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Preface
The main objective of this thesis was to examine the involvement of the centrally projecting
Edinger-Westphal nucleus in migraine pathogenesis. First, we examined the anatomical
evidence to support our hypothesis, moreover, we initially utilized a nitroglycerin-induced
migraine mouse model. However, when we examined the acute neuronal activation of this brain
area, both nitroglycerin and vehicle (containing alcohol) treatment resulted in a strong
activation of the neurons. Therefore, considering the high sensitivity of Edinger-Westphal
nucleus to alcohol and taking into account that the vehicle of all commercially available
nitroglicerin preparations contains alcohol, we decided to investigate this brain area in an
alternative mouse model of migraine (calcitonin gene-related peptide model). Additionally,
based on our unexpected results in nitroglicerin-induced migraine model, our focus turned to
the role of this brain area in alcohol consumption. The thesis shows the first step of this study:
the examination of the Edinger-Westphal nucleus in a mouse model of acute alcohol exposure.
In our ongoing project we are managing a free-choice chronic alcohol consumption model, to

shed light on the possible role of this brain area in alcohol addiction.



1. Introduction and literature background

1.1. Edinger-Westphal nucleus

The midbrain's Edinger-Westphal nucleus (EW) comprises two distinct cell populations
(Kozicz et al., 2011). One group, the preganglionic (cholinergic) division (EWpg), is part of the
oculomotor complex and supplies cholinergic parasympathetic preganglionic fibers to the
ciliary ganglion, regulating pupil constriction and lens accommodation. The other subdivision,
known as centrally projecting Edinger-Westphal nucleus (EWcp), is peptidergic and expresses
various neuropeptides including urocortin 1 (UCN1); cocaine and amphetamine-regulated
transcript (CART) and cholecystokinin (CCK) among others. Intermingled with the peptidergic
cells, some glutamatergic, choline acetyltransferase (CHAT) immunoreactive and tyrosine
hydroxylase (TH)-containing neurons were also identified (Kozicz et al., 2003; Zuniga &
Ryabinin, 2020; Li & Ryabinin, 2022; Priest et al., 2023) (Figure 1.). The EWc¢p sends multiple

projections to a number of regions through the brain (Figure 2.).

CHAT @ SubstanceP ® TH © Ucnl @ CART @ CCK @ Glutamate

Figure 1. Illustration of the neuropeptides and neurotransmitters known to be expressed
in the Edinger-Westphal nucleus (EW). The centrally projecting EW nucleus (EWcp) sits
between choline acetyltransferase (CHAT)-expressing cells of the motor nucleus of oculomotor
nerve (IIT). EWcp neurons can be distinguished from the preganglionic EW (EWpg) neurons
based on their lack of CHAT expression. The few CHAT-positive neurons within the EWcp
most likely represent the EWpg. TH: tyrosine hydroxylase; Ucnl: urocortin 1; CART: cocaine
and amphetamine-regulated transcript; CCK: cholecystokinin (Zuniga & Ryabinin, 2020).
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Figure 2. Schematic of central projections arising from the centrally projecting EW
nucleus (EWcp). Efferents originating in the EWcp project to a number of regions through the
brain. These regions receive specific neuropeptidergic and neurotransmitter inputs from the
EWcp. Filled circles denote peptides and neurotransmitters known to be released in that area
from the EWc¢p. Orange circles: urocortin 1 (UCN1); purple circles: cocaine and amphetamine-
regulated transcript (CART); blue circles: substance P; red circles cholecystokinin (CCK);
green circles: glutamate; ACC: anterior cingulate cortex; BNST: bed nucleus of the stria
terminalis; CeA: central nucleus of the amygdala; DRN: dorsal raphe nucleus; IH: lateral
hypothalamus; IS: lateral septum; mPFC: medial prefrontal cortex; POA: preoptic area; PVT:
paraventricular nucleus of the thalamus; SC: spinal cord; STN: spinal trigeminal nucleus; VTA:
ventral tegmental area (Modified based on Zuniga & Ryabinin 2020).

UCNI1 is a member of the corticotropin-releasing hormone (CRH) family, which is primarily
found in the EWcp (Vaughan et al., 2007). UCNI binds to both CRH receptors (CRHI1R and
CRH2R), with a higher affinity for CRH2R over CRH itself (Bale et al., 2002; And & Biol,
2002; Kozicz et al., 2007; Im et al., 2015). UCNI1 plays a role in the stress response, reward,
appetite control, thermoregulation, and affect the mood status (Fekete et al., 2007; Kormos &
Gaszner, 2013; Zuniga & Ryabinin, 2020). CART is a neuropeptide that is known to be involved
in energy metabolism (Kristensen et al., 1998.; Elias et al., 2001; Lau et al., 2018) and regulation
of feeding, drug reward and addictive behaviors (Vicentic & Jones, 2007; Ong & McNally,
2020; Zuniga & Ryabinin, 2020). Interestingly, UCN1 immunoreactive neurons in the EWcp
show a full co-localization with CART. Moreover, our research group previously showed that
the EWcp/UCNI positive neurons are the primary site of expression of the transient receptor
potential cation channel subfamily A member 1 (TRPA1) ion channel in the brain (Figure 3.).

TRPAL is a non-selective cation channel which upon activation leads to calcium influx. The
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increased intracellular calcium may lead to several types of cellular responses (Julius et al.,
2013; Kadkova et al., 2017; Talavera et al., 2020). TRPAL1 is expressed primarily in the
peripheral nervous system and plays a crucial role in several physiological and
pathophysiological processes including nociception and inflammatory responses, however its

role in the central nervous system (CNS) is less clear yet.

25um DAPI UCN1 IHC Overlay

Figure 3. Representative images of transient receptor potential ankyrin 1 (7rpal) mRNA-
expressing urocortinergic cells of mouse Edinger-Westphal nucleus. 7rpal mRNA (red, B)
was visualized by RNAscope in situ (ISH) hybridization. Urocortin 1 (UCN1) peptide (white,
C) was detected by immunofluorescence. For nuclei, the sections were counterstained with 4',6-
diamidino-2-phenylindole (DAPI) (blue, A). Note the co-localization of Trpal mRNA and
UCNI peptide (D) (Kormos et al., 2022).



1.2. Migraine

Migraine is a neurovascular disorder (Jiang et al., 2019) of primary neuronal dysfunction
(Kikkeri & Nagalli, 2022). Migraine is typically manifested as a recurring episode of headache
associated with other symptoms of neurological dysfunction in varying admixtures (Goadsby
et al., 2018). Episodes of migraine attacks can last for hours up to days and include multiple
symptoms such as pulsating headache, nausea, vomiting, photophobia and phonophobia (Wood
& Welch, 1993). About one-third of migraineurs experience transient neurological deficits
during their attacks, known as migraine aura (Benemei & Dussor, 2019). Before puberty, males
are more likely to experience migraine than females. However, when puberty sets in, migraine
turns more common in females, and by the late teens, the prevalence of migraine in females is
roughly twice that of males. In both sexes, migraine prevalence peaks between the ages of 25
and 55, which are considered to be the most productive years of adulthood (Lipton & Bigal,
2005). Collectively, migraine affects an estimated one billion individuals globally (Ashina et
al., 2021), accounting for more disability than all other neurological diseases combined (Vos et
al., 2017). While not a life-threatening condition, migraine is an important cause of disability
(Stovner et al., 2018) and one of the most common complaints in neurological day-to-day

practice (Cutrer & Swanson, 2022).

1.2.1. Neuroanatomy of migraine

Several theories have been proposed to explain the underlying pathomechanism of migraine
including the cortical spreading depression (CSD) theory (Harriott et al., 2019), serotonin (5-
HT) imbalance theory (Cahill & Murphy, 2004), neurovascular and trigeminovascular theories
(Haanes & Edvinsson, 2019). As of today, the most widely accepted theory of migraine is based
on the activation and sensitization of the trigeminovascular system. The primary dysregulation
of sensory processing will likely result in a constellation of neurological symptoms that affect

our senses (Benemei et al., 2017).

The trigeminovascular system is comprised by the meningeal blood vessels and type C as well
as type Ao dendritic axons of first order sensory neurons located in the trigeminal ganglion
(TRG) providing nociceptive innervation for intracranial meninges (Ashina et al., 2019). The
central (axonic) axon of the pseudounipolar nociceptive TRG cells transmit the pain signals to
the spinal trigeminal nucleus (STN) by the fast-acting excitatory neurotransmitter, glutamate.
At the same time, when activated, TRG neurons release a variety of neuropeptides from their

peripheral and central terminals that are known to play a role in the pathogenesis of migraine.
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These include substance P (SP), pituitary adenylate cyclase-activating polypeptide (PACAP),
and calcitonin gene-related peptide (CGRP) (Durham et al., 2016; Spekker et al., 2023).

The STN corresponds to a long column of secondary sensory neurons extending from the caudal
pontine tegmentum through the entire dorsolateral tegmentum of medulla oblongata till the
dorsal horn of rostral cervical spinal cord. The STN is responsible for relaying the protopathic
sensory modalities that include perception of pain, temperature and crude touch. Considering
that the facial skin, the orbital structures, the nasal and oral cavities are innervated mainly by
the trigeminal nerve, the main input arrives from here to the STN. Nevertheless, the STN
receives afferents of protopathic type from the middle ear via the geniculate ganglion of facial
nerve, from the root of tongue, nasal and oral parts of pharynx, through the sensory ganglia of
glossopharyngeal nerve moreover from the external acoustic meatus, hypopharynx and larynx
via sensory vagus ganglia (Stranding et al., 2020; Patel et al., 2024). A rostro-caudal
somatotopic arrangement is characteristic for the STN, corresponding to an onion skin pattern
on the face starting with the lips in the center. The rostral, oral part (i.e. pontine and upper
medullary division of the nucleus) is responsible for the skin of lips and nose. The lower
medullary, interpolar part, receives afferents from the skin of chin, cheeks, zygomatic area,
eyelids and lower forehead. The upper part of forehead, skin of skalp and, importantly, the
meningeal nociception projects to the caudal division of the STN, located in the caudal most
medulla oblongata, as well as the first and second cervical spinal cord segments. The second
order STN neurons convey the nociceptive signal to the contralateral ventral posteromedial
nucleus of the thalamus via the trigeminal lemniscus. Third order neurons in the thalamus relay
the nociceptive signal through the superior thalamic radiation to the primary somatosensory
cortex. The cortical representation area of the meninges is located in the lateral inferior part of

the postcentral gyrus in the parietal lobe (a review for neuroanatomy: Edvinsson et al., 2020.)

Diencephalic connections of the STN beyond those to the thalamus, include also hypothalamic
afferents. The hypothalamus integrates the pain with viscerosensory information and regulates
the basic homeostatic variables mainly by, but not limited to, neural connections to the
autonomic nervous system and the neuroendocrine hypothalamo-hypophyseal systems.

(Edvinsson et al., 2020).

It has to be noted that the STN sends direct connections to multiple brainstem centers also.
Fibers to the rostral ventromedial medulla, and locus coeruleus may control the perception of

pain during migraine including the autonomic, endocrine, cognitive and affective symptoms.
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The afferents to the ventrolateral periaqueductal gray, nucleus raphe magnus, are particularly
important, because these are centers that contribute to the control of the descending
antinociceptive serotonergic and noradrenergic systems. The dorsal raphe nucleus (DRN) is
also part of the serotonergic midline nuclear complex and its role in pain modulation via STN
is well-known (Li et al., 1993, Andrade et al., 2013, Rattanawong et al., 2022; Shibata et al.,
2022).

The connection of the STN to the CGRP and PACAP-expressing parabrachial nucleus, provides
an input of pain information into the higher-order limbic centres including the amygdala,
nucleus accumbens among others, that provide the affective value of pain (Almeida et al.,

2004).

It’s important to note that probably also due to the above summarized anatomical complexity,
the exact cause and pathophysiology of migraine are still the subject of ongoing research, and
no single mechanism can explain all aspects of this complex condition, highlighting the

importance of further research in this area.

1.2.2. Calcitonin gene-related peptide

CGRP is a 37-amino-acid neuropeptide, primarily released from sensory nerves, commonly
known for its potent cerebral vasodilative activity (Brain & Grant, 2004). The dilatory effect is
facilitated by activation of CGRP receptors, G-protein-coupled heterodimers composed of
calcitonin receptor-like receptor (CLR), and receptor activity modifying protein-1 (RAMP1)
(McLatchie et al., 1998). The role of CGRP in the pathogenesis of migraine is supported by the
large body of preclinical and clinical research results. CGRP is abundant in nociceptive fibers
of TRG neurons and can act on CGRP receptors of second-order neurons in the trigeminal
nucleus caudalis when released at central nerve endings, providing a connection between the
periphery and the central nervous system (Bartsch et al., 2003; Iyengar et al., 2019). CGRP
binds with equal affinity to CLR and calcitonin receptor (CTR, encoded by calcitonin receptor
mRNA (Calcr) gene) when co-expressed with RAMPI1. The CLR/RAMP1 complex forms
CGRP receptor and CTR/RAMP1 complex creates amylin receptor (AMY 1) (Salvatore et al.,
2006). CGRP receptor component protein (CRCP) is not necessary for the receptor’s activity,
but it enhances the efficacy of CGRP (Dickerson et al., 2013).

Activation of the trigeminal system leads to an elevated level of CGRP during migraine attacks

(Goadsby et al., 1990), which can be restored to baseline by administration of 5-HT receptor
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agonists (triptans), such as sumatriptan and dihydroergotamine (Goadsby & Edvinsson, 1993),

concurrent with pain relief (Juhasz et al., 2005).

Although it is generally known that CGRP cannot penetrate the walls of cerebral blood vessels
(Edvinsson et al., 2007), several studies have demonstrated that both peripheral (intravenous
(i.v.) and intraperitoneal (i.p.)) and central (intracerebroventricular (i.c.v.)) administration of
CGRP-induced many migraine-like symptoms in rodents. Additionally, the CGRP-induced
migraine-like symptoms were reversed by concomitant administration of sumatriptan or anti-
CGRP monoclonal antibodies (Kaiser et al., 2014; Mason et al., 2017; Rea et al., 2018).
Therefore, it was reasoned that CGRP can act in both the CNS and peripheral nerves (Raddant
& Russo, 2011) (Figure 4.).

Satellite

Trigeminal ganglion
neuron

CGRP receptor complex

Vasculature

Figure 4. Calcitonin gene-related peptide (CGRP) action at peripheral receptors. CGRP
triggers an inflammatory cascade at the periphery. Inflammatory mediators released from mast
cells sensitise sensory neurons and promote vascular permeability. Satellite glia influence the
local microenvironment within the ganglia by releasing proinflammatory mediators such as
tumour necrosis factor o (TNF-a). This can act on trigeminal neurons to increase CGRP
synthesis and secretion, setting up a positive-feedback loop, which along with direct actions
mediated by CGRP on a subset of trigeminal neurons might contribute to the extended duration
of migraine. Satellite glia might also release procalcitonin (proCT), which could also activate
CGRP receptors. CNS: central nervous system (Raddant & Russo, 2011).

Human studies have shown that intravenous administration of CGRP can cause migraine
headaches in migraineurs (Asghar et al., 2011; Kuburas & Russo, 2023), which can be reversed
by systemic intravenous infusion of the CGRP receptor antagonist olcegepant (Olesen et al.,
2004). In addition, elevated concentrations of CGRP have been detected in the peripheral blood

outside migraine attacks, determining CGRP as a possible biomarker in the diagnosis of chronic
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migraine (Cernuda-Morollon et al., 2013). Three anti-CGRP antibodies (eptinezumab,
fremantezumab and galcanezumab) and one anti-CGRP receptor antibody (erenumab) have
been shown to be therapeutically effective in migraine prevention (Tepper et al., 2018; de Vries
& MaassenVanDenBrink, 2019; Schiano di Cola et al., 2023). Their inability to pass the human
brain-blood barrier (BBB) suggest a site of action outside the CNS (Edvinsson et al., 2015;
Ashina et al., 2017). Potential targets may be the trigeminal system, cerebral blood vessels, and
dura mater (Henson et al., 2020). Small molecule CGRP receptor antagonists (gepants), such
as atogepant and remegepant, are promising candidates for the treatment of acute migraine
(attacks) (Hargreaves & Olesen, 2009) due to their minor molecule nature (Negro & Martelletti,
2019; Henson et al., 2020). They are on the way to becoming the newest class of drugs approved
for the treatment of migraine (Dubowchik et al., 2020).

1.2.3. Migraine therapy

Available pharmacological treatment options of migraine differ between countries and include
both acute and preventive therapies. According to the International Headache Society Clinical
Trials Standing Committee the success of migraine treatments is determined by two clinical
outcomes, the freedom from headache pain and the absence of migraine-associated symptoms
(i.e. nausea, vomiting, photophobia, or phonophobia) within two hours after treatment (Diener
etal.,2019). A wide range of drugs are reported to be suitable for the treatment of acute migraine

attacks.

Options of acute therapy:

e Nonsteroidal anti-inflammatory drugs (paracetamol, acetylsalicylic acid, diclofenac and

ibuprofen) (Pardutz & Schoenen, 2010).

e Serotonin (SHTi, and S5HTi4) receptor agonists (Ergot alkaloids, sumatriptan,
naratriptan, rizatriptan, almotriptan, eletriptan, frovatriptan) (Yang et al., 2021).

e Serotonin (5HT¢) receptor agonist (lasmiditan) (Vila-Pueyo et al., 2021).

e CGRP receptor antagonists (rimegepant and ubrogepant) (Rissardo & Caprara, 2022).

In migraine sufferers for whom acute medication is ineffective, preventive medications are used

to reduce the frequency, intensity, or duration of migraine attacks.

13



Options of preventive therapy:

e Beta-adrenergic receptor antagonists (propranolol, atenolol, bisoprolol, metoprolol,
nadolol) (Danesh & Gottschalk, 2019).

e Antiepileptic agents (topiramate, valproate) (Parikh & Silberstein, 2019).

e Antidepressants drugs (amitriptyline, venlafaxine, nortriptyline, duloxetine) (Burch et
al., 2019).

e Monoclonal antibodies against CGRP receptor (erenumab) (Diener et al., 2020).

e Monoclonal antibodies against CGRP (eptinezumab, fremanezumab, galcanezumab)

(Diener et al., 2020).

1.2.4. Experimental models of migraine

Our knowledge on the neurobiology of migraine headache has largely improved as a result of
basic science research utilizing animal models of migraine-related pain. Today, there are several
well-validated animal models that are relevant to study migraine, all of which relies on the

activation and sensitization of the meningeal nociceptors and the trigeminal neurons.

In vitro application of inflammatory mediators to dissociated meningeal afferents

Administration of inflammatory substances like CGRP, SP, prostaglandins and nitric oxide, is
usually combined with electrophysiological tools that provide information on specific changes
of meningeal afferent excitability, ion channel modulation, and afferent responses to migraine

therapeutic targets (Harriott & Gold, 2009; Harriott et al., 2012).

Results from this model support the inflammatory mediator-induced sensitization of
trigeminovascular nerve terminals, furthermore, provide evidence for the efficacy of
sumatriptan, a 5-HT1s/1p receptor agonist and migraine abortive drug. Importantly, results from
this model also revealed sex differences, where a greater proportion of the dural afferents were
sensitized in response to the inflammatory mediator in female compared to male rats. There
were also sex differences in active electrophysiological properties of the action potential (AP)
in females as compared to males following inflammatory mediator exposure. This suggests sex-
dependent inflammation-induced modulation of voltage gated ion channels (Vaughn & Gold,

2010; Scheff & Gold, 2011; Harriott et al., 2012).

Nevertheless, despite these significant findings, a number of limitations of this model should

be carefully taken into account. Acute dissociation of trigeminal ganglion neurons may result
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in changes in neuronal excitability and mild nerve damage. Due to the isolated nature of this
model, studying the interactions with neuronal and non-neuronal populations, such as
sympathetic and parasympathetic neurons and ganglionic satellite glial cells, is also impossible.
Moreover, recruitment of in vitro methods to investigate the long-term, repeated administration
of inflammatory agents is challenging. As a result, this model cannot be used to study migraines'

recurrent nature (Kilkenny et al., 2010).

In vivo direct electrical stimulation of trigeminal neurons

Stereotaxtic bipolar electrodes inserted into anesthetized animals can be used to stimulate the
TRG electrically. Compared to in vitro models, this model has the advantage of allowing a more
direct examination of tissue-specific alterations in the meninges, central neuron activation, and
the response of these changes to drug therapy. TRG stimulation in this model has been shown
to induce CGRP release from perivascular afferent terminals that innervate the meninges and
to activate neurons in the trigeminal nucleus caudalis (Knyihar-Csillik et al., 1995). The fact
that sumatriptan administration did not affect this activation suggests that the drug has a
peripheral mechanism of action (Knyihar-Csillik et al., 1997). Such studies opened new
avenues in field to identify specific migraine-related pain processing nuclei throughout the
brain.

Although in vivo electrical stimulation models as compared to in vitro models are more suitable
for studying the biological complexity of disease, the invasive nature of craniotomy and tissue
exposure limit their applicability in chronic migraine research. Additionally, upstream
processes that result in trigeminal activation are circumvented and the stimulation parameters
need to be carefully regulated to avoid supramaximal stimulation, which might not accurately
represent a physiological state (Akerman et al., 2013). Considering that animals in this model

are anesthetized, the response to pain cannot be assessed with suitable behavioral tests.

In vivo administration of inflammatory substances to the meninges

This model relies on the application of a single or a combination of inflammatory substances
(inflammatory soup) to the dura. Commonly used substances include histamine, 5-HT,
bradykinin, prostaglandin E2, cytokines and complete Freund’s adjuvant (Zhang et al., 2012;
Lukécs et al., 2017; Avona et al., 2019). Trigeminovascular meningeal afferents have been
shown to be reliably activated and sensitized in vivo by meningeal exposure to the inflammatory

substances listed above. Outcomes of this model showed activation and sensitization of the
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spinal trigeminal nucleus (Lukécs et al., 2017), furthermore, the repeated administration of
inflammatory soup into the dura induces a chronic periorbital hypersensitivity to tactile stimuli,
suggestive of a model of chronic migraine (Oshinsky & Gomonchareonsiri, 2007).

This model provides alternative delivery methods, requiring less invasive procedures that are
now amenable to behavioral testing (Burgos-Vega et al., 2019). When selecting this model, the
researcher must consider some limitations. For instance, upstream events leading to trigeminal
activation are bypassed and the inflammatory substances utilized require careful control to
prevent supramaximal stimulation. Moreover, mast cell degranulation around the catheter

insertion site could be a consequence of such surgical procedures.

In vivo exogenous administration of algogenic substances

Algogenic substances that are used in animal model of migraine includes nitroglycerin (NTG),
CGRP, and PACAP. Recent preclinical studies have identified several pain-related and non-pain
phenotypes following their administration and their utility is further enhanced by the ability to
study both acute administration and a more chronic regime, considered relevant to migraine
chronification (Ernstsen et al., 2022; Sureda-Gibert et al., 2022). The selection of a specific
algogenic agent is dependent on the individual study requirements.

This model has several advantages as well as important limitations to consider. Exogenous
algogenic substances are not restricted to specific peripheral or CNS sites and as such, have the
potential to act more generally in migraine-relevant structures. This has clear advantages for
disease modelling with the induction of premonitory symptoms in patients (Maniyar et al.,
2014; Wattiez et al., 2019). Such model also has the potential to explore both acute and a more
chronic migraine-like state in rodents (Pradhan et al., 2014). However, with this model events
leading to trigeminal activation are bypassed and specific dosing regimens need to be adopted
to allow more thorough comparison between studies.

Notably, all above mentioned animal models of migraine were shown to involve CGRP and its
receptor in some way, highlighting its potential role in the neurobiology of migraine (Figure

5.).
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Figure 5. Calcitonin gene-related-peptide (CGRP) in animal models of migraine. Animal
models of migraine induced by activation of the trigeminal ganglia (TRG), meningeal
stimulation, infusion of nitroglycerin (NTG), or cortical spreading depression (CSD) have been
shown to involve CGRP and its receptor. A schematic of the calcitonin-like receptor and
receptor activity-modifying protein 1 (RAMP1) complex is shown on vessels and neurons. Not
shown are CGRP receptors on other cells, including mast cells and glia. While the exact sites
and actions of CGRP that are important for migraine are not known, evidence from animal
models suggests that there are both peripheral and central sensitization mechanisms. Likewise,
administration of CGRP by peripheral and central routes is believed to induce migraine-like
phenotypes through these sensitization mechanisms. Peripheral delivery routes include
intravenous (i.v.), intraperitoneal (i.p.), subcutaneous (s.c.), and direct administration onto the
dura. Central delivery includes intracerebroventricular (i.c.v.) and intrathecal (i.t.) routes.
Genetic models involving loss or gain of CGRP and/or receptor subunits can also modulate
peripheral and central CGRP actions (Wattiez et al., 2019).

1.2.5. Possible role of EWcp in migraine

The involvement of the CRH-related neuropeptide, UCN1-containing division of the EWcp in
acute pain was shown. It is known that the EWcp is activated and expresses more Ucn/ mRNA
in acute pain (Kozicz et al., 2001; Rouwette et al., 2011). Moreover, EWcp sends multiple
projections to various pain-sensitive centers in the brain, implicated in the pathophysiology of
migraine, including the DRN, STN and lateral hypothalamus (IH) (Zuniga & Ryabinin, 2020)
(Figure 2.). Although, many resting-state functional connectivity studies have mapped the
functional connectivity profile of numerous migraine-related centres in the brain, none of these
studies investigated the functional connectivity profile of the EW nucleus (Skorobogatykh et

al., 2019).
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Among EWcp’s projection areas the DRN plays a crucial role in the pathophysiology of
migraine by regulating central 5-HT levels (Rattanawong et al., 2022; Shibata et al., 2022). 5-
HT contribute to the pathomechanism of migraine possibly by regulating CGRP levels and by
its direct vascular action (Puledda et al., 2023). Variations in the gene responsible for the
production of the rate-limiting enzyme in 5-HT synthesis, known as tryptophan hydroxylase 2
(TPH2), could potentially increase individuals’ susceptibility to migraine (Marziniak et al.,
2009; Jung et al., 2010). The DRN expresses both CRHIR and CRH2R, with a relatively high
CRH2R expression compared to other brain regions (Chalmers et al., 1995). As UCNI1 is an
endogenous ligand of these receptors, the presence of CRH receptors in migraine-related brain
areas suggests potential regulatory role of EWcp in migraine.

This hypothesis is supported by prior studies demonstrating the presence of several migraine-
related neurotransmitters, neuromodulators, and receptors in the EWcp, including PACAP and
its specific receptor (PAC1) (Markovics et al., 2012; Fehér et al., 2023; Priest et al., 2023).
Additionally, neuronal nitric oxide synthase (nNOS), substance P, TRPA1 ion channel (Kormos
et al., 2022) and CGRP-immunoreactive nerve fibers have been identified in the EWcp
(Maciewicz et al., 1983; Smith et al., 1994; Spina et al., 2004).

There is a large body of literature data on the role of peripheral TRPA1 ion channel in migraine
pathogenesis (Souza Monteiro de Araujo et al., 2020; Shibata et al., 2021; lannone et al., 2022a,
2022b; Spekker et al., 2022; Fila et al., 2023; Masood et al., 2023). Several substances identified
as TRPA1 agonists, including cigarette smoke, ammonium chloride, formaldehyde, chlorine,
garlic, and others (Bautista et al., 2005; McNamara et al., 2007; Andre¢ et al., 2008; Bessac et
al., 2008; Fujita et al., 2008) are known triggering factors of migraine attacks (Courteau et al.,
1994; Peatfield et al., 1995; Wantke et al., 2000; Irlbacher & Meyer, 2002; Kelman et al., 2007).
Benemei and colleagues demonstrated that acrolein, a component of cigarette smoke, causes
ipsilateral meningeal vasodilatation in rats through a CGRP and TRPA1-dependent mechanism
after intranasal administration to the mucosa, providing a possible explanation for the
correlation between exposure to cigarette smoke and the appearance or worsening of migraine
attacks (Benemei et al., 2013). Additionally, it has been reported that activation of TRPA1 ion
channels in Schwann cells contribute to ethanol-evoked periorbital mechanical allodynia in
mice (Landini et al.,, 2023). Numerous studies have examined TRPAI1-desensitizing
compounds, such as parthenolide from the feverfew herb (Materazzi et al., 2013) and isopetasin
from butterbur (Benemei et al., 2017), for their ability to desensitize meningeal nociceptors,
potentially explaining their efficacy in the treatment of migraine. These studies have shown that

natural-product modulators of TRPA1 lead to functional desensitization of both the channel and
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the nerve ending expressing the channel. This results in a reduced response of nociceptive nerve
endings to stimulation and, in the case of migraine, could lead to a decrease in nociceptive input
from the meninges. Collectively, these studies indicate that compounds capable of desensitizing
TRPAT1 and TRPA1-expressing nerve endings may be considered as new therapeutic targets in
the treatment of migraine (Benemei & Dussor, 2019). Our recent finding, that the peptidergic
EWecp cells exhibit high 7rpal mRNA expression while in other brain areas the expression was
relatively low, suggests that the investigation of the possible role of EWcp/TRPA1 in migraine
is relevant.

In line with this idea, the EWcp also plays a role in stress adaptation (Kormos & Gaszner,
2013) is influenced by circadian rhythm (Gaszner et al., 2009) and ovarian hormones changes
(Derks et al., 2007, 2010), which are known triggers of migraine attacks.

Based on all these, we decided to examine the potential role for EWcp in the neurobiology of

migraine.

1.3. Alcohol addiction

Ethanol is a toxic and psychoactive chemical with strong addictive and dependence-producing
properties (World Health Organization 2022). Misuse of alcohol is an important public health
problem as well as a significant risk factor for disability and death worldwide (Ferraguti et al.,
2015), as it is associated with more than 200 kinds of diseases (Ilhan & Yapar, 2020; Shield et
al., 2013). Alcohol use disorders are responsible for 3 million deaths worldwide each year,
accounting for 5.3% of all deaths. Adverse consequences of addiction include mental and
behavioral changes, mood disorders, and depression, highlighting the importance of this

research topic.

1.3.1. Role of EWcp in alcohol consumption

Many research groups have provided evidence on the role of EWep UCNI and CART
neuropeptides in actions of alcohol and other addictive drugs (Ong & McNally, 2020; Zuniga
& Ryabinin, 2020).

Several genetic studies have indicated that higher alcohol preference in various strains of mice
and rats was associated with increased UCNI levels (Turek et al., 2005; Bachtell et al., 2003;
Fonareva et al., 2009). Additionally, lesions of the rodent EW nucleus significantly reduces
ethanol preference (Bachtell et al., 2004; Ryabinin & Weitemier, 2006). UCN1/CART positive

neurons exhibit a strong FOS (marker of acute neuronal activity) response, when exposed to
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both passive and self-administered ethanol acutely, as demonstrated in several studies (Bachtell
et al., 1999; Ryabinin et al., 2001; Weitemier et al., 2001; Zuniga & Ryabinin, 2020). The
increased neuronal activity was positively correlated to the amount of consumed alcohol,
suggesting a dose-dependent response (Sharpe et al., 2005; Giardino et al., 2017). Similarly,
previous studies reported increased FOSB activity (marker of chronic neuronal activation) of
EWcp UCNI1/CART-expressing neurons in response to chronic alcohol exposure in mice

(Bachtell et al., 1999; Ozburn et al., 2012).

While numerous studies have explored the significance of CART in addiction (Bakhtazad et al.,
2016; Kuhar et al., 2016), there is a limited body of research concerning the involvement of
EWcp/CART in the regulation of alcohol consumption. For instance, CART knockout (KO)
mice exhibited significantly lower alcohol preference compared to WT mice in a free choice
alcohol consumption model (Salinas et al., 2014). Another study reported that in low alcohol
preference DBA/2J mice there is a decrease in CART expression at both the mRNA and peptide
levels within the EWcp when compared to high alcohol-preferring C57BL6J mice (Giardino et
al., 2017). The full co-localization of UCN1 and CART within the EWcp, along with their
elevated peptide and mRNA levels in mice with higher alcohol preference, implies a shared and

significant role in controlling alcohol consumption and associated behaviors.

The EWcp UCNI1 and CART co-expressing neurons project to several addiction- and reward-
related-, moreover CRH receptor-expressing brain areas, among which [ would like to highlight

the VTA and DRN (Schreiber & Gilpin, 2018; Zuniga & Ryabinin, 2020) (Figure 2.).

The DRN contains approximately one third of all serotonergic neurons in the brain (Huang et
al., 2019). The brain’s serotonergic system plays a crucial role in controlling reinforcement. 5-
HT is known to be involved in the regulation of emotional response to reward (Ren et al., 2018;

Liu et al., 2020).

The VTA is a part of the mesocorticolimbic pathway, regulating reward and addiction behaviors

through mediating dopamine release (Cai et al., 2022).

1.3.2. Possible role of TRPA1 ion channel in alcohol addiction
The peripheral role of TRPA1 in nociception and inflammatory responses has been well
established (Kadkova et al., 2017, Jannis et al., 2019). In contrast, only limited knowledge has

accumulated on its central role and to the best of our knowledge it has not been studied in
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relation to alcohol addiction. Some articles described the relationship between alcohol, and
TRPA1, but it was studied exclusively in context of pain.

Komatsu and colleagues (2012) found that ethanol activates TRPA1, as measured by calcium
imaging in human embryonic kidney-derived 293 (HEK293) cells expressing human TRPA1.
Alcohol is metabolized by alcohol dehydrogenase into the reactive and toxic intermediate
product acetaldehyde, which is rapidly converted into acetic acid (Cederbaum et al., 2012).
Acetaldehyde is considered as the major contributor of the detrimental effects by acute and
chronic alcohol consumption including flushing, headache, cirrhosis, and cancer (Eriksson et
al., 2001).

Bang and colleagues (2007) found in pain models that human and mouse TRPA1 are activated
by acetaldehyde, in the HEK293T cell heterologous expression system and in cultured mouse
trigeminal neurons. Acetaldehyde failed to activate other temperature sensitive transient
receptor potential ion channels (TRP) expressed in sensory neurons. TRPA1 antagonists,
camphor, gadolinium, and a general TRP blocker ruthenium red inhibited the TRPA1 activation
by acetaldehyde. Another research group showed that Schwann cells express TRPA1 that
orchestrates ethanol-evoked neuropathic pain in mice (De Logu et al. 2019). Most recently
Landini (2023) found that acetaldehyde via CGRP receptor and TRPA1 in Schwann cells
mediates ethanol-evoked periorbital mechanical allodynia in mice.

Wang’s research group (2011) found that the final metabolite of alcohol, acetic acid also can
activate the TRPA1 in trigeminal neurons based on patch clamp recordings and Ca®"
microfluorometry.

As we most recently showed that urocortinergic neurons in EWcp uniquely express significant
amount of TRPAT in the mouse CNS (Kormos et al. 2022) (Figure 3.) and because a) the CRH
system, more particularly UCNI1 is involved in acute and chronic alcohol consumption
(Schreiber & Gilpin, 2018; Zuniga & Ryabinin, 2020), moreover, b) alcohol and all the above-
described metabolites efficiently pass through the blood brain barrier, the question arises if they
directly act on TRPAT1 receptors in the EWcp. The activation of TRPA1 leads to calcium influx
which triggers several intracellular pathways, which may contribute to the regulation of UCNI1
and/or CART peptide release.

Based on this, we decided to examine the role of TRPA1 in the UCN1 and CART co-expressing

EWcp neurons response to acute alcohol exposure in mice.
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2. Aims and hypothesis
2.1. Investigation of EWc¢p in migraine
We aimed to investigate the involvement of EWcp urocortinergic neurons in the neurobiology
of migraine. We hypothesized that EWcp urocortinergic neurons may be involved in the
regulation of migraine induction or in the endogenous response to migraine through direct

neuroanatomical connection with migraine-related brain areas.

I. Neuroanatomical and qualitative morphological examination of migraine-related
targets

To support our hypothesis on the involvement of EWcp urocortinergic neurons in the
neurobiology of migraine, we aimed to investigate the expression of CGRP receptor
components in mouse and human EWcp and DRN, as well as mouse STN. We also aimed to
examine a possible urocortinergic projection from EWcp to Crarl and Crhr2 positive neurons
in the STN. Here, we anticipated that the migraine-related targets express the CGRP receptor
components and that the EWcp/UCN1 neurons may influence the function of Crhri- and Crhr2-

expressing cells in the STN via a direct urocortinergic projection.

I1. Investigation of the EWc¢p in a nitroglycerin-induced migraine mouse model
Our goal was here to assess the functional and morphological changes in the EWcp in the NTG-
induced migraine model. In this study, we hypothesized that NTG may modulate the EWcp

function by inducing a migraine-like state.

II1. Investigation of the EWcp and its migraine-related projection areas in a CGRP-
induced migraine model

In this project we aimed at investigating the functional-morphological changes in the
urocotinergic EWcp and its in migraine-related projection areas (such as DRN and STN) in the
CGRP-induced migraine-like state. Here, our expectation was that CGRP influences the

function of EWcp, DRN and STN.

IV. Targeted ablation of the EWc¢p urocortinergic neurons with leptin-conjugated
saporin in mice

To confirm the role of EWcp/UCNI1 neurons in migraine, upon selective ablation of

EWcp/UCNI1 neurons we examined the migraine-related behaviors in response to CGRP
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treatment. Our hypothesis was that the selective ablation of EWcp/UCN1 neurons will influence

the migraine-related behaviors induced by CGRP.

V. Mapping of human EW’s functional connectivity by fMRI

To provide human data supporting our hypothesis that EW can influence the function of
migraine-related areas through a direct anatomical connection, we aimed to examine the
functional connectivity matrix of EW in control humans, with a special focus on the STN and
DRN. Then, to compare it with interictal migraineurs’ functional connectivity matrix. Finally,
we also aimed to examine the association between migraine frequency and the functional
connectivity of the EW. In this study, we anticipated that there is a positive functional

connectivity between the EW nucleus and the STN as well as the DRN.

2.2. Examination of EWcp/TRPAL1 in acute alcohol exposure model
In this project we aimed to investigate the involvement of EWcp/TRPAT1 in a mouse model of
acute alcohol exposure. We hypothesized that alcohol and its metabolites, may influence the

function of EWcp urocortinergic neurons by activating TRPA1 ion channels.

I. Investigation of the functional activity of TRPA1 in the mouse EWcp

Because we did not have evidence for the occurrence of TRPA1 at protein level due to the lack
of reliable antibodies, our first aim in this project was to provide evidence for the functional
activity of the TRPA1 in acute mouse EWcp slices by electrophysiology. Here we expected that
TRPA1 in the EWcp is functionally active.

I1. Examination of the expression of TRPAI mRNA in human EWc¢p

To support the translational relevance of our previous findings and due to the lack of literature
data on the expression of TRPA1 ion channel in human EW, our objective was to examine the
expression of 7TRPA1 mRNA in human EWcp urocortinergic neurons. In this experiment we
hypothesized that, like the mouse EWcp/UCN1 neurons, human EWcp/UCNI1 neurons also
expresses TRPA1 mRNA.
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I1I. Investigation of the 7rpal-expressing EWcp in a mouse model of acute alcohol
exposure

Here, we aimed to test weather TRPA 1 ion channels may contribute to the recruitment of EWcp
urocortinergic neurons in response to acute alcohol exposure involving 7rpal KO mice. Here,
our hypothesis was that alcohol may regulate UCN1 and/or CART peptide levels in the EWcp
by modulating the function of TRPAT1 ion channel.
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3. Materials and methods

3.1. Experimental design of animal studies

3.1.1. Investigation of EWcp in migraine

3.1.1.1. Neuroanatomical and qualitative morphological examination of migraine-related
targets

Naive C57Bl6/J mice (n=6) were used to examine the expression of AMY 1 and CGRP receptor
components in the EWcp, DRN and STN as well as Crarl, Crhir2 mRNA in the STN.
Immunofluorescence targeting CLR and RNAscope in situ hybridization (ISH) targeting
Ramp1, Calcr and Crep mRNA was combined with a) UCN1 immunofluorescence in the EWcp
to assess the co-localization with urocortinergic neurons; b) TPH2 or 5-HT immunostaining in
the DRN as a marker of the serotonergic neurons; ¢) a neuronal nuclear marker (NeuN)
immunofluorescence in the STN to visualize the dorsal horn neurons.

To examine the possible urocortinergic connection between the EWcp and STN, the mouse
EWcp (n=6) was injected with an anterograde tracer, adeno-associated virus serotype 8 (AAVS)
containing enhanced green fluorescent protein gene (EGFP) (AAVS Syn EGFP). For the mouse
STN, the dorsal horn of the C1 spinal segment (n=6) was injected by a retrograde tracer, cholera
toxin subunit B (CTB). To validate the anatomical localization of the site of injections, CTB
and green fluorescent protein (GFP) immunofluorescence was performed in the C1 segment of
spinal cord and in the EWcp, respectively. For anterograde tracing, UCN1 and GFP double
immunostaining was applied on C1 spinal cord sections. For the retrograde tracing, UCN1 and

CTB double immunofluorescence was performed on EWcp slices.

Finally, we investigated the expression of the receptor targets of UCN1, Crhrl and Crhr2 in the
I-1IT laminae of the STN. For this purpose, RNAscope ISH targeting Crarl, Crhr2 and NeuN
as a neuronal marker, was combined with UCN1 immunofluorescence in the STN. Our goal
was here to identify urocortinergic afferentation innervating Crhr- and Crhr2-positive neurons

in the STN.

3.1.1.2. Investigation of the EWcp in NTG-induced migraine model

C57BIl6/J mice (n=6/group) were assigned into three experimental groups: NTG as treatment
group, vehicle and saline as control groups. Mice were intraperitoneally injected by NTG (10
mg/kg) or by the vehicle (saline-based solution containing 6% ethanol and 16% propylene

glycol) or by saline, respectively. Mice were euthanized 4 hours after the treatment for the
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morphological studies. Immunohistochemistry (IHC) for the acute neuronal marker (FOS) with

diaminobenzidine (DAB) was performed in the EWcp slices.

3.1.1.3. Investigation of the EWcp and its migraine-related projection areas in a CGRP-
induced migraine model

C57BI6/] mice (n=11-15/group) were handled for two weeks and assigned into two
experimental groups: saline as control and CGRP-treated groups. Upon i.p. injection of 0.1
mg/kg CGRP (a-CGRP mouse, rat (CRB), Cat. No.: crb1000889) or saline, light aversion was
measured 30 minutes after the injection using light-dark box (LDB) test to assess photophobia
associated with migraine-like state. Another cohort of mice (n=13) was used to assess
periorbital hyperalgesia using von Frey filaments in the same model, 30 minutes after the
treatment.

Because the EWcp is known to be sensitive to various stressors (Gaszner et al., 2004, 2012),
we had to avoid the acute stress-related changes in the EWcp caused by LDB or von Frey tests.
Therefore, we used an independent cohort of mice for the functional-morphological studies.
Two experimental groups were created: saline (n=6) as a control and CGRP-treated (n=6)
groups. After two weeks handling and habituation to i.p. injections, mice were treated with 0.1
mg/kg CGRP or saline, respectively. Mice were euthanized 4 hours after the treatment.
Immunohistochemistry for the neuronal activation marker FOS was performed in the EWcp,
lateral periaqueductal gray matter (IPAG) and laminae I-III of STN. Additionally, we performed
immunofluorescence for the alternative neuronal activity marker phosphorylated cAMP-
responsive element binding protein (P-CREB) (Priest et al., 2021) in the STN.
Immunohistochemistry for FOS with DAB was performed in the EWcp, IPAG and STN. Whole
mount FOS immunofluorescence was applied in the TRGs to assess the acute neuronal
activation in response to CGRP treatment. UCNI and FOS immunofluorescent staining was
applied to prove that the activated neurons in the EWcp were urocortinergic. Ucnl RNAscope
ISH was combined with UCN1 immunofluorescence to assess the mRNA’s and peptide’s
density in the EWcp. 5-HT and TPH2 double staining was performed to assess 5-HT and TPH2
signal density in the DRN.

3.1.1.4. Targeted ablation of the EWcp urocortinergic neurons

We performed stereotactic surgery to induce selective UCN1 neuron ablation using leptin-

conjugated saporin (ribosome-inactivating protein) in C57B16/J mice (n=13). Saporin is a
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neurotoxin that enters neurons only if it is conjugated to a substance that is internalized by
receptor-mediated endocytosis and irreversibly inhibits the cells’ protein synthesis (Wiley et al.,
2000). Given that in the EWcp only UCN1 immunoreactive neurons express leptin receptor,
leptin-conjugated saporin injection provides a reliable tool to perform selective UCN1 neuron
ablation (Ujvari et al.,, 2022, Xu et al.,, 2022). Periorbital hyperalgesia in response to
intraperitoneal injection of 0.1 mg/kg CGRP or saline were assessed before and 2 weeks after
the surgery. EWcp/UCNI positive cells were counted to evaluate the saporin-induced

urocortinergic neuronal loss using DAB immunohistochemistry for UCNI.

3.1.2. Examination of EWcp/TRPAL in acute alcohol exposure model

3.1.2.1. Examination of the functional activity of TRPA1 in the mouse EWcp

We performed patch clamp electrophysiological examinations to test the functional activity of
the TRPAT1 in acute mouse EWcp slices by electrophysiology, using JTO10, a selective and
potent TRPA1 agonist.

3.1.2.2. Investigation of the TRPA1-expressing EWcp in a mouse model of acute alcohol
exposure

9-12 weeks-old male 7rpal KO mice and their WT counterparts were assigned to four
experimental groups (n=6-8/group): Trpal KO and WT mice received i.p. injection of 6%
ethanol (D=1g/Kg), another set of 7rpal KO and WT mice received i.p. injection of equivalent
volume of physiological saline as control. Mice were euthanized 2 hours after the treatment for
the morphological studies, where we examined the FOS, UCN1 and CART peptide

immunoreactivities, moreover Trpal, Ucnl and Cart mRNA expression.

3.2. Experimental design of human studies

3.2.1. Qualitative morphological studies

To examine the expression of 7TRPA/ mRNA in the EWcp, AMY1 and CGRP receptor
components in the EWcp and DRN, we used human EW and DRN samples from subjects who
died suddenly from extracranial disease and did not show any brain neuropathologies.
RNAscope ISH targeting TRPAI mRNA was combined with UCN1 immunofluorescence in the
EWcp to assess the co-localization with urocortinergic neurons. Immunofluorescence targeting
CLR and RNAscope ISH targeting Rampl, Calcr and Crcp mRNA was combined with a)
UCN1 immunofluorescence in the EWcp to assess the co-localization with urocortinergic

neurons; b) TPH2 or 5-HT immunostaining in the DRN as a marker of the serotonergic neurons.
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3.2.2. Mapping of human EW’s functional connectivity profile

We analysed the functional connectivity matrix of EW in control humans with a special focus
on the STN and DRN. Then, we compared it with the functional connectivity matrix of interictal
migraineurs. Finally, we examined the association between migraine frequency and the

functional connectivity of EW.

3.3. Animals

Animals (C57BI16/J, Trpal wild-type and KO mice) were housed in a temperature and humidity
controlled 12h light-dark cycle environment (lights on at 6 am) in standard polycarbonate cages
(365 mm x 207 mm x 144 mm) in four to six mice per cage groups, at the animal facility of the
Department of Pharmacology and Pharmacotherapy, University of Pécs. Mice were provided
ad libitum with standard rodent chow and tap water. All procedures were approved by the
Animal Welfare Committee at Pécs University, National Scientific Ethical Committee on
Animal Experimentation in Hungary (BA02/2000-57/2022 and BAO02/2000-25/2021) in
agreement with the directive of the European Communities Council in 1986, and with the Law
of XXCIIL, in 1998, on Animal Care and Use in Hungary.

The original breeding pairs of 7rpal KO mice were obtained from Prof. P. Geppetti, University
of Florence, Italy. Trpal KO mice were bred on C57B16/J background and crossed back after
10 generations. WT and KO mice were selected from different litters. Offspring were genotyped
for Trpal gene by polymerase chain reaction (PCR) (sequences of primers: ASM2: ATC ACC
TAC CAG TAAGTT CAT; ASP2: AGC TGC ATG TGT GAATTA AAT) (Kormos et al., 2022).

3.4. Electrophysiology

3.4.1. Acute brain slice preparation for electrophysiology

Electrophysiology experiments were performed in acute coronal EWcp slices (from Bregma -
2.92 to -4.04 according to (Paxinos and Franklin, 2001) taken from C57B16/J mice. Under deep
1soflurane anaesthesia, mice were decapitated and 300 um thick coronal slices were cut in ice-
cold external solution containing (in mM): 93 NMDG, 2.5 KCl, 25 Glucose, 20 HEPES, 1.2
NaH2PO4, 10 MgSQO4, 0.5 CaCly, 30 NaHCOs3, 5 L-ascorbate, 3 Na-pyruvate, 2 thiourea
bubbled with 95% O: and 5% CO.. Slices were transferred to artificial cerebrospinal fluid
containing (in mM) 2.5 KCIl, 10 glucose, 126 NaCl, 1.25 NaH2PO4, 2 MgCl,, 2 CaCl,, 26
NaHCOs3 bubbled with 95% O, and 5% CO,. After an incubation period of 10 min at 34 °C in

the first solution, the slices were maintained at 20-22 °C in ACSF until use. After recordings,
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the sections were immersed into fixative (4% paraformaldehyde (PFA) with 0.1% picric acid in
0.01 M phosphate buffer saline (PBS)) for overnight fixation, then 50 um thick coronal slices
were re-sectioned using Leica VT1000S vibratome (Leica Biosystems, Wetzlar, Germany) for

further immunostaining.

3.4.2. In vitro electrophysiological recordings

Patch pipettes were pulled from borosilicate glass capillaries with filament (1.5 mm outer
diameter and 1.1 mm inner diameter; Sutter Instruments, Novato, CA, USA) with a resistance
of 2-3 MQ. The pipette recording solution contained (in mM) 5 KCI, 135 K-gluconate, 1.8
NaCl, 0.2 EGTA, 10 HEPES, 2 Na-ATP and 0.2% Biocytin, pH 7.3 adjusted with KOH; 290—
300 mOsm. Whole-cell recordings were made with Axopatch 700B amplifier (Molecular
Devices, San José, CA, USA) using an upright microscope (Eclipse FN1, Nikon) with 40x (NA:
0.8) water immersion objective lens equipped with differential interference contrast (DIC)
optics. DIC images were captured with an Andor Zyla 5.5 s CMOS camera (Oxford
Instruments, Abingdon, UK). All recordings were performed at 32 °C, in ACSF bubbled with
95% 02 and 5% CO2. Cells with lower than 20 MQ access resistance (continuously monitored)
were accepted for analysis. Signals were low-pass filtered at 5 kHz and digitized at 20 kHz
(Digidata 1550B, Molecular Devices). When it is indicated 5 uM JT010, 10 uM CNQX (Sigma)
and 1 M Gabazine (Sigma) were applied to the bath solution. In these experiments membrane
potential was manually adjusted (max. —50 pA) to keep the neuron just below the threshold for
action potential firing. This method allowed us the easily monitor the effect of TRPA1 activation

since ~5 mV depolarization already induced AP firing.

3.5. Stereotaxic surgery

Animals were anesthetized with 1.p. ketamine-xylazine solution (16.6 mg/ml ketamine and 0.6
mg/ml xylazine-hydrochloride in 0.9% saline, 10 ml/kg) and fixed in a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA, USA). For retrograde tracing, after a midline incision
in the scalp and the nuchal skin, the muscles were detached from the occipital bone and
reflected. Then, the posterior atlanto-occipital membrane was dissected and partially removed
to visualize the spinal cord C1 segment that contains the STN. Under visual control using a
surgical microscope, the glass capillary used for injection was moved 750 um lateral to the
posterior median sulcus in the midlevel of the space between the superior rim of the posterior

arch of atlas and the inferior border of the occipital bone. Here, the tip of the capillary was
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perpendicularly introduced 100 pm deep into the laminae II-IIT of the STN. 2x20 nL of CTB
(Cat. No.: #104, List Biological Laboratories) was injected in two steps with an automated
injector. After 2 min, the needle was slowly removed. Finally, the muscles and the skin were
sutured.

For anterograde tracing, AAV8 Syn EGFP (Addgene, UK, Cat. No.: 50465-AAV8; containing
EGFP) was microinjected (2x10 nL) into EWcp. Here we used the following stereotaxic
coordinates from Bregma: posterior: -3.26mm; ventral: 3.35mm; lateral: 0. The injection was
performed as described above for the STN, except that 1 min after the injection we lifted the
needle by 0.5mm and upon additional 1 min it was slowly retracted from the brain and the skin
were sutured. Fourteen days after surgery, both STN and EWcp-injected animals were

euthanized and transcardially perfused as described below.

3.6. Targeted toxin-induced lesion of EWcp/UCNI1 neurons in mice

For the selective UCN1 neuron ablation (Ujvari et al., 2022, Xu et al., 2022), 50 nl leptin-
conjugated saporin (n=13) (#KIT-47, ATS INC, Carlsbad, CA, USA) was microinjected into
the rostral (Bregma: posterior: -3.25mm; ventral: 3.75mm; lateral: 0) and caudal (Bregma:
posterior: -3.75; ventral: 3.25; lateral: 0) part of the EWcp area. The injection was performed
as described above for the anterograde tracer. Two weeks post-injection, mice were
intraperitoneally injected with 0.1 mg/kg of either saline or CGRP, then subjected to the von
Frey assay. Mice were later perfused as described below. The neuronal loss was assessed and
verified by UCN1 immunostaining. Two mice were excluded from this experiment because the

histological assessment revealed that the injection path missed the EWcp area.

3.7. Light-dark box test

The light-aversive behavior was assessed using LDB test in the time period between 30 to 60
min after the CGRP injection based on Mason at al. (2017). Mice were individually tested in
the LDB device, consisting of two compartments connected by a small opening. The one
chamber is brightly lit (1000 lux), while the other one is dark. Mice typically move in and out
of the dark due to their curiosity to explore the novel environment, however, upon CGRP
treatment, they prefer the dark compartment, in case of headache-like pain and photophobia
(Mason et al., 2017). The time spent in the dark compartment was measured over 30 minutes

to assess possible photophobia associated with migraine-like state.
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3.8. Von Frey assay

Calibrated von Frey filaments were used to test periorbital hyperalgesia 30 min after 0.1 mg/kg
1.p. injection of saline or CGRP. Each mouse was placed into a 10 cm long restraining plastic
cylinder and allowed to poke out their heads and forepaws, but the restrainer prevented them
from turning around (Farkas et al., 2016). Mice were allowed to habituate for 5 min. The
filament was applied to the periorbital region of the face (the midline of the forehead at the
level of the eyes) in an ascending manner starting from the 0.04 g filament. Briefly, if an animal
did not respond, increasing filament forces were applied until the 0.6 g filament was reached or
until a response was observed (Avona et al., 2020). A positive response was defined as a sharp
withdrawal of the head upon stimulation. Each filament was applied five times for 1-2 s with a
10 s interval. The periorbital withdrawal threshold was defined as the force at which the positive

response occurred in three of five stimuli (Tang et al., 2020).

3.9. Perfusion and tissue collection

Mice were euthanized by i.p. urethane (2.4 g/kg), then transcardially perfused with 20 ml of
ice-cold 0.1 M PBS (pH 7.4) followed by 150 ml of 4% PFA solution in Millonig buffer (pH
7.4). Brain samples were dissected and postfixed in PFA solution for 72 hours at 4 °C. The
brains were coronally sectioned using a Leica VT1000S vibratome (Leica Biosystems, Wetzlar,
Germany). Four series of 30 um sections were collected and stored in PBS containing sodium
azide (0.01%) at 4°C, then for long-term storage in an anti-freeze solution.

Four representative sections of the EWcp, IPAG (from Bregma -2.92 mm to -4.04 mm), DRN
(from Bregma —5.8 mm to —8.8 mm) and STN (spinal cord C1 segment) per animal were
selected for each staining according to (Paxinos, 2001). The TRGs were collected and stored in

a 4% PFA solution.

3.10. Urine alcohol concentration measurement

The ethanol content of the urine samples was examined by headspace gas chromatography with
flame-ionization detection (Agilent 7890A GC system, G1888 Network Headspace Sampler).
50 ul of sample was added to 500 pl of internal standard solution (tert-butanol solution with a
concentration of 0.05 g/l) previously introduced into a 20-mL headspace vial. The vial was
crimp sealed and thermostated at 75+ 0.1 °C. After the equilibrium was established (15 min),
2 uL of vapor was injected directly into the chromatographic columns (DB-ALCI1, Agilent J&W
Scientific, 30 m x 0.32-mm i.d., 1.8-um film thickness and DB-ALC2, Agilent J&W Scientific,
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30 m % 0.32-mm i.d., 1.2-pm film thickness). The HS loop and transfer line temperatures were
set at 75 °C and 85 °C, respectively. The injection port temperature was held at 150 °C and used
in split mode with a split ratio of 5:1. The flame ionization detector temperature was maintained
at 260 °C. Nitrogen was used as carrier gas. The GC oven temperature was kept at 35 °C during
the run time (4 min). The analytical method was validated for system suitability, selectivity,
accuracy, linearity, repeatability, and intermediate precision in accordance with the current ICH
guidelines (https://www.ema.europa.eu/en/documents/scientific-guideline/ich-guideline-q2r2-
validation-analytical-procedures-step-2b_en.pdf (accessed August 17, 2022)). Detector
response was linear over the range of 0.025-2.5 g/L for both acetaldehyde and ethanol. The
detection limit and quantitation limit values of both compounds were found to be 0.015 g/L and

0.025 g/L, respectively.

3.11. RNAscope ISH

The pretreatment procedure was optimized for 30 pm-thick PFA-fixed sections (Kormos et al.,
2022). Further steps (probe hybridization, signal amplification and channel development) were
performed according to RNAscope Multiplex Fluorescent Reagent Kit v2 user manual (ACD,
Hayward, CA, United States) to visualize the various targets (Table 1.). Mouse (ACD; Cat.
No.: 320881) and human triplex positive (ACD; Cat. No.: 320861) control probes and triplex
negative (ACD; Cat. No.: 320871) control probes were tested on the samples. The triplex
positive control probes gave well-detectable signal, while the negative control probes did not

give any recognizable fluorescence in the preparations (images not shown).

Target Probes Fluorophores
Crcp mRNA Crcp-C3 (Cat. No.: 810161-C3, ACD) Cyanine3 1:750
Rampl mRNA | Rampl-C1 (Cat. No. 532681, ACD) Cyanine3 1:750
Ctr mRNA Calcr-C2 (Cat. No. 494071-C2, ACD) Cyanine5 1:750
Crhlr mRNA | Crhlr-C1 (Cat. No.: 418011, ACD) Cyanine3 1:750
Crh2r mRNA | Crh2r-C2 (Cat. No.: 413201-C2, ACD) Cyanine3 1:750
NeuN mRNA | Neun-C3 (Cat. No.: 313311-C3, ACD) Cyanine5 1:750
Ucnl mRNA | Ucnl-C1 (Cat. No.: 466261, ACD) Fluorescein 1:3000

Table 1. RNAscope in situ hybridization mRNA targets, respective probes and
fluorophores. Crcp: calcitonin gene-related peptide receptor component, Rampl: receptor
activity-modifying protein 1, Ctr: calcitonin receptor, Crhlr: corticotropin-releasing hormone
receptor 1, Crh2r: corticotropin-releasing hormone receptor 2, NeuN: neuronal nuclear marker,
Ucnl: urocortin 1.
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3.12. Fluorescent immunostaining

After washes, sections were treated with 0.5% Triton X-100 (Sigma Chemical, Zwijndrecht,
The Netherlands) in PBS for 30 minutes and nonspecific binding sites were blocked with 2%
normal donkey serum in PBS. Sections were incubated with the primary antibody/antibodies
(Table 3.) for 24 hours. The secondary antibody/antibodies treatment (Table 2.) was applied
for 3 hours at room temperature. Sections were counterstained with 4',6-diamidino-2-
phenylindole (DAPI) (ACD) and mounted on gelatin-coated glass slides, air-dried and cover-
slipped with glycerol-PBS (1:1).

For the acute brain slices used for electrophysiological recordings, biocytin was visualized
using Alexa 488-conjugated Streptavidin (Cat. No: 016-540-084 Jackson Immunoresearch
Europe Ltd., Cambridgeshire, United Kingdom) diluted to 1:2.000.
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005, Synaptic Systems GmbH) 1:1000

Target Primary antibodies Secondary antibodies
CART Rabbit anti-CART (Cat. No.: H-003-62 Cy3-conjugated donkey anti-rabbit (Cat.
(55-102), Phoenix) 1: 10.000 No.: 711-165-152 Jackson) 1: 500
GEP Chicken anti-GFP (Cat. No.: A10262, Alexa 488-conjugated donkey anti-chicken
Life Technologies) 1:1000 (Cat. No.: 703-546-155, Jackson) 1:500
CTB Goat anti-CTB (Cat. No.: #703, List Alexa 488-conjugated donkey anti-goat
Biological Laboratories) 1:5000 (Cat. No.: 705-545-003, Jackson) 1:500
Alexa 488-conjugated donkey anti-rabbit
Rabbit anti-UCN1 (Cat. No.: ab283503, (Cat. No.: 711-545-152, Jackson) 1:500
UCNI Abcam) 1:5000 or
' Cy3-conjugated donkey anti-rabbit (Cat.
No.: 711-165-152, Jackson) 1:500
UCN1 Goat anti-UCN1 (Cat. No.: SC1825, Alexa 488-conjugated donkey anti-goat
Santa Cruz)1:250 (Cat. No.: 705-545-003, Jackson) 1:500
GEAP Mouse anti-GFAP (Cat. No.: Cy3-conjugated donkey anti-mouse (Cat.
NCLLGFAP-GA5, Novocastra) 1:1000 No.: 715-165-150, Jackson) 1:500
P-CREB Rabbit anti-P-CREB (Cat. No.: #9191, Cy3-conjugated donkey anti-rabbit (Cat.
Cell Signaling) 1:500 No.: 711-165-152, Jackson) 1:500
CALCRL Rabbit anti-CALCRL (Cat. No.: 703811, | Cy3-conjugated donkey anti-rabbit (Cat.
Invitrogen) 1:250 No.: 711-165-152, Jackson) 1:500
Cy3-conjugated donkey anti-mouse (Cat.
Mouse anti-NeuN (Cat. No.: MAB377, | NO- 715-165-150, Jackson) 1:500
NeuN | sigma-Aldrich) 1:1000 or
' Alexa 488-conjugated donkey anti-mouse
(Cat. No.: 715-545-150, Jackson) 1:500
5-HT Goat anti-5HT (Cat. No.: ab66047, Alexa 488-conjugated donkey anti-goat
Abcam) 1:2000 (Cat. No.: 705-545-003, Jackson) 1:500
Alexa 647-conjugated donkey anti-rabbit
Rabbit anti-TPH2 (Cat. No.: 348003, (Cat. No.: 711-605-152, Jackson) 1:500
TPH2 Synaptic Systems GmbH) 1:500 or
' Alexa 488-conjugated donkey anti-rabbit
(Cat. No.: 711-545-152, Jackson) 1:500
FOS Rabbit anti-cFOS (Cat. No.: 226 003, Cy3-conjugated donkey anti-rabbit (Cat.
Synaptic Systems GmbH) 1:2000 No.: 711-165-152, Jackson) 1:500
FOS Guinea pig anti-cFOS (Cat. No.: 226 Alexa 488-conjugated donkey anti-guinea

pig (Cat. No.: 706-545-148, Jackson) 1:500

Table 2. Antibodies used for immunostainings. CART: Cocaine and amphetamine-regulated
transcript, GFP: green fluorescent protein, CTB: cholera toxin beta subunit, UCN1: urocortin
1, GFAP: glial fibrillary acidic protein, P-CREB: phosphorylated product of c-AMP-responsive
element binding protein, CALCRL: calcitonin receptor-like, NeuN: neuronal nuclear marker,
5-HT: 5-hydoxtryptamine, TPH2: tryptophan hydroxylase 2, FOS: marker of acute neuronal
activity, Cy3: Cyanine 3.

4.13. RNAscope ISH combined with immunofluorescence.

After the RNAscope procedure (see above), slides were treated with the primary antibody

(Table 2.) for 24 hours. After washes, slides were incubated with secondary antibody (Table

2.) for 3 hours at room temperature in dark, and then counterstained with DAPI (ACD), air-

dried and cover-slipped with glycerol-PBS (1:1).
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3.14. Whole mount FOS immunostaining

After 3 days of postfixation in 4% PFA, TRGs were washed with PBS for 24 hours, incubated
with 0.5% Triton X-100 for 6 hours (Sigma Chemical, Zwijndrecht, The Netherlands) in PBS
to enhance the permeability. Nonspecific binding sites were blocked using 2% normal donkey
serum in PBS for 2 hours. Then, TRGs were incubated with FOS primary antibody (Table 2.)
for 48 hours. After washes (4%15 min) in PBS, samples were incubated with the secondary

antibody (Table 2.) for 24 hours, followed by 4 x15 min PBS washes.

3.15. Immunohistochemistry with diaminobenzidine

To assess the neuronal activity in EWcp, IPAG and STN, we used FOS immunohistochemistry.
The neuronal loss upon EWcp/UCNI neuron ablation was quantified by UCNI
immunohistochemistry.

Sections were washed three times with PBS, then treated with 1% H>O, (Sigma Chemical,
Zwijndrecht, The Netherlands) to quench the endogenous peroxidase activity of the tissue. After
3x%10 min washes with PBS, sections were treated with 0.5% Triton X-100 (Sigma Chemical,
Zwijndrecht, The Netherlands) in PBS to enhance their permeability. Then, nonspecific binding
sites were blocked using 2% normal goat serum in PBS. Subsequently, sections were incubated
with FOS antibody (anti-c-FOS polyclonal antibody produced in rabbit, Synaptic Systems
GmbH, Cat. No.: 226 003) in a 1:2000 dilution or with UCN1 antibody (rabbit anti-UCN1, Cat.
No.: ab283503, Abcam 1:5000) overnight at room temperature. After 3x10 min washes with
PBS, sections were incubated with biotinylated anti-rabbit gamma globulin for 1 hour
(VECTASTAIN® Elite ABC-HRP Kit, Peroxidase Rabbit IgG Vector Laboratories Cat. No.:
PK-6101, produced in goat). After 3x10 min PBS washes, sections were then incubated in
avidin-biotin complex solution for 1 hour. After washes, the labelling was developed with
0.05% DAB in Tris buffer with 0.06% H20O> (Sigma Chemical, Zwijndrecht, The Netherlands).
The reaction was controlled under a stereomicroscope and stopped with Tris buffer. After 3x10
min washes with PBS, sections were mounted on gelatin-coated slides, air-dried, treated with
xylene (Merck, Leicester, UK), and cover-slipped with DPX mounting medium (Merck,
Leicester, UK).

3.16. Microscopy, digital imaging and morphometry
The DAB-labelled sections were studied and digitalized using a Nikon Microphot FXA

microscope with a Spot RT camera (Nikon, Tokyo, Japan). The number of FOS-positive nuclei
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was determined by manual cell counting on the whole cross section surface area of the EWcp,
IPAG and STN on four sections per animal. The average of these four values represented the
FOS activity of one mouse in the given brain area.

For the targeted ablation, the number of UCN1-positive neurons was determined by manual cell
counting on the whole cross section surface area of the EWcp on all sections per animal. The

sum of these values represented the number of UCNI1 neurons of one mouse in the EWcp.

Fluorescent-labelled sections were digitalized by an Olympus FluoView 1000 confocal
microscope (Olympus, Europa, Hamburg, Germany) in sequential scanning in analogue mode.
We used 3.5 um optical thickness, 1024x1024-pixel resolution, and a 40x or 60x objective for
scanning. The excitation and emission spectra for the respective fluorophores were selected
using built-in settings of the FluoView software (FV10-ASW:; Version 0102, Olympus, Europa,
Hamburg, Germany). DAPI was excited at 405 nm, Fluorescein and Alexa Fluor 488 at 488
nm, Cy3 at 550 nm, Cy5 and Alexa Fluor 647 at 650 nm. Sections were scanned for the
respective wavelengths of all channels. Digital images of the channels, depicting the same area,

were automatically superimposed and merged.

The UCNI1, CART, TPH2 and 5-HT immunofluorescence as well as the confluent or cluster-
like Ucnl and Cart RNAscope signal was measured by Image J software (version 1.42., NIH,
Bethesda, MD) in 5-20 cell bodies using four non-edited images of the corresponding channel.
The regions of interest were manually determined at cytoplasmic areas of neurons. The signal
density was corrected for the background signal. The average of the specific signal density
(SSD) of 5-20 neurons was determined in four sections per animal. In case of low copy signals
(i.e. Trpal) where the individual signal dots did not overlap and remained distinguishable, we
performed a manual signal dot counting and determined the number of mRNA copies per cell.
We averaged the numbers of transcripts per cell as described above for the SSD values, in four
sections. The average of these four values represented the SSD or mRNA transcript per cell

count value of one mouse. The SSD was expressed in arbitrary units (a.u.).

In human samples, autofluorescence caused by lipofuscin accumulation disturbed the imaging.
Because the lipofuscin accumulation is characteristic for the cytoplasm, but not for the
karyoplasm, we show high magnification images including the cross-section profiles of
neuronal nuclei. With this strategy, nuclear mRNA signal dots get well-distinguishable from

cytoplasmic lipofuscin-related autofluorescence that appears in all channels.
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3.17. Human brain samples for histology

Subjects (n=3) studied in this project died suddenly from extracranial disease and did not show
any brain neuropathologies (Table 3.). The removal of brains was performed within a time
window of 2 to 5 hours post mortem, after perfusion via cannula placed into the internal carotid
and vertebral arteries. Perfusion was commenced with 1.5 Liter of 0.33% heparin containing
physiological saline for 30 minutes, then with 4-5 Liters of a Zamboni fixative solution
containing 4% paraformaldehyde and 15% picric acid in phosphate buffer (pH 7.4) over a
duration of 1.5-2 hours.

The study received ethical approval from the Regional and Institutional Committee of Science
and Research Ethics of the Scientific Council of Health (ETT TUKEB 15032/2019/EKU) and

was conducted in adherence to the principles of the Declaration of Helsinki.

Tissue samples of the mesencephalic ventral periaqueductal gray matter (PAG) were
microdissected. The EWcp and DRN area was identified according to the Allen human brain
atlas (Ding et al., 2016), and post-fixed in the Zamboni solution without glutaraldehyde
overnight (Szekeres-Paraczky et al., 2022). The brain samples were sectioned for 30 pm
thickness using a Leica VT1000S vibratome (Leica Biosystems, Wetzlar, Germany), then, the
sections were collected and stored in PBS, containing sodium azide (0.01%) at 4 °C. For long-

term storage at -20 °C, they were transferred into anti-freeze solution.

Case code Gender Age Post mortem time (min)
SKO27 Female 76 Years 195
SKO28 Female 93 Years 224
SK0O29 Female 69 Years 212

Table 3. Characteristics of human brain samples used for histology

3.18. Human fMRI study

3.18.1. fMRI study participants

In the functional connectivity analysis, 35 migraine patients (27 females and 8 males, mean age
+ SD=25.24 £+ 4.35 years) with diagnosis of episodic migraine without aura (third edition of the
International Classification of Headache Disorders (ICHD-III)) (Olesen, 2018) and 41 healthy

control volunteers (25 females and 16 males, mean age = SD=26.00 + 4.59 years) were
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included. All participants were screened by headache specialists, free from any serious medical,
neurologic (except migraine without aura) or psychiatric disorders, have not taken any daily
medications (except oral contraceptives) and they were right-handed. The functional magnetic
imaging (fMRI) experiment was carried out in the interictal period of migraine patients, they
were free from migraine attack 48 hours before and 24 hours after the fMRI session. Their

average migraine frequency was 3.36 = 3.11 attacks per month.

3.18.2. Functional magnetic imaging acquisition and seed region definition

The fMRI session started with the acquisition of a high-resolution structural data using T1-
weighted 3D turbo field echo (TFE) sequence and 1 %1 x 1 mm3 resolution in a 3 T MRI
scanner (Achieva 3 T, Philips Medical System). The resting-state fMRI session lasted 6 minutes
when the participants were instructed to close their eyes but remain awake. The imaging dataset
acquisition parameters of T2*-weighted echo-planar (EPI) pulse-sequence were the following:
repetition time (TR)=2.500 ms, echo time (TE)=30 ms, field of view (FOV)=240 x 240 mm?;
with 3 x 3 x 3 mm? resolution. The state-of-the-art preprocessing pipeline was applied on raw
data based on previous analysis of the research group (Gecse et al., 2022).

After the preprocessing steps, seed-to-voxel analysis was conducted with the EW [Montreal
Neurological Institute (MNI) coordinates: x=0; y=-23; z=-7, radius: 2 mm]. The seed definition
was carried out based on literature data (You & Park, 2023) and confirmed by the visual check
of expert scientists. The spherical mask of the region was created using fslmaths command of
FSL, the extraction of time-series data and subsequent computations of voxel-wise connectivity
analysis the NiBabel and NumPy modules were used. The seed-based connectivity map for
each participant, established through voxel-wise Pearson correlation with the averaged seed
region data, underwent transformation into Z-scores via Fisher transformation. These Z-score
maps for each individual were subsequently employed in both within-group and between-group
comparisons using the Statistical Parametric Mapping (SPM12) software package (Wellcome
Department of Imaging Neuroscience, Institute of Neurology, London, UK). Given the fact that
the EW is lying under the PAG, we examined the extent to which we could differentiate its

connectivity from those of the PAG using previously applied PAG seeds (Gecse et al., 2022).

3.18.3. Functional connectivity analysis
The functional connectivity of EW was determined in whole group analysis using one sample

t-test. After, two sample t-test was conducted to compare the EW connectivity between migraine
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and control groups. A correlation analysis was used to investigate the relationship between
migraine frequency and EW connectivity in migraine patients. In order to confirm the
connection identified in animal experiments between EW with STN (MNI coordinates: left STN
x=-6, y=42, z=-48; right STN x=6, y=-42, z=-48; radius: 4 mm), DRN (from Harvard
Ascending Arousal Network Atlas) (Brian L. Edlow 2012), and hypothalamus ( MNI
coordinates: x=0, y=-16, z=-10, radius: 4 mm), region-of-interest analysis was conducted with
these three regions.

All analysis was corrected for sex, age, and motion by adding them as covariates of no interest.
An initial threshold of p<0.001 uncorrected for multiple comparison and at least twenty
contiguous voxels was used in the whole brain analyses. All reported results survived family-
wise error correction at a cluster-level threshold of prwe<0.05. In the region of interest (ROI)
analysis, the initial threshold of p<0.001 uncorrected for multiple comparison was used, and

the reported results survived family-wise error correction at peak-level threshold of prwr<0.05.

For data visualization, statistical maps of significant clusters were used as overlay on MNI 152

template brain in MRIcroGL (Rorden & Brett, 2000).

3.19. Statistical analysis

Data were expressed as mean + standard error of the mean for each experimental group. Data
sets were tested for normality (Shapiro-Wilk test; Shapiro & Wilk, 1965) and homogeneity
(Bartlett’s Chi-square test; Snedecor and Cochran, 1989). Outlier data beyond the two-sigma
range were excluded from the analysis.

Statistical analyses of electrophysiological data were performed using Clampfit v. 10.7
(Molecular Devices) and OriginPro v. 8.6. Data were evaluated by Tukey’s post hoc test upon

one-way analysis of variance (ANOVA).

Data sets obtained from the functional and morphological changes in the CGRP mouse model
of migraine and the 7rpal expression following acute alcohol exposure were evaluated using

Student’s ¢ test.

One-way ANOVA was used to evaluate data sets obtained from the NTG mouse model of
migraine and two-way ANOVA for data sets obtained from the mouse model of acute alcohol
exposure. Tukey’s post hoc tests were performed based on first or second order effects in

ANOVA tests.
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Datasets obtained in the experiment of targeted UCN1 neuron ablation were evaluated by
repeated measures ANOVA to assess the effect of CGRP treatment before and after
EWcp/UCNI ablation (as within subject factor) on the pain threshold values, obtained in the
von Frey test. Tukey's post hoc comparisons were used. The analyses were performed with the

software Statistica 8.0 (StatSoft, Tulsa, OK) (a=5%).
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4. Results

4.1. Investigation of EWc¢p in migraine

4.1.1. Neuroanatomical and qualitative morphological examination of migraine-related
targets

4.1.1.1. Expression of the CGRP receptor target components in the EWcp, DRN and STN

To prove that central CGRP may directly affect the urocortinergic EWcp neurons, we performed
RNAscope ISH for Calcr, Rampl and Crcp mRNA moreover immunofluorescence for CLR
and UCN1. We proved that Rampl and Calcr mRNAs coding for AMY 1 components are co-
expressed both in mouse and human EWcp neurons (Figure 6.). Notably, the expression pattern
of Calcr mRNA in the EWcp suggests a substantial co-localization with UCN1 immunoreactive
neurons. Moreover, almost all EWcp/UCN1 neurons were found to contain CLR (Figure 7.)
and Crep (Figure 8.) both in mice and humans.

In the DRN, RNAscope ISH in combination with immunofluorescence for Calcr, Rampl
(Figure 6.) and CLR (Figure 7.) as well as Crcp mRNAs (Figure 8.) were found to be

expressed in TPH2-immunoreactive serotonergic and non-serotonergic neurons.

We detected Calcr, Rampl (Figure 6.) and Crcp mRNAs (Figure 8.) in both neuronal and glial
cells in the mouse STN laminae I-1II. Additionally, in line with an earlier study, the expression
of CGRP receptor component CLR was confirmed in both neurons (Miller et al., 2016) and
astrocytes (Figure 9.).
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Figure 6. Calcitonin receptor (Calcr) and receptor activity-modifying protein 1 (Rampl)
mRNA expression. (A) Representative fluorescence images showing the Calcr (white) and
Ramp1 (red) mRNA transcripts co-expressed with urocortin 1 peptide (UCNI, green) in the
mouse centrally projecting Edinger-Westphal nucleus (EWcp). (B) Neurons (neuronal marker
NeuN, green) of the mouse spinal trigeminal nucleus express both of Calcr (white) and Ramp 1
(red) mRNA. (C) Representative fluorescence images showing the CALCR (white) and RAMP1
(red) mRNA transcripts co-expressed with UCN1 (green) in the human EWcp. (D) In the mouse
dorsal raphe nucleus (DRN), the serotonin (5-HT, green) immunoreactive cells also contained
Calcr (white) and Ramp! (red) mRNA transcripts. (E) In the human DRN, the 5-HT (green)
immunoreactive cells also contained CALCR (white) and RAMPI (red) mRNA transcripts. The
yellow cytoplasmic area in E corresponds to lipofuscin autofluorescence. Nuclear
counterstaining was performed with 4',6- diamidino-2-phenylindole (DAPI, blue).
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Figure 7. Calcitonin-like receptor (CLR) expression. (A-A”) Representative
immunofluorescence images showing the CLR (red) co-expressed with urocortin 1 peptide
(UCNI, green) in the mouse centrally projecting Edinger-Westphal nucleus (EWcp). (B-B”)
Representative immunofluorescence images showing the CLR (red) co-expressed with
urocortin 1 peptide (UCN1, green) in the human EWcp. (C-C”) In the mouse dorsal raphe
nucleus (DRN), the serotonin (5-HT, green) immunoreactive cells also contained CLR (red).
(D-D”’) In the human DRN, the 5-HT (green) immunoreactive cells co-expressed CLR (red).
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Figure 8. Calcitonin gene-related peptide receptor component (Crcp) mRNA expression.
Representative fluorescence images showing the Crcp mRNA transcripts (red) co-expressed
with urocortinl peptide (UCNI1, green) in the mouse (A) and human (D) centrally projecting
Edinger-Westphal nucleus. In the mouse (B) and human (E) dorsal raphe nucleus the tryptophan
hydroxylase 2 (TPH2, green) immunoreactive cells also contained Crcp mRNA transcripts
(red). Neurons (neuronal marker NeuN, green) of the mouse spinal trigeminal nucleus (C)
express also Crcp mRNA (red). Nuclear counterstaining was performed with 4',6- diamidino-
2-phenylindole (DAPI, blue).
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Figure 9. Calcitonin receptor-like receptor protein (CLR) expression in mouse spinal
trigeminal nucleus (STN). (A-B) The NeuN (green) labelling combined with CLR staining
(red) revealed that a part of the STN neurons show also CLR immunoreactivity. See the yellow
arrowheads in the higher magnification images (B) depicting the boxed areas in A. (C-D) Glial
fibrillary acidic protein (GFAP)-CLR double labelling demonstrates that the GFAP (green)-
immunoreactive astrocytes show also some CLR (red) immunopositivity. See the white
arrowheads in the high magnification images in panel D, demonstrating the marked areas in C.
The overlay images (A”’-D”’) in the right column demonstrate the co-localization of the labelled
antigens.
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4.1.1.2. Urocortinergic afferentation of the Crhlr and Crh2r-expressing neurons in the
mouse STN

Anterograde and retrograde tracing studies were performed to investigate a possible
urocortinergic projection from the EWcp to the STN. The accurate anatomical position of the
injection site was approved by CTB and GFP immunostaining on C1 spinal cord (Figure 10A)
and EWcp (Figure 10B) sections, respectively. CTB and UCN1 double positive neurons were
detected in EWcp after a CTB injection into the STN (Figure 10C). Moreover, GFP and UCN1
double positive fibers were observed in the STN in samples of mice injected with AAV8-EGFP
injection into the EWc¢p (Figure 10D).

Next, we examined the expression of UCNI1 receptor targets, Crirl and Crhr2, in the I-III
lamina of the STN and we tested whether they are approached by UCN1-immunoreactive fibers.
RNAscope ISH for Crhlr, Crh2r and NeuN mRNAs was combined with UCNI
immunofluorescence. In laminae I-11I of the STN, the neurons were seen to express both Crhr!

(Figure 10E) and Crhr2 (Figure 10F) mRNAs and they received urocortinergic fibers.
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Figure 10. Urocortinergic afferentation from the centrally projecting Edinger-Westphal
nucleus (EWcp) to the spinal trigeminal nucleus (STN). (A) Representative images showing
the injection site of AAVS8 Syn EGFP by green fluorescent protein (GFP, green)
immunofluorescence in the EWcp urocortinergic (UCN1, white) neurons. All of the virus-
infected cells are neurons (neuronal marker: NeuN, red), note the UCN1 and NeuN co-
localization (yellow). (B) Fluorescence labelling for cholera toxin subunit B (CTB) in the dorsal
horn of STN. (C) The co-localization of UCNT1 (red) with GFP (green) in a nerve fiber in the
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STN and (D) the co-localization of UCNI1 (red) with CTB (green) in the EWcp neurons. (E)
Cells co-expressing neuronal marker mRNA (NeuN, white) and corticotropin-releasing
hormone receptor | mRNA (Crhrl, red) as well as (F) corticotropin-releasing hormone receptor
2 (Crhr2, red), receiving a UCNI1 (green) positive afferentation in the STN. Nuclear
counterstaining was performed by 4',6- diamidino-2-phenylindole (DAPI, blue).

4.1.2. Investigation of the EWcp in a nitroglycerin-induced migraine mouse model

To examine the neuronal activity in the EWcp, we performed FOS immunohistochemistry with
DAB. Both the vehicle and NTG treatment significantly increased the number of FOS positive
neurons in the EWcp with a strong main effect of the treatment in one-way ANOVA (p=0.02),
compared to saline (Tukey’s post hoc test, pven=0.02; pntc=0.01). However, there was no

significant difference between the vehicle- and NTG-treated groups (p=0.7) (Figure 11).
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Figure 11. FOS immunoreactivity in the centrally projecting Edinger-Westphal nucleus
(EWcp). Representative images showing the nuclei (brown dots) of activated FOS positive
neurons, in the EWcep 2 h after i.p. injection of 10 mg/kg saline (control; A), vehicle (saline-
based solution containing 6% alcohol and 16% propylene glycol; B) and nitroglycerin (NTG;
C). Columns show means + SEM of the number of FOS positive neurons in the EWcp after i.p.
injection of saline (white), vehicle (gray) and NTG (black) (n=6; *p<0.05; one-way ANOVA
with Tukey’s post hoc test) (D).

4.1.3. Investigation of the EWcp and its migraine-related projection areas in a CGRP-
induced migraine model

4.1.3.1. Model validation
To assess photophobia associated with migraine-like headache, we performed LDB test. CGRP-
treated mice spent significantly increased ratio of time in the dark compartment compared to

the controls (Student’s t-test, p=0.02) (Figure 12A).

Von Frey test was performed to assess periorbital pain associated with migraine-like headache.
CGRP treatment significantly reduced the periorbital withdrawal threshold compared to the
saline (Student’s t-test, p=8.25x107'%) (Figure 12B).
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FOS immunofluorescent labelling was performed to assess the activation of the TRG neurons
in the trigeminovascular nociceptive pathway. CGRP treatment resulted in significantly
increased number of FOS positive neurons in the TRG, compared to the controls (Student’s t-

test, p=0.0004) (Figure 12C).

In the STN, although CGRP treatment did not affect the FOS positive neuron count (Student’s
t-test, p=0.18; data not shown), it increased the number of P-CREB (Student’s t-test, p=0.003)
in laminae I-II1 (Figure 12D).

FOS immunohistochemistry was performed in the IPAG to assess the activation of the
antinociceptive pathway in a migraine-like state. We found about two-fold increase in the
number of activated IPAG nuclei in the CGRP-treated group, compared to the control (Student’s
t test, p=0.002) (Figure 12E).
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Figure 12. Model validation. (A) Columns show the ratio of time spent in the dark
compartment of the light-dark box device, 30 min after saline (control) or calcitonin gene-
related peptide (CGRP) injection (n=11-15, *p=0.02; Student’s t-test). (B) Columns show the
facial withdrawal threshold (g) in von Frey test, 30 min after saline (control) or CGRP injection
(n=13, ***p=8.25x10°13; Student’s t-test). (C) Columns show the number of FOS-positive
neurons in the trigeminal ganglia (TRG), 4 hours after saline (control) or CGRP injection (n=6;
*#%p=0.0004; Student’s t test). (C’-C”) Representative fluorescence images showing the
expression of FOS, as a marker of early neural activation in the TRG, 4 h after saline (control)
and CGRP injection. Nuclei of FOS positive activated neurons (red) are highlighted by the
white arrowheads. (D) Columns show the number of P-CREB positive neurons in the spinal
trigeminal nucleus (STN) 4 h after saline (control) and CGRP injection (n=6; **p=0.003;
Student’s t test). (D’-D”) Representative fluorescence images showing the expression of P-
CREB, as a marker of neural activation in the STN, 4 h after saline (control) and CGRP
injection. Nuclei of P-CREB positive activated neurons (red) are co-localized (yellow) with the
neuronal marker (NeuN, green). (E) Columns show the number of FOS positive neurons in the
lateral periaqueductal gray matter (IPAG), 4 h after saline (control) and CGRP injection (n=6;
**p=0.002; Student’s t test). (E’-E”) Representative images showing the nuclei (brown dots) of
activated FOS positive neurons in the IPAG in control and CGRP-treated mice.

4.1.3.2. Functional and morphological changes of the EWcp in the CGRP model
FOS immunohistochemistry was performed to assess the acute neuronal activity of the EWcp.
CGRP treatment resulted in an approximately two-fold rise in the number of FOS positive

neurons, compared to the control (Student’s t-test, p=0.03) (Figure 13A).

Using a double-label immunofluorescence, we found that most of the FOS-immunoreactive
nuclei were localized to UCNT1 neurons (91.79%) suggesting that the urocortinergic EWcp was

activated (Figure 13B).

To assess the effect of CGRP treatment on Ucnl mRNA expression and UCN1 peptide content
in the EWcp neurons, RNAscope ISH was performed, combined with immunofluorescence. In
CGRP-treated animals, significantly higher Ucnl/ mRNA expression (Student’s t-test,
p=0.0004) (Figure 13C) and UCN1 peptide immunosignal (Student’s t-test, p=0.0007) (Figure

13D) was found in the EWc¢p neurons, compared to the controls.
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Figure 13. Response of the mouse centrally projecting Edinger-Westphal nucleus (EWcp)
to calcitonin gene-related peptide (CGRP) treatment. (A) Columns show the number of
FOS-immunoreactive neurons in the EWcp, 4 h after saline (control) or CGRP injection (n=6;
*p=0.03; Student’s t test). (A’-A”’) Representative images showing the nuclei of the neurons
positive (brown dots) for the early neural activation marker (FOS) in the EWc¢p, 4 h after saline
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(control) or CGRP injection. (B) Quantitative evaluation of the ratio of UCN1/FOS double-
labelled neurons from all FOS-immunoreactive neurons in the EWcp revealed the
urocortinergic identity of activated (FOS-immunoreactive) neurons, 4 h after saline (control)
and CGRP injection. (B’-B”) Representative fluorescence images showing the co-localization
of urocortin 1 (UCNI1, red) and FOS (green) in the EWcp of control and CGRP-injected mice.
(C) Quantitative evaluation of Ucnl mRNA specific signal density (SSD) in the EWcp, 4 h after
saline (control) or CGRP injection (n=6; ***p=0.00045; Student’s t test). (C’-C”)
Representative fluorescence images showing the expression of Ucnl mRNA (green) in the
EWcp in control and CGRP-treated mice. (D) Quantitative evaluation of UCN1 peptide SSD
in the EWcp, 4 h after saline (control) or CGRP injection (n=6; ***p=0.0007; Student’s t test).
(D’-D”) Representative images illustrate UCN1 peptide (green) immunoreactivity in the EWcp
in control and CGRP-injected mice. For nuclear counterstaining, 4',6- diamidino-2-
phenylindole (DAPI, blue) was used.

In order to assess how migraine-like state affects the number of 7rpal mRNA transcripts in the
EWcp/UCNI cells, we performed RNAscope ISH to detect 7rpal mRNA combined with UCN1
immunostaining. Semi-quantification of the staining showed that CGRP treatment increased

nearly two-fold the number of Trpal transcripts in UCN1 neurons (p=0.0003) (Figure 14).
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Figure 14. Trpal mRNA expression in the centrally projecting Edinger-Westphal nucleus
(EWcp) upon calcitonin gene-related peptide (CGRP) treatment. Columns show the
number of Trpal mRNA transcripts per urocortinergic neurons in the EWcp, 4 h after saline
(control) and CGRP injection (n=6; *p=0.0003; Student’s t test). Representative fluorescence
images showing the expression of 7rpal mRNA (red) and its co-localization with the urocortin
1 (UCN1) peptide (green) in the EWcp 4 h after saline (control) and CGRP injection. Nuclear
counterstaining was performed with 4',6- diamidino-2-phenylindole (DAPI, blue).
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4.1.3.3. Morphological changes of the DRN in the CGRP model

In the DRN, double immunostaining targeting 5-HT and TPH2 was performed. Both 5-HT
(Student’s t-test, p=0.03) (Figure 15A) and TPH2 (Student’s t-test, p=0.01) (Figure 15B)
content of the serotonergic neurons were significantly decreased in response to CGRP treatment

in the DRN.
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Figure 15. Serotonin (5-HT) and tryptophan hydroxylase 2 (TPH2) immunoreactivity in
the dorsal raphe nucleus (DRN). (A) Specific signal density (SSD) of 5-HT in the DRN, 4 h
after saline (control) and calcitonin gene-related peptide (CGRP) injection (n=6; *p=0.03;
Student’s t test). (A’-A”) Representative fluorescence images showing the 5-HT (green)
immunoreactivity in the DRN, 4 h after saline (control) and CGRP injection. (B) TPH2 SSD in
the DRN, 4 h after saline (control) and CGRP injection (n=6; *p=0.01; Student’s t test). (B’-
B”) Representative fluorescence images illustrate TPH2 (red) immunosignal in the DRN, 4 h
after saline (control) and CGRP injection.
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4.1.4. Targeted ablation of the EWcp urocortinergic neurons with leptin-conjugated
saporin in mice

UCNI1 immunohistochemistry was performed to confirm EWcp/UCNI1 neuron loss. Leptin-
conjugated saporin treatment significantly reduced the number of UCN1 immunoreactive
neurons in the EWcp compared to the naive mice (p=0.0002) (Figure 16A). Von Frey test was
performed to assess periorbital pain associated with migraine-like headache. Before the ablation
of EWcp/UCNI neurons CGRP treatment significantly reduced the periorbital withdrawal
threshold compared to saline (p=0.0001). Interestingly, after the ablation of EWcp/UCNI1
neurons, the saline treatment significantly reduced periorbital withdrawal threshold compared

to non-ablated controls (p=0.0001), and CGRP treatment did not change it further (Figure 16B).
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Figure 16. Ablation of urocortinergic (UCN1) neurons in the centrally projecting Edinger-
Westphal nucleus (EWcp) by leptin-saporin (LS). (A) Columns show the number of UCN1
neurons in the EWcp in controls and LS-injected groups (n=11; ***p=0.0002; Student’s t test).
(A’-A”) Representative images showing the UCN1 neurons (brown) in the EWcp, in control
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and LS-injected mice. (B) Columns show the facial withdrawal threshold (g) in von Frey test,
30 min after saline or calcitonin gene-related peptide (CGRP) injection in control and LS-
injected mice (n=11, ***p=0.0001; Tukey’s post hoc test upon repeated measures ANOVA).

4.2. Human fMRI study
An fMRI study was performed to investigate the functional connectivity matrix of the EWcp in

humans.

4.2.1. Functional connectivity of the human Edinger-Westphal nucleus

Extensive positive functional connectivity of the EW nucleus with frontal and temporal gyri,
cerebellum, caudate and midbrain were identified in the whole population (Figure 18. and
Table 4.). In accordance, significant positive functional connectivity was found between the
EW and DRN (Peak pFWE=0.004; Peak Z-value=3.51, Peak MNI coordinates: x=0, y=-28, z=-
14) as well as STN (Peak pFWE=0.007; Peak Z-value=3.10, Peak MNI coordinates: x=4, y=-

40, z=-44) in whole group analysis. No significant negative connections were detected.
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Figure 18. Functional connectivity matrix of Edinger-Westphal nucleus. Blue color
represents functional connectivity of Edinger-Westphal nucleus with other brain areas.
Significance threshold was cluster-level p(FWE)<0.05 including at least 10 contiguous voxels.
Results are corrected for age and sex. Statistical maps were visualized on the MNI 152 template
brain provided in MRIcroGL (http://www.mccauslandcenter.sc.edu/mricrogl/).
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Cluster size Peak coordinates Peak

(voxel) Region X y V/ T-value
5518 | L Thalamus 20 24 -8 17.99
R Lingual gyrus 12| -24 -6 5.882

R Caudate 14 -2 14 5.474

L Caudate -10 10 6 491

R Thalamus 10| -20 10 4.69

R Pallidum 22 0 6 4.62

221 | R Precuneus 21 -72 56 5.410
319 | L Posterior cingulate cortex -101  -34| -30 5.084
R Cerebellum III 12| -30| -30 4.672

1524 | R Cerebellum VI 36| -40 -28 5.027
R Cerebellum Crus 2 421 -70| -44 4.660

278 | R Orbital part of inferior frontal gyrus 32 26| -14 4.973
596 | R Middle frontal gyrus 50 14 52 4.906
R Precentral gyrus 36 0 48 4.700

247 | L Superior temporal pole -42 200 ~-16 4.905
173 | L Middle frontal gyrus -24 28 34 4.534
196 | R Triangular part of inferior frontal gyrus 54 28 14 4.364
R Opercular part of inferior frontal gyrus 56 20 38 3.952

132 | L Middle temporal gyrus -68| -30 -6 4.349
342 | R Medial part of superior frontal gyrus 2 56 34 4.331
L Medial part of superior frontal gyrus 0 52 46 3.898

230 | L Middle frontal gyrus -30 60 8 4.159
L Orbital part of middle frontal gyrus -38 56 -2 3.468

Table 4. Significant positive functional connectivity of Edinger-Westphal nucleus.
Reported results are significant at cluster-level prwr<0.05. Coordinates are in Montreal

Neurological Institute (MNI) space. R: right hemisphere, L: left hemisphere.

Since the EW nucleus is located within the borders of the PAG, we also identified the functional

connectivity matrix of PAG (Table 5.). Moreover, we summarized the similarities and

differences in functional connectivity matrix of EW and PAG (Figure 19.).
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cluster size Peak coordinates peak
(voxel) Region X y z T-value

2855 | Midbrain 41 -28 -6 16.100
Midbrain 18| -22 -8 5.677

Midbrain 24| 22 -6 4.810

222 | L Superior frontal gyrus -26 62 10 5.328

L Middle frontal gyrus -24 50 16 4.097

1468 | R Vermis_7 20 -74| -26 4.66

R Cerebelum_ IX 12| -54| -34 4.62

L Cerebelum_VI 26 -60| -36 4.499

171 | L Cerebelum_Crusl 401 -46| -36 4.506

170 | R Anterior cingulate cortex 12 50 8 4318

L Anterior cingulate cortex -2 48 12 3.593

318 | L Calcarine 2| -68 22 4313

L Precuneus 20 72 32 3.849

R Precuneus 8| -66 30 3.601

173 | L Superior frontal gyrus -12 28 36 4.111

L Middle frontal gyrus -24 36 40 3.659

192 | L Cerebelum_Crusl 46| -58| -38 4.111

L Cerebelum_Crus2 401 -74| -46 4.015

Table 5. Significant positive functional connectivity of periaqueductal gray matter.
Reported results are significant at cluster-level prwe<0.05. Coordinates are in Montreal
Neurological Institute (MNI) space. R: right hemisphere, L: left hemisphere.
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Figure 19. Similarities and differences in functional connectivity of Edinger-Westphal
nucleus and periaqueductal gray matter. Green color represents the functional connectivity
of Edinger-Westphal nucleus; red color represents the functional connectivity of periaqueductal
gray matter; yellow color represents the overlapping connectivity. Initial threshold of p<0.001
uncorrected for multiple comparison and at least twenty contiguous voxels was used in the
analysis. All connections were positive.

4.2.2. Comparison of Edinger-Westphal nucleus functional connectivity between
interictal migrainours and control groups

There was no significant difference between interictal migraine patients and healthy controls in

the functional connectivity of EW nucleus after correction for multiple testing.

4.2.3. Association between migraine frequency and functional connectivity of Edinger-
Westphal nucleus

We identified a positive correlation between migraine frequency and the functional connectivity
of EW nucleus with two clusters. One cluster (cluster size=123 voxel, pFWE=0.045) contained
the angular gyrus (Peak T-value=4.211, Peak MNI coordinates: x=54, y=-52, z=26) and
superior temporal gyrus (Peak T-value=3.961, Peak MNI coordinates: x=58, y=-40, z=22),
while the other cluster (cluster size=166 voxel, pFWE=0.011) contained the middle frontal
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(Peak T-value=3.994, Peak MNI coordinates: x=54, y=34, z=22), and triangular part of inferior
frontal gyri (Peak T-value=4.189, Peak MNI coordinates: x=48, y=30, z=14) (Figure 20.).
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Figure 20. Brain clusters where functional connectivity of Edinger-Westphal nucleus was
positively correlated to migraine frequency. The green area represents the first cluster
containing the angular gyrus and superior temporal gyrus, while red area is the other cluster
containing the middle frontal and triangular part of inferior frontal gyri. Significance threshold
was cluster-level p(FWE)<0.05 including at least 10 contiguous voxels. Results are corrected
for age and sex. Statistical maps were visualized on the MNI 152 template brain provided in
MRIcroGL (http://www.mccauslandcenter.sc.edu/mricrogl/).

4.3. Examination of EWcp/TRPAL1 in acute alcohol exposure model

4.3.1. Investigation of the functional activity of TRPA1 in mouse EWc¢p

As we aimed to examine the importance on TRPA1 in EWcp/UCNI neurons, we first wanted
to see whether our mRNA studies would be confirmed by a functional tool. This was important
for us, because the lack of reliable TRPA1 antibody precluded the opportunity to provide
evidence at protein level.

To test the functional activity of TRPA1 ion channel in the urocortinergic neurons of EWcp, we
performed patch clamp experiment in whole cell configuration on acute brain slices. All patched
neurons were filled with biocytin and tested for UCN1 immunoreactivity post hoc (Figure 21A-
C). Only UCNI-immunoreactive cells were used in the statistical analysis. UCNI-
immunoreactive neurons were tonically active at resting membrane potential as it was shown
previously (Topilko et al., 2022). We used JT010, a potent and selective, covalently binding
agonist (Takaya et al., 2015) to activate the TRPAI. Since recording of a relatively small
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transmembrane current in neurons can be challenging, we decided to monitor membrane
potential changes in current clamp mode upon application of JT010. Resting membrane
potential of recorded cells were adjusted via the amplifier to keep the cells just below the
threshold for AP firing (few AP still occurred). This strategy prevented spontaneous firing,
however even a moderate membrane potential depolarization -by the activation of TRPA1-
resulted in high frequency firing. Firing frequency was significantly increased during JT010
application in UCN1-immunoreactive neurons (Figure 21E-F). AP frequency was 0.14 £0.07
Hz at baseline, 0.87 £ 0.17 Hz during drug application and 0.22 + 0.07 Hz after washing out
the drug (n=9/4 mice) (Figure 21F). Notably UCN 1-immunonegative neurons in the EW region
showed no change in firing frequency or in membrane potential upon the application of JTO10

(Figure 22.).
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Figure 21. The TRPA1 agonist JT010 increases spontaneous firing frequency of urocortin
1 (UCN1)-immunoreactive neurons in the centrally projecting Edinger-Westphal nucleus.
Representative confocal images of UCNI-immunoreactive (red) cells (A), a biocytin (Bio,
green) filled patched neuron (B) and the merged image (C). Insets shows the magnified soma
of the patched neuron. Scale bars: 40 um. Response of the recorded cell (D) to 1 s current
injection (—100 and +100 pA). Representative current clamp recordings (E, upper panel)
showing the spontaneous activity of UCNI1-immunoreactive neuron. Black bar represents
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JTO10 application (5 uM). Instantaneous firing frequency (E) (lower panel) of each action
potential in the upper recording is plotted. Statistics (F) showing the firing frequency at baseline
(2 min before drug application) during JTO10 application and after washing out the drug (n=9
from 4 mice). ***p<0.001; Tukey’s post hoc test upon one-way ANOVA.
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Figure 22. JT010 does not alter spontaneous activity of urocortin 1 (UCNI1)-
immunonegative neurons in the Edinger-Westphal nucleus. Representative confocal images
of UCNI immunostaining (A, red), biocytin (B, Bio, green) filled patched neuron and the
merged image (C) respectively. Insets show the magnified soma of the patched neuron. Note
that the recorded neuron is UCN1-immunonegative. Scale bars: 40 pm. Respond of the recorded
cell (D) to 1s current injection (-100 and +150 pA). Representative current clamp recordings
(E) showing the spontaneous activity of the UCNI-immunonegative neuron. Black bar
represents JT010 application (5 uM). Statistics showing the firing frequency at baseline (2 min
before drug application), during JTO10 application and after washing out the drug in the
presence of cyanquixaline (CNQX, a competitive AMPA/kainate receptor antagonist) and
Gabazine (antagonist at GABAA receptors) (n=5 from 2 mice). *p<0.05; paired Student t test

(F).

4.3.2. Examination of TRP41 mRNA expression in the human EWcp

To confirm the expression of TRPAl mRNA in human EWcp urocortinergic neurons also,
RNAscope ISH targeting 7TRPAI mRNA was combined with UCN1 immunofluorescence.
UCNI positive neurons in human EWcep were found to co-express TRPAI mRNA (Figure 23.).
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Figure 23. TRPAI expression in human centrally projecting Edinger-Westphal nucleus
(EWcp). Representative fluorescence images showing TRPAI mRNA transcripts (red) co-
expressed with urocortin 1 peptide (UCNI1, green) in human EWcp. Nuclear counterstaining
was performed with 4',6- diamidino-2-phenylindole (DAPI, blue).

4.3.3. Investigation of the Trpal-expressing EWcp in a mouse model of acute alcohol
exposure

4.3.3.1. UAC measurement

To confirm the absorption of i.p. administered ethanol, the urine alcohol concentration (UAC)
was measured using headspace gas chromatography. As expected, in the saline-treated groups
no ethanol was detected in the urine. We detected similar ethanol concentration in the urine of
both alcohol-treated WT and T7Trpal KO animals (ANOVA, main effect of treatment:
F124=37.030; p<10®; main effect of genotype Fi24=0.09; p=0.76) (Figure 24.).
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Figure 24 Urine alcohol concentration. Quantitative evaluation of alcohol concentration in
the urine of wild-type (WT) and 7rpal knockout (KO) mice, 2 h after i.p. saline (control) or 1
g/kg ethanol injection. Columns show means = SEM of alcohol concentration (g/L) (n=6-7;
**p=0.002; ***p=0.0009; Tukey’s post hoc test upon two-way ANOVA).

4.3.3.2. FOS immunohistochemistry

FOS immunohistochemistry was performed to assess the acute neuronal activity in EWcp.

Alcohol treatment significantly increased the number of FOS-positive neurons in the EWcp of

both WT and 7rpal KO mice, compared to the respective controls (ANOVA, main effect of

treatment: F; 25=183.33; p<10) without the main effect of genotype (Figure 25.).
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Figure 25. FOS immunoreactivity in the centrally projecting Edinger-Westphal nucleus
(EWcp) upon alcohol treatment. (A) Representative immunohistochemical images showing
the expression of FOS, as a marker of early neural activation, in the EWcp of wild-type (WT)
and Trpal knockout (KO) mice, 2 h after i.p. saline (control) and 1 g/kg ethanol injection.
Neuronal activation is represented by brown-colored nuclei. (B) Quantitative evaluation of FOS
immunostaining in the EWcp of WT and Trpal KO mice, 2 h after i.p. saline (control) and 1
g/kg ethanol injection. Columns show means + SEM of FOS positive neurons in the EWcp
(n=6-8; ***p=0.0001; Tukey’s post hoc test upon two-way ANOVA).
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4.3.3.3. Trpal RNAscope in situ hybridization

RNAscope ISH was performed to examine the effect of ethanol on the number of 7rpal mRNA
transcripts in the EWcp/UCNI neurons of WT animals. 7rpal mRNA showed a full co-
localization with the UCNI1 peptide immunosignal in the EWcp (Figure 26A). Ethanol

treatment significantly decreased the number of 7rpal transcripts compared to the control
(p=0.0001) (Figure 26B).
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Figure 26. Trpal mRNA expression in the centrally projecting Edinger-Westphal nucleus
(EWcp) of control and alcohol-treated mice. (A) Representative fluorescence images
showing the expression of Trpal mRNA (red) by RNAscope in situ hybridization and its co-
localization with the urocortin 1 (UCNT1) peptide (green) by immunofluorescence in the EWcp
of Trpal wild-type (WT) mice, 2 h after 1.p. saline (control) and 1 g/kg ethanol injection. For
nuclei, the sections were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). (B)
Quantitative evaluation of 7rpal mRNA expression in the EWcp of WT mice, 2 h after i.p.
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saline (control) and 1 g/kg ethanol injection. Columns show means £ SEM of 7Trpal mRNA
transcripts in the EWcp (n=6-8; ***p=0.0001; Student’s t-test).

4.3.3.4. Dynamics of UCN1 mRNA and peptide upon alcohol treatment

To examine the Ucnl mRNA expression and UCNI1 peptide content in the EWcp neurons in
response to alcohol treatment, RNAscope ISH and immunofluorescence were performed,
respectively. We detected a main effect of the genotype (ANOVA: F123=6.758; p=0.016) on
Ucnl mRNA expression. In control groups, no difference was detected, however a lower Ucn/
mRNA expression was observed in KO animals upon alcohol treatment (p=0.030) (Figures
27A, C).

We also observed a strong effect of genotype x treatment interaction on UCNI at peptide level
(ANOVA: F;2»=51.816; p<10°). The basal UCNI1 content of the EWcp neurons was
significantly lower in Trpal KO mice compared to WTs (p<10™*). Moreover, alcohol treatment
differentially regulated the UCNI peptide content in the EWcp. The UCN1 peptide content of
EWcp was significantly decreased in WT mice (p<107) and significantly increased in KO mice

(p=0.002), in response to alcohol treatment (Figures 27B, D).
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Figure 27. UCN1 mRNA and peptide content of the centrally projecting Edinger-Westphal
nucleus (EWcp) of control and alcohol-treated mice. Representative fluorescence images
showing the expression of urocortin 1 (Ucnl) mRNA (green) by RNAscope in situ
hybridization (A) and the UCNI peptide (green) by immunofluorescence (B), in the EWcp of
wild-type (WT) and Trpal knockout (KO) mice, 2 h after i.p. saline (control) and 1 g/kg ethanol
injection. For nuclei, the sections were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) (blue). Quantitative evaluation of Ucnl/ mRNA (C) and UCNI peptide (D) specific
signal density (SSD) in the EWcp of Trpal WT and Trpal KO mice, 2 h after i.p. saline
(control) and 1 g/kg ethanol injection. Columns show means + SEM of Ucnl mRNA (C) and
UCNI peptide (D) SSD in the EWcp (n=6-8; *p=0.03; ***p=0.0001; Tukey’s post hoc test
upon two-way ANOVA).
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4.3.3.5. Dynamics of CART mRNA and peptide upon alcohol treatment

To examine the Cart mRNA expression and CART peptide content in the EWcp neurons in
response to alcohol treatment, we performed RNAscope ISH and immunofluorescence,
respectively.

We observed a main effect of the genotype on Cart mRNA expression (ANOVA: F121=10.37;
p=0.004). A lower expression of Cart was observed in Trpal KO mice regardless the treatment
condition (Figures 28A, C). There was no main effect of alcohol treatment nor that of genotype

on CART peptide content (Figures 28B, D).
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Figure 28. CART mRNA and peptide content of the centrally projecting Edinger-
Westphal nucleus (EWcp) of control and alcohol-treated mice. Representative fluorescence
images showing the expression of cocaine- and amphetamine-regulated transcript (Cart)
mRNA (red) by RNAscope in situ hybridization (A) and the CART peptide (red) by
immunofluorescence (B) in the EWcp of wild-type (WT) and 7rpal knockout (KO) mice, 2 h
after i.p. saline (control) and 1 g/kg ethanol injection. For nuclei, the sections were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) (blue). Quantitative evaluation of
Cart mRNA (C) and CART peptide (D) specific signal density (SSD) in the EWcp of WT and
Trpal KO mice, 2 h after 1.p. saline (control) and 1 g/kg ethanol injection. Columns show means
+ SEM of Cart mRNA (C) and CART peptide (D) SSD in the EWcp (n=6-8; *p=0.05; two-way
ANOVA and Tukey’s post hoc test).
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5. Discussion

5.1. Investigation of EWcp in migraine

CGRP plays a key role in migraine, however, the central distribution of CGRP and its receptor
components has been described in rat, mouse and human brain (Ma et al., 2003; Edvinsson et
al., 2020; Huang et al., 2021) using immunohistochemistry, CGRP receptor expression in the
EWcp has not been studied yet. As we hypothesized that EWcp urocortinergic neurons may be
involved in migraine, first we aimed to investigate the expression of CGRP receptor
components in mouse and human EWc¢p and DRN, as well as mouse STN. Here we have
confirmed the expression of Rampl, Calcr and Crcp mRNA as well as CLR protein in
EWcp/UCNI neurons using the highly sensitive and specific RNAscope ISH technique (Wang
et al., 2012) combined with immunofluorescence in both mice and humans, which supports the
translational relevance of our animal data. Moreover, because AMY1 and CGRP receptor
components were also detected in the migraine-related EWcp projection areas such as DRN
and STN, we assume that the CGRP may activate the DRN and STN directly or indirectly via
AMY1 and CGRP receptor-expressing EWcp/UCNI neurons.

As RNAscope ISH revealed Crilr and Crh2r mRNA in the STN neurons and in their close
proximity UCNI1 fibers were detected, we assumed that a direct, descending urocortinergic
EWcp projection innervates the STN neurons in the I-III laminas. Our neuroanatomical studies
proved the direct urocortinergic projection from the EWcp to the STN, both by anterograde and
retrograde tracing. This suggests that UCN1 released from EWcp-derived fibers may modulate
the function of STN neurons via CRHIR and CRH2R.

Having supported the anatomical basis of our hypothesis, we next investigated how does the
EWcp respond in a migraine model. Several well-validated in vivo animal migraine models
were described, including direct electrical stimulation of trigeminal neurons, administration of
inflammatory substances to the meninges and administration of algogenic substances (Harriott
et al., 2019). Importantly, the recruitment of CGRP signaling was approved in all these models
(Wattiez et al., 2019). Migraine models applying direct electrical stimulation of trigeminal
neurons and administration of inflammatory substances to the meninges are limited by their
invasive nature. Considering the acute pain sensitivity of EWcp (Kozicz et al., 2001; Rouwette
et al., 2011) these models were not suitable to examine the recruitment of EWcp in migraine.
Algogenic substances that are used in animal models of migraine include NTG and CGRP.

Intraperitoneal administration of NTG and CGRP successfully resembled many aspects of
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migraine in rodents. Moreover, symptoms of NTG- and CGRP-induced migraine like-states
were alleviated by anti-migraine drugs like sumatriptan (Bates et al., 2010; Farkas et al., 2016;
Mason et al., 2017; Rea et al., 2018; Wattiez et al., 2019). In addition, repetitive administration
of algogenic substances allows studying chronic migraine (Kim et al., 2018; Harriott et al.,

2019).

In our preliminary pilot study, the NTG administration did not cause significant activation in
the EWcp in comparison to the vehicle control. In the view that the vehicle injection elicited a
strong neuronal activation in comparison to the saline control, we concluded that the ethanol
content of the NTG preparation caused the activation and not the NTG effect proper. Indeed,
the EWcp was shown to be very sensitive to ethanol (Zuniga & Ryabinin, 2020; Al-Omari et
al., 2023) and because all available NTG preparations contain high concentrations of alcohol
as vehicle (Bates et al., 2010; Farkas et al., 2016; Kim et al., 2018), we decided to use the

intraperitoneal injection of CGRP as a model of migraine according to Mason et al. (2017).

Several migraine-related symptoms have been observed following central and peripheral CGRP
administration in humans and rodents (Lassen et al., 2002.; Kaiser, 2014; Mason et al., 2017),
suggesting both peripheral and central site of action. This is further supported by the wide
distribution of CGRP and its receptors in the CNS and the periphery (Iyengar et al., 2017,
Edvinsson et al., 2020). The TRG neurons express CGRP outside the BBB and provide
anatomical connection between peripheral and CNS. Activation of CGRP receptors in
trigeminal neurons stimulate CGRP release from a) the peripheral nerve endings of afferent
terminals which innervate meninges, b) the cell bodies in TRG and c) the terminals of central
processes in the STN (Durham et al., 2016). CGRP release from the central process terminals
of TRG neurons can activate the CGRP receptors of the second-order nociceptive nerve cells
in the STN promoting the development of central sensitization (Durham et al., 2016; Iyengar et
al., 2019), which may ultimately lead to further central CGRP release from CGRP-expressing
neurons in the brain. This is one suggested mechanism for central sensitization mediated by
peripheral action of CGRP. However, there are several other suggested mechanisms that can

lead to central sensitization (Mason et al., 2017; Iyengar et al., 2017, 2019).

In our present study we have used i.p. injection of CGRP as a mouse model of migraine (Mason
et al., 2017). For model validation, we examined the periorbital hyperalgesia and the light
aversion behavior using von Frey and LDB test respectively, acute FOS neuronal activation in

the TRGs (part of the trigeminovascular system) and IPAG (part of the antinociceptive system)
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as well as P-CREB and FOS expression in the STN. Assessment of von Frey test results
revealed a significantly decreased periorbital withdrawal threshold following CGRP treatment
suggesting periorbital hyperalgesia associated with migraine (Farkas et al., 2016; Avona et al.,
2020; Tang et al., 2020). Light aversion behavior observed in response to CGRP treatment
revealed photophobia, suggesting the development of a migraine-like state in our mice.
According to Mason et al. (2017), CGRP treatment did not induce anxiety in mice as revealed
by open field test, suggesting that the observed light aversion behavior in response to CGRP is
specific to photophobia, associated with migraine-like state. The CGRP-induced light aversion
was still observed even with normalized blood pressure, suggesting that CGRP may contribute
to light aversion behavior through non-vasomotor mechanisms (Mason et al., 2020). Increased
TRG/FOS and STN/P-CREB immunosignals in response to CGRP treatment suggest acute
activation of these key players in migraine pathogenesis, which in this setup also proves the
validity of our model (Markovics et al., 2012; Farkas et al., 2016). Moreover, increased FOS
immunosignal in the IPAG of CGRP-treated mice suggests the activation of the descending
antinociceptive pathway. This further reinforces that a migraine-like headache has occurred
(Vila-Pueyo et al., 2019). The above-described arguments unequivocally prove the validity of

our migraine model.

Several studies have reported a neuromodulatory role of PAG in migraine (Napadow et al.,
2019; Vila-Pueyo et al., 2019). However, to the best of our knowledge, no studies have pointed
out any possible roles of EWcp in the neurobiology of migraine, even though the EWcp is
located within the boundaries of PAG. We propose that peripherally administered CGRP may
influence the EWcp/UCNI neurons’ activity directly by the CGRP released centrally or by
indirect manner as a consequence of the central sensitization. Here we have reported a two-fold
increase in the number of FOS positive EWcp/UCN1 neurons upon CGRP treatment. We also
confirmed the urocortinergic identity of the activated, FOS immunoreactive EWc¢p cells. The
acute neuronal activation as shown by immediate early gene expression suggests that the cells’
response requires the adaptation at the level of gene expression (Al-Omari et al., 2023; Gaszner
et al., 2012). This idea is supported by increased Ucnl mRNA and UCNI1 peptide content of
EWcp/UCNI positive neurons in response to CGRP administration. Increased Ucnl mRNA in
association with higher UCN1 peptide content in EWcp/UCNT1 neurons suggests that the UCN1
peptide is released in a higher rate. In the present study, we have demonstrated a direct
anatomical link between the EWcp and STN and we also detected CRH receptor mRNA

expression in STN neurons. Therefore, the presumably increased UCNI release from EWcp
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neurons may directly influence the function of the STN via CRHIR and CRH2Rs, as supported
by increased P-CREB immunosignal in the STN. In line with earlier studies (Bhatt et al., 2014,
2015), no FOS activation was observed in the STN upon CGRP treatment.

As the Trpal mRNA is expressed at the highest level in the EWcp in mouse brain (Kormos et
al., 2022), moreover, literature has linked TRPA1 to migraine (Souza Monteiro de Araujo et al.,
2020; Shibata et al., 2021; lannone et al., 2022a, 2022b; Spekker et al., 2022; Fila et al., 2023;
Masood et al., 2023), we aimed to examine the 7rpal mRNA expression of EWcp in our
migraine model. Using RNAscope ISH we showed that urocorinergic neurons in the EWcp of
the CGRP-treated group exhibited significantly higher number of 7rpal mRNA transcripts
compared to the control. We assume, that the upregulation of 7rpal, a cation channel may lead
to higher influx of calcium, hence causing an increase in the release of UCN1. This expectation
is supported by our findings suggesting increased urocortinergic activity, although this awaits

experimental confirmation.

Beyond the STN, the serotonergic DRN is also a brain area known to be activated in migraine
(Shibata et al., 2022). The EWc¢p urocortinergic neurons innervate the serotonergic cells of the
DRN (Dos Santos Junior et al., 2015; van der Doelen et al., 2017; Zuniga & Ryabinin et, 2020),
where both CRH receptors are expressed (Chalmers et al., 1995; Ma et al., 2003; Valentino et
al., 2010; van der Doelen et al., 2017). It has been reported that the activation of CRHIR in
DRN serotonergic neurons reduces 5-HT release, whereas the activation of CRH2R has
opposite effect (Lukkes et al., 2011; Fox & Lowry, 2013). In our study, we observed a decreased
5-HT content in the serotonergic DRN neurons of CGRP-treated mice, suggesting the release
of 5-HT in response to CGRP administration. Supporting our results, several studies indicate
raised 5-HT levels in the CNS during migraine attack (Drummond & Drummond, 2006; Sakai
et al., 2008; Deen et al., 2018; Razeghi et al., 2019). Here we conclude that the CGRP induced
elevation of UCNI release from nerve terminals in the DRN. This may activate CRH2Rs in the
serotonergic DRN neurons that ultimately results in elevated 5-HT release. Nevertheless, we
cannot exclude the direct effect of CGRP on serotonergic neurons as they also express the

CGRP receptor (Ma et al., 2003).

TPH2 is the rate-limiting enzyme of the 5-HT synthesis in the brain (Walther et al., 2003) and
its gene polymorphisms have been linked to the migraine (Marziniak et al., 2009; Jung et al.,
2010). Our study reported decreased TPH2 enzyme level in DRN serotonergic neurons upon
CGRP treatment. Only one study reported that the UCNI may interact with the TPH2 level.
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Donner et al. (2020) observed that chronic central UCN1 microinjection elevated the Tph?2
mRNA expression in the caudal and dorsal subdivision of the DRN. In contrast, UCNI1
decreased Tph2 expression in the ventrolateral part of DRN serotonergic neurons (Donner et
al., 2020). This finding contrasts with our results as we saw that the CGRP treatment caused a
rise in the UCNI levels but decreased the TPH2 protein content. This may be explained on one
hand by the fact that in our study we examined the TPH2 not the mRNA, but at protein level.
On the other hand, we applied a single CGRP treatment, which elevated the UCNI level in our
model, in contrast to the work of Donner et al. (2020) where a chronic UCN1 administration
was applied. Third, the CRH2R expression pattern differs in the subdivisions of DRN too. The
caudal part of the DRN expresses higher levels of CRH2R, compared to the ventrolateral part
(Lukkes et al., 2011). Under basal conditions, CRHIR is localized mainly in the plasma
membrane in contrast to CRH2R which is more prominent in the cytoplasm. Stress result in
trafficking of the CRH receptor subtypes in opposing directions such that CRH1R tends to move
to the cytoplasm while the CRH2R is transported to the plasma membrane (Waselus et al.,
2009). The complex action of UCN1 on DRN serotonergic neurons reflects the proclaimed
abnormalities in central 5-HT turnover in migraine (Drummond & Drummond, 2006.; Razeghi

et al., 2019).

As further evidence for the role of EW in migraine, we performed selective UCN1 neuron
ablation using leptin-conjugated saporin (ribosome-inactivating protein) in mice. Saporin is a
neurotoxin that enters neurons only if it is conjugated to a substance that is internalized by
receptor-mediated endocytosis and irreversibly inhibits the cells’ protein synthesis (Wiley et al.,
2000). Given that in the EWcp only UCN1-immunoreactive neurons expresses leptin receptor,
leptin-conjugated saporin injection provides a reliable tool to perform selective UCNI1 neuron
ablation (Ujvari et al., 2022, Xu et al., 2022). Periorbital hyperalgesia in response to CGRP or
saline were assessed before and 2 weeks after the surgery. Given that the CART and UCNI
show full co-localization in the EWcp (Zuniga & Ryabinin, 2020; Priest et al., 2023), decreased
periorbital withdrawal threshold following EWcp/UCNI ablation aligns with earlier study
result where the increased activity of EWcp/CART resulted in increased paw withdrawal

threshold, suggesting that these neurons modulate pain (Priest et al., 2021).

The ability of EWcp to influence migraine-related areas through direct neuroanatomical
connection was further supported here by the significant positive functional connectivity
between EW and the DRN and STN in human fMRI study. To the best of our knowledge this is

the first study to describe the functional connectivity of EW. Moreover, our fMRI study revealed
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a strong positive correlation between the frequency of migraine attacks and the functional
connectivity of EW with brain areas that are known to be part of the affective pain pathway
including angular gyrus, superior temporal gyrus, middle frontal and the triangular part of
inferior frontal gyri (Jia & Yu, 2017; Ong et al., 2019; Wang et al., 2019), supporting previous
finding that changes in these brain areas may predispose a person to pain conditions including

migraine (Jia & Yu, 2017).

5.2. Examination of EWcp/TRPAL1 in acute alcohol exposure model

Ethanol and its metabolites efficiently pass through the BBB and they are the activators of
TRPAT1 ion channels (Bang et al., 2007; Wang et al., 2011; Komatsu et al., 2012; De Logu et al.
2019; Landini et al., 2023;). As UCNI is involved in acute and chronic alcohol consumption
(Schreiber & Gilpin, 2018; Zuniga & Ryabinin, 2020), moreover, urocortinergic neurons in
EWcp uniquely express significant amount of TRPAT1 in the mouse CNS (Kormos et al. 2022),
we hypothesized that ethanol and its metabolites may influence the function of EWcp
urocortinergic neurons via TRPA1. The activation of TRPA1 leads to calcium influx which
triggers several intracellular pathways. This may contribute to the regulation of UCN1 and/or
CART peptide release in the EWcp. Our aim was to examine this ion channel in the UCN1 and

CART co-expressing EWcp neurons response to acute alcohol exposure in mice.

In our earlier studies (Kormos et al., 2022) we had to face the criticism of reviewers and peers
in scientific discussions that we do not show the existence of TRPA1 in the EWcp at protein
level. Because there is no reliable antibody available against TRPA1, we cannot directly prove
the presence of this ion channel at protein level in the EWcp. Nevertheless, as our preliminary
tests strongly suggested the recruitment of 7rpal mRNA on the alcohol model, we decided to
apply electrophysiological tools to prove that TPRAT is functional in the EWcp neurons.
Therefore, we applied the patch clamp method in whole cell configuration on acute EW slices
and proved the functional activity of TRPA1 channel. The EWcp urocortinergic neurons are
spontaneously active and fire APs at resting membrane potential. Here we hypothesized that
the activation of TRPA1 in these neurons will result in Ca?" influx and subsequent membrane
potential depolarization which in turn will increase the frequency of spontaneous firing. Indeed,
the application of a selective and potent TRPA1 agonist (JT010), significantly increased the
spontaneous firing frequency of UCNI-immunoreactive neurons while it was ineffective in

neighbouring non-urocortinergic neurons lacking TRPA1. To the best of our knowledge, our
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study is the first to provide evidence for the functional role of TRPA1 in neurons of the mouse

brain.

In order to support the human translational value of our findings, we previously proved the
expression of the TRPA1 mRNA in human EW by TagMan PCR method (Kormos et al., 2022).
However, the PCR technique does not provide morphological context, because in a
homogenized tissue sample the detected mRNA may originate from any cells of the sample.
Hence with this approach we cannot distinguish mRNAs of the urocortinergic neurons, from
those that are from other types of cells in homogenized human EW tissue samples. Therefore,
we applied the highly sensitive RNAscope ISH method on perfused human EW samples by
which we proved the urocortinergic identity of the TRPA1 positive neurons in the EWcp.

Taking into account the alcohol sensitivity of EWcp and supported by our data (in the NTG
model), we decided to investigate the role of EWcp/CART/UCN1/Trpal neurons on the effect
of acute alcohol administration, using 7rpal KO and WT mice. In our model for acute alcohol
exposure, the UAC measurement proved the reliability of the model as the absorption of ethanol

was identical in WT and 7rpal KO mice.

Increased FOS expression upon alcohol treatment is consistent with the previous studies result
(Bachtell et al., 1999; Ryabinin et al., 2001; Weitemier et al., 2001; Zuniga & Ryabinin, 2020),
and further supports the ability of alcohol and its metabolites to activate the EWcp
urocortinergic neurons. Increased FOS activation in the EWcp of Trpal KO mice in response
to alcohol treatment implies that, in addition to TRPA1 other receptors and ion channels may
also contribute to the alcohol-induced activation of urocortinergic cells. In line with this
assumption, a previous study suggested that the alcohol-induced FOS response in EWc¢p is
mediated by signaling via GABA-A receptors, modified by a2A/D-adrenoceptors and
dopamine receptors (Bachtell et al., 2002). An alternative explanation is that the alcohol-
induced FOS activation in the EWcp is at least in part coordinated via a TRPA1 independent
mechanisms by another alcohol-responsive brain area that innervates the urocortinergic cells of

the EWcp (Ryabinin et al., 1997; da Silva et al., 2013).

While our FOS data do not unequivocally suggest the involvement of TRPA1 in the EWcp,
decreased expression of 7rpal mRNA in WT mice following ethanol treatment offers additional
support for this hypothesis. Indeed, it is widely accepted that an agonist can lead to the
downregulation of its target (Finch et al., 2009). The fact that the expression of 7Trpal mRNA

was restricted to the UCN1-immunoreactive neurons in both groups, on one hand reaffirms our
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previous finding that within the EWcp, exclusively urocortinergic neurons express the Trpal
(Kormos et al., 2022), on the other hand it proves that acute alcohol treatment does not induce

the transcription of 7rpal mRNA in non-urocortinergic EWcp neurons.

The UCNI peptide levels in the EWcp varied between the two genotypes following saline
treatment, suggesting a basal genotypic difference. The WT mice exhibited significantly higher
UCNI content compared to 7rpal KO mice. The comparison of alterations in UCN1 peptide
content in the EWcp following acute alcohol treatment unveiled contrasting trends, with a
decrease in WT mice and an increase in 7rpal KO mice. This suggests that in WT mice, alcohol
triggers the release of UCN1 from EWcp/UCNI neurons, whereas, in Trpal KO mice, the
elevated UCN1 peptide content suggests an accumulation of the peptide, possibly due to
diminished release. This was partially supported by RNAscope ISH results, which revealed a
lower Ucnl mRNA expression in alcohol-treated 7rpal KO mice compared to their WT
counterpart mice. This suggests that the accumulation of the UCN1 peptide was associated with
reduced mRNA production as a consequence of a slower turnover (Gaszner et al., 2009). Our
observations collectively suggest a potential role of TRPA1 signaling in both the storage and
release of UCNI1 peptide from EWcp/UCNI1 neurons. Our earlier study also demonstrated that
the absence of a functionally active TRPA1 had an impact on UCN1 content in the EWcp in
mouse models of depression (Kormos et al., 2022) and posttraumatic stress disorder (Konkoly

et al., 2022).

Both control and alcohol-treated 7rpal KO mice exhibited a lower Cart mRNA expression
compared to the WTs. Since decreased Cart mRNA expression is associated with a lower
alcohol preference (Giardino et al., 2017), we aimed to test if this pattern is a characteristic
feature of 7Trpal KO mice. Neither the Cart mRNA expression nor the CART peptide content
of EWcp/UCNI neurons showed any alteration following acute alcohol treatment across both
genotypes. This suggests that acute alcohol exposure does not have a significant impact on
EWcp/CART. However, considering the established role of CART in addiction (Vicentic &
Jones, 2007; Ong & McNally, 2020; Zuniga & Ryabinin, 2020), we anticipate that a chronic

alcohol exposure model could demonstrate its involvement in alcohol abuse.

Stimulation of TRPA1 on the membrane triggers calcium influx, leading to the activation of
various intracellular pathways (Song et al., 2019). Our electrophysiological experiments
confirmed that TRPA1 activation enhances the excitability and spontaneous firing rate of

UCN1-expressing neurons, consequently elevating calcium levels. The elevated intracellular
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calcium levels may induce the exocytosis of vesicles containing the neuropeptide. Additional
investigations using pharmacological and electrophysiological tools are needed to ascertain the
precise mechanism by which TRPA1 signaling influences the content and release of the UCN1
peptide. Given that the lack of TRPA1 influenced only the UCNI1 and not CART content of
EWcp neurons, despite their co-localization (Kozicz et al, 2003; Priest et al., 2023; Li &
Ryabinin, 2022) which we also confirmed in our current study (Al-Omari et al., 2023), it
becomes crucial to explore the mechanism underlying the UCN1-specific regulatory role of the

TRPA1 channel.

Taking the involvement of EWcp/UCNI in chronic alcohol consumption and addiction in
consideration (Schreiber & Gilpin, 2018; Zuniga & Ryabinin, 2020), in our ongoing research,
we are investigating the recruitment of EWcp/TRPA1/UCN1/CART neurons in mouse models

of chronic alcohol abuse.

Limitations

When assessing our present results, some limitations have to be considered. None of the models
for migraine can reliably mimic all aspects of human disease and the CGRP model is also not
an exception. Although migraine is more prevalent in females (Rossi et al., 2022), we utilized
male mice because a) EWcp/UCNI neurons express estrogen receptor beta and estrous cycle-
related hormonal fluctuations modulate UCN1 levels (Derks et al., 2007, 2010) and b) 0.1
mg/kg CGRP induced migraine-like symptoms in both male and female mice (Mason et al.,
2017; Rea et al., 2018). Our fMRI study recruited male and female migraineurs only during the
interictal period, thus the results do not reflect the brain status during the active headache
episodes. This may explain the lack of significant difference in the functional connectivity of
EW between the study groups. EW seed has not been described earlier (Skorobogatykh et al.,
2019). In this study EW seed definition was carried out based on recent literature data (You &
Park, 2023) and confirmed by the visual check of expert scientists.

Because, at the moment, no reliable TRPA1 receptor antibody is available, we are unable to
support our morphological findings at protein level. In the acute alcohol administration study,
because the functional TRPAT1 receptor was deleted both in the periphery and the CNS in our
global knockout mouse strain, we cannot exclude the possibility that peripheral or central
compensatory mechanisms contributed to the alterations of the examined variables, observed
in present study. The in vivo pharmacological manipulation on the TRPA1 receptor was also not

possible due to the lack of information on the safety and pharmacokinetic profile of selective
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TRPA1 agonists and antagonists. We did not examine alcohol-treated mice in our
electrophysiological experiments, because we assume, that the effect of the alcohol is not

TRPA1-selective (Pozos & Oakes, 1987; Crews et al., 1996).
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6. Conclusions

In summary (Figure 29.), we identified a direct urocortinergic projection arising from the EWcp

to the STN. We also provided evidence on the expression of CGRP receptors in the EWcp and

the activation of EWcp in a CGRP mouse model of migraine. Moreover, EWcp activation was

associated with an increase in UCNI peptide content and Ucnl, as well as Trpal mRNA

expression. The STN and DRN, recipients of the urocortinergic projection from EWcp, express

CGRP receptors, as well as Crhlr and Crh2r mRNAs. Consequently, we propose that

augmented central CGRP levels and increased release of UCN1 from EWcp urocortinergic

neurons in response to CGRP may directly influence the function of the STN and DRN. Aligned

with these findings, we also unveiled a significant positive functional connectivity between EW

and STN as well as DRN in human subjects. As a conclusion, our findings strongly suggest a

regulatory role of EWcp/UCNI1 neurons in migraine with high translational value.
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Figure 29. Graphical summary of our finding in the migraine studies.
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In our second project on acute alcohol exposure (Figure 30.), we proved the presence of TRPA !
mRNA in human EWcp/UCN1 neurons, highlighting the translational relevance of our findings.
We also proved the functional activity of TRPA1 ion channel in the EWcp of mice. We have
shown that the EWcp urocortinergic neurons were activated in a mouse model of acute alcohol
exposure, this activation was associated with reduced 7rpal mRNA expression and decreased
UCNI1 peptide content, suggesting the involvement of TRPA1 ion channels in the regulation of

UCNI storage and release, which could influence the alcohol consumption.
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Figure 30. Graphical summary of our findings obtained in the studies on the contribution of
TRPAL to the response of EWcp peptidergic cells upon acute alcohol exposure.
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7. Future plans

Considering the regulatory role of EWcp/UCN1 neurons in migraine, we aim to investigate the
ability of antimigraine agents including monoclonal antibodies targeting circulating CGRP and
its receptor elements, to reverse CGRP-induced behavioral and morphological changes in

mouse EWcp.

Given the regulatory role of TRPA1 in the storage and release of UCN1 in the EWc¢p and taking
into account our preliminary result suggesting a significant upregulation of 7rpal mRNA in
response to CGRP treatment, we also plan to examine 7rpal KO mice in our CGRP mouse
model of migraine to investigate the potential role of EWcp/TRPA1 ion channels in the

neurobiology of migraine.

Since our experiments utilized global Trpal KO mice, where the gene encoding TRPAI is
deleted since conception in all tissues, we plan to recruit conditional 7rpal KO mice, where the

gene encoding TRPA1 is deleted specifically in the EWcp.

Given that the EWcp/UCNI1/TRPA1 neurons were activated in mouse models of acute alcohol
exposure and CGRP-induced migraine-like status moreover considering that alcohol and its
metabolites to activate TRPA1, we plan to investigate the possible connection between

hangover and migraine-induced headaches.

Finally, we also plan to investigate involvement of EWcp/TRPA1/UCN1/CART neurons in a

mouse model of chronic alcohol consumption.
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8. Summary of the new findings

We proved the expression of CGRP receptor targets in the EWcp and DRN in mice and
humans.

We identified a direct urocortinergic projection arising from the EWcp to the STN.

We demonstrated the expression of UCN1 receptors (CRH1R and CRH2R) in the I-III
laminae of the STN dorsal horn.

We showed behavioral and morphological evidences to support the validity of the CGRP
mouse model of migraine.

We proved the activation of the EWcp/UCNI expressing neurons in the mouse CGRP
model of migraine, with inceased UCN1 peptide content and Ucnl, as well as Trpal
mRNA expression in the EWcp, moreover, decreased 5-HT and TPH2 content in the
DRN.

We showed that the selective ablation of the EWcp/UCNI1 neurons reduces the
periorbital pain threshold.

We provided evidence on a positive functional connectivity between the EWcp and the
STN as well as the DRN in humans by fMRI.

We proved the functional activity of TRPA1 ion channel in the mouse EWcp/UCNI1
neurons by electrophysiological tools.

We demonstrated the expression of 7TRPA/ mRNA in human EWcp/UCNI neurons.
We showed the activation of EWcp/UCNI1 expressing neurons in a mouse model of
acute alcohol exposure with decreased 7rpal mRNA expression and UCNI peptide

content.
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Neuroanatomical evidence and a mouse calcitonin
gene-related peptide model in line with human
functional magnetic resonance imaging data
support the involvement of peptidergic
Edinger-Westphal nucleus in migraine
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Abstract \
The urocortin 1 (UCNT1)—expressing centrally projecting Edinger—Westphal (EWcp) nucleus is influenced by circadian rhythms,
hormones, stress, and pain, all known migraine triggers. Our study investigated EWcp’s potential involvement in migraine. Using
RNAscope in situ hybridization and immunostaining, we examined the expression of calcitonin gene-related peptide (CGRP)
receptor components in both mouse and human EWcp and dorsal raphe nucleus (DRN). Tracing study examined connection
between EWcp and the spinal trigeminal nucleus (STN). The intraperitoneal CGRP injection model of migraine was applied and
validated by light-dark box, and von Frey assays in mice, in situ hybridization combined with immunostaining, were used to assess
the functional-morphological changes. The functional connectivity matrix of EW was examined using functional magnetic
resonance imaging in control humans and interictal migraineurs. We proved the expression of CGRP receptor components in both
murine and human DRN and EWcp. We identified a direct urocortinergic projection from EWcp to the STN. Photophobic behavior,
periorbital hyperalgesia, increased c-fos gene—encoded protein immunoreactivity in the lateral periaqueductal gray matter and
trigeminal ganglia, and phosphorylated c-AMP-responsive element binding protein in the STN supported the efficacy of CGRP-
induced migraine-like state. Calcitonin gene—related peptide administration also increased c-fos gene—encoded protein expression,
Ucn1 mRNA, and peptide content in EWcp/UCN1 neurons while reducing serotonin and tryptophan hydroxylase-2 levels in the
DRN. Targeted ablation of EWcp/UCN1 neurons induced hyperalgesia. A positive functional connectivity between EW and STN as
well as DRN has been identified by functional magnetic resonance imaging. The presented data strongly suggest the regulatory role
of EWcp/UCN1 neurons in migraine through the STN and DRN with high translational value.

Keywords: Migraine model, Centrally projecting Edinger—-Westphal nucleus, Urocortin 1, Calcitonin gene-related peptide,
Serotonin, Nucleus raphe dorsalis, Spinal trigeminal nucleus, fMRI

1. Introduction sensitization of the trigeminovascular system.* Furthermore,

Migraine is a neurovascular disorder*”+*® that appears in the
neurological practice as one of the most common com-
plaints.®? Migraine attacks can last hours or days associated

a primary dysregulation of sensory processing may result in
a constellation of neurological symptoms.’® The underlying
mechanisms of migraine are not fully understood, and its

with headache, nausea, vomiting, photophobia, and phono-
phobia.’™ The condition is attributed to activation and

therapy is not entirely resolved, highlighting the importance of
further research.
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The Edinger-Westphal (EW) nucleus includes a cholinergic pre-
ganglionic parasympathetic division that controls pupil constriction
and lens accommodation, moreover, a peptidergic, centrally
projecting division (centrally projecting EW [EWcp]).%” Interestingly,
the latter is affected by stress,®* circadian rhythm,* and ovarian
hormones'®'® that are triggering factors of migraine attacks. The
EWcp is the main source of central urocortin 1 (UCN1),58:61:78.98.109
a corticotropin-releasing hormone (CRH)-related neuropeptide that
binds to both CRH receptors (CRH receptor 1 [CRH1R] and CRH
receptor 2 [CRH2R]).%"**5° Urocortin 1 has been implicated in
control of food intake, energy homeostasis, stress response, mood
level, and in response to acute pain.®2:°%57:841°° Centrally projecting
EW projections include migraine-related centers, the spinal tri-
geminal (spinal trigeminal nucleus [STN]) and dorsal raphe nucleus
(DRN), "% that express CRHRs, '*1® suggesting the possible ment of
EWcp/UCN1 in migraine.

In the EWcp, several migraine-related neurotransmitters,
neuromodulators, and receptors were found (eg, pituitary
adenylate cyclase-activating polypeptide, pituitary adenylate
cyclase-activating polypeptide type | receptor,®"%%"® neuronal
nitric oxide synthase,®' substance P®®), including calcitonin
gene—related peptide (CGRP) fibers.*°

Calcitonin gene—related peptide is a sensory neuropeptide with
potent cerebral vasodilative activity,'® expressed abundantly in
nociceptive trigeminal ganglion (TRG) neurons. Calcitonin gene—re-
lated peptide binds with equal affinity to calcitonin-like receptor (CLR)
and calcitonin receptor (encoded by Calcr gene) when coexpressed
with receptor activity-modifying protein 1 (RAMP1). The CLR/RAMP1
complex forms CGRP receptor and calcitonin receptor/RAMP1
complex forms amylin receptor1 (AMY1).88 Calcitonin gene-related
peptide receptor component protein is not necessary for the
receptor’s activity, but it enhances the efficacy of CGRP.%°

The CGRP, released by central nerve endings, stimulates the CGRP
receptor on second-order neurons in the caudal division of STN,
contributing to central sensitization.2*® The trigeminal activation during
migraine attacks elevates CGRP level.*® Human studies have reported
migraine-like attacks following intravenous CGRP infusion.*®®° Sero-
tonin  (5-HT) receptor agonists  (sumatriptan,  dihydroergotamine)
restore baseline CGRP level®®# concurrent with pain relief. >

In spite that CGRP cannot pass the blood-brain barrier,”®
intravenous CGRP administration can cause attacks in migrai-
neurs,” which can be reversed by CGRP receptor antagonist
olcegepant infusion.”* Anti-CGRP and anti-CGRP receptor
antibodies were effective in attack prevention,'®®* further
suggesting a peripheral site of action.>2®

Other mouse studies demonstrated that CGRP may act both in
the central nervous system (CNS) and periphery.52%88" Potential
targets may be meningeal nociceptors leading to vasodilata-
tion,”® the trigeminal system, cerebral blood vessels, and dura
mater,*? but peripheral CGRP may alter the trigeminovascular
microenvironment, leading to central sensitization,2%:2%:4546:68.81

Here, we aimed to show neuroanatomical evidence that the
EWcp/UCN1 may contribute to migraine. In a CGRP mouse
model of migraine, we examined the EWcp and its migraine-
related projection areas. Human functional magnetic resonance
imaging (fMRI) studies were conducted to support the trans-
lational value of animal studies.

2. Materials and methods

2.1. Animals

Twelve-week-old male C57BL6/J mice were used and housed in
a temperature and humidity controlled 12-hour light—dark cycle

PAIN®

environment (lights on at 6 av) in standard polycarbonate cages
(865 X 207 X 144 mm) in 4 to 6 mice per cage groups, at the
animal facility of the Department of Pharmacology and Pharma-
cotherapy, University of Pécs. Mice were provided ad libitum with
standard rodent chow and tap water. All procedures were
approved by the Animal Welfare Committee at Pécs University,
National Scientific Ethical Committee on Animal Experimentation
in Hungary (BA02/2000-57/2022) in agreement with the directive
of the European Communities Council in 1986, and with the Law
of XXCIII, in 1998, on Animal Care and Use in Hungary.

2.2. Experimental design
2.2.1. Neuroanatomical qualitative studies

Naive mice (n = 6) were used to examine the expression of AMY1
and CGRP receptor components in the EWcp, DRN, and STN as
well as Crhr1 and Crhr2 mRNA in the STN.

Immunofluorescence targeting CLR and RNAscope in situ
hybridization (ISH) targeting Ramp1, Calcr, and Crcp mRNA was
combined with (1) UCN1 immunofluorescence in the EWcp to
assess the colocalization with urocortinergic neurons in mice and
in control human samples; (2) tryptophan hydroxylase-2 (TPH2)
or 5-HT immunostaining in the DRN as a marker of the
serotonergic neurons in mice, as TPH2 is the rate-limiting enzyme
of the 5-HT synthesis; and (8) a neuronal marker (NeuN)
immunofluorescence in the STN to visualize the dorsal homn
neurons in mice.

To prove the connection between the urocortinergic EWcp
neurons and STN, the EWcp of 6 naive mice was injected with an
anterograde tracer adenoassociated virus serotype 8 (containing
the green fluorescent protein [GFP] gene: AAV8 Syn enhanced
GFP [EGFPY)). Six animals received the injection of the retrograde
tracer, cholera toxin subunit B (CTB), into their STN. To validate
the anatomical localization of injections, CTB and GFP immuno-
fluorescence was performed in the C1 segment of spinal cord
and EWcp, respectively. For the retrograde tracing, UCN1 and
CTB double immunofluorescence was performed on EWcp
sections. For anterograde tracing, UCN1 and GFP double
immunostaining was applied on C1 spinal cord sections.

Next, we investigated the expression of Crhr1 and Crhr2, the
receptor targets of UCN1, in the I-lll laminae of the STN. For this
purpose, RNAscope ISH for Crhri1, Crhr2, and NeuN was
combined with UCN1 immunofluorescence in the STN. Our goal
was to identify urocortinergic afferentation from EWcp to Crhr1
and Crhr2 positive neurons in the STN.

2.2.2. Semiquantitative functional-morphological
examination of the centrally projecting Edinger-Westphal in
the calcitonin gene-related peptide model

Based on our neuroanatomical results, we aimed to prove the
involvement of EWcp in a CGRP mouse model of migraine. Mice
were handled for 2 weeks and assigned to saline-injected control
(n = 11)and CGRP-treated (n = 15) groups. Upon intraperitoneal
injection of 0.1 mg/kg CGRP or saline, light aversion was
measured using light—dark box (LDB) test 30 minutes after the
injection to assess photophobia associated with migraine-like
state.

Another cohort of mice (n = 13) was used to assess periorbital
hyperalgesia by the same model. Mice were subjected to the von
Frey assay 30 minutes after the treatment.

The EWcp is known to be sensitive to various stressors.
exclude the changes in the EWcp caused by acute stress of LDB

34,36 To
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test, we used an independent cohort of mice for the functio-
nal-morphological studies. Two experimental groups were
created: saline (n = 6) as a control group and CGRP-treated
(n = 6) group. After 2 weeks of handling and habituation to
intraperitoneal (i.p.) injections, mice were treated with 0.1 mg/kg
of saline or CGRP (a-CGRP Mouse, Rat [CRB], Cat. No.:
crb1000889), respectively. Mice were euthanized 4 hours after
the treatment. Immunohistochemistry for the neuronal activity
marker c-fos gene—encoded protein (FOS) was performed in the
EWcp, lateral periaqueductal gray matter (IPAG), and laminae | to
Il of STN. In addition, we performed immunofluorescence for the
alternative  neuronal  activity  marker  phosphorylated
c-AMP-responsive element binding protein (P-CREB)’? in the
STN. A whole mount FOS immunofluorescence was applied in
the TRG to assess the neuronal activation in response to CGRP
treatment. Double-label immunofluorescence for UCN1 and FOS
was applied to prove the urocortinergic identity of activated EWcp
neurons. Ucn1 RNAscope ISH was combined with UCN1
immunofluorescence to assess UCN1 mRNA and peptide
density in the EWcp. Serotonin (5-HT) and TPH2 double staining
was performed to assess 5-HT and TPH2 density in the DRN.

2.2.3. Targeted ablation of the centrally projecting
Edinger-Westphal urocortinergic neurons

We performed stereotactic surgery to induce selective UCN1
neuron ablation using leptin-conjugated saporin in C57BL6/J
mice (n = 13). Periorbital hyperalgesia in response to intraper-
itoneal injection of 0.1 mg/kg CGRP or saline was assessed
before and 2 weeks after the surgery. Centrally projecting EW/
UCN1 positive cells were counted to evaluate the saporin-
induced urocortinergic neuronal loss using diaminobenzidine
immunohistochemistry.

2.2.4. Functional magnetic resonance imaging study

First, we performed the functional connectivity matrix analysis of
EW in control humans, especially focused on the STN and DRN.
Then, we compared it with interictal migraineurs’ functional
connectivity matrix. Finally, we examined the association
between migraine frequency and the functional connectivity
of EW.

2.3. Stereotaxic surgery in mice

Animals were anesthetized with i.p. ketamine-xylazine solution
(16.6 mg/mL ketamine and 0.6 mg/mL xylazine-hydrochloride in
0.9% saline, 10 mL/kg) and fixed in a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA).

For retrograde tracing, after a midline incision in the scalp and
the nuchal skin, the muscles were detached from the occipital
bone and reflected. Then, the posterior atlanto-occipital mem-
brane was dissected and partially removed to visualize the spinal
cord C1 segment that contains the STN. Under visual control
using a surgical microscope, the glass capillary used for injection
was moved 750 wm lateral to the posterior median sulcus in the
midlevel of the space between the superior rim of the posterior
arch of atlas and the inferior border of the occipital bone. Here, the
tip of the capillary was perpendicularly introduced 100-um deep
into the laminae 2 to 3 of the STN. 2 X 20 nL of CTB (Cat. No.:
#104; List Biological Laboratories, Campbell, CA) was injected in
2 steps with an automated injector. After 2 minutes, the needle
was slowly removed. Finally, the muscles and the skin were
sutured.

www.painjournalonline.com 3

For anterograde tracing, AAV8 Syn EGFP (Addgene, Water-
town MA, Cat. No.: 50465-AAV8; containing EGFP) was micro-
injected (2 X 10 nL) into EWcp. Here, we used the following
stereotaxic coordinates from Bregma: posterior: —3.26; ventral:
3.35; lateral: 0. The injection was performed as described above
for the STN, except that 1 minute after the injection, we lifted the
needle by 0.5 mm, and upon additional 1 minute, it was slowly
retracted from the brain, and the skin were sutured. Fourteen
days after the surgery, both STN- and EWcp-injected animals
were euthanized and transcardially perfused as described below.

2.4. Targeted toxin-induced lesion of centrally projecting
Edinger-Westphal/urocortin 1 neurons

Saporin is a neurotoxin that enters neurons only if it is conjugated
to a substance that is internalized by receptor-mediated
endocytosis and irreversibly inhibits the cells’ protein synthe-
sis.'® Given that in the EWcp, only UCN1 immunoreactive
neurons express leptin receptor, leptin-conjugated saporin
injection provides a reliable tool to perform selective UCN1
neuron ablation.®'%7 Fifty-nanolitre leptin-conjugated saporin
(n = 13) (#KIT-47; ATS, Inc, Carlsbad, CA) was microinjected into
the rostral (Bregma: posterior: —3.25; ventral: 3.75; lateral: 0) and
caudal (Bregma: posterior: —3.75; ventral: 3.25; lateral: 0) part of
the EWcp area. The injection was performed as described above
for the anterograde tracer. Two weeks postinjection, mice were
intraperitoneally injected with 0.1 mg/kg of either saline or CGRP,
then subjected the von Frey assay. Mice were later perfused as
described below. The neuronal loss was assessed and verified by
UCN1 immunostaining. Two mice were excluded from this
experiment because the histological assessment revealed that
the injection path missed the EWcp area.

2.5. Light-dark box test

The light-aversive behavior was assessed using LDB test in the
period between 30 and 60 minutes after 0.1 mg/kgi.p. injection of
saline or CGRP.?® Mice were individually tested in the LDB device,
consisting of 2 compartments connected by a small opening. The
one chamber was brightly lit (1000 lux), whereas the other one
was dark. Mice typically move in and out of the dark because of
their curiosity to explore the novel environment; however, upon
CGRP treatment, they prefer the dark compartment, in case of
headache-like pain and photophobia.?® The time spent in the
dark compartment was measured over 30 minutes to assess
possible photophobia associated with migraine-like state.

2.6. Von Frey assay

Calibrated von Frey filaments were used to test periorbital
hyperalgesia 30 minutes after 0.1 mg/kg i.p. injection of saline
or CGRP. Each mouse was placed into a 10-cm-long restraining
glass cylinder and allowed to poke out their heads and forepaws,
but the restrainer prevented them from turning around.*® Mice
were allowed to habituate for 5 minutes. The filament was applied
to the periorbital region of the face (the midline of the forehead at
the level of the eyes) in an ascending manner starting from the
0.04 g filament. Briefly, if an animal did not respond, increasing
filament forces were applied until the 0.6-g filament was reached
or until a response was observed.® A positive response was
defined as a sharp withdrawal of the head upon stimulation. Each
filament was applied 5 times for 1 to 2 seconds with a 10-second
interval. The periorbital withdrawal threshold was defined as the
force at which the positive response occurred in 3 of 5 stimuli.®®
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2.7. Perfusion and tissue collection

Mice were euthanized by i.p. urethane (2.4 g/kg), then trans-
cardially perfused with 20 mL of ice-cold 0.1 M phosphate-
buffered saline (PBS) (pH 7.4) followed by 150 mL of 4%
paraformaldehyde (PFA) solution in Millonig buffer (pH 7.4). Brain
samples were dissected and postfixed for 72 hours in 4°C PFA
solution. The brains were coronally sectioned using a Leica
VT1000S vibratome (Leica Biosystems, Wetzlar, Germany). Four
series of 30-um sections were collected and stored in PBS
containing sodium azide (0.01%) at 4°C, then for long-term
storage in an antifreeze solution.

Four representative sections of the EWcp and IPAG (from
Bregma —2.92 to —4.04), DRN (from Bregma —5.8 to —8.8 mm),
and STN (spinal cord C1 segment) per animal were selected for
each staining according to Paxinos.”” The trigeminal ganglion
were collected and stored in a 4% PFA solution.

2.8. Human brain samples

Subjects (n = 3) studied in this project had no diagnosed
neurological or psychiatric disorders or brain trauma, died from
any non-brain-related cause and did not show any signs of brain
neuropathologies (supplementary material Table 1, http://links.lww.
com/PAIN/C72). After the removal of brains, perfusion through
cannula placed into the internal carotid, and vertebral arteries was
performed within a time window of 3 to 4 hours postmortem.
Perfusion was commenced with 1.5 L of 0.33% heparin containing
physiological saline for 30 minutes, then with 4 to 5 L of a Zamboni
fixative solution containing 4% PFA and 0.2% picric acid in
phosphate buffer (pH 7.4) over a duration of 1.5 to 2 hours.

The study received ethical approval from the Regional and
Institutional Committee of Science and Research Ethics of the
Scientific Council of Health (ETT TUKEB 15032/2019/EKU) and
was conducted in adherence to the principles of the Declaration
of Helsinki.

Tissue samples of the mesencephalic ventral periaqueductal
gray matter were microdissected. The EWcp and DRN areas were
identified according to the Allen human brain atlas®' and post-fixed
in the Zamboni solution overnight.®? The brain samples were
sectioned for 30-pm thickness using a Leica VT1000S vibratome
(Leica Biosystems); then, the sections were collected and stored in
PBS containing sodium azide (0.01%) at 4°C. For long-term
storage at —20°C, they were transferred into antifreeze solution.

2.9. RNAscope in situ hybridization

The pretreatment procedure was optimized for 30 pm-thick PFA-
fixed sections.®® Further steps (probe hybridization, signal
amplification, and channel development) were performed
according to RNAscope Multiplex Fluorescent Reagent Kit v2
user manual (ACD, Hayward, CA) to visualize the targets
described in Table 1. Mouse (ACD; Cat. No.: 320881) and
human triplex positive (ACD; Cat. No.: 320861) control probes
and triplex negative (ACD; Cat. No.: 32087 1) control probes were
tested on the samples. The triplex positive control probes gave
well-detectable signal, whereas the negative control probes did
not give any recognizable fluorescence in the preparations
(images not shown).

2.10. Immunofluorescence

After washes, sections were treated with 0.5% Triton X-100
(Sigma Chemical, Zwijndrecht, the Netherlands) in PBS for

PAIN®

RNAscope in situ hybridization mRNA targets, respective
probes and fluorophores.

Target Probes Fluorophores
Cregp mRNA Crep-C3 (Cat. No.: 810161-C3, ACD) Cyanine3 1:750
Famp? mRNA — Aamp7-C1 (Cat. No.: 532681, ACD) Cyanine3 1:750
ClrmRNA CalerC2 (Cat. No.: 494071-C2, ACD) Cyanine5 1:750
O 7rmRNA o7C1 (Cat. No.: 418011, ACD) Cyanine3 1:750
orhZ2rmRNA 0h2rC2 (Cat. No.: 413201-C2, ACD)  Cyanine3 1:750
Neu/mRNA WNeurrC3 (Cat. No.: 313311-C3, ACD)  Cyanine5 1:750
Uen7 mRNA Uen7-C1 (Cat. No.: 466261, ACD) Fluorescein 1:3000

30 minutes, and nonspecific binding sites were blocked with
2% normal donkey serum in PBS. Then, sections were incubated
with the primary antibody (Table 2) for 24 hours. The secondary
antibody treatment (Table 2) was applied for 3 hours at room
temperature. Sections were counterstained with 4’,6-diamidino-
2-phenylindole (ACD) and mounted on gelatin-coated glass
slides, air-dried, and cover-slipped with glycerol-PBS (1:1).

2.11. RNAscope in situ hybridization combined
with immunofluorescence

After the RNAscope procedure (see above), slides were treated
with the primary antibody (Table 2) for 24 hours. After washing,
the slides were incubated with secondary antibody (Table 2) for
3 hours at room temperature in dark and then counterstained with
4’ ,6-diamidino-2-phenylindole (ACD), air-dried, and cover-
slipped with glycerol-PBS (1:1).

2.12. Whole mount c-fos gene-encoded
protein immunostaining

After 3 days of postfixation in 4% PFA, mouse TRGs were washed
with PBS for 24 hours, incubated with 0.5% Triton X-100 for
6 hours (Sigma, Zwijndrecht, the Netherlands), and blocked using
2% normal donkey serum in PBS for 2 hours. Then, TRGs were
incubated with FOS primary antibody (Table 2) for 48 hours. After
washes (4 X 15 minutes) in PBS, samples were incubated with
the Cy3-conjugated donkey antirabbit secondary antibody for
24 hours (Table 2), followed by 4 X 15 minutes PBS washes.

2.13. Immunohistochemistry with diaminobenzidine

The neuronal activity was assessed in EWcp, IPAG, and STN by
FOS immunohistochemistry. The neuronal loss upon EWcp/
UCN1  neuron ablaton was quantified by UCN1
immunohistochemistry.

Sections were treated with 1% H.O. (Sigma), permeabilized
with 0.5% Triton X-100 (Sigma), and blocked with 2% normal
goat serum in PBS. Subsequently, sections were incubated with
rabbit anti-FOS or anti-UCN1 antibody (Table 2) overnight at
room temperature. After washes, sections were incubated with
biotinylated antirabbit gamma globulin for 1 hour (1:200
VECTASTAIN Elite ABC-HRP Kit; Peroxidase Rabbit IgG Vector
Laboratories Inc. Newark, CA, Cat. No.: PK-6101, produced in
goat). Then, sections were incubated in avidin—biotin complex
solution for 1 hour. After washes, the labeling was developed with
0.05% diaminobenzidine (DAB) in Tris buffer with 0.06% H>0,
(Sigma). The reaction was controlled under a stereomicroscope
and stopped with Tris buffer. After washes, sections were
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Antibodies used for immunostainings.

Target Primary antibodies

Secondary antibodies

GFP Chicken anti-GFP (Cat. No.: A10262, Life
Technologies) 1:1000

Alexa 488-conjugated donkey antichicken (Cat.
No.: 703-546-155, Jackson) 1:500

CTB Goat anti-CTB (Cat. No.; #703, List Biological

Laboratories) 1:5000

Alexa 488-conjugated donkey antigoat (Cat. No.:
705-545-003, Jackson) 1:500

UCN1 Rabbit anti-UCN1 (Cat. No.: ab283503, Abcam) 1: Alexa 488-conjugated donkey antirabbit (Cat. No.:
5000 711-545-152, Jackson) 1:500 or Cy3-conjugated
donkey antirabbit (Cat. No.: 711-165-152,
Jackson) 1:500
UCN1 Goat anti-UCN1 (Cat. No.: SC1825, Santa Cruz)1: Alexa 488-conjugated donkey antigoat (Cat. No.:
250 705-545-003, Jackson) 1:500
GFAP Mouse anti-GFAP (Cat. No.: NCLLGFAP-GA5, Cy3-conjugated donkey antimouse (Cat. No.: 715-
Novocastra) 1:1000 165-150, Jackson) 1:500
IBA1 Rabbit anti-IBA1 (Cat. No.: 019-19,741, Wako Ltd) Alexa 647-conjugated donkey antirabbit (Cat. No.:
1:1000 711-605-152, Jackson) 1:500
P-CREB Rabbit anti-P-CREB (Cat. No.: #9191, Cell Cy3-conjugated donkey antirabbit (Cat. No.: 711-
Signaling) 1:500 165-152, Jackson) 1:500
CALCRL Rabbit anti-CALCRL (Cat. No.: 703811, Invitrogen) Cy3-conjugated donkey antirabbit (Cat. No.: 711-
1:250 165-152, Jackson) 1:500
NeuN Mouse anti-NeuN (Cat. No.: MAB377, Sigma- Cy3-conjugated donkey antimouse (Cat. No.: 715-
Aldrich) 1:1000 165-150, Jackson) 1:500 or Alexa 488-conjugated
donkey antimouse (Cat. No.: 715-545-150,
Jackson) 1:500
5-HT Goat anti-5HT (Cat. No.: ab66047, Abcam) 1:2000 Alexa 488-conjugated donkey antigoat (Cat. No.:
705-545-003, Jackson) 1:500
TPH2 Rabbit anti-TPH2 (Cat. No.: 348003, Synaptic Alexa 647-conjugated donkey antirabbit (Cat. No.:
Systems GmbH) 1:500 711-605-152, Jackson) 1:500 or Alexa 488-
conjugated donkey antirabbit (Cat. No.: 711-545-
152, Jackson) 1:500
FOS Rabbit anti-cFOS (Cat. No.: 226 003, Synaptic Cy3-conjugated donkey antirabbit (Cat. No.: 711-
Systems GmbH) 1:2000 165-152, Jackson) 1:500
FOS Guinea pig anti-cFOS (Cat. No.: 226 005, Synaptic Alexa 488-conjugated donkey antiguinea pig (Cat.

Systems GmbH) 1:1000

No.: 706-545-148, Jackson) 1:500

5-HT, serotonin; CTB, cholera toxin subunit B; FOS, c-fos gene—encoded protein; GFP, green fluorescent protein; P-CREB, phosphorylated c-AMP-responsive element binding protein; TPH2, tryptophan hydroxylase-2; UCN1,

urocortin 1.

mounted on gelatin-coated slides, air-dried, treated with xylene
(Merck, Leicester, United Kingdom), and cover-slipped with
Depex mounting medium (Merck).

2.14. Double-label immunofluorescence for c-fos
gene-encoded protein and urocortin 1

Urocortin 1 and FOS immunofluorescence was applied to prove
the urocortinergic identity of activated EWcp neurons. Sections
were washed with PBS, incubated with 0.5% Triton X-100
(Sigma) in PBS for 30 minutes and treated with 2% normal donkey
serum in PBS. Anti-UCN1 rabbit antibody (Table 2) and anti-
cFOS guinea pig (Table 2) antibody cocktail was applied
overnight, at room temperature. After washes, sections were
incubated with Cy3-conjugated donkey antirabbit and Alexa 488-
conjugated donkey antiguinea pig antisera (Table 2) for 3 hours.
After washes, sections were mounted on gelatin-coated glass
slides, air-dried, and cover-slipped with glycerol-PBS (1:1).

2.15. Microscopy, digital imaging, and morphometry

The diaminobenzidine-labeled sections were studied and digita-
lized using a Nikon Microphot FXA microscope with a Spot RT

camera (Nikon, Tokyo, Japan). The number of FOS-positive
nuclei was determined by manual cell counting on the whole
cross-section surface area of the EWcp, IPAG and STN on 4
sections per animal. The average of these 4 values represented
the FOS activation of one mouse in the given brain area. For the
targeted ablation, the number of UCN1-positive neurons was
determined by manual cell counting on the whole cross-section
surface area of the EWcp on all sections per animal. The sum of
these values represented the number of UCN1 neurons of one
mouse in the EWcp.

Fluorescent-labeled sections were digitalized by an Olympus
FluoView 1000 confocal microscope (Olympus, Europa, Ham-
burg, Germany) by sequential scanning in analogue mode. We
used 3.5-pm optical thickness, 1024 X 1024-pixel resolution
for scanning. The excitation and emission spectra for the
respective fluorophores were selected using built-in settings of
the FluoView software (FV10-ASW; Version 0102, Olympus
Europa). 4’,6-Diamidino-2-phenylindole was excited at 405 nm,
Cy3 at 550 nm, Cy5 at 650 nm, Fluorescein and Alexa 488 at
488 nm. Sections were scanned for the respective wavelengths
at 4 channels. Digital images of the individual channels,
depicting the same area, were automatically superimposed
and merged.
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The UCN1, TPH2, and 5-HT immunofluorescence and the
confluent or cluster-like Ucn1 RNAscope signal was measured by
Image J software (version 1.42.; NIH, Bethesda, MD) in 5 to 20
cell bodies using 4 nonedited images of the corresponding
channel. The region of interest was manually determined at
cytoplasmic areas of neurons. The signal density was corrected
for the background signal. The average of the specific signal
density (SSD) of 5 to 20 neurons was determined in 4 sections per
animal. The average of these 4 values represented the SSD value
of one mouse. The SSD was expressed in arbitrary units.

In human samples, autofluorescence caused by lipofuscin
accumulation disturbed the imaging. Because the lipofuscin
accumulation is characteristic for the cytoplasm, but not for the
karyoplasm, we show high-magnification images including the
cross-section profiles of neuronal nuclei. With this strategy,
nuclear mRNA signal dots get well-distinguishable from cyto-
plasmic lipofuscin-related autofluorescence that appears in all
channels.

2.16. Statistical analysis

Data were expressed as mean = SEM for each experimental
group. Data sets were tested for normality by Shapiro—Wilk test®”
and evaluated using Student t test (Table 3). Data sets obtained
in the experiment of targeted UCN1 neuron ablation were tested
for homogeneity of variance and for normal distribution.
Repeated-measures analysis of variance test was conducted to
assess the effect of CGRP treatment before and after EWcp/
UCN1 ablation (as within subject factor) on the pain threshold
values, obtained in the von Frey test. The post hoc comparisons
were performed by Tukey post hoc test. Analyses were
performed with the software Statistica 8.0 (StatSoft, Tulsa,
OK) (@ = 5%).

Summary of statistical results by Student t test analyses.

Measured parameters P
Light dark box test 0.02
Von Frey test 825 x 10713
FOS-positive neurons in the TRG 0.0004
FOS-positive neurons in the STN 0.18
FOS-positive neurons in the IPAG 0.002
P-CREB—positive neurons in the STN 0.003
FOS positive neurons in the EWcp 0.03
Urocortinergic FOS immunopositive neurons in 0.44
the EWep
Uen7 mRNA SSD in the EWep 0.0004
UCN1 peptide SSD in the EWcp 0.0007
5-HT peptide SSD in the DRN 0.03
TPH2 peptide SSD in the DRN 0.01
UCN1 immunoreactive neurons in the EWcp 0.0002

upon LS-targeted ablation

5-HT, serotonin; DRN, dorsal raphe nucleus; EWcp, centrally projecting Edinger—Westphal nucleus; FOS,
c-fos gene—encoded protein; IPAG, lateral periaqueductal gray matter; LS, leptin-saporin; P-CREB,
phosphorylated c-AMP-responsive element binding protein; SSD, specific signal density; STN, spinal
trigeminal nucleus; TPH2, tryptophan hydroxylase-2; TRG, trigeminal ganglion; UCN1, urocortin 1.
Significant values are highlighted in bold.
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2.17. Functional magnetic resonance imaging
2.17.1. Participants

In the functional connectivity analysis, 35 migraine patients
according to International Classification of Headache Disorders
third edition”® diagnosis of episodic migraine without aura (27
women and 8 men, mean age = SD = 25.24 * 4.35 years) and
41 healthy controls volunteers (25 women and 16 men, mean
age = SD = 26.00 = 4.59 years) were included. All participants
were screened by headache specialists, free from any serious
medical, neurological (except migraine without aura) or psychi-
atric disorders, have not taken any daily medications (except oral
contraceptives), and they were right handed. The fMRI exper-
iment was carried out in the interictal period of migraine patients,
and they were free from migraine attack 48 hours before and
24 hours after the fMRI session. Their average migraine frequency
was 3.36 *+ 3.11 attacks per month.

The human fMRI study protocol was approved by the Scientific
and Research Ethics Committee of the Medical Research Council
(Hungary) (23609-1/2011-EKU [747/PI/11], 23421-1/2015/EKU
[0178/15]). The entire study was conducted according to the
Declaration of Helsinki and with the written informed consent of
each participant.

2.17.2. Functional magnetic imaging acquisition and seed
region definition

The fMRI session started with the acquisition of a high-resolution
structural data using T1-weighted 3D turbo field echo sequence
and 1 X 1 X 1 mm?3 resolution in a 3 T MRI scanner (Achieva 3 T;
Philips Medical System, Eindhoven, the Netherlands). The
resting-state fMRI session lasted 6 minutes when the participants
were instructed to close their eyes but remain awake. The
imaging data set acquisition parameters of T2*-weighted echo-
planar imaging pulse sequence were the following: repetition
time = 2.500 ms, echo time = 30 ms, field of view = 240 X
240 mm?; with 3 X 3 X 3 mm? resolution. The state-of-the-art
preprocessing pipeline was applied on raw data based on
previous analysis of the research group.®’

After the preprocessing steps, seed-to-voxel analysis was
conducted with the EW (Montreal Neurological Institute [MNI]
coordinates: x = 0; y = —23; z = —7, radius: 2 mm). The seed
definition was carried out based on literature data'®® and
confirmed by the visual check of expert scientists. The spherical
mask of the region was created using fsimaths command of FSL
(Functional MRI of the Brain Software Library), whereas for the
extraction of time-series data and subsequent computations of
voxel-wise connectivity analysis, the NiBabel and NumPy
modules were used. The seed-based connectivity map for each
participant, established through voxel-wise Pearson correlation
with the averaged seed region data, underwent transformation
into Z-scores through Fisher transformation. These Z-score maps
for each individual were subsequently employed in both within-
group and between-group comparisons using the Statistical
Parametric Mapping software package (Wellcome Department of
Imaging Neuroscience, Institute of Neurology, London,
United Kingdom). Given the fact that the EW is lying within the
periaqueductal grey matter (PAG), we examined the extent to
which we could differentiate its connectivity from those of the
PAG using previously applied PAG seeds.®® Both similarities and
differences were revealed in its connections, which are detailed in
the supplementary material (Figure S1 and Table S2, http://links.
lww.com/PAIN/C72).
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2.17.3. Functional connectivity analysis

The functional connectivity of EW was determined in whole-group
analysis using one sample t test. After, 2 sample t test was
conducted to compare the EW connectivity between migraine
and control groups. A correlation analysis was used to investigate
the relationship between migraine frequency and EW connectivity
in migraine patients. To confirm the connection identified in
animal experiments between EW with STN (MNI coordinates: left
SINx = =6,y = =42,z = —48; right STIN x = 6,y = —42,
z = —48; radius: 4 mm) and DRN (from Harvard Ascending
Arousal Network Atlas),?® region-of-interest analysis was con-
ducted with these 3 regions.

All analysis was corrected for sex, age, and motion by
adding them as covariates of no interest. An initial threshold of
P < 0.001 uncorrected for multiple comparison and at least 20
contiguous voxels was used in the whole-brain analyses. All
reported results survived family-wise error correction at
a cluster-level threshold of pewe < 0.05. In the ROI analysis,
the initial threshold of P < 0.001 uncorrected for multiple
comparison was used, and the reported results survived

www.painjournalonline.com 7

family-wise error correction at peak-level threshold of
prwe < 0.05.
For data visualization, statistical maps of significant clusters

were used as overlay on MNI 152 template brain in MRIcroGL.82

3. Results

3.1. Neuroanatomical qualitative studies

3.1.1. Amylin receptor1 and calcitonin gene-related peptide
receptor components are expressed in the centrally
projecting Edinger-Westphal, dorsal raphe nucleus and
spinal trigeminal nucleus

To confirm that elevated central CGRP levels may directly
affect the urocortinergic EWcp neurons, we performed
RNAscope ISH for Calcr, Ramp1, and Crcpo mRNA moreover
immunofluorescence for CLR and UCN1. We proved that
Ramp1 and Calcr mRNAs coding for AMY1 components are
coexpressed both in mouse and in human EWcp neurons
(Fig. 1). Notably, the expression pattern of Calcr mRNA in the

Figure 1. Calcitonin receptor (Calcr) and receptor activity-modifying protein 1 (Ramp7) mRNA expression. (A) Representative fluorescence images showing the
Calcr (white) and Ramp1 (red) mRNA transcripts coexpressed with urocortin 1 peptide (UCN1, green) in the mouse centrally projecting Edinger—-Westphal (EWcp)
nucleus. (B) Neurons (neuronal marker NeuN, green) of the mouse spinal trigeminal nucleus express both of Calcr (white) and Ramp1 (red) mRNA. (C)
Representative fluorescence images showing the CALCR (white) and RAMPT (red) mRNA transcripts coexpressed with UCN1 (green) in the human EWcp. (D) In
the mouse dorsal raphe nucleus (DRN), the serotonin (5-HT, green) immunoreactive cells also contained Calcr (white) and Ramp1 (red) mRNA transcripts. (E) In the
human DRN, the 5-HT (green) immunoreactive cells also contained CALCR (white) and RAMP1 (red) mRNA transcripts. The yellow cytoplasmic area in E
corresponds to lipofuscin autofluorescence. Nuclear counterstaining was performed with 4’,6-diamidino-2-phenylindole (DAPI, blue).
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EWcp suggests a substantial colocalization with  UCNA1
immunoreactive neurons. Moreover, almost all EWcp/UCN1
neurons were found to contain CLR (Fig. 2) and Crcp (Fig. 3)
both in mice and humans.

In the DRN, RNAscope ISH in combination with immunofluo-
rescence for Calcr, Ramp1 (Fig. 1), and CLR (Fig. 2) as well as
Crco mRBNAs (Fig. 3) were found to be expressed in TPH2-
immunoreactive serotonergic and nonserotonergic neurons.

We detected Calcr, Ramp1 (Fig. 1), and Crcpo mRNAs (Fig. 3)
in both neuronal and glial cells in the mouse STN laminae [ to lll. In

PAIN®

addition, in line with an earlier study, the CGRP receptor
component CLR was confirmed in both neurons’' and astrocytes
(Fig. 4).

3.1.2. Urocortinergic afferentation of the Crhir- and
Crh2r-expressing spinal trigeminal nucleus neurons

Anterograde and retrograde tracing studies were performed to
investigate the possible urocortinergic projection from EWcp to
STN. The accurate anatomical position of the injection site was

Figure 2. Calcitonin-like receptor (CLR) expression. (A-A") Representative immunofluorescence images showing the CLR (red) coexpressed with urocortin 1
peptide (UCN1, green) in the mouse centrally projecting Edinger-Westphal (EWcp) nucleus. (B-B") Representative immunofluorescence images showing the CLR
(red) coexpressed with urocortin 1 peptide (UCN1, green) in the human EWcp. (C-C”) In the mouse dorsal raphe nucleus (DRN), the serotonin (5-HT, green)
immunoreactive cells also contained CLR (red). (D-D”) In the human DRN, the 5-HT (green) immunoreactive cells coexpressed CLR (red).
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Figure 3. Calcitonin gene-related peptide receptor component (Crcp) mRNA expression. (A) Representative fluorescence images showing the Crcpo mRNA
transcripts (red) coexpressed with urocortin 1 peptide (UCN1, green) in the mouse centrally projecting Edinger—Westphal (EWcp) nucleus. (B) In the mouse dorsal
raphe nucleus (DRN), the tryptophan hydroxylase-2 (TPH2, green) immunoreactive cells also contained Crcp mRNA transcripts (red). (C) Neurons (neuronal
marker NeuN, green) of the mouse spinal trigeminal nucleus express also Crcp mRNA (red). (D) Representative fluorescence images showing the CRCP mRNA
transcripts (red) coexpressed with UCN1 (green) in the human EWcp. (E) In the human DRN, the TPH2 (green) immunoreactive cells also contained CRCP mRNA
transcripts (red). Nuclear counterstaining was performed with 4’,6-diamidino-2-phenylindole (DAPI, bluge).

approved by GFP and CTB immunostaining in EWcp (Fig. 5A)
and C1 spinal cord sections (Fig. 5B), respectively. Green
fluorescent protein and UCN1 double-positive fibers were
observed in the STN in samples of mice subjected to AAV8-
GFP injection into the EWcp (Fig. 5C). Cholera toxin subunit B
and UCN1 double-positive neurons were detected in EWcp after
a CTB injection into the STN (Fig. 5D).

Next, we examined whether neurons in the laminae | to Il of
STN express Crhr1 and Crhr2, and they are approached by
UCN1-immunoreactive nerve fibres. RNAscope ISH for Crhr,
Crh2r, and NeuN mRNA was combined with UCN1 immunoflu-
orescence. Neurons in STN laminae | to Il expressed both Crhr1
(Fig- 5E) and Crhr2 (Fig. 5F) mRNAs, and they were juxtaposed
by urocortinergic fibres.

3.2. Model validation
3.2.1. Light dark box test

Light—dark box test was performed to assess photophobia
associated with migraine-like headache. Calcitonin gene-related
peptide—treated mice spent significantly more time in the dark
compared with the controls (Student t test, P = 0.02; Fig. 6A).

3.2.2. Von Frey test

Von Frey test was performed to assess periorbital pain behavior
associated with migraine-like headache. Calcitonin gene-related
peptide treatment significantly reduced the periorbital withdrawal

threshold compared with saline (Student t test, P = 8.25 x 10~ '%;
Fig. 68B).

3.2.3. Neuronal activation in the trigeminal ganglion, spinal
trigeminal nucleus, and antinociceptive lateral
periaqueductal gray matter

C-fos gene—encoded protein immunofluorescent labeling was
performed to assess (1) the activation of the TRG neurons in the
trigeminovascular nociceptive pathway and (2) the activation of
the antinociceptive IPAG. To assess central sensitization and
activation of STN neurons, immunofluorescence for FOS and
P-CREB was performed.

Calcitonin gene-related peptide treatment resulted in a more
than 10-fold increase in the number of FOS positive neurons in
the TRG, compared with controls (Student t test, P = 0.0004)
(Fig. 6C). In the STN, although CGRP treatment did not affect the
FOS-positive neuron count (Student t test, P = 0.18), itincreased
the number of P-CREB (Student t test, P = 0.003) in laminae [ to lll
(Fig. 6D). Calcitonin gene—related peptide treatment increased
the FOS neuronal activation in the IPAG, compared with the
control (Student t test, P = 0.002; Fig. 6E).

3.3. Activation of the centrally projecting
Edinger-Westphal-circuit in the calcitonin gene-related
peptide model

C-fos gene-encoded protein immunohistochemistry was
performed to assess the neuronal activity of the EWcp.
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Figure 4. Calcitonin receptor-like receptor protein expression in mouse spinal trigeminal nucleus (STN). (A and B) The NeuN (green) labeling combined with CLR
staining (red) revealed that a part of the STN neurons show also CLR immunoreactivity. Yellow arrowheads in the higher magnification images (B) depict the boxed
areas in (A). (C and D) GFAP-CLR double labeling demonstrates that the GFAP (green)-immunoreactive astrocytes show also some CLR (red) immunopositivity.
White arrowheads in the high magnification images in (D) demonstrating the marked areas in (C). The overlay images (A"-D") in the right column demonstrate the
colocalization of the labeled antigens. CLR, calcitonin-like receptor; GFAP, Glial fibrillary acidic protein.

Calcitonin gene-related peptide treatment resulted in an
approximately 2-fold rise in the number of FOS-positive
neurons, compared with the control (Student t test, P =
0.03; Fig. 7A).

By a double-label immunofluorescence, we found that most of
the FOS immunoreactive nuclei were localized to UCN1 neurons
(91.79%), suggesting that the urocortinergic EWcp cells were
activated (Fig. 7B).

Indeed, combined RNAscope ISH and immunofluorescence
analysis confirmed that in CGRP-treated animals, both the Ucn1
mRNA (Student t test, P = 0.0004) expression (Fig. 7C) and
UCNT1 peptide immunosignal (Student’s t test, P = 0.0007;
Fig. 7D) was significantly higher than in controls.

In the DRN, CGRP treatment decreased both the 5-HT
(Student t test, P = 0.03; Fig. 8A) and TPH2 (Student ¢ test,
P = 0.01; Fig. 8B) content of the serotonergic neurons.
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Figure 5. Urocortinergic afferentation from the centrally projecting Edinger-Westphal (EWcp) nucleus to the spinal trigeminal nucleus (STN). (A) Representative
images showing the injection site of AAV8 Syn-enhanced green fluorescent protein (EGFP) by GFP (green) immunofluorescence in the EWcp urocortinergic
(urocortin 1 [UCN1], white) neurons. All of the virus-infected cells are neurons (neuronal marker: NeuN, red), note the UCN1 and NeuN colocalization (yellow). (B)
Fluorescence labeling for cholera toxin subunit B (CTB) in the dorsal horn of STN. (C) The colocalization of UCNT1 (red) with GFP (green) in a nerve fiber in the STN
and (D) the colocalization of UCN1 (red) with CTB (green) in the EWcp neurons. (E) Cells coexpressing neuronal marker mRNA (NeulN, white) and corticotropin-
releasing hormone receptor 1 mRNA (Crhr1, red) as well as (F) corticotropin-releasing hormone receptor 2 (Crhr2, red) receiving a UCNT1 (green)-positive
afferentation in the STN. Nuclear counterstaining was performed with 4',6-diamidino-2-phenylindole (DAPI, blue).

3.4. Ablation of centrally projecting Edinger-Westphal/
urocortin 1 neurons with leptin-conjugated saporin

Urocortin 1 immunohistochemistry was performed to confirm
EWcp/UCNT neuron loss. Leptin-conjugated saporin treatment
significantly reduced the number of UCN1 immunoreactive
neurons in the EWcp compared with the naive mice (P =
0.0002) (Fig. 9A). Von Frey test was performed to assess
periorbital pain behavior associated with migraine-like headache.
Before the ablation of EWcp/UCN1 neurons, CGRP treatment
significantly reduced the periorbital withdrawal threshold com-
pared with saline (P = 0.0001). Interestingly, after the ablation of
EWcp/UCN1 neurons, the saline treatment significantly reduced
periorbital withdrawal threshold compared with nonablated
controls, (P = 0.0001), and CGRP treatment did not change it
further (Fig. 9B).

3.5. Functional magnetic resonance imaging study
3.5.1. Functional connectivity of Edinger-Westphal nucleus

Extensive positive functional connectivity of the EW nucleus with
frontal and temporal gyri, cerebellum, caudate, and midbrain
were identified in the whole population (Fig. 10 and Table 4). No
significant negative connections were detected.

Extensive positive functional connectivity of the EW nucleus
with frontal and temporal gyri, cerebellum, caudate, and
midbrain were identified in the whole population (Fig. 10 and
Table 4). In accordance, significant positive functional connec-
tivity was found between the EW and DRN (Peak pFWE =
0.004; Peak Z-value = 3.51, Peak MNI coordinates: x = 0,
y = —28,z = —14) as well as STN (Peak pFWE = 0.007; Peak
Z-value = 3.10, Peak MNI coordinates: x = 4, y = —40,
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Figure 6. Model validation. (A) Columns show the ratio of time spent in the dark compartment of the light-dark box device, 30 minutes after saline (control) or
calcitonin gene—related peptide (CGRP) injection (n = 11-15, *P = 0.02; Student t test). (B) Columns show the facial withdrawal threshold (g) in von Frey test,
30 minutes after saline (control) or CGRP injection (n = 13, **P = 8.25531 X 10~ '®; Student t test). (C) Columns show the number of FOS positive neurons in the
TRG (n = 6; **P = 0.0004; Student t test). (C’ and C") Representative fluorescence images showing the expression of FOS, as a marker of early neural activation in
the trigeminal ganglion (TRG), 4 hours after saline (control) and CGRP injection. Nuclei of FOS-positive activated neurons (red) are highlighted by the white
arrowheads. (D) Columns show the number of phosphorylated c-AMP-responsive element binding protein (P-CREB) positive neurons in the spinal trigeminal
nucleus (STN) (n = 6; **P = 0.003; Student t test). (D’ and D") Representative fluorescence images showing the expression of P-CREB, as a marker of neural
activationinthe STN, 4 hours after saline (control) and CGRP injection. Nuclei of P-CREB-positive activated neurons (red) are colocalized (yellow) with the neuronal
marker (NeuN, green). (E) Columns show the number of FOS-positive neurons in the lateral periaqueductal gray matter (IPAG; n = 6; **P = 0.002; Student ¢ test).
(E" and E") Representative images showing the nuclei (brown dots) of activated FOS-positive neurons in the IPAG in control and CGRP-treated mice. FOS, c-fos
gen—-encoded protein; STN, spinal trigeminal nucleus.
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Figure 7. Response of the mouse centrally projecting Edinger—Westphal (EWcp) nucleus to calcitonin gene—related peptide (CGRP) treatment. (A) Columns show
the number of FOS-immunoreactive neurons in the EWcp (n = 6; *P = 0.03; Student t test). (A" and A”) Representative images showing the nuclei of the neurons
positive (brown dots) for the early neural activation marker (FOS) in the EWcp, 4 hours after saline (control) or CGRP injection. (B) Quantitative evaluation of the ratio
of urocortin 1 (UCN1)/FOS double-labelled neurons from all FOS-immunoreactive neurons in the EWcp revealed the urocortinergic identity of activated (FOS-
immunoreactive) neurons. (B’ and B") Representative fluorescence images showing the colocalization of UCN1 (red) and FOS (green) in the EWcp of control and
CGRP-injected mice. (C) Quantitative evaluation of Ucn1 mRNA-specific signal density (SSD) in the EWcp (n = 6; **P = 0.00045; Student t test). (C’" and C”)
Representative fluorescence images showing the expression of Ucn7 mRNA (green) in the EWcp in control and CGRP-treated mice. (D) Quantitative evaluation of
UCN1 peptide SSD in the EWcp (n = 6; ***P = 0.0007; Student t test). (D’ and D”) Representative images illustrate UCN1 peptide (green) immunoreactivity in the
EWcp in control and CGRP-injected mice. For nuclear counterstaining, 4’,6-diamidino-2-phenylindole (DAPI, blue) was used. a.u., arbitrary unit; FOS, c-fos

gene—encoded protein.

z = —44) in whole group analysis. No significant negative
connections were detected.

There was no significant difference between interictal migraine
patients and healthy controls in the functional connectivity of EW
nucleus after correction for multiple testing.

However, positive correlation was found between migraine
frequency and functional connectivity of EW nucleus with 2

clusters. One cluster (cluster size = 123 voxel, pFWE = 0.045)
contained the angular gyrus (Peak T-value = 4.211, Peak MNI

coordinates: x = 54, y = =52, z = 26) and superior temporal
gyrus (Peak T-value = 3.961, Peak MNI coordinates: x = 58,
y = —40, z = 22), whereas the other cluster (cluster size = 166

voxel, pFWE = 0.011) contained the middle frontal (Peak
T-value = 3.994, Peak MNI coordinates: x = 54, y = 34,
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Figure 8. Serotonin (5-HT) and tryptophan hydroxylase-2 (TPH2) immunoreactivity in the dorsal raphe nucleus (DRN). (A) Specific signal density (SSD) of 5-HT in
the DRN (n = 6; *P = 0.03; Student t test). (A" and A”) Representative fluorescence images showing the 5-HT (green) immunoreactivity in the DRN, 4 hours after
saline (control) and calcitonin gene-related peptide (CGRP) injection. (B) SSD of the TPH2 in the DRN (n = 6; *P = 0.01; Student t test). (B" and B”) Representative
fluorescence images illustrate TPH2 (red) immunosignal in the DRN. a.u., arbitrary unit.

z = 22) and triangular part of inferior frontal gyri (Peak T-value =
4.189, Peak MNI coordinates: x = 48,y = 30, z = 14; Fig. 11).

4. Discussion

The main goal of this study was to confirm the involvement of
EWcp in migraine. The central distribution of CGRP and that of its
receptor has been described at protein level in rats, mice, and
humans.?”*>%* However, CGRP receptors AMY1 and CGRP
receptor components expression in EWcp has not been studied
yet. Here, we have confirmed the expression of Ramp1, Calcr,
and Crcp mRBNA as well as CLR peptide in EWcp/UCNT1 neurons
using the highly sensitive and specific RNAscope ISH technique
combined with immunofluorescence’®' in both mice and
humans. This supports the translational relevance of our animal
work and confirms findings of earlier mMRNA studies.?”®* Because
AMY1 and CGRP receptor components were also detected in the
migraine-related EWcp projection areas such as DRN and STN,
we assume that the CGRP may activate the DRN and STN
directly or indirectly through AMY1 and CGRP receptor-
expressing EWcp/UCN1 neurons. Indeed, both our anterograde
and retrograde tracing proved the direct projection from the
EWecp to the STN. Because urocortinergic fibers were detected in
the close proximity of STN neurons, which expressed Crh1r and
Crh2r mRNAs, we provide neuroanatomical evidence for a direct
urocortinergic EWcp projection to STN neurons with a possible
functional significance.

Next, we investigated the response of EWcp in a migraine
model. Several well-validated in vivo models were described,
including direct electrical stimulation of trigeminal neurons,
administration of inflammatory substances to the meninges,

and the use of algogenic substances (eg, nitroglycerin,
CGRP).*" Importantly, the CGRP signaling is involved in all
these models.'®* Electrical stimulation of TRG and meningeal
administration of inflammatory substances are invasive, and
considering the acute pain sensitivity of EWcp,®98* these
models were not suitable. Intraperitoneal administration of
nitroglycerin and CGRP successfully resembled many aspects
of acute and chronic migraine*'*®® in rodents that were
alleviated by antimigraine drugs like sumatriptan,®3%:87:19% |n
our project, the use of nitroglycerin would have been unreliable
because all available preparations contain ethanol as vehi-
cle,®®%%® and the EWcp is highly alcohol sensitive.''%°
Therefore, we decided to use the intraperitoneal CGRP
treatment model of migraine described by Mason et al.®
Several migraine-related symptoms have been observed upon
central and peripheral CGRP administration in humans and
rodents,®2:6968 suggesting both peripheral and central site of
action; this is in line with the wide distribution of CGRP and
AMY1 receptors in the CNS and periphery.2”**° TRG neurons
express CGRP and its receptor, and TRG provide anatomical
connection between peripheral and CNS. Activation of CGRP
receptors in trigeminal neurons stimulate CGRP release from (1)
peripheral nerve endings of afferent terminals, which innervate
meninges, (2) TRG cell bodies, and (3) terminals of central
processes in the STN.?° Calcitonin gene-related peptide
release from central terminals promote central sensitization
through CGRP receptors on second-order nociceptive STN
cells,?®%® which may ultimately lead to further central CGRP
release from CGRP-expressing brain areas. This is one
mechanism for central sensitization mediated by peripheral
action of CGRP, but several others may also contribute.*°:46:68
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Figure 9. Ablation of urocortinergic (urocortin 1 [UCN1]) neurons in the centrally projecting Edinger—Westphal (EWcp) nucleus by leptin-saporin (LS). (A) Columns
show the number of UCN1 neurons in the EWcp (n = 11; ***P = 0.0002; Student ¢ test) in controls and LS-injected groups. (A" and A") Representative images
showing the UCN1 neurons (brown) in the EWcp, in control and LS-injected mice. (B) Columns show the facial withdrawal threshold (g) in von Frey test, 30 minutes
after saline or calcitonin gene-related peptide (CGRP) injection in control and LS-injected mice (n = 11, **P = 0.0001; Tukey post hoc test upon repeated-

measures ANOVA. ANOVA, analysis of variance.

The CGRP model®® was validated by the periorbital hyper-
algesia and light aversion behavior. According to Mason et al.,
calcitonin gene-related peptide treatment did not induce anxiety
in mice; thus, the LDB behaviour can be considered as
photophobia, referring to a migraine-like state. Furthermore,
CGRP-induced light aversion did not correlate with the blood
pressure excluding vasomotor mechanisms.®°

The elevated TRG/FOS and STN/P-CREB immunosignals
upon CGRP treatment refers to the activation of these key players
in migraine pathogenesis.?® Increased IPAG/FOS immunosig-
nal in CGRP-treated mice suggests that the activation of the
descending antinociceptive pathways further reinforce that
a migraine-like headache has occurred.

The neuromodulatory role of PAG in migraine is well
known,”®%° but no studies have reported the contribution of
EWecp to migraine, although it is located within the PAG. The two-
fold increase in the number of FOS-positive EWcp/UCN1
neurons upon CGRP treatment suggests increased neuronal
activation that requires adaptation at the level of gene expres-
sion.’®® This was concomitant with an increased Ucn1 mRNA
and UCN1 peptide content in response to CGRP administration,
suggesting higher UCN1 peptide release. We propose that
peripherally administered CGRP may activate the EWcp/UCN1
neurons directly by centrally released CGRP or by indirect manner
as a consequence of central sensitization. The presumably
increased UCN1 release may directly influence the function of the

STN through CRH1R and CRH2Rs, as supported by increased
P-CREB immunosignal in the STN. In line with earlier studies, "2
no FOS activation was observed in the STN upon CGRP
treatment.

Beyond the STN, the DRN is also a brain area known to be
activated in migraine.®® The EWcp/UCN1 neurons innervate the
DRN,2397199  \where  both CRH  receptors  are
expressed.' 649597 Activation of CRH1R in DRN reduces 5-HT
release, whereas CRH2R signaling has opposite effect.3*%% The
decreased DRN/5-HT content in our CGRP-treated mice
suggests that 5-HT release upon CGRP administration. Support-
ing this, elevated CNS 5-HT levels were found during migraine
attacks.'”2*8%89 e propose that CGRP increased the UCN1
release in the DRN that through CRH2Rs of DRN/5-HT neurons
ultimately elevated 5-HT release. Nevertheless, we cannot
exclude a direct CGRP effect on serotonergic neurons as they
also express CGRP receptors.®*

Calcitonin gene-related peptide treatment decreased the
TPH2 enzyme level in DRN. Tryptophan hydroxylase-2 is the
rate-limiting enzyme of central 5-HT synthesis,'® and its gene
polymorphisms have been linked to migraine.®™®” Chronic
central UCN1 microinjection elevated the Tph2 mRNA expression
in the caudal and dorsal subdivision of the DRN, whereas an
opposite effect was observed in the ventrolateral part.?? This
finding is in contrast with our results as we saw a rise in UCN1
levels but decreased the TPH2 protein content upon CGRP
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Figure 10. Functional connectivity matrix of Edinger-Westphal nucleus. Blue color represents functional connectivity of Edinger—Westphal nucleus with other
brain areas: (A) sagittal reconstruction, lateral view; (B) left anterior aspect; (C) right posterior view. Significance threshold was cluster-level p(FWE) < 0.05 including
atleast 10 contiguous voxels. Results are corrected for age and sex. Statistical maps were visualized on the MNI 152 template brain provided in MRIcroGL (http://

www.mccauslandcenter.sc.edu/mricrogl/). MNI, Montreal Neurological Institute.

treatment. This discrepancy may be explained by methodological
differences as in our study, we examined the TPH2 at protein
level. Conversely, we applied a single CGRP treatment, which
elevated the UCN1 level, whereas Donner et al.? applied chronic
UCN1 administration. Thirdly, a DRN subdivision-specific differ-
ence in CRH2R expression, moreover a stress exposure-
dependent change inthe CRH1R and CRH2R receptor trafficking
and consequent ligand availability in the plasma membrane.’®®
may explain the difference in the outcome of these studies. All in
all, the complex action of UCN1 on DRN serotonergic neurons
may reflect the proclaimed abnormalities in central 5-HT turnover
in migraine.2*&°

Given that the cocaine and amphetamine-regulated transcript
and EWcp/UCNT1 show full colocalization,”®'%®  decreased
periorbital withdrawal threshold following EWcp/UCN1 ablation
aligns with earlier study result where increased the activity of
EWcp/cocaine and amphetamine-regulated transcript resulted in
increased paw withdrawal threshold, suggesting that these
neurons modulates pain.”®

The ability of EWcp to influence migraine-related areas through
direct neuroanatomical connection was further supported by the
significant positive functional connectivity between EW, DRN,
and STN. To the best of our knowledge, this is the first study to
describe the functional connectivity of EW in the human brain.
Moreover, our fMRI study revealed a strong positive correlation
between the frequency of migraine attacks and the functional

connectivity of EW with brain areas that are known to be part of
the affective pain pathway including angular gyrus, superior
temporal gyrus, middle frontal and the triangular part of inferior
frontal gyri,*® 76192 supporting previous findings that changes in
these brain areas may predispose a person to pain conditions
including migraine.*®

As to the limitations, none of the models for migraine can
reliably mimic all aspects of human disease and the CGRP model
is also not an exception. Although migraine is more prevalent in
females,®® we used male mice because (1) EWcp/UCN1 neurons
express estrogen receptor beta and estrous cycle-related
hormonal fluctuations modulate UCNT1 levels'®'® and (2)
0.1 mg/kg CGRP induced migraine-like symptoms in both male
and female mice.®®8" Our fMRI study recruited male and female
migraineurs only during the interictal period; thus, the results do
not reflect the brain status during the active headache episodes.
This may explain the lack of significant difference in the functional
connectivity of EW between the study groups. Edinger-Westphal
seed has not been described earlier.®® In this study EW seed
definition was carried out based on recent literature data'® and
confirmed by the visual check of expert scientists.

With respect to the limitations above, we conclude that the
EWcp was activated in the CGRP model of migraine associated
with increased Ucn? mRNA expression and UCN1 peptide
content in male mice. We found a direct EWcp-derived
urocortinergic input to the STN and demonstrated that the STN
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Significant positive functional connectivity of Edinger-Westphal nucleus.
Cluster size (voxel) Region Peak coordinates Peak
X y z T-value
5518 L thalamus =2 =24 -8 17.99
R lingual gyrus 12 —24 —6 5.882
R caudate 14 =2 14 5.474
L caudate —10 10 6 4.91
R thalamus 10 —20 10 4.69
R pallidum 22 0 6 4.62
221 R precuneus 2 —72 56 5.410
319 L posterior cingulate cortex —10 —34 —-30 5.084
R cerebellum Ill 12 —30 —30 4.672
1524 R cerebellum VI 36 —40 —28 5.027
R cerebellum crus 2 42 —70 —44 4.660
278 R orbital part of inferior frontal gyrus 32 26 —14 4973
596 R middle frontal gyrus 50 14 52 4.906
R precentral gyrus 36 0 48 4.700
247 L superior temporal pole —42 20 —16 4.905
173 L middle frontal gyrus —24 28 34 4.534
196 R triangular part of inferior frontal gyrus 54 28 14 4.364
R opercular part of inferior frontal gyrus 56 20 38 3.952
132 L middle temporal gyrus —68 -30 -6 4.349
342 R medial part of superior frontal gyrus 2 56 34 4.331
L medial part of superior frontal gyrus 0 52 46 3.898
230 L middle frontal gyrus —30 60 8 4159
L orbital part of middle frontal gyrus —38 56 -2 3.468

Reported results are significant at cluster-level prye << 0.05. Coordinates are in Montreal Neurological Institute (MNI) space.

L, left hemisphere; R, right hemisphere.

and DRN neurons express Crh1r and Crh2r mRNAs. Hence, we
propose that elevated central CGRP and increased UCN1 release
from EWcp/UCN1 neurons in response to CGRP may directly
modulate the function of STN and DRN. This suggests the role of
EWecp in the endogenous response to migraine. In line with these,
we have also revealed a significant positive functional connectivity

Middle

/ frontal

Angular gyrus

pN
_—

Superior

temporal

gyrus - Triangular
7 part of inferior
'

frontal gyrus

Figure 11. Brain clusters where functional connectivity of Edinger-Westphal
nucleus positively correlated to migraine frequency. The green area represents
the first cluster containing the angular gyrus and superior temporal gyrus,
whereas red area is the other cluster containing the middle frontal and
triangular part of inferior frontal gyri. Significance threshold was cluster-level
p(FWE) < 0.05 including at least 10 contiguous voxels. Results are corrected
for age and sex. Statistical maps were visualized on the MNI 152 template
brain provided in MRIcroGL (http://www.mccauslandcenter.sc.edu/mricrogl/
). MNI, Montreal Neurological Institute.

between EW and STN as well as DRN by fMRI in humans. In our
ongoing research, we are investigating the EWcp/UCN1 in
antimigraine therapy too.
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Functionally active TRPA1 ion
channel is downregulated In
peptidergic neurons of the
Edinger-Westphal nucleus upon
acute alcohol exposure
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Introduction: The centrally projecting Edinger-Westphal nucleus (EWcp)
contributes to the control of alcohol consumption by its urocortin 1 (UCN1) and
cocaine- and amphetamine-regulated transcript (CART) co-expressing peptidergic
neurons. Our group recently showed that the urocortinergic centrally projecting
EWcp is the primary seat of central nervous system transient receptor potential
ankyrin 1 (TRPA1) cation channel mRNA expression. Here, we hypothesized that
alcohol and its metabolites, that pass through the blood-brain barrier, may influence
the function of urocortinergic cells in centrally projecting EWcp by activating
TRPAL ion channels. We aimed to examine the functional activity of TRPAL in
centrally projecting EWcp and its possible role in a mouse model of acute
alcohol exposure.

Methods: Electrophysiological measurements were performed on acute brain slices
of C57BL/6J male mice containing the centrally projecting EWcp to prove the
functional activity of TRPAL using a selective, potent, covalent agonist JT010.
Male TRPA1 knockout (KO) and wildtype (WT) mice were compared with each
other in the morphological studies upon acute alcohol treatment. In both
genotypes, half of the animals was treated intraperitoneally with 1g/kg 6%
ethanol vs. physiological saline-injected controls. Transcardial perfusion was
performed 2 h after the treatment. In the centrally projecting EWcp area, FOS
immunohistochemistry was performed to assess neuronal activation. TRPAL,
CART, and urocortin 1 mRNA expression as well as urocortin 1 and CART peptide
content was semi-quantified by RNAscope in situ hybridization combined with
immunofluorescence.

Results: JTO10 activated TRPAL channels of the urocortinergic cells in acute brain
slices. Alcohol treatment resulted in a significant FOS activation in both genotypes.
Alcohol decreased the Trpal mRNA expression in WT mice. The assessment of
urocortin 1 peptide immunoreactivity revealed lower basal urocortin 1 in KO mice
compared to WTs. The urocortin 1 peptide content was affected genotype-
dependently by alcohol: the peptide content decreased in WTs while it increased
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in KO mice. Alcohol exposure influenced neither CART and urocortin 1 mRNA
expression nor the centrally projecting EWcp/CART peptide content.

Conclusion: We proved the presence of functional TRPAL receptors on urocortin
1 neurons of the centrally projecting EWcp. Decreased Trpal mRNA expression upon
acute alcohol treatment, associated with reduced neuronal urocortin 1 peptide
content suggesting that this cation channel may contribute to the regulation of the

urocortin 1 release.

KEYWORDS

alcohol, centrally projecting Edinger-Westphal nucleus, transient receptor potential ankyrin 1,
urocortin 1, cocaine-and amphetamine-regulated transcript, JT010

1 Introduction

Alcohol use disorders are responsible for 3 million deaths
worldwide each year, accounting for 5.3% of all deaths. The
pathogenic role of alcohol exposure is known for more than
200 kinds of diseases (WHO 2018). Adverse consequences of
addiction include mental and behavioral changes, mood disorders,
and depression. Consequent social and economic damage, family and
workplace conflicts highlight the importance of this research topic.

The midbrain Edinger-Westphal nucleus (EW) consists of two
distinct cell populations. The preganglionic division provides
cholinergic parasympathetic preganglionic fibers to the ciliary
ganglion, to control pupil constriction and lens accommodation by
the oculomotor nerve. The other division is peptidergic, designated as
centrally projecting EW (EWcp) (for a review see Kozicz et al., 2011).
Our research team has been investigating the role of the EWcp in stress
adaptation response, mood control (Gaszner and Kozicz, 2003;
Gaszner et al., 2004; Gaszner et al., 2007; Gaszner et al., 2012;
Rouwette et al., 2011; Kormos and Gaszner, 2013; Kormos et al.,
2022; Ujvari et al,, 2022) and energy metabolism (Shah et al., 2013; Xu
et al,, 2014; Xu et al., 2022; Fiiredi et al., 2017) for many years.

The EWcp neurons express several reward-, stress- and energy
expenditure-related neuropeptides, e.g., cholecystokinin, pituitary
adenylate cyclase-activating polypeptide and substance P (Zuniga
and Ryabinin, 2020; Priest et al., 2021), but the vast majority of
peptidergic neurons co-express urocortin 1 (UCN1) and cocaine and
amphetamine-regulated transcript peptide (CART) (Kozicz, 2003;
Priest et al., 2021; Li and Ryabinin 2022). Numerous studies have
provided evidence for the involvement of the latter two EWcp
neuropeptides in the actions of alcohol and other drugs of abuse
(Ong and McNally, 2020; Zuniga and Ryabinin, 2020).

UCNI is a member of the corticotropin-releasing hormone
(CRH) neuropeptide family. UCNI binds both to the CRHI and
CRH2 receptors, and it shows higher affinity to the latter than CRH
itself (Vaughan et al, 1995; 2013).
Interestingly, all efferent connections of the EWcp that project

Janssen and Kozicz,

to addiction-related areas such as the ventral tegmental area
(VTA), central nucleus of the amygdala (CeA), dorsal raphe
nucleus (DRN), bed nucleus of the stria terminalis (BNST),
(LH) (LS) are
urocortinergic (Zuniga and Ryabinin, 2020) and importantly,

lateral hypothalamus and lateral septum
these areas were shown to express CRH receptors (Schreiber
and Gilpin 2018). Multiple genetic studies have demonstrated
that high alcohol preference in mouse and rat strains was
associated with increased UCNI1 levels (Bachtell et al., 2002;

Bachtell et al., 2003; Turek et al., 2005; Fonareva et al., 2009;
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Ryabinin et al., 2012). Lesions of the rodent EW greatly attenuate
ethanol preference (Bachtell et al., 2004; Ryabinin and Weitemier,
2006). UCNI cells display a robust FOS (a marker of acute neuronal
activity) response upon exposure to both passive and self-
administered ethanol (Bachtell et al., 1999; Ryabinin et al., 2001;
Weitemier et al., 2001; Zuniga and Ryabinin, 2020). The amount of
consumed ethanol correlates positively with the number of FOS
positive cells and Fos mRNA expression in the EWcp (Sharpe et al.,
2005; Giardino et al.,, 2017). Additionally, increased level of FOSB
(a marker of chronic neuronal activity) was observed in the EWcp
after a seven-day-period of 24 h access to ethanol in mice (Bachtell
et al., 1999; Ozburn et al.,, 2012).

CART is a neuropeptide, implicated in energy metabolism
(Kristensen et al., 1998; Farzi, et al., 2018; Lau et al., 2018) and
regulation of feeding, drug reward and addictive behaviors
(Vicentic and Jones, 2007; Zuniga and Ryabinin 2020; Ong and
McNally, 2020). CART is expressed in appetite, motivation and
reward-related brain areas (e.g., EWcp, paraventricular nucleus of
the hypothalamus, arcuate nucleus, dorsomedial hypothalamus,
LH, nucleus accumbens, amygdala, locus coeruleus, nucleus of the
solitary tract, medial accessory olive) (Koylu et al., 1998; Elias et al.,
2001). Although several studies were published investigating the
importance of CART in addiction, only few studies are available on
the role of EWcp/CART in alcohol consumption. For instance, low
alcohol preference DBA/2] mice show reduced CART expression at
mRNA and peptide level in the EWcp compared to alcohol
preferring C57BL/6] mice (Giardino et al., 2017). Moreover,
reduced alcohol intake and preference was observed in Cart KO
mice compared to the WTs in a 24 h 2-bottle-choice procedure
(Salinas et al., 2014).

The fact that UCN1 and CART fully co-localize in the EWcp, and
they show increased peptide and mRNA levels in alcohol preferring
mice, suggests their important and probably common role in the
regulation of alcohol intake and related behaviors.

The transient receptor potential ankyrin 1 (TRPA1) is a non-
selective cation channel. The role of the peripheral TRPAI in
nociception and inflammatory responses has been well
established (Kédkova et al., 2017; Jannis et al., 2019; Talavera
2020), in
accumulated on its role in the central nervous system. In our

et al., contrast, only limited knowledge has
recent studies, we proved that urocortinergic neurons in EWcp
uniquely express significant amount of Trpal mRNA in the mouse
(Kormos et al., 2022). However, an earlier calcium imaging study
described the link between ethanol and TRPA1, it was examined
exclusively in the context of pain: ethanol activated the human

TRPAI on human embryonic kidney-derived 293 (HEK293) cells
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(Komatsu et al., 2012). Alcohol is metabolized by alcohol
dehydrogenase (ADH) into the reactive and toxic intermediate
product acetaldehyde, which is rapidly converted into acetic acid
(Cederbaum, 2012). Acetaldehyde is considered as the major
contributor of the detrimental effects by acute and chronic
alcohol consumption including flushing, headache, cirrhosis,
and  cancer 2001). Human and
TRPA1 receptors were activated specifically by acetaldehyde

(Eriksson, mouse
both in a HEK293T cell heterologous expression system and
cultured mouse trigeminal neurons and the pharmacological
inhibition of the TRPAI receptor prevented the acetaldehyde-
induced activation (Bang et al, 2007). Acetic acid was also
shown to acitivate TRPAL1 in trigeminal neurons in patch clamp
recordings and Ca’" microfluorometry (Wang et al., 2011).

Since, we showed recently the presence of the Trpal only at mRNA
level in urocortinergic neurons (Kormos et al., 2022) in this study we
aimed to investigate whether the ion channel is functionally active in
the EWcp neurons. Considering the involvement of UCNI in acute
and chronic alcohol consumption (Schreiber and Gilpin, 2018; Zuniga
and Ryabinin, 2020), in this study we aimed to test if
TRPA1 contributes to the recruitment of EWcp/UCN1/CART
neurons in acute alcohol exposure.

2 Materials and methods

2.1 Animals

Animals were housed in a temperature and humidity controlled 12 h
light-dark cycle environment (lights on at 6 am.) in standard
polycarbonate cages (365 mm x 207 mm x 144 mm) in four to six
mice per cage groups, at the animal facility of the Department of
Pharmacology and Pharmacotherapy, University of Pécs. Mice were
provided ad libitum with standard rodent chow and tap water. All
procedures were approved by the Animal Welfare Committee at Pécs
University, National Scientific Ethical
Experimentation in Hungary (BA02/2000-25/2021) in agreement with

Committee on Animal

the directive of the European Communities Council in 1986, and with the
Law of XXCIIL, in 1998, on Animal Care and Use in Hungary.

The original breeding pairs of Trpal KO mice were obtained from
Prof. P. Geppetti, University of Florence, Italy. Trpal KO mice were
bred on C57BL/6] background and crossed back after 10 generations
(Kormos et al.,, 2022). WT and KO mice were selected from different
litters. Offspring were genotyped for Trpal gene by PCR (sequences of
primers: ASM2: ATC ACC TAC CAG TAA GTT CAT; ASP2: AGC
TGC ATG TGT GAA TTA AAT).

2.2 Experimental design

Acute coronal brain slices containing the EWcp from 4 to 5 week-
C57BL/6] mice (n =
electrophysiological recordings to prove the presence of functional

old male 10) were used for the
TRPAI channel using the potent and selective agonist JT010.

In an independent experiment, 9-12 week-old male Trpal
knockout (KO) mice and their wildtype (WT) counterparts were
assigned to four experimental groups: Trpal KO (n = 7) and WT
(n =7) mice were intraperitoneally (i.p.) injected with 6% ethanol (D =
1 g/kg), while another set of Trpal KO (n = 8) and WT (n = 6) mice
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were injected with the same volume of physiological saline as a control
(Korkosz et al., 2006; Pradhan et al., 2013). Mice were euthanized 2 h
after the treatment for the morphological studies, which is the time
required after the onset of the stimuli to reach the peak of FOS protein
expression (Chaudhuri et al., 2000; Zhong et al., 2014).

2.3 Acute brain slice preparation for
electrophysiology

Electrophysiology experiments were performed in acute coronal brain
slices containing the EWcp (from Bregma —-2.92 to —4.04 according to
Paxinos and Franklin, 2001) taken from C57BL/6] mice. Under deep
isoflurane anesthesia, mice were decapitated and 300 um thick coronal
slices were cut in ice-cold external solution containing (in mM):
93 NMDG, 2.5 KCl, 25 Glucose, 20 HEPES, 1.2 NaH,PO,, 10 MgSO,,
.5 CaCl,, 30 NaHCO;, 5 L-ascorbate, 3 Na-pyruvate, 2 thiourea bubbled
with 95% O, and 5% CO,. Slices were transferred to artificial
cerebrospinal fluid (ACSF) containing (in mM) 2.5 KCl, 10 glucose,
126 NaCl, 1.25 NaH,PO,, 2 MgCl,, 2 CaCl,, 26 NaHCO3 bubbled with
95% O, and 5% CO,. After an incubation period of 10 min at 34°C in the
first solution, the slices were maintained at room temperature in ACSF
until use. After recordings, the sections were immersed into fixative (4%
paraformaldehyde in 0.1 M PB) for overnight fixation, then 50 pm thick
coronal slices were re-sectioned using a Leica VT1000S vibratome (Leica
Biosystems, Wetzlar, Germany) for further immunostaining,

2.4 In vitro electrophysiological recordings

Patch pipettes were pulled from borosilicate glass capillaries with
filament (1.5 mm outer diameter and 1.1 mm inner diameter; Sutter
Instruments, Novato, CA, United States) with a resistance of 2-3 MQ.
The pipette recording solution contained (in mM) 3.5 KCl, 40 CsCl,
90 K-gluconate, 1.8 NaCl, 1.7 MgCl, 0.5 EGTA, 10 Hepes, 2 Mg-ATP
and .2% Biocytin, pH 7.3 adjusted with KOH; 290-300 mOsm. Whole-
cell recordings were made with Axopatch 700B amplifier (Molecular
Devices, San José, CA, United States) using an upright microscope
(Eclipse FN1, Nikon) with 40x (NA: .8) water immersion objective
lens equipped with differential interference contrast (DIC) optics. DIC
images were captured with an Andor Zyla 55s CMOS camera
(Oxford Instruments, Abingdon, United Kingdom). All recordings
were performed at 32°C, in ACSF bubbled with 95% O, and 5% CO,.
Cells with lower than 20MQ access resistance (continuously
monitored) were accepted for analysis. Signals were low-pass
filtered at 5kHz and digitized at 20kHz (Digidata 15508,
Molecular Devices). When it is indicated 5puM JT010, 10 uM
CNQX (Sigma) and 1uM Gabazine (Sigma) were applied to the
bath solution. In these experiments membrane potential was
manually adjusted (max. —50 pA) to keep the neuron just below
the threshold for action potential (AP) firing. This method allowed us
the easily monitor the effect of TRPAI activation since ~5mV
depolarization already induced AP firing.

2.5 Perfusion and tissue collection

WT and Trpal KO mice were euthanized 2 h after the alcohol
administration with an overdose of urethane (2.4 g/kg) injected
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intraperitoneally. Then, tail clipping was performed to validate their
genotype, and urine was collected by a urinary bladder puncture into a
syringe. The samples were filled into pre-chilled tubes and stored
at —20°C for urine alcohol concentration (UAC) measurements.
Then, mice were perfused transcardially by 20mL of ice-cold
0.1 M phosphate-buffered saline (PBS) (pH: 7.4) followed by 150 mL
4% paraformaldehyde (PFA) solution in Millonig buffer (pH 7.4).

Brain samples were dissected and post-fixed for 72 h at 4°C in PFA
solution. The brains were coronally sectioned using a Leica VT1000S
vibratome (Leica Biosystems, Wetzlar, Germany). Four series of 30 um
sections were collected and stored in PBS containing sodium-azide
(.01%) at 4°C, and for long term storage at —20°C, they were transferred
into antifreeze solution. Four representative sections of the EWcp
(from Bregma —2.92 to —4.04 according to Paxinos and Franklin,
2001) per animal were selected for each staining.

2.6 Urine alcohol concentration
measurement

The ethanol content of the urine samples was examined by headspace
gas chromatography with flame-ionization detection (Agilent 7890A GC
system, G1888 Network Headspace Sampler). 50 pL of sample was added
to 500 uL of internal standard solution (tert-butanol solution with a
concentration of 0.05 g/L) previously introduced into a 20-mL headspace
vial. The vial was crimp sealed and thermostated at 75°C + 0.1°C. After
the equilibrium was established (15 min), 2 pL of vapor was injected
directly into the chromatographic columns (DB-ALCI, Agilent J&W
Scientific, 30 m x 0.32-mm i.d., 1.8-pm film thickness and DB-ALC2,
Agilent J&W Scientific, 30 m x .32-mm i.d., 1.2-pum film thickness). The
HS loop and transfer line temperatures were set at 75°C and 85°C,
respectively. The injection port temperature was held at 150°C and used
in split mode with a split ratio of 5:1. The flame ionization detector (FID)
temperature was maintained at 260°C. Nitrogen was used as carrier gas.
The GC oven temperature was kept at 35°C during the run time (4 min).
The analytical method was validated for system suitability, selectivity,
accuracy, linearity, repeatability, and intermediate precision in
accordance with the current ICH guidelines [https://www.ema.europa.
eu/en/documents/scientific-guideline/ich-guideline-q2r2-validation-
analytical-procedures-step-2b_en.pdf (accessed 17 August 2022)].
Detector response was linear over the range of 0.025-2.5 g/L for both
acetaldehyde and ethanol. The detection limit (DL) and quantitation
limit (QL) values of both compounds were found to be 0.015 g/L and
0.025 g/L, respectively.

2.7 RNAscope in situ hybridization combined
with immunofluorescence

RNAscope in situ hybridization (ISH) was performed to measure the
expression of Trpal, Cart, and Ucnl mRNA in EWcp. The pretreatment
procedure was optimized for 30 um-thick PFA-fixed sections (Kormos
et al,, 2022). Further steps of RNAscope (probe hybridization, signal
amplification and channel development) were performed according to
RNAscope Multiplex Fluorescent Reagent Kit v2 user manual (ACD,
Hayward, CA, United States). Mouse Trpal (ACD; Cat. No.: 400211),
Cart (ACD; Cat. No.: 432001) and Ucnl probes (ACD; Cat. No.: 466261)
were visualized by cyanine 3 (Cy3) (1:750 for Trpal and 1:3000 for Cart)
and fluorescein (1:3000 for Ucnl) dyes, respectively.

Frontiers in Cell and Developmental Biology

10.3389/fcell.2022.1046559

In case of the Trpal, ISH was combined with
immunofluorescence for UCN1 to examine the peptide content
also. After the RNAscope procedure, slides were treated with
polyclonal rabbit anti-UCN1 antibody (RRID: AB 2315527, gift
from Prof. Wylie W. Vale, Salk Institute La Jolla, CA, United States)
diluted to 1:20.000, for 24 h at 24°C. After 2 min x 15 min washes,
Alexa 488-conjugated donkey anti-rabbit antibody (Jackson
Immunoresearch Europe Ltd., Cambridgeshire,
United Kingdom; Cat. No: 711-545-152, diluted to 1:500) was
used for 3h at 24°C. Sections were counterstained with DAPI
(ACD) and covered with ProLong Gold Antifade (Thermo
Fisher Scientific, Waltham, MA, United States) mounting medium.

Mouse 3-plex positive (ACD; Cat. No: 320881) control probes
specific to Polr2a mRNA (fluorescein), Ppib mRNA (Cy3) and Ubc
mRNA (cyanine 5, Cy5) and 3-plex negative (ACD; Cat. No: 320871)
control probes to bacterial dabP mRNA were tested on the EWcp. The
3-plex positive control probes gave well-detectable signal in the EWcp,
while the negative control probes did not give any recognizable
fluorescence in the preparations (images not shown).

The specificity of the rabbit UCN1 (RRID: AB 2315527, gift from
WW Vale, Salk Institute La Jolla, CA, United States) was tested earlier
in mice (see our earlier work Kormos et al, 2016). In this study,
omission or replacement of primary and secondary antibodies by non-
immune sera abolished labeling in both WT and KO mice (images not
shown).

2.8 Immunohistochemistry with
diaminobenzidine

FOS immunohistochemistry was performed to assess the acute
neuronal activity in EWcp. Sections were washed three times in
PBS and treated with 1% H,O, (Sigma Chemical, Zwijndrecht,
Netherlands) to quench endogenous peroxidase activity of the
tissue. After 3 min x 10 min washes, sections were treated with
.5% Triton X-100 (Sigma Chemical, Zwijndrecht, Netherlands) in
PBS to enhance the permeability. Then, non-specific binding sites
were blocked using 2% normal goat serum in PBS. Sections were
then incubated with rabbit anti-cFOS polyclonal antibody (1:2.000,
RRID: AB, 2231974 Synaptic Systems GmbH, Cat. No: 226 003) in a
dilution overnight at room temperature. After 3 min x 10 min
washes with PBS, sections were incubated with biotinylated anti-
rabbit gamma globulin for 1h (VECTASTAIN" Elite ABC-HRP
Kit, Peroxidase Rabbit IgG Vector Laboratories Cat. No: PK-6101).
After washes again 3 times with PBS, sections were incubated in
ABC (avidin-biotin complex) solution for 1 h. After washes they
were treated with .05% diaminobenzidine (DAB) in Tris buffer with
.003w/v% H,0, (Sigma Chemical, Zwijndrecht, Netherlands), the
latter reaction was controlled under a stereomicroscope and
stopped with PBS. Sections were mounted on gelatin-coated
glass slides, air-dried, treated with xylene (Merck, Leicester,
United Kingdom)
medium (Merck, Leicester, United Kingdom).

and coverslipped with DPX mounting

The specificity of the FOS serum was tested in our recent work
(Kovdcs et al., 2019) by preabsorption, using the respective blocking
peptide (Synaptic Systems, Cat. No: 226-OP). Omission and
replacement controls were performed also on some randomly
collected in alcohol-treated mice, and no

selected sections

immunosignal was recognizable.
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2.9 Immunofluorescence

In case of acute EWcp slices, Biocytin and UCNI1 fluorescent
labeling were performed to identify the electrophysiologically
examined urocortinergic neurons. Sections were washed 2 min x
15min with PBS then treated with .5% Triton X-100 (Sigma
Chemical, Zwijndrecht, Netherlands) in PBS with Alexa 488-
(Cat. No: 016-540-084
Immunoresearch Europe Ltd., Cambridgeshire, United Kingdom)
diluted to 1:2.000, for 2h. After washes, polyclonal rabbit anti-
UCN1 antibody (RRID: AB 2315527, gift from Prof. Wylie W.
Vale, Salk Institute La Jolla, CA, United States) was used diluted to
1:5.000, overnight at 24°C. After washes, Cy3-conjugated donkey anti-
rabbit antibody (Cat. No: 711-165-152, Jackson) was used diluted to 1:
500 for 3 h. Sections were mounted on gelatin-coated glass slides then

conjugated  Streptavidin Jackson

air-dried and coverslipped with glycerol-PBS (1:1).

In case of acute alcohol exposure model, CART
immunofluorescence was performed to semi-quantify the peptide
content of the EWcp neurons. Sections were washed 2min x
15min with PBS then treated with .5% Triton X-100 (Sigma
Chemical, Zwijndrecht, Netherlands) in PBS for 30 min and
blocked with 2% normal donkey serum in PBS. Sections were
incubated with anti-CART rabbit antibody [Phoenix H-003-62
(55-102)] in 1: 10.000 dilution overnight at room temperature.
After 2 min X 15 min washes with PBS, sections were incubated
with Cy3-conjugated donkey anti-rabbit antibody (Cat. No.: 711-
165-152 Jackson) in 1: 500 dilution for 3 h. After washes, sections
were mounted on gelatin-coated glass slides, air-dried and
coverslipped with glycerol-PBS (1:1).

The specificity of the rabbit CART antibody (RRID: AB
2313614 Phoenix Europe GmbH, Karlsruhe, Germany) was tested
earlier (Armbruszt et al.,, 2015). In this study, omission or replacement
of primary and secondary antibodies by non-immune sera abolished

labeling in both WT and Trpal KO mice (images not shown).

2.10 Microscopy, digital imaging and
morphometry

The DAB-labeled sections were studied and digitalized by a
Nikon Microphot FXA microscope with a Spot RT camera (Nikon,
Japan).
determined by manual cell counting on the whole cross section

Tokyo, The number of FOS-positive nuclei was
surface area of the EWcp.

Fluorescent labeled sections were digitalized by an Olympus
FluoView 1000 confocal microscope (Olympus, Europa, Hamburg,
Germany) in sequential scanning in analogue mode. We used 80 pm
confocal aperture (optical thickness 3.5 um), 1024 x 1024-pixel
resolution, and a x60 objective for scanning. The excitation and
emission spectra for the respective fluorophores were selected using
built-in settings of the FluoView software (FV10-ASW; Version 0102,
Olympus, Europa, Hamburg, Germany). DAPI was excited at 405 nm,
Fluorescein and Alexa 488 at 488 nm and Cy3 at 550 nm. Sections
were scanned for the respective wavelengths at three channels. Digital
images of the three channels, depicting the same area, were
automatically superimposed and merged. Co-localization was
assessed on digital images showing virtual blue (DAPI), green
(fluorescein), and red (Cy3) colors representing the fluorescent
signals of the three channels.
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The UCN1 and CART signals showed a confluent or cluster-like
patterns both at mRNA and peptide level. As counting of individual
fluorescent dots was not possible, the intensity of the fluorescence was
measured by Image] software (version 1.42., NIH, Bethesda, MD) in
5-10 cell bodies using four non-edited images of the corresponding
channel. The region of interest was manually determined at
cytoplasmic areas of neurons. The signal density was corrected for
the background signal. The average of the specific signal density (SSD)
of 5-10 neurons was determined in four sections per animal. The
average of these four values represented the SSD value of one mouse.
The SSD was expressed in arbitrary units (a.u.).

The Trpal mRNA signal appeared as well distinguishable
scattered fluorescent dots. The number of dots per cell was
manually counted in the 5-10 Trpal-expressing neurons, in four
sections per animal. Finally, these values were averaged as
described above.

2.11 Statistics

Data were expressed as mean * standard error of the mean for
each experimental group. Data sets were tested for normality
(Shapiro-Wilk test; Shapiro and Wilk, 1965) and homogeneity
1989) of
variance. Outlier data beyond the two-sigma range were excluded.

(Bartlett’s Chi-square test; Snedecor and Cochran,

Data were evaluated by two-way analysis of variance (ANOVA).
Tukey’s post hoc tests were performed based on first or second
order effects in ANOVA tests.

Student’s t-test for independent samples was used to compare the
Trpal mRNA expression of alcohol treated vs. control WT mice.
Analyses were conducted using Statistica 8.0 (StatSoft, Tulsa, OK)
(alpha = 5%).

All statistical analyses of electrophysiological data were performed
using Clampfit v. 10.7 (Molecular Devices) and OriginPro v. 8.6. Data
were evaluated by Tukey’s post hoc test upon one-way ANOVA.

3 Results
3.1 Electrophysiology

To test whether TRPALI is functionally active on EWcp neurons we
performed slice patch clamp recordings in whole cell configuration. All
patched neurons were filled with biocytin and tested for
UCN1 immunopositivity post hoc Figures 1A-C. Only UCNI-
immunoreactive cells were used in statistical analysis. UCNI-
immunoreactive neurons were tonically active at resting membrane
potential Figure 1D as it was shown previously (Topilko et al., 2022).
We used JT010, a potent and selective, covalently binding agonist to
activate TRPA1 (Takaya et al., 2015). Since recording of a relatively small
transmembrane current in neurons can be challenging, we decided to
monitor membrane potential changes in current clamp mode upon
application of JT010. Resting membrane potential of recorded cells
were adjusted via the amplifier to keep the cells just below the
threshold for AP firing (few AP still occurred). This strategy prevented
spontaneous firing, however even a moderate membrane potential
depolarization -by the activation of TRPA1- resulted in high frequency
firing. Firing frequency was

significantly  increased  during

JT010 application in UCNI1-immunoreactive neurons (Figures 1E, F).
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FIGURE 1

300 400

JTO10 increases spontaneous firing frequency of UCN1-immunoreactive neurons in the EWcp nucleus. Representative confocal images of UCN1-
immunoreactive (red) cells (A) and a biocytin (green) filled patched neuron (B) and the merged image (C). Insets shows the magnified soma of the patched
neuron. Scale bars: 40 um. Response of the recorded cell (D) to 1 s current injection (-100 and +100 pA). Representative current clamp recordings (E, upper
panel) showing the spontaneous activity of UCN1-immunoreactive neuron. Black bar represents JTO10 application (5 yM). Instantaneous firing
frequency (E), lower panel] of each action potential in the upper recording is plotted. Statistics (F) showing the firing frequency at baseline (2 min before drug
application) during JT010 application and after washing out the drug (n = 9 from 4 mice). ***p < .001; Tukey's post hoc test upon one-way ANOVA

AP frequency was .14 + .07 Hz at baseline, .87 + .17 Hz during drug
application and .22 + .07 Hz after washing out the drug (n = 9/4 mice)
(Figure 1F). Interestingly, after bath application of fast synaptic blockers
(CNQX and Gabazine) the effect of JT010 was still present indicating that
it acts directly on UCN1 positive neurons (Supplementary Figure S2).
Notably UCNI-immunonegative neurons in the EW region showed no
change in firing frequency or in membrane potential upon the application
of JT010 (Supplementary Figure S1).

3.2 UAC measurement

The ethanol content of the urine samples was examined by
headspace gas chromatography. As expected, no ethanol was
detectable in the urine of the saline-treated groups. We detected
similar ethanol concentration in the urine of both alcohol-treated
WT and Trpal KO animals (ANOVA, main effect of treatment:
Fy 24 =37.030; p < 107% main effect of genotype F; 54 = .09; p =.76)
(Figure 2).

3.3 FOS immunohistochemistry

FOS immunohistochemistry was performed to assess the acute
neuronal activity in EWcp. Alcohol treatment resulted in an
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FIGURE 2

Urine alcohol concentration. Quantitative evaluation of alcohol
concentration in the urine of wildtype (WT) and Trpal knockout (KO) mice,
2 h after i.p., saline (control) or 1 g/kg ethanol injection. Columns show
means + SEM of alcohol concentration (g/L) (n = 6-8; **p = .002;

***p = .0009; Tukey's post hoc test upon two-way ANOVA)

approximately 4-fold rise in the number of EWcp/FOS positive
neurons in both WT and Trpal KO animals compared to the
respective controls (ANOVA, main effect of treatment: F,,5 =
183.33; p < 107°) without the main effect of genotype (Figures 3A, B).
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Quantitation of FOS immunoreactivity in the centrally projecting Edinger—Westphal nucleus (EWcp). (A) Representative immunohistochemical images
showing the expression of FOS, as a marker of early neural activation, in the EWcp of wildtype (WT) and Trpal knockout (KO) mice 2 h after i.p., saline (control)
and 1 g/kg ethanol injection. Neuronal activation is represented by brown colored nuclei. (B) Quantitative evaluation of FOS immunostaining in the EWcp of
WT and Trpal KO mice, 2 h afteri.p., saline (control) and 1 g/kg ethanol injection. Columns show means + SEM of FOS positive neurons in the EWcp (n =

6-8; ***p = .0001; Tukey's post hoc test upon two-way ANOVA).

3.4 Trpal RNAscope in situ hybridization

RNAscope ISH was performed to assess the effect of alcohol on
the number of Trpal mRNA transcripts in the EWcp/
UCNT1 neurons of WT animals. Trpal mRNA showed a full co-
localization with the UCNI1 peptide immunosignal in the EWcp
(Figure 4A). Alcohol-treated mice showed a significantly lower
number of Trpal transcripts compared to the controls (t;, = 5.345;
p =.0001) (Figure 4B).

3.5 Dynamics of UCN1 mRNA and peptide
upon alcohol treatment

To examine the effect of alcohol on Ucnl mRNA expression and
UCNI peptide content in the EWcp neurons, RNAscope ISH and
immunofluorescence were performed, respectively.

There was a main effect of the genotype (ANOVA: F; 55 =6.758;
p = .016) on Ucnl mRNA expression. In control groups, no
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Ucnl mRNA
expression was observed in KO animals upon alcohol treatment
(p = .030) (Figures 5A, C).

A strong effect of genotype x treatment interaction was
observed (ANOVA: F,,, = 51.816; p < 10°) on UCNI at
peptide level. The basal UCN1 content of the EWcp neurons

difference was detected, however a lower

was significantly lower in Trpal KO mice compared to WTs
(p < 107 UCN1
differentially regulated by alcohol

Moreover, the peptide content was

treatment in the two
genotypes: it was significantly decreased in WT mice (p < 107%)

while it increased in Trpal KO animals (p = .002) (Figures 5B, D).

3.6 Dynamics of CART mRNA and peptide
upon alcohol treatment

To study the effect of alcohol on Cart mRNA and CART peptide
EWcp RNAscope ISH
immunofluorescence were performed, respectively.

content in the neurons, and
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Trpal mRNA expression in the centrally projecting Edinger—Westphal nucleus (EWcp) of control and ethanol-treated mice. (A) Representative
fluorescence images showing the expression of Trpal mRNA (red) by RNAscope in situ hybridization and its co-localization with the urocortinl (UCN1) peptide
(green) by immunofluorescence, in the EWcp of Trpal wildtype (WT) mice 2 h after i.p., saline (control) and 1 g/kg ethanol injection. For nuclei, the sections
were counterstained with 4',6-diamidino-2-phenylindole (DAPI) (blue). (B) Quantitative evaluation of Trpal mRNA expression in the EWcp of WT mice,

2 h after i.p., saline (control) and 1 g/kg ethanol injection. Columns show means + SEM of Trpal mRNA transcripts in the EWcp (n = 6-8; ***p = .0001;

Student's t-test).

There was a main effect of the genotype (ANOVA: F, ,; = 10.37;
p = .004) on Cart mRNA expression. In KO animals, a lower
expression of Cart was observed regardless the treatment condition
(Figures 6A, C).

The statistical evaluation found neither a main effect of alcohol
treatment nor that of genotype on CART peptide content
(Figures 6B, D).

4 Discussion

Our research group previously proved the presence of the Trpal
mRNA in mouse and human UCNI1-immunoreactive neurons in the
EWcp (Kormos et al., 2022). Here, we used an electrophysiological
tool to prove the existence of the functionally active TRPA1 channel in
the EWcp.

Presence of TRPA1 has been shown previously in cerebral
blood vessels (Earley et al, 2009) and astrocytes (Shigetomi
et al, 2012) of the mouse brain. However, the functional
existence of TRPA1l in neurons of the brain was not shown
before. Early studies suggested that pharmacological blockade of
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TRPAI channel can be protective in granule cell degeneration
(Koch et al, 2011) however this study did not prove the
presence of the channel by histological experiments. Recently,
we have shown using RNAscope in situ hybridization that Trpal
of the
EWcp. Here, we suggest that TRPAI is functionally active in
these
spontaneously active and fire

transcripts are present in urocortinergic neurons
UCN1-immunoreactive
APs at

potential. Our hypothesis was that activation of TRPAI in these

neurons. neurons are

resting membrane

neurons will result in Ca®" influx and subsequent membrane

potential depolarization which in turn will increase the
frequency of spontaneous firing. Indeed, application of JT010, a
selective and potent TRPA1 agonist, significantly increased the
spontaneous firing frequency of UCNI1-immunoreactive neurons
while it was ineffective in neighboring neurons lacking UCN1. To
our knowledge, this is the first evidence suggesting the functional
role of TRPA1 in neurons of the mouse brain.

In our model for acute alcohol exposure, the measurement of urine
alcohol concentration proved the reliability of the model as the
absorption of ethanol was identical in WT and Trpal KO mice.

Ethanol and all its metabolites efficiently pass through the blood-
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UCN1 mRNA and peptide content of the centrally projecting Edinger—Westphal nucleus (EWcp). Representative fluorescence images showing the
expression of urocortinl (Ucnl) mRNA (green) by RNAscope in situ hybridization (A) and the UCN1 peptide (green) by immunofluorescence (B), in the EWcp of
wildtype (WT) and Trpal knockout (KO) mice 2 h after i.p., saline (control) and 1 g/kg ethanol injection. For nuclei, the sections were counterstained with 4’,6-
diamidino-2-phenylindole (DAPI) (blue). Quantitative evaluation of Ucn1 mRNA (C) and UCN1 peptide (D) specific signal density (SSD) in the EWcp of
Trpal WT and Trpal KO mice, 2 h afteri.p., saline (control) and 1 g/kg ethanolinjection. Columns show means + SEM of UcnI mRNA (C) and UCN1 peptide (D)
SSD in the EWcp (n = 6-8; *p = .03; ***p = .0001; two-way ANOVA and Tukey's post hoc test)

brain barrier (Nurmi et al.,, 1999; Quertemont and Tambour, 2004),
and they were also shown to activate the TRPALI in vitro (Bang et al.,
2007; Wang et al., 2011; Komatsu et al., 2012) therefore, we propose
that they may directly act on TRPA1 receptors in the EWcp. Increased
FOS expression upon alcohol treatment further supports that alcohol
could in WTs
(Supplementary Figure S3), which is consistent with the literature
(Bachtell et al., 1999; Ryabinin et al., 2001; Weitemier et al., 2001;
Zuniga and Ryabinin, 2020). Our present finding, that the FOS
activation was observed in alcohol-treated Trpal KO mice also,

activate the EWcp urocortinergic neurons

suggests that besides the TRPA1 other receptors/ion channels may
contribute to the alcohol-induced activation of urocortinergic cells. In
line with this assumption, Bachtell et al. (2002) proposed that the
alcohol-induced FOS response in EWcp is a result of signaling via
GABA-A receptors, modified by a2A/D-adrenoceptors and dopamine
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receptors (Bachtell et al., 2002). Another possibility is that the alcohol-
induced FOS activation in the EWcp is at least in part orchestrated
through a TRPAl-independent mechanism by another alcohol-
responsive brain area that innervates to the urocortinergic cells of
the EWcp (Ryabinin et al., 1997; da Silva et al., 2013).

Because of the lack of genotype effect in the FOS cell counts, our
data do not suggest unequivocally the role of TRPA1 in the EWcp, the
reduced Trpal mRNA expression in WT mice upon ethanol
treatment, provides a further support for this assumption. Indeed,
it is well-known that the effect of an agonist may downregulate its
target (Finch et al., 2009). The fact that the Trpal transcripts were
restricted to the cells with UCNI signal in both groups, on one hand
replicated our recent finding that exclusively urocortinergic cells of the
EWcp express the Trpal (Kormos et al., 2022) on the other hand this

indicates that acute alcohol treatment does not induce the
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FIGURE 6

CART mRNA and peptide content of the centrally projecting Edinger—Westphal nucleus (EWcp). Representative fluorescence images showing the
expression of cocaine- and amphetamine-regulated transcript (Cart) mRNA (red) by RNAscope in situ hybridization (A) and the CART peptide (red) by
immunofluorescence (B), in the EWcp of wildtype (WT) and Trpal knockout (KO) mice 2 h after i.p., saline (control) and 1 g/kg ethanol injection. For nuclei, the
sections were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Quantitative evaluation of Cart mMRNA (C) and CART peptide (D) specific
signal density (SSD) in the EWcp of WT and Trpal KO mice, 2 h after i.p., saline (control) and 1 g/kg ethanol injection. Columns show means + SEM of Cart
mMRNA (C) and CART peptide (D) SSD in the EWcp (n = 6-8; *p = .05; two-way ANOVA and Tukey's post hoc test).

transcription of Trpal mRNA in non-urocortinergic EWcp cells,
because we did not see any Trpal mRNA transcripts outside the
UCNI1 neurons of the EWcp.

The UCNI peptide content in EWcp differed between the two
genotypes in saline-treated groups. The UCNI1 content was much
higher in WTs, compared to Trpal KO mice. The comparison of
the changes of UCNI1 peptide content upon alcohol treatment
revealed an opposite dynamics, with a decrease in WT mice,
and an increase in Trpal KO animals. This suggests that in WT
mice the UCNI is released from EWcp/UCN1 neurons in response
to ethanol, while in Trpal KO mice, increased UCN1 peptide
content was observed suggesting the accumulation of the
UCNI peptide, possibly due to a reduced release. This was in
part further supported by the RNAscope ISH, where we found
lower Ucnl mRNA expression in the alcohol-treated Trpal KO
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mice, compared to the WTs. This suggests that the peptide
accumulation was associated with lower mRNA production due
to the slower turnover (Gaszner et al., 2009).

Both control and alcohol-treated Trpal KO animals showed lower
Cart mRNA expression than the WT counterparts. Because the lower
Cart mRNA expression is associated with reduced alcohol preference
(Giardino et al.,, 2017), in our ongoing experiments we test if this is
indeed characteristic for Trpal KO mice. Neither the Cart mRNA
expression, nor the CART peptide content of EWcp/UCNI neurons
was altered by acute alcohol treatment in any genotypes, suggesting
that acute alcohol exposure does not have a deep impact on EWcp/
CART. Based on the known role CART in addiction (Vicentic and
Jones, 2007; Zuniga and Ryabinin 2020; Ong and McNally, 2020) we
predict that, a chronic alcohol exposure model could prove its
recruitment in alcohol abuse.
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These above discussed observations together suggest that
TRPA1 signaling may be involved in both the storage and
release of UCN1 peptide from EWcp/UCN1 neurons. In our
previous study we also found that the lack of functionally active
TRPALI affected the UCN1 content both in models of depression
(Kormos et al.,, 2022) and posttraumatic stress disorder (Konkoly
et al, 2022). In these models, we detected a genotype-related
difference in the basal Ucnl mRNA (but not peptide) content in
naive control animals (Kormos et al., 2022; Konkoly et al., 2022). In
contrast, in the present study saline-injected controls did not show
a genotype difference in Ucnl mRNA expression but the peptide
did. The discrepancy may be explained by the high acute stress
sensitivity of the nucleus (Gaszner et al., 2004; Kormos et al., 2016)
and by the stress effect of the ip., injection procedure.

The activation of TRPA1 in the membrane leads to calcium
influx, triggering several intracellular pathways (Song and Guo,
2019). Indeed, our electrophysiological experiments showed that
activation of TRPAI increased the excitability and the rate of
spontaneous firing of UCNI-expressing neurons leading to
elevated calcium level. The increased intracellular calcium may
cause exocytosis of the neuropeptide containing vesicles. Further
experiments using pharmacological tools and electrophysiological
recordings are required to the determine how
TRPA1 signaling contributes to the content and release of the
UCNI peptide. Considering the fact that lack of TRPA1 affected
only UCNI but not CART content of EWcp neurons regardless
their co-localization (Kozicz, 2003; Priest et al., 2021; Li and
Ryabinin 2022), which we also confirmed here (Supplementary

exactly

Figure S4), it will be important to investigate the mechanism of
UCNI1-specific regulatory role of the TRPA1 channel.

5 Limitation

When assessing our present results, some limitations have to be
considered. Because the functional TRPA1 receptor was deleted both
in the periphery and the CNS in our global knockout mouse strain, we
cannot exclude the possibility that peripheral or central compensatory
mechanisms contributed to the alterations of the examined variables,
observed in present study. We cannot exclude that possible litter
differences influenced our results as WT and KO mice were not
littermates. Because, at the moment, no reliable TRPAI receptor
antibody is available, we are unable to support our findings at
protein level. The in vivo pharmacological manipulation on the
TRPA1 receptor was also not possible due to the lack of
information on the safety and pharmacokinetic profile of selective
TRPAI1 agonists and antagonists. We did not use alcohol for the
electrophysiological experiment, because we assume, that the effect of
the alcohol is not TRPA1 selective (Pozos and Oakes, 1987; Crews
et al., 1996).

6 Conclusion and future perspective

With respect to the above listed limitations, in this study we
proved the presence TRPA1 receptors
UCNI1 neurons of the EWcp. Decreased Trpal mRNA expression
upon acute alcohol treatment associated with reduced neuronal

of functional on
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UCN1 peptide content suggests that this cation channel may
contribute to the regulation of the UCNI release. Taking the
involvement of EWcp/UCNT1 in chronic alcohol consumption and
addiction in consideration (Schreiber and Gilpin, 2018; Zuniga and
Ryabinin, 2020), in our ongoing research, we are investigating the
recruitment of EWcp/TRPAI/UCN1/CART neurons in mouse
models of chronic alcohol abuse.
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