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SUMMARY

A significant population of trigeminalprimary afferents are chemosensitive
nociceptorswhich express the transient receptor potential vaidilld (TRPV1) andthe
transient receptor potential ankyrin 1 (TRPAL) receptors. Many detladferentsare
peptidergic and contain calcitonin geneelated peptide (CGRP), substance ($P) or
neurokinine A(NKA). CGRPparticipates irthe central transmisgiaf nociceptive inpulses
increases tissue perfusion and may also sensitize the nociceptive patSinag.
somatosensory and visceral chemosensitive nerves share common characteristics, functional
alterations observed in the meningeaigeminovascular stem may provide useful
information on possibleimpairmens in nociceptive functions of otheargans following
metabolic, hormonal or toxic changes affecting the integrity of the whole organism

The present experiments were initiated in an attemgtiilythe possible activation of
meningeal TRPV1 receptors lexogenous anédndogenous agonists atalrevealthe effect
of systemic adriamycin treatment on TRPV1 receptorediated sensory effector/local
regulatory responses.

Meningeal blood flomwas measuredhia rat open cranial window preparation with
laser Doppler flowmetryRelease of CGRP evoked by endovanilloids was measured with
enzymelinked immunoassay (EIAh anex vivodura mater preparation.

In control andadriamycintreated animalshe dura matewas repeatedly stimulated by
topical applications of capsaicin, a TRPV1 receptor agonist, or acrolein, a TRPA1 receptor
agonist. The blood flow increasing effects of CGRP, histamine, acetylcholine and forskolin
were also measured. Capsaicamd acroleifinducedneural CGRP release was compared in
control and adriamychtreated rats. TRPV1 content of trigeminal ganglia and TRPV1
CGRR and CGRP receptor componémmunoreactiity were examined in dura mater
samples obtained from control and adriamsyice#ed rats.

Topical application of NADA induced a significant dedependent increase in
meningeal blood flowthat was markedly inhibited by pretreatments with the TRPV1
antagonist capsazepine, the CGRP antagonist G&RBr by prior systemic capsaicin
desnsitization.In ex vivodura mater preparatisNADA evoked a significant increase in
CGRP release. Cannabinoid CB1 receptors of CGRP releasing nerve dpypeently

counteractdthe TRPV1 agonistic effect of anandamide in a elteggendenmanner a resilt



which is confirmed by the facilitating effect of CB1 receptor inhibition on CGRP release and
its reversing effect on the blood flow.

In adriamycintreated animals the vasodilator effects of capsaicin, acrolein and CGRP
were significantly reduced whilehistamine, acetylcholine and forskolininduced
vasodilatation were unaffected. Measurements of CGRP release revealed altered sdynamic
upon repeated stimulations of TRPV1 and TRPAL receptors. In wholet dura mater
preparations immunohistochemistry ealed alteredCGRP receptor component protein
(RCP}immunoreactivity in adriamycHtreated animals, while CGRPeceptor activity
modifying protein (RAMP1) TRPVL and CGRHmmunostaining were left apparently
unaltered. Adriamycirtreatment slightly reducethe TRPV1 protein content of trigeminal
ganglia.

The presentfindings demonstrate that endovanilloicompound are potential
activators of meningeal TRPV1 receptors under physiological conditions. Endovanilloids may
activate the trigeminovascular nocisen complexandthat may play a significant role in the
pathophysiology of headaches. Systemic adriamgreatmentresulted inaltemtiors of the
functiors of the trigeminovascular system leading to reduced meningeal sensory neurogenic
vasodilatationThis may affect local regulatory and protective mechanisms of chemosensitive
afferents leading to alterations in tissue integrity.



INTRODUCTION

Pain is & unpleasant sensory and emotional experience associatechaiuidl or
potential tissue daage, or described in terms of sutéimagelt may be accompanied by
autonomic,emotionaland behavioral reactior(8lerskey and Bogduk, 1994)n contrast to
the relatively more objective nature of other senses, pain is highly subjective. Acute
nociceptive pain associated with tissue injury desinct warning and protective functien
Acute nociceptivepain canelicit protective reflexes (e.g. withdrawal of a damaged limb). A
close correlation between stimulus intensity and pain perception can be observed; the pain is
indicative of real or p@ntial tissue damage. In chronic pain conditions an abnormal function
of pain processing can be obsen(Beénrett, 1999; Petersel et al., 201Pyimary headaches
such as migraine or cluster headache belong to chronic pain conditions that amdastand
illnesses generally considered as consequences of pathophysiological changes affecting the
nociceptive mechasms of the head and neck regiqhevy, 2010; Niazi et al., 2013; de
Tommaso and Sciruicchio, 2016)

Nociceptors innervate the skin, joints, internal surfaces ofbibdy such as the
menings or the periosteum and also internal organs. Intense mechatihesmat and
chemical stimuli detected by peripheral nocicemdingsare encoded and conveyed to the
central nervous systerntra- and extracranial structureseainnervated by peripheral axons
of the trigeminal nerve (fifth cranial nerve), while other parts of the body are supplied by
primary sensory neurons of dorsal root ganglisan$lation of nociception into pain
perception can be modified by peripheral enttal mechanisms sensitizing the nociceptive
pathway. Changes in the activity of descending pain controlling pathway may also influence
the pain perception and may contribute to pain conditions such as heaapgesla et al.,

2013; Mainero et al., 2011)

Intracranial nociception

Clinical and experimental observations provide evidence for an essential contribution
of peripheral, intracranial nociceptive processethe generation of headach@dvinsson,
2017; Goadsby et al., 2017; Olesen et al., 2089)arge body of evidence supports the
hypothesis that headaches, including primary headaches such as migraine, are of

trigeminovascular originHoffmann et al., 2017; Messlinger, 2009)hey are induced or



influenced by nociceptors innervating the cranial meninges, particularly the dura mater
encephali and large intracerabiblood vessels. Intraoperative studi®s Ray and Wolff
demonstrated that headadie pain, but not othesensations can be evoked by electrical,
mechanical, thermal or chemical stimulation of dural blood vessels and sinuses or large
intracerebral artges (Ray, B.S. and Wolff, H.G, 1940¥ollaterals of meningeal nerve fibers
project through the skull forming functional connections between -eatrd intracranial
tissues. Presence of such collaterals offers explanation how noxious stimulatioicrahpze

tissues can directly influence meningeal nociception associated with headache generation
(Kosaras et al., 200%chueler et al., 2013)

The dura mater encephali

The dura mater encephali is the outer membadriee meningesovering the central
nervous system. It hdawo layers;an outer periosteal layer rich in blood vessels, nerves and
large collagenous bundlegith vascular and fibrous projections into the bone and an inner
meningeal layer composed of mesothelial cells. Venous sinuses lie between the two layers of
the dura mater encephali. The meningeal layer builds septums between the two hemispheres
of the ceebrum (falx cerebri) and the cerebellum (falx cerebelli), it separates the cerebellum
and brainstem from the occipital lobes of the cerebrum (tentorium cerebelli) and the pituitary
gland (diaphragma sellae) from the cranial cafit z e nt 8got hai .and R®t hel

The main artery of the dura materthe middle meningeal artergr{ginatingfrom the
maxillary branch bthe external carotid arterylt enters the middle cranial fossa through the
foramen spinosum and divides into two terminal branches (anterior and posterior). The
anterior cranial fesa is supplied with blood also through the anterior meningeal artery (a
branch from the anterior ethmoidal artery) and the meningeal branches of the ophthalmic
artery. The psterior meningeal artery (a branch of the ascending pharyngeal artery) and
meningeal branches from the occipital artery transport blood to the posterior cranial fossa
(Szent 8gothai .and R®t helyi, 2002)

Innervation of the dura mater encephali
The meningeal innervation has been extensively studied in rodents but there is general
agreement that the findings conform in principléhvthe human meningeal system. Electron

mi croscopic examinations revealed thin myel.
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the cranial dura matgAndres et al., 1987; Messlinger et al., 199Bgsides the sensory
trigeminal fibersoriginating in the ipsilateral trigeminal ganglignO6 Connor and Ve
Kooy, 1986) a dense network of sympatit fibers mainly from the superior cervical
ganglion(Keller et al., 1989pand a sparse innervation by parasympathetic fibers originating

from the sphenopalatine and otic ganglia has been des¢Bbeyt et al., 1996)Sensory and

autonomic nerve filrs form dense plexusesound dural arterial blood vessest single

axons can be observed alsotire avascular regias of the meningeal tissue, i.e. in areas

distant from larger blood vessels.

The ®nsory innervation of the dura mater is served by all three branches of the
trigeminal nerve; the ophthalmic (V1), the maxillary (V2) and the mandibular (V3) divisions
(McNaughton, M., 1938)The @ntral terminals of meningeal nocicepterger the brain ste
at the pontine level ansynapse in the caudal part of the trigeminal nucl&ébus. acipital
region of the dura mater is innervated by the first and second spinal géfgler et al.,
1985)that project to the cervical dotdsorn. Ultrastructural analyses of trigeminal afferents
revealed thathte maj ori ty of meni ngeal Au and C filk
Encapsulated Ruffidike receptors and lamellated nerve terminals have additionally been
described in highevertebrates including man, particularly at sites where cerebral veins enter
the sagittal sinugAndres et al., 1987)

The trigeminal nociceptivepathway

The majority of the neurons in caudal part of #pénaltrigeminal nucleus and the
cervical dorsal horn send axons to contralateral thalamic nuclei that relay ascending
somatosensory inforation to the primary somatic sensory cortex. The major thalamic nuclei
processing the nociceptive information are the ventroposteromedial nucleus and the posterior
nuclear complex. Tracing studies revealed that neurons in the caudal part of the trigeminal
nucleus also project to other brainsteamd diencephalic structures such as the brainstem
reticular formation, the nucleus of the solitary tract, the superior salivatory nucleus, the
periaqueductal grey matter, the inferior colliculus, the parabrachiinthe hypothalamus
and the cerebellurfBernard et al., 1989; Guy et al., 2005; Malick et al., 2000; Mttliohn
and Tracey, 1987)

Perception of headache is a complex function of the cerebral cortex and involves

distind parts of the brain that process sensory discriminative, affesthgional and
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cognitive aspects of nociception. Clinical studieslizing modern imaging techniques
indicated that the activation of a cortical network involving the primary and secondary
somatosensory cortices, the insular cortex, the anterior cingulate cortex and the frontal cortex
is associated with nociceptive experier{Gauriau and Bernard, 2004; Hadjipavlou et al.,
2006; Noseda et al., 2010)

The transmission of trigeinal nociceptive information to second order neurons is
controlled by the inhibitory pathway descending from the periaqueductal gray matter and
from the rostral ventromedial medulla. The periaqueductal grey matter located around the
Sylvius aqueduct in & mesencephalon is the key structure in descending pain modulation
with its powerful inhibitory properties on pain perception. Inputs from higher cerebral cortical
structures, hypothalamus and amygdala converge on the periaqueductal grey matter and the
rodral ventromedial medulla to exegainsuppressive effect in the trigeminal nucleus
(Aimone and Gebhart, 1988; Gebhart, 2004; Lakos and Basbaum, 1988; Yaksh, 1985)

Chemosensitive primary sensory neurons in the trigeminal system

Chemosensitive primary sensory neurons represent a unique population of trigeminal
ganglion neurons. Theyrea small or mediursized pseudounipolar neurons with thinly
my e | i n oot uhdyelihaied Gibers( Jancs - and Kir8ly, They9o81; J
express different members of the transient recemitential (TRP) receptor famiBenemei
et al., 2015, J anc s - and Kir§gly, 1981; Janc.sTRP et al
receptors are nonselective cation chanigélgius, 2013) In general, TRP channels act as
molecular sensors of multiple stimuli; changes in pH, chemical agents, temperature and
osmolarity. The TRP ion channel family is composed of six subfamiliessified as
canonical (TRPC), vanilloid (TRPV), ankyrin (TRPA), melastatin (TRPM), polycystin
(TRPP), and mucolipin (TRPML(Nilius and Owsianik, 2011; Wu et al., 201The ability to
respond to different stimulhas focused attention on the TRP channels in many different
physiological and pathophysiological processes.

Functions of the transient receptor potential vanilloid 1 (TRPV1)receptor

The transient receptor potential vanilloid 1 (TRPV1) channel ibésécharactesed
TRP channel to date. The functional channel is a tetramer formed by four subunits. A receptor
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subunite has six transmembrane domains with a short gorening hydrophobic loop
localized between the fifth and sixth transmembrane segmientbe peripheral nervous
system TRPV1 is preferentially expressed in small to medium sized nociceptor neurons of the

trigeminal and dorsal root gangligduang et al., 2012; Hwang et al., 2005)

The receptor has been identified in peripheral terminals of nociceptors innervating the
skin (Tsukagoshi et al., 2006neningeal tissufOux et al., 2003)urinary bladder(Liu et al.,
2014) respiratory tractDe Logu et al., 2016; Zhao et al., 2016pchlea(Vass et al., 2004)
and theheart(Freichel et al., 2017Presence of TRPV1 receptors on structures ot¢inéral
nerwus system such as hypothalamus, hippocampus and substantia nigra has been also
documentedCristino etal., 2006) Expression of the receptor is not restricted to neuronal
tissues; nomeuronal tissues expressing TRPV1 are vascular smooth n{&uoid et al.,
2015) keratinocytes of the epiderm{€aterina and Pang, 2016)rothelium and smooth
muscle ofthe urinarybladder(Lazzeri et al., 2004)polymorphonuclear granulocytésk ° s e
and Naz ér anf hagrophagédlin@dmiya et al., 2017)

The TRPV1 receptor can be activated by high temperaturdA) , acidic pH,
wide range of both exogenous and endogenous compounds. Its main exogenous ligand is
capsicin (@-methytN-vanillyl-6-nonenamidg agent in red pepperAnother naturally
occuring agonist of the receptor is resiniferatoxin, a diterpene related to phorbol esters
(Szallasi and Blumberg, 198%Resiniferatoxirshares a vanillyl group with capsaicin andsit
a particularly strong irritant that was isolated from the latexhefMoroccan cactudike
plantEuphorbia resiniferd Appendino and Szallasi, 1997; Hergenhahn et al., 198dgrine
and zingerone, two pungent tasting compounds foundblatk pepper and ginger,
respectively, have also been shown to activate TRPV1 recegtaus and Simon,

1996) Reactive oxygen species may modulate TRPV1 function by modifying different
cysteine residues participating in disulfide bo(fsylor-Clark, 2016)

Different metabolites of membrane lipids have been recentirackersed as
endogenous activators of the TRPV1 recegirMarzo et al., 2002)Eicosanoids that are
products of lipoxygenase and endovanilloids acting also as endocannabinoids activate TRPV1
channelgZygmunt et al., 1999Arachidonylethanolamide (anandamide) is probably the most
widely studied endogenous ligand that acts on batinabinoid (CB) an@RPV1 receptors.
Anandamide and Jfdrachidonoyldopamine (NADA) have been previously idiéed in

dorsal root ganglion neurenas potential endogenous activators of TRPV1 under
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physiological or pathophysiological conditio@@®inis et al., 2004, Khasabova et al., 2013;
van der Stelt et al., 2005)

Similar to manyother channeproteirs, TRPV1 contains multiple phosphorylation
sites in its amino acidequence for protein kinase C (PK@jave et al., 2003; Premkumar et
al., 2004) protein kinase A (PKA)De Petrocellis et al., 2001; Rathee et a002) and
Cd"*/calmodulindependent protein kinase Il (CaMK(hang et al., 2011)The presence of
multiple phosporylation sites in TRPV1 implies possibilegulatory actions by these kinases.
Activation or sensitization of TRPV1 can be achieved by inflammatory agents such as
bradykinin, serotonin, histamine, or prostaglandins, which stimulate TRPV1 either by protein
kinase Cdependent pathway§Premkumar and Ahern, 2000; Vellani et al., 200ky
releasing the channel from phosphatidylinositotdigphosphatéPIP2)}dependeninhibition
(Prescott and Julius, 2003)y a protein kinase-#nediated recovery from inactivatigBhave
et al., 2003pr by formation of 1zhydroperoxyeicosatetraenoic a¢thin et al., 2002)

Capsaicin produces burning pain in humans when brought into contact with the skin or
mucosa, but its topical application to the skin has been fousfdlus the treatment of some
pain stategNagy et al., 2004; Sawynok, 2003; Szallasi and Blumberg, 1#®erimental
evidence has been presented that capsaicin causes persistent functional desensitization of
polymodal primary nociceptors aftezpeated or prolonged applicati@@arpenter and Lynn,
1981; J a n c s. Thisedsensitization was 8uggegted to occur due to functional and
morphological alterations of sensory neur¢gnd a nc s - et al ., 1977, 198
1991; Mohapatra and Nau, 2008zallasi and Blumberg, 1992PIP2 is a quantitatively
minor membrane phospholipid that is a positive cofactor for TRPV1, acting via direct
interaction with the receptor. Depletion of PIP2 by calcinduced activation of
phospholipase C limits TRPV1 adgty leading to capsaicinduced desensitization of the
channel.

Calcium influx via TRPV1 activation may trigger thegkneration of chemosensitive
neurons.thatleads to desensitization of the channel protein complex itself and, in extreme
cases, to thelegeneration of TRP\&xpressing sensory neurons due to calcium overload
resulting inlysosomal breakdown and activation of protease¥ a nc s - et al ., 1
Kirg8ly et al., 1991; Olah et al., 2001)
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Function of the transient receptor potential ankyrin 1 (TRPAL1) receptor

TRPAL is the sole meneb of the TRPA subfamily in mammals. The TRPA1 channel
is characteged by multiple Nterminal ankyrin repeat#t. is expressed in a subset of TRPV1
receptor expressing chemosensitive primary sensory nei8aias et al., 2009)Recent
studies found evidence that TRPAL is involved in sensory neural responses to mustard oll
(allyl isothiocyanate), allicin, cinnamaldehyde and gingdidileto-Posadas et al., 2011)
Acrolein that is a component of tobacco smakel other inhaled environmental irritants are
known triggers of migraine headache attacks in susceptible indivilBedemei et al., 2014;
SivaN®t o et . Théy.may irdlrd alsp coughing, apnea andration through the
activation of chemosensitive nociceptoMoreover, TRPA1 may see as a sensor for
noxious cold temperatuf®an et al., 20170ther studies identified TRPA1 as a candidate for
the auditory hair cell transduction chanf€brey et al.2004) Recent observations indicate
that two gaseous signaling molecules produced also under physiological conditions in
different tissueshydrogen sulphide and nitric oxide may interact and generate nitroxyl, the
redox sibling of nitric oxide. Nitroxyhctivates the sensory chemoreceptor channel TRPA1
via formation of aminderminal disulphide bonds, which results in sustained calcium influx
and activation of the nociceptor. Similar to the TRPV1 receptor, reactive oxigen species
produced in oxidative stss may activate/sensitifee TRPAL receptor leading to disulphide
formation and altered kinetic of channel openibgx et al., 2016; Eberhardt et al., 2014)

Peptidergic population of trigeminal chemosensitive neurons

A significant population of TRPV1 and TRPA1l receptor expressing trigeminal
nociceptors are peptidergi®etrograde tracing experiments indicated that nearly 80 % of
dural afferents expressing TRPV1 receptalso exhibitectalcitonin genegelated peptide
(CGRP immunoreactivity(Shimizu et al., 2007)Meningeal nerve fibers immunoreactive for
calcitonin CGRP,substance PSP or neurokinine A NKA) areconsidered to be afferents of
the trigeminal sensory system. Few nerve fibers immunopositive for pituitary adenylate
cyclaseactivating polypeptid¢PACAP) were also found in rat dura mafedvinsson et al.,
2018;JanserDlesen and Hougaard Pedersen, 20A8hough PACAP can be fourasoin
parasympathetic nerve &8s innervating the dura matats colocalization with CGRP in
some nerve fiers indicats that at least some of those dib have sensory function

(Edvinsson et al., 2001The majorityof the CGRFPmmunoreactive fibers are distributed to
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branches of the anterior and middle meningeal arteries and to the superior sagittal and
transverse sinusegKeller and Marfurt, 1991; Msslinger et al., 1993) SRlike
immunoreactivity was found coexpressed with CGRP in a small proportion of thin
unmyelinated nerve fibers. However, the CGRitunoreactive nerve fibers outhnumber the
SRpositive ones.

Chemosensitive meningeal afferentsteamng neuropeptidggossess dual function.
Peptides contained in primary sensory neurons serve not only as transmitters at the central
synapses of nociceptive afferefitsdDu ggan et al ., 109 lawispn eHdl. .k f e | t
1993)but they also play a role in the mechanisms of the neurogenic inflammatory response of
the innervated tissue Fusco et al ., 2003; Jancs Besiges al .,
transmitting thenociceptive information to the central nervous system, stimulation of
nociceptive afferents leads also to neuropeptide release from their peripheral terminals. This
unique efferent function of nociceptors induces neurovascular reactions; neurogenic
vasodihtation induced by CGRP release, and neurogenic plasma extravasation mediated by
SP.

Different mediators originating from different sources have been shown to modulate
the release of sensory neuropeptides from peripheral endings of chemosensitive Reurons.
many of these mediators the presence of specific receptors on cell bodies or terminals of
sensory neurons has been documented. Histamine acting oecéptorsand serotoninb-
hydroxytryptamine(5HT) on 5HT;3 receptors are considered to excite sensmyves and
cause neuropeptide release dire¢byux et al., 2002; Fischer et al., 201Purinergic P2Y
receptors and P2X receptor channels activatecadsiosine triphosphate (ATPare also
expressed in trigeminal afferents, partly colocalized with TRPV1 recefitdnikawa and
Sugimoto, 2004; Ruan and Burnstock, 20@3perimental results indicate that ATP acting on
P2Y receptors ermces the protemduced CGRP release from the isolated rat dura mater
(Zimmermann et al., 2002)

A large variety of transmitters and mediators has been shown to negatively influence
the neuropeptide release from peripheral endings of primary sensory ndengnsctional
suppression of transmitter releasan be mediated by the -Grotein coupled 81Tip and 5
HT.r receptors localised on trigeminal nerveefib (Amrutkar et al., 2012; Buzzi and
Moskowitz, 1991) A wide variety of experimental results have shown th&iTs receptor

agonists inhildi the neurogenic inflammation in the dura mater encephalexgerimental
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animals. Clinical observations prove that thelg;1p receptor agonist(i t r i pusedin s 0
migraine therapy selectively suppress neurotransmission from meningeal sensorybeesve fi
(Burstein and Jakubowski, 2004; Macone and Perloff, 2017)

Stimulation of cannabinoid (CB) receptor 1 of chemosensitive neureasasing
intracellularcyclic adenosinenonophosphatecAMP) productionalso reduces the transmitter
release from nerve terminals. In the trigeminal system cannabinoid CB1 receptor
immunoreactive neurons were found mainly in the maxillary and mandibulaiods of the
trigeminal nerve(Price et al., 2003) Earlier observations indicate, that activation of
trigeminal CB1 receptors inhibited dural vasodilatation brought about by electrical
stimulation of the dura mat€Akerman et al., @Q04), and the release of CGRP induced by
thermal stimulation in amn vitro dura mater preparatio(Fischer and Messlinger, 2007)
Activation of CB1 receptors may have a patrticular role in the regulation of CGRP release
from TRPV1 expressing neurons, since both receptors can be activated by the same
endogenous lipid metabolites anandamide amkDA acting on both TRPV1 and CB1
receptorsalthoughwith different efficaciegPrice et al., 2004)

Possible role of the trigeminal nocisensor complex in meningeal nociception

The dements of the trigeminal nocisensor complex include the trigeminovascular
chemosensitive primary afferent neurons, the meningeal blood vessels and the dural mast cells
(Dux et al.,, 2012) The elements of this complex are both anatomically and functionally
interconnected and may be regarded as an important entity in pathdgdigsioprocesses of
meningeal nociception. Activation and sensitization of meningeal nociceptors by
inflammatory agents is an important peripheral mechanism in the initiation of a migraine
attack(Goadsby, 2007)Some of these agents may act on their specific receptors expressed on
nociceptors, whereas others may activate the TRPV1 and TRPAL ion channels leading to the
release of neuropeptides from nergeninals.Dural mast cells localized in the close vicinity
of blood vessels and also of afferent nerlrage high sensitivityor sensory neuropeptides.
CGRP and SPmay activate meningeal mast cells resulting in the release of mast cell
constituents and na@ators, such as histamine and the proteolytic enzyme, tryQtabason
and Erd°s, 1 9 7Besided.the dieettasadilatory effetloflhistamine, released
mast cell constituents may further activate meningeal chemosensitive nociceptors resulting in

additional neuropeptide release and central activation.
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Consequences dlfie activation of dural chemosensitive nocisessnay be regarded
as components of a positive feedback regulation, which may exaggerate the initial nociceptive
and vascular responses. Considering the decreased dural CGRP levels after prolonged
electrical stimulation of trigeminal afferen{s K n y-C4illig et al., 1998; Samsam et al.,
2001) it is possible that depletion of the peptide and the consequently supressed activation
level of the trigeminovascular nocisensor complex may be related tcefisation of head
pain. In addition, neurogenic sensory vasodilatatioay have also beneficial effects by
removing tissue metabolites inducing or aggravating headache affagkset al., 2003;

Marics et al., 2017a, 2017{ig. 1).

The significance of neurogeniglasma extravasation in migraine pathogenesis is
controversial(Williamson and Hargreaves, 20014lthough neurokininl (NK1) receptor
antagonists effectively inhibit plasma extravasation in experimentalads, clinical studies
suggested that a migraine attack can neither be alleviated nor prevented by neurokinin
receptor antagonists. Hence, neurogenic plasma extravasation was suggested to be of minor
significance as a pathogenetic factor of migrajpeener and RPR100893 Study Group,
2003) In cantrast, neurogenic sensory vasodilatation mediated by CGRP appears to play an
important role in the pathomechanism of migraiAéhough the findings are somewhat
controversial,ts release into the jugular blood has been demonstrated during migraike attac
in humangGoadsby et al., 1990; Messlinger, 2018; Ramachandran,.2018)
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Figure 1. The trigeminal nocisensor complekRPAL:transient receptor potential ankyrin TRPV1:transient
receptor potential vanilloid ,1SP/NKA: substance Meurokinine A CGRP: calcitonin geneelated peptide
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(Dux et al., 2012)

CGRP andthe CGRPreceptor
CGRP is a sensory neuropeptide consisting ofaBifino acids. It has two forms;

UCGRP and b CGRPvediviom ovo separate gehes rand differ by only three
amino acids in humar(®Vimalawansa et al., 1990)) CGR P i i nefvestiraughout the
central and periphial nervous system®laggi, 1995; Rosenfeld et al., 198B8)nervating the
vasculaturg(Dux et al., 2003; Keller and Marfurt, 1991; Messlinger et al., 20&hgreas
bCGRPis found mainly in the enteric nervous syst@ulderry et al., 1985)

CGRP is regarded as ooé the key mediators in both nociceptive transmission and
meningeal arterial vasodilatation that are critical pathophysiological components of

headaches. Current migraine therapies are based on reducing CGRP effects by either
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inhibiting its release from emingeal nociceptors (triptans acting on presynapttl s ip
receptors) or blocking the CGRP receptorgpoa pt i de CGRP receptor ant
(Karsan and Goadsby, 201#dministration of humanized monoclonal antibodies targeting
CGRP or its receptor appears also a promising neategy in the therapy of migrairiBigal
et al.,, 2015; Dux, M. and Messlinger, K., 201Bntibodies proved to be superior over
placebo in reducing the frequency of migraine days in frequent or chronrainggTheir
beneficial effect is a clear pwbof the principle that blocking the CGRP system is therapeutic
in migraine.

The CGRP receptor consists of a large peptide with seven transmembrane domains,
the calcitonin receptdike receptor (CLR) complemésd by a single transmembrane domain,
the receptor activitynodifying protein 1 (RAMP1). RAMP1 is responsible for the specific
binding of CGRP. The functional CGRP receptor complex contains also a third intracellular
protein, the receptor component protéRCP), which couples the receptor to the intracellular
signal pathway throughtiswulatory Gprotein and adenylyl cyclas€éEvans et al., 2000;
FI ¢ hmann et al ., 1995; Messlinger, 2018; Muf

CLR and RAMPL1 are present on smooth muscle of dural arterial blood vessels, as well
as on mononuclear and Schwann céllsnnerz et al., 2008)Also some thicker CGRP
negative Afibers of rodent and human dura may express CLR and RAMP1 receptor
components (Eftekhari et al.,, 2013) In the trigeminal ganglion CGRP receptor
immunoreactivity ha been found in neurons and satellite glial q@&fsekhari and Edvinsson,
2010; Lennerz et 312008)

CGRP is the currently known most potent vasodilator with a relatively-lastong
effect. Its potency is tenfold higher than that of the most potent prostaglg¢Bdams et al.,
1985) Several pathways are thought to be involved in C@Rfendent vasodilatation,
including endotheliundependent and endotheliimdependent pathway®rain and Grant,
2004) The most commonly observed pathway is the endothahdependent pathway.
CGRP binding to its receptors on smooth muscle activates adenylate cyclase to trigger CAMP
production. CGRRnduced vasodilatation in human intracranial arteries is mediated by cAMP
production(Edvinsson et al., 1998 he subsequent activation of protein kinase A may lead to
the phosphorylation and opening of ABEnsitive potassium channels, resulting in
hyperpolarisation and consequent relaxation of smooth muscleGhtisnclamide, the ATP

sensitive potassium channel blocker, effectively blocks the C@&Red vasorelaxation
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(Nelson et al., 1990)In experimental animalsincrease inthe diameter of dural arteries
induced by CGRP was blocked by ®ymic infusion of glibenclamid, althougim vitro
measurements could not confirm this findingGozalov et al., 2008) Other
potassiunthannels have also been suggested to be involved, such asdadyetance
calciumactivated potassiurchannels in pial arterigslong et al., 1996)

Although in endothelial cells of human cerebral arteriespifesence ofmessenger
RNA (mRNA) for all components of the CGRP receptor have been demonstrated, since
removal of the endothelium induced no functional difference in CaRRiced
vasorelaxation, the endothelial receptors might be less sensitive thanabth snuscle cell
receptors(JanserOlesen et a] 2003) Activation of endothelialCGRP receptors leads to
production of NO that diffuses into the smooth muscle cells and activates guanylate cyclase
leading tocyclic guanosin monophosphat®GMP) productionand vasorelaxatiofGray and
Marshall, 1992) CGRRinduced increase in meningeal blood flow was suppresed by
inhibition of erdothelial nitric oxide sgthase (Akerman et al., 2002)In experimerl
animals, vasodilatation evoked bieerical stimulation of the dura mater has been shown to
be mainly mediated by CGRP released from dural affenemves Systemic or topical
administration of NGsynthase inhibitors reduced the electrically evokedremsesin
meningeal blood flowfMesslinger et al., 200@Jig. 2).
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Figure 2. The CGRP receptoand its intracellular signaling RAMP1: receptor activitymodifying protein 1
CLR: calcitonin receptolike receptor RCP: receptor component proteirCGRP: calcitonin geneelated
peptide AC: adenylate cyclase&eAMP: cyclic adenosine monophospha#d P: adenosine triphosphat®KA:
protein kinase ACREB: cAMP response elemebinding protein CRE: cCAMP response elemeDNF: brain
derived neurotrophic factor GUs: Gprotein U subunit, AMPAR: Uamino-3-hydroxy-5-methyk4-
isoxazolepropionic acid receptddMDAR: N-methytD-aspartate receptoNOS: nitric oxide synthase, NO:

nitric oxide (Benarroch, 2011)

Adriamycin -induced neurotoxicity

Anthracyclines comprise an important class of chemotherapeutic agents used in the
treatment of various malignancig€arvalho et al., 2009; Kalyanaraman et al., 2002)
Adriamycin is one of the most commonly used antracycline derivative in both adult and
pediatric oncology(Fig. 3). Its antineplastic effect is based on various mechanisms.

Adriamycin inhibits botldeoxyribonucleic acidDNA) andribonucleic acidRNA) synthesis
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by intercalating DNA base pairs leading to breaks in the helical st{&ujs et al., 1974,
Kellogg et al., 1998; Meriwether and Bachur, 1972; Pigram et al., 18d@2pmycin also
inhibits DNA-dependent enzymes such as topoisosgetb(Pommier et al., 2010; Tewey et
al., 1984) Oxidative damage to DNA induced by free radicals have been identified as the
main citotoxic effect of adriamycin in differetytpes of lymphoma, in cases of bred§tilco-
Ferreto and Calaf, 201@nd lung cance(Farhane et al., 2017)ncrease in intracellular
calcium concentration via impaient of membraneand intracdllar transporters may be an
additional mechanism of antitumor effékteyes et al., 1987; Kohnoe et al., 1992)

Besides its beneficial effegtadriamycin may also have sergoside effects altering
cardiac functions.Electrocardiographic abnormalities are rdwserelated and reversibel
changes suppressed by ttegminaton of the adriamycin treatment. The dedependent,
usually irreversibelcongestive dilatative cardiomyopgt can be a fatal consequence of

adriamycin treatmer(Carvalho et al., 2014; Ferreira et al., 2008; Renu et al., 2018)

OH
Figure 3. The diemicalstructure ofadriamycin

Clinical observations and experimental results indicate that adriamycin exerts also a
neurotoxic effect. Primary sensory neurdBsgotte and Olsson, 1982; Kondo et al., 1987;
Minow and Gottlieb, 1975)motoneurongLiu et al., 1996; Yanmoto et al., 1984and
sympathetic efferent@leon et al., 200@an be affected. Recent studies demonstrated marked
structural, neurochemal and functional impairments of primary sensory neurons in animal
models of adriamycin toxicit{El-Agamy et al., 2017; Kosoket al., 2017) Neurotoxic
propensity of adriamycin manifests as deleterious actions on chemosensitive sensory neurons
which express transient receptor potential nociceptive ion chafBetss et al., 2016)
Recent observations in our laboratory indicated profadrthmycirinducedchanges in the
density of intraepidermal chemosensitive affer@rdrs, whereasthe distribution and density
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of subepidermal nerveblers were apparently ufiected (Boros et al., 2016 Adriamycin can
reach the sensory ganglion cells in different waysjaybe taken up directly from thadood
due to the high vascular permeability in the dorsal root gatiglesen et al., 1993)r it can

be transportedo the perikaryon byetrograde axonal transpdiBigotte and Olsson, 1982;
Kondo et al., 1987)Adriamycin is not able to pass the blemchin barrier buit may enter the
choroid plexus and the circumventriaubrgans from where axonal transport may deliver it
different areas in the central nervous sys{@®igotte and Olsson, 1984; Koda and Van der
Kooy, 1983)

Aims of the study

Recent investigations into the mechanisms of headaches indicate that CGRP plays a
central role in trigeminovasculaiunctions including both the afferent transmission of
nociceptive signals of meningeal origin and the initiation of vascular changes in the dura
mater. Activation by specific agonists of nociceptive ion channels TRPV1 and TRPA1l
expressed in CGREontainirg primary sensory neurons elicit meningeal vasodilatation.
Previous findings demonstrated that the TRPV1 recetivaion-induced meningeal
vasodilabry response is a sensitive functional marker of the integrity of meningeal afferent
nerves. Thereforethe aim of the present experiments was to examime possible
contribution of endogenous vanilloid compounds (endovanilloids) to meningeal TRPV1
receptommediated vascular reactions and CGRP release. Further, we also initiated experiments
to study the ra of CB1 receptor activation in reactions induced by topically applied
endogenous vanilloid/cannabinoid compounds, anandamide and NADA, which have been
previously identified in dorsal root ganglion neuroAsfurther aim of this study was to
explore the décts of adriamycin, a toxic anticancer agent on changes in meningeal blood
flow elicited by specific agonists of the TRPV1 and TRPA1 receptors. We also examined
changes in TRPV1 protein content of trigeminal ganglia, the expression and distribution of
the TRPV1 receptor, and the CGRP and vascular CGRP receptor components using
immunohistochemistry in the dura mater after systemic adriamycin treatment.
Since somatosensory and visceral chemosensitive nerves share many common characteristics,
functional alteations observed in the meningeal trigeminovascular system may provide useful
information on possible impairments in nociceptive functions of other organs following

metabolic, hormonal or toxic changes affecting the integrity of the whole organism.
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MATERIAL S AND METHODS

Experimental animals

The periments were approved by the Ethical Committee for Animal Care of the
University of Szeged. Study procedures were carried out in accordance with the Directive
2010/63/EU of the European Parliamehll. efforts were made to minimize the number of
animals used and their sufferingnimals were raised and maintained under standard
laboratory conditions.

Control, capsaicitesensitized and adriamydireated adult male Wistar rats
weighing 270350 g were used. The nier of animals in different experimental groups was
between 617. Capsaicin desensitization of animals was induced by subcutaneous injections
of capsaicin on three consecutive days at increasing doses of 10, 20 and 100 mg/kg
(Ferdinandy et al., 1997PDne group of animals received a cumulative dose of 15 mg/kg of
adriamycin (Doxorubicin, Pharmacia Italia, Italy) by intravenous injection of 2.5 mg/kg of the
drugthree times a week for 2 weeldsatona et al., 2004; Tong et al., 199Rats given the
solvent for capsaicirf6% ethanol and 8% Tween 80 in saline) or vehicle for adriamycin
(saline) served as controls, respectivély.experiments were performed 22 days after the

termination of the treatment of the animals.

In vivo measurement of meningeal blood flow

Rats wereanaesthetized with an initial dose of thiopental sodium-(ZDmg/kg, i.p.
Thiopental, Biochemie GmbH, Austria or Insera Arzneimittel GmbH, Germany). Additional
doses of thiopental sodium (25 mg/kg i.p.) were administered throughout the experiment to
avoid changesin systemic blood pressure or nociceptive reactions to noxious stimuli.
Systemic blood pressure was recorded with a pressure transducer via a cannula inserted into
the femoral arteryThe body temperature of the animals was monitored witlenibprobe
inserted into the rectum and was held &@®7 . 5 AC wi t hTheaanimasavere ng p a
tracheotomized and breathed spontaneo®x & al., 2003; Kurosawa et al., 1995)

A cranial window for the measurement of dural blood flow was prepared according to
Kurosawa(Kurosawa et al., 1995 he hed of the animal was fixed in a stereotaxic frame,
the scalp was incised in the midline and the parietal bone was exposed on one side. A cranial

window measuring 4 x 6 mm was drilled into the parietal bone to expose the underlying dura
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mater and to allow ehtification of the branches of the middle meningeal artény. 4). To

avoid thermal lesions, the bone was cooled with saline. The cranial window was carefully
filled with a modified synthetic interstitial fluidS{F) containingin mM): 135 NacCl, 5 KCI1

MgCl,, 5 CaC}, 10 glucose and 10 Hepes, pH = {L.dvy and Strassmag002; Strassman et

al., 1996) Dural blood flow was measured with the nedgifee probes of a laser Doppler
flowmeter (Perimed, Sweden)he probes were placed over branches of the middle
meningeal artery lying distant from visible cortical blood vesgElg. 4) Under these
experimental conditionsthe flow signal recorded from the cortical bloaddssels is
minimized (Kurosawa et al., 1995Blood flow was recaled at a sampling rate of 1 Hz and

was expressed in perfusion units (PU). Meningeal blood flow, systemic blood pressure and
body temperature were recorded simultaneously. Data were stored and processed with the
Perisoft program (Perimed, Sweden). The meod flow measured during a 3 ofntin

period prior to drug application was regarded as the basal flow in different experiments.
Changes induced in blood flow by the application of drugs were expressed as percentage
changes relative to the basal flow fme N SE M) c a |-miwdpplitatod pefiod.r t he
The effects of TRPV:L CGRR and CB1 receptor antagonists on the endogenous vanilloid
induced blood flow changes were determined by comparing the changes in blood flow in
response to stimulation befoaed after the application of the respective antagonist(s).

At the end of the experiments, the animals were killed with an overdose of thiopental sodium
(250 mg/kg i.p.).

middle meningeal artery

Figure 4. Cranial windowpreparatiorfor blood flowmeasuremerih rat. LDF: lase Doppler flow probe
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Topical epidural application of drugs
Effects of endovanilloidson meningealblood flow: the role oichemosensitive afferents

Stock solutions of capsaicin, capsazepine, anandamide, NADA and the CB1 receptor
antagonist AM 251 were preqal. Capsaicin (32 mM) and capsazepine (1 mM) were
dissolved in saline containing 6% ethanol and 8% Tween 80. Stock solutions of anandamide
(14 mM), NADA (11 mM) and AM 251 (10 mM) were prepared with ethanol. Before the
experiment drugs were further dildtevith SIF to their final concentratio®ubstances were
applied topically onto the exposed dura mate

The blood flow increasing effect of capsaicin (100 nM) placetb the exposed
surface of the dura matewas measured, then anandamile NADA were applied at
i ncreasing concentrations (anandamide 100 nl
and 1 OM) . To minimize the desensitizing ef
series of experiments drugs were applied for 3 min.

To deermine the contribution of TRPV1 receptor and the role of CGRP release in the
endovanilloidinduced changes in meningeal blood flow, the TRR¥&eptor antagonist
capsazepi ne ( 1 OeceptdantaganistCBRE( CGRP OM) were appl
min prior to NADA (100 nM). Meningeal blood flow changes induced by the topical
applications of capsaicin (100 nM) and NADA (100 nM) were determined in capsaicin
desensitized animals too. After completion of the measurement of the vamtloiced blood
fowchanges, bl ood flow increasing effect of
control and capsaicidesensitized rats.

To study the role of CB1 receptor activation on endovaniilediiced meningeal
vasodil atati on, anandami efore aadtafted the afpMationao§ a d m
CBl receptor antagonist AM 251 (100 OM) for
effect of anandamide (10 OM) was anh€@rPur ed
receptors with pretreatment of the dura mater with A251 (100 GMYX100and CC
oM) .

Effects of adriamycinon meningealblood flow responses
A stock solution of capsaicin (32 mM) was prepared with the aid of 6 % ethanol and 8
% Tween 80 in saline and was further diluted with SIF. Stock solution skdim (10 mM)

was prepared witlethanol. Acrolein, CGRP, histamine aadetylcholinewere dissolved in
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SIF and diluted immediately before use.

To study the effect ohdriamycintreatment on meningeal vascular responses, the dura
mater was stimulated witrepeated applications of capsaicin (100 n&l}¢ r ol ei n (300
and CGRP (10 OM) theomashoB8t periods betwdn conseaytive drug
applications the blood flowecovered to basal valueshe effects of single histamine (10
OM), acet Yl Nl iamned (f loOrapplications were (alscOtestédMn control
and adriamycirtreated animals.

All drugs used inn vivo blood flow measurements but anandamide, NADA and AM
251 (Tocris Bioscience, United Kingdom) were purchased from S#jarich Chemie
Gmbh, Hungary.

Measurement of CGRP release iex vivo preparations

The release of CGRP from dural afferents was measured by the metboerstberger
(Ebersberger et al., 1999Fontrd and adriamycirtreatedrats were deeply anesthetized with
thiopental sodium(150-200 mg/kg i.p.) and decapitated. After removal of the skin and
muscles, the skull was divided into halves along the midline and the cerebral hemispheres
were removed withoubuching the dura mater encephali. The skull preparations were washed
with carbogergassed SIF at room temperature for 30 min and then mounted in a humid
chamber Tahe 3c¢7r aAnG.a l fossae were filled with
superfusate were collected at periods of 5 min by carefully removing the content of the skull
halves with a pipette.

Control samples were taken to determine basal CGRP releaseménexperiments
the second sample was collected after incubation in the presence of NADA at 100 nM and the

third sample after capsaicin at 100 nM. In another series of experiments the effect of CB1

receptor antagonist pretreatment was studied on the anateld 1 0 OM) i nduced
rel ease,; in these preparations after measuri
was applied twice for 5 min. CB1l receptor an

the second anandamide application.

In other expaments CGRP releasing effect of repeated applications of capsaicin at
100 nM or acrolein at 300 &M weaed smitmnalsdi ed i
Capsaicin and acrolein were applied three times separated by washout periods with SIF.

CGRP releasingffect of KCI (60 mM) application was also measured and compared to basal
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CGRP release. 108) of samples diluted with 25| of enzymelinked immunoassay (EIA)

buffer were placed into Eppendorf cups and immediately frozerOdlC for later analysis.

The CGRP contents of the samples were measwiddan EIA kit (Bertin Pharma, SPlbio,
France).The absorbance of the reaction product representing the CGRP content of the sample
was determined photometrically, using a microplate reader (DYNEX MFSA). TheCGRP
concentrations of the superfusates were expressed in @dienminimum detection limit of

the assay was 2 pg/ml CGRFhanges induced in CGRP release by capsaicin, endovanilloids,
acrolein and KCI were expressed as percentage changes relativdasdheslease. Changes

in anandamidéenduced CGRP release were compared before and after CBlantagonist

pretreatment.

Measurement ofthe TRPV1 protein content in the trigeminal ganglion

Control and adriamychireated animals were deeply anesthetized whilbpental
sodium(200 mg/kg, i.p.). The animals were decapitated, the skin and muscles were removed
and the skull was divided into halves along the midline. Trigeminal ganglia were cut out and
homogenized in phosphate buffered saline. The samples weed sternightat2 0 AC. Two
freezet haw cycles were performed before centrif
g. The supernatants were removed and frozen-7ad AC for subsequen
Concentration of TRPV1 protein in tissue samples wasrakened by EIA method (Aviva

Systems Biology, USA) and expressed in pg/mg tissue.

Immunohistochemistry

Control and adriamychHireated rats not used far vivo blood flow recordings oex
vivo CGRP release experiments previouslgre anesthetized deephth thiopental sodium
(200 mgl/kg, i.p.) and perfused transcardially with physiological saline followed by 4%
paraformaldehyde in phosphate buffer (pH 7.4). The skin and muscles of the skull were
removed and the skull was divided into halves along thetalaguture. After removing the
brain, samples of the dura mater containing branches of the middle meningeal artery were cut
out, postfixed for 2 h in the same fixative and processed for staining with the indirect
immunofluorescence technique using a mapblyclonal antiserum raised against the TRPV1
receptor (1:500, Alomone Laboratories, Israel) in combination with a monoclonal mouse anti
CGRP antibody (1:500, Sigmdrich, Germany). IgGs labeled with Cy3 and DyLight 488
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were used as secondary antilesd{both 1:500, Jackson Immunoresearch Laboratories, USA).
CGRP receptor components RCP and RAMP1 were visualized using mouse antiserum against
RCP in combination with goat arRAMP1 (both 1:50,Santa Cruz Biotechnology, USA)
primary and corresponding sewary antibodies labeled with Alexa 555 and Alexa 488 (both
1:500, Molecular Probes, USA). Whole mount preparations of the dura mater were examined
under a confocal fluorescence microscope (ZEISS LSM 700, Germany).

Statistical analysis of the data

Allval ues were expressed as means N SEM. {
performed using Statistica 12 or 13 (StatSoft, Tulsa, UBA3all groups normality was tested
by the ShapiraVi | k t est . According to theestdrthet ri but
Wilcoxon test was usedNOVA with repeated measements and Fisher's least significant
difference test were used to analyze the consecutive measurements of CGRP levels and blood
flow increases induced by repeated applications of capsaicin, acrotei@@RP.One-way
ANOVA followed by the Bonferroni test was useat fthe statistical analysis of blood flow
increasing effect of endovanilloid#\ probability level of p < 0.05 was regarded as

statistically significant.
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RESULTS

Effects of endovanilloids on the trigeminovascular system
Endovanilloid-induced changes in meningeal blood flow
In line with previous findinggDux et al., 2003)topical application of capsaicin at
concentration 0fl00 nM produced significant increase in meningealbod flow. In control
animals theblood flow increasing effect of capsaiqib00 nM) amountedtd 6 . 4 N 3. 4 %
= 7). Topical application of NADA significantly and doskependently increased meningeal
bl ood flow which amount2etd Nt o4.77. 4 N n2 =% 1(1n =
of 10 and 100 nM, respectively. However, NADA appliedaatoncentration ol O M
decreased meningeal blewod flow by 7.7 N 4.3
In contrast, the other endovanilloid anandamide tested innouivo experimenth

model induced only slight changes in meningeal blood flow. At concentrations of 100 nM and

1 OM anandamide increased blood flow by 3.
respectively, whereas at the highebkodflawzo nc ent
by 2.1 N 0.8 % (n = 10).

In accord with previous observatignsystemic capsaicin desensitization of
experimental animals completely abolished the blood flow increasing effect of capsaicin at
concentration ofLl00 nM. Application of capsaiciat 100 nM onto the exposed dura mater
failed to influence meningeal blood flow; it w&9 . 8 N 1 % o f the basa
Correspondingly, the increase in meningeal blood flow induced by NADA (10 nM) was also
reduced to 0.9 N low@ =) iodapsdicnelesdnsitizea bnimiig (o o d  f
5).

To obtain pharmacological evidence for the involvement of TRPV1 receptor activation
and consequent CGRP release in endovanill@dced meningeal vasodilatation, the specific
antagonist othe TRPV1lr ecept or capsazepine (10 OM) or
CGRR3; (100 OM) w eopically priprptd NADA (100 nM). Application of
capsazepine and CGRRfailed to influence basal blood flow, but significantly inhibited the
vasodilatory effecof NADA (Fig. 5). Following the administration of capsazepine the blood
flow increasing effect of NADA (100 nM) was
of the dura mater with the CGRP receptor antagonist G@iapplication of NADA slightly
decr eased meni ngeal bl ood flow by 4.82 N 1.42
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Figure 5. Effect of systemic capsaicin desensitization and preapplication of capsazepine qf:e@RP

NADA-induced changes in meningeal blood flow. *: statistically different from the corresgochtrol

values.

Application of the CB1 receptor antagonist AM 25Jaatoncentration of 0 0 da&l M
noti nfl uence basal meni ngeal bl ood fIl ow. Al t
meni ngeal bl ood fl ow i n cont riddanincaetss byBly 2. 1

N 0 .fdlowktg the administration of AM 25{n = 10,Fig. 6A). This vasodilatory effect of

anandamide was abolished by additional blgekaf CGRP receptors with CGRP (100

eM. Anandamide (10 ¢ M) gkagdof GBd and CGR® receptaranu | t a

reduced meningeal bl opFig.6B)l ow by 1.1 N 1.8 %
Systemic blood pressure of control and capsaleisensitized animals was in the same

range (110 N 22.4 and 97 N 17. 3 renfthdgnimals espec

was not influenced by topical applications of endovanilloids or capsaicin. Desensitization of

the animals with capsaicin did not influence vasodilator capacity of blood vessels, since

topical application of histamine resulted in similacreases in meningeal blood flow in

contr ol and desensitized rat s, it was 22.3 N
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Figure 6. Original recording (A) and statistical evaluation (BYtdod flowchanges induced by anandamide (10
OM) fbee and after the application of AM((2DD OM0o O6M)

statistically different from the effect of anandamide after AM 251 pretreatment.

CGRP releasing effect of endovanilloids measurecaimex vivo dura mater pregation

NS

In control dura mater preparatigisa s a | rel ease of CGRP was
at 100 nM produced a marked increase in the release of ®@BRR amounted 0 140. 3 K
16.2 % of the basal release (n = Elg. 7A). In this series of experiments tloapsaicia
induced CGRP release measured follonengh al | enge wi th NADA was 3
the basal value (n = 11). Under these experimental conditions, applsaaitioapsaicin \ere
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used to control the functional integrity of the dura mater prepasat

I n the other series of expethereleasadf GGRPanand
to 122.2 N 9.6 % (n = 10). After blocking
i ncrease of 170.4 N 23.7 % (n = 1{nduwcedvas me
neuropeptide release measured after blocking the CB1 receptors were significantly different
both from the baseline release and the anandaimileed CGRP releasEig. 7B).
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_ 300
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3 T
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O
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Figure 7. CGRP concentrations released by meningeal afferents after stonudth NADA (100 nM) and
capsaicin (100 nM) applications (A) and after anandan
(100 OM) treatment (B). *: statistically different fr

from the CGRP releasing effect of anandamide.
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Effects of adriamycin treatment on TRPV1 and TRPAL receptor function in the dura
mater
Effect of adriamycintreatment on TRPV1 and TRPAL receptorediated vasodilatation

The basal blood flow values measured in mgeal arteries were in the same range in

control and adriamycHreated animals. It was between ZJID PU in different experiments.

In control animals topical application of capsaicirmatoncentration 0100 nM significantly

increased meningeal blootbiv by2 8. 6 N 7. 9 % (imduced in@eases iCap s a i
meningeal blood flow were reproducible, the second and third applications of capsaicin
separated by washout periods increased bl ood
(n = 8). In admmycintreated rats, the blood flow increasing effect of the same capsaicin
concentration was attenuated during the fir
completely abolishedpont he further applicationBg8AR.6 N 1

Topi cal application of acrolein at 300 OM
I n control ani mals three consecutive applice:
2.4, 13.3 N 3respectaveiyh = 8)..Aérolefind2icediféeases in blood flow
were significantly reduced in adriamyeireated animalsn response tdhree consecutive
applicationsand amountedtd . 1 N 1. 1, 2. 6 , iKspdctiv@yna a4dFigl . 4 N
8B).

The \asodilatory effec of repeated applicatienof CGRP wre also reduced in
adriamycintreated animals, but in this case no tendency of further reduction could be
observed upon repeated stimulations. | ncr e
amountedt 0. 3 N 5.3, 21.8 N 3.68ntandl 2d4nd &. §. )
and 8.6 N,Hg.8®)% adriamysintrdated animals.



Figure 8. Effect of repeated applications of capsaicin (100 nM, a2 r ol e i n
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In control and adriamycHreated animalsmsignificant differencein the meningeal

blood flow increasing effecsf si ngl e t opi cal applications o
22.3 N 4.6 %, n = 16), acetylcholine (15.8 &
(22 N 8, n = 10 vs. 22.9FB§99.8 %, n = 10) <co

~

Systemic blood presseirof adriamycit r eat ed ani mals (84 N 10
|l ess than values measured in control (98 N

dura matedid notinfluence systemic blood pressure.
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Figure 9. Effects of dural applications of histmi ne ( 1 0lc ®BM) i nac el 90 OM) and for sk

meningeal blood flow. *: statistically different from the basal flow.

Effect of adriamycintreatment onthe release of£GRP from meningeal afferents induced
by the activation of TRPV1 or TRPAreceptors and depolarization

A slight but not significant difference ithe basal release of CGRP was measured
betweerex vivodura mater preparations of control and adriamy@ated animals. It was 13
N 2.7 pg/ml in cont rrianycindreathd rat®(p N0.054nTontpoly / ml |
rats three consecutive applications of capsa{@&i®0 nM) induced significant increases time
release CGRP (294.2 N 51.6, 229.5=7 InTdtrag,immnd 2F
adriamycintreated animal thefirst capsaicin application produced a significant increase in

CGRP release that was even higher tharré¢lsponse to thérst application ofcapsaicin in
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control rats. Inadriamycih r eat ed ani mal s; it was b56s£.1 N 7
Furtheradministrations otapsaicin failed to augment the basal relgts® second and third
applications amountedtbl1 7. 1 N 19. 9 @&igdoA0. 1 N 12.5 %

In control ratsTRPA1 receptor activation by acrol
releaseda 277.2 N 25.9, 361.9 N 50.6 and 385.6 N
consecutive applications. In adriamytmeated animalghe CGRRreleasing effect of the first
acrolein application was comparable to teaenin control animals (2739 N 56. 2 % o f
basal release, n = 6), bthe second and third administrations of acrolein induced only
moderate increases in CGRP release (162.5 K
respectivelyFig.10B). KCI at 60 mM depolarised meningeal ex#nts that increased CGRP
releasdn both control anddriamycint r eat ed ani mals to 141.2 N 2
% (n = 9), respectively. The difference between control and adriartrgeited groups was

statistically not significant (p = 0.241).
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Figure 10. Capsaicia (100 nM, A) and acrolei( 300 OM, B) induced release of CG
afferents. *: statistically different from the basal release, #: statistically different from the control.
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Effect of adriamycintreatment on TRPV1 proteinxg@ression in the trigeminal ganglion

TRPV1 protein content of trigeminal ganglia obtained from controlaatsunted to
6.25 N 2.7 pg/ mgtreatmentreddcéd)TRP\thrdenti a mg c Nn0. 5 pg/
= 11), although this difference did not reathtistical significance (p = 0.147).

TRPV1, CGRR and CGRP receptor componentimunoreactivity in the dura mater after
adriamycintreatment

In whole mount preparationBRPV1- and CGRFAmmunoreactive nerve fdos were
distributed over the whole parietdura mater. TRP\:land CGRHFmmunoreactive nerve
fibers were observed iboth nerve bundles running parallel with branches of the middle
meningeal artery and as single axons in regions digtam larger blood vessels. CGRP and
TRPV1 were colocalized in ost of these nerve féns. No obvious difference in the density
and distribution of TRPV-Land CGRPAmmunoreactive afferents was seen in dura mater
preparations of control and adriamy¢reated animalsHg.11).
In dura mater preparations of control anisnthe CGRP receptor component proteins RCP
and RAMP1 were present in the wall of meningeal arteries and veins. In dura samples of
adriamycintreated animals RAMRImmunoreactivity was identifed, but no RCP

immunoreactive structures could be observedenihll of meningeal blood vesselRd.12).

CGRP-ir CGRP-ir

C€GRP-ir

Figure 11. Photomicrographs showing the distribution of TRPYfd CGRHmmunoreactivity in the dura
mater of control (A, B, C) and adriamyeireated (D, E, F) rats. Scale bhar- applies foall photomicrgraphs.
MMA: branch of the middle meningeal artery.
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Figure 12. Photomicrographs showing the distribution of CGRP receptor component &EZPRAMPL
immunoreactivity in the dura mater of control (A) and adriamymated (B) rats. Scale bar B appliesalso for

A. MMA: branch of the middle meningeal artery, V: venous vessel.



