shown in
black, and invariant residues are highlighted in grey.
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3.1.2. Btype (brain) natriuretic peptide (BNP)

BNP was first pufied in 1988 from porcine brain extrd€isbut not long after that it was

shown that the highest concentrationsiP Bould be found in the heartd its secriein

highly increased when ventricles undergo cardiac®tféssaking BN good biomarker

of t he hear't pathophysiotyggpedalrashate.t hhki
natriuretic peptide is the denomination considered more appropriate when referring to this
hormone.

The BNP gene (NPPH locatel on human chromosome X3 and mouse chromosome
4maps, close to NPPE Knockout of NPPB causes animals to develop presnsigve
ventricular fibrosis while being normoten&v&hus, unlike ANB, BNP does not have a
crucial role in the regulation of blood pressure and is cothsidene antifibrotic factor that

plays a role in ventricular remodelling and as an important biomarker for heart failure or
myocardial infarctiofi®

BNP expression is suggested to undergo dynamical changes, depending on the physiological
and pathophysiological conditions, and to have a drgguation from that of ANP.

Thus, BNP haffife in the plasma can be as much as 10 times longer than that8f 8NP

In humans, NPPB transcript is translated into aaf®doacid preproBNP, which
subsequently generates a 108 amindacglsproBNP after its amirterminal signal

peptide removal. An additional cleavage by proteases such as corin or furin results into an
inactive aminterminal 7&esidue fragment and the biologically active cadroxiyal

BNP, which is the predominant circulating BNP form {#d?. While ANP structure has

been shown to be relatively unchanged among species, the aminoacid sequence of BNP is
less corexved and the length of the fully processed peptide can vary from 26 aminoacids in
thepig, to 32 aminoacids manand 45 aminoacidstimerat and mousg?®!92193

Both proBNP and BNP can be found circulating in the plasma following heart failure, with
their ratio being influenced by the type of failure: the proBNP/BNPaggtears to be

higher in case of ventricular overload or decompensated heart failure compared to failures
caused by atrial overload. This is consistent with the finding that both forms of the peptide
are stored in the heart, with the proBNP being domimasintricular tissue while BNP is
dominant in atrial tissté

The heart represents the main source of BNP. Despite being normally more expressed in the
atrium, during heart failure BNP increases diaaihatalmost exclusively in the vengicle

making it the the main source of total cardiac and circulating*8NFEXxtracardiac
expression of BNP igpuo 10 2 orders of magnitude lower than that in the heart, isut
extended to a variety of tissues, including kidney, lung, small intestine, striated muscle and
nervous systeft.

3.1.3. Gtype natriuretic peptide (CNP)

CNP was first identéd in porcine brain extracts by Sudoh and colleagues 1. B@ged
on structural sinatity it was included into the natriuretic peptide familyl{@righough its
sodiumexcretion properties are actually low or hardly deteétalile
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Evolutionary studies suggest that ANP and BNP may have evolved from CNP gene
duplication events, making it the most ancient and, interestingly, the most conserved in the
family*®

The CNP gene (NPPC) is localized on chromosamé&@nan and on chromosome 1 in
mouse . Its disruption was reported to yield normotensive mice with impaired
endochondral ossification, which results in severe dwarfism and earf} dEadse
observations may be explained by CNP ability to regulate the prolidéicimmdrocytes,
where it is abundantly expressed and operates in an autocrinétashion

NPPC mRNA is translated to preproCNP, adtoaid long precursor that, after the
signal peptide removal, generates -@arh@Bacid proBNP. Further processing of proBNP
can yield two forms of the mature peptide: GBIRnd CNR22. Two forms of CNP have
different tissue distribution, but show similamwt identical, functiorf§3 In general, CNP

53 is the predominant BNP form in most tissues, wherea2Z dPmore abundant in
plasma and cerebrospinal fftd®

Overall, CNP is most expressedhia tentral nervous systé&f Other sites oéxpression
include cartilage, bone, and vascular endothelium and, to a lower extent, &&5?heart
CNP is expressed in cardiac fibroblasts andnnotyocytes, emphasizing the distinctly
different expression profile of this peptidmpared to ANP and BNP.

3.2 Natriuretic peptide receptors

For three natriuretic peptides three receptor subtypes have been identifi@dr{&igely,

NP receptoiA (NPRA), NP recepteB (NPRB), and NP recepts (NPRC). Both
NPR-A and NPRB are memranebound receptors, containing an extracellular digand
binding domain, a single transmembrane spanning region and intracellular kinase
homologous domain (KHD) and guanylyl cyclase (GC) catalytic Homiafi*ANP and

BNP activate NPRR, and CNP activates NHBRRthat leads to the production of second
messenger cGMP. The cGNtP turn can activate cGMiependent protein kinase G
(PKG) and subsequent cellular signaling cast3d&@sAll three natriuretic peptides
indiscriminately bind to NP®, which contains only a short intracellular fragment with no
GC activity and is considered teac NPs through receptorediated internalization and
degradatioff**?
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Ligand ANP, BNP, CNP ANP, BNP CNP

Receptor NPR-C NPR-A (GC-A) NPR-B (GC-B)
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Figure 18 Natriuretic peptide receptor topology and ligand preferencefadaptedrom 183,
Natriuretic peptides bind three types of receptith different selectivity, as indicated by the figure.
NPR-C contains an intermolecular disulphide bond, indicated by the red horizontal line, but has a
short intracellular domain with no intrinsic enzymatic activity. In contrasf\ HR@R NPRB

contan intracellular kinase homology, dimerization and cadsmigal guanylate cyclase domains.

3.2.1 Natriuretic peptide receptor type A (NPRA)

NPR-A (or GGA) is the main receptor for ANP and BNP. Studies of-NR¥tivation
revealed that ANP stimulaté® receptor equally or more than BNP, while CNP has a
much lower potency?*#

NPR-A expression was observed in a variety of tissues, including kidney, adrenal and
adipose tissues, lung, nervous system and endocardial endBth&lRRA receptor is

coded by a gene NPR1 localized on chromosom&2d2human, and on chromosome 3

in mouse. Disruption of the gegenerates animals that develop high blood pressure and
cardiac hypertrophy". Similar symptoms were observed also in humans displaying a rare
mutation in NPR1 promoter that causes it to decrease dramatically its exptession
confirming the important roles exerted by its agonists in the regulation of blood pressure
and heart integrity.

The NPR-A receptor consists of three parts: an extracellular domain (ECD), a single
transmembraneodhain and an intracellular domain (ICD). The atemainal ECD, which

binds the ligand, shows less sequence homology witB NRRat pobably accounts for

the different binding affinity to the natriuretic peptides showed by the two receptors. The
ICD is composed of regulatory kinase homologous domain (KHD), dimerization domain
and carboxgerminal guanylate cyclase domain (GED)
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NPR-A could be preassembled on the membrane as a homodimer or homotetramer, even
prior to ligand binding*?*} although the oligomerisation process is kdependent and

speeds up upon ligand bindifg It should be noted that the activation of the receptor
requires simultaneous binding of its agonist to the ECD and of ATP to arglycine
binding site located in the KHEJ. ATP increases ligaddpendent GC activity of NPR

but the exact mechanism of its action is dbleat>*? It is suggested that the KHD, which

has no intrinsic kinase activity, acts by
may then be relieved by the conformational change induced by ATP and the extracellular
agomst #"#® Additionally, under basal conditionsteNninal end of KHD is
phosphorylated on four serinedatwo threonine residues that is essential for-AIPR
liganddependent GC activity. Dephosphorylated upon prolonged agonist binding is, thus,
responsible for the receptor desensitiz&fié1i(Fig.19).
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Figure 19 Hypothetical model for NPR-A (and NPR-B) activation and desensitization
(adaptedrom 183, NPRA and NPRB are proposetb exist in basal, active and desensitized states.

In the basal state, receptors are phosphorylated on several residues of the KHD (yellow dots).
Simultaneous natriuretic peptide (blue) and ATP (red) binding promotes the functional activation of
the GCD (geen), whereas prolonged ligand exposure stimulates receptor dephosphorylation and
consequent desensitization. Ligand release-phdsghorylation return the receptors to the basal
state.

The exact molecular mechanism through which extracellular whdimg ligand is
translated into the activation of the NRRntracellular catalytic domain (GCD) is still

poorly understood. It was shown that natriuretic peptide and ATP binding can dramatically
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increase GCDO6s af f PnThergsultingincreadse isthesconbesfibroat e
GTP to cGMP can, thus, be considered as an indicator of receptor activation. The increased
intracellular cGMP levels may ultimately mediate biological functions through the activation
of several cGMidependent effectors (see section 4.3).

After NPRA actvation, signal transduction may be terminated by three mechanisms. One is
the enzymatic degradation of natriuretic peptides mediated by the neutral endopeptidase
neprilysin®*2 Another one is the aforementioned dephosphoryld¢éipandent receptor
desensitization. The last mechanism includes-iigameéd receptor internalization and
degradation, though there is some controversy as to whether such a phenomenon indeed
occurs®#!

The receptor can be pharmacologically and specifically llgckezhtin, a bacterial 1.9

kDa peptide isolated from S. coerulescens that bindé&\ldBR competitive antagonist and
prevents its GC activatiéi

3.3 Main NPR-A effectors

Natriuretic peptides (mainly ANPdaBNP) upon binding to the NPR promote CG

activity and cGMP production. Thus, cGMP represents the major intracellular second
messenger through which natriuretic peptides elicit their physiological responses.

There are three main cGMP binding proteins dbald act as the NPRs effectors: the
cGMP-dependent protein kinases, the c@Mieling phosphodiesterases (PDEs) and the
cyclic nucleotidgated ion channels (CNG) (R2g) ***

NPR-A/B
2+ Na
Ca cGMP gated ? cGMP-dependent
ion channel . protein kinase II
‘ gn;vnmxammuxxxxxi:x; X mxxxxmxmrsxm,,m
“qggm i,
g l\‘\ Lo
( | Q=" cGMP

cGMP-dependent
protein kinase I

cGMP-regulated
phosphodiesterases

Figure 20. Main cGMP effectors. lllustration of the main classes of cGMBulated proteins,
which may mediate biological effects of MP&d NPRB activatiorfadaptedrom 182,
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3.3.1. Protein kinase G

The cGMPRdependent kinases are tafinedprotein kinase G (PKG) and are the best
studied cGMP effectors. They are homodinpeateins composed of three domaiiise
aminoterminal homodimerization domain interacts with protein substrates and also
suppresses basal kinase actiMitg. egulatory domain activates the enzyme upon cGMP
binding, and a kinase domain catalyses phoapdfetase reaction on serine and threonine
residues of targgiroteins. Two different genes have been identified for this kinase. The
PKGI gene produces two splice variants differing in their #4enmmi, denominated
PKGI & and PKGIA. Both are mostly cytosolic
cardiomyocyte and nervous system. Their absence in mouse causes a lack-of cGMP
dependent vasorelaxation, resulting in severe vascular and intestinal dyZfuReiGHs

instead produces a myristoylated form of the kinase that is mostly membrafté Boisnd

gene is highly expressed in the intestine, kidney, nervous system, cartilage and bone, and its
deletion yields animals with dwarfism, due to impaired chondrocyte differentiation and
impaired ossificaticf>*?

The substrates of RK comprise an extremely large variety of proteins which, upon
phosphorylation, may then become enzymatically active, inactive, or generally undergo a
structural and functional change. Moreover, PKG signaling may branch out datk cross

with further signang pathways through phosphorylatiependent activation of other
biologically important protein kinases, including protein kinase A (PKA), protein kinase B
(PKB, also known as Akt) and the extracellular-sagnaated kinase 1/2 (ERK1/2%%,

3.3.2. Phosphodiesterases (PDES)

Cyclic nucleotide PDEs are enzyitied break the phosphodiester bond of cAMP and
cGMP, converting them into the inactive AMP and GMP, respectively. Therefore, they
represent important regulators of the intracellwelslef these second messengers and of

the respective signaling cascades.

Up to now, eleven genes for PDEs have been identified, encoding for at least 25 different
proteins in mammatd® They differ in their substrate specificity (¢CAMP, cGMP or both),
and in how they are activated or inhibited. For instance, the isoforms that selectively
hydrolyze cGMP are PDE®, and-9, whereas PDE12,-3,-10 and-11 can degrade both

cydic nucleotides. Some of these may be allosterically regulated by cGMP itself, which is
thus able to modulate its own degradation, via PDES5, as well as that of CAMP, through
PDE2%

3.3.3. Cyclic nucleotidegated ion channels

Cyclic nucleotidgated ion channels represent a third potential effector of cGMP. They
constitute a family of tetrameric nonselective @atbannels activatday intracellular

cAMP or cGMP?®. In both human and mouseubunits are coded by 6 different genes,
which are divided in two subfamilies, CNGA and CNGB, according to their sequence
relationships®%. However, despitéghe fact thatNPR-A (or -B) GC ativity could
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theoretically lead to the opening of CNG channels, very few studies have suggested an actual
direct link between these channels and a specific natriuretic peptide*fiittion

3.4. Natriuretic peptides in the nervous system

The natriuretic peptide system is generally considered in relation to blood pressure and
volume homestasis regulation, since this is the first and most obvious function that was
described. Howevelhe natriuretic peptide system, and BNP with its receptorANIPR
particular,nas beerassociated with various functions apart from the regulation of the
cadiovascular systerfi Supporting the idea of multiple functions, natriuretic peptides and
their receptors we found in a variety of tissues in animals and hutiafisFor the
purposes of this theslswill focus on the physiological role natriuretic peptide system can
play in the nervous system.

3.4.1. Central nervous system

All three natriuretic peptides are expresstte central nervous system (CNS), although at
different levels. For instance, CNP is the most highly expressed natriuretic peptide in the
CNS, whereas BNP is rarer than CNP but generally more abundant tH3rFAKIBNP

and CNP show a similar distribution throughout many CNS regions, (and their overall
distribution tends to be complementary hlat tof ANP, with some exceptions where
expression of all three peptides overlaps, like in the hypothalamus, retina and the cerebral
cortex'®

Binding and functional studies suggest that ARRPRB and NPRC are predominantly
expressed by glial cef8* However, neuronal expression of the NPRs has also been
reported, particularly in the hypothalamus, brainstem and‘rétina

Elements of the natriuretmeptide system start being expressed in CNS from the earliest
stages of embryonal developm#&nt suggests a possible role in modulating the cell
differentiation in the developing brain and spinal ®¢orah vitro studies suggest that this
modulation may consist in an antiproliferative action, through DNA synthesis inhibition,
probably driving cells towards terminal differenti&fiéii

Various workrs have shown that NPR signaling can modulate neurotransmitter uptake and
release, includingradrenalin€®?*3 vasopressin and oxytoéih®> ANP was also shown

to modulate synaptic transmission from osmoreceptor afferents to the supraoptic nucleus in
the hypothalamus, reducing their postsynaptic responsi®endasiuretic peptidesay

alter synaptic transmission alsth@retina, where NPR activation can suppress GABAA
currents in bipolar cells, whereas NMBPRan reduce AMR/ediated transmission in
amacrine celté?*! Furthermore, it was reported recently that-Wmfhibits glutamatergic

release in the projections between the epithalamus and the midbrain, enhancing stress
induced analgesia, through a RdEiated suppression of cCAMP signaiing

Additionally, several studies have shown that cGMP might protect neurons against
excitotoxicity and oxidative stréS<®® Given that cortical spreading depressidnch is
suggested to contribute to neuroprotection against iséiéfpia followed by an increase
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in cortical ANP expression and cGMP led&)sit would not be surprising that the
natriuretic peptide system might have a neuroprotective role in the CNS. One example is
NPR-A protection again®dMDA -induced neurotoxicity in the rat retiffaThis effect is
supposedly caused by an enhancement of dopaminergic signaling, however the precise
mechanisms through which it leadactual neuroprotection remains unclear.

3.4.2. Peripheral nervous system

Compared to the wealth of information regarding the effects of natriuretic peptides in the
CNS, fewer studies have investigated their physiological role in the peripheral nervous
system. Nonetheless, the fact that AMRiced hypotension is usually not followed by the
expected reflex tachycardia or increased sympathetic activity, and that this hypotension is
attenuated by vagotomy, indicates that ANP may somehow interact wittoribeia

nervous systeft. A study on in vitro vagainoatrial transmission has proposed that CNP

may potentiate bradycardiy increasing vagal acetylcholine release in-B-MR& PKA
dependent mannéf® A similar bradycardic effect had been reported earlier in vivo,
although it was attributed to ANP strengthening the hint that NPRs are expressed in the
autonomic nervous system.

Autoradiographic and Bitu hybridization analyses revealed an early (E10.5) expression of
NPRs in dorsal root ganglia (DRG) and cranial gafigifain contrast to the emjmnal

CNS, where NPR signaling has antiproliferative effects, it was shown to stimulate DNA
synthesis in Schwann cells and promote sensory neuron survival. Furthermore, natriuretic
peptides were reported to have an important role in guiding axonal buagrbiartanching

from DRG neurons toward their target in the spinal®€bord

3.5 Natriuretic peptides in nociception

More recently, evidence has supported a potential involvement of the natriuretic peptide
system in the modulation of sensory neuron nociceptive transrfifs$io2010 Zhang et

al showd that BNP and NPfA are both expressed in the rat DRG, and their signaling
attenuates inflammatory pain through a mechanism that involvesridiggance Ca2+
activated K+ (BKCa) channels and PKGFig. 2). Another study showed that also NPR

C is present in DRG, where it colocalizes with transeaptor vanilloid (TRPV1)
channels. Here, however, NERuctivation by CNP displays the opposite effect, enhancing

t her mal hyper alAg ERPVisandi PKGdependentdashion, appearng as

a positive modulator of chronic p&f

These results indicate the coexistence of functional NPRs in sensory neurons that exhibit
contrasting effects on pain transduction, and could play an important role not only under
normal conditions but also duripgthological pain states. Apart from D@ trigeminal
ganglion (TG) is another important player in the pain transduction and development of
different pairassociated conditions. While all NPRs have been identified in the brainstem
trigeminal nuclef’®¥, few studies investigated the presence and possible role of the
natriuretic peptides system in TG. For instance, ANP was reported to be expressed in TG

39



216277 and one study suggested the presence of BNP in porcine TG neurons innervating
arteries of the Circle of Willis. Yet, the questionhether natriuretic peptides and their
receptors are involved in the modulation of trigeminal pain states at the TG level remains to

be answered.
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Figure 2. BNP modulation of nociceptive transmission in murine DRG(adaptedrom 279.
Activation of the BNP/NPRA pathway leads to the PK@nediated phosphorylation of BKCa
channels, which, in theggence of high intracellular Ca2+ levels, may suppress the transmission of
noxious heat stimuli in peptidergic DRG neurons. The exact release mechanism of BNP is unclear.

4. Excitability of trigeminal neurons

Primary sensory neurons, including trigemeabons, constitute the first link in the chain

of neurons making up somatosensory pathways. They encode their responses to received
stimuli as a series of action potentials. Under normal circumstances, trigeminal neurons are
relatively quiescent, but thewoduce highly modulated series of action potentials when
stimulated, conveying information about the sensory stimuli to the higher brair’tegions

In some pathological conditions, however, primary sensorgnsiecan become
hyperexcitable and can give rise to unprovoked spontaneous action potential activity or
bursting which can contribute to chronic pafi®. Chronic pain is characterized by
enhanced sensory neurotransmission that underlies increased sensitivity to noxious stimuli
and the perception of narxious stimuli as ipdul 2 Therefore, eitability and firing
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properties of sensory neurons including those in TG are aspects of greatest interest as they
are the major determinants of the encoding capacity and transduction properties of the
neuron. Heterogeneous firing properties have beatecepoa number of studies on adult

rat and mouse TG neurotis®

Trigeminal neurons in culture express diverse voltage gated anghteghmonh channels

and a wide array of metabotropic receptors which collectively control neuronal excitability.
Studies in trigeminal ganglion neurons show that their functional properties correlate with
distinct electrophysiological phenotypes. Catacuezel® have identified three distinct

firing patterns among trigeminal neurons of adult mice having biophysical and
pharmacological properties influenced by differeshl@shold K+ currents, namely slow
inactivating (Ik), fast inactivating transient (IA) andisbtivating transient (ID)currents.

In rat trigeminal neurons, low threshold TEXistant sodium currents mostly mediated by
NaV1.9 channels are also obseRedMultiple types of high voffa activated and low

voltage activated Ca2+ chan/&f§’are known to bexgeressed by trigeminal neurons.

Activation of ATPgated P2X3 channels and capsaéamsitive TRPV1 channels, expressed

on the membranes of trigemirsdnsory neurons, also invokes firing activity that is
conveyed to higher brain regions and then is interpreted a&*%airhus, brief firing
responses could be invoked in trigeminal neurons by activation of P2X3 channels while
neurons aotated by the pungent compound capsaicin in nociceptors have been found to
exhibit more sustained firiffg®**®In acutely dissociated neurons in vitro, action potentials

are close to true membrane action potentials; they usually istlude af axon as well as

varying amounts of proximal dendrites, but the remaining processes are usually short enough
that the whole membrane surface can be considered isopotential, even duffigreeikes

main characteristics of a neuron are its electro responsive and membrane properties which
include input resistance, rheobase, capacitance and voltage threshold for spike generation.
Input resistancerepresents the resistance exhibited by the neuron or a cell for a change in
membrane potential caused by injected current, and depends on the open membrane
channels in the neurdRheobaseis a measure of excitability and is defined as the minima
strength of an electrical current injected (of indefinite duration) for generation of an action
potential in a neuron. Rheobase depends on resting membrane potential, input resistance
and the voltage threshél Thecapacitanceof an excitable cell membrane is affected by

the processes of the neuron and influences the shape andfspeetbrane potential
changes including action potenti#flsvVoltage thresholdfor spike generation is usually
measured in mV and is defined as the amount of depolarization required to generate an
action potential. Voltage sensitivity of sodium channels primarily dictates the voltage
thresholdf®® The spike threshold can be determined using a phase plane plot with the time
derivative of the voltage (dV/dt) versus tlodtage On the plotthreshold for action

potential is the voltage at which dV/dt suddenly increases.
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5. Migraine

Migraine is a common, disabling, and undertreated episodic brain disorder with a
complicated and notilfy understood pathophysioldg§: It is characterized by recurrent
headache attacks with associated autonomic symptonstylmteheadache varies from
moderate to severe pain, causing prolonged incapacitation. Migraine is one of the most
common disabling brain disorders and it affects according to different sources approximately
11- 20% of people at some point in their IiK’&%“. The annuacosts of diagnosing and
treating migraines to American employers are estimated to be over $1 billion per year for
direct costs, and $13 billion per year for indirect costs that are due to reduced productivity,
reduced ability to do household work, argh Hikelihood of adverse consequences in
relationships between migraines and other family mefifd&%&° The prevalence of
migraine was estimated to be arourti81% in women and®% in merf*®?°!

5.1 Classificationof migraine

Migraine comprisesa group of disorders which differ considerably in their clinical
symptoms, origins and pathophysiology. In addmaraindike conditions can mimic
stroke, seizure or epilepdy*? All thisadds up to make a comptdassification of migraine
headaches.

A full spectrum of migraine includes migraine without aura, migraine with aura, and
migrainerelated conditions.

Migraie without aura (Mifects approximately one third of all migraine sufferers. It is an
idiopathic, recurring headache disorder with attacks usually lasting 4 to 72 hours if untreated.
Typically migraine headache is unilaggdlisaccompanied by a chasaistic pattern of

other symptoms such as nausea, vomiting, photophobia and phonophobia in various
combinations. Not all features are present in every attack or in ever§i®atient

Migraine with aura (Mg\similar to MO buit is also characterizég the presence of so

called aur® a complex of neurologic symptoms that usually occurs at or just before the
onset of a migraine headatfieApproximately 20 to 30% of migraineurs experience aura,
which most often includes visual phenomena, but it may involve somatosensory or motor
phenomena, as well as language or brainstem distutiances

Migraineelated conditi®hs. diagnosis of migraingated condition is based on a transient

sign or symptom in the absence of conventional visual aura. The headache may or may not
be preseit®

5.2 The stages of migraine

A typical ngraine attack can be divided into four phases: the pi@mgrhase (or
prodrome), the aura, the ictus, and the resolution phase (postidrome)

1. Prodrome occurs from hours to a day or two betbreeaura in 60% of migraineurs and
may includ symptoms such as fatigue, diffigaligoncentrating, neck stiffness, sensitivity
to light or sound, nausea, blurred vision, yawning, and%allor
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2. Theaurausually develops oveperiod of 5 to 20 minutes and lasts less than an hour; the
most common aura is the visual aura that may include simple flashes, specks or more
complicated hallucinatiefi®

3. Theheadacheis unilateral and is aggravated by head movement or physical activity; 85%
of patients describe it as throbbing. The onset is usually gradual and the attack lasts 4 to 72
hours butit may be completely absent as3iell

4. Headache phase is followed by a phase kngestdsome when patients suffer from

head tenderness, fatigue and mood ch#hés

5.3 Migraine pathophysiology

Migraine is a complex disorder that includes a variety of pathological conditions with
different clinical profiles and undetermined causes. Ungatedipathophysiological
mechanisms underlying migraine headache proved to be a challenging task that is yet to be
completed. However, years of investigations were able to shed light upon several
mechanisms that might contribute to the migraine pathdpbicsbprofilé®

Nowadays migraine is most ofterscribeds a neurovascular disorder, since its symptoms
arise from a combination of vascular and neurological events occurring in the cranial
meninges®. Phenomea like cortical spreading depression (GSijivation of the
trigeminovascular system, neuragarflammation(leadng to changes in the meningeal
vasculatupeare thought to be the key events in the development of migrain&spain

although the exact interaction between these processes is not complétely clear

5.3.1 Migraine theories
The vascular theory and the neuragémeory are two independent theories that were
proposed to explain migraietiology

Vascular theory

The vascular theory was first introduced by Thomas Willis and then advanced by Graham
and Wolff, pstulatingmigraine as a vascular event mediated itigl imtracranial
vasoconstriction followed by rebound vasodildtidH This was consistent with the notion

of oOtnhgréo bpbaii n during migraine attacks and
ergotamine, triptans (serotonin receptor agonists) and calcitonirelgieake peptide
(CGRP) agonists diminish migraine sympt8#i¥ Because theasodilator nitroglycerin

was observed to induce headathes resultwas taken as a confirmation of vascular
migraire theory**

However, there is evidence that does not suppadcular theory #se primary cause for
migraine®**'> Amin et al(2013 have shown that vasodilation itself is not the cause of
peripheral and central pain pathway¥asodilatiomemaingdinked to migraine attacks and

can promote migraine via accompanied release of neurspeptid@roinflammatory
substances from trigeminal afferents in the meriifigésvas demoniated that electrical

and mechanical stimulation of dural vasculature produced head pain in awake patients
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undergoing craniotomy, whereas stimulation ovascular areas of the dura induced no
pain®*3® This is consistent with the notion ttre dural innervation is nociceptive largely

due to unmyelinatedfCi ber s and thinly myelinated AZEL
gangbn and C13 dorsal root ganglt&*%° Moreoversensory nergein trigeminal and

upper cervical ganglia closely follow meningeal blood vessels butvastcntar areas of

the dura™.

Neurogenic theory

The alternative neurogenic theory explains migraine as a disorder of imevhrelrany
vascular events are caused by dysfundtinauoonal network¥“ Indeed, some of the
migraine symptoms could not be described onéyrits of vasodilatiofi’. Currentlythe
neurogenic theory implies activation and sensitisation of the trigeminovascular system and a
phenomenon of cortical spreading depression that underlies/ayt@ms in migrainers
314,320

Clearly neither theory can account for the entire cascade of events assocatégtaiuité
attack and it is likely that both theooestribute toa more compieneurovascular model
that describes migraine pathophysiologfyeasteraction between vascular and neurogenic
mechanism¥?

5.3.2 The trigeminovascular system

The trigeminovascular system consists of the trigeminal ndrieigaminal sensory
afferents innervating extand intra cranial meningeal blood vessels and the braiffstem

The trigeminal nerve contains both sensory and motor compombatssensory
component conveys thermal and tactile sensations from the face and forehead and is
though to play an integral role in regulating vascular tone and pain transduction including
migraine pain and other headache condiffdin¥he cell bodies that give rise to the
trigeminal sensory fibers are psaudpolar neuronstalized in the trigeminal ganglion.

Upon activation of perivascular trigeminal afferents, the signal is first conveyed from the
trigeminal ganglion to neurons in the trigeminocervical complex via CGRP that serves as the
mainneuranodulator” and then to the thalamif**and finally to the cortexhere the
awareness of the pain originafdee pairsignal is modulated through extensive connections
with brainstem regions such as the periaqueductal gray and the locus®€4{€igleds

Activation ofthe trigeminovascular system during migraine is thought to theiedéease

of a variety of chemicedmponents from trigeminal sensory nerve endirigfsTrigeminal

pain fibers contain vasoactive neuropeptides such as substance P (SP), caleitonin gene
relaed peptide (CGRP), neurokininad pituitary adenylate cyclastvating peptide
(PACAP) thateleasedn the extracellular compartmésad to neurogenic inflammation
around vascular structures in the meniagés thushead pair>*?*® However, the
neurogenic inflammation hypothesis does not explain what causes the initial activation of
meningeal nociceptorsttigger migraine pain.
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Figure 22 Migraine headache is caused by activation of the trigeminovascular system
(adaptedrom 33), TG = trigeminal ganglion; PAG = periaqueductal gray; LC = locus coeruleus;
TNC = trigeminal nucleus caudalis.

5.3.3 Cortical spreading depression

Activation of meningeal nociceptors is consitlén be a key process from which pain
signad originate during migraine attack. Neverthelesemains unclear what serves as a
trigger for suchan activation. Recent studies suggest that initial activation of trigeminal
nociceptors could be causedh®yprocess of cortical spreading depression (CSD).

CSD, first observed Ihyedoin 194 *233 may bedescribed as a shtasting, intense wave

of neuronal and glial depolarisation that spreads at a rate of approxidhatetyrdin

over thecerebrakortex. Tis depolarisation wave is accompanied byptien of ionic
gradients (G5 Na+, K+), followed by lontasting inhibition of spontaneous and evoked
neuronal activit{?****(Fig.23. This is accompanied by localized changes in blood flow that
spread through the cortex at a similar rate. In migraineurs, cerebral blood flow studies
demonstrate a wave of obgnia that precedes the aurd @nogresses with the rate
comparable to the rate of CSE¥*® At the present time, CSB regarded as the
electrophysiological substrate of migraine *3i#a*¥° Sincethe auraoften precedes the
onset of headache by-20 min, it was postulated that CSD rst@yulatethe initial
activation of meningeal nociceptols. fact, CSD may activateand sensite the
trigeminovascular systestarting aseries of neural, vascular and inflammatory events that
result in paif* (Fig.24).
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Figure 24 Cortical spreading depression might activate the trigminovascular system
(adaptedrom 333, CSDd cortical spreading depression; dtégeminal ganglion; HMGRihigh
mobility group box 1; Pan®lannexin 1.

Experiments in rats have shown that evoked cortical spreading depression might persistently
activate first nociceptors within the tmgeal ganglion which innervate the menittgasd
second (central) trigeminovaacukeurons: 342
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A recent study has shown that CSD caused Pannexinl megachannel opening dnd caspase
activation that in turn caarn onparenchymal inflammatory pathways and may provide the
stimulus for sustaingdgeminal activation ardndasting pairf*> The CSD hypothesis
assumes that agents such as potassium ions, hydrogen ions, and lgigeyneleased
extracellularly during CSD in the cartiffuse through the overlying meninges to activate
meningeal nociceptors and iogltneurognic inflammation in the duf&®* Thus, if
confirmed in human studies, CSD might not only cause the migraihetsalso trigger

the mechanisms underlying the migraine headache and associated ¥ymptoms

5.3.4 Neuronal sensitization

Sensitization is a process by which primary sensory neuron afferents in peripheral nervous
system and central synapses become hypersensitive to nocicejptnce@nstimuli 3°

®0 Thus, neuronsshow a reduction intheir activation threshol&®*** and increased
responses to supttareshold stimufi*”*%%", Peripheral and central sensitization is thought

to underlie neuropathic and chronic pain, including allodynia, hyperalgesia and spontaneous

pain®?

Peripheral sensitization

Symptoms of peripheral sézsition during migraine include throbbing headache and its
aggravation during routine physical activities that increase intracranial pressure such as
coughing and bending ov&t*%3%° Intracranial hypersensitivity involves sensitization of
nociceptors that innervate the meesmgmplying thahetrigeminovascular system plays an
important role in the process of peripheral sensitization during migrairfé attack

Peripheral sensitizationis supported by enhanced release of neurotransmitters and
inflammatory peptidesrom primary afferents to spinal synapses after injury and
inflammation®®. Bradykinin, histamine, serotonin (5HT), and prostaglandin E2, (PGE2)
cause mechanical sensitization and increase theiligxaifabomatic®*® and meningeal
nociceptors***? Inflammatory mediators such as interleukins 1, 6 andL8I(H6, IL-8)

and tumor necrosis factor a (TNFa) exert t
eicosanoids and sympathetic amiié$ Acidic pH and proteases were shown to induce
inflammation within the eminges through proteametivated receptors (PARSYriggering

headache or migraine in patiefitsExisting evidence suggest that CSD might sensitize
meningeal nociceptors indirectly, triggering the release of CGRP and SPwrhichusd

the release of infl ammatory medi ators suc
from mast cells, macrophages and other immun&%¢&ils

Inflammatory mediators modulate the activity of ion chanmeisaiceptors, therefore
contributing to the spontaneous activity of sensory fibeosnple¢ apathological cycle of
hyperresponsivenes&****"° Purinergic receptqracidsensing ion @nnels and TRPV1
channels are modulated by inflammatory medfitdEsperiments in sensory ganglion
cultures show that the development of a neuroinflammatory profile facilitates the release of
endogenous mediators (including ATP and cytokinesginforce inflammatory cell
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activation antb constitutively potentiate ATgated P2X3 receptors amplifying nociceptive
signaling*

Central sensitization

Central sensitization is a conditiorwhichnociceptive neurons in the dorsal horn of the

spinal cord exhibit increasectigbility, increased synaptic strength, and enlargement of
their receptive field$"" Like peripherasensitizationcentralsensitizatioris induced by

released neurotransmitters and inflammpdactors. Animal models and human studies
provide direct evidence that symptoms of central sensitization in somatosensory pain
pathways coribute to postnjury pain hypersensitivit{®’ that arises from increased
responsiveness of dorsal horn nociceptors. Clinically, central sensitizationstedresife
decreased pain threshold and exaggerated pain response even outside the original pain site.
In migraineurssymptoms of central sensitization are often expressed as allodynia, when
patients become sensitive to otherwise innocuous stif#li This involves the
sensitization of nociceptive trigeminovascular neurons of the medullary dorsal horn that
receive converging sensory input from tha dod the skifi*3®>

Overall, although migraine headache has been intensely investigated for decades, there are
still many questions condanits origins and pathophysiology that remain unanswered and
require future research. FigREshows a schematic representation of pathophysiology of
headache @goposedy Pietrobon and Striessifj (

Abnormal cortical i _2_ s Abnormal brainstem
activity function
CSD

l

Activation, sensitization of TGVS | ——>| Headache

l l

Neurogenic Central
inflammation sensitization

Figure 25 Schematic representation of pathophysiology of headactedaptedrom 386).

5.3.5 Migraine as a channelgathy

lon channels are peferming transmembrane proteins that allowtrdiesmembrane flow

of ions. lon channels are essential components of every living cell, even considering not
excitable ones, and are vitally important for pagealingand cell dinction. No wonder
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that alterations and dysfunctions in ion channels functioning are expeayeat tbd

origins of a variety of known disease.

Throughoutthe yearsmigraine disorders are often considered as channelopathies, since
more and more charlmaemalfunctions are shown to contribute to the development of these
pathologie®’.

Mutations in several ion channels have been shown to underlie particular migraine
pathologies. Mutations the CACNA1Ag e n e, encoding th®geal sub
gated calcium channel Cavz2. 1, and-gRCNALA,
sodium channel Navl.1l, have been linked to familial hemiplegic migraine types 1 and 2
(FHM 1 and 2), respectivé§®®’. Recently, another susceptibility geaponsible for the
potassium channel subfamily K member 18 (KCNK18), which encodesaaetwdlomain
potassium channel (K2FRESK, was linketb inherited migraine with aii?&***although

further work could not validatkat the aura or the migraine attacks in these patients are
directlyrelated to dysfunction of TRESK

Apart from these particular mutations that are usinity to elatively rare migraine types,

there is gneing evidence thahe dyfunction of a variety of ion channels is involved in the
process of migraine development.

Acid-Sensing lon Channels (ASICs)

The ASIC family consists of 4 members, ASl@ith several splice variafis they are
protonactivated voltagiasensitive cationic chann&fsthat ae widely expressed in the
centraP***and peripheral nervous sysf@imApproximately 80% of dural afferents show
immunolabeling for ASIC3**®and their expression is found in most trigeminal neurons.
ASIC3 have been proposed agrser of decreased extracellular pH within the®*#ura
Considering the ASICs pH sensitivity and their high expression in dural afferents, it is
possible that even small pH changes can activat@@sie neuron%. That could be an
important contribution to the migraine headache during which low pH conditions could
potentiallyarisefor example, CSD is shown to be accompanied by is¢¥fevhiah coud

induce a pH drop in the dura. Furthermore, experiments demonstrate that low pH elicits
migrainerelated pairbehaviorin awake animals through the activation of ASfCand
increases CGRP release in TG neufétisat might result in neurogenic inflammation and
headache progression. In accordance withvidws the nonspecific blocker of ASICs
amiloride was shown to block CSD and inhibit trigeminaltiactilarough an ASIC1
dependent mechanism in a preclinical Stidyverall, these data provide support for the
idea of ASIC involvementtine pathophysiology and initiation of migraine.

Transient Receptor Potential (TRP) Channels in migraine

TRP channels are a group of cation ion channels that respond to a varieiyliof sti
including heat, changes in osmolarity and pH, and various natural frédutie 28
mammalian TRP channels can be divided into 6 subgroups based on their primary amino
acid sequences. 3 of 6 subgroups include channels that are considered to be involved in
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migraine pathophysiology: transient receptor potential chakyrah §RRPA), transient
receptor potential channel melastin (TRPM) and transient receptor potential channel
vanilloid (TRPVY-.

Transient Receptor Potential Ankyrin Channel 1 (TRPAL) is expressed on sensory neurons
“Tincluding dural afferent€ and has an established role in pain transddCti®ecently

TRPA1 has been also proposes to play a role in migraine pathophysiology. Thus, studies on
rodents demonstrated that umbellulone (an agent known to trigger headache) evokes
nociceptive behavior, meningeal vasodilatod CGRP release through activation of
TRPAL1*“ Moreower, many identified TRPAL agonists (like formaldehyde, ammonium
chloride, cigarette smolamd umbellulone) are chemical irritants, and they have long been
known to trigger migraine headache in susceptible inditi&fdals

Transient Receptor Potential Melastatin 8 (TRPM83tiisatad by low temperatures
(<26°C) and chemical cooling agents, including menthol and icilin. Until now the strongest
evidence for a role of TRPM8 in migraine comes from three separate-wieleome
association analyses, all of which identified that a8'géhé variant (2937.1, rs10166942)

is associated with increasesteptibility to common migraiff&*®. However, it is still to

be identified how this gene variant alters channel expression or fattn and prove

its causal relation to migraine

Transient Receptor Potential Cation Channel V4 (TRPV4) is a mechanosensitive channel
that is thought to be responsible for the trigeminal nociceptors activation by osmolarity
changes. Inveake animals dural application of hypotonic solutions acting on TRPV4
resulted in migraine related pain behavior, although the endogenous mechanism remains
unclear™. There is no evidence for osmolarity changes before or during a migrkine attac
Nevertheless, TRPV4 might be activated by mechanical stimulation (sudden intracranial
pressure changes due to head jolts or rotation, breath holding, sneezing, coughing, etc). It is
noteworthy that mechanosensitivity is most probably elevated duraigenaitiack, since
mechanical stimulation such as rapid head movements and coughing can worsen headache
pain in migraine patients. One possible basis for such symptoms as well as for the
throbbing pain sensation of migraine headache could beagemsibiz TRPV4>, followed

the release of inflammatory mediators in the meninges.

Transient Receptor Potential Cation Channel V1 (TRPV1)
The g$ructure and function of TRPV1 channel and its relation to migraine pathophysiology
wereaddresseth details in the secti@of the introduction.

P2X Channels

ATP-activated®2X receptors and P2X3 receptors in particulz tbeen widely implicated
in pain conditions including migraine headd®eThe sructure and function dP2X3
channel and its relation to migraine pathophysiegaddressed in details in the section
1 of the introduction.
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Calcium-Activated Potassiim (BKCa or MaxiK) Channel

Large conductance calctagtivated potassium channels BKCa are widely expressed in the
brain, including sensory neurons, both in soma, dendrites, and axonal t€rrBik&la
decrease presynaptic Ca2+ influx by narrowing the presynaptic action potential upon
activaibn, resulting in reduced neurotransmitter ref€as&hus, they might play an
important role in modulation of pain transmission from the peripheral to the higher centers
of CNS®. It was Bown that activation of MaxiK channeds depresseuronal firing and
presumablyrelease of neurotransmitters from trigeminal nedtbnidlice with sensory
neuronspecificknockoutof MaxiK channels exhibited increased inflammatory, but not
acute or neuropathic pain, suggesting their role in inflammatory pain cdtiditions

5.4 Migraine genetics

Insights into the genetic basfsmagraine have come from different angles. First, linkage
studies in family pedigrees in which inheritance of migraine is apparent have been used to
identify genomic regions, and even particular genes, responsible for migraine susceptibility.
Second, stuels of migraine pathophysiology have led to proposals of candidate genes
potentially involved in migraitfé

Unbiased genonwide association studies (GWARSY**and subsequent metaalysi§*

have identified 13 migraiassociated variants pointinggenes thatlester in pathways for
glutamatergic neurotransmission, dinagevelopment and plasticity, pain sensing,
metalloproteinases, and vasculature and metabolisn#(Table

5.5 Familial Hemiplegic Migraine

5.5.1 Classification and genetics

Familial hemiplegimigraine (FHM), a rare autosomal dominantly inherited subtype of
migraine with aura, was first described by Clarke in 1910 in a UK family of 4 generations.
Since then it has been the object of much interest by geneticists researching’nasigcaine

it has led to FHM beintpe most extensively studied model for migf&ineHM attacks
typically include hemiparesis (g@le motor weakness) during the aura gfagait are
otherwise indistinguishable from common forms of migraine and can be provoked by similar
triggering factors; in twbird of FHM patients hemiplegidaaks might alternate with
episodes of migraine without motor weakfié&§s The stroger geneticomponent and

major phenotypic overlap of FHMtlwMA hare made FHM a advantageousodel to

study the mechanisms of headache and‘aura

Three causative gertes/e been identified for FHM: CACNALA, ATP1A2 and SCNA1A,
each gene associated with one of three familial forms of hemiplegic migraine, referred to as
FHM1, FHM2, and FHMS3, respectively (Table**. All three genes encode -ion
homoeostasiegulating proteins that control neuronal activity via ntiodulaf the
availability of glutamate at synaptic termiffalalthough FHMcausing mutations target
different genes, encoding proteins that are involved in different molecular pathways,
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Table 4. Susceptibility genes for migraine with or without aura identified in genomwide
association sudies (ad@ted froms3).

Chromosomal Gene Description Migrainesubtype* Study population GWAS referencet
region

Glutamatergic neurotransmission

rs1835740 8qg22-1 MTDHJAEG-1 Astrocyte elevated gene-1 Migrainewithaura  Clinic-based Anttila and colleagues
downregulates EAAT1/2, the main
glutamate transporter in the brain

1511172113 12q13 LRP1 Lipoprotein receptor 1 interacts with Migraine without  Population-based Chasman and
glutamate (NMDA) receptors on aura or clinic-based colleagues,Freilinger
reurens and modulates synaptic and colleagues,and
transmission Antilla and colleagues

rs3790455 1922 MEF2D Neuronal activity-dependent activation All migraine; Population-based Freilinger and
of the TF MEF2D restricts glutamatergic migraine without  or clinic-based colleagues and Antilla
excitatory synapses aura and colleagues

Synapse development and plasticity

rs6478241 9q33 ASTNZ Member of astrotactin gene family All migraine Clinic-based Freilinger and
involved in development of laminar colleaguesand Antilla
structure of the cortex and colleagues

rs13208321 6ql6 FHLS Transcription factor regulating cAMP ~ Migraine without  Population-based Antilla and colleagues
responsive CREM/CREB proteins that aura or clinic-based
influence synaptic plasticity

Pain sensing

rs10166042  2q37 TRPMB Member of the TRP superfamily acting  Migraine without  Population-based Chasman and
as a sensor for cold pain, expressedin  aura or clinic-based colleagues,Freilinger
sensory neurons (mostly dorsal root and colleagues,and
ganglion neurons) Antilla and colleagues

Metalloproteinases

rs10504861  8q21 nearMMP16 Metalloproteinases remodel the Migraine without  Population-based Antilla and colleagues
extracellular matrix; the protein aura or clinic-based
encoded by MMP16 also cleaves
lipoprotein receptor

rs10915437  1p36 nearAfJAP1  AJAP1 isinvolved in metalloproteinase  All migraine Clinic-based Antilla and colleagues
activity structuring extracellular matrix

rs12134493  1pi13 nearTSPAN2  Member of the tetraspanin family, acell  All migrain Population-based Antilla and colleagues
surface protein implicated in cell or clinic-based
motility and metalloproteinase activity

rs7640543 3p24 nearTGFBR2  Serine-threonine kinase regulating cell  All migraine Clinic-based Freilinger and
differentiation and extracellular matrix colleaguesand Antilla
production and colleagues

Vasculature and metabolism

rs4379368 pl4 CForfl0 Mutations in this gene have been Migraine without  Population-based Antilla and colleagues
found in mild symptomatic formsof ~ aura or clinic-based
glutaric aciduria type Il

rs2651899 1p36 PRDM16 Transcription factor involved in brown  All migraine Population-based Chasman and
fat development or clinic-based colleagues and Antilla

and colleagues

rs9349379  6p24 PHACTR1 Phosphatase and actin regulator 1 Migraine without  Population-based Freilinger and
promotes synapse morphology and is  aura or clinic-based colleagues and Antilla
implicated in endothelial cell lining and colleagues

For each pathway, the SNPs with the lowest p value mentioned in the initial GWAS are listed. *When applicable, associations specific for migraine with aura or
migraine without aura are mentioned; associations to both types of migraine or which could not be linked to a specific subtype are referredto as all migraine.
SNP=single nucleotide polymorphism. GWAS=genome-wide association studies. EAAT1/2=excitatory aminoacid transporters 1/2. CREM/CREB=cAMP response
element/binding protein. TRP=transient receptor potential, TF=transcriptor factor.
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clinically the phenotypes of the three FHMs are nearly identical. The seemingly diverging
mechanisms ultimately converge and lead to the same neuronal profile: increased glutamate
concentration in the synaptic cleft (Bi. That in turn induces cerebral hyperexcitability

and enhances susceptibility to cortical spreading deptéssibivMl Cav2.1 CACNALA
gainof-function mutations cause increased neuronal release of gluaniateHM2

Na+/K+ -ATPase ATP1A2 losd-function mutationsdiminish glial cell reuptakef

glutamate from the synaptic cleft. FHM3 NaV1.1 SCN1lAfléssction mutations are
predicted to cause increased activity of glutamatergic excitatory neurons via decreased
GABAergic interneuronal inhibitidt*2°42

Inhibitory
interneuron Excitatory neuron
¥ - =
4= Na*
/ \ |
e %

Na*/K+-ATPase a2
(FHM2)

Na,1.1
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Figure 26. A common pathway for the effects of mutations in FHM gengadaptedrom 339
FHM & familial hemiplegic migraine; EAA®lexcitatory amino acigansporter 1; EAATD
excitatory amino acid transporter 2.

Table 5. Familial Hemiplegic Migraine and Defective Genes Identifiedadaptedrom 303,

Gene Chromosome Location Protein
- CACNAIA 19p13 Pore-forming al subumt of neuronal Ca2 1(P/Q ) voltage-gated caleium channels
(MIM141500) % - e 1PIQ type) voltage-g
2 ATP142 1923 Catalytic «2 subunit of a glial and neuronal sodium-potassim
(MIM609634 ) 1 yt & o pump
13 SCNIA 2q24 Pore forming al subunit of neuronal Nal.1 voltage-gated sodium channels
(MIM602481) a e : 888
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5.5.2 FHM1 pathophysiology

FHM1 is caused by missense mutatiotieei@ACNALA gene on chromosome 19p13 that
encodes the pofermingal subunit of neuronal voltagated P/Qtype (Cav2.1) calcium
channel (Fig27) *®**#2 These channels are widely expressed at presynaptic terminals
throughout the mmmalian nervousystent? and trigger neurotransmitter release in CNS
synapses iresponse tmeuronal excitatioff’® Cav2.1 channels are expressed in all brain
structures that have been implicated in the pathogenesis of migraine, including the cerebral
cortex, the trigeminal ganglia, and brainstem nuclei involved in the central control of
nociception’® Cav2.1 channels were also found at somatodendritic membranes, where they
can modulateneuronal excitability”>**® Fifteen different missense mutatidnsthe
CACNAI1A gene have been associated with FHM. Some mutations cause pure FHM,

whereas other add neurological symptoms such as ataxia or coma to the typical FHM profile
303,331
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Figure 27. Mut ati ons of -typdvolsge lgated calciuno dhanrel r&gponsible
for FHM -1 (adypted fromse9),

Mutant FHM1 Cav2.1 channels show-g&innction because of increased probability of
being open and shifted activation to lower voltafés Thus, FHM1 neurons expressing
Cav2.1 channels possess higher basal calcium conceftradioinall neurons carrying
Cav2.1channels are equally affected by FHM1 mutations. Experiments on autapses and
brain slices reveal that, while Cav2.1 chamwukhted excitatory neurotransmission in
FHM1 neurons is enhanced due to increased glutamate release, Cav2riechatedel
inhibitory neurotransmission at cortical interneuronal synapses is apparently thalsered

a result, the final effect of FHM1 mutations is enhanced glutamatergic excitatory activity
without apparm& compensatory GABArgic interneuronal inhibition (Fig. 28).
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Figure 28 Functional alterations in the cerebral cortex of a familial hemiplegic migraine
type 1 (FHM1) knockin mouse mode(adaptedrom 389,

Another important feature of FHM1 mice is their higher susceptibility to cortical spreading
depession as a result of higher glutamate refé&8endeed, experiments show lower
threshold for in vivo induction of cortical spreading depression by KCI application or
cortical electrical stimulation in FHM1 mice, alongndgthased frequency and propagation
velocity of cortical spreading depression (vaft®d&t*

In the trigeminal ganglion, analysis of the-®fig¢ Ca current in small TG neurons from
adult R192Q KI mice showed gafrfunction only of the Cav2.1 channels in capsaicin
insengive TG neurons expressingype Ca channels (CIneurons), but not of capsaicin
sensitive TG neurons (CS neurons) that innervate tHé° i 29).

Trigeminal =
ganglion —— =

CI-T —® )

» Gain-of-function of Ca,2.1 channels resulting in prolongation of the AP in

small CI-T trigeminal ganglion neurens, but unaltered Ca,2.1 channels 2 ;Jnaallerad CGRP release at the
and unaltered excitability in small capsaicin-sensitive dural afferents . Rk

» Increased CGRP release at the trigeminal ganglion that might facilitate : Unsa;:flreld IC:GRP;dep;ndelznl
CGRP-mediated neuron to glia crosstalk vasooialanon and:masyce

: degranulation
» Basal inflammatory milieu

Figure 29 Functional alterations in trigeminal ganglion neurons of an FHM1 knockin mouse
model (adaptedrom 389,
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Investigations into the actual intracellular Ca2 levels demonstrated that rat signibea

of KI neurons displagubstantially larger Ca2 transients inhibited lsy¢he e ct i We bl oc
agatoxin, suggesting upregulater? Cachannels (Nair et al 20I)e FHM1 mutation
increaseevoked CGRP release from intact trigeminal gafigiral cultured TG neurons

% Elevated CGRP levels in R192Q Kl migraindel TG in turn was reported to
upregulate P2X3 receptors (B0. via increased gene expression and trafficking through
PKA/PKC dependent mechanisi®® Additionally, enhanced P2X3 currents were
associated with decreased serine phosphorylation, higher immunoreactactive
phosphorylated CaMKin R192Q Kl mice compared to W and higher neuronal
excitability in response to P2X3 receptor actiVitiGERP is also an important messenger

in the neuromeuron andneuronsatellite glial cells crosstalk; it increases expression of
inflammatory genes and release of inflammatory mediators from satellite glial cells, that in
turn can sensitise TG neurons and further activate glial cells, maisanflagymatory

milieu in TG®3¥**74*¥xperimentsvith TG cell cultures reveal enhanced batzdse of

TNF& and stronger basal activatiorf®*f macr
On the basis of these findings, it has been suggested that FHM1 mutations create a basal
inflammatory milieu within the trigeminal ganglion and tfacii&aipheral sensitization
contributing to the development of pathological profile typical for Efn%4:°
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Figure 30 Upregulated P2X3 currents in R192Q KI trigeminal neurons in culturf@dapted
from 64), A, Re pr es e nmeATRindueed respanses of WD dnd Ki deurons. B, Plot
showing P2X3 current ampimeATRid@EandKineurens.ponse t o

5.5.3 FHM1 as a model for common migraine

Genetically modified mice have beagineered based on mutations in the three specific
genes responsible for FHM with taal to bed light on the pathophysiology of common
migrain€®**! Despite the large number of mutations characterized at each FHM locus, only
a small fraction of mutations kaween studied in genetically altered mice given the expense
and time involved in generating modified aniffials
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FHM1 has been used as a model to identify possible pathways for the more common forms
of migraine with aura andgraine without aura. The question remains whether and to what
extent mechanisms identified for FHM1 are also involved thengplegic migraine.
Migraine is phenotypically and genetically heterogeneous and no single variant can explain
the entire underlyy genetic component across different families and popufitions
However, there is growing, albeit circumstantial, evidence thdikEHhéchanisms might

also be involved in patients with #@miplegic migraine with aura rmm-hemiplegic
migraine without aura, including evidence obtain from humans. Among them are the
phenomenon of enhanced cortical spreading depression susceptibility of transgenic FHM1
mice, increased glutamatergic neurotransmission and cerebral hipityéXch#oreovey
resemblance ofHM1 clinical profile to that of common migraine is another reason to
support the idea of potential similarity between the mechanisms underlying these
pathologies.

Two common FHM1 mutations in the CACNALA gene have been introduced inknock
mice: R192@***and S2181*4*! While both mutations cause gafifunction of P/Q-

type Ca2+ channel, the phenotghe5218L mutation is more extreme than R192Q and
mice exhibit symptoms of cerebellar ataxia, seizure and head trauma and in particular
increased sensitivity to CED

R192Q KI mouse model of FHM1

The FHM1 nouse model used ihe present study is basedtbr KI R192Q mutation in
theCACNA1A gene and was first introduced by van den Maagdenberg et al.*3h 2004
Functional analysis revealed a pureaddimction effect o P/Q type Ca2+ channel
current andincreased action potentiaioked Ca2+ influx and glutamate reléise
R192Q KI nice. MoreoveriR1920Qmutationreducs threshold and increasgropagation
velocity of cortical spreading depres&bii? Chanda et df” recently reported pain like
symptoms similar to episodic attacks of migraine in R192@&I| mi

Further investigation dhe R192Q mouse phenotype and its deviations fnenWT
phenotypemay explain the underlying mechanism for the increased susceptibility of the
migraine brain for CSD and aura amdyeneral for migraingathophysiologytherely
providngnew directions for future therapy.
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Aims of the study

Trigeminal sensory neurgplay acrucialrole in nociceptigrnprocessingnd transdting
noxious stimulirom periphery to higher brain regiomsler normal conditions as welinas
pathologgal pain states including migraffié****A variety of neuromodulatorsrtrol
different aspects of trigeralnneurond f u n P3¢ Im ipantigular, many of them
regulate activity of certain membrane ion chanmetdved in nociception, such as ATP
gated P2X3 receptors and capsa@msitive TRPV1 receptdrs*®3***"That in turn can
cause changes in neuronal excitaf§ifity Most known modulatosf P2X3 and TRPV1
receptors positively affect theseeptors activity and very little is known about their
negative regulatiotdowever, recent evidence brought to light natriuretic peptides as
potential regulators eensory neuron nociceptive transmiséfoBrain natriuretic peptide

in particular was suggested to play an inhibitorynraiflammatory paiff’. Collectively
thesedataprompted the present project to investigate the followpegtaof BNP system

in sensoryrigeminal culturesf WT mice and transgeriR192QKI mice of the familial
hemiplegic migraine typenbde}

1 Expression of BNP and its receptor NR trigeminal culturaa vivandin vitro
and functional properties BNP/NPR-A pathway in WT and KI mice

1 Effects of endogenous and exogenous BNP on P2X3 and TRPV1 receptors activity
in WT and KI trigeminal neurons

1 Molecular mechanisms underlying BNP/NRRBRependent modulation of P2X3
receptors, in particular in terms of ept or s membr ane di str
phosphorylation in WT mice

1 Effects of BNP/NPRA system on thexeitability ofsmall to medium sized
trigeminakensory neurons WT andKl

1 Evaluation of newsynthet compounds agpotential P2X3 antagonists on
remombinant P2X3 receptors in HEK cells and native P2X3 receptors of trigeminal
neurons

58



Methodsand results
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1.B-type natriuretic peptideinduced delayed modulation of TRPV1 and P2X3
receptors of mouse trigeinal sensory neurons.
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B-Type Natriuretic Peptide-Induced Delayed Modulation
of TRPV1 and P2X3 Receptors of Mouse Trigeminal
Sensory Neurons

Sandra Vilotti? , Anna Marchenkova®, Niels Ntamati, Andrea Nistri’

Neuroscience Department, International School for Advanced Studies (SISSA), Trieste, Italy

Abstract

Important pain transducers of noxious stimuli are small- and medium-diameter sensory neurons that express
transient receptor vanilloid-1 (TRPV1) channels and/or adenosine triphosphate (ATP)-gated P2X3 receptors whose
activity is upregulated by endogenous neuropeptides in acute and chronic pain models. Little is known about the role
of endogenous modulators in restraining the expression and function of TRPV1 and P2X3 receptors. In dorsal root
ganglia, evidence supports the involvement of the natriuretic peptide system in the modulation of nociceptive
transmission especially via the B-type natriuretic peptide (BNP) that activates the natriuretic peptide receptor-A
(NPR-A) to downregulate sensory neuron excitability. Since the role of BNP in trigeminal ganglia (TG) is unclear, we
investigated the expression of BNP in mouse TG in situ or in primary cultures and its effect on P2X3 and TRPV1
receptors of patch-clamped cultured neurons. Against scant expression of BNP, almost all neurons expressed NPR-
A at membrane level. While BNP rapidly increased cGMP production and Akt kinase phosphorylation, there was no
early change in passive neuronal properties or responses to capsaicin, a,3-meATP or GABA. Nonetheless, 24 h
application of BNP depressed TRPV1 mediated currents (an effect blocked by the NPR-A antagonist anantin) without
changing responses to a,8-meATP or GABA. Anantin alone decreased basal cGMP production and enhanced control
a,B-meATP-evoked responses, implying constitutive regulation of P2X3 receptors by ambient BNP. These data
suggest a slow modulatory action by BNP on TRPV1 and P2X3 receptors outlining the role of this peptide as a
negative regulator of trigeminal sensory neuron excitability to nociceptive stimuli.
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Introduction

Sensory inputs, including painful and tissue-damaging
stimuli, are conveyed from the periphery to the central nervous
system through primary afferent neurons located in the
trigeminal ganglia (TG) and dorsal root ganglia (DRG). Small-
and medium-diameter sensory neurons (nociceptors) express,
amongst a range of membrane proteins detecting noxious
stimuli, capsaicin (and heat)-sensitive transient receptor
potential vanilloid-1 (TRPV1) channels and/or adenosine
triphosphate (ATP)-gated P2X3 subunit-containing receptors
[1,2] to transduce pain. In particular, several studies have
demonstrated TRPV1 to be essential for the development of
inflammatory thermal pain conditions [3-5]. Among ATP-gated
P2X receptors, the P2X3 receptors are almost exclusively
expressed by sensory ganglion neurons [6,7] and have been

PLOS ONE | www.plosone.org

implicated in craniofacial pain [8,9], including migraine [10].
The activity of TRPV1 and P2X3 receptors is known to be
upregulated by endogenous peptides, like bradykinin, CGRP or
substance P [11-15], and trophic factors like NGF and BDNF
[16-18]. Thus, the functional action of such modulators is
manifested as sensitization of these receptors, thereby
contributing to lowering pain threshold and to triggering pain,
especially of chronic nature. In this sense, their role on
trigeminal sensory neurons as facilitators of migraine pain has
been proposed [14,19-21]. As recently reviewed [22,23],
clinical studies have confirmed that P2X3 and TRPV1
receptors mediate pain induced by distinct stimuli in man.

Less is known about the potential role of endogenous
modulators in restraining the expression and function of TRPV1
and P2X3 receptors. Recent evidence supports a potential
involvement of the natriuretic peptide system in the modulation
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of sensory neuron nociceptive transmission [24-27]. Natriuretic
peptides (NPs) are a family of structurally related paracrine
factors, namely atrial NP (ANP), B-type NP (BNP), also known
as brain natriuretic peptide, and C-type NP (CNP) [28]. ANP
administration does not affect sensitivity to radiant heat [29] or
mechanical allodynia [26,27], while CNP is proposed as a
positive modulator of chronic pain [24]. Conversely, microarray
gene profiling has indicated that chronic pain enhances BNP
and its natriuretic peptide receptor-A (NPR-A) in rat DRG.
Moreover, BNP application reduces the excitability of DRG
nociceptors and the hyperalgesic response in a rat model of
inflammatory pain. This led to the suggestion that BNP may
play an inhibitory role in chronic pain [25]. BNP acts through
binding to NPR-A, which is a guanylyl cyclase receptor (also
sensitive to ANP), and increases intracellular cGMP levels
[30,31].

While all NPRs have been identified in brainstem trigeminal
nuclei [32-34], little is known about the possible role of the
natriuretic peptide system at TG level where nociceptive
signals are transduced [35-37]. A recent clinical report has
shown that BNP levels are raised in the jugular vein blood
during a migraine attack [38]. We have developed an in vitro
model system using primary cultures of mouse TG to
investigate the cellular mechanisms regulating the expression
and function of P2X3 and TRPV1 receptors [18,39]. Hence, the
present study was initiated to characterize BNP and NPR-A
expression in the mouse TG and to examine whether the BNP/
NPR-A system may modulate TRPV1 and P2X3 nociceptor
activity.

Results

BNP and NPR-A are expressed in vivo in adult mouse
TG

Gene expression of BNP and its receptor NPR-A
investigated by RT-PCR indicated weakly positive BNP and
strongly positive NPR-A bands of the expected size (199 bp
and 200 bp respectively; Figure 1 A). We next examined with
Western blot analysis if NPR-A protein was synthesized. The
NPR-A antibody recognized a single band of the expected size
(approximately 140 kDa) in mouse TG homogenates,
corresponding to the NPR-A protein. Conversely, BNP
expression was below detection. Thus, BNP expression was
evaluated by ELISA assay. Mouse BNP concentrations in
tissue extracts from entire TG and in the serum were 1.12 +
0.34 pg/mg protein and 185.2 + 47 pg/ml, respectively (n=6
mice). Western blot analysis confirmed that NPR-A receptor
was synthesized both in adult (P30) and in younger (P12)
animal TG (Figure 1 B). Thus, the properties of this peptide
could be investigated with younger tissues as well, a
convenient preparation for primary culture studies.

The distribution of NPR-A and BNP in mouse TG was further
examined by immunohistochemistry. We found that NPR-A
was expressed in most neurons, as shown by co-localization
with B-tubulin Il (Figure 1 C). NPR-A immunoreactivity could
not be detected in other cell types. Further observations
(Figure S1 A) confirmed that the NPR-A staining appeared
colocalized with TRPV1 and P2X3 immunopositive neurons.
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Unlike the data concerning its receptor, BNP immunopositive
cells were few and scattered elements, in which the peptide
staining appeared as small perinuclear granules (0.9 + 0.4% of
total ganglion cells, n=3) (Figure 1 D). The few BNP-
immunoreactive cells seldom showed neuron-like morphology.

Characterization of BNP and NPR-A in TG primary
cultures

In order to examine the characteristics of BNP effects on TG
cells, we used TG primary cultures as previously reported
[18,39]. Consistent with our results from tissue sections, double
immunostaining for NPR-A and the neuronal marker B-tubulin
Ill showed that in vitro the receptor was expressed exclusively
by neurons (Figure 2 A). Figure 2 B summarizes the
distribution of NPR-A immunoreactivity in relation to the
neuronal cell body size which was the highest in neurons with
somatic diameter between 12 and 25 um, consistent with the
higher prevalence of small and medium sized neurons in TG
[18]. Systematic cell counting indicated that the vast majority of
B-tubulin lll-positive cells expressed NPR-A (91.3 * 1.1%,
n=10), confirming the extensive colocalization of the two
proteins already observed in vivo. Western blot analysis with
biotinylation method validated the expression and membrane
localization of NPR-A (Figure 2 C).

Immunocytochemistry revealed the scant presence of BNP-
positive cells also in TG primary cultures, as they accounted for
only 2.0 £+ 0.2% of the total cell population in our cultures
(n=12). The morphology of these cells appeared prevalently
non-neuronal (Figure 2 D, left), although rare neuron-like cells
were observed as well (Figure 2 D, right). We also estimated
(with ELISA assay) the concentration of BNP in primary
cultures and in their medium that was found to be 1.1+0.4
pg/mg and 4.9+2.6 ng/ml, respectively (n=8 mice).

Functional assays of NPR-A

We sought to understand whether the large expression of
membrane bound NPR-A was actually indicative of a functional
receptor system. To this end, since activation of NPR-A by
ANP and BNP has been shown to increase intracellular cGMP
production [40], we investigated if application of BNP to mouse
TG cultures could increase intracellular cGMP production, as
determined by ELISA. Figure 3 A shows that application of 100
or 500 ng/ml BNP (compared to the vehicle control treatment)
increase the mean cGMP levels in a concentration- and time-
related fashion. In fact, the cGMP rise was already detectable
after 5 min and reached its peak after 30 min with a late (1 h)
decline. The greatest increment was observed after 30 min
application of 500 ng/ml BNP. Even 100 ng/ml BNP was
sufficient to activate the NPR-A mediated pathways by
significantly increasing cGMP by almost 2-fold compared to
basal levels. This effect was prevented by the application of
500 nM anantin, a specific antagonist of NPR-A [41,42], that
completely inhibited the elevation of cGMP levels. A lower
anantin concentration (100 nM) failed to produce significant
antagonism of BNP-elicited rise in cGMP (Figure 3 A). It is
noteworthy that anantin (500 nM) per se significantly
decreased the basal level of cGMP.
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Figure 1. Expression of BNP and NPR-A in adult mouse TG in vivo. A, PCR products (amplified with 40 cycles) identified by
ethidium bromide staining show RT-PCR amplification of BNP and NPR-A mRNA (+RT), as well as of the housekeeping gene
GAPDH. Negative control reactions for retrotranscription (-RT) do not show any bands. B, Chemiluminescence image of Western
blot showing protein expression of NPR-A in TG from P30 and P12 mice. B-Tubulin Ill was used as a loading control. C, Example of
confocal microscopy images showing the widespread colocalization of immunostaining for NPR-A (red) and B-tubulin Il (green). Cell
nuclei are visualized with DAPI staining (blue). Scale bar, 100 um. D, Representative confocal images of longitudinal sections of
adult TG. Immunohistochemistry reveals BNP-immunoreactive granules around few nuclei (DAPI). Among these cells, most
possess non-neuronal morphology (left panel); neuron-like cells are rarely immunostained (right panel). Scale bar, 30 pm.

doi: 10.1371/journal.pone.0081138.g001

One important intracellular effect of NPR-A activation is also observed in TG cultures. Figure 3 B shows that after 10 or
phosphorylation of Akt that occurs downstream of cGMP 30 min application of 500 ng/ml BNP, there was a significant
synthesis [43]. We tested whether this phenomenon could be increase in Akt phosphorylation, an effect fully blocked by 500
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Figure 2. BNP and NPR-A are expressed in mouse TG cultures. A, Immunocytochemical analysis of NPR-A (red) and B-tubulin
(green) in mouse TG culture. Nuclei are visualized with DAPI (blue). Merge image (right) indicates extensive co-staining. Scale bar,
30 uym. B, Somatic size distribution of NPR-A-positive TG neurons. Data represent 119 NPR-A-positive neurons from 4 independent
experiments. C, Example of Western immunoblotting (representative of three experiments) showing the surface (obtained after
membrane biotinylation) and total expression of NPR-A in TG culture. B-Actin was used as loadingcontrol of the total extract. TfR is
the marker for correct biotinylation. D, Immunostaining for BNP (green) is mostly restricted to few cells with non-neuronal
morphology that display perinuclear immunoreactive granules (left panel). More rarely, some neuron-like cells are also stained for
BNP with granules extending along their processes (right panel). Nuclei are visualized with DAPI staining (blue). Scale bar, 30 pm.
doi: 10.1371/journal.pone.0081138.g002
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Figure 3. cGMP production by mouse TG cultures. A, ELISA-based quantification of intracellular cGMP in primary cultures from
P12 mice. Cultures were treated with BNP (100 or 500 ng/ml for 5, 10 or 30 min) and/or anantin (100 and 500 nM, 30 min), or
treated with vehicle (indicated as 0). Note large rise in cGMP that declines at 60 min; anantin alone (500 nM) decreases basal
cGMP. Data were normalized to the total protein content in each sample and are presented as mean value + SEM (n=3). *p<0.05. B
(top), example of western blot of Akt phosphorylation induced by BNP (500 ng/ml) applied alone or together with anantin (100 and
500 nM) for various times as indicated. Bottom histograms quantify these data from at least 3 experiments, demonstrating early and
transient increment in P-Akt expression.

doi: 10.1371/journal.pone.0081138.g003
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