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Summary

Migraine is one of the most common primary headaches, affecting up to 10% of the Hungarian
population. The exact pathogenesis is still not fully understood, but the activation of the
trigeminovascular system and neurogenic inflammation have a role in its pathomechanism.
Serotonin is also strongly involved in the process, and its metabolite level is increased in the
urine during migraine attacks. Serotonin transporter is the protein responsible for the reuptake
of this transmitter from the synaptic cleft and extracellular space, and increased levels of its
expression were found in the brainstem of migraineurs, showing that it might have a function
in the pathomechanism of the disease. The cannabinoid system has a role in descending pain
modulation, and its receptors are found in the trigeminal system as well. Anandamide is an
endocannabinoid with antinociceptive properties, and it can decrease the activation and
sensitization markers in the trigeminal system in the animal model of migraine. There are
growing numbers of studies that suggest a connection between the endocannabinoid and the
serotonin system, therefore, we aimed to (i) examine the serotonin transporter levels in the
caudal trigeminal nucleus (TNC) of rats in the nitroglycerin model of migraine and (ii) study
the effect of systemic anandamide treatment. Using immunohistochemistry and Western blot,
we found increased levels of serotonin transporter after both nitroglycerin and anandamide
injection, while the combined treatment did not change its expression in the TNC, probably

through feedback mechanisms.

The application of chemical irritants on the surface of the dura mater is also often used to model
migraine. In our second study, we wanted to examine the detailed effect of dural administration
of two irritants, Complete Freund’s Adjuvant and inflammatory soup, on the c-Fos expression
in the TNC using immunohistochemistry. Short-term application of Complete Freund’s
Adjuvant did not substantially change the c-Fos expression in the TNC; however, research
studies suggest that it might be used to model the chronification of migraine. Inflammatory
soup significantly increased the number of c-Fos immunoreactive cells in the same area,

suggesting that this method might mimic acute attacks in a more precise way.

In conclusion, our findings show evidence of a relationship between serotonin and the
endocannabinoid system and offer a better method to examine changes in the trigeminal system

in the animal model of migraine, providing insight into the pathomechanism of the disorder.



Introduction
Epidemiology, the importance of migraine

Migraine is one of the most common primary headaches, affecting one billion people worldwide
with a rising prevalence (1,2). International Headache Society’s classification defines migraine
as an episodic headache that usually lasts 4-72 hours. During a migraine attack, four stages can
be distinguished, which may overlap or missing in some cases. The prodrome appears with
symptoms like fatigue, irritability, and increased yawning that precedes the headache in 67-
77% of the patients (3,4). Usually, the patients have the same symptoms; thus, they can predict
their migraine attacks reliably (5). The aura manifests as a transient neurological symptom,
which develops before or during the headache in 20-30% of the patients, consisting mainly of
visual disturbances like flashing lights, zig-zag lines, scotoma, and sometimes sensory or motor
signs (6). The headache itself in migraine is moderate or severe in intensity and described as
unilateral, throbbing, and aggravated by physical activity like climbing stairs, walking, or
bending over. It can be accompanied by photophobia, phonophobia, nausea, vomiting, and
allodynia. This is followed by postdrome symptoms, e.g., fatigue, weakness, and cognitive

dysfunction (1).

Although epidemiologic studies show that migraine affects 1 out of 10 people, the actual
number of patients can be much higher (2). Migraine is often under or misdiagnosed; many
people do not seek medical care, making it harder to determine the actual number of patients
(7,8). Besides the high prevalence, its severity also places an enormous economic burden on
societies. The total cost of migraine was estimated at €50 billion to €111 billion per year in
Europe (2012) (9) and $78 billion in the US annually (2017) (10). Apart from the direct cost of
regular medical care for these patients, the indirect cost is also enormous, e.g., productivity loss,
contributing to reduced life quality (11). Migraine, especially chronic migraine, is often
comorbid with depression, anxiety, addiction, and suicide; altogether, they increase the risk of
disabilities and reduce the quality of life (12,13). Also, it is well known that migraine patients
are often under- or mistreated or do not have access to proper medication (7). Although more
and more migraine-specific therapeutic options are available, therapy efficacy is still around
60%, which might result in poorer patient adherence (14). Acute treatment aims to stop or

reverse the progression of the headache, while preventive therapy intends to decrease the



headache frequency or reduce the severity of the migraine attacks. Acute therapy drugs include
non-steroid anti-inflammatory agents like acetaminophen, ibuprofen, and naproxen; migraine-
specific drugs involve ergot alkaloids, triptans, and the new calcitonin gene-related peptide
(CGRP) antagonists. A large scale of medications is used as a preventive therapy, including
antiepileptics, antidepressants, beta-blockers, and antibodies against CGRP or its receptor
(15,16). Due to the limited effectiveness of the drugs, there is a high demand for further
development, however, the lack of knowledge about the exact pathogenesis sets back the

advancement of putative therapeutics.
Pathomechanism

The pathomechanism of migraine is still unclear, but it is known that the activation and
sensitization of the trigeminal system have a crucial role. The latter is composed of the
ophthalmic nerve (V/1), the maxillary nerve (V/2), and the mandibular nerve (V/3); all three
branches give sensory fibers to the dura mater and the face. The V/1 is predominantly
responsible for the innervation of the meninges, but the V/2 and V/3 nerves also supply the
cranial vessels and the dura (17). A plexus of nerve fibers run in the dural - and pial vessel
walls; vasodilation of these vessels can activate the first-order neurons in the trigeminal
ganglion (TG) (18). Once activated, neurons release multiple vasoactive mediators like CGRP
and substance-P (SP), which in turn increases the responsiveness of these ganglion cells to
stimuli. This process is called peripheral sensitization, and it contributes to the throbbing nature
of the headache and its intensification after physical activity (19). The persistent overactivation
of first-order neurons and the released mediators also affect the second-order sensory neurons,
leading to the so-called central sensitization in the TNC, where the most important symptom is
the appearance of allodynia (20,21). Besides the inflammatory mediators, the ionotropic
glutamate receptors (N-methyl-D-aspartate receptors — NMDA, a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid receptor — AMPA), and nitric oxide synthase (NOS) also play a role
in this phenomenon (20,21).

The initial cause of the activation and sensitization process is not fully understood, despite the
growing number of studies. Although migraine is a multifactorial disease, genetic
predisposition is mainly responsible for the development of the condition (22). After examining

the genetic material of patients with and without aura, it was suggested that the two types of



migraine might have a different backgrounds (23). Despite the evidence, researchers could only
identify the responsible gene in rare monogenic migraine disorders, like familial hemiplegic
migraine (24). Besides genetics, environmental and internal factors also have a role in
pathomechanism. This is also indicated by the fact that women are disproportionally affected
by migraine; it is assumed that changes in estrogen levels increase hyperexcitability of the brain

and makes women more susceptible to headaches (25,26).

Several hypotheses emerged about the processes that could initiate the activation in the
trigeminovascular system. The vascular theory is based on Wolff’s observations that
vasodilation of cranial vessels causes pain, and the vasoconstrictor ergot alkaloids alleviate this
pain. Thus, it was assumed that the ischemia caused by vasoconstriction is the main culprit for
the aura (27). However, this concept failed to explain the other aspects of the disease, like the
prodrome symptoms or allodynia. According to Moskowitz’s neurogenic theory, migraine is
primarily the result of neural activation followed by the release of vasoactive neuropeptides that
induce vascular changes. The neuropeptides like CGRP, SP, and neurokinin A cause
vasodilation, plasma extravasation, and mast cell degranulation, which triggers the release of
additional proinflammatory substances, thus producing neurogenic inflammation on the
meninges (28). Parasympathetic fibers from the sphenopalatine ganglion can also contribute to
this process via the release of acetylcholine, vasoactive intestinal polypeptide, and nitric oxide

(NO) (29).

The connection between cortical spreading depression (CSD) and migraine with aura was first
suggested by Ledao and Morison (30). CSD is a slowly spreading depolarization that develops
when the extracellular potassium concentration reaches ~40-50 mM (31). High potassium (K*)
levels may activate adjacent brain areas; thus, this depolarization spreads with 2-6 mm/minute
velocity, followed by hyperpolarization. Characteristic changes in blood flow accompany this
process; a study using laser-Doppler has demonstrated that after the initial hyperemia in the
occipital lobe, the blood flow is reduced by 40-90%, and oligemia occurs; these changes last
for approximately an hour (32). Imaging studies confirmed that CSD could be correlated to the
aura symptoms in migraineurs; during this phase, brain oxygen level-dependent signal
propagated with a similar speed as the CSD and was consistent with the retinotopy of the visual

percept (33). CSD is also able to activate the trigeminal system and trigger headaches; it is



assumed that during the depolarization phase of the CSD, K", H', and glutamate release can

induce neuronal activation of the perivascular fibers (34).

The theory of migraine generators arose after the findings of Weiler et al. in 1995. Using
positron emission tomography (PET) scan, they found that multiple brain regions were active
during and after a spontaneous migraine attack, including nucleus raphe magnus (NRM), dorsal
raphe (DR), periaqueductal grey (PAG), rostroventro-medial medulla (RVM), and locus
coeruleus (35). These structures are part of the descending pain modulation system and give
efferent innervation to the dorsal horn of the spinal cord and medulla through the dorsolateral
funiculus. Dysfunction or lesion of these brain areas might have a role in the etiology of
migraine; however, it is still unclear if the activation of these regions initiates the attack or if it

is just an epiphenomenon (36).
Serotonin system and pain

Serotonin (5-HT) is a monoamine neurotransmitter involved in many physiological and
pathological processes, including migraine (37,38). Most (~90%) of the 5-HT synthesis occurs
in the enteric nervous system, while only 1-2% of the 5-HT is produced in the brain, mainly in
the serotonergic (5-HTergic) neurons of the raphe nuclei (39). 5-HT has a complex role in
nociception; depending on the site of action, receptor subtype, and cell type, 5-HT can facilitate
pain as a proinflammatory mediator, while the descending pain modulatory system can either

reduce or enhance spinal pain transmission (40).

5-HT acts as a pronociceptive mediator in the periphery after nerve injury or inflammation that
can activate and sensitize nociceptors. Endogenous inflammatory agents, including 5-HT, are
released after thermal injury or inflammation, causing sensitization of the neurons, which in
turn can increase pain-related behavior in animals (41,42). Furthermore, when 5-HT was
injected into the skin of volunteers, 5-HT caused increased excitability of C fibers and,
consequently, pain perception and hyperalgesia (43). In summary, the 5-HT can activate and

decrease the threshold of nociceptors and play a role in inflammation and nerve injury.

The descending pain modulatory system consists of multiple, widely distributed brain structures
that alter the activity of nociceptors primarily by releasing monoamine transmitters. (35). The
dorsal horn of the spinal cord and medulla receives input from PAG-RVM through the

dorsolateral funiculus; they can either decrease or increase spinal nociceptive transmission.



Electrical stimulation of the so-called migraine generator structures, like PAG, RVM, and
NRM, produces antinociception and 5-HT release in the spinal cord, and the pretreatment with
a nonselective 5-HT antagonist blocked this effect (44). It has been known for a long time that
5-HT has a role in migraine pathogenesis, after Sicuteri et al. detected increased urinary levels
of its breakdown product, hydroxy-indoleacetic acid, during migraine attacks (45). This
hypothesis is supported by the observation that 5-HT depletion by reserpine was able to trigger
migraine-like headaches, which might indicate that migraine can be a consequence of decreased
5-HTergic transmission (46). An animal model of migraine showed similar findings; 5-HT-
depleted rats showed an increased number of c-Fos immunoreactive (IR) cells in the TNC after
chemical stimulation of the dura. Consequently, a low 5-HT state might facilitate trigeminal

pain transmission, but the exact role of the 5-HT is unclear in migraine headache. (47).

Serotonin transporter (SERT) is a protein responsible for the reuptake of the 5-HT, thus playing
a pivotal role in regulating its level in the synaptic cleft and extracellular space. Approximately
10% of the released 5-HT is lost, while most of it is taken up by monoamine transporters,
including SERT (48). SLC6A4 gene codes SERT; polymorphism of the promoter region
(serotonin transporter linked promoter region - SHTTLPR) of the gene is associated with
several neuropsychiatric diseases, including migraine with aura (49). SHTTLPR alleles usually
consist of fourteen (short allele — s) or sixteen (long allele — 1) repeated elements. Previous
studies indicate that the s allele is associated with less effective transcription of the gene
promoter and, consequently, decreased SERT expression and reduced reuptake of 5-HT (50).
Kotani et al. found that SHTTLPR polymorphism affects the frequency of migraine headaches,
patients with the s/s genotype had more migraine attacks than patients with either I/l or 1/s
genotypes (51). Additionally, an imaging study showed that migraine patients had increased
SERT availability interictally in the mesopontine brainstem compared to healthy volunteers,
which might be the result of constitutional upregulation of the transporter or compensatory

overexpression due to altered 5-HT neurotransmission (52).

Taken together, 5-HT regulates inflammation and pain transmission in a complex manner;
increasing amount of data suggests that altered 5-HT neurotransmission can play a role in

migraine.
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c-Fos

c-Fos is a proto-oncogene, its protein, Fos, is expressed in many cell types, including neurons
and glial cells, and it is a frequently used activation marker to map functional pain pathways
(53-55). c-Fos is considered an immediate early gene, the expression of the gene starts a few
minutes after depolarization, and it can be detected until the stimulus ceases with a half-life of
two hours (56). In general, measuring its expression levels is used for (i) neural circuitry
mapping, (ii) to examine the sensitivity and receptive field changes in sensitization processes,
and (iii) to investigate the effect of potential drugs in pharmacological studies. Research
examining the activation of the trigeminal system provided valuable insight into the
pathomechanism of migraine. In an animal model of migraine, electrical stimulation of the
superior sagittal sinus induced c-Fos expression in PAG and hypothalamus, allowing to map
additional pathways that can be involved in migraine (57,58). In addition, it was shown that
injection of inflammatory soup (IS) to the dura mater caused trigeminal sensitization, and
consequently, increased touch-evoked c-Fos expression was detected on day 8 compared to day
1 in the dorsal horns of TNC and spinal cord (59). In a pharmacological study, sumatriptan was
able to reduce the number of c-Fos IR cells in the trigeminal system after chemical stimulation
of the dura, so it can be stated that this study successfully predicted the clinical effectiveness of

sumatriptan in migraine (60).

Although mapping c-Fos IR cells is a simple and widely used method to examine activation in
pain processing pathways, it has its own shortcomings. Not all activated neurons become
immunopositive for c-Fos, and not all of them are neurons (55). In addition, the detection of the
c-Fos signal often requires intense stimulation, which exceeds the physiological level; thus, the
lack of immunopositive cells does not mean the lack of neural activation (61). c-Fos is also
thought to be unspecific since a wide variety of effects might increase its level. To get an
accurate picture of activation patterns, we must also consider the timeline and the half-life of c-
Fos. The level of its mRNA peaks at approximately 30 minutes, while the protein level
culminates roughly two hours after the stimulus. However, the onset of the maximal signal
intensity can vary across different species or after different altering factors; therefore, the timing
of the experiments is essential (58,62). Another pitfall of the technique is the assessment of the
c-Fos positive cells. Cell counting can be subjective, but a well-established counting guideline

was introduced to reduce observer-dependent bias (63). In summary, measuring the c-Fos
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expression either by in situ hybridization or immunohistochemistry is an easy and widely
accepted technique to study activation patterns and identify pain pathways in the trigeminal
system. Meticulous control of the experiment provides a reliable method to compare the effects

of different stimuli and test putative pain relief drugs in animals.
Animal models

Nitroglycerin model

Nitroglycerin (NTG), or glyceryl trinitrate, is a drug that has been used in clinical practice since
the 1800s (64). Due to its lipophilic properties, it can diffuse freely through membranes and
reaches the CNS through the blood-brain barrier. NTG has a short half-life in plasma (1-4
minutes), but it accumulates in lipophilic tissues, including the brain, which can prolong its
metabolism (65,66). NTG is rapidly converted to NO within cells by enzymes like
mitochondrial aldehyde dehydrogenase or nonenzymatic catabolism (66—68). NO can activate
guanylate cyclase, which will increase the cyclic guanosine monophosphate (cGMP) level (69).
NO is a potent vasodilator, the increasing level of cGMP potentiates the myosin

dephosphorylation that results in smooth muscle relaxation in blood vessels (70).

NO donors have a well-known side effect, they can trigger headaches in healthy subjects, but
in 80% of migraine patients, NTG has a biphasic effect (71,72). In addition to the immediate
headache, a delayed migraine-like headache develops after 4-6 hours, fulfilling the International
Classification of Headache Disorders’ criteria (71). Based on this observation, systemic
administration of NTG is often used as a human migraine model. As vasodilators (including
NTG) can cause headaches, and NTG-induced immediate headaches were associated with its
vasoactive properties, but imaging studies questioned this hypothesis (73,74). Following the
immediate headache, prodrome symptoms of migraine can also develop after NTG
administration, along with activation of the so-called migraine generator structures like the
hypothalamus and PAG (75,76). The origin of the NTG-induced delayed headache is also not
fully understood, though similar to migraine, brainstem activation was detected during these
headaches by a PET study (77,78). The vasoactive effects of NTG cannot explain the migraine-
like attack that develops after 4-6 hours; even the half-life of its metabolites does not exceed

forty minutes (79). After it was shown that increased levels of CGRP and SP in the external
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jugular vein during NTG-induced headaches, it was suspected that NTG could also induce

proinflammatory pathways, which was confirmed in animal experiments (80,81).

Several animal studies support that systemic administration of NTG is able to activate and
sensitize the trigeminal system. Tassorelli et al. found that NTG increases c-Fos expression in
various brain areas, including migraine-related structures like the PAG and TNC. Similar to the
onset of the NTG-induced delayed headache in migraine patients, Fos expression in these
animals reached its peak four hours after the NTG injection (82). It has also been shown that
NTG treatment not only activated second-order sensory neurons in TNC, but also sensitized
them to electrical stimulation of the superior sagittal sinus (83). Increasing amount of evidence
indicates that NTG upregulates inflammatory processes and can play a role in the activation
and sensitization of TNC neurons. For instance, systemic NTG is able to decrease the area
covered by CGRP IR fibers in the TNC, indicating CGRP release, which is in line with the
increased CGRP levels found in migraine patients (80,84). In addition, elevated levels of other
inflammatory mediators like interleukin 1B (IL-1p), interleukin 6, and enhanced NO production
via inducible NOS (iNOS) were shown in dural macrophages several hours after NTG injection
in rats (85). In a later study, the enhanced activity of nuclear factor-xB was detected following
the iNOS expression, which has a pivotal role in inflammation (86). Besides iNOS, neuronal
NOS (nNOS) levels are also increased in the TNC in rats, which was prevented by lysine-
acetyl-salicylate pretreatment; this suggests the involvement of the cyclo-oxygenase pathway
after NTG administration (87,88). In multiple behavior studies, NTG also induced hyperalgesia
and allodynia in animals (89,90). In addition to hyperalgesia, light aversion was also observed
in rats in the light-dark box paradigm, similar to photophobia in patients (91). Moreover, NTG-
induced extracephalic allodynia was decreased by a migraine-specific medication, sumatriptan,

in mice, confirming its validity in drug testing (92).

Chemical stimulation of the dura mater as an animal model of trigeminal activation

The idea of modeling headaches with chemical stimulation of the dura arose from the fact that
subarachnoid hemorrhage caused severe headaches. Later, the use of intracisternal carrageen
instead of autologous blood was proposed as a new animal model of headache, and they found
that two migraine-specific drugs; sumatriptan and dihydroergotamine, successfully reduced the

c-Fos IR cells in the TNC in this experimental setup (60). Other substances like capsaicin,
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Complete Freund’s Adjuvant (CFA), and IS were also used for chemical stimulation of the

meninges in various experiments (93-95).

The IS consists of multiple inflammatory mediators: 5-HT, bradykinin, prostaglandin E2
(PGE2), and histamine. Strassman et al. used IS to show that it not only activates the secondary
neuronal cells, but also sensitizes them to mechanical stimulation (95). This was confirmed in
behavioral studies, in which IS-induced cutaneous allodynia in the face and hind paws of rats,
decreased the withdrawal threshold to von Frey filament stimulation with the maximum effect
after three hours (59). The inflammatory agents directly or indirectly (through the release of
other mediators) activate and sensitize the trigeminal system. Hoffman et al. detected increased
levels of CGRP in the blood and increased CGRP IR fibers in the TNC; additionally, they
confirmed that the first-order neurons were the primary source of CGRP after cisternal IS

injection (96,97).

CFA is a suspension of dried, killed Mycobacterium tuberculosis and is commonly used to
induce inflammation in joints and skin. CFA and IS, when applied to the dura, increased
mediators like IL-1p in the TG; these data suggest the presence of neurogenic inflammation

after such chemical stimulation of the meninges (94).

Migraine-specific (e.g., sumatriptan) and unspecific drugs (e.g., naproxen, ketorolac) were
shown to be effective in this experimental setup; while neurokinin-1 antagonists were
ineffective both in clinical trials and after chemical stimulation of the dura in rodents,

demonstrating the translation potential of this model (98-101).

Taken together, although no animal model can show all the aspects of migraine, systemic use
of NTG and chemical stimulation of the dura can activate and sensitize the trigeminal system
and consequently present with pain- and allodynia-related behavior in rodents. These
experimental paradigms successfully predicted the effectiveness of drugs; thus, they can be

used to model migraine headache.
Anandamide

Cannabis has been used for alleviating pain, migraine, and nausea for a long time; its active
ingredient, tetrahydrocannabinol, binds to cannabinoid receptors (102). The first endogenous
agonist of the cannabinoid receptors, 2-arachidonoyl ethanolamine, also known as anandamide

(AEA), was identified in 1992 (103). The endocannabinoid system (ECs) affects numerous
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physiological processes; it regulates appetite and energy metabolism, immune function,
memory, circadian rhythm, thermoregulation, and pain modulation (104—108). They exert their
functions at the cannabinoid 1 (CB1) and cannabinoid 2 (CB2) receptors, but even in the same
brain region, in different cell types, agonist binding can activate different signaling pathways
(109). CBI is mainly expressed in the nervous system, e.g., olfactory bulbs, neocortex,
hippocampus, amygdala, basal ganglia, thalamus, hypothalamic nuclei, cerebral cortex, and
parts of the brainstem, including the descending pain-modulating pathways (110). CB1 is found
mainly presynaptically on glutamatergic and gamma-aminobutyric acidergic neurons, but in the
cervical spinal cord, CB receptors have been detected both presynaptically and postsynaptically
(111). CB2 is expressed primarily on the immune system cells, mainly on T cells, B cells, and
macrophages. The receptor occurs only sporadically in the central nervous system, mostly on
microglia (112). Cannabinoid receptors are also abundant in the periphery, dorsal root

ganglions, and the skin (113,114).

The ECs play a crucial part in pain modulation. Cannabinoids administered peripherally or
intrathecally were able to reduce hyperalgesia and allodynia, alleviate local edema, and
decrease the activity of nociceptive neurons (115,116). When examining brain structures
involved in pain transmission, Palkovics et al. found that endocannabinoids were abundant in
the dorsal horn of the spinal cord and TNC (117). The antinociceptive effect of
endocannabinoids, including AEA, may be related to the activation of CB1 and CB2 receptors,
although the CBI1 receptor has a more prominent role (118). AEA also exerts neuromodulatory
effects through transient receptor potential cation channel subfamily V member 1 (TRPV1)
receptors, also known as the capsaicin receptor or vanilloid receptors, which are nonselective
cation channels. Two endocannabinoids, AEA and N-arachidonoyl dopamine, are agonists of
TRPV1, and after activating the receptor, sodium and calcium flow into the cell, leading to
depolarization (119). If prolonged or repeated, this might cause a significant increase in
intracellular calcium concentration affecting multiple cell organelles. As a result of a series of
different processes, the neurons can become refractory to further noxious stimulation; this
phenomenon is responsible for the analgesic properties of capsaicin (120). Thus, both
overactivation and inhibition of the TRPV1 receptor can reduce hyperalgesia. Like capsaicin,
AEA is able to desensitize TRPV1 upon activation, which can contribute to its pain-relieving

effects (121).
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ECs modulates the 5-HTergic system peripherally and centrally, which can also play a role in
their antinociceptive properties. A selective CB1 agonist, arachidonoyl-2'-chloroethylamide
(ACEA), decreased the 5-HT level in the peripheral blood, and this effect was prevented with
pretreatment with a CB1 receptor agonist, showing that cannabinoids can affect 5-HT levels in
the periphery (122). Additionally, selective inhibition of CBI1 reduced the firing rate of DR
5-HTergic cells in vitro, suggesting that endocannabinoids might regulate 5-HTergic DR cells
tonically (123).

Russo postulated that ECs might be deficient in multiple pain-related conditions like migraine,
fibromyalgia, or irritable bowel syndrome (124). This hypothesis was based on the fact that
female migraineurs have higher platelet activity of fatty acid amide hydrolase (FAAH), which
suggests increased breakdown of AEA in female migraine patients (125). ECs deficiency was
further supported by a study that detected lower AEA levels in the cerebrospinal fluid of chronic
migraineurs compared to healthy volunteers (126). Additionally, a negative correlation between
cerebrospinal fluid levels of AEA—CGRP and AEA-nitrate was shown in these patients (126).
When AEA was given to rats, it alleviated dural vessel dilation after CGRP, capsaicin, and a
NO-donor (127). In an animal model of migraine, intraperitoneal (i.p.) AEA was also able to
decrease the Fos-positive cells in the TNC after NTG administration; these studies suggest AEA

can be used to modulate nociceptive transmission in the trigeminal system (128).

In summary, endocannabinoids are involved in pain modulation, and there might be a
connection between ECs and the 5-HTergic system. Multiple experiments suggested an ECs
deficiency in migraine, and AEA treatment was able to decrease dural vessel dilation and c-Fos
immunopositive cells in migraine models. Based on these findings, further studies are needed

to explore whether endocannabinoids could be used as a possible treatment option for migraine.
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Aims

1. To examine the expression of SERT in the dorsal horn of TNC after systemic

administration of NTG.
2. To investigate whether the AEA affects the expression of SERT in the NTG model.

3. To map the activation pattern in the dorsal horn of the TNC after chemical stimulation of

the dura mater.
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Materials and methods:

All procedures followed the guidelines of the Use of Animals in Research of the International
Association for the Study of Pain and the directive of the European Parliament (86/609/ECC;
2010/63/EU). Committee of the Animal Research of University of Szeged (I-74-12/2012; I-74-
49/2017) and the Scientific Ethics Committee for Animal Research of the Protection of Animals
Advisory Board (X1./352/2012; XI1./1098/2018).

I. The effect of NTG and AEA on the expression of SERT
Animals, experimental groups:

Forty-four adult male Sprague-Dawley rats weighing 200-250 g were used. The animals were
raised under standard laboratory conditions, regular rat chow, and water ad libitum, with light
cycle of 12-12h. Animals were divided into four groups, n=6 per group for
immunohistochemistry and n=5 per group for Western blot (Fig. 1.). Rats in the first group
(“Placebo”) received physiological saline (PHYS) as pretreatment and vehicle solution as
treatment. PHY'S and NTG were injected to the second group (“NTG”). AEA was administered
as pretreatment to the third (““AEA”) and fourth (“AEA+NTG”) groups, and they received NTG

or vehicle solution later. Animals were perfused four hours following the NTG or PHYS

injections.
- 30 0 30 60 90 120 150 180 210 240
e ne —_—
[min]
Placebo o—-o0 O —@
POYS PHYS PHYS perfusion
NTG ® O O ®
PHYS NTG PHYS perfusion
AEA O O O ®
AEA PHYS AEA perfusion
AEA+NTG @, @ O O
AEA NTG AEA perfusion

Figure 1. Schematic timeline of the experimental design. Animals in the “Placebo” group received only i.p. PHYS
treatment, and NTG and PHYS were administered to the “NTG” group. Rats in “AEA” and “AEA+NTG” groups

received AEA pretreatment before the vehicle or NTG injections.
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Drugs:

The NTG was administered i.p. (dosage: 10 mg/kg body weight, Pohl Boskamp,
Hohenlocksted, Germany), and control groups received the same volume of PHYS. AEA
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in PHYS, and it was injected two times
(dosage: 2x5 mg/kg, i.p.), thirty minutes before PHYS/NTG treatment and sixty minutes after,
to counterbalance the short half-life of the drug (129).

Immunohistochemistry:

Animals were deeply anesthetized with chloral hydrate (dosage: 0.4 g/kg body weight) and
perfused intracardially using 100 mL phosphate-buffered saline (PBS; 0.1 mM; pH 7.4) and
500 mL formaldehyde (PFA, 4% in PBS). Segments corresponding to TNC (obex -5 mm
to -11 mm) were removed and postfixed overnight with formaldehyde. Cryoprotection was
performed using gradient sucrose solutions (10-30%). 30 pm transverse sections were cut with
a cryostat; the free-floating sections were serially collected in wells containing cold PBS with
0.1% sodium azide. Then they were rinsed in PBS, and endogenous peroxidase activity was
suppressed by 0.3% H202 in PBS, followed by washing several times using PBS containing
1% Triton X-100 (PBS-T) and incubation for two nights at 4 °C in anti-SERT primary antibody
(Merck Millipore; ab 9726; dilution of 1:100 000). The reaction was visualized by Vectastain
(PK6101) avidin-biotin kit and wusing nickel ammonium sulfate-intensified 3,3-
diaminobenzidine. After mounting the sections on glass slides, they were cleared in xylene and
coverslipped. The specificity of the immune reaction was verified by omitting the primary

antiserum.

Using a Zeiss Axiolmager microscope supplied with an AxioCam MRc Rev.3 camera (Carl
Zeiss Microscopy, Jena, Germany), photomicrographs were taken of the stained sections of
TNC using a 20% objective. All measurements and evaluations were implemented by an
observer blind to the experimental groups. The density of the SERT IR fibers was measured by
Image-Pro Plus 6.21 software (Media Cybernetics). The dorsal horn’s laminae I, 11, and III
borders were defined manually (area of interest). In greyscale images, the background level of
immunostaining intensity was assessed and used as a threshold to segment pixels with grey
levels above the background. The area covered by the IR fibers was expressed as a cumulative

number of pixels with densities above the threshold. The relative area innervated by
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immunolabelled fibers is calculated for each lamina and shown in area fractions (%) of the
corresponding structures. Background intensities in indifferent areas on the sections with non-
specific staining were determined and used as inter-experimental controls to exclude any
difference in staining efficiency in separate experiments. To assess the size of IR varicosities,
we took photomicrographs using a higher magnification (40x%) objective of the same digital
system. Immunolabelled processes in focus were selected and defined as single objects. The

area of IR varicosities was measured using the same method mentioned above.
Western blot:

After transcardial perfusion with 100 ml PBS, the segments corresponding to the TNC were
extracted, and dorsal horns were separated and stored in cold lysis buffer containing 50 mM
Tris-HCl and 150 mM NaCl at —80 °C. The samples were sonicated in ice IGEPAL, 0.1% cholic
acid, 2 mg/mL leupeptin, 2 mM phenylmethyl-sulphonyl fluoride, 1 mg/mL pepstatin,
2 mM EDTA and 0.1% sodium dodecyl sulfate. Following centrifugation (12000 RPM;
10 minutes; at 4 °C), the supernatants were separated and stored at —20 °C until use. Protein
concentration was measured with BCA Protein Assay Kit, and bovine serum albumin was used
as standard. The samples were mixed with sample buffer and denatured by boiling before
loading. The Page Ruler Prestained Protein Ladder (Thermo Scientific; 10-170 kDa) was used
to define approximate molecular weights. Protein samples (20 mg/each lane) were separated by
standard SDS polyacrylamide gel electrophoresis on 10% Tris-Glycine gel and electro-
transferred onto Amersham Hybond-ECL nitrocellulose membrane (0.45 mm pore size; GE
Healthcare). After the transfer, membranes were blocked using Tris-buffered saline containing
Tween 20 (TBST) and 5% non-fat dry milk for an hour at room temperature. Membranes were
incubated in TBST containing 1% non-fat dry milk and SERT antibody (Merck Millipore;
ab9726; at dilution: 1:2000) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody
(Cell Signaling Technologies; 8884; dilution 1:1000) overnight at 4 °C or room temperature.
Then membranes were immersed in TBST containing 1% non-fat dry milk and horseradish
peroxidase-conjugated anti-rabbit secondary antibody (Santa Cruz Biotechnology; sc-2030) for
2 hours at room temperature. As the last step, membranes were incubated with SuperSignal
West Pico Chemiluminescent Substrate. For visualization of the protein bands, we used Care-

Stream Kodak Biomax Light film.
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Films were scanned, then densitometric analysis was performed with Java Image] 1.47v
analysis software (National Institute of Health). Results were normalized to GAPDH, and it

also served as a control to ensure the loading of the equivalent amount of protein.
Statistical analysis:

Statistical analyses were performed in SPSS Statistics software (Version 20.0 for Windows,
SPSS Inc.). One-way analysis of variance was used, followed by Fisher’s Least Significant
Difference post hoc test, p <0.05 was considered statistically significant. We used the Shapiro-

Wilk test for testing normality. Values are reported as mean + standard error of mean (S.E.M.).
II. Activation patterns following chemical stimulation of the dura
Animals, experimental groups:

Forty-eight adult male Sprague-Dawley rats (weight 240-430 g) were divided into twelve
groups (Fig. 2.). The animals were raised and housed under standard laboratory conditions,

light-dark cycle of 12-12 h, regular rat chow, and water ad libitum.

Timeline L PP IPIE P PR L LS. PP . LR P
[min] t f +— +— +—t —t >
rinse
2CFA / 2PHYS 0—0O PY
CFA/PHYS perfusion
rinse
4CTFA / 4PIIYS o0—O0O PY
CFA / PHYS perfusion
rinse
LCFA / LPHYS o o0—O0O PY
lidocaine CFA / PHYS perfusion
NAT O O @
stereotaxic frame perfusion
FRE O Q
perfusion
i rinse
218 / 2SIF o o—0O PY
lidocaine IS/ SIF perfusion
rinse
418 / 4STF o o—O ®
lidocaine IS/ SIF perfusion

Figure 2. Schematic timeline of experimental design. The dural CFA/saline/IS/SIF application was considered the
“0” time point. LCFA, LPHYS, 21S, 2SIF, 41S, 4SIF groups received s.c. lidocaine before the skin incision. The
surface of the dura was rinsed off with either saline or SIF 20 minutes after dural treatment. Animals in NAT and
FRE groups were only anesthetized and placed in a stereotaxic frame (NAT) or left on a heating pad (FRE) for

the same duration as in other groups.
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Two groups did not undergo craniotomy and were only anesthetized (FRE) or anesthetized and
fixed in a stereotaxic instrument (NAT) for two hours. Animals in 2PHYS/2CFA and
4PHYS/4CFA groups underwent surgery, and PHY'S or CFA was applied on the surface of the
dura mater. Two (FRE, NAT, 2PHYS/2CFA) or four hours (4PHYS/4CFA) after the
PHYS/CFA application, rats were perfused (n=3, n=3, n=4, n=4, n=3, n=3). In LPHYS/LCFA
groups, rats underwent the same procedure as 2CFA/2PHYS groups, but local lidocaine was
used on the scalp before the head incision (n=2, n=2). Animals in 2SIF/2IS and 4SIF/4IS groups
had the same surgical procedure as LPHYS/LCFA group, but synthetic interstitial fluid (SIF)
or IS was applied on the dural surface. 2.5- and 4-hour survival time was chosen to ensure we

avoid any activation due to surgery (n=6/group).
Drugs:

We used two different inflammatory agents in our experiments: CFA contained dried,
inactivated Mycobacterium tuberculosis in mineral oil (Sigma-Aldrich, St. Louis, MO, USA),
and IS contained 1 mM bradykinin, 100 uM PGEz, 1 mM 5-HT, 1 mM histamine, (pH 5.0) in
10 mM HEPES buffer. Control groups received 0.9% PHY'S or SIF (135 mM NaCl, 5 mM KClI,
1 mM MgClz, 5 mM CaClz, 10 mM glucose, in 10 mM HEPES buffer, pH 7.3). For local
lidocaine anesthesia, lidocaine (20 mg/mL; Egis, Budapest, Hungary) was diluted with PHY'S

to have a final concentration of 10 mg/ml (1%).
Procedures:

Before each procedure, animals were deeply anesthetized using chloral hydrate (4%;
400 mg/kg; i.p.) and placed in a stereotaxic apparatus. The scalp was infiltrated with lidocaine
(dosage of 4.5 mg/kg; subcutaneously [s.c.]) in LCFA, LPHYS, 2SIF, 2IS, 4SIF, and 4IS
groups. A 2 mm x 2 mm craniotomy (5 mm posterior from the bregma and 3 mm lateral of the
midline, above the right hemisphere) was carefully drilled using saline for cooling, with slow
speed, avoiding any injury of the dura mater. 10 pL CFA (in groups 2CFA, 4CFA, LCFA) or
IS (2IS, 41IS) was applied on the dural surface. While control groups received PHYS (2PHYS,
4PHYS, LPHYS groups) or SIF (2SIF, 4SIF). To prevent the local spreading of the chemicals,
the head position was adjusted in the stereotaxic frame so the dorsal surface of the skull was
horizontal. After 20 minutes, the area was washed with either physiological saline or SIF. A

saline or SIF-soaked cotton ball was placed carefully on top to prevent drying out of the dura.
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After the surgery, animals were placed on a heating pad, and they were kept under anesthesia.
2 hours (2PHYS, 2CFA, LPHYS, LCFA, NAT, FRE), 2.5 hours (2IS, 2SIF), or 4 hours
(4PHYS, 4CFA, 4IS, 4SIF) after the treatment with inflammatory mediators, rats were
transcardially perfused under deep anesthesia. 50 mL of 0.1 M PBS and 200 mL of 4% PFA
were used for the perfusion. The brain with the cervical spinal cord was removed and left

overnight in the same fixative for postfixation.
Immunohistochemistry:

After postfixation and cryoprotection with 30% sucrose solution, a superficial, angled
rostrocaudal cut was made on the ventral, left side of the brainstem, and spinal cord. This mark
allowed us to determine the correct rostrocaudal order and orientation of the free-floating
sections. Cryostat free-floating sections of 30 pm thickness were cut, and thirty serials of them
were collected into ten wells starting from one millimeter rostrally to the obex. Every tenth
section was used for staining; being 500 pm apart. Then they were blocked with 0.3% H20:2 in
PBS and after several washes with PBS-T, sections were immersed in 10% goat serum in PBS-T
for an hour. The incubation with primary antibody for c-Fos (1:2000, sc-52, Santa Cruz
Biotechnology, Dallas, TX, USA) was on a shaker overnight at room temperature. To visualize
the reaction, we used the Vectastatin Elite avidin-biotin kit (PK6101, Vector Laboratories,
Burlingame, CA, USA) with 3,3’-diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA)
intensified by nickel-ammonium-sulfate. The samples were mounted on glass slides, cleared in
xylene, and coverslipped. The specificity of the immune labeling was tested by omitting the

primary antiserum.

An observer blind to the procedures counted the IR cells in laminae I-II of the dorsal horn and
also according to the somatotopic representation of the trigeminal nerve branches (based on
Strassman and Vos, 1993 (130)), for the assessment, we followed the guidelines of Hammond
et al. (63). The ventral, intermediate, and dorsal parts of the dorsal horn were considered to be
equivalent to the area of the V/1, V/2, and V/3 branch. Nikon Optiphot-2 light microscope
(Nikon, Tokyo, Japan) under 10x objective was used for cell counting. Representative
photographs were taken by an Axiolmager M2 microscope (Carl Zeiss, Germany) using

AxioCam MRc rev.3 camera with a 20x objective.
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Statistical analysis:

The collected data were analyzed in the 2IS, 2SIF, 4IS, and 4SIF groups using IBM SPSS 24.0
(IBM Corp, Armonk, NY, USA). For all other groups, no statistical analysis was used because
of the small sample size; the sample size was not further increased to minimize the number of
animals used. The effects of dural treatments, distance from obex, and sides (treated or
untreated) on c-Fos cell numbers were examined with the mixed-design variance of analysis
(MIXED-ANOVA) models with treatment, distance, and side as repeated measures (within-
subject factor) and the group as between-subject factors. Pairwise comparisons were made on
estimated marginal means, considering the presence or absence of interaction; the Holm-Sidak
method was performed to adjust p-values. p <0.05 was considered statistically significant.

Graphs were made in GraphPad Prism 8.0.1, and all figures show data as mean + S.E.M.
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Results

I. The effect of NTG and AEA on the expression of SERT

Immunohistochemistry

NTG and AEA increased SERT expression in the TNC, but the combined treatment minimized
this effect

We examined the transverse sections of the TNC cord under 20x objective of a microscope.
We found abundant SERT-positive fibers in the dorsal horn’s superficial layers (laminae I-III).
The relative area covered by SERT immunolabelled fibers was significantly higher in NTG-
treated animals compared to animals in the placebo group (p < 0.01), AEA had the same effect
on the SERT fibers (p < 0.01; p < 0.001). Surprisingly, the combined NTG+AEA treated group
had significantly decreased SERT area fractions (p < 0.01) compared to either NTG or AEA
groups. Lamina I: F(3,20)=26.556; p=2x10"%; lamina II: F(3,20)=92.104; p=2.62x107'"; lamina
III: F(3,20)=45.300; groups lamina I: F(3,20)=26.556; p=2x10° lamina II: F=45.300;
p=4,81x107%. Fig. 3-6
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Figure 3. Representative photomicrographs of the SERT expression in the TNC from the four treatment groups.
SERT expression was not homogenous across the laminae, the density of IR fibers was higher in lamina I and 111

than in lamina II. Scale bar: 100 um
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Figure 4. Diagram showing the relative area (%) covered by SERT IR fibers in the dorsal horn’s lamina I in the
TNC. The area fraction was significantly higher in the NTG group; AEA had the same effect on SERT

immunolabelled fibers. Combined AEA+NTG treatment did not increase the relative area covered by

immunolabelled fibers. Figure shows mean+S.E.M., **p<0.01, ***p< 0.001, ##p<0.01, $$p<0.01.
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Figure 5. Diagram illustrates the relative area (%) covered by SERT IR fibers in lamina II of the dorsal horn,
TNC. The area fraction was significantly higher in the NTG group; AEA had the same effect on SERT IR fibers.

Combined AEA+NTG treatment did not increase the relative area covered by immunolabelled fibers. Bars show

mean+S.E.M., “"p<0.01, **"p< 0.001, *p<0.01, **p<0.01.
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Figure 6. Diagram shows the relative area covered by SERT IR fibers in the dorsal horn’s lamina II1 in the TNC.
The area fraction was significantly higher in the NTG group; AEA had the same effect on SERT IR fibers.
Combined AEA+NTG treatment did not increase the relative area covered by immunolabelled fibers. Figure shows
mean+S.E.M., **p<0.01, ##p<0.01, $$p<0.01.

The size of the SERT varicose fibers was also enhanced by NTG and AEA in the TNC, but the
combined treatment reduces this effect

Using higher magnification (40% objective) of the microscope, we examined the IR processes
of the dorsal horn. The average size of the fiber varicosity was significantly increased in the
NTG or AEA group compared to the placebo group (p < 0.05). Combined NTG + AEA

treatment reduced the average size of varicose fibers in comparison to NTG or AEA treatment.

F(3,20) = 12.071; p = 9.9x10°. Fig. 7-8
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Figure 7. Representative photos showing SERT immunolabelled varicose fibers in the TNC. The size of SERT IR
fiber boutons was significantly larger in NTG and AEA groups compared to placebo. Scale bar: 100 um
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Figure 8. Diagram shows the average immunopositive fiber bouton size in the dorsal horn’s laminae I-11I of TNC.

The average immunolabelled varicosity size was increased in the NTG- and AEA-treated groups compared to

placebo group. AEA+NTG treatment prevented this effect. Figure shows mean+S.E.M., *p<0. 05
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Western blot

Western blot analysis showed the same tendency as we obtained in SERT
immunohistochemistry. A band characteristic of the SERT protein was visualized at 64 kDa.
The densitometric analysis confirmed that NTG and AEA treatment caused significantly
enhanced SERT protein band density (p < 0.01) compared to the placebo group. Compared to
NTG- or AEA-treated groups, the protein band of NTG+AEA group was significantly less
dense (p < 0.05; p <0.01) in comparison to either NTG- or the AEA-treated groups. F(3,16) =
8.088; p=2x1073. Fig. 9-10
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Figure 9. Western blot of SERT and GAPDH expression in the TNC
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Figure 10. Bar graph showing the relative optical density of SERT-specific bands. Density was significantly higher
in the NTG-treated group compared to the placebo, AEA treatment had the same effect. Compared to NTG or

AEA, the protein band of the AEA+NTG group was significantly less dense. Figure shows mean+S.E.M., **p<0. 01,

#n<0.01, $¥p<0.01.
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II. Activation patterns following chemical stimulation of the dura
Stereotaxic frame (NAT group)

Placement of the ear bars or snout fixation caused a bilateral dense, localized increase in the
number of IR cells in the somatotopic area of the V/2 nerve (maximum cell number (V/2) 24.17

+ 7.96 at obex -7.5) Fig. 114, 124
Anesthetic drug (chloral hydrate) and perfusion (FRE group)

The effect of chloral hydrate and the perfusion in the TNC was negligible (maximum cell
number V/1: 3.83 + 1.68 at obex -0.3). Fig. /1B, I12B
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Figure 11. Diagrams show the mean number of c-Fos IR cells in NAT (A) and FRE (B) groups. In the NAT group,
we found bilateral dense, localized increase in the number of IR cells in the somatotopic area of the V/2 nerve.

The effect of anesthesia and perfusion was negligible in the TNC. Figure shows mean+S.E.M.
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A NAT (right side) B FRE (right side)

Figure 12. Representative photomicrographs from NAT (4) and FRE (B) groups showing dorsal horn. More c-
Fos IR cells were detected in the NAT group compared to the FRE group in the area corresponding to the V/2

nerve. Scale bar: 200 um

Complete Freund’s Adjuvant

Dural application of CFA did not cause notable increase in the number of IR cells compared to
PHYS, neither two hours nor four hours after administration. We did not find difference in the
number of cells between the right and left dorsal horns, neither in 2CFA nor in 2PHYS groups
(Fig. 134). Although, when the cells were counted based on the trigeminal somatotopy, a
substantial increase was found in the V/2 nerve area (2CFA, 2PHY S) with substantial variance.
A mild increase was observed in the V/1 nerve area without a difference between the two

groups. The number of IR cells was negligible in the V/3 nerve area. Fig. 134-D, 144-B
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Figure 13. Diagrams showing the mean number of c-Fos immunolabelled cells in the TNC two hours after dural
CFA or PHYS treatment. In the 2CFA group, no difference was found in the number of c-Fos IR cells between the
right and left sides (4). Dural application of CFA did not cause notable differences between 2CFA and 2PHYS
groups. When the cells were counted based on the trigeminal somatotopy (C, D), a substantial increase was found
in the V/2 nerve area (2CFA, 2PHYS) with substantial variance and a mild increase in the V/I nerve area. Figure

shows mean+S.E.M.
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A 2CFA (right side) B 2PHYS (right side)

Figure 14. Representative photomicrograph of dorsal horns in TNC in 2CFA (A) and 2PHYS groups (B).

Increased number of IR cells can be seen in the V/2 nerve area. Scale bar: 200 um

No difference was found between the 4CFA and 4PHYS groups four hours after CFA
application on the dura. The number of c-Fos IR cells was less after four hours compared to the
two hours group, and we found the same tendency in cell distribution as in 2CFA and 2PHYS
groups. Fig. 154-B, 164-D

A 4CFA (right side) B 4PHYS (right side)

Figure 15. Representative photos showing the dorsal horns of the 4CFA (A) and 4PHYS (B) groups approximately

obex -6.3 mm. We found the same tendency in cell distribution in the 4CFA and 4PHYS groups as in 2CFA and
2PHYS. Scale bar: 200 um
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Figure 16. Diagrams illustrate the mean number of c-Fos IR cells in the TNC four hours after dural application
of CFA or PHYS. We did not find a difference between the right (treated) and left (untreated) side (A), nor between
4CFA and 4PHYS groups (B). Similar cell distribution was found along the trigeminal nerve branches in both
4CFA (C) and 4PHYS (D) groups. Figure shows mean+S.E.M.

Lidocaine
S.c. applied lidocaine decreased the number of c-Fos immunopositive cells compared to the

2CFA group, particularly in the V/1 branch area. Dural application of CFA did not cause robust
changes compared to PHYS in this case either. Fig. /174-B, 184-B
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Figure 17. Diagrams illustrate the mean number of c-Fos IR cells in the TNC. No difference was found between
LCFA (A) and LPHYS (B) groups. Lidocaine decreased the c-Fos IR cell number compared to 2CFA and 2PHYS

groups, particularly in the area corresponding to the V/I nerve. Figure shows mean+S.E.M.

A LCFA (right side) B LPHYS (right side)

Figure 18. Representative photomicrographs show the dorsal horn of the TNC in LCFA (4) and LPHYS (B) groups
two hours after CFA or PHYS treatment.

Inflammatory soup

After applying IS on the dura, animals showed significantly increased number of c-Fos
immunolabelled cells in the TNC (Fig. 19, 20). These changes were more prominent in the 2IS
group, especially in the somatotopic area of the V/1 nerve. Two peaks of activation were found
among the rostrocaudal axis. The first peak was at the level of the obex, which follows the
activation pattern of FRE, while the second was at obex (-2) — (-6) mm. This second peak in

the 2IS group was significantly higher compared to the 2SIF group. In the 2IS group, we found
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significant difference between the right (ipsilateral) and left (contralateral) sides at the same
rostrocaudal levels. A substantial peak (at obex [-6] — [-8] mm) was seen in the sensory area of
the V/2 nerve, which is consistent with the peak in the NAT group and is not different among
2IS and 2SIF. The number of IR cells in the V/3 nerve area was negligible, without any

difference between the groups.
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Figure 19. Diagrams showing the mean number of c-Fos immunolabelled cells across different levels of TNC in
the whole dorsal horn (A, C) and the V/I nerve area (B, D). A significant difference was found between the right
(treated) and left (untreated) sides (A, B) and between 21S and 2SIF groups. The difference was more pronounced

when only the V/I nerve area was analyzed. Figure shows mean+S.E.M., *p <0.05, #p <0.01, $p <0.001
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A 218 (left side) B 2IS (right side)

2SIF (left side) D 2SIF (right side)

Figure 20. Representative photos of the dorsal horn of 2IS (A, B) and 2SIF groups (C, D), approximately

obex -3.9 mm, 2.5 hours after dural IS or SIF application. Green highlighting shows the V/I nerve area. IS caused
an increase in the number of c-Fos IR cells on the right (treated) side (B) compared to the left (untreated) side
(A). 2.5 hours after dural treatment, more cells were detected in the dorsal horn and V/I nerve area in the IS-
treated group compared to the SIF-treated group. We did not find a difference between the right (treated) and left
(untreated) sides in the 2SIF group. Scale bar: 200 um

The cell distribution in the 4IS group is comparable to the peak seen in the 2IS group in the V/1
area; this suggests sustained stimulation of the nerve. The substantial increase in the c-Fos IR
cell number in V/2 was not found in the 4-h survival groups. In the V/3 area, the number of
c-Fos immunopositive cells is negligible (Fig. 22). Four hours after the IS application, we found
a significant difference between the 4SIF and 4IS groups, both in the dorsal horn and V/1 area.
The results from the 4SIF and 4IS groups are shown in Fig. 21.
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Figure 21. Diagrams illustrate the mean number of c-Fos IR cells along the rostrocaudal axis in the whole dorsal
horn (A, C) and V/I1 nerve area (B, D) four hours after application of IS or SIF on the dura mater. We found
significant difference between the right (treated) and left (untreated) sides in the 41S group, the difference was
seen both in the whole dorsal horn (4) and the V/I nerve area (B). Four hours after IS or SIF dural treatment, IS
caused significant difference in the whole dorsal horn (C) and the V/1 nerve area (D) compared to SIF. Figure

shows mean+S.E.M., *p < 0.05, #p <0.01, $p <0.001
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A 418 (left side) B 41S (right side)

C 4STF (left side) D 4STF (right side)

Figure 22. Representative photomicrographs of dorsal horns of 41S and 4SIF groups at approximately

obex -3.3 mm. Green highlighting shows the V/I nerve area. An increased number of c-Fos IR cells were detected
in the 41S group on the right (treated) side (B) compared to the left (untreated) side (A). Four hours after dural
treatment, more cells were found in the dorsal horn and V/I1 nerve area in the IS-treated group compared to the
SIF-treated group. There was no difference between the right (treated) and left (untreated) sides in the 4SIF group.
Scale bar: 200 um.
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Discussion

I. The effect of NTG and AEA on the expression of SERT

5-HT plays a complex role in the pathomechanism of migraine and pain modulation.
Furthermore, inhibition of brain 5-HT synthesis has been linked to stronger migraine attacks,
therefore, the transporter which regulates its levels in the synaptic cleft and extracellular space
might be of interest (131). Our experiments aimed to examine the SERT expression changes in

TNC after NTG, AEA, and combined NTG and AEA treatment in rats.

Examining the transsectional segments of TNC in NTG-treated rats, we found increased amount
of SERT IR fibers, increased size of SERT labeled boutons, and increased protein band density
compared to the control group. A previous study suggested crosstalk between NO and the
5-HTergic system; they found that the physical interaction of nNOS and SERT enables
reciprocal regulation between each other (132). This was also supported by the fact that NOS
inhibition was able to enhance the action of selective serotonin reuptake inhibitors (133). NTG
injections increased the amount of 5-HT IR fibers in rat TNC, which can suggest reduced 5-HT
release from terminals (84). Consequently, our results might indicate that NTG can increase
5-HT reuptake by SERT and 5-HT turnover at the level of the secondary sensory neurons, and
this transport upregulation might contribute to the decreased 5-HTergic activity. Reduced
amount of 5-HT was found in the medulla four hours after NTG administration suggesting low
5-HT transmission (134). Numerous studies proposed a hyposerotonergic state during migraine
because the short-term reduction of 5-HT levels in the brain can induce more intense headaches
in migraine patients; therefore, the regulation of 5-HT levels might play a role in trigeminal

activation (131).

We found a similar tendency in the AEA-treated group as in the NTG group; AEA was able to
increase the amount of SERT immunopositive fibers, enhance the size of SERT IR boutons,
and increase the SERT protein band density in the dorsal horn of TNC. Cannabinoids can
decrease 5-HT levels at peripheral sites; in vitro application of A’tetrahydrocannabinol
inhibited 5-HT release from platelets incubated in plasma obtained from migraine patients
(135). Supporting this idea, a later study also showed that a selective CB1 receptor agonist,
ACEA, reduced the whole blood 5-HT levels, and this effect was reversed when a CB1 receptor

antagonist was administered as pretreatment (122). As we assumed that NTG treatment reduced
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5-HT release from terminals, and SERT expression was upregulated, by the same token, AEA,
which also activates the CB1 receptor, could inhibit 5-HT release, explaining the changes seen
in the AEA group. In contrast to peripheral effects, cannabinoids can increase 5-HT release in
the central nervous system, which could contribute to its antinociceptive effect. CB receptors
are also abundant in the central descending pain modulatory system, which also projects to the
trigeminal system (136,137). Repeated injections of a CB receptor agonist and a FAAH
inhibitor (which inhibits the breakdown of AEA) elevated the 5-HT release by enhancing
neuronal firing in the 5-HTergic DR (138). Moreover, the descending 5-HTergic pathways
might contribute to cannabinoid-induced analgesia, as the selective lesion of spinal 5-HTergic
pathways or the dorsolateral funiculus was able to reduce the antinociceptive effect of
cannabinoid receptor agonists (139). Based on these findings, experimental data suggest that
the descending 5-HTergic pain modulatory pathways might increase the 5-HT turnover and
possibly play a role in SERT expression changes that we found after AEA treatment. In
summary, cannabinoids like AEA decrease 5-HT levels in the periphery, where 5-HT exerts a
nociceptive effect, while centrally, they increase the amount of 5-HT via modulating the
descending pain pathway. In addition, we cannot exclude the possibility of indirect actions, as
endocannabinoids are also able to upregulate nNOS activity, thus increasing NO levels, this can

contribute to our findings (140).

We found that the combined AEA and NTG pretreatment did not cause any significant change
in the amount of SERT immunopositive fibers, size of varicosity, or SERT protein band density
compared to control. Unfortunately, due to the limitation of this study, our present data do not
allow us to explain this phenomenon unambiguously. We expected an additive effect, however,
there is a possibility that a negative feedback mechanism takes effect in this process. It was
shown that the NTG treatment was able to alter medullary and mesencephalon levels of
hydrolases responsible for the breakdown of endocannabinoids, indicating that NTG might
affect the ECs as well (128). Furthermore, both NTG and AEA can exert influence on NO and
cGMP levels, thus, feedback mechanisms might play a role in this experimental setup (140).
Apart from this, earlier research showed that NTG changed the expression of multiple
inflammatory and sensitization markers, and combined treatment prevented this effect; these
findings revealed that many other mechanisms are involved in this experimental setting and can

contribute to our results (141).
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In summary, several studies demonstrated a complex connection between the endocannabinoid
and the 5-HTergic system. 5-HT can act as a nociceptive substance on the periphery, but on the
other hand, it is also involved in the descending pain modulatory system; regulation of 5-HT
levels by SERT can alter pain transmission. Cannabinoids, including endocannabinoids, can
alter 5-HT levels both on the periphery and central sites; both processes could contribute to our

results and play a role in its analgesic effect.
II.  Activation patterns following chemical stimulation of the dura

Fos protein is widely used for mapping nociceptive pathways and neuronal populations in pain
and headache models (142,143). In our study, we aimed to examine the effect of dural chemical
stimulation using IS and CFA, and we quantified the c-Fos expression in the TNC. The
expression of c-Fos can be detected after ~30 minutes following the stimulation with a half-life
of two hours; thus, it is crucial to design the experiments and endpoints accordingly (144).
Moreover, in the dural inflammation model, anesthesia, stereotaxic instrument, and surgical
intervention can cause unspecific c-Fos activation that might interfere with accurate data
analysis. Therefore, we focused on controlling the details of our experiments meticulously to
enable precise mapping of the c-Fos patterns in the trigeminal system after chemical treatment
of the dura mater. To learn the exact effect of these modifying factors on the expression of c-
Fos, we examined the activation pattern after i.p. chloral hydrate, stereotaxic frame, and s.c.
lidocaine anesthesia. The IR cells were quantified in TNC according to the rostrocaudal and

somatotopic distribution of the three trigeminal branches.

Urethane increases, while pentobarbital does not substantially affect the c-Fos expression in the
trigeminal system without facial stimulation (130). Therefore, first, we tested whether systemic
chloral hydrate anesthesia could influence c-Fos levels in the TNC. We found that perfusion
(FRE group) mildly increased the number of c-Fos positive cells in the V/1 area, without
activation in the V/2 and V/3 areas, our findings agree with previous studies under pentobarbital
anesthesia. Our next experiment showed that stereotaxic fixation caused robust and highly
variable activation in TNC, especially in the V/2 area (NAT group). In general, the head of the
animals is stabilized in a frame using the front incisors and ear bars to ensure consistency
between experimental subjects and fixation of the skull for the craniotomy. V/2 is responsible

for the innervation of the front incisors, while the external ear canal is supplied by V/3 (through



42

auriculotemporal nerve), greater and lesser auricular nerve (from C2, C3 spinal nerves), and
Arnold’s nerve (from vagus, glossopharyngeal, and facial nerve) (145,146). Based on these
studies, substantial activation in the V/2 area might result from snout fixation in the frame,
whereas minor changes in the V/1 area are consistent with activation in the FRE group that
underwent anesthesia and perfusion. To increase specificity, we examined lidocaine
anesthesia’s effect on scalp skin (LCFA, LPHYS groups). In this experiment, the scalp skin
was infiltrated with 1% lidocaine before incision and dural CFA treatment. Indeed, lidocaine
decreased the number of c-Fos IR cells in the V/1 area compared to 2CFA and 2PHY'S groups.
Growing numbers of studies examined the exact innervation of meninges and its connection to
headaches. For example, a study showed that meningeal trigeminal nerve fibers could form
collateral branches that leave the skull and innervate extracranial structures. It was suggested
that these collateral fibers could transmit sensory information from extracranial stimulation to
the dura, which might play a role in meningeal nociception (147). Therefore, surgical incision
and craniotomy could induce c-Fos activation in our experimental setting, and these changes
might mask the effect of dural stimulation; anesthetizing the scalp can help us accurately
examine the effect. To summarize, using the appropriate anesthetic drug, s.c. lidocaine, is
crucial to investigate dural treatment’s effect in a more precise way. Although the use of the
stereotaxic frame cannot be avoided, mapping its effect along the rostrocaudal axis and
according to the three branches of the trigeminal nerve, can help the analysis of our

experimental results.

After controlling for experimental variables, we examined the effect of CFA applied to the
surface of the dura. Our results show that dural CFA treatment over the right parietal
hemisphere did not cause any difference in the number of c-Fos IR cells between the left and
right dorsal horn of the TNC two hours following dural treatment. Furthermore, we could not
find a difference in the number of c-Fos immunopositive cells in the 2CFA group compared to
the 2PHYS group. We observed the same tendency even after anesthetizing the scalp with
lidocaine; no difference was seen between LCFA and LPHYS groups. Likewise, dural CFA
treatment did not cause a change in the number of c-Fos IR cells between 4CFA and 4PHY'S
groups, nor between the right and left dorsal horns. CFA contains heat-killed Mycobacterium
tuberculosis in mineral oil, and it is commonly used in inflammatory and neuropathic pain

models to induce inflammation and subsequent edema, pain, and hyperalgesia (148). While
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CFA causes neuronal activation within a few hours, its effect only peaks after 24-72 hours. This
tendency was also demonstrated in the trigeminal system; CFA injection into the parotid gland
increased the c-Fos expression after 2, 24, and 72 hours in the TNC (149). When different
inflammatory substances were applied on the surface of the dura, sensitization of neural cells
occurred in the TNC 2-3 hours after dural treatment (150,151). There is a limited number of
studies examining the dural application of CFA. Lukécs and her colleagues were among the
first to apply CFA on the surface of the dura mater for 20 minutes; they detected increased
levels of pERK1/2, CGRP, and IL-1f levels in the TG compared to the saline-treated group
(94). Additionally, a later study found increased number of c-Fos immunopositive cells in the
TNC seven days after stimulation of the meninges (152). CFA induces type IV hypersensitivity
reaction that can explain delayed onset actions, but short-onset effects have been described as
well (148,153). Since CFA’s mechanism of action is T-cell-mediated, it needs more time to
take effect and might be more variable than other inflammatory agents that directly irritate
tissues (154). These phenomena could explain why we could not detect changes in the c-Fos
expression two or four hours after the dural stimulation. In addition, we feel it necessary to
emphasize that CFA was injected into tissues in most experiments; while we applied CFA for
twenty minutes, which might reduce its short-term effects. CFA also contains substances that
delay the breakdown of Mycobacteria, prolonging its duration of action (153). It was suggested
that this feature could be used to model the transformation from episodic migraine to chronic
migraine, and CFA administration into the temporomandibular joint might induce a continuous
inflammation by releasing neuronal mediators like CGRP, subsequently creating a self-
amplifying process (155). This phenomenon could be aligned with repeated migraine attacks in
patients, in which sustained neuroinflammation or so-called neurogenic neuroinflammation
might develop; Edvinson et al. proposed that CFA treatment could mimic this process (155).
Unfortunately, with long-term application of CFA, significant side effects like skin ulceration,
focal necrosis, and granuloma were also described (153). Thus, although previous results
suggest prolonging experimental endpoints, we decided not to perform further experiments with

delayed survival times to avoid long-term complications.

In conclusion, CFA did not cause significant change in the number of c-Fos IR cells in the TNC
after two hours or after four hours. Previous experimental results indicate the treatment duration

or the survival time might not be long enough to induce c-Fos expression in the second-order
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neurons. Even though we did not delay experimental endpoints to ensure we avoided any injury
or long-term complication on the dura mater, data suggest that CFA treatment could be used as

a model of migraine chronification.

Neurogenic inflammation is hypothesized to play a role in the pathomechanism of migraine,
and the use of inflammatory substances like bradykinin, PGEz, histamine, and 5-HT might be
able to model this process (156—158). These agents applied to the dura are known to activate
and sensitize trigeminal neurons; therefore, our aim was to examine the effect of dural IS on
the number of c-Fos immunopositive cells and to map the somatotopic distribution of the IR
cells in the TNC. Markers of activation and sensitization can be observed twenty minutes after
stimulation in the primary sensory neurons, while it takes two-three hours to develop
sensitization in the secondary neurons; thus, we chose 2.5- and 4-hours survival times in these
treatment groups (150,159). In our experiments, IS caused a significant increase in the number
of c-Fos positive cells in the TNC compared to SIF two and four hours after dural application.
These changes were most prominent at the obex (-1) — (-9) mm rostrocaudal level and in the

somatotopic area of the right V/1.

The innervation of the parietal area is mainly provided by the ipsilateral V/1 nerve; accordingly,
our results showed significant difference in the number of c-Fos labeled cells in the right and
left dorsal horns of the TNC (160). In the past, the IS was often injected into the cisterna magna,
and side differences could not be determined between the left and right dorsal horn; this was
thought to be the pitfall of this model. When injected into the cisterna magna, substances can
spread around the cisterna, and this area also has bilateral innervation; thus, although it might
be more effortless and quicker to inject IS into the cisterna, the parietal application enables side
comparison and internal control (161). Multiple electrophysiological studies showed that dural
inflammatory mediators are able to activate trigeminal neurons; subsequently, we found
increased number of c-Fos immunopositive cells not just after two hours but also after four
hours (95). It was shown earlier that IS applied on the dura caused increased
hyperresponsiveness and receptive field size; furthermore, behavioral studies demonstrated
allodynia both in the face and hind paws. These behavioral changes peaked after three hours
and returned to baseline after six hours, and this can explain why we found sustained c-Fos

activation in the TNC (162).
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In summary, IS could induce increased c-Fos labeled cells in the dorsal horn, which was more
prominent on the ipsilateral right side. This effect can be more accurately examined when cells
are counted according to the somatotopic area of the trigeminal branches. IS is able to cause
activation and sensitization in the trigeminal system, which shows a similar time course as the
headaches in migraineurs (163,164). Based on these findings, IS applied to the dura mater can
be used as a reliable acute migraine model, and it could help us to learn more about

pathomechanism and further drug development.
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Conclusion

Our results show that NTG and AEA treatment increase SERT expression, but changes in the
NTG-induced SERT expression could be prevented by pretreatment with AEA. These findings
suggest that NTG not just activates and sensitizes the trigeminal system but also affects the
5-HT system, which plays a crucial role in the pathophysiology of migraine. The
endocannabinoid AEA can modulate trigeminal system function; the SERT expression changes
by AEA might result from the descending pain modulatory system activation or increased
nNOS activity. The combined NTG+AEA treatment attenuated this effect, probably through
negative feedback mechanisms. These results confirm the connection between the 5-HT and
the endocannabinoid system and suggest the role of 5-HT pathways in cannabinoid-induced

analgesia.

IS — applied on the dura mater of rats — activated cells of TNC, which were most prominent in
the somatotopic area of the V/1. Surgical procedures could affect and mask the activity changes
induced by chemical stimulation of the dura. These results indicate the importance of
adequately controlling the experiments in pain research and suggest that chemical stimulation

of the dura using IS can be used consistently as a migraine model.

To summarize, our results contribute to understanding the relationship between the 5-HT and
the endocannabinoid system and offer a reliable method to examine the trigeminal pain

pathway, thus, providing insight into the pathophysiologic processes in migraine.
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Abstract

Background: Although migraine is one of the most common primary headaches, its therapy is still limited in many
cases. The use of animal models is crucial in the development of novel therapeutic strategies, but unfortunately,
none of them show all aspects of the disease, therefore, there is a constant need for further improvement in this
field. The application of inflammatory agents on the dura mater is a widely accepted method to mimic neurogenic
inflammation in rodents, which plays a key role in the pathomechanism of migraine. Complete Freund’s Adjuvant
(CFA), and a mixture of inflammatory mediators, called inflammatory soup (IS) are often used for this purpose.

Methods: To examine the activation pattern that is caused by chemical stimulation of dura mater, we applied CFA
or IS over the right parietal lobe. After 2 h and 4 h (CFA groups), or 2.5h and 4 h (IS groups), animals were perfused,
and c-Fos immunoreactive cells were counted in the caudal trigeminal nucleus. To explore every pitfall, we
examined whether our surgical procedure (anesthetic drug, stereotaxic apparatus, local lidocaine) can alter the
results under the same experimental settings. c-Fos labeled cells were counted in the second-order neuron area
based on the somatotopic organization of the trigeminal nerve branches.

Results: We could not find any difference between the CFA and physiological saline group neither 2 h, nor 4 h after
dural stimulation. IS caused significant difference after both time points between IS treated and control group, and
between treated (right) and control (left) side. Stereotaxic frame usage had a substantial effect on the obtained results.

Conclusions: Counting c-Fos immunoreactive cells based on somatotopic organization of the trigeminal nerve helped to
examine the effect of chemical stimulation of dura in a more specific way. As a result, the use of IS over the parietal lobe
caused activation in the area of the ophthalmic nerve. To see this effect, the use of lidocaine anesthesia is indispensable.
In conclusion, application of IS on the dura mater induces short-term, more robust c-Fos activation than CFA, therefore it
might offer a better approach to model acute migraine headache in rodents.
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Background

According to the Global Burden of Disease Study [1],
migraine is the third highest cause of disability world-
wide in both men and women. Although many specific
drugs are available, the treatment of migraine is limited
in many cases [2]. Its exact pathophysiology is still un-
known, which makes drug development even more chal-
lenging. It is known that during the migraine attack the
trigeminal system becomes sensitized and remains over-
active, but there are several hypotheses about the initial
cause without a clear answer [3]. Finding a reliable ani-
mal model would be crucial, though a model which
shows all the aspects of the disease is still not available.
Use of Complete Freund’s Adjuvant (CFA) or inflamma-
tory soup (IS) on the dural surface is a proven useful
method to cause trigeminal activation and sensitization
in rats and these agents can stimulate neurogenic in-
flammation [4]. In this model, the activation and
sensitization of the second-order sensory neurons occur
between 2 and 4 h after application of IS similar to the
cutaneous allodynia in migraine patients [5, 6].

The three sensory branches of trigeminal nerve supply
the innervation of the dura mater [7, 8] and their soma-
totopic representation in the brainstem is already well
described [9, 10]. However, the effect of chemical stimu-
lation of the dura has never been studied before in re-
gard to the representation of the nerve branches.

Expression of Fos protein is a well-known marker of
activation in the trigeminovascular system [11]. In the
chemical activation model, c-Fos expression might be in-
duced by many stimuli (anesthetic drug, skin incision,
ear bars of the stereotaxic apparatus, meningeal irrita-
tion, etc.) [12]. Knowing these effects would be essential
for the proper analysis of the specific stimulus, to avoid
pitfalls of the model. Thus, the aim of our study is to
characterize the neuronal activation using two different
inflammatory agents on the dura of rats and to deter-
mine the effects of surgery, and other altering factors on
the expression of the Fos protein.

Methods

Animals

Forty-eight adult male Sprague-Dawley rats (weight
240-430g) were used. The animals were raised and
housed under standard laboratory conditions, light-dark
cycle 12-12h, regular rat chow and water ad libitum.
The procedures used in our study were approved by the
Committee of the Animal Research of University of Sze-
ged (I-74-49/2017) and the Scientific Ethics Committee
for Animal Research of the Protection of Animals Advis-
ory Board (XI./1098/2018), and followed the guidelines
the Use of Animals in Research of the International As-
sociation for the Study of Pain and the directive of the
European Parliament (2010/63/EU).
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Inflammatory substances, drugs

We used two different inflammatory agents on the dura
mater: CFA contained dried, inactivated Mycobacterium
tuberculosis in mineral oil (Sigma-Aldrich, St. Louis,
MO, USA) and IS contained 1 mM bradykinin, 100 uM
prostaglandin, 1 mM serotonin, 1 mM histamine, (pH
5.0) in 10 mM HEPES buffer. Control groups received
0.9% physiological saline or synthetic interstitial fluid
(SIF) (135 mM NaCl, 5mM KCl, 1 mM MgCl,, 5mM
CaCl,, 10 mM glucose, in 10 mM HEPES buffer, pH 7.3).
Lidocaine (20 mg/mL; Egis, Budapest, Hungary) was di-
luted with physiological saline to have a final concentra-
tion of 10 mg/ml (1%).

Experimental groups
Unstimulated animals

Two groups of animals
intervention.

with no surgery/surgical

NAT group

Animals were anesthetized and fixed in a stereotaxic ap-
paratus for the same time period as the animals in
2CFA/2PHYS group (n = 3).

FRE group

Animals were anesthetized and placed on a heating pad
as long as the procedure of the 2CFA or 2PHYS animals
was held (n = 3).

2PHYS/2CFA; 4PHYS/4CFA groups

Animals underwent surgery, on the dural surface physio-
logical saline (PHYS groups) or CFA (CFA groups) was
applied. The survival time was 2 (2PHYS/2CFA) or 4h
(4PHYS/4CFA) after the CFA/saline treatment (=4,
n=4;n=3;n=3).

LCFA/LPHYS groups

Rats in these groups underwent the same procedure as
2CFA and 2PHYS groups, but lidocaine was used to
anesthetize the scalp before the incision was made on
the head (n=2, n=2).

2SIF/2IS; 4SIF/41S groups

2.5- or 4-h survival time was chosen to make sure we
avoid activation due to the surgery. Animals in these
groups had the same surgical procedure as rats in
LCFA/LPHYS group, received dural SIF/IS treatment
and were perfused after 2.5h (2SIF/2IS) or 4h (4IS/
4SIF) (n = 6/group) (Fig. 1a).

Procedures

The animals were deeply anesthetized using 4% chloral
hydrate (400 mg/kg; intraperitoneal (i.p.)) and placed in
a stereotaxic apparatus. The scalp was anesthetized by
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Primary somatosensory cortex (S1)
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Fig. 1 a: Schematic timeline of the experimental design. The CFA/saline/IS/SIF treatment was considered as “0” timepoint. LCFA, LPHYS, 2IS, 2SIF,
41S, 4SIF groups received lidocaine before the skin incision. 20 min after dural treatment, the surface of the dura was rinsed off with either saline
or SIF. Animals in NAT and FRE groups were only anesthetized and placed in a stereotaxic frame (NAT) or left on a heating pad (FRE) as long as
animals in other groups. b: Schematic figure of trigeminal pain pathway. Dermatome distribution of the trigeminal nerve divisions of the face.
Trigeminal ganglion contains the first-order neurons, second-order neurons are found in the spinal cord and medulla. Schematic figure of the
dorsal horn shows the somatotopic representation of the three branches of the trigeminal nerve. The ventral (darkest), intermediate and dorsal
part of the dorsal horn considered to be equivalent to the area of the ophthalmic (V/1), maxillary (V/2), and mandibular (V/3) branch. Figure of
the coronal brain section represents the third-order neurons in the thalamus (Th) and neurons in the primary somatosensory cortex (S1)

infiltration of lidocaine (dose of 4.5 mg/kg; subcutaneously) in
LCFA, LPHYS, 2SIF, 2IS, 4SIF, 41S groups. A 2 mm x 2 mm
hole (5 mm posterior from the bregma and 3 mm lateral of
the midline, above the right hemisphere) was carefully drilled
with slow speed, using saline for cooling, avoiding any injury
of the dura mater. On the dural surface 10 L CFA (in
groups 2CFA, 4CFA, LCFA) or IS (2IS, 4IS) was applied.
Control groups received physiological saline (2PHYS,
4PHYS, LPHYS groups) or SIF (in groups 2SIF, 4SIF). To
prevent the local spreading of the chemicals, we adjusted
the position of the head in the stereotaxic frame, so the
dorsal surface of the skull was horizontal. After 20 min the
area was washed with either physiological saline or SIF.
To prevent drying out of the dura saline or SIF soaked

cotton ball was placed carefully on top. After the surgery
animals were kept under anesthesia and placed on a heat-
ing pad. The rats were transcardially perfused 2 h (2PHYS,
2CFA, LPHYS, LCFA, NAT, FRE), 2.5 h (2IS, 2SIF) or 4h
(4PHYS, 4CFA, 41S, 4SIF) after the application of the in-
flammatory mediators. For the perfusion 50 mL of 0.1 M
phosphate-buffered saline (PBS) and 200mL of 4%
phosphate-buffered paraformaldehyde (PFA) was used.
The entire brain with the cervical spinal cord was re-
moved, and superficial, angled rostrocaudal cut was made
on the ventral, left side of the brainstem and spinal cord.
After sectioning this mark allowed us to determine the
orientation and the correct rostrocaudal order of the free-
floating sections.
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Immunohistochemistry

After postfixation (4% PFA overnight) and cryoprotec-
tion with 30% sucrose solution (after gradually increased
concentration), cryostat sections of 30 pum thickness
were cut. Thirty serials of sections were collected into 10
wells starting from one millimeter rostrally to the obex.
Every tenth section was used for staining. For the c-Fos
immunohistochemistry  free-floating sections were
blocked using 0.3% H,O, in PBS. After several washes
with PBS containing 1% Triton-X-100 (PBS-T), sections
were incubated with 10% goat serum in PBS-T for an
hour. Incubation with primary antibody for c-Fos (1:
2000, sc-52, Santa Cruz Biotechnology, Dallas, TX, USA)
was performed on a shaker overnight at room
temperature. The reaction was visualized using Vectasta-
tin Elite avidin-biotin kit (PK6101, Vector Laboratories,
Burlingame, CA, USA) with 3,3’-diaminobenzidine
(Sigma-Aldrich, St. Louis, MO, USA) intensified by
nickel-ammonium-sulfate. The specificity of the immune
reaction was tested by omitting the primary antiserum.
The sections were mounted on glass slides and dried
overnight, cleared in xylene, and coverslipped.

Counting of immunopositive cells
An observer blind to the procedures counted the immu-
noreactive cells for c-Fos in laminae I-II of the dorsal
horn using Nikon Optiphot-2 light microscope (Nikon,
Tokyo, Japan) under 10x objective. The cells were also
counted according to the somatotopic representation of
the trigeminal nerve branches (based on Strassman and
Vos, 1993 [13]). The ventral, intermediate, and dorsal
parts of the dorsal horn considered to be equivalent to
the area of the ophthalmic (V/1), maxillary (V/2), and
mandibular (V/3) branch. (Fig. 1b).

Representative photographs were taken by an Axiol-
mager M2 microscope equipped with AxioCam MRc
rev.3 camera (Carl Zeiss, Germany) with a 20x objective.

Statistical analysis

The collected data were analyzed in the 2IS, 2SIF, 4IS,
and 4SIF groups. The effects of treatments on c-Fos cell
numbers in various distances from the obex between the
treated and untreated sides were examined with mixed-
design variance of analysis (MIXED-ANOVA) models
with distance, treatment, and side as repeated measures
(within-subject factor) and group as between-subject fac-
tors. p<0.05 was considered statistically significant.
Pairwise comparisons were used on estimated marginal
means by taking into account the presence or absence of
interaction; Holm-Sidak method was performed to ad-
just p-values. For the statistical analysis, IBM SPSS 24.0
(IBM Corp, Armonk, NY, USA) was used. For all other
groups, no statistical analysis was used because of the small
sample size and to reduce the number of animals used to a
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minimum. Graphs were made in GraphPad Prism 8.0.1,
data are showed as mean + SEM on all figures.

Results

Stereotaxic frame

The application of the stereotaxic frame caused bilateral
dense, localized increase in the number of immunoreactive
(IR) cells in the somatotopic area of the maxillary nerve
(maximum cell number (V/2) 24.17 +7.96 at obex —7.5)
(Fig. 2a).

Anesthetic effect (chloral hydrate) and perfusion
The effect of chloral hydrate and the perfusion in the
trigeminal nerve area was negligible (maximum cell
number (V/1) 3.83 £ 1.68 at obex - 0.3, Fig. 2b).

CFA
Dural CFA did not cause noticeable increase in the
number of immunoreactive cells compared to physio-
logical saline neither 2h nor 4h after administration.
There was no difference in the number of cells between
the right and left dorsal horns. (Figure not shown.)
However, when the cells were counted based on the
trigeminal somatotopy, substantial increase was found in
the maxillary nerve area (2CFA, 2PHYS), but no differ-
ence was seen between the CFA treated and saline-
treated animals (Fig. 3a, b). A slight increase was ob-
served in the ophthalmic nerve area without any differ-
ence between the two groups. The labeled cell number
was negligible in the mandibular nerve area (Fig. 3a, b).
There was no difference between the 4CFA and
4PHYS groups. The number of c-Fos IR cells was less
after 4 h compared to the 2 h group (Fig. 4.).

Lidocaine

Subcutaneous lidocaine applied on the scalp decreased
the number of c-Fos immunopositive cells compared to
2CFA group, especially in the area of the ophthalmic
branch. Dural application of CFA (Fig. 3c) did not cause
robust changes compared to saline in this case either
(Fig. 3d).

IS
Animals showed significant increase in the number of c-Fos
labeled cells in the spinal trigeminal nucleus caudalis both
2.5h and 4 h after the dural application of IS (Figs. 5 and 6.).
In the 2.5 h group, these changes were more prominent in
the somatotopic area of the ophthalmic nerve. Two peaks of
activation were found among the rostrocaudal axis. The first
peak is at the level of the obex which follows the activation
pattern of FRE, while the second was at obex (- 2) - (- 6) mm
which in 2IS significantly higher compared to 2SIF. Also, we
found significant difference between the right (ipsilateral)
and left (contralateral) side at the same rostrocaudal levels. A
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Fig. 2 Diagrams show the mean number of c-Fos IR neurons in the dorsal horns in NAT a and FRE b groups. Representative photomicrographs
of the dorsal horn from NAT ¢ and FRE groups d. Scale bar: 200 um. Use of stereotaxic frame caused robust increase of c-Fos positive cells in the
area corresponding to maxillary nerve in NAT group. Number of c-Fos IR cells was minimal in FRE group (maximal cell number 3.83 + 1.68 in the
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substantial peak (at obex [-6] - [- 8] mm) can be seen in
the sensory area of the maxillary nerve which is consistent
with the peak found in NAT and is not different among 2IS
and 2SIF. In the mandibular nerve area, the number of la-
beled cells was negligible without any difference between the
groups. The result of the immunohistochemical staining
from the 4SIF and 4IS groups is shown in Fig. 6. The activa-
tion pattern is comparable to the peak seen in 2IS group
after 2.5 h in the V/1 area. The fact that we saw similar acti-
vation pattern in the V/1 area suggests sustained stimulation
of the ophthalmic nerve. The substantial increase in number
of c-Fos IR cells which was seen in the 2SIF and 2IS groups
in V/2 cannot be found in the 4-h survival groups. The num-
ber of c-Fos positive cells in the V/3 area is negligible. After
4h there was significant difference between 4SIF and 4IS
group which was present both in the dorsal horn and V/1
area (Fig. 6.).

Discussion

Fos protein is a widely used marker for locating acti-
vated neuronal populations during nociception [14]. C-
Fos is an immediate-early gene, its transcription starts
within 5 min after the stimulus occurrence [15], and its
expression can be already detected at 30 min [16]. Its
half-life is 2 h, therefore, it is important to plan the ex-
periment and to establish endpoints according to this
time window [17].

Measurement of c-Fos is widely used in headache
models, but it is thought to be unspecific since various
stimuli might change its expression. In the dural inflam-
mation model, used by our group and many others, sur-
gery (anesthesia, stereotaxic frame — V/1, V/2, skin
incision — V/1, etc.) can activate neurons which might
interfere with proper data analysis and could be the pit-
falls of this method (Fig. 1b).
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Fig. 3 Diagrams illustrate mean number of c-Fos IR neurons in the dorsal horns 2 h after CFA treatment. The number of the cells is displayed
according to somatotopic representation of V/1, V/2, V/3 in 2CFA a and 2PHYS b groups. Diagrams show the mean number of c-Fos IR cells in
LCFA c and LPHYS d groups. Representative photomicrographs from 2CFA e, 2PHYS f, LCFA g, LPHYS h group showing the right dorsal horns.
Scale bar: 200 pm. Lidocaine decreased the number of c-Fos positive cells compared to 2CFA and 2PHYS group especially in the V/1 area of the
dorsal horns (mean + SEM)
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To better understand these modifying factors and the
pattern of the activated cells, we tested the effect of i.p.
anesthetic drug, perfusion, stereotaxic frame, and the
anesthesia of the skin and scalp by lidocaine. The ex-
pression changes were examined in the spinal trigeminal
nucleus caudalis, and the rostrocaudal and somatotopic
distribution was also taken into account to increase
specificity.

It is known for a long time that urethane can cause ac-
tivation in the trigeminal system even without any facial
stimulation. Strassman and Vos found that not just
urethane, but immediate perfusion in pentobarbital
anesthesia causes substantial activation in the caudal
medulla [13]. Based on this study, we decided to exam-
ine the effect of chloral-hydrate anesthesia and perfusion
(FRE group). The number of c-Fos IR cells mildly in-
creased in the V/1 area, but no activation was found in
the area of V/2 and V/3. The rostrocaudal distribution
and the number of c-Fos IR cells were comparable to
the previous findings of Strassman and Vos [13].

A stereotaxic frame is essential in cranial surgeries to
completely stabilize the head and ensure experimental
procedure consistency of each employed animal, but in
our experiment, it caused a robust and highly variable
activation in the area of the maxillary nerve (NAT
group). Animals were held in the frame using three
points; ear bars placed in the ear canals and snout were
fixed by the front incisors. Innervation of the upper

frontal incisors is provided by the maxillary nerve, which
can be responsible for the activation effect seen in the
V/2 area [18]. External ear canal is innervated by auricu-
lotemporal nerve (from V/3), greater and lesser auricular
nerve (from C2, C3 spinal nerves), Arnold’s nerve (from
vagus, glossopharyngeal and facial nerve) [19]. As we did
not witness any increase in the number of activated cells
in the V/3 area, the aforesaid increase in V/2 might be
mainly due to the fixation of the snout. The substantial
activation found in V/1 area is consistent with the
changes seen in FRE group that underwent only
anesthesia and perfusion.

In addition, for a more specific analysis of the effects
of chemical stimulation of the dura, lidocaine was ap-
plied subcutaneously on the scalp (LCFA, LPHYS
groups), before the surgical incision and CFA treatment,
which decreased the number of c-Fos IR cells in the area
of ophthalmic nerve compared to 2CFA and 2PHYS
group. Recent tracing studies suggest that intracranial
and extracranial structures share afferent fibers, which
innervate the dura mater and after penetrating the cal-
varium they supply the periosteum [20, 21]. Surgical in-
cision of the skin can activate these neurons and can
hide the effect of the chemical stimulation of the dura,
thus the use of lidocaine is essential when examining
dural nociception. The distribution of c-Fos in V/2 area
was similar to the NAT group’s activation pattern and
based on the rostrocaudal appearance and variance, we
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can assume the effect of the stereotaxic frame here as
well. These findings might help to identify the effects of
various experimental procedures in the future to make
data analysis easier.

In this study, we applied two different inflammatory
agents on the dura mater, namely CFA and IS. Sub- or
intradermal injection of CFA is commonly used in in-
flammatory and neuropathic pain models: when injected
into hind paw, it caused hyperalgesia and edema with
rapid onset [22]. While the first effects develop in few
hours and peak after 24-72h, studies also described
long-term complications, such as granulomatous inflam-
mation, skin ulceration, focal necrosis [23]. We chose
2-h and 4-h survival time for CFA groups to avoid
these long-term effects of the treatment. In our experi-
ments, CFA applied over the right hemisphere, with 2-h
survival time, did not cause any difference in the number
of c-Fos positive cells between the right and left dorsal
horns of the spinal trigeminal nucleus. Moreover, no
changes were detected in the number of immunoreactive
cells in the CFA treated and saline group either. When
lidocaine was used to anesthetize the skin (LCFA and
LPHYS groups) before CFA or PHYS treatment, the same
outcome was seen, no difference was found among these
groups. Even with the longer, 4-h survival time, we could
not observe any alterations between the 4CFA and 4PHYS
groups either.

Previous electrophysiological studies showed that
when inflammatory agents are used on the dural surface,
secondary sensitization occurred after the delay of 2-3 h
in the spinal trigeminal nucleus [5, 24]. Adjuvants like
CFA are frequently used for polyclonal antibody produc-
tion in animals; thus, they contain substances which
slow down the breakdown of Mycobacteria, prolonging
its effect [23]. Other studies’ results also support the de-
layed effect of CFA, e.g., its subcutaneous injection can
induce swelling and hyperalgesia with peaks around 24 h
[22]. In a model of parotitis, CFA was injected into the
parotid gland, and increased c-Fos expression was de-
tected in the spinal trigeminal nucleus after 2, 24, 72 h,
which peaked at 72 h [25]. Moreover, it is important to
emphasize that CFA was applied permanently in these
experiments (subcutaneous, intracutaneous application,
or injected into the parotid gland), while we rinsed the
surface of the dura 20 min after application, which might
mitigate its short term effects. The number of studies in-
vestigating dural treatment of CFA is limited; Lukacs
et al. applied CFA on the surface of the dura and rinsed
the surface after 20 min, and they described signs of in-
flammation after 4 and 24 h in the trigeminal ganglion;
calcitonin-gene related peptide (CGRP), interleukin-1
levels were increased compared to saline-treated group
[4]. With longer survival time (seven days), they detected
increased number of c-Fos positive cells in the spinal
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trigeminal nucleus [26]. Based on the studies mentioned
above, we can assume that the variances between the site
and the mode of application might induce different ef-
fects (onset and duration), consequently, in different ex-
periments, various neuronal activation and sensitization
patterns were described; the first effects developed over
2, 4h or more, and in most cases, the peak was between
24 and 72 h. This is consistent with the time course of
delayed-type hypersensitivity reaction, which could be
the main mechanism of action of the CFA application
and can explain the demonstrated variations [27]. In the in-
flammation pain models, the effects of inflammatory medi-
ators are examined in the neurons of the dorsal root
ganglia that are part of the spinothalamic pathway [28], and
information processing might be slightly different in the tri-
geminal system. Hoffman and Matthews found that the
proportion of the sympathetic fibers is higher in spinal
nerves than trigeminal nerves [29]. The function of the
sympathetic nervous system (SNS) in pain processing is not
fully understood: it can play a role in the descending inhib-
ition of pain [30], but on the other hand, studies showed
that catecholamines might be able to sensitize nociceptors
[31]. There is also a link between SNS and immune system;
primary and secondary lymphoid organs receive sympa-
thetic innervation [32], and immune cells express adrener-
gic receptors [33, 34]. In inflammation, immune cells
upregulate alpha-1 receptors which can stimulate release of
proinflammatory cytokines [35, 36]. The higher proportion
of the sympathetic fibers in spinal nerves might be able to
stimulate more immune cells which, probably could initiate
inflammation faster. The main mechanism of action of the
CFA is cell-mediated, this could make it more sensitive to
the variances in the autonomic nervous system compared
to other inflammatory agents [37]. These phenomena might
contribute to our results not showing the activation of the
trigeminal system with shorter survival times.

Edvinsson et al. suggested that sustained trigeminal acti-
vation produced by dural or temporomandibular CFA ad-
ministration could model the transformation from
episodic to chronic migraine [38]. Nociceptor activation
causes release of neuronal mediators like CGRP, which
initiate a local inflammatory response [39] and possibly in-
duce continuous activation and sensitization of the tri-
geminal system [40], creating a self-amplifying process
[41]. This can be paralleled by the effect of repeated mi-
graine attacks, which might generate sustained neurogenic
inflammation or so-called neurogenic neuroinflammation
[38]. As the dural or temporomandibular administration
of CFA can cause prolonged activation of the trigeminal
system with continuous inflammation [4, 42], it might be
able to mimic the chronification process. In our experi-
mental design, it was important to avoid any destruction
or injury on the dura mater; thus, we applied CFA for 20
min and sacrificed the animals after a delay of 2 and 4 h to
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avoid any long term complications of the application, such
as granulomatous infection and focal necrosis, which
would appear after a longer delay. It is possible that the
time of application or the survival time was too short to
activate the secondary sensory neurons in the spinal tri-
geminal nucleus. As CFA did not cause increase in the
number of c-Fos IR cells in the trigeminal system within this
time frame, its dural application might be more useful in the
investigation of a trigeminal activation with a longer delay.
Sterile inflammation (neurogenic inflammation) can
play a role in the pathomechanism of migraine [43], and
application of IS on the dura mater is widely used to
mimic this process in animals [44, 45]. IS contains in-
flammatory agents; bradykinin, prostaglandin E,, hista-
mine, and serotonin, causing activation of the neurons
directly and indirectly through release of other media-
tors. Activation and sensitization markers can be de-
tected as soon as 20 min after the stimulation in the
first-order neurons, and after 2h in the second-order
neurons [5, 46]. We examined the number of c-Fos im-
munoreactive cells after dural IS in spinal trigeminal nu-
cleus caudalis. Previous mapping studies helped us to
learn more about the innervation of the dura mater and
the somatotopic representation of the trigeminal nerve
[7, 47]. These studies allowed us to be the first to
present the effect of chemical stimulation in detail.
Compared to SIF, IS caused significant increase in the
number of labeled cells was the most prominent in the
somatotopic area of the ophthalmic nerve, which is re-
sponsible for the somatosensory innervation of the dura
mater [48]. The innervation of the supratentorial dura is
mostly ipsilateral [48], consequently, we found signifi-
cant difference between the right (ipsilateral) and left
(contralateral) caudal spinal trigeminal nucleus. In sev-
eral studies, a catheter was placed into the cisterna
magna or over the parietal hemisphere [49, 50]. If the
mediators are injected to the cisterna magna, side differ-
ences cannot be seen because this area has bilateral in-
nervation and the substance spreads around the cisterna
[51]. The significant difference in the number of c-Fos
IR cells between the IS and SIF groups persists even
after 4h. From earlier studies, it is known that IS can
cause activation and sensitization of the trigeminal sys-
tem: it has been demonstrated that chemical stimulation
of the dura caused hyperresponsiveness and increased
the receptive field of the TNC neurons [52], and Edel-
mayer et al. presented that dural IS was able to induce
cutaneous allodynia not only in the trigeminal derma-
tome but also in the hind-paws. In their experiments,
withdrawal threshold to von Frey filament stimulation
decreased slowly after dural IS application, reached its
maximum after 3 h, and returned to baseline after 5-6 h
[53]. These findings suggest that the central sensitization
and allodynia is an indirect effect of IS and can explain
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the persistent activation found throughout our experi-
mental time points.

Application of IS on the dura mater triggers activation
and sensitization of the trigeminal system, showing sev-
eral similarities with migraine. Allodynia is present in ~
63% of the patients, in the animal model the time course
of the central sensitization is consistent with the cutane-
ous allodynia seen in patients [54, 55]. Many studies dem-
onstrated that IS evoked activation respond to migraine-
specific and non-specific drugs, which supports that the
chemical stimulation model has a place in drug develop-
ment [52, 56]. Though dural application of IS cannot
demonstrate all aspects of the disease, based on these find-
ings it can be a valid animal model of migraine.

Our data support that dural application of IS is a rele-
vant animal model of migraine, however, application of
CFA can be an alternative method if the longer delay of
the latter is taken into account as they recruit leucocytes,
which release inflammatory mediators instead of direct
neuronal activation.

Conclusion

Counting cells according to the somatotopic organization
in the trigeminal system helps the data analysis, chemical
stimulation over the parietal lobe has the most prominent
effect in the ophthalmic nerve area. Based on other’s and
our results, somatotopic representation of the scalp and
the parietal dura mater overlaps; thus, application of lido-
caine is essential to examine the effect of chemical stimu-
lus in a more specific way. In summary, IS applied on the
dura mater can serve as an approach to model acute mi-
graine, while dural application of CFA might be used as a
long-term trigeminal activation model.
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Migraine is one of the most prevalent neurological diseases, which affects 16% of the total population. The
exact pathomechanism of this disorder is still not well understood, but it seems that serotonin and its
transporter have a crucial role in the pathogenesis.

One of the animal models of migraine is the systemic administration of nitroglycerin (NTG), a nitric
oxide (NO) donor. NO can initiate a central sensitization process in the trigeminal system, which is also
present in migraineurs.

Recent studies showed that the endocannabinoid system has a modulatory role on the trigeminal
activation and sensitization.

Our aim was to investigate the effect of an endogenous cannabinoid, anandamide (AEA) on the NTG-
induced changes on serotonin transporter (5-HTT) expression in the upper cervical spinal cord (C1-C2) of
the rat, where most of the trigeminal nociceptive afferents convey.

The animals were divided into four groups. Rats in the first group, called placebo, received only the
vehicle solution as treatment. In the second group, they were treated with an intraperitoneal (i.p.)
injection of NTG (10 mg/kg). Rats in the third and fourth groups received i.p. AEA (2 x 5 mg/kg) half hour
before and one hour after the placebo or NTG treatment. Four hours after placebo/NTG injection, the
animals were perfused and the cervical spinal cords were removed for immunohistochemistry and
Western blotting.

Our results show that both NTG and AEA alone are able to increase 5-HTT expression in the C1-C2
segments. Combination of NTG and AEA has an opposing effect on this marker, nullifying the effects of
non-combined administration, probably by negative feedback mechanisms.

© 2017 Elsevier B.V. All rights reserved.
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affects 16% of the total population (Smitherman et al., 2013). The
exact pathomechanism of the disease is not fully known, but it has
been suggested that serotonin or 5-hydroxytryptamine (5-HT) has
an important role in the migraine attack (Ferrari and Saxena, 1993).
In 1961, Sicuteri has shown that the excretion in the urine of 5-
hydroxyindoleacetic acid, the principal catabolite of 5-HT, was
increased during some attacks of migraine headache (Sicuteri,
1961) and these findings were verified by Curran et al. in 1965
(Curran et al., 1965). Despite these data, the exact role of 5-HT in
the pathogenesis of migraine is not fully clear.

1. Introduction

Migraine is a chronic neurological disorder characterized by
recurrent headaches lasting for 4-72h and commonly accompa-
nied by nausea, photophobia and phonophobia. This syndrome

Abbreviations: 5-HT, serotonin; 5-HTT, serotonin transporter; AEA, anandamide;
C1-C2, upper cervical spinal cord; CSD, cortical spreading depression; GAPDH,
glyceraldehyde 3, phosphate dehydrogenase; i.p., intraperitoneal; nNOS, neuronal

nitric oxide synthase; NO, nitric oxide; NTG, nitroglycerin; PBS, phosphate-buffered
saline; TBST, Tris-buffered saline containing Tween 20.

* Corresponding author at: Department of Neurology, Faculty of Medicine, Albert
Szent-Gyorgyi Clinical Centre, University of Szeged, Szeged, Semmelweis utca 6, H-
6725 Szeged, Hungary.
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Serotonin transporter (5-HTT) removes 5-HT from the synaptic
cleft back into the pre-synaptic terminals, mitigating the effect of
5-HT. In patients with familial hemiplegic migraine, Horvath et al.
have found low 5-HT levels in the platelets, reduced 5-HT transport
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capacity and low metabolite levels in the cerebrospinal fluid
(Horvath et al., 2011). In a neuroimaging study increased 5-HTT
availability in the mesopontine brainstem of migraineurs has been
detected (Schuh-Hofer et al., 2007). Data show that the vast
majority of 5-HTT is localized on the axolemma, in the vicinity of
the synapses, and along the axons as well. This distribution
suggests that the transporter may play a role not only in the
termination of synaptic transmission, but in the general extracel-
lular 5-HT regulation. Intracellularly, it has been demonstrated in
low amount in the soma and dendrites (Tao-Cheng and Zhou, 1999;
Zhou et al., 1998). Depending on the stimulus, 5-HT uptake and 5-
HTT trafficking may be differentially affected, but are often linked
with altered 5-HTT basal phosphorylation by Ser/Thr protein
kinases (Annamalai et al., 2012; Ramamoorthy et al., 1998).

Nitroglycerin (NTG)-administration is a model of migraine,
being able to generate migraine attacks in migraineurs (Sicuteri
et al, 1987), and trigger activation and sensitization in the
trigeminal system (Di Clemente et al., 2009). It is also well-known,
that NTG-a nitric oxide donor (NO)-can initiate trigeminal
activation and sensitization in animals as well (Pardutz et al.,
2000; Tassorelli and Joseph, 1995). In rats, it has been shown that
NTG produced an increase in the area covered by 5-HT-
immunoreactive fibres (Pardutz et al., 2002), which suggests that
NO influences the 5-HT system.

Cannabis has been sporadically used to reduce nausea and
vomiting during chemotherapy and to treat pain, migraine and
muscle spasticity (Borgelt et al., 2013). The interactions between
the endocannabinoid system and pain perception are intensively
studied in several laboratories, but the psychoactive properties of
cannabinoids (Crawley et al., 1993) restrict their therapeutic
application. On the other hand, a recent retrospective study shows,
that medical marijuana is able to decrease the frequency of
migraine attacks (Rhyne et al., 2016). The alteration of platelet 5-
HT homeostasis was considered to be connected with the
pathogenesis of migraine headache (Danese et al., 2014). Research
data show a strong interaction between the cannabinoid and 5-HT
system in platelets: Al-tetrahydrocannabinol blocked 5-HT
release from the thrombocytes (Volfe et al., 1985), whereas
platelet 5-HT uptake was inhibited by various cannabinoids
(Velenovska and Fisar, 2007; Volfe et al., 1985). The interaction
of cannabinoid and 5-HT systems at the periphery is well
documented, but for the better understanding of migraine
pathophysiology experimental data are needed about such
possible mechanism in the CNS.

Anandamide (AEA) is an extensively studied endocannabinoid,
which is effective in the inhibition of trigeminal activation and
central sensitization in animals (Greco et al., 2010a; Nagy-Grocz
et al, 2016). AEA is an agonist of both cannabinoid 1 and 2
receptors and the transient receptor potential vanilloid type 1
receptor.

The goal of the present study was to investigate the effect of
NTG and AEA on the 5-HTT expression levels, in one of the central
nervous system structures relevant in migraine: the superficial
laminae of the upper cervical spinal cord (C1-C2) with immuno-
histochemistry and Western blotting.

2. Materials and methods
2.1. Animals

The procedures utilized in this study followed the guidelines for
the Use of Animals in Research of the International Association for
the Study of Pain and the directive of the European Economic
Community (86/609/ECC). They were permitted by the Committee of
the Animal Research of University of Szeged (I-74-12/2012) and the
Scientific Ethics Committee for Animal Research of the Protection of

Animals Advisory Board (XI./352/2012). Forty-four adult male
Sprague-Dawley rats weighing 200-250 g were used. The animals
were raised and maintained under standard laboratory conditions,
with tap water and regular rat chow available ad libitum on a 12h
dark-12 h light cycle.

2.2. Drug administration

The animals were divided into four groups (n=6 per group in
the immunohistochemistry, n =5 in the Western blot). The animals
in the first (placebo) group, received only the vehicle solution as
pretreatment. In the second group, the rats were pretreated with
an intraperitoneal (i.p.) injection of NTG (10 mg/kg bodyweight,
Pohl Boskamp). In the third and fourth groups, rats were given AEA
(2 x 5mg/kg) injection half hour before and one hour after the
placebo or NTG treatment. AEA was dissolved in physiological
saline. In the first and second groups, animals were treated with
physiological saline instead of AEA.

2.3. Immunohistochemistry

Four hours after the placebo/NTG injection, the rats were
perfused transcardially with 100ml phosphate-buffered saline
(PBS, 0.1 M, pH 7.4), followed by 500 ml 4% paraformaldehyde in
phosphate-buffer in chloral hydrate (0.4 g/kg bodyweight) anes-
thesia. The C1-C2 segments of the cervical spinal cord between —5
and —11 mm from the obex, which receive important nociceptive
information from the head (Strassman et al., 1993) were removed
and postfixed overnight for immunohistochemistry in the same
fixative. After cryoprotection, 30 um cryostat sections were cut
and serially collected from C1-C2 in wells containing cold PBS. The
free-floating sections were rinsed in PBS and immersed in 0.3%
H,0; in or PBS for 30 min. After several rinses in PBS containing 1%
Triton X-100, sections of C1-C2 were kept for two nights at 4°C in
anti-5-HTT antibody (Merck Millipore, ab9726) at a dilution of
1:100 000. The immunocytochemical reaction was visualized by
the avidin-biotin kit of Vectastain (PK6101), and nickel ammonium
sulphate —intensified 3,3’-diaminobenzidine. The specificity of the
immune reaction was controlled by omitting the primary
antiserum.

2.4. Western blot analysis

Four hours after the placebo/NTG injection, the animals were
perfused transcardially with 100 ml PBS then the dorsal horns of
C1-C2 segments were extracted. Until the measurements, the
samples were stored —80 °C. The specimens were sonicated in ice
cold lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 0.1%
igepal, 0.1% cholic acid, 2 pg/ml leupeptin, 2 mM phenylmethyl-
sulphonyl fluoride, 1 pg/ml pepstatin, 2 mM EDTA and 0.1% sodium
dodecyl sulphate. The lysates were centrifuged at 12,000 RPM for
10min at 4°C and supernatants were aliquoted and stored at
—20°C until use. Protein concentration was defined with BCA
Protein Assay Kit using bovine serum albumin as a standard.
Previous to loading, each sample was mixed with sample buffer,
and denaturated by boiling for 3 min. Equal amounts of protein
samples (20 pg/lane) were separated by standard SDS polyacryl-
amide gel electrophoresis on 10% Tris-Glycine gel and electro-
transferred onto Amersham Hybond-ECL nitrocellulose membrane
(0.45 wm pore size, GE Healthcare). We used The Page Ruler
Prestained Protein Ladder (Thermo Scientific, 10-170kDa) to
define approximate molecular weights. Following the transfer,
membranes were blocked for one hour at room temperature in
Tris-buffered saline containing Tween 20 (TBST) and 5% non fat dry
milk. Then they were incubated in TBST containing 1% non fat dry
milk and 5-HTT antibody (Merck Millipore, ab9726, dilution:
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Fig. 1. Summary of immunohistochemistry results I. A. Representative photomicrographs of the 5-HTT expression in the C1-C2 segments from the treatment groups. The
expression of 5-HTT is not equal between the measured laminae. Laminae I and Il contain higher density of fibres compared to lamina II. B. Changes in area fractions of 5-HTT-
immunoreactive fibres in superficial laminae I, Il and III of the C1-C2 segments. In the NTG and AEA group, the area covered by 5-HTT was significantly higher than in the
placebo group. NTG +AEA treatment abolished this effect. Bars present means + SEM. ##p <0.01; %*p < 0.01; **p <0.01; ***p <0.001 Scale bar: 100 wm.
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1:2000, incubation: overnight at 4°C) or glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) antibody (Cell Signaling
Technologies, 8884, dilution: 1:1000, incubation: overnight at
room temperature). Next day, membranes were incubated in TBST
containing 1% non fat dry milk and horseradish peroxidase-
conjugated anti-rabbit secondary antibody (Santa Cruz Biotech-
nology; sc-2030) for two hours at room temperature. Protein bands
were visualized after incubation of membranes with the

A lo’lacebo

SuperSignal West Pico Chemiluminescent Substrate using Care-
stream Kodak BioMax Light film.

2.5. Data evaluation

All evaluations were implemented by an observer blind to the
experimental groups. The detailed methods were described
previously (Nagy-Grocz et al., 2016).
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Fig. 2. Summary of immunhistochemistry results II.
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A. Representative photomicrographs of the 5-HTT varicose fibres expression in laminae I-IIl of C1-C2 segments from the treatment groups.
B. Changes in varicosity sizes of 5-HTT in superficial laminae I-III of the C1-C2 segments. In the NTG and AEA group, the varicosity size of 5-HTT was significantly higher than
in the placebo group. NTG + AEA treatment reduced this effect. Figure shows means + SEM. *p < 0.05; Scale bar: 100 pm.
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2.5.1. Immunohistochemistry

The photomicrographs of the stained sections of C1-C2 were
taken using Zeiss Axiolmager microscope supplied with an
AxioCam MRc Rev.3 camera (Carl Zeiss Microscopy, Jena,
Germany). The density of the 5-HTT-immunoreactive fibres was
analyzed by Image Pro Plus 6.2% software (Media Cybernetics).
After capturing the images, the borders of laminae I, Il and III of
the dorsal horn were defined manually as areas of interest (AOI).
The background level of the staining intensity was first
determined in the recorded gray scale images, which was used
as a threshold to segment pixels in the AOI with grey levels above
the background, as described in details earlier (Nagy-Grocz et al.,
2016). The area innervated by the immunoreactive fibres was
expressed as the cumulative number of pixels with densities
above the threshold. Finally, the relative area covered by
immunoreactive fibres and in the different laminae was
calculated as area fractions (%) of the appropriate AOL To exclude
possible errors originating from different staining efficiency in
separate experiments, background intensities in indifferent areas
on the sections with non-specific staining were measured and
used as inter-experimental controls.

Higher magnification photos were also taken to determine the
sizes of immunoreactive varicosities by the same digital system
using 40x objective. For the determination of the cross-sectional
areas we selected processes which were in focus and were
recognized and measured by the program as single objects.
Measurements were carried out as above.

A
5-HTT T ST SRS
carpn 4D 4D
Placebo NTG
B
1.5 *%

2.5.2. Western blot analysis

For densitometric analyses, films were scanned and quantified
using Java Image] 1.47 v analysis software (National Institutes of
Health). GAPDH served as a control to ensure loading of equivalent
amounts of sample proteins and measured protein levels of 5-HTT
were normalized to GAPDH.

2.6. Statistical analysis

Statistical analysis of measurements were performed in SPSS
Statistics software (Version 20.0 for Windows, SPSS Inc.) by one-
way analysis of variance followed by the Fishers Least Significant
Difference post hoc test, with p<0.05 taken as statistically
significant. Normality was tested with Shapiro-Wilk test. Group
values are reported as means + S.E.M.

3. Results

3.1. NTG and AEA raise 5-HTT expression in the C1-C2, but the
combined treatment inhibits this effect-immunohistochemistry data

On microscopic investigation (20x objective) of transverse
sections of the C1-C2 segments, there were abundant 5-HTT-
positive fibres in the superficial layers (I-III) of the dorsal horn. In
animals sacrificed four hours after i.p. NTG-injection the 5-HTT-
immunoreactive area was significantly higher in each layers
compared to the placebo-treated group (p < 0.01). This effect has

W W 64 kDa
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Placebo+tAEA NTG+AEA

Relative optical density

1
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Fig. 3. Summary of Western blot data. A. Western blots of 5-HTT and GAPDH expression in the C1-C2. B. The quantitative analysis shows that in the NTG and AEA groups, the
relative optical density of 5-HTT specific bands was significantly higher than in the placebo group. NTG + AEA treatment abolished this effect. p < 0.05; **p < 0.01; **p < 0.01.
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been experienced also in the AEA-treated animals (p<0.01;
p <0.001). It is interesting that, in the combined NTG + AEA treated
group the 5-HTT area fractions were significantly decreased
(p<0.01) as compared either with the NTG or the AEA treated
groups (lamina I: F(3,20)=26.556; p=2x10"% lamina II: F
(3,20)=92.104; p=2.62x107'% lamina III: F(3,20)=45.300;
p=4,81x10"%) (Fig. 1).

3.2. NTG and AEA also enhance the sizes of the 5-HTT varicose fibres in
the C1-C2, but the combined treatment reduces this effect—
immunohistochemistry data

On higher magnification (40x objective), the microscopic
examination of the sections revealed numerous immunoreactive
processes. The average size of the fiber varicosity was significantly
higher in the NTG or AEA treated animals compared to the placebo-
treated group (p < 0.05). In the combined NTG + AEA treated group,
the sizes was reduced (p < 0.05) as compared to the NTG or the AEA
treated groups (F(3,20)=12.071; p=9.9 x 107>) (Fig. 2).

3.3. NTG and AEA increase 5-HTT expression in the C1-C2, but the
combined administration attenuates this effect-western blot data

Western blot analysis of the C1-C2 region confirmed the results
obtained by 5-HTT immunohistochemistry. The characteristic
band of 5-HTT was visualized at 64 kDa. Densitometric analysis
showed that, in the NTG and AEA treated groups 5-HTT bands were
significantly increased (p <0.01) as compared with the placebo-
treated group. After the combined NTG + AEA treatment the bands
were significantly decreased (p<0.05; p<0.01) as compared
either with the NTG or the AEA treated groups (F(3,16)=8.088;
p=2 x1073) (Fig. 3).

4. Discussion

Despite the fact that the role of 5-HT in the migraine
pathogenesis is generally accepted, the exact molecular mecha-
nism of its effect is far from being clearly understood. One of the
key molecules of 5-HT signaling mechanisms is its membrane
transporter 5-HTT, which is responsible for the cellular internali-
zation of the released transmitter, thereby terminating its effect.

In our present study, we found an increase in 5-HTT and
processes expression after the NTG administration in rat C1-C2
segments, where most of the trigeminal nociceptive afferents
terminate. Our western blot data demonstrate that the endocan-
nabinoid AEA has similar effect; its administration increases the 5-
HTT expression.

From functional point of view the observed changes, i.e. the
increased transport of 5-HT may indicate a decrease in the
serotonergic activity in these brain areas. These observations are in
line with previous neuroimaging and molecular biology studies. By
using neuroimaging methods (SPECT-images coregistered with
MRI-scans) (Schuh-Hofer et al., 2007) it was shown that there is an
increased availability of 5-HTT in brainstem in migraine patients
during the interictal period. The recent PET-study also confirms
that the 5-HTT availability is crucial in the pathomechanisms of
migraine (Park et al, 2016). The limitation of the complete
comparison of our results with the clinical studies is that the
human observations are examining migraine during the interictal
period opposite the NTG model of migraine, which is the ictal
model of migraine. On the other hand, clinical and experimental
data from several laboratories clearly indicate that the 5-HTT gene
is one of the genetically contributing factors of migraine (Murphy
etal., 2001). In migraine patients with and without aura it has been
shown an altered allelic division of the 5-HTT (Ogilvie et al., 1998).

Our data give more emphasis on the role of the transporter in
the regulation of 5-HT levels and provide further evidences for the
crosstalk existing between serotonergic and NO systems (Miller
and Hoffman, 1994; Zhu et al., 2004). By using proteomic methods
Chanrion et al. showed that the 5-HTT interacts with the nNOS and
they concluded that this physical association may make reciprocal
modulation possible (Chanrion et al., 2007). It was also shown that
the application of L-NAME (a nonspecific nNOS inhibitor) reduces
the vascular abnormalities which are induced by the CSD-triggered
5-HT depletion, suggesting that NO production has a pivotal role in
the CSD caused 5-HT depletion (Saengjaroentham et al., 2015). In
addition, Harkin et al. showed that inhibition of NO synthase could
be used as a strategy to raise the clinical efficacy of serotonergic
antidepressants, enhancing the activity of the drug (Harkin et al.,
2004).

A previous study found an increase in the 5-HT-IR fibres in C1-
C2 of rats in the NTG-model, which may indicate a reduced release
of 5-HT from the terminals (Pardutz et al., 2002). Our present data
suggests that NTG may increase 5-HT reuptake and may reduced
its levels in the synaptic cleft. In addition, the increased 5-HTT
varicosity may suggest a raised 5-HT turnover, as well. This data is
in accordance with the HPLC results of Tassorelli and her group,
which was shown that NTG can decrease the levels of 5-HT in rats
medullary segments (Tassorelli et al., 2002). It has been observed,
that the depletion of tryptophan (precursor of 5-HT) is positively
correlated with the severity of the headache in migraineurs
(Drummond, 2006), and for that reason the decreased level of 5-HT
is a crucial factor in the trigeminal activation and the pathome-
chanism of migraine.

According to our data the endocannabinoid AEA had an effect
on the 5-HTT too, it increased its expression. Literature data show
that AEA regulates the expression of several genes and some of its
effect is receptor (CB1) dependent, but receptor independent
actions have also been reported (Correa et al., 2008; Mestre et al.,
2011; Sancho et al., 2003). One can not exclude the possibility of
some indirect action, because it is known that endocannabinoids
are able to raise NO production by upregulating the nNOS activity
(Carney et al., 2009). It is therefore possible that the increase of 5-
HTT expression is due to the increase of NO after the administra-
tion of AEA. The possible role of the endocannabinoid system in the
descending modulation of the trigeminal complex was character-
ized by Akerman and his group. They showed that CB1 receptor
activation is able to inhibit the trigeminal nociceptive pathway and
AEA is involved in the modulation of the descending trigemino-
vascular nociception (Akerman et al., 2013, 2004). In our previous
study, we investigated the effect of AEA on the markers of
sensitization and inflammation in the NTG model (Nagy-Grocz
et al., 2016). Taken together, AEA was able to inhibit the NTG
induced changes, suggesting that AEA would have beneficial effect
of migraine pathophysiology, while the interaction with the
serotonergic axis might be more complex.

It was quite unexpected that in animals treated with NTG + AEA
we could not detect changes in 5-HTT expression. The present data
do not permit us to explain all aspects of this phenomenon, but we
can not exclude the possibility of a negative feed-back mechanism,
since both NTG and AEA increase cGMP and NO levels (Carney et al.,
2009). It is also worth considering, that administration of NTG
increases the activity of enzymes, which break down endogenous
endocannabinoids in the midbrain of rats (Greco et al., 2010b),
suggesting, that NTG is able to influence the endocannabinoid
pathway.

On the other hand, we do not exclude that the combined
treatment may act at gene expression level, and the accelerated
induction of 5-HTT synthesis and the rapid reversability of
expression may result in a recovery to the control level by 4 h.
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Further experiments are needed to reveal the molecular
background of this interesting observation.

5. Conclusion

The present study has demonstrated that NTG and AEA alone,
and in a combined treatment are able to modulate 5-HTT
expression. These finding suggest a complex interaction between
the serotonergic and endocannabinoid system on the NTG-induced
trigeminal activation and sensitization phenomenon, which are
important during migraine attack.
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