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1. Introduction

Migraine is a debilitating neurological disorder characterized by recurring episodes
of throbbing headaches that are frequently accompanied by sensory disturbances, nausea,
and sensitivity to light and sound [1–4]. With a global prevalence of approximately 15%
and a significant impact on individuals’ quality of life, migraine represents a major public
health concern [5–7]. Despite its high prevalence and impact, the underlying mechanisms
of migraine remain complex and multifaceted, involving a combination of genetic, environ-
mental, and neurobiological factors [8–10]. Understanding the pathophysiology of migraine
is essential for developing targeted therapies that can effectively manage symptoms and
improve patient outcomes [11–13].

Recent advances in migraine research have emphasized the importance of experi-
mental models in understanding the neurobiological mechanisms that cause migraine
attacks [14–18]. Experimental models, particularly murine models, have provided valuable
insights into the molecular and cellular pathways involved in migraine pathophysiology,
allowing researchers to investigate the neurotransmission, inflammation, and sensitiza-
tion processes that underpin migraine attacks [19–22]. Researchers have identified key
molecules, pathways, and neural circuits that contribute to the initiation and progression
of migraine attacks by simulating migraine conditions in controlled experimental set-
tings [23–25]. These experimental models not only enhance our understanding of migraine
pathophysiology but also serve as valuable tools for testing potential therapeutic targets
and interventions.

The pathophysiology of migraines is significantly influenced by neuroplasticity, which
includes modifications to brain excitability, biochemistry, and functional connectivity [26–28].
Chronic migraines are linked to persistent changes in neural plasticity, such as central sen-
sitization and impaired pain modulation mechanisms [29–33]. These changes can set off a
vicious cycle of pain chronification, in which the brain’s reaction to pain becomes maladaptive
and pathological. Several receptors, including calcitonin gene-related peptide (CGRP), tran-
sient receptor potential vanilloid subtype 1 (TRPV1), and purinergic receptor P2X subtype 3
(P2X3), have also been implicated in migraine mechanisms. For example, CGRP has been
shown to stimulate trigeminal afferent activity and sensitize nociceptive neurons, whereas
TRPV1 and P2X3 receptors are involved in mechanical pain modulation and nociceptive signal
generation, respectively. Understanding the interplay between neuroplasticity and receptor
activity is essential for developing targeted therapies for neurological disorders, including
migraine [34–37].

The following Special Issue, entitled “Migraine Neuroscience: From Experimental
Models to Target Therapy”, aims to showcase the latest research findings and advancements
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in the field of migraine neuroscience, with a specific focus on experimental models and
therapeutic targets for migraine treatment. This collection of articles brings together
cutting-edge studies that explore the intricate interplay of the neurobiological processes
involved in migraine, from neurotransmitter signaling to neuroinflammation and genetic
predisposition. By bridging the gap between basic science research and clinical applications,
this Special Issue seeks to provide a comprehensive overview of the current state of migraine
research and offer insights into novel therapeutic strategies for managing this complex
neurological disorder.

2. Topic Articles

2.1. Calcitonin Gene-Related Peptide (CGRP)-Related Mechanisms and Therapies

CGRP plays a pivotal role in migraine pathophysiology [38–40]. During both migraine
attacks (ictal phase) and headache-free periods between attacks (interictal phase), CGRP
levels are elevated [41–43]. However, after abortive and prophylactic treatment, these
levels tend to decrease [44,45]. Notably, CGRP can induce migraine-like headaches in
patients, and studies have demonstrated its significant release during acute migraine and
cluster headache attacks [46–48]. Chronic migraine may be associated with chronically
elevated CGRP levels [49–51]. Beyond headache mechanisms, CGRP also contributes to
maintaining a normal resting tone in brain circulation [52–54]. Perivascular CGRP appears
to mediate a protective vasodilatory reflex triggered in response to vasoconstriction [55–57].
Additionally, trigeminal pathway activation leads to the release of both CGRP and substance
P [58–60]. A literature review highlights the variability in study design, determination
methods, and results for CGRP measurements in migraine patients [61]. Overall, the above
findings collectively emphasize the importance of CGRP in migraine and highlight the
need for standardized measurement methods, potentially informing therapeutic strategies
targeting CGRP for migraine treatment.

2.1.1. Interaction between Calcitonin Gene-Related Peptide (CGRP) and Nitric Oxide
in Migraine

Benedicter et al. investigated the complex relationship between glycerol trinitrate
(GTN) and CGRP in the context of trigeminal nociception, a key mechanism in migraine
pathogenesis [62]. The researchers used rodent experiments and the anti-CGRP antibody
Fremanezumab to better understand GTN’s downstream effects on CGRP signaling. Their
findings provide compelling evidence that GTN acts downstream of CGRP in the trigeminal
nociceptive system, suggesting that the modulation of CGRP is a critical factor in the
complex pathways that drive migraine pain. By unraveling this interplay between two
key players in migraine, the authors contribute valuable insights that may inform the
development of targeted therapeutic strategies for migraine management. The findings
of their study underscore the importance of understanding the intricate mechanisms
underlying migraine in order to develop more effective and personalized treatments for
this debilitating condition.

Greco et al. investigated the interaction between CGRP and pain mediators involved
in neuronal sensitization in an animal model of chronic migraine [63]. The study authors
aimed to investigate the central and peripheral mechanisms of CGRP receptor antagonism.
The authors revealed that olcegepant reduced the incidence of trigeminal hyperalgesia by
lowering the expression of CGRP in the trigeminal nucleus and proinflammatory markers
such as cytokines, microRNA-132, and TRPA1. The results suggest that CGRP receptor
antagonism is important in both the central and peripheral mechanisms of chronic migraine.
The results of the above study have the potential to contribute to the development of novel
therapeutic strategies for chronic migraine, potentially leading to improved treatment
outcomes and enhanced patient quality of life.

Dux et al. investigated the effects of Fremanezumab, an anti-CGRP monoclonal
antibody, on CGRP release from the rat dura mater and meningeal blood flow [64]. In the
rat model, the authors found that administering Fremanezumab reduced CGRP release
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from the dura mater and, as a result, meningeal blood flow. These findings shed light on
the mechanisms by which anti-CGRP antibodies, such as Fremanezumab, can modulate
CGRP-mediated processes critical to migraine pathogenesis. The above study advances
our understanding of the therapeutic potential of CGRP-targeted interventions in migraine
management by elucidating Fremanezumab’s effect on CGRP release and meningeal blood
flow (Table 1).

Table 1. Major subtopics covering the Special Issue “Migraine Neuroscience: From Experimental
Models to Target Therapy”.

Subtopics Ref.

1. CGRP-related mechanisms and therapies

a. Interaction between CGRP and nitric oxide in migraine [62–64]
b. Real-world outcomes and new therapeutic targets for migraine [65,66]

2. Metabolic pathways and migraine

a. Altered tryptophan metabolism and migraine susceptibility [67]
b. Tryptophan metabolism pathways in migraine: therapeutic implications [68]

3. Experimental Models and Therapeutic Targets

a. Dual FAAH/MAGL inhibitor in a migraine model [69]
b. SFK activity and CGRP–cytokine crosstalk [70]
c. KATP channels in migraine pathophysiology [71]

4. Inflammation and pathophysiology in migraine

a. Neurogenic neuroinflammation in migraine [72]
b. Complex symptomatology of migraine [73]

CGRP: calcitonin gene-related peptide; FAAH: fatty acid amide hydrolase; KATP: ATP-sensitive potassium;
MAGL: monoacylglycerol lipase; SFKs: Src family kinases.

2.1.2. Real-World Outcomes and New Therapeutic Targets for Migraine

Pavelic et al. conducted a systematic review to assess the real-world outcomes of mono-
clonal antibodies targeting CGRP for migraine prophylaxis [65]. CGRP has been recognized
as a key player in migraine pathophysiology, and the development of CGRP-targeted
therapies, including monoclonal antibodies, has revolutionized migraine management.
In their review, the authors analyzed data from 134 publications, including retrospective
and clinic-based studies, case reports, and other articles. The study findings suggest that
treatment with anti-CGRP monoclonal antibodies is associated with lower healthcare uti-
lization, better treatment adherence, and comparable efficacy to randomized controlled
trials. The authors do, however, acknowledge that the retrospective study designs, small
patient populations, and short follow-up periods used in the examined studies limit the
availability of real-world data. They emphasize the need for large prospective studies with
long-term follow-up to fully understand the real-world impact of these novel therapies. By
synthesizing the available evidence on the efficacy and safety of anti-CGRP monoclonal
antibodies in clinical practice, the authors contribute to the growing body of knowledge on
the practical implications of these therapies in migraine management.

Tanaka et al. addressed the potential of other neuropeptides, such as pituitary adeny-
late cyclase-activating polypeptide (PACAP) and vasoactive intestinal peptide (VIP), to
better understand the evolving landscape of migraine treatment beyond CGRP [66]. These
neuropeptides have shown promise in novel migraine management as a potential thera-
peutic target in addition to CGRP. Their review delves into the transition from CGRP to
PACAP, VIP, and beyond, shedding light on the next generation of migraine treatments.
By unraveling the roles of these neuropeptides in migraine pathophysiology, the authors
contribute to expanding the understanding of potential targets for migraine therapy beyond
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the traditional focus on CGRP. Their research paves the way for exploring novel treatment
avenues and advancing the field of migraine management (Table 1).

2.2. Metabolic Pathways and Migraine

Altered tryptophan (Trp) metabolism plays a crucial role in migraine susceptibility
through its main metabolites, serotonin and kynurenine (KYN), which affect pain process-
ing, stress response, neural hypersensitivity, and inflammatory processes [74–82]. These
pathways have been extensively studied in the context of migraine, with a focus on their
influence on vascular and inflammatory mechanisms [68,83–85]. The involvement of Trp
metabolism, particularly through the serotonin and KYN pathways, has been a key area
of research in understanding migraine pathophysiology [86,87]. The authors of recent
studies have identified potential therapeutic targets within these pathways for future drug
development, emphasizing the importance of regulating Trp-KYN metabolism in migraine
treatment [88,89]. The intricate interplay between neurotransmitters, neuropeptides, and
inflammatory mediators underscores the complexity of migraine pathogenesis and the
potential for targeted interventions to improve treatment outcomes [90,91].

2.2.1. Altered Tryptophan Metabolism and Migraine Susceptibility

Gecse et al. investigated the neuroendocrine response to citalopram in patients with
migraine [67]. The authors used a neuroendocrine challenge to assess the metabolism of
Trp and KYN, a key amino acid and its metabolite involved in migraine pathophysiology.
The findings of their study indicate that patients with migraine exhibit altered Trp-KYN
metabolism compared to healthy controls. Specifically, they observed increased Trp levels
and decreased KYN levels in migraine patients. These changes suggest that the metabolism
of these amino acids may play a crucial role in the development and continuation of
migraine. By elucidating the neuroendocrine response to citalopram in migraine patients,
the results of the above study advance our understanding of the complex mechanisms
that underpin migraine, highlighting the potential therapeutic implications of targeting
Trp-KYN metabolism in migraine management (Table 1).

2.2.2. Tryptophan Metabolism Pathways in Migraine: Therapeutic Implications

Körtési et al. present a narrative review that explores the role of Trp metabolism in
migraine pathogenesis [68]. The authors looked at the complex interactions of Trp metabolic
pathways and how they affect migraine-related mechanisms such as pain processing, stress
response, neural and brain hypersensitivity, and vascular and inflammatory processes.
Their review highlights the importance of Trp metabolism in migraine susceptibility and the
potential therapeutic implications of targeting these pathways. By synthesizing the current
knowledge of Trp metabolism in migraine, they provide a comprehensive overview of the
underlying mechanisms and identify promising avenues for future drug development and
migraine management strategies (Table 1).

2.3. Experimental Models and Therapeutic Targets

Experimental models and therapeutic targets are critical for better understanding mi-
graine pathophysiology and developing effective treatments [92–94]. Experimental models,
particularly murine models, provide invaluable insights into the biological mechanisms
that underpin migraines, allowing researchers to test various pharmacological interven-
tions [16,95]. These models simulate migraine conditions, allowing researchers to study
neurotransmission pathways and identify key molecules involved in migraine attacks.
Therapeutic targets identified by the authors of such studies provide promising treatment
options, focusing on molecules and pathways that can be modulated to alleviate migraine
symptoms [12,96–98]. The authors of recent studies have identified several potential tar-
gets, including enzymes, ion channels, and signaling pathways, each of which contribute
uniquely to our understanding of migraine and offer new opportunities for therapeutic
intervention [88,99–102]. Three papers delve into the specifics of these experimental models
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and therapeutic targets, providing a thorough overview of current progress and future
directions in migraine research [69–71].

2.3.1. Dual Fatty Acid Amide Hydrolase (FAAH)/Monoacylglycerol Lipase (MAGL)
Inhibitor in the Migraine Model

Greco et al. investigated the potential therapeutic benefits of targeting the endocannabi-
noid system in the context of migraine pathophysiology [69]. Utilizing a male rat model, the
authors examined the effects of trigeminal hyperalgesia using AKU-005, a dual fatty acid
amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) inhibitor. The study reported
that administering AKU-005 significantly reduced trigeminal hyperalgesia in the rat model,
implying that dual inhibition of FAAH and MAGL could be a useful strategy for managing
migraine-related pain. By elucidating the effects of AKU-005 on trigeminal hyperalgesia, the
findings of the above study contribute to the growing body of research on the role of the
endocannabinoid system in migraine and highlight the potential therapeutic implications of
this novel pharmacological intervention for migraine management.

2.3.2. Src Family Kinase (SFK) Activity and Calcitonin Gene-Related Peptide
(CGRP)–Cytokine Crosstalk

Nie et al. investigated the role of Src family kinases (SFKs) in the interaction between
CGRP and cytokines in sensitizing the trigeminal ganglion [70]. CGRP and cytokines are
key players in migraine pathophysiology, and their interaction is thought to contribute to
the sensitization of the trigeminal system, a crucial mechanism underlying migraine-related
pain. The study authors revealed that SFKs play a crucial role in mediating the crosstalk
between CGRP and cytokines in the trigeminal ganglion. Specifically, they demonstrated
that SFKs facilitate the transmission of CGRP receptor signaling via the protein kinase A
pathway, leading to the sensitization of trigeminal ganglion neurons. By elucidating the
mechanisms by which SFKs regulate the interaction between CGRP and cytokines in the
trigeminal system, the authors contribute to our understanding of the complex pathways
involved in migraine pain and highlight the potential therapeutic implications of targeting
SFKs in migraine management.

2.3.3. ATP-Sensitive Potassium (KATP) Channels in Migraine Pathophysiology

Clement et al. explored the potential role of ATP-sensitive potassium (KATP) channels
in migraine pathophysiology and their therapeutic implications [71]. KATP channels are
known to be involved in various physiological processes, including vascular regulation and
pain perception, making them an intriguing target for migraine research. The researchers
synthesized findings from both preclinical and clinical studies to provide a comprehen-
sive overview of the current understanding of KATP channels in migraine. The above
review emphasizes the translational potential of KATP channel modulation in migraine
management, with the results of animal studies indicating that KATP channel openers
may have anti-nociceptive effects and reduce the incidence of migraine-related behaviors.
Additionally, genetic studies involving humans have identified associations between KATP
channel subunits and migraine susceptibility. By integrating these findings, Clement et al.
propose that targeting KATP channels could be a promising avenue for the development
of novel migraine therapies. Their review underscores the importance of translational
research in bridging the gap between preclinical discoveries and clinical applications in the
field of migraine treatment (Table 1).

2.4. Inflammation in the Pathophysiology of Migraine

Inflammation plays a pivotal role in the pathophysiology of migraine [1,103–106]. The
complex mechanisms underlying migraine include neurogenic inflammation, which con-
tributes to peripheral and central sensitization, resulting in the condition’s chronicity [107–110].
Two papers included in the present Special Issue examine the current understanding of neuro-
genic neuroinflammation and its role in migraine pathophysiology, focusing on how inflam-
matory processes in the meninges and trigeminal nerve pathways cause and sustain migraine
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pain [72,73]. Additionally, the authors of the second paper explore the wider symptomatology
linked to migraines, highlighting the significance of recognizing and managing symptoms
other than headache, such as photophobia and nausea, which have a major influence on pa-
tients’ quality of life [73]. The following section provides a brief overview of the inflammatory
processes involved in migraine, as well as potential strategies for mitigating these effects in
order to improve patient outcomes.

2.4.1. Neurogenic Neuroinflammation in Migraine

Reducha et al. explored the potential of using experimental inflammation models to
gain a better understanding of migraine pathophysiology [72]. Their review highlights
how, in addition to other mechanisms, neurogenic neuroinflammation has been proposed
to play a role in the chronification of migraine, which involves peripheral and central
sensitization. Extensive data indicate that CGRP and intracranial meningeal inflammation
may play a major role in triggering the sensitivity of trigeminal meningeal nociceptors.
The authors discuss how several studies have utilized inflammatory animal models to
investigate this concept, with a focus on the sensitization of trigeminovascular afferent
nerve terminals. By applying a range of pharmacological interventions, these studies
provide insights into the pathways involved in the inflammatory processes underlying
migraine. However, the authors emphasize the importance of using animal models with
care and carefully evaluating the outcomes in the context of migraine pathophysiology, as
the invasive procedures used in these models may have implications for data interpretation.
Overall, the above review underscores the potential of experimental inflammation models
in enhancing our understanding of the complex mechanisms driving migraine while also
highlighting the need for cautious interpretation and translation of the findings into a
clinical setting.

2.4.2. Complex Symptomatology of Migraine

Villar-Martinez and Goadsby conducted a comprehensive review of the pathophysi-
ology and treatment of migraine-associated symptoms [73]. Their review highlights that
migraine is a complex and heterogeneous disorder that goes beyond the core symptom
of headache. The authors discuss the various associated features, including photophobia,
vomiting, and other symptoms that are often overlooked but can significantly impact
patients’ quality of life. The review authors emphasize the importance of understanding
these associated features in the context of migraine pathophysiology as they can provide
valuable insights into the underlying mechanisms driving the disorder. Additionally, the
authors discuss the therapeutic implications of these associated features, including the
potential for targeted interventions to alleviate symptoms and improve patient outcomes.
By synthesizing the current understanding of migraine-associated features, the authors of
the above review provide a comprehensive overview of the complex interplay between
migraine pathophysiology and therapy, highlighting the need for a more holistic approach
to managing this debilitating disorder.

3. Discussion

Migraine research has undergone significant advancements in recent years, shedding
light on the intricate neurobiological mechanisms that underlie this debilitating neurolog-
ical disorder [111–113]. The present Special Issue on migraine neuroscience serves as a
comprehensive compilation of cutting-edge research in the field, with a specific emphasis
on experimental models and therapeutic targets aimed at enhancing our understanding of
migraine pathophysiology and improving patient outcomes. The ultimate goal of this line
of research is to develop targeted therapies that can effectively manage migraine symptoms
and alleviate the burden of this complex disorder on individuals’ quality of life. By delving
into the molecular and cellular pathways involved in migraine attacks, researchers strive to
identify novel therapeutic strategies that can address the diverse array of symptoms experi-
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enced by migraine sufferers, ranging from throbbing headaches to sensory disturbances,
nausea, and sensitivity to light and sound [66].

However, a significant challenge in the field of migraine research lies in bridging the gap
between basic science discoveries and their translation into clinical applications. To overcome
this challenge, researchers must collaborate across disciplines, integrating knowledge from
neuroscience, genetics, pharmacology, and other fields to develop innovative treatment
modalities. Leveraging cutting-edge technologies such as advanced imaging techniques,
genetic sequencing, and computational modeling is crucial in unraveling the complexities
of migraine pathophysiology and identifying potential therapeutic targets. For example, the
functional interplay between error-related brain activity and the autonomic nervous system
in migraine emphasizes the significance of coordinated interactions between the central and
autonomic nervous systems [114,115]. These interactions are critical for survival because they
aid in the detection and correction of errors that could be fatal [116–118].

Advancements in migraine research have not only deepened our understanding of the
underlying mechanisms driving migraine attacks but have also paved the way for person-
alized and targeted treatment approaches. These studies expand on previous research on
CGRP-related mechanisms, Trp metabolic pathways, and experimental models, providing
new insights and having implications for future research directions in migraine neuro-
science [119–121]. Traditional medicine, particularly those derived from herbal compounds,
has proven to be effective in the treatment of a variety of neurological and mental health dis-
orders [122–127]. These remedies have played an important role in the field, and ongoing
research is being conducted to identify potential antimigraine agents [128–130]. Herbs and
other traditional forms of treatment have been linked to the treatment of conditions such
as migraine [131–136]. By investigating the properties of these herbs, researchers hope to
develop more effective medicines and targeted treatments for various conditions, including
migraine. Furthermore, neurophysiological procedures have emerged as promising non-
invasive interventions for migraine treatment, such as transcranial magnetic stimulation
(TMS), with the potential to reduce migraine frequency and severity by modulating cortical
excitability and inhibiting cortical spreading depression. [137–140]. TMS has a lower side
effect profile than traditional pharmacological treatments, making it an appealing option
for patients who cannot tolerate medication [141,142].

The significance of this line of research extends beyond the realm of academia, with
profound implications for clinical practice and patient care. By elucidating the neurobio-
logical underpinnings of migraine and exploring novel therapeutic avenues, researchers
aim to revolutionize the management of this complex neurological disorder, providing
tailored treatment options that address the individual needs and symptoms of migraine
sufferers. Furthermore, the collaborative efforts of basic science researchers and clinicians
are essential in driving forward the field of migraine research and translating scientific dis-
coveries into tangible benefits for patients. By embracing multidisciplinary approaches and
innovative research methodologies, the study of migraine neuroscience holds enormous
promise for future breakthroughs and improved outcomes for individuals affected by this
debilitating condition.

4. Conclusions

The following Special Issue on migraine neuroscience has shed light on the intricate
mechanisms underlying this debilitating neurological disorder. Through experimental
models and therapeutic targets, researchers have made significant strides in understanding
migraine pathophysiology, from genetic predisposition to neurotransmitter signaling and
neuroinflammation. The emphasis on CGRP-related mechanisms and the exploration of
Trp metabolic pathways have provided valuable insights into potential treatment avenues.
Moving forward, future research directions could focus on further unraveling the complex
interplay of neurobiological processes involved in migraine, including investigating novel
therapeutic strategies and exploring the impact of environmental factors on migraine
development. Collaborative efforts between basic science researchers and clinicians will
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be crucial in filling the gap between research findings and clinical applications, ultimately
leading to improved management of this complex neurological disorder. By continuing to
push the boundaries of our understanding and embracing multidisciplinary approaches,
the field of migraine research holds enormous promise for innovative breakthroughs and
improved outcomes for migraine sufferers.
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Abstract: Monoclonal antibodies directed against the neuropeptide calcitonin gene-related peptide
(CGRP) belong to a new generation of therapeutics that are effective in the prevention of migraine.
CGRP, a potent vasodilator, is strongly implicated in the pathophysiology of migraine, but its role
remains to be fully elucidated. The hemisected rat head preparation and laser Doppler flowmetry
were used to examine the effects on CGRP release from the dura mater and meningeal blood flow
of the subcutaneously injected anti-CGRP monoclonal antibody fremanezumab at 30 mg/kg, when
compared to an isotype control antibody. Some rats were administered glycerol trinitrate (GTN)
intraperitoneally to produce a migraine-like sensitized state. When compared to the control antibody,
the fremanezumab injection was followed by reduced basal and capsaicin-evoked CGRP release
from day 3 up to 30 days. The difference was enhanced after 4 h of GTN application. The samples
from the female rats showed a higher CGRP release compared to that of the males. The increases in
meningeal blood flow induced by acrolein (100 μM) and capsaicin (100 nM) were reduced 13–20 days
after the fremanezumab injection, and the direct vasoconstrictor effect of high capsaicin (10 μM)
was intensified. In conclusion, fremanezumab lowers the CGRP release and lasts up to four weeks,
thereby lowering the CGRP-dependent meningeal blood flow. The antibody may not only prevent
the released CGRP from binding but may also influence the CGRP release stimulated by noxious
agents relevant for the generation of migraine pain.

Keywords: fremanezumab; monoclonal antibody; calcitonin gene-related peptide; glycerol trinitrate;
CGRP release; meningeal blood flow; rat; migraine pain

1. Introduction

The sensory neuropeptide calcitonin gene-related peptide (CGRP) is considered to be
crucially involved in the generation and aggravation of migraine and trigemino-autonomic
headaches [1–3]. Increased levels of CGRP have been found during migraine and cluster
headache attacks in the venous outflow from the head and in peripheral blood [4–7]. Con-
versely, the infusion of CGRP caused delayed migraine-like headaches in migraineurs and
cluster-like attacks in patients suffering from cluster headaches, respectively [8,9]. Targeting
CGRP signalling has long been proven to be effective in the treatment of migraine. Triptans
reduce CGRP release, and new small-molecule CGRP receptor antagonists have beneficial
effects in migraine therapy [10–13]. Consistently, in preclinical models of migraine, CGRP-
targeting antibodies or CGRP receptor antagonists have proven to be effective in reducing
elevated trigeminal activity [14–17].

For more than five years now, monoclonal antibodies targeting CGRP or its receptor
have shown their efficacy in preventing chronic, frequent, and episodic migraine [18–20].
Thus, it is quite evident that the attenuation of the CGRP signalling system is effective in
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reducing the occurrence and severity of migraine attacks; however, neither the sites nor
the mechanisms of migraine inhibition or prevention are sufficiently elucidated. There
are good reasons to assume that the main effects are peripheral as monoclonal antibod-
ies cannot readily cross the blood-brain barrier (BBB) [21,22]. Much is still to be dis-
covered regarding the mechanisms of CGRP action and the prevention of its signalling
on trigeminal afferents, which causes sensitization in both migraine-related preclinical
studies [14,23–27] and in patients suffering from primary headaches, triggering their spe-
cific types of headaches [9,28–31].

CGRP is present in a major proportion of spinal and trigeminal nociceptive affer-
ents [11,32–35] and is released from activated peripheral and central terminals and possibly
also from cell bodies within the sensory ganglia [35–37]. Most of the CGRP-containing
trigeminal neurons are chemosensitive in nature, expressing the nociceptive cation chan-
nels transient receptor potential vanilloid (TRPV1) and the transient receptor potential
ankyrin 1 (TRPA1) receptors. The basal and stimulated release of CGRP and substance
P from rodent meningeal tissues has been used as an approved method that reflects the
state of activity of trigeminal afferents [37–44]. In these studies, inflammatory mediators,
such as high concentrations of potassium chloride (depolarizing agent), capsaicin (TRPV1
agonist), or acrolein (TRPA1 agonist), have been applied for stimulation. In clinical experi-
ments, the infusion of CGRP or the nitrovasodilator glycerol trinitrate (GTN, nitroglycerin)
induced immediate headaches and increased CGRP plasma levels [45,46]. In addition,
these substances triggered delayed migraine-like headaches nearly exclusively in migraine
patients [28,47]. Therefore, GTN infusion or injection has frequently been used to model
meningeal nociception and migraine-like states in animal experiments [48–50]. Under
experimental conditions, the injection of GTN resulted in an increased proportion of the
trigeminal neurons that are immunoreactive for CGRP and neuronal NO synthase [51].

As a read-out of the functional condition of the trigeminal nociceptors and released
CGRP, the vasodilatation of meningeal arteries and the changes in meningeal blood flow
have been recorded in rodent in vivo models [52–54]. CGRP is the most effective vasodila-
tor substance acting on arterial meningeal vessels [55] and is therefore mainly responsible
for increased meningeal blood flow when the trigeminal afferents are activated to release
their neuropeptides. Under experimental conditions, trigeminal afferents have been stimu-
lated electrically and chemically, using substances such as acrolein and capsaicin [43,56–61].
These substances are well-known agonists at the TRPA1 and TRPV1 receptor channels,
respectively, releasing neuropeptides upon calcium influx. From previous experiments, we
determined that the meningeal blood flow response to capsaicin depends on the capsaicin
concentration; at nanomolar concentrations, capsaicin causes arterial dilatation and in-
creased blood flow, but at micromolar concentrations, it decreases meningeal perfusion [62].
Thus, capsaicin exerts a dual function on meningeal blood vessels; by releasing CGRP from
trigeminal afferents, it increases meningeal blood flow, while capsaicin acting on vascular
TRPV1 receptors constricts smooth muscle cells, reducing meningeal blood flow.

Further exploration of the mechanisms of the CGRP effect in trigeminal pathophysiol-
ogy guided the rationale of the present preclinical study using fremanezumab [63–65]. We
do not know exactly where the anti-CGRP antibodies exert their effect within the trigeminal
tissues but assume that the cranial dura mater is an important site of action [21,66,67].
Systemically applied anti-CGRP antibodies have a long-lasting migraine prevention ef-
fect [68,69]. We therefore speculate that fremanezumab not only neutralizes the CGRP
released into the tissues but may also reduce the amount of CGRP released in the trigemino-
vascular system upon stimulation. We used in vivo and ex vivo rat dura mater preparations
to measure the CGRP release from the trigeminal afferents and the consequent changes in
meningeal perfusion following the pre-administration of fremanezumab, when compared
to an isotype control antibody.
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2. Materials and Methods

The animal housing and all the experiments were carried out according to the German
guidelines and regulations of the care and treatment of laboratory animals and the European
Communities Council Directive of 24 November 1986 (86/609/EEC), amended 22 Septem-
ber 2010 (2010/63/EU). The experimental protocols were reviewed by an ethics committee
and approved by the District Government of Middle Franconia (54-2532.1-21/12).

2.1. Animals

Adult Wistar rats of both sexes (body weight of females: 230–370 g; males: 230–450 g),
bred and housed in the animal facility of the Institute of Physiology and Pathophysiology
of the FAU Erlangen-Nürnberg, were used. They were kept in a 12 h light/dark cycle in
standard cages in groups of 3–4 and fed with standard food pellets and water ad libitum.
The animals were matched and distributed according to their gender and weight, as equally
as possible, for the different experiments. We also matched the two antibodies used and the
observation time after administration over the whole experimental period as far as possible.
The oestrus state of the females was not assessed.

2.2. Administration of Antibodies

The rats were anaesthetized around 9 a.m. in a plastic box with a concentration of
isoflurane increasing up to 4% (Forene, Abott, Wiesbaden, Germany), applied with an
evaporator (Forane Vapor 19.3, Dräger AG, Lübeck, Germany). The animals were weighed,
and the neck region was shaved and disinfected with 70% ethanol. Then, 30 mg/kg
anti-CGRP antibody fremanezumab or isotype control antibody (Teva Pharmaceuticals,
Redwood City, CA, USA) diluted in saline (10 mg/mL) was subcutaneously injected in
an even distribution 2 cm left and right from the midline and 5 cm from the caudal of
the occiput, using a syringe with a 27-gauge needle. A human IgG2 antibody-targeting
keyhole limpet hemocyanin (KLH) was used as the isotype control antibody to assess the
specific effect of the targeting CGRP. The examiners were blinded as to the identity of the
antibodies. The rats were marked at their tail for identification and placed back in their
cage, where they recovered from the anaesthesia usually within 2–3 min. The animals were
inspected two times on every following day with regard to any unusual behaviour.

2.3. Preparation for CGRP Release Measurements

On day 1, 3, or 10 after the antibody injection at around 9 a.m., the rats were again
shortly anaesthetized by isoflurane to receive an intraperitoneal (i.p.) injection of 5 mg/kg
glycerol trinitrate (GTN, 1 mg/mL in saline) or the same volume of saline as a vehicle,
equal to the GTN solution, using a 23 G needle. Four hours later, the rats were deeply
anaesthetized and killed in an atmosphere of an increasing concentration of CO2. The head
was separated, skinned, and divided in the midline, and the two skull halves with adhering
dura mater were prepared for the measurement of the CGRP release according to a standard
protocol [39]. The skull halves were washed for 30 min with synthetic interstitial fluid (SIF)
and mounted in a water bath above warm water (37 ◦C), holding the temperature constant.
The SIF was composed of (in mM): 107.8 NaCl, 3.5 KCl, 0.69 MgSO4 7 H2O, 26.2 NaHCO3,
1.67 NaH2PO4 2 H2O, 9.64 Na-gluconate, 5.55 glucose, 7.6 sucrose, and 1.53 CaCl2 · 2 H2O
buffered to pH 7.4 with carbogen gas (95% O2, 5% CO2). The skull halves were filled twice
with 300 μL of SIF, followed by a solution of 500 nM capsaicin (dissolved in saline with 1%
ethanol and further diluted with SIF) and another SIF; all the applications were at intervals
of 5 min. The chosen capsaicin concentration exerts a robust CGRP release [70]. At the
end of each interval, the fluid was carefully collected using a pipette without touching
the tissue.

In some experiments, the long-term effect of the fremanezumab treatment on the
stimulated CGRP release was measured. In these experiments, the meningeal afferents
were stimulated by capsaicin (500 nM) application 28–30 days after antibody treatment and
4 h after GTN injection.
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2.4. Analysis of Released CGRP Concentration

From the collected fluid samples, 100 μL was separated; immediately, 25 μL of enzyme-
immunoassay (EIA) buffer containing peptidase inhibitors (Bertin Pharma/SPIbio, Mon-
tigny le Bretonneux, France) was added. The samples were deep-frozen and stored at
−20 ◦C until their analysis, together with the samples of further experiments. After thaw-
ing, the samples were processed using an EIA kit for CGRP according to the instructions
of the manufacturer (Bertin Pharma/SPIbio, Montigny le Bretonneux, France). The EIA
is based on a double-antibody sandwich technique, with monoclonal capture and tracer
antibodies binding the CGRP molecule; the tracer antibody is conjugated with acetylcholine
esterase converting Ellman’s reagent to a yellow substance, the absorbance of which is
measured by a photo-spectrometer (Opsys MR, Dynex Technologies, Denkendorf, Ger-
many). The assay has 100% reactivity for rat CGRP but <0.01% cross-reactivity with other
proteins of the calcitonin family and detects both α- and β-CGRP with the same sensitivity.
The lower limit of detection is 2 pg/mL according to the manufacturer’s information. The
CGRP concentrations in the original samples were calculated in pg/mL, considering the
added volume of EIA buffer.

2.5. Preparation for Meningeal Blood Flow Recordings

Between day 13 and day 20 after the antibody injection, the rats were again anaes-
thetized by 4% isoflurane, followed by an application of 2% isoflurane through a tight
mask. Atropine sulfate (B. Braun Melsungen AG, Melsungen, Germany, 0.5 mg/mL 1:10
with sodium chloride 0.9%) was injected subcutaneously to prevent salivation. The animals
were tracheotomized in order to be artificially ventilated with a mixture of oxygen-enriched
room air and 2% isoflurane. The depth of anaesthesia was routinely assessed and held
at a level in which noxious stimuli (pinching of earlobes) failed to elicit motor reflexes or
changes in systemic arterial pressure. The body temperature of the animals was recorded
by a thermoprobe inserted into the rectum and was kept at 37–37.5 ◦C with a feedback-
controlled heating pad. Systemic blood pressure was recorded with a pressure transducer
connected to the catheter inserted into the right femoral artery. The expiratory CO2 was
continuously monitored (Artema MM 200, Karl Heyer, Bad Ems, Germany) and maintained
at 3–3.5%. The head of the animal was fixed in a stereotaxic frame and held by ear bars and
a snout clamp. The eyes were covered with dexpanthenol ointment (Bepanthen®, Bayer
Vital GmbH, Leverkusen, Germany) to prevent dehydration of the cornea.

2.6. Meningeal Blood Flow Recordings

A median incision was made along the midline of the scalp, the periosteum was moved
aside, and a cranial window of about 8 × 6 mm was drilled into the parietal bone under
saline rinsing to expose the cranial dura mater. The exposed dura mater in the parietal
cranial window was covered with SIF. Two needle type probes of a laser Doppler flowmeter
(DRT4, Moor Instruments, Axminster, UK) were positioned over the branches of the middle
meningeal artery supplying the dura mater. Blood flow was recorded at a sampling rate of
10 Hz and expressed in arbitrary perfusion units (AU), which apply to the output voltage
(mV) of the flowmeter. The systemic blood pressure was recorded simultaneously. The
data were stored and processed with the MoorSoft program for Windows. For chemical
stimulation, the SIF was replaced by 40 μL of solutions, which were washed off after 5 min,
3 times with SIF, and replaced by the next solution 10 min after the last SIF application.
The solutions were applied in a fixed order: SIF, acrolein 100 μM, SIF, capsaicin 100 nM,
SIF, and capsaicin 10 μM. The basal blood flow was the mean flow value measured during
a 3 min period prior to the stimulation of the dura mater. The blood flow values during
stimulation were assessed as mean values, measured during 5 consecutive 1 min periods
and during the whole 5 min application period, and were compared to the respective basal
flow measured prior to stimulation.
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2.7. Data Processing and Statistics

Statistical analysis was performed on non-normalized values using Statistica software
(StatSoft, Release 7, Tulsa, OK, USA). Following verification of the normal distribution of
data, the Student’s t-test and analysis of variance (repeated measures or factorial ANOVA)
were used and extended by Tukey’s honest significant difference (HSD) test or Fisher’s
least square difference (LSD), as specified in the results. The level of significance was set at
p < 0.05. The data are displayed as mean ± SEM (standard error of the mean).

3. Results

3.1. Tolerability of Treatments

The antibodies were injected subcutaneously into 68 rats (33 females and 35 males)
and allocated equally to the fremanezumab and the isotype control antibody groups. The
injection of either antibody did not cause any unusual behaviour during the following days.
In 34 animals, GTN was i.p. injected on the day of the experiment. The injections were not
followed by any unusual behaviour or licking of the injection sites. No signs of irritation or
inflammation at the injection sites were observed. After GTN injection, the rats were not
observed to show any unusual behaviour or decrease in their motor activities. None of the
animals died during the waiting time following the injection of antibodies.

3.2. Body Weight

The rats in all the groups gained body weight during the experiment; the males with
the higher body weight (on average 325.6 g) gained 13.8 ± 5.0 g after 3 days and 53.3 ± 5.6 g
after 10 days; the females (269.4 g) gained 7.5 ± 1.6 g after 3 days and 17.1 ± 3.5 g after
10 days. Using factorial ANOVA, there was a significant difference between the sexes
(F1,52 = 11.72, p < 0.005) and between the waiting days after antibody treatment (F2,52 = 30.14,
p < 0.0001), as expected due to general body growth, but not between the fremanezumab-
and the isotype control antibody-treated groups (F1,52 = 1.27, p = 0.266).

3.3. CGRP Release from the Dura Mater
3.3.1. Exclusion of Antibody-Assay Interactions

To test whether the antibodies interacted directly with the EIA kit, 30 μL of fre-
manezumab (10 mg/mL in saline), or the control antibody at the same dose, was diluted
with 70 μL SIF and 25 μL EIA buffer and processed. The apparent CGRP concentration of
the fremanezumab solution was 6.2 pg/mL, that of control antibody was 8.4 pg/mL. The
apparent CGRP concentration of SIF alone (n = 4) was 8.3 ± 0.71 pg/mL, i.e., values below
8 pg/mL reflect a virtually zero CGRP concentration according to the manufacturer. Thus,
neither the fremanezumab nor the isotype control antibody interacted directly with the
assay to influence the virtual CGRP concentration in the solution.

3.3.2. Exclusion of Side Difference

Equal numbers of males and females (total n = 48) were used for the release experi-
ments. First, we tested whether there was a systematic difference between the two skull
halves of the animals, which were both used for examining the CGRP release from the
dura mater. Therefore, we applied ANOVA with repeated measurements to compare the
sequential release values of all the experiments and set the side of the head (left-right)
as the independent factor (Figure 1A). As expected, the sequential CGRP values varied
significantly (F3,282 = 682.61, p < 0.0001), with a significant increase following the capsaicin
application (Tukey post hoc test, p < 0.0001; Figure 1A, ***), but there was no difference
between the two basal CGRP levels measured at 5 and 10 min (Tukey, p = 1.00). There
was also no difference between the two skull halves of the same animals (F1,94 = 0.19,
p = 0.597). Therefore, the factor side was eliminated from further statistical evaluations,
and the measurements of both sides were independently used for the further analysis of
the other factors, i.e., the numbers used for statistics are the numbers of the skull halves.
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Figure 1. Sequential CGRP release from the dura mater 10 days after injection of antibodies. Data
were grouped according to the head side of animals (A) and control antibody or fremanezumab
treatment, respectively (B). Basal release was measured 5 and 10 min after application of physiological
solution (SIF) and stimulated release after capsaicin application (Caps 500 nM). Repeated measures
ANOVA with Tukey post hoc test, ***: p < 0.0001 to basal value (A) and ##: p < 0.001 between
antibodies (B).

3.3.3. Impact of Antibodies on CGRP Release

We analysed whether the type of the antibody pre-treatment had an impact on the
CGRP release in the course of the experiment, irrespective of the other factor treatments, the
sex, and the waiting time (Figure 1B). The basal CGRP release (mean of the measurements
at 5 and 10 min) was 19.2 ± 0.9 pg/mL in the animals injected with the control antibody
(n = 24) and 15.6 ± 0.7 pg/mL in the animals injected with fremanezumab (n = 24). The
application of capsaicin (500 nM) was followed by a 10-fold increase, approximately, in
CGRP release in all groups. The mean (± SEM) of all the stimulated release values was
190.9 ± 8.2 pg/mL in the animals treated with the control antibody and 137.5 ± 5.8 pg/mL
in the animals treated with fremanezumab; the difference is clearly significant (repeated
measures ANOVA and Tukey test, F1,94 = 32.14, p < 0.001; Figure 1B, ##). After removing the
capsaicin solution, the CGRP release values fell to 40.2 ± 1.1 pg/mL in the animals treated
with the control antibody and 31.0 ± 1.1 pg/mL in the animals treated with fremanezumab.

3.3.4. Impact of Treatment, Sex, and Waiting Time on Basal CGRP Release

In addition to the two antibody types, each of the other factors (GNT/vehicle injection,
sex, and day after antibody injection) seemed to influence the basal CGRP release (Figure 2).
The factorial ANOVA and the Tukey post hoc tests were used to test the differences in
basal CGRP release (mean of values at 5 and 10 min) specifically caused by these factors
interacting with the factor antibody. In the animals pre-treated with the isotype control
antibody (n = 24), the basal CGRP release was lower after injection with GTN compared
to the vehicle injection (F1,72 = 8.07, p < 0.01; Figure 2A, *), which was aggravated in the
animals (n = 24) pre-treated with fremanezumab (p < 0.001; Figure 2A, **). In the control
animals, a lower basal CGRP release was also found in the males compared to the females
(F1,72 = 6.68, p < 0.001; Figure 2B, **). In addition, a lowered basal CGRP release was
found after waiting 3 and 10 days compared to 1 day (F2,72 = 0.35, p < 0.001; Figure 2C, **).
Following the fremanezumab pre-treatment, the basal CGRP release appeared to be lower
in most groups compared to the rats treated with the isotype control antibody (F1,72 = 31.55,
p < 0.001; Figure 2A–C). The difference was statistically significant after GTN injection
(p < 0.001; Figure 2A, ##), in females (p < 0.001; Figure 2B, ##), and after waiting times of 3
and 10 days, p < 0.05; Figure 2C, #).
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Figure 2. Basal CGRP release from the dura mater of animals treated with control antibody (grey)
or fremanezumab (red) depending on injection of vehicle or GTN (A), animal’s sex (B), and waiting
time (day) after antibody treatment (C). Data are means ± SEM of averaged release values measured
at 5 and 10 min; numbers of experiments shown in the columns; and significant differences between
groups (factorial ANOVA and Tukey post hoc test, *: p < 0.01, **: p < 0.001) as well as between control
antibody and fremanezumab (# p < 0.05, ## p < 0.001).

3.3.5. Impact of Treatment, Sex, and Waiting Time on Stimulated CGRP Release

As for the basal release, each of the other factors (GTN injection, sex, and days) may
have had an influence on the stimulated CGRP release (Figure 3). Factorial ANOVA
extended by the Tukey post hoc test was used to test differences in the capsaicin-evoked
CGRP release (at 15 min) specifically caused by these factors interacting with the factor
antibody. After the GTN injection, the capsaicin-induced increase in CGRP release was
higher compared to the vehicle-injected samples only in the group of animals pre-treated
with the isotype control antibody (F1,72 = 7.70, p < 0.01; Figure 3A, *). Likewise, the
capsaicin-induced CGRP release was higher in the female rats, but only in these control
antibody-treated animals (F1,72 = 9.58, p < 0.001; Figure 3B, **). The stimulated CGRP
release was lower in all the groups of animals that had received fremanezumab compared
with the control antibody (Figure 3A–C). The lowering effect of fremanezumab was more
significant after the GTN injection (p < 0.001) than after the vehicle (p < 0.05) (Figure 3A, ##
and #, respectively) and in the females (p < 0.001) than in the males (p < 0.05) (Figure 2B,
## and #, respectively). Regarding the waiting time, the CGRP release fell from day 1 to
day 3 only in the fremanezumab-treated group (p < 0.05; Figure 1C, *) but was stable in the
isotype control antibody-treated group. Furthermore, the lowering CGRP release following
fremanezumab compared to the control antibody was already significantly reduced at
day 1 (p < 0.05), with higher significance at days 3 and 10 (p < 0.001) (Figure 3C, # and ##,
respectively).

Figure 3. Stimulated CGRP release (mean ± SEM) from the dura mater of animals treated with control
antibody (grey) or fremanezumab (red) depending on injection of vehicle or GTN (A), animal’s sex
(B), and waiting time after antibody treatment (C). Numbers within columns denote counts of
experiments; significant difference between groups (*: p < 0.05, **: p < 0.001) and between control
antibody and fremanezumab (#: p < 0.05, ##: p < 0.001).
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Thus, fremanezumab lowered the capsaicin-evoked CGRP release, particularly after
the GTN treatment and in female animals after a waiting time of 3 days.

3.3.6. Additional Experiments with Longer Waiting Time

In addition to the main release experiments, four female and six male animals were
used to examine the CGRP release from the skull halves 28–30 days after the antibody
injection and 4 h after the GTN treatment. The capsaicin-evoked CGRP release in fe-
males was 177.1 ± 17.2 pg/mL after pretreatment with the isotype control antibody and
154.9 ± 5.0 pg/mL after fremanezumab; in males, the respective values were
318.1 ± 30.8 pg/mL and 185.9 ± 16.5 pg/mL. Factorial ANOVA extended by the Tukey
post hoc test, using the factors of antibody and sex, showed significant differences both for
the antibody (ANOVA, F1,16 = 11.28, p < 0.01) and the sex (F1,16 = 13.99; p < 0.01). Thus, the
fremanezumab injection reduced the stimulated CGRP release for at least 4 weeks.

3.4. Meningeal Blood Flow
3.4.1. Basal Blood Flow

The basal blood flow depends largely on the sites where the probes are positioned,
i.e., it is generally higher when larger arteries are measured. Because the maximal flow
value is the 1000 arbitrary units (AU) that can be displayed by the flowmeter, we aimed to
set the probes onto sites with a flow value that warranted a wide scope of flow changes,
which is usually the case at one of the main branches of the middle meningeal artery. Thus,
most of the values were between 250 and 500 AU. For the flow measurements, 10 animals
(5 females and 5 males) were used. In each animal, the blood flow was measured with
two flow probes, which were positioned on different arteries, yielding two independent
measurements; the number of measurements related to the application of the substances
is seen in Figures 4 and 6. The basal blood flow was compared with factorial ANOVA,
including the factors of sex, antibody, and stimulation (acrolein 100 μM, capsaicin 100 nM
and 10 μM) extended by the Tukey HSD post hoc test. Regarding the basal flow, irrespective
of the type of antibody treatment, there was a significant difference between the females
(mean ± SEM: 301.8 ± 33.4 AU) and the males (403.2 ± 22.5 AU) (F1,58 = 8.87, p < 0.01).
There was also a difference between the animals treated with the control antibody (mean
± SEM: 403.4 ± 26.5 AU) and fremanezumab (318.5 ± 28.5 AU) (F1,58 = 5.55, p < 0.05).
The interaction between the sexes and the antibodies was also significant (F1,58 = 26.06,
p < 0.001), and the Tukey post hoc test showed that the difference between the antibodies
was solely based on a difference within the females (p < 0.001) but not the males (p = 0.337)
(Figure 4A). Finally, there was no difference in the baseline flow values in the same animal
before the serial application of acrolein and capsaicin at the two concentrations (F1,58 = 1.28,
p = 0.28) (Figure 4B). Thus, the basal flow was lower in the female animals after treatment
with fremanezumab, probably due to the lower unstimulated basal CGRP release.
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Figure 4. Basal blood flow of the dura mater (means ± SEM) of female and male rats 13–20 days
after injection of either control antibody (grey) or fremanezumab (red) (A) and before stimulation
with acrolein and capsaicin at two doses (B). Numbers within columns denote counts of experiments;
**: p < 0.001 comparing the effect of control antibody and fremanezumab treatment on basal blood
flow in females.

3.4.2. Stimulated Blood Flow
Stimulation with Acrolein

After application of the TRPA1 receptor agonist acrolein (100 μM), the meningeal blood
flow increased slightly in the rats treated with the control antibody but did not significantly
change in the animals treated with fremanezumab (Figures 5A and 6A left). Two-way
repeated measures ANOVA of single-minute values (factor time) and the factor antibody
showed a significant change over time (F5,110 = 4.38, p < 0.005) and a significant difference
between the baseline and the values of minutes 3–5 in the control antibody experiments
(LSD post hoc test, p < 0.05). In the fremanezumab-treated animals, the meningeal blood
flow decreased transiently within the first minute (p < 0.05). The mean flow during the
5 min acrolein stimulation was 102.3% of the baseline in the control antibody experiments
and 98.3% in the fremanezumab experiments (Figure 6A right). Thus, acrolein caused a
moderate increase in the meningeal blood flow with a delay of 2–3 min in the rats treated
with the antibody isotype but not in the animals treated with fremanezumab.

Figure 5. Examples of original blood flow recordings comparing responses to 5 min application of
acrolein (A), capsaicin at low dose (B), and at high dose (C) after treatment with control antibody
(left) and fremanezumab (right). AU, arbitrary perfusion units.
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Figure 6. Stimulated blood flow of the dura mater (means ± SEM) of rats of both sexes 13–20 days
after injection of either control antibody (grey) or fremanezumab (red) before stimulation with
acrolein (A) and capsaicin at two doses (B,C). Blood flow was normalized to the baseline flow prior
to stimulation; # significant difference to baseline; * significant difference between control antibody
and fremanezumab experiments; numbers within columns denote counts of experiments.

Stimulation with Low-Dose Capsaicin

After application of the TRPV1 agonist capsaicin (100 nM), the blood flow tended to
decrease transiently and then increased in the rats treated with the control antibody but
showed no significant change in the rats treated with fremanezumab (Figures 5B and 6B left).
Two-way repeated measures ANOVA showed a significant change over time (F5,110 = 8.75,
p < 0.0001) and a significant difference between the baseline and the values of minutes
4 and 5 in the isotype control antibody experiments (LSD post hoc test, p < 0.05); there
was no difference in any minute of the fremanezumab experiments. The mean blood flow
during the 5 min capsaicin stimulation was 103.9% of the baseline in the control antibody
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experiments and 98.6% in the fremanezumab experiments (Figure 6B right). Thus, capsaicin
at the low dose of 100 nM caused an increase in meningeal blood flow after 3–4 min of
application in the rats treated with the isotype control antibody but not in the animals
treated with fremanezumab.

Stimulation with High-Dose Capsaicin

After the application of capsaicin at 10 μM, which, in addition to the CGRP-releasing ef-
fect, vigorously stimulates the TRPV1 receptors of the smooth muscle cells of the meningeal
blood vessels, the flow decreased transiently in the rats treated with the control antibody
and permanently in the animals treated with fremanezumab (Figures 5C and 6C left).
Two-way repeated measures ANOVA showed a significant change over time (F5,110 = 17.07,
p < 0.0001) and a significant difference in the interaction of the factors of time and antibody
(F5,110 = 5.59, p < 0.0005). The post hoc LSD test indicated that in the control antibody
experiments, the values of minutes 1–4 were different to those of the baseline (p < 0.05),
while in the fremanezumab experiments all the values were significantly lower than the
baseline (p < 0.0001). The mean flow during the 5 min of stimulation was 82.4% of the
baseline in the control antibody experiments and 63.4% in the fremanezumab experiments,
which was significantly different (Student’s t-test, df = 20, p < 0.05; Figure 6C right). Thus,
capsaicin at the high dose of 10 μM caused a transient decrease in flow for 4 min in the rats
treated with the isotype control antibody but a robust and sustained decrease in flow in the
rats treated with fremanezumab.

4. Discussion

The present study was initiated in an attempt to further examine changes in the noci-
ceptor function in the trigeminovascular system induced by the systemic administration
of the monoclonal anti-CGRP antibody fremanezumab. We subcutaneously administered
the anti-CGRP antibody fremanezumab to rats, in a manner similar to the human clinical
use of this antibody for the prevention of chronic and frequent migraine. Rats treated with
fremanezumab or an isotype control antibody were studied by applying well-established ex
vivo and in vivo experimental models of meningeal nociception relevant to the pathophysi-
ology of migraine headache. Fremanezumab did not cause any changes in behaviour, nor
did it interfere with the growth of the animals in comparison with isotype control antibody-
treated animals. The isotype control antibody does not bind to CGRP and was used as a
negative control to assess the effect of specifically targeting CGRP with fremanezumab.

4.1. Sex Difference in CGRP Release

First, we examined the amount of CGRP released from the dura mater in our estab-
lished ex vivo hemisected rat head preparation. The CGRP release was reduced as early
as three days after the fremanezumab treatment, which applied to both the spontaneous
(basal) release and the stimulated release following the application of the TRPV1 agonist
capsaicin (500 nM), and this effect lasted up to four weeks. Being aware of the possible sex
differences in CGRP signalling, we used male and female rats in equal parts. Although
we did not test the oestrus cycle of the female animals, the females showed significantly
higher basal CGRP release from the dura mater compared to the males; hence, the reduction
observed with the fremanezumab treatment on the basal and stimulated CGRP release
was more robust in the females than in the males. To our knowledge, a sex difference in
CGRP release has not been published so far; however, it has been reported that female
compared to male rodents are more sensitive to CGRP [71]. In the latter study [71], only
female animals showed facial mechanical hypersensitivity and pain-like grimace behaviour
when CGRP at low doses was directly applied onto the dura mater, as well as mechanical
hypersensitivity of the hind paws after intra-plantar injection of CGRP, suggesting a gen-
erally higher susceptibility to CGRP in females. Earlier, it was reported that systemically
or locally administered CGRP did not excite or sensitize meningeal afferents, but in these
experiments only male rats were used [23]. In another study with both male and female
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mice, intraperitoneal CGRP injection caused grimace behaviour indicating pain, without a
significant sex difference but with a trend of higher responsiveness in females [72]. In this
case, sumatriptan reduced the response to CGRP only in male animals, while the anti-CGRP
antibody ALD405 was effective in both sexes. These discrepancies may be partly due to the
different modes of application of CGRP and the doses, as discussed [27], and demonstrate
that differentiating sexes is important regarding the examination and therapeutic targeting
of the CGRP release and signalling system.

4.2. Where Do Anti-CGRP Antibodies Act?

The migraine-preventing effect of CGRP-targeting antibodies is considered mainly as
a peripheral effect in the trigeminovascular system as antibody penetration of the blood
brain barrier (BBB) into the central nervous system is limited. CGRP is also released from
the central terminals of the activated trigeminal afferents within the spinal trigeminal
nucleus [36,37] and contributes to synaptic transmission [14,73]. Immunohistochemical
labelling of a fusion protein of the CGRP receptor components RAMP1 and CLR suggests
CGRP binding in the monkey spinal trigeminal nucleus, in addition to the known peripheral
sites of CGRP receptor expression in the trigeminovascular system [74]. However, due
to the limited access of IgG antibodies to central sites within the BBB, an effective central
effect of CGRP-targeting antibodies appears unlikely. Moreover, despite some controversial
clinical observations, no convincing evidence supports the assumption that migraine
attacks enhance the permeability of the BBB, allowing the passage of chemical substances
from the blood into the brain tissue [75]. Therefore, trigeminal ganglion neurons and
satellite cells and the dura mater innervated by the peripheral axons of the trigeminal
afferents—structures not protected by the BBB—are the most likely targets of the antibody
treatment. While it is presumed that the anti-CGRP antibodies act in the periphery, the
precise target of peripheral CGRP signalling to afferent structures is not known. Based on
the immunohistochemical findings, it has been hypothesized that CGRP released from C-
fibres binds to CGRP receptors located on the sensory axons of the Aδ-fibres, namely within
the nodes of Ranvier, thereby sensitizing the membrane channels of the Aδ-fibres [76], but
functional evidence for this assumption is lacking. The main problem with this hypothesis
is that voltage-dependent conduction channels could possibly be sensitized to increased
excitatory currents, as seen in experimental neuropathic conditions [77,78], but it does
not explain the CGRP release from the adjacent C-fibres. The hypothesis is at least in
line with the finding that fremanezumab inhibits mainly the Aδ fibres in a rat model of
the cortical spreading depression-induced activation of second-order neurons in the rat
spinal trigeminal nucleus [63]. However, the mechanism of CGRP involvement in cortical
spreading depression is not yet clear [79]. Fremanezumab does not inhibit the arterial
dilatation induced by cortical spreading depression in rat [80].

4.3. Meningeal Blood Flow Induced by the Stimulation of TRP Receptors

Our release experiments were complemented by in vivo meningeal blood flow record-
ings as functional measurements reflecting the blood flow-increasing effect of CGRP re-
leased from nociceptive afferents. Consistently with the CGRP release measurements, both
the basal blood flow and the flow induced by the TRPA1 agonist acrolein and the low
concentration of the TRPV1 agonist capsaicin (100 nM), which are both known to induce
CGRP release, were reduced in the animals treated with fremanezumab compared to the
isotype control antibody. Capsaicin at the high dose of 10 μM, which directly activates
the TRPV1 receptors of the vascular smooth muscle cells, induced a transient decrease in
flow for 4 min in the rats treated with the antibody isotype but a robust and sustained
decrease in flow in the rats treated with fremanezumab. Topical application of capsaicin at
this high dose has been shown to decrease meningeal blood flow [62], most likely by direct
activation of the TRPV1 receptors of the vascular smooth muscle cells that induce calcium
inflow and smooth muscle constriction [43]. The CGRP-releasing effect of capsaicin from
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the meningeal afferents counteracts this effect, which is partly effective in rats treated with
the isotype control antibody but not in rats treated with fremanezumab.

4.4. Possible Effects of Anti-CGRP Antibodies beyond CGRP Neutralization

Anti-CGRP antibodies are thought to neutralize part of the CGRP molecules released
by activated peptidergic afferents, thus lowering the capacity of the CGRP signalling.
They most likely exert their effect within the tissues such as the dura mater and the
trigeminal ganglion, probably directly at the sites of CGRP release. The mechanisms by
which CGRP interacts with other nerve fibres is largely unknown, as discussed above;
however, the effects of the gene expression within the trigeminal ganglion may contribute
to sensitization. The CGRP receptors are expressed by both neurons and satellite glial
cells in the trigeminal ganglion [81,82], and signalling between CGRP-releasing and CGRP-
sensitive trigeminal ganglion cells seems possible [83]. CGRP may induce gene expression
by ERK signalling [84], which could result, for example, in an increase in neuronal NO
synthase and hence the production of NO in the ganglion [85]. The NO may back-signal to
the CGRP-producing cells, which then increase their expression of CGRP [86] and the CGRP
receptor components in other neurons [51]. In short, these mechanisms could induce a
vicious circle, including the production of other sensitizing mediators such as brain-derived
neurotrophic factor, which then are delivered by axonal transport to the peripheral nerve
fibres and central terminals [87]. Anti-CGRP antibodies, which may act in the trigeminal
ganglion, could interrupt this cross-signalling at an early state and prevent the peripheral
sensitization dependent on the gene expression.

Alexa Fluor 594-conjugated fremanezumab has recently been found not only in the
sensory but also in the autonomic ganglia of rats [21]. Early investigations have already re-
vealed CGRP immunoreactivity in small numbers of neuronal cell bodies but in numerous
stained axons in several parasympathetic ganglia [88]. Varicose CGRP-immunoreactive
nerve fibres have been described as forming synaptic-like contacts with the somata of the
sphenopalatine and ciliary ganglia [89,90], and CGRP receptor components have been local-
ized in rat sphenopalatine ganglion, especially in the satellite glial cells [91]. These morpho-
logical findings may form the structural basis for the so-called trigemino-parasympathetic
reflex [92], which is postulated to crucially contribute not only to the generation of the clus-
ter headache [93] but also to migraine pain [94], but this has not been sufficiently examined
so far. The assumed signalling between the CGRP-secreting nerve fibres and the glial cells
in autonomic ganglia is certainly not an acute synaptic process but indicates, rather, an
indirect control of neuronal processing, which is most likely based on gene regulation in
the glia and/or neuronal cells.

5. Conclusions

Taken together, our results suggest that fremanezumab is able to neutralize part of the
released CGRP in rat dura mater and possibly also in the trigeminal ganglion. In addition,
fremanezumab significantly decreases the CGRP release evoked by noxious stimulation,
thereby lowering meningeal blood flow. Fremanezumab’s effect on CGRP release and
meningeal blood flow is more pronounced in female than in male animals. Our data may
provide a mechanism explaining the functional changes in the trigeminovascular system,
leading to reduced pain susceptibility in migraine patients treated with CGRP-targeting
monoclonal antibodies.
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Abstract: Altered tryptophan (TRP) metabolism may have an important role in migraine suscepti-
bility through its main metabolites, serotonin and kynurenine (KYN). Both affect pain processing
and stress response by interfering with neural and brain hypersensitivity and by interacting with
chemokines and cytokines that control vascular and inflammatory processes. The involvement of
these pathways in migraine has been widely studied, but acute citalopram neuroendocrine challenge
on TRP metabolism and cytokine profile has not been investigated yet. In our study, females with
episodic migraine without aura and healthy controls were studied before and after acute citalopram
or placebo in a double-blind setting. At baseline, increased TRP/large neutral amino acid (LNAA)
ratio and decreased RANTES chemokine concentration were detected in migraine patients compared
to controls. The challenge induced a significant increase in TRP, KYN, and TRP/LNAA in healthy
controls, but not in migraine patients. Furthermore, migraine attack frequency negatively correlated
with KYN/TRP ratio and positively correlated with the neuroendocrine-challenge-induced KYN
concentration increase. Our results support a decreased breakdown of TRP via KYN pathway and
a failure to modulate TRP–KYN pathway during citalopram-induced acute stress together with an
increased vascular sensitivity in migraine. These mechanisms may provide useful drug targets for
future drug development.

Keywords: headache; stress; biomarker; RANTES; neuroendocrine challenge; cytokine

1. Introduction

Migraine is considered the primary cause of disability in young women, despite the
advances in diagnosis and treatment in recent decades [1]. Different theories of migraine
have been developed over the years, but nowadays migraine is described as a neurovas-
cular disorder accompanied by altered brain sensory processing [2]. The involvement of
serotonin in migraine pathophysiology was among the first to be discovered [3,4]. The
observation of increased sensitivity to alterations in serotonergic neurotransmission in
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migraine patients has led to the development of the first migraine-specific drugs, called
triptans [5], which act not only as vasoconstrictors as initially thought, but also through
neural mechanisms by inhibiting trigeminal afferents and central trigeminal neurons [6].
Despite their effectiveness [7], we still do not know who will respond to triptan treatment,
but there are promising studies to find markers of responsiveness [8]. In spite of the fact
that potential cardiac side effects related to triptans directed drug discovery to other targets,
serotonin remains in sight of migraine research [9].

Since serotonin does not cross the blood–brain barrier, dietary intake and plasma
concentration of L-tryptophan (TRP), its essential precursor, affect brain serotonin synthe-
sis [10] and potentially migraine susceptibility. TRP uptake to the brain is dependent on
plasma concentration of other large neutral amino acids (LNAAs), as they compete for a
common transporter [11]. The ratio of TRP/LNAA is widely used to describe the portion
of TRP uptake to the brain; however, plasma TRP/LNAA ratio in migraine has not been
investigated yet. Studies concerning the blood TRP concentration of migraine patients are
not consistent; both higher [12–15] and lower [16,17] TRP concentrations were reported
in migraineurs compared to controls. Furthermore, migraine patients are suggested to be
sensitive to TRP concentration changes; thus, TRP depletion induces intense headache,
nausea, and photophobia in migraineurs [18]. In addition, consuming relatively less TRP
increases the risk for developing migraine in susceptible persons [19]. However, TRP
supplementation alone has not proved to be an effective anti-migraine therapy [20,21].

One potential explanation of the uncertain therapeutic effect of TRP in migraine could
be related to its complex metabolism. Although a small fraction of TRP serves serotonin
synthesis, the main metabolic pathway of TRP is the kynurenine (KYN) pathway, which
is also known to be involved in migraine [14,17,22,23]. Ninety-five percent of TRP is
metabolized into N-formyl-kynurenine via two enzymes: tryptophan-2,3-dioxygenase
(TDO) in the liver or indolamine-2,3-dioxyganese (IDO) in peripheral tissues and the
nervous system [10]. After this rate-limiting step, L-kynurenine (KYN) is formed by
formamidase enzyme. KYN is the main component of this pathway, as several active
metabolites are synthesized from KYN, such as the neuroprotective kynurenic acid (KYNA)
and the excitotoxic quinolinic acid (QUINA) [10].

The KYN–KYNA pathway may exert its effect on migraine via influencing glutamater-
gic neurotransmission. In migraine, glutamate acting on N-methyl-D-aspartate (NMDA)
receptors induces the dilation of intra- and extracranial vessels [24] and also has an im-
portant modulatory effect on the descending pain control system in the brainstem, which
influences trigeminal activation and nociception [2]. As KYNA is an endogenous NMDA
receptor antagonist, it exerts an antinociceptive effect in the trigeminovascular system and
may be a possible target of anti-migraine therapy [25,26]. In previous studies, decreased
plasma KYN concentration was reported in both episodic [17] and chronic [14] migraine
patients in interictal period compared to controls, suggesting a metabolic imbalance in TRP
pathways of migraineurs [22]. KYN concentration is directly proportional to TRP concentra-
tion, and the KYN/TRP ratio is widely used to represent the shift of TRP metabolism from
serotonin synthesis to KYN pathway [27]; previously, it was used as an indicator of IDO
activity [28]. Even though the involvement of KYN pathway in migraine is well-known,
there is still no anti-migraine therapeutic agent in the market acting on this pathway.

Serotonin and KYN may also have a notable role in migraine pathophysiology due to
their regulatory influence on inflammatory processes [22,29]. KYN contributes to chemo-
tactic activation of peripheral monocytes and also has a potential neuroimmunoregulatory
role [28,30], while accumulating evidence suggests that alteration of the serotonin level in
the body by serotonin reuptake inhibitors (SSRIs) modulates immune cell function and
cytokine production [31]. However, the exact role of inflammatory processes in migraine
pathophysiology is intensely debated [32]. The sterile neurogenic inflammation is hypothe-
sized to contribute to the development of migraine attacks [33]. During a migraine attack,
the activation of trigeminal neurons induces neuropeptide release; among others, calcitonin
gene-related peptide (CGRP) [34,35] is a successful drug target for novel antimigraine
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therapies [36], leading to increased vascular permeability, vasodilation, and sensitization
of the trigeminal neurons [37]. Furthermore, recent in vitro studies suggest that CGRP
may increase the production of pro-inflammatory mediators, among them IL-1β, IL-6, and
TNF-α, in the trigeminal ganglia [38]. Cytokines could act as pain mediators in neurovas-
cular inflammation and play a role in pain generation in migraine [39]. The increased level
of chemokines reinforces the stimulation of trigeminal neurons and thus the release of
vasoactive peptides [40]. In addition, pro-inflammatory cytokines shift the metabolism of
tryptophan toward the KYN pathway by activating the IDO enzyme [41]. Nevertheless,
the investigation of cytokines in human migraine provided conflicting results, suggesting
a possible increase in serum IL-1β, IL-6, and TNF-α levels in migraineurs compared to
controls [42], depending on the ictal or interictal phase [32].

To further investigate the role of TRP metabolism and cytokine production in migraine
and to identify potential migraine biomarkers, we investigated the baseline plasma concen-
tration of tryptophan pathway and cytokine profile in interictal migraine patients without
aura compared to healthy controls at two time-points at least two weeks apart in order
to determine trait-like alterations. In addition, we examined serotonergic responsivity
using a low-dose acute citalopram challenge, which is a safe neuroendocrine probe [43,44].
Citalopram is the most selective serotonin-reuptake inhibitor (SSRI) and increases extra-
cellular brain serotonin availability without binding to any receptor type, and it also acts
peripherally on serotonin-transporter-expressing cells. Intravenous administration of the
drug is favored to avoid pharmacokinetic issues [43]. Acute citalopram challenge induces
an increased arousal-like state [45] and a neuroendocrine stress response by increasing
prolactin, ACTH, and cortisol release by stimulating the hypothalamic–pituitary–adrenal
(HPA) axis [46,47]. Therefore, it is used as a neuroendocrine challenge to examine acute
stress response [43,46,47]. Our previous study demonstrated that migraine patients are
more sensitive to citalopram challenge showing increased brain activation in the anterior
cingulate cortex compared to controls, for which observation suggests that increased stress-
sensitivity in migraineurs is partially mediated by the serotonergic system [48]. However,
to the best of our knowledge, the neuroendocrine response of migraine patients in acute
citalopram challenge has not been investigated yet, nor has this challenge been used to
determine the alterations of tryptophan metabolites and cytokines during acute serotonin
level increase. Our additional aim was to investigate the correlation between clinical param-
eters of migraine and plasma concentration of tryptophan pathway and cytokine profile in
baseline condition and after acute citalopram neuroendocrine challenge.

2. Materials and Methods

2.1. Study Design

Participants received 7.5 mg citalopram infusion in a randomized, double-blind
crossover design. Normal saline or citalopram was infused over 7.5 min. The experimental
days were separated by at least two weeks to evaluate them as independent sessions.
In previous studies, 7.5 mg dose intravenous citalopram was proven to be an effective
neuroendocrine challenge. Blood samples were collected 10 min before the infusion as
well as 20 and 60 min after the infusion. The first blood sample was collected around
50 min after the participants’ arrival to let them acclimatize and to reduce the effect of
experiment-induced stress (Figure 1).

Every five minutes, participants were asked about their subjective experiences, and
they answered with yes/no for the following statements: anxious, nauseous, drowsy,
lightheaded, restless, uncomfortable.

The experiments were conducted between 4:00 pm and 8:00 pm in order to avoid the
impact of circadian variations in cortisol and DHEA-S concentration [49,50].
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Figure 1. The study design. (a) Overall design of the randomized, cross-over study. Participants with
only baseline data had missing variables; therefore, we could not include them in neuroendocrine
challenge analysis. They were only included in baseline data analysis. (b) The design of each
experimental day.

2.2. Participants

Forty-three female participants were included in the study: 21 patients with episodic
migraine without aura and 22 healthy controls, between 18–50 years of age. The recruitment
was based on university advertisements and newspaper articles, and some migraineurs
volunteered from Headache Clinics. The participants underwent a diagnostic interview and
medical screening, and their mental health status was checked using the Mini-International
Neuropsychiatric Interview [51]. Exclusion criteria were the following: having any past
or current serious medical, neurological (except migraine without aura), or psychiatric
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disorders; use of any daily medication (except contraceptives). All participants refrained
from alcohol for at least 24 h and caffeine for at least 4 h before taking the first blood
sample. In the case of four migraineurs and five controls, there were technical problems
in the blood sample collection during the citalopram neuroendocrine challenge. Their
data were included in the baseline concentration analysis but excluded from the neu-
roendocrine challenge analyses. Among the included participants, 17 migraineurs and
17 controls successfully completed the study without missing data and were included in
the neuroendocrine challenge analyses.

2.3. Clinical Variables of Migraine

The diagnosis of episodic migraine without aura was given by expert neurologists
based on the International Classification of Headache Disorders-III criteria [52]. Migraine
with aura patients were excluded from the study. Participants were pain- and medication-
free 48 h before and 24 h after the examination days and they were not taking any preventive
migraine medications. They were asked to provide information about the clinical indicators
of migraine such as age at disease onset and frequency of attacks per month.

2.4. Ethics

The study was conducted in accordance with the Declaration of Helsinki. Each
participant was informed regarding the aim of the study, the substance used, and possible
aversive side effects, and they provided written informed consent. The study protocol was
approved by the Scientific and Research Ethics Committee of the Medical Research Council,
Hungary (number: 23609-1/2011-EKU, 23421-1/2015-EKU).

2.5. Biological Samples

The blood samples were collected into K3EDTA tubes. After immediate centrifugation
(10 min at 2000 RPM), plasma samples were kept frozen at −80 ◦C until the assay. For the
quantitative determination of tryptophan, kynurenine, and other large amino acid (valine,
leucine, isoleucine, phenylalanine, and tyrosine) concentration, LC–MS/MS method was
used. The detailed methodology was published by Virág et al. [53]. Plasma cortisol and
dehydroepiandrosterone sulfate (DHEA-S) levels were measured by competitive ELISA kits
from NovaTec Immunodiagnostica GmbH (Dietzenbach, Germany) according to the manu-
facturer’s instructions [54]. The coefficient of variation expressing inter- and intra-assay
variance were as follows: cortisol, 11.0% and 5.1%; DHEA-S, 10.4% and 7.9%, respectively.
The cortisol antibody showed 46.2% cross-reaction with prednisolone, while the DHEA-S
antibody showed cross-reaction with DHEA (100%) and androstenedione (59%).

The concentrations of cytokines and the main chemokines induced by them [55,56]
(granulocyte colony-stimulating factor (GCSF), interleukin 1 alpha (IL1a), interleukin 1 beta
(IL1b), interleukin 6 (IL6), interleukin 8 (IL8), interleukin 10 (IL10), tumor necrosis factor
alpha (TNFa), monocyte chemoattractant protein-1 (MCP-1), and regulated upon activation,
normal T-cell-expressed, and presumably secreted CCL5 (RANTES)) were determined by
BD Cytometric Bead Array (CBA) using BD CBA Flex Sets according to the manufacturer’s
instructions. Samples were acquired using a BD FACSVerse flow cytometer (BD, Becton,
Dickinson and Company, Franklin Lakes, NJ, USA), and the results were analyzed by
FCAP Array software (BD, Becton, Dickinson and Company, Franklin Lakes, NJ, USA) [57].
Average blanks for the cytokines and chemokines were the following: GCSF: 2.57 pg/mL,
IL1a: 2.38 pg/mL, IL1b: 0 pg/mL, IL6: 0 pg/mL, IL8: 0 pg/mL, IL10: 2.89 pg/mL, MCP-1:
0.58 pg/mL, RANTES: 7.46 pg/mL, and TNFa: 1.40 pg/mL.

The concentration of plasma citalopram was measured with liquid-chromatography-
tandem mass spectrometry (Agilent 1260 Infinity LC system, Agilent Technologies, Santa Clara,
CA, USA).
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2.6. Statistical Methods

Statistical analysis of the data was conducted in SPSS (SPSS Statistics for Windows,
Version 27.0, IBM Corp., Armonk, NY, USA) Mann–Whitney tests were used to deter-
mine any differences between migraine and control groups regarding age and baseline
plasma concentrations. The sum of LNAA affecting tryptophan blood–brain barrier cross-
ing (namely tyrosine, phenylalanine, leucine, isoleucine, and valine) was calculated after
Fernstrom et al. [11]. The ratio of tryptophan and LNAA (TRP/LNAA), the ratio of
kynurenine and tryptophan (KYN/TRP), and the ratio of cortisol (CORT) and DHEA-S
(CORT/DHEA-S) were calculated. The ratio of CORT/DHEA-S was used as an index
of the neurobiological stress response [58]. Considering the non-normally distributed
data, we used the Friedman test to determine the effect of the citalopram neuroendocrine
challenge on tryptophan pathway and inflammatory markers in all participants and in
separately analyzing the control and migraine group. For detected significant differences
in plasma concentration, post-hoc analysis with Wilcoxon signed-rank tests was applied
with a Bonferroni correction. Kruskal–Wallis test was applied to investigate the difference
in citalopram plasma concentrations between migraine and control groups. The age at
migraine onset and migraine frequency were correlated with baseline plasma concentra-
tions and the neuroendocrine-challenge-induced concentration changes (calculated as the
difference of the 20-min, 60-min, and baseline concentrations) using Spearman correlations.
The significance threshold was set at p < 0.05. Although our sample size was relatively
low, previous studies suggested that we had sufficient power to detect the effect of the
citalopram neuroendocrine challenge [43,44,46,47,59–61].

For data visualization, GraphPad Prism version 8.0.1 for Windows software (GraphPad
Software, San Diego, CA, USA) was used.

A partial least-squares linear discriminant analysis (PLS-LDA) model [62] was estab-
lished to pattern discrimination between migraine patients and healthy controls [17]. PLS is
a potent dimension-reduction method that is applicable in scenarios with multicollinearity
where the measure of relevance for individual variables is also important. Two PLS models
were established, each producing three latent variables as output: (1) the baseline model,
containing biological markers from the blood samples before the citalopram infusion, and
(2) the neuroendocrine challenge model, containing markers from blood samples taken
20 min after citalopram administration. Il1b was not included in the PLS-LDA model,
because it was 0 pg/mL for every participant. The latent variables resulting from the
PLS step were used in an LDA classifier to test the diagnostic capabilities of the models.
Because of the small amount of data, we used leave-one-out cross-validation to test the
predictive power of the full model without overfitting. The contribution of each variable to
the latent variables of the PLS model was described with the variable importance projection
(VIP) score, where values above 1.0 are indicative of relevance. The PLSRegression and
LinearDiscriminantAnalysis modules of the sklearn package (version 1.0.2) were used in
Python 3.8.5 (Python Software Foundation, Wilmington, DE, USA).

3. Results

3.1. Descriptive Characteristics of the Participants

There was no significant difference in age between the two groups (migraine: 25.00
(23.00 to 28.00) (median years (95% CI)), control: 24.50 (23.00 to 27.00) (median years
(95% CI)); U = 236.5, p = 0.893). The mean age at migraine onset was 15.48 ± 6.23
(mean years ± SD). The mean of migraine attack frequency was 3.57 ± 3.29 (mean at-
tacks per month ± SD).

3.2. Baseline Plasma Concentrations

Both citalopram and placebo infusion were preceded by blood sampling to determine
the baseline concentration of tryptophan (TRP), kynurenine (KYN), cortisol (CORT), and the
ratio of TRP/LNAA, KYN/TRP, CORT/DHEA-S, and the concentration of inflammatory
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cytokines and chemokines (GCSF, RANTES, MCP-1, IL1a, Il1b, IL6, IL8, IL10, and TNFa)
before any intervention (Table 1).

Table 1. Baseline concentrations of the measured biomarkers before citalopram neuroendocrine
challenge and placebo infusions.

Before Citalopram
Neuroendocrine Challenge p-Value

Before Placebo Infusion
p-Value

Migraine Control Migraine Control

Tryptophan, kynurenine(μg/mL), cortisol (ng/mL) and cortisol/DHEA-S (μg/mL)

TRP 8.92
(6.75–10.18)

7.12
(5.55–9.28) 0.075 8.20

(6.85–9.47)
7.15

(5.59–8.11) 0.080

TRP/LNAA 0.09
(0.06–0.11)

0.06
(0.05–0.08) 0.012

0.08
(0.07–0.11)

0.06
(0.05–0.09) 0.033

KYN 0.57
(0.40–0.67)

0.46
(0.39–0.54) 0.308 0.54

(0.46–0.62)
0.47

(0.39–0.64) 0.274

KYN/TRP 0.07
(0.05–0.07))

0.07
(0.06–0.07) 0.264 0.06

(0.06 to 0.08)
0.07

(0.06–0.08) 0.481

CORT 58.74
(40.23–118.0)

56.72
(38.15–80.86) 0.512 64.21

(51.13–111.0)
40.86

(31.23–66.54) 0.382

CORT/DHEA-S 46.49
(37.62–85.32)

42.10
(33.41–58.25) 0.662 34.48

(35.86–82.30)
28.88

(23.90–53.65) 0.423

Cytokines and chemokines (pg/mL)

GCSF 4.19
(3.64–4.83)

3.95
(3.54–4.91) 0.894 4.18

(3.94–4.94)
4.18

(3.39–5.13) 0.423

RANTES 10641
(6336–11,588)

13456
(10,192–16,846) 0.017

10593
(7279–12,588)

12670
(10,091–19,710) 0.049

MCP-1 15.01
(10.70–29.94)

13.96
(8.70–19.99) 0.538 16.94

(9.24–32.08)
15.74

(8.32–22.04) 0.388

IL1a 2.69
(2.20–3.62)

2.42
(1.92–3.00) 0.224 2.96

(2.22–3.11)
2.85

(1.36–3.47) 0.696

IL1b 0
(0.00–0.00)

0
(0.00–0.00) 1.000 0

(0.00–0.00)
0

(0.00–0.00) 1.000

IL6 0
(0.00–0.00)

0
(0.00–0.00) 0.163 0

(0.00–0.00)
0

(0.00–0.00) 0.143

IL8 0
(0.00–7.85)

0
(0.00–6.81) 0.748 7.13

(0.00–8.67)
0

(0.00–0.00) 0.014

IL10 3.20
(3.14–3.39)

3.26
(3.14–3.46) 0.473 3.46

(3.32–3.61)
3.27

(3.11–3.60) 0.193

TNFa 1.96
(1.50–2.20)

1.41
(0.89–2.40) 0.233 1.96

(0.79–2.22)
1.26

(0.66–2.22) 0.752

Note: Values demonstrate median ±95% confidence intervals; Mann–Whitney U test was used to compare the
plasma concentrations between migraine and control groups with a p < 0.05 significance threshold (bold). TRP:
tryptophan, LNAA: large neutral amino acids, KYN: kynurenine, CORT: cortisol, DHEA-S: dehydroepiandros-
terone sulfate, GCSF: granulocyte colony-stimulating factor, RANTES: regulated upon activation, normal
T-cell-expressed, and presumably secreted CCL5, MCP-1: monocyte chemoattractant protein-1, IL1a: inter-
leukin 1 alpha, IL1b: interleukin 1 beta, IL6: interleukin 6, IL8: interleukin 8, IL10: interleukin 10, TNFa: tumor
necrosis factor alpha.

The TRP/LNAA ratio was significantly higher in the migraine group compared to
controls at both blood samplings. The TRP concentration was not significantly different
between migraine patients and controls, but it tended to be higher in migraineurs at both
blood-sampling occasions. The RANTES concentration was lower in the migraine group
compared to controls on both experiment days. The IL8 concentration was higher in the
migraine group compared to the control before placebo infusion; however, there was no
difference between the two groups before citalopram intervention. There were no further
differences between migraine patients and controls at baseline.
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3.3. Citalopram Neuroendocrine Challenge
3.3.1. Main Effect of Citalopram Neuroendocrine Challenge

The citalopram neuroendocrine challenge significantly increased the plasma citalo-
pram level in the whole study population (20 min: median [ng/mL] (95% CI) = 18.74 (13.81
to 21.98); 60 min: median [ng/mL] (95% CI) = 10.62 (8.71 to 13.18)) (Figure 2a), and the
plasma concentrations corresponded well with previous studies [43,63]. Post hoc analy-
sis showed that there was no significant difference in plasma citalopram concentration
between migraine (20 min: median [ng/mL] (95% CI) = 20.32 (15.76 to 26.32); 60 min:
median [ng/mL] (95% CI) = 10.79 (8.42 to 13.18)) and control (20 min: median [ng/mL]
(95% CI) = 14.82 (10.21 to 27.00); 60 min: median [ng/mL] (95% CI) = 10.51 (8.61 to 19.20))
groups (20 min: H(1) = 2.75, p = 0.097; 60 min: H(1) = 0.15, p = 0.904) (Figure 2b).

Figure 2. Effect of citalopram neuroendocrine challenge on plasma citalopram concentration. The
median plasma concentration of citalopram (±95% CI) 20 min and 60 min after infusion (a) in the
whole population and (b) separately in the migraine and control groups.

Administration of IV citalopram significantly increased the concentration of plasma
TRP (χ2(2) = 6.35, p = 0.042), KYN (χ2(2) = 11.53, p = 0.003), RANTES (χ2(2) = 11.12,
p = 0.004) and TRP/LNAA ratio (χ2(2) = 6.59, p = 0.037) in the population. During the
placebo condition, CORT concentration (χ2(2) = 31.83, p < 0.001) and CORT/DHEA-S ratio
(χ2(2) = 26.65, p < 0.001) showed significant time-dependent decrease that cannot be seen
after the citalopram neuroendocrine challenge.

3.3.2. Differences between the Effects of Citalopram Neuroendocrine Challenge in
Migraine Patients and Controls

There were no differences between the migraine and the control groups regarding the
subjective experiences during the citalopram neuroendocrine challenge. Of the migraine
patients, 12.5% (2/16) (one migraine patient did not answer) and 5.89% (1/17) of controls
reported anxiety (p = 0.601), 18.75% of migraine patients and 23.53% of controls reported
nausea (p = 1.000), 68.75 % of migraine patients and 58.82% of controls reported drowsiness
(p = 0.721), 25% of migraine patients and 23.53% of controls reported dizziness (p = 1.000),
31.25% of migraine patients and 29.41% of controls reported restlessness (p = 1.000), and
56.25% of migraine patients and 41.18% of controls reported discomfort (p = 0.494) as a
side-effect during the citalopram neuroendocrine challenge.

39



Cells 2022, 11, 2258

The citalopram neuroendocrine challenge showed a diagnosis-dependent effect on
TRP, KYN concentration and on TRP/LNAA, KYN/TRP ratios (Figure 3). Separately ana-
lyzing the control group, we found that the citalopram neuroendocrine challenge induced
significant increase in the TRP (χ2(2) = 14.94, p < 0.001), KYN (χ2(2) = 8.94, p = 0.011)
concentration and TRP/LNAA ratio (χ2(2) = 13.18, p < 0.001). There was a significant time-
dependent increase in the TRP (χ2(2) = 7.18, p = 0.028) concentration of control subjects after
placebo, although the magnitude of change was lower compared to the citalopram neu-
roendocrine challenge. In the migraine group, the KYN/TRP ratio (χ2(2) = 7.41, p = 0.025)
decreased significantly after the citalopram neuroendocrine challenge, and no other sig-
nificant change could be detected regarding the TRP pathway. The CORT concentration
(migraine: χ2(2) = 23.48, p < 0.001; control: χ2(2) = 9.88, p = 0.007) and CORT/DHEA-S ratio
(migraine: χ2(2) = 20.24, p < 0.001; control: χ2(2) = 7.88, p = 0.019) showed the expected cir-
cadian decrease in both groups during placebo condition, but this time-dependent change
was not observed in the neuroendocrine challenge condition. As to the cytokines and
chemokines, the changes of RANTES concentration after the neuroendocrine challenge
showed no difference between the migraine (χ2(2) = 5.77, p = 0.056) and the control groups
(χ2(2) = 5.77, p = 0.056) (Figure 3).

In the control group, there were no significant differences after post-hoc analysis
between baseline and 60-min values of TRP concentration (Z = 0.06, p = 1.000) after citalo-
pram. However, there was a statistically significant elevation of TRP concentration 20 min
after citalopram infusion compared to baseline (Z = −1.12, p = 0.003) and a significant
reduction in TRP concentration 60 min later compared to the blood sample taken after
20 min (Z = 1.18, p = 0.002).

Regarding the KYN concentration changes in the control group, there were no signifi-
cant differences between the baseline and the citalopram concentration of KYN (Z = 0.12,
p = 1.000) after 60 min. However, there was a statistically significant elevation of KYN
concentration 20 min after citalopram infusion compared to baseline (Z = −0.82, p = 0.049)
and a significant reduction in 60 min KYN concentration compared to the blood sample
taken after 20 min (Z = 0.94, p = 0.018).

In the control group, there were no significant differences between the baseline and
the citalopram ratio of TRP/LNAA (Z = −0.24, p = 1.000) after 60 min. However, there was
a statistically significant elevation of TRP/LNAA ratio 20 min after citalopram infusion
compared to baseline (Z = −1.18, p = 0.002) and a significant reduction of TRP/LNAA ratio
after 60 min compared to the blood sample taken after 20 min (Z = 0.94, p = 0.018).

Post-hoc test of the KYN/TRP ratio changes in the migraine group showed no sig-
nificant difference between the baseline and the 20-min KYN/TRP (Z = −0.71, p = 0.119)
and between the baseline and the 60-min KYN/TRP ratio (Z = 0.18, p = 1.000). However,
a significant reduction was observed between the 20-min KYN/TRP ratio and the 0 min
KYN/TRP ratio (Z = 0.88, p = 0.003).

3.4. The Relationship of Migraine Parameters with the Measured Biomarkers

The frequency of migraine attacks was negatively correlated with KYN/TRP ratio
before citalopram neuroendocrine challenge (rs = −0.451 p = 0.046) and placebo (rs = −0.525
p = 0.018) infusions (Figure 4).

The citalopram neuroendocrine-challenge-induced concentration changes of the plasma
KYN 20 min after the start of the infusion showed positive correlation with the frequency
of migraine attacks (rs = 0.766 p < 0.001) (Figure 5).

There were no significant associations between other biomarkers and migraine fre-
quency or age at migraine onset.
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Figure 3. Significant effect of citalopram neuroendocrine challenge on the measured biomarkers.
Medians and 95% confidence interval for tryptophan, kynurenine, cortisol, and RANTES plasma con-
centrations and tryptophan/LNAA, kynurenine/tryptophan, and cortisol/DHEA-S ratios. LNAA:
large neutral amino acids, DHEA-S: dehydroepiandrosterone sulfate * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Correlation between number of migraine attacks per month and the ratio of kynurenine
(KYN) and tryptophan (TRP) before citalopram neuroendocrine challenge (rs = −0.451 p = 0.046) and
placebo (rs = −0.525 p = 0.018) infusions.

Figure 5. Correlation between number of migraine attacks per month and citalopram neuroendocrine-
challenge-induced kynurenine (KYN) concentration changes (rs = 0.766 p < 0.001). ДKYN = The differ-
ence between the concentrations measured at 20 min after citalopram infusion started and baseline.

3.5. Discriminating Migraine Patients from Controls with PLS-LDA

The multivariate classification method was used to identify the variables that play
a role in the differentiation between migraine and control group. The baseline model
contained the biological data before any intervention (Figure 6A). RANTES, TRP/LNAA,
KYN/TRP, IL6, TNFa, and MCP-1 showed greater VIP score than 1, indicating relevance in
migraine diagnosis. The citalopram neuroendocrine challenge model used the biological
data 20 min after citalopram infusion (Figure 6B). In that case, TRP, TRP/LNAA ratio, KYN,
IL6, KYN/TRP ratio, GCSF, and RANTES showed greater VIP score than 1. The resulting
diagnostic accuracies of the full model were 79% for the baseline model and 71% for the
citalopram model.
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Figure 6. The bar plots of partial least-squares linear discriminant analysis (PLS-LDA) and 3D projec-
tion plots. (A) Baseline model representing the biological data before any intervention. The variable
importance projection scores (VIP) above 1 indicates relevance in migraine. (B) Citalopram neu-
roendocrine challenge model representing the biological data 20 min after citalopram infusion. The
classification hyperplane distinguishes the migraine group compared to controls. TRP: tryptophan,
LNAA: large neutral amino acids, KYN: kynurenine, CORT: cortisol, DHEA-S: dehydroepiandros-
terone sulfate, GCSF: granulocyte colony-stimulating factor, RANTES: regulated upon activation,
normal T-cell-expressed and presumably secreted CCL5, MCP-1: monocyte chemoattractant protein-
1, IL1a: interleukin 1 alpha, IL1b: interleukin 1 beta, IL6: interleukin 6, IL8: interleukin 8, IL10:
interleukin 10, TNFa: tumor necrosis factor alpha.

4. Discussion

According to our knowledge, this is the first study about TRP pathway and cytokine
profiles of episodic migraine without aura patients before and after the citalopram neu-
roendocrine challenge. Trait-like alterations were identified in migraine patients, namely
increased TRP/LNAA ratio and decreased RANTES concentration, compared to controls in
two independent baseline plasma samples. The acute neuroendocrine citalopram challenge
that can also reflect stress-responsivity showed significant differences between migraine
patients compared to controls. More precisely, the citalopram neuroendocrine challenge in-
duced the increase of TRP and KYN concentration and TRP/LNAA ratio in healthy controls,
but not in migraine patients. Furthermore, the frequency of migraine attacks showed nega-
tive correlation with baseline KYN/TRP ratio, another trait-like marker in two independent
blood samples, but it positively correlated with the citalopram neuroendocrine-challenge-
induced KYN concentration increase. Thus, our study supports a conclusion that the
downregulation of the TRP–KYN pathway, probably partially through a maladaptive stress
response, may contribute to migraine pathophysiology.
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4.1. Alterations of the TRP Metabolism in Migraine

Increased plasma TRP/LNAA ratio was detected in interictal episodic migraine with-
out aura patients compared to healthy controls at two independent blood samplings. To the
best of our knowledge, our study is the first investigation of plasma TRP/LNAA ratio in
migraine patients, as previous studies only reported results related to plasma TRP concen-
tration [12–17,64]. In this study, the TRP concentration was not significantly higher in the
migraine group, but it tended to be higher compared to controls at both blood samplings.
Our results are consistent with previous studies reporting elevated TRP concentration in
episodic [12,15] and chronic migraine patients [13,14]. However, there are some studies
reporting the opposite results [16,17]. The opposing results may be due to different study
populations and different time points for blood sampling. In our study, only patients with
episodic migraine without aura who do not take prophylactic medication were included,
and samples were collected in the afternoon, in contrast to other studies where samples
were collected from headache clinic patients in the morning [17], and they were allowed to
use prophylactic drugs [14,17]. Plasma TRP concentration shows changes with circadian
rhythm, so the time of blood sampling could have an effect on the results [65]. Moreover,
TRP uptake into the brain is affected by plasma LNAA concentration [11]; thus, plasma TRP
concentration might not be an adequate biomarker in migraine. However, the TRP/LNAA
ratio is a reliable marker of TRP brain uptake [11].

One possible explanation of the increased plasma TRP/LNAA ratio could be the
decreased breakdown of TRP due to the impairment of TDO and IDO enzyme activity
in migraine [22]. TDO and IDO enzymes are the rate-limiting step of KYN formation
from TRP [10]. TDO is expressed in the liver, and astrocytes in the brain, while IDO is
expressed in peripheral tissues, immune system cells, and microglia [66]. In a nitroglycerin
administration rodent model, Nagy-Grócz et al. [67] demonstrated that migraine may be
related to decreased expression of KYN pathway enzymes (kynurenine amino transferase-II
(KAT-II), IDO, TDO, KYNU, KMO). Thus, our results could be a further support to the
notion of downregulation of KYN enzymes in migraine.

The elevated TRP/LNAA ratio suggests an increased TRP intake by interictal mi-
graine brain [12,14,64]. The increased TRP availability might be a protective factor between
migraine attacks providing adequate TRP level for brain serotonin synthesis. TRP deple-
tion studies demonstrated that diminished brain TRP level through decreased serotonin
synthesis provokes intense headache, nausea, and photophobia in migraine patients [18].
Furthermore, relatively less TRP consumption increases the risk for developing migraine
in susceptible people [19]. However, in our previous study, we did not find any corre-
lation between migraine indicators (attack frequency and age at onset) and plasma TRP
concentration, but an association between TRP concentration with depressive symptoms
and trait-anxiety was apparent in migraine patients [15], which in turn may affect the
recurrence of attacks and the processing of pain stimuli. Moreover, the increased plasma
TRP concentration (corrected for plasma LNAA concentration) was associated with de-
creased functional connectivity of periaqueductal gray matter with regions implicated
in fear-cascade and pain processing but increased functional connectivity with frontal
emotion and pain regulating areas, thereby supporting TRP having an important role
in optimizing stress coping [15]. Our previous results might suggest that serotonergic
pathways synthetized from TRP could be more responsible for emotional symptoms and
stress-processing in migraine than for the attack generation itself. Indeed, in the present
study, the KYN pathway showed association with migraine frequency, as the decreased
KYN/TRP ratio negatively correlated with the increasing number of migraine attacks per
month at two independent blood samplings. Previously, the ratio of KYN/TRP was used
to measure IDO activity; however, the current view is that the KYN/TRP ratio is more
suitable to demonstrate the TRP pathway shift from serotonin to KYN [27]. Therefore, our
results further suggest a less active kynurenine pathway in the background of migraine.
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4.2. Migraine Patients Failed to Activate TRP Pathway during Citalopram Neuroendocrine Challenge

This is the first study reporting plasma TRP pathway and cytokine profile alterations
during citalopram neuroendocrine challenge in humans. Acute citalopram challenge is a
neuroendocrine probe to test serotonergic responsivity, and it induces acute stress [43]. We
detected an immediate elevation of plasma TRP, KYN and TRP/LNAA ratio in healthy
controls during the citalopram neuroendocrine challenge, but not in migraine patients,
supporting the role of maladaptive stress-responsivity in migraine [68,69].

Acute stress increases the plasma concentration of TRP and KYN via different pro-
cesses [70]. Previous studies showed that activation of the HPA axis increases plasma
amino acid levels [71]; however, in our study, plasma TRP elevation preceded the signif-
icant increase in cortisol level. Thus, a more plausible explanation for our results is that
the activation of the sympathetic nervous system may contribute to TRP increase [72]. The
increase in the TRP/LNAA ratio suggests that the brain influx of TRP is also increased
during the short-term effects of citalopram. Only free, non-protein-bound TRP can enter
the brain [11]. The majority of plasma TRP is bound to circulating albumin and competes
for its binding site with non-esterified fatty acids (NEFA) or drugs [71]. Elevation of NEFA
level could happen under several circumstances, such as upon activation of sympathetic
nervous system during physical exercise [73] or during neuroendocrine challenge, and this
could displace TRP from protein binding [10,71], eventually leading to increased TRP brain
uptake, which promotes serotonin synthesis and stress-coping [74].

The increase in TRP and KYN, without a change in the KYN/TRP ratio, could also rep-
resent an acute increase of the KYN pathway activity, in which induction of IDO and TDO
enzymes by citalopram neuroendocrine challenge may play a role [75,76]. Indeed, acute
physiological and psychological stress, such as neuroendocrine stress, could also induce
KYN pathway enzymes [77]. TDO is mainly induced by cortisol, IDO induced by cytokines,
and these processes enhance brain input of KYN for further metabolic transformations [66].
Based on animal experiments and our results, the intricate balance between TRP and KYN
metabolites in healthy controls may contribute to stress resilience [78]. However, our results
also suggest that these changes are temporary in healthy controls because the short-term
increase in TRP and KYN concentration was followed by a rapid decrease 60 min after
citalopram infusion, presumably due to the activation of the TRP and KYN degradation
enzymes [78].

In migraine patients, TRP and TRP/LNAA plasma concentration did not increase from
the citalopram neuroendocrine challenge. A likely explanation for this observation is that
the already-elevated TRP concentration in migraine patients, which might be necessary to
sustain the interictal phase or could be a sign of increased stress sensitivity [15], could not be
elevated further by the acute activation of the sympathetic nervous system. Moreover, the
induction of IDO and TDO enzymes may also be less effective, since enzymes of the KYN
pathway are expressed in a reduced manner in migraine, resulting only in a modest increase
in KYN plasma level [67]. Therefore, the dampened response of the TRYP–KYN pathway
in migraineurs for the citalopram neuroendocrine stress challenge further emphasizes that
the downregulated TRYP–KYN pathway may have a pathophysiologic role in migraine.

Interestingly, KYN concentration did not increase significantly in migraine patients
during the citalopram neuroendocrine challenge, but the magnitude of the increase was
associated with migraine frequency. Although we did not measure it in our study, previous
research suggested that KAT expression is lower in migraine patients; thus, KYN conver-
sion to KYNA is diminished [79]. KYNA has an important antinociceptive effect both in
the periphery and in the brain [22]; by blocking first-order neurons and CGRP release [80],
it could also reduce the activation of serotonergic neurons in the raphe nuclei [81] and have
analgesic effect when injected directly into the PAG [82]. The decreased KYNA production
could cause increased NMDA receptor hyperactivity in migraine that leads to brain hyper-
excitability [66]. Therefore, despite increased plasma TRP level interictally, the insufficiently
increased plasma KYN concentration during acute stress and the downregulated KYN
metabolic pathway may lead to higher migraine attack frequency.
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4.3. Inflammatory Biomarkers in Migraine

Although the neurogenic inflammation theory of migraine has been debated in-
tensely [2], cytokines and chemokines may contribute to the development of migraine
attacks [33], and they may have a role in migraine chronification [32]. Our classical sta-
tistical analysis showed that our subjects have no systemic inflammation based on their
low IL-6, Il-1, and TNFa cytokine concentrations; furthermore, no significant difference
appeared in plasma cytokines (namely GCSF, IL1a, IL1b, IL6, IL10, and TNFa) between
migraineurs and healthy controls in the interictal phase. The plasma concentration of
three chemokines was also determined in this study, namely MCP-1, RANTES, and IL8.
Higher IL8 concentration was found in migraine patients compared to controls, but this
was not replicated at the second blood sampling. However, decreased RANTES plasma
concentration in migraine patients was replicated at both blood samplings. Furthermore,
the multivariate analysis of our data suggested that RANTES, IL6, TNFa, MCP-1, and GCSF,
together with the TRP–KYN pathway, might also be important in shaping the vulnerability
to migraine by modulating inflammatory and vascular processes [83].

In recent decades, RANTES has gained more attention in headache research since
Fidan et al. [84] demonstrated that RANTES levels rise during migraine attacks, but they
found no difference between attacks in migraine patients compared to controls. Similarly,
another study showed that the expression of RANTES gene (CCL5) is upregulated during
migraine attacks, contributing to platelet activation [85]. Regarding other cytokines and
chemokines, our results are in concordance with Fidan et al.’s [84] study, because they also
reported no difference in IL10 and MCP-1 concentration between interictal migraineurs
and healthy controls. Sarchielli et al. [86] examined the chemokine levels in jugular venous
blood of migraine patients during attacks, but they did not find any difference in MCP-1
and RANTES concentration between the ictal and interictal state. They involved only
eight migraine patients in the study, so the low number of participants may explain the
contradictory findings. Domingues et. al. [87] reported an increased RANTES concen-
tration in migraine patients compared to tension-type headache patients and suggested
that increased anxiety and depressive symptoms of migraine patients could explain the
difference. In our study, both migraine and control participants were free from any mental
disorders, including anxiety or depression diagnosis. This is one possible explanation for
our results differing from previous studies where this was not an exclusion criterion; the
other is that we investigated the concentration of cytokines and chemokines in attack-free
periods of migraineurs.

On the basis of the neurovascular theory of migraine pathophysiology, the hyperex-
citability of trigeminovascular system is the key point of migraine attacks, although the
nature of the primary triggers is still debated [2]. The trigeminal neurons innervate the
dural blood vessels and contribute to the release of neuroinflammatory mediators parallel
with the activation of the trigeminal system, which could be responsible for migraine pain
and allodynia, as the release of the neuroinflammatory mediators is accompanied by dila-
tion of the dural blood vessels [2]. Although vasodilation alone is not sufficient to initiate
migraine attacks [88], accumulating evidence suggests that different vascular mechanisms
are instrumental in migraine pathophysiology. For example, in previous studies, lower
RANTES concentrations were associated with higher flow-mediated dilation (FMD) in
high cardiovascular risk people [89], and higher FMD was observed in migraineurs with
aura compared to migraineurs without aura and controls [90]. However, another study
found no difference in FMD between migraine and non-migraine individuals [91]. In our
study, episodic migraine without aura patients had decreased plasma RANTES concen-
tration compared to healthy controls at two independent blood samplings. Contrary to
previous studies, our results suggest that low RANTES concentration, presumably through
an increased vascular sensitivity to blood-flow-induced dilation [89], may also contribute
to episodic migraine without aura, which is in line with the neurovascular hypothesis of
migraine. The low RANTES level is also consistent with GWAS studies of migraine, in
which genes related to the vascular system are over-represented in migraine patients, but
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vascular genetic risk factors that showed an association with migraine did not increase
the risk of hypertension or cardiovascular diseases [92]. Thus, our results, together with
the previous findings, suggest that decreased RANTES concentration may contribute to
interictal vascular hypersensitivity in migraine patients, predisposing them for migraine
attacks, and the ictally increased RANTES concentration might be associated with the
platelet activation that was observed during attacks.

In addition, we detected an increase in RANTES concentration during the citalopram
neuroendocrine challenge both in migraine and control participants. Acute citalopram ad-
ministration by inducing a neuroendocrine response leads to an acute stress reaction [43,47].
Our results suggest that during a neuroendocrine stress condition, RANTES concentra-
tion rises independently from migraine diagnosis. Increased RANTES is suggested to
play a role in dysfunctional vascular regulation by the modulation of perivascular inflam-
mation [89,93], so the increasing RANTES concentration might be a part of the vascular
response in neuroendocrine stress. However, in our study, RANTES concentration remained
lower in migraine patients (median: 10,580 pg/mL (13,292–5882) 95% CI) compared to
controls (median: 14,340 pg/mL (20,233–7260) 95% CI), even during the neuroendocrine
stress challenge. However, the difference was not significant, suggesting a permanent, trait-
like RANTES-related increased vascular sensitivity in migraine patients, which supports
the vascular component of neurovascular migraine theory [2]. The exact role of RANTES
in migraine generation is still unknown; however, our results suggest that it might act
through pro-inflammatory, vascular, and nociceptive effects.

4.4. Limitations

Our study has some important limitations. The first is the relatively low number
of participants involved in the analysis, which is partially due to the complexity of the
neuroendocrine citalopram challenge paradigm. However, the randomized, double-blind
crossover design (Figure 1) and the availability of two independent baseline samples per
participant strengthen our results. The second limitation of our study is the fact that we
measured plasma total TRP concentration and did not investigate the free and bound TRP
ratio. However, we determined plasma LNAA concentrations because the TRP/LNAA
ratio is a much better marker for the TRP influx into the brain. Finally, not measuring the
expression and the activity of the KYN pathway enzymes and the plasma concentration
of other KYN metabolites is another limitation of our study. Instead, we focused on
chemokines and cytokines beside TRP, KYN, and LNAA in order to capture the effect of
the citalopram neuroendocrine challenge in migraineurs not only on the KYN pathway but
also on neuroinflammation. Indeed, our multivariate analysis supports the role of these
biological systems in migraine vulnerability.

5. Conclusions

We have provided further evidence for KYN pathway downregulation in migraine
through trait-like decrease in TRP and KYN metabolism. There is increasing evidence that
a decreased amount of KYN pathway metabolites plays an important role in migraine
pathogenesis affecting glutamate signaling. Our results also demonstrated an increased
susceptibility to vascular changes, indicated by decreased RANTES concentration in mi-
graine patients at trait level in interictal period. Furthermore, an altered response of KYN
pathway was observed in migraineurs during the citalopram neuroendocrine challenge,
which distinguishes migraine patients from controls. Further studies are needed to in-
vestigate whether migraine prevention is possible by influencing the TRP–KYN pathway.
In ongoing clinical trials, glutamate receptor (mGLUR5) modulators and AMPA/kainite
receptor antagonists are promising treatments for acute migraine, as are NMDA and kainate
receptor antagonists for migraine prophylaxis. These targets are under the influence of
KYN pathway metabolites.
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Abstract: Globally, migraine is a leading cause of disability with a huge impact on both the work
and private life of affected persons. To overcome the societal migraine burden, better treatment
options are needed. Increasing evidence suggests that ATP-sensitive potassium (KATP) channels are
involved in migraine pathophysiology. These channels are essential both in blood glucose regulation
and cardiovascular homeostasis. Experimental infusion of the KATP channel opener levcromakalim
to healthy volunteers and migraine patients induced headache and migraine attacks in 82–100%
of participants. Thus, this is the most potent trigger of headache and migraine identified to date.
Levcromakalim likely induces migraine via dilation of cranial arteries. However, other neuronal
mechanisms are also proposed. Here, basic KATP channel distribution, physiology, and pharmacology
are reviewed followed by thorough review of clinical and preclinical research on KATP channel
involvement in migraine. KATP channel opening and blocking have been studied in a range of
preclinical migraine models and, within recent years, strong evidence on the importance of their
opening in migraine has been provided from human studies. Despite major advances, translational
difficulties exist regarding the possible anti-migraine efficacy of KATP channel blockage. These are
due to significant species differences in the potency and specificity of pharmacological tools targeting
the various KATP channel subtypes.

Keywords: KATP channels; provoked migraine; SUR; Kir6.x; levcromakalim; glibenclamide; human
migraine model; in vivo models; migraine

1. Introduction

According to the World Health Organization (WHO), more than a billion people are
living with migraine, and among the 15–49 year-old population, headache disorders is the
most burdensome of all disorders [1,2]. Migraine attacks are characterized by pulsating
head pain of moderate to severe intensity, photo- and/or phonophobia, nausea, vomiting,
and aggravation by routine physical activity [3]. Migraine has a tremendous impact on
quality of life for sufferers and may affect sleep [4], cognitive function [5], and private
and professional life [6]. Despite huge individual suffering and socioeconomic impact,
the pathophysiological mechanisms of migraine remain incompletely understood and
highly debated [7]. The brain is generally thought of as non-nociceptive, but plexuses of
nociceptive nerve fibers from the trigeminal ganglion innervate the blood vessels of the
meninges (dura, pia, and arachnoid mater), linking pain perception and the brain vascular
system in what is described as the trigeminovascular system [8]. Nowadays, many think
of migraine as a neurovascular [7] sensory threshold disease [9]. The identification of
calcitonin gene-related peptide (CGRP) involvement in migraine is a translational success
story culminating in the marketing of monoclonal antibodies targeting CGRP or its receptor
as well as small molecule receptor antagonists [10]. However, these CGRP-targeting
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migraine preventatives are only effective in approximately 60% of patients [11–15], stressing
the importance of continued research and drug development.

A range of migraine-provoking substances have been identified in human experiments.
Common for all, is the dilation of cephalic arteries [16–21] via downstream opening of
vascular smooth muscle ATP-sensitive potassium (KATP) channels [7]. The finding that
the KATP channel opener levcromakalim is the most potent trigger of experimental mi-
graine tested to date [22,23] has fueled interest in KATP channel involvement in migraine
pain generation and, within recent years, a significant number of studies have addressed
this topic.

The aim of this review is to collectively present the evidence on KATP channel involve-
ment in migraine pain and review the underlying hypotheses of where and how the KATP
channels are involved in migraine pathophysiology. Logically, the possibility of targeting
antimigraine therapeutics against these channels will also be discussed.

2. Molecular Basis and Physiological Function of KATP Channels

2.1. Molecular Structure and Regulation of Channel Activity

The KATP channels were first identified in cardiac muscle cells by A. Noma in the early
1980s [24]. These channels were later shown in other tissues, such as pancreas, smooth
muscle cells, and the nervous system [25–27]. They belong to the family of transmem-
brane potassium inward-rectifying (Kir) channels, which are predominantly found on
the plasma membranes but are also present on the mitochondrial inner membrane [28].
Seven subfamilies within the Kir family have been identified with different molecular and
physiological functions (Kir1.x through to Kir7.x), where ATP-sensitive K+ channels belong
to the Kir6.x subfamily and are strongly associated with cellular metabolism and membrane
electrophysiology [27]. Kir6.x have two subtypes, namely Kir6.1 and Kir6.2, which are
expressed in various tissues [29].

Kir channels have two transmembrane spanning regions (TM1 and TM2) with an
extracellular pore-forming region (H5) and both the amino and carboxyl terminal are
cytosolic (Figure 1A) [29,30]. However, to obtain a functional channel, four Kir subunits are
necessary, and the activity of the channel is regulated by four sulfonylurea receptors (SUR),
thus creating a hetero-octameric structure (Figure 1B) [29,31]. These SUR receptors are
ATP-binding cassettes (ABCs) or transport ATPases and have 17 transmembrane regions
arranged into three domains (TMD0, TMD1 and TMD2) together with two intracellular
nucleotide binding domains (NBD1 and NBD2); see Figure 1A. SUR subunits SUR2A and
SUR2B only differ at the carboxyl terminal 42 amino acids (C42), while the SUR1 subunit is
more unique [27,29,30].

The inward-rectifying function is a result of an intracellular blockage of the pore by
Mg2+ or polyamines, which blocks the efflux of K+. During channel activation the blockage
is removed and K+ efflux can occur [27]. High concentrations of ATP will inhibit the
channel, while reduced ATP levels will activate and open the channel [32]. The activity of
the channel is controlled by the SUR subunits due to their NBDs, where MgATP binds to
NBD2 and MgADP binds to NBD1 [29,33]. Phosphatidylinositol 4,5-bisphosphate (PIP2)
is suggested to play a role in channel activity regulation, as PIP2 activates the channel
and reduces its sensitivity to ATP, thus counteracting the inhibitory effect at ATP [34–36].
Lastly, Kir6.x channels can be activated via phosphorylation by protein kinase A (PKA) or
protein kinase G (PKG) [37–40]. These kinases are downstream targets of cAMP and cGMP,
respectively, and have been suggested as molecular pathways in migraine pathophysiology
(Figure 2) [41,42].
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Figure 1. Simple structure of the KATP channel. (A) The Kir6.x subunit is composed of a
two transmembrane region (TM1 and TM2) connected by a pore-forming region (H5). The SURx
subunit is composed of three domains of either five transmembrane regions (TMD0) or six transmem-
brane regions (TMD1 and TMD2). The nucleotide binding domains are found intracellularly (NBD1
and NBD2). SUR2A and SUR2B only differ in their C-terminal end (C42). (B) The functional KATP

channel is formed by four Kir6.x subunits and four SURx subunits (created using BioRender.com).

Figure 2. Molecular pathways and pharmacological agents leading to the opening of the KATP channel in
vascular smooth muscle. The neuropeptides PACAP and CGRP activate KATP channels via the adenylyl
cyclase pathway, while the NO donor GTN (glyceryl trinitrate) activates the channel via the guanylyl
cyclase pathway. Cilostazol and Sildenafil are blockers of the phosphodiesterase 3 and 5 (PDE3 and PDE5),
respectively, causing accumulation of cAMP and cGMP, which promote the opening of KATP channels.
Levcromakalim causes vasodilation by direct action on the KATP channels (created using BioRender.com).
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2.2. Tissue Distribution

The KATP channels are expressed throughout the body but the combination of the
different subunits of Kir6.x and SURx vary in different tissues, such as the vascular system,
neuronal system, and pancreas (see Table 1). The pancreatic β-cells express Kir6.2/SUR1,
which control the glucose-stimulated insulin secretion (and represents the most studied
channel), while the Kir6.2/SUR2A channels are the predominant form found in myocar-
dia [25,29,33]. The vascular smooth muscle cells express Kir6.1/SUR2B and these have
distinct structural features from the pancreatic Kir6.2/SUR1 isoforms, as the Kir6.1 cyto-
plasmic regions is placed too far from the membrane to interfere with the membrane-bound
PIP2, which is known to activate or open the Kir6.2/SUR1 channels in pancreatic β-cells [33].
Furthermore, Kir6.1 channels do not show spontaneous channel activity, while pancre-
atic and myocardial Kir6.2 channels open spontaneously when ATP levels are low or
absent [33,38,43]. In most tissue, channels are composed of two homogenous Kir subunits
and four homogenous SUR subunits; however, examples of more heterogenous compo-
sitions have been reported [44]. The different compositions of KATP channel subunits in
different tissues potentially allow for more specific therapeutic targets in the development
of novel drug candidates for specific pathologies.

Kir6.1/SUR2B is found in the smooth muscle cells of the vascular system, and are
the dominant form in brain arteries and dura mater [45], where they are involved in
vasodilation and constriction. For this reason, Kir6.1/SUR2B have been suggested as a
target for migraine pain intervention [46,47].

Table 1. Subunits composition and tissue expression of KATP channels. For a more detailed overview
of subunit composition, tissue distribution and physiological function, please see [48].

Channel Subunit Composition Tissue References

Kir6.1/SUR1
Retina [49]

Nervous system [46,48]

Kir6.1/SUR2B

Vascular smooth muscle [43,45,50–52]

Non-vascular smooth muscle [48,53]

Conduction system of the heart [48,54]

Kir6.2/SUR1

Pancreatic β-cells [52,55]

Arterial cardiac myocytes [52,56]

Nervous system [48,52,57,58]

Skeletal muscle [48,59]

Kir6.2/SUR2A
Ventricular myocytes [54,60]

Skeletal muscle [48,59]

Kir6.2/SUR2B

Non-vascular smooth muscle [53]

Nervous system [48,57,61]

Conduction system of the heart [54,62]

Skeletal muscle [59]

2.3. Physiological Functions of KATP Channels

In a physiological resting state, KATP channels are blocked but allow a small inward
current of K+, while the active or open state of the channel results in the efflux of K+,
resulting in hyperpolarization of the membrane. Below, the physiological consequence of
this in different cell and tissue types is presented.
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2.3.1. Vascular System

The tone of the vascular system is controlled by a sophisticated relationship of molec-
ular functions causing vasoconstriction or vasodilation. KATP channels have long been
known as the target of vasodilatory drugs like diazoxide and pinacidil [63] and their role in
vasodilation have likewise been studied for decades [33,38,63–65].

In vascular smooth muscle cells, hyperpolarization caused by K+ efflux upon KATP
channel opening will cause the inhibition of voltage-operated Ca2+ channels (VOCC),
reducing Ca2+ influx and consequently causing smooth muscle relaxation and vasodilation
(Figure 2) [33,66–68]. Many vasodilating substances target receptors or second messengers
upstream from KATP channels. Nitric oxide (NO) binds to guanylyl cyclase (GC), which
in turn converts GTP to cGMP, and cGMP can subsequently phosphorylate and open the
KATP channels [68–70]. Additionally, KATP channels, located in the endothelium, mediate
vasodilation to some extent [71]. The potent vasodilators CGRP and pituitary adenylate
cyclase-activating peptide (PACAP) bind to their respective G-protein coupled receptors
on vascular smooth muscle to activate the adenylyl cyclase (AC) enzyme, causing cAMP to
be converted from ATP [40,72,73]. In addition, inhibitors of phosphodiesterase (PDE) type
3 and 5 (cilostazol and sildenafil) are marketed for their vasodilating effect for different
indications [74,75]. PDEs degrade cAMP and cGMP; thus, the inhibition of PDEs causes
the accumulation of cAMP and/or cGMP and downstream phosphorylation of the KATP
channel [7]. Interestingly, all these drugs or substances have headache as a primary side
effect [16,17,74–76]. Thus, the above mentioned mechanisms have been speculated to be
important in migraine pathophysiology.

Genetic manipulations of specific subunits of the functional KATP channel may result
in vascular issues like knockout of the Kcnj8, the gene that encodes Kir6.1, which was shown
to cause sudden early death associated with an atrioventricular blockage that could not be
rescued by the KATP channel opener pinacidil but was worsened by the vasoconstrictive
agent methylergometrine [77]. A later in vivo study showed that the selective deletion of
Kir6.1 in vascular smooth muscle cells resulted in hypertension and a loss of response to
pinacidil but did not cause sudden death [64]. Thus, sudden death was likely related to the
global deletion of Kir6.1. It is important to keep in mind that global knockout of specific
genes might cause unexpected phenotypic traits due to a lack of expression of the gene
during embryonic development and consequences thereof, which might not be expected if
the gene had been expressed in the embryonic stages and silenced later in life [78–80].

2.3.2. Neuronal Function

KATP channels (Kir6.2/SUR1, Kir6.2/SUR2A, and Kir6.2/SUR2B) are also expressed
in the brain, especially in neurons where their activation causes hyperpolarization and
reduced excitability [27,29,30], which is often related to a reduction in neurotransmitter
release [81,82]. Hyperpolarization may lead to the activation of hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels of which the consequence is dependent on the
given situation [83]. The excitatory neurotransmitter glutamate will cause an influx of Ca2+,
which can result in an elevation in mitochondrial Ca2+ levels, depolarization of the mito-
chondria, loss of oxidative phosphorylation, ATP depletion, swelling and rupture of mito-
chondrial membrane and, subsequently, release of pro-apoptotic species, ultimately leading
to neuronal cell death [81,84]. This cascade can be blocked or regulated by activation of the
mitochondrial KATP channels due to their ability to cause hyperpolarization and reduced
glutamate release, thus playing a role in neuronal protection from excitatory toxicity [81].
Moreover, neuronal mitochondrial KATP channels regulate intracellular Ca2+ concentra-
tions during hypoxia, thus protecting the neuron from hypoxia [84]. The KATP channel
opener, iptakalim, was used to rescue stress-induced mitochondrial damage and alleviate a
depressive-like phenotype in the rodent chronic mild stress model of depression [85]. Alto-
gether, activating KATP channels in neurons most likely serve a neuroprotective function
during stressful stimuli like ischemia and oxidative stress [48,57,86].
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2.3.3. Analgesia, Antinociception, and Opioid Signaling

KATP channels are, furthermore, involved in opioid signaling, which appears to be
selective to these types of channels as no other K+ channels have been illustrated to bear
similar properties [87]. Nevertheless, other K+ channels are implicated in pain perception
but are beyond the scope of this review. For an extensive review on K+ channels in the
pathophysiology of pain, please see [88].

The KATP channels have been shown to be downstream targets of the opioid receptor
via regulation of nitric oxide synthase and NO generation and subsequent efflux of K+ and
hyperpolarization [89]. This NO/cGMP/KATP channel pathway has further been suggested
to be an important factor in the inflammatory nociceptive response [70,90,91]. Additionally,
loss of KATP channels or their function in peripheral neurons has been implicated in pain
perception in multiple studies [57,58,92,93]. For instance, expression of Kir6.1, SUR1, and
SUR2 in rat spinal cord were downregulated after nerve injury [94] and knockout of SUR1
subtype resulted in the loss of the antinociceptive effect of morphine in mice [95,96]. Fur-
thermore, the expression of Kir6.1/SUR2B were shown to be regulated by the inflammatory
toll-like receptor 4 and NF-κB-dependent signaling, which was suggested to be a factor
in the poor vasoconstriction during sepsis [97]. Furthermore, the KATP channel opener,
cromakalim administered centrally, reduced astrocyte activation and lowered expression of
IL-1β and TNF-α, thereby reducing neuroinflammation [98], and relieved injury-induced
neuropathic pain both acutely (lasting hours) and chronically (lasting days) [94]. Khanna
et al., 2011 showed the analgesic effect of the systemic administration of cromakalim in the
formalin test to the same degree as morphine but only high doses of cromakalim (1 mg/kg
and 5 mg/kg) induced an analgesic effect in the tail flick test [87]. Combining morphine
and cromakalim only showed additive analgesic effects in the formalin test (inflammatory
pain) and not in the tail flick test (heat sensitivity) [87]. Likewise, the KATP channel blocker,
glibenclamide, increased the pain response to the formalin test but not in the tail flick
test [87]. Interestingly, central administration of cromakalim did not induce an analgesic
effect in the tail flick test [98]. One could speculate that the reason for this is the lack of
inflammatory agents in the tail flick test, which would suggest that the antinociceptive
effect of KATP channel openers is related to anti-inflammatory properties, resulting in
analgesia in inflammatory pain rather than neuropathic pain.

Overall, the involvement of KATP channels in analgesic or antinociceptive mechanisms
appear to be closely related to their ability to hyperpolarize the membrane and reduce
hyperexcitability induced by inflammatory events. However, even though KATP channels in
pain research have been studied for decades, no therapeutic agent has reached the market,
and we speculate that the reason for this lack of drug development may be due to the high
complexity of these mechanisms, the abundant distribution of KATP channels throughout
the body and lack of subtype specific pharmacological tools.

Interestingly, when levcromakalim (KATP channel opener) was systemically admin-
istered, humans developed headache or migraine [22,23] and mice became hypersensi-
tive [45,47,99]. When levcromakalim was centrally administered in mice, analgesic effects
became evident [45,100]; see Section 4. (KATP Channels and Headache).

2.3.4. Insulin Secretion and Glucose Metabolism

The pancreatic islet β-cells are responsible for the secretion of insulin, and Kir6.2/SUR1
KATP channels play an important role in this mechanism. When blood glucose levels rise,
cell metabolism increases, and the higher ATP levels will trigger the closing of KATP
channels, resulting in membrane depolarization and the activation of voltage-gated Ca2+

channels and Ca2+ influx, which ultimately leads to insulin secretion [101,102]. It is gener-
ally accepted that the loss of function of KATP channels in islet β-cells leads to poor or no
response of KATP channels to changes in ATP/ADP ratio, leaving the channels closed and
the membrane at a depolarized state. This leads to a rise in cytosolic Ca2+ and the secretion
of insulin, causing the phenotype of hyperinsulinism [103,104]. In contrast, gain-of-function
mutations can lead to reduced or absent secretion of insulin, hyperglycemia, and diabetes
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due to a high degree of K+ efflux and membrane hyperpolarization [102]. Congenital hy-
perinsulinism is linked to the loss of function of the Kir6.2/SUR1 KATP channel expression
in the β-cells [101,104].

Type 2 diabetes mellitus is linked to chronic low-grade systemic inflammation and ox-
idative stress in β-cell, leading to low or no insulin secretion due to a loss of β-cells [105,106].
Several studies have reported that reactive oxygen species (ROS) and reactive nitrogen
species (RNS) modulate KATP channel activity by inhibition of mitochondrial ATP produc-
tion [107–111]. One study illustrated that oxidative stress-induced loss of β-cells caused
high blood glucose levels in wild-type (WT) mice, while in SUR1−/− mice, glucose levels
only rose slightly over control levels and these mice had a significantly better survival rate
compared to WT mice [107]. As the SUR subunit of the KATP channel holds the nucleotide
binding sites, this illustrates that the mitochondrial ATP production is involved in the
negative effects of oxidative stress on the insulin secretion pathway. One could speculate
that oxidative stress in other tissues also disturbs the KATP channel function, for instance,
in the migraine-relevant trigeminovascular system [112,113].

3. Pharmacological Tools Targeting KATP Channels

Pharmacological investigation using the different and more or less selective openers
and inhibitors of the KATP channel is crucial for the understanding of channel function and
interpretation of results. Both categories include several chemical classes. In summary,
there is some selectivity of the KATP channel openers and blockers, but one should keep in
mind that selectivity is commonly not an all or nothing phenomena but a function of dose.

3.1. KATP Channel Openers

Levcromakalim or cromakalim belongs to the benzopyran class and primarily opens
smooth muscle and cardiomyocyte KATP channels via affinity to TMD2 on SUR2 [48]. PKi
values for levcromakalim is 6.37 ± 0.04 on SUR2A and 6.95 ± 0.03 on SUR2B [114]. In
vasomotor experiments, levcromakalim has a reported pEC50 of 6.36 ± 0.09 on human
pial arteries and 6.32 ± 0.3 on omental arteries [115]. In rats, similar studies found values
of 6.32 ± 0.09 and 5.46 ± 0.17 for levcromakalim on basilar and middle cerebral arteries,
respectively [116], and 7.14 ± 0.11 on middle meningeal arteries [117].

The cyanoguanidines (pinacidil, P-1075) also display selectivity to SUR2 and have
potent hypotensive effects [118,119], but like levcromakalim, pinacidil did not reverse
glibenclamide-induced SUR1-mediated hyperglycemia [120].

In contrast, diazoxide (benzothiadiazine) is more specific for SUR1, but also
activates SUR2B [121]. Accordingly, it displayed both hypotensive and hyperglycemic
effects [120,122,123].

3.2. KATP Channel Blockers

The sulfonylureas (glibenclamide, glicazide, and gliquidone) are compounds that
target the SUR subunits to inhibit KATP channels via NBD2 (Figure 1A) [124]. Sulfonylureas
are used clinically to promote insulin secretion in type 2 diabetes [125]. Glibenclamide has
a 50-fold higher affinity towards SUR1 over SUR2A and SUR2B [126], and the inhibition
of Kir6.2/SUR1 is poorly reversed, whereas the blocking of Kir6.2/SUR2A is rapidly
reversed [127]. In addition, gliquidone and glicazide display lower IC50 values in pancreatic
cells than in cardiomyocytes and vascular smooth muscle, suggesting a higher affinity
for SUR1 [128]. Species differences are reported on the activity of glibenclamide on the
human and mouse Kir6.1/SUR1 channels. pIC50 is 8.37 on the human and 5.7 on the mouse
channel [126,129] suggest a much larger potency of glibenclamide on human compared to
mouse pancreatic KATP channels.

The thiazolidinediones (rosiglitazone, pioglitazone, etc.) are another class of drugs
used clinically for the treatment of type 2 diabetes via their effect on peroxisome proliferator-
activated receptors (PPARs) [125]. However, patch clamp experiments on HEK cells ex-
pressing various subtypes of KATP channels have shown that these compounds also block
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vascular KATP channels to various degrees [130]. Rosiglitazone was found to inhibit all
isoforms of KATP channels. The IC50 was 10 μM for the Kir6.1/SUR2B channel and ∼45 μM
for KIR6.2/SURx channels. The inhibition was also present without the SUR subunit. Ad-
ditionally, rosiglitazone had no effect on Kir1.1, Kir2.1, and Kir4.1 channels, suggesting that
the channel inhibitory effect is selective for Kir6.x channels [131]. In a subsequent study, the
same group compared a large number of PPAR agonists and found some to potently inhibit
Kir6.1/SUR2B. The most potent agonists were AS-252424, englitazone, A6355, rosiglitazone,
and cay10415 with IC50 values of 4 μM, 7 μM, 8 μM, 12 μM, and 15 μM, respectively. Lastly,
the morpholinoguanidine PNU-37883A needs mentioning. Both in vitro and in vivo evi-
dence suggest that this compound is selective for vascular KATP channels over pancreatic
ones and that it acts on the Kir6.1 rather than SUR components [132].

4. KATP Channels and Headache

Clinical trials with KATP channel openers for the treatment of hypertension and asthma
had headache as a primary side effect [63,133,134]. A range of migraine- and headache-
triggering substances (NO, CGRP, PACAP, cilostazol, sildenafil, and more) activate KATP
channels downstream from target binding (Figure 2). This agrees with the theory that
the arteries of the trigeminovascular system, are involved in the generation of migraine
pain [7].

4.1. Levcromakalim Is a Potent Trigger of Experimental Headache and Migraine

In an experimental setting, recognized as the human model of migraine [135], in-
travenous infusion of levcromakalim (1 mg over 20 min) was studied in healthy volun-
teers [136], including migraine without aura (MO) patients [22] and migraine with aura
(MA) patients [23].

After levcromakalim infusion, 12 of 14 healthy volunteers reported a headache with
a median time to onset of 30 min (range 10–60 min) compared to 1 of 6 participants after
placebo [136]. In MO patients, migraine attacks without aura were induced in 16 out of
16 patients contra 1 out of 16 participants after placebo [22]. The median time to migraine
onset was 3 h (range 1-9 h) after levcromakalim infusion. In MA patients, attacks were
induced in 14 out of 17 participants, and 1 participant after placebo. Four attacks were MO
whereas ten were MA. Median time of onset for MO was 2.8 h (range 1–4 h) and 44 min
(range 20–120 min) for MA [23].

Apart from headache characteristics, hemodynamic parameters and circumference
or blood flow velocity of selected arteries were reported in the above-mentioned clinical
studies. In healthy participants, the middle meningeal artery (MMA) had a 7–22% larger
circumference throughout the 5 h test period measured with 3.0 Tesla (magnetic resonance
angiography (MRA)). The superficial temporal artery (STA) also dilated, but less robustly
throughout the test period. The middle cerebral artery (MCA) dilated but it was not
significantly different from placebo. Heart rate (HR) AUC0–290 was significantly increased
but mean arterial blood pressure (MAP) AUC0–290 was not significantly lowered [136].
However, in a larger study, all arteries (STA, MMA, and MCA) dilated, and HR and MAP
also changed significantly in response to levcromakalim [137]. In MO and MA patients
both HR AUC0–120 and MAP AUC0–120 were also significantly altered. In the MO patient
study [22], STA and radial artery diameters were measured by ultrasonography and blood
flow velocity of the MCA was measured by transcranial doppler as a proxy for arterial
circumference. Thus, this method is inferior to MRA. Only the STA was found to dilate
in response to levcromakalim. Effects on arterial dilation was not published in the MA
study [23].

4.2. KATP Channel Opening in Preclinical Migraine Models

Preclinical models in which the effect of KATP channel opening and inhibition have
been studied in the context of migraine include models of vasoactivity, CGRP release, mast
cells degranulation and behavior in rodents.
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4.2.1. Dilatory Effects on Cranial Arteries

The effect of KATP channel opening on cranial arteries have been studied both ex
vivo using the wire myograph technique and in vivo using intravital microscopy through
a closed cranial window in anesthetized rats. The latter allows simultaneous imaging
of dural and pial arteries in an intact animal. It was found that levcromakalim infusion
(0.1 mg/kg i.v.) increased dural artery diameter by 130 ± 24%, pial artery diameter by
18 ± 3%, and lowered MAP by 31% [138]. For pinacidil (0.38 mg/kg i.v.), the figures were
126 ± 8% and 17 ± 3%, respectively. The response was significantly lower in pial than
in dural arteries for both KATP channel openers [138]. A lower dose of levcromakalim
(0.025 mg/kg i.v.) sub-maximally dilated the MMA and decreased MAP by 29% [117]. In
ex vivo artery preparations, the picture was similar. Levcromakalim (3 μM) induced relax-
ation of 74 ± 9% in rat dural arteries and 38 ± 8% in middle cerebral arteries, and pinacidil
(3 μM) induced relaxation that amounted to 55 ± 11% and 26 ± 4%. Again, the dilatory
responses were significantly different between the dural and cerebral arteries [138]. This is
also reflected in the pEC50 values; see Section 3.1. (KATP Channel Openers), revealing an
approximate 10-fold higher potency of levcromakalim on meningeal over cerebral arter-
ies [117,139]. The in vivo findings could be explained by poor blood-brain barrier passage
of levcromakalim and pinacidil, but this cannot explain the ex vivo difference as the blood-
brain barrier is bypassed in the wire myograph technique. Therefore, it was suggested that
KATP channels are heterogeneously distributed between cranial arteries [138].

4.2.2. Stimulation of CGRP Release

The CGRP release assay is an ex vivo technique in which CGRP release from isolated
tissue can be investigated. In migraine research, CGRP release from relevant structures as
the trigeminal ganglia, trigeminal nucleus caudalis and dura mater are commonly investi-
gated [140]. Levcromakalim (1 μM) and diazoxide (10 μM) have been tested for their ability
to stimulate CGRP release from all three tissues in rats [141]. Levcromakalim (0.1–100 μM)
was tested in mouse trigeminal ganglia and brain stem [99]. In neither species nor tissue
preparation did levcromakalim induce release of CGRP, supporting the hypothesis that
KATP channel opening is a downstream event upon CGRP receptor activation within sin-
gle cells [142]. For review of the effect of KATP channel blockage on CGRP release, see
Section 4.3.1. (Effect of KATP Channel Blockers in Preclinical Models). From the CGRP
release model, it is evident that the headache-inducing effect of levcromakalim is not caused
by direct stimulation of neuronal CGRP release.

4.2.3. Mast Cell Degranulation

Dural mast cells may be involved in migraine attacks [143] and therefore mast cell
degranulation assays and markers have been applied to study this possible aspect of
headache mechanisms. Levcromakalim and diazoxide (10 μM) failed to degranulate rat
dural mast cells in situ and, likewise, both drugs (0.01 μM–10 μM) failed to degranulate
rat peritoneal mast cells in vitro [141]. Thus, degranulation of mast cells is not the primary
mechanism in headache caused by levcromakalim.

4.2.4. In Vivo Mouse Model

Many migraine triggering substances defined in the human migraine model have also
been used in mice where they induce a state of hypersensitivity to cutaneous stimulation
with von Frey filaments [99,144–146]. This model is considered to be the mouse parallel to
the human model of provoked migraine. Repeated (every 48 h) injections of levcromakalim
(1 mg/kg i.p.) induce both cephalic and hind paw hypersensitivity to von Frey stimulation,
peaking 2 h after the 3rd injection [45,47,99], whereas levcromakalim administered locally
in the hind paw did not induce hypersensitivity, and intracerebroventricular administration
provided analgesia on the hotplate [45]. The observed hypersensitivity is at odds with
the study by Khanna et al., 2011 showing an antinociceptive effect of cromakalim and
diazoxide delivered i.p. [87].
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4.3. KATP Channel Blockage as Therapeutic Target in Migraine

The opening of KATP channels by systemic levcromakalim induces headache and
migraine attacks with and without aura. Accordingly, blocking KATP channels may abort
migraine attacks. A convincing amount of preclinical evidence suggests that KATP channel
blockage is a promising drug target for migraine. However, translation to patients is pend-
ing better pharmacological tools. Table 2 summarizes the studies reviewed in the following
sections and provides an overview of the doses of applied test substances expressed as
μmol/kg and the ratio between blocker (glibenclamide) and headache trigger substance.

Table 2. Details of human and rodent studies on KATP channel blockage in different migraine
models. Rows in same color are compared. The ratio of blocker/migraine trigger are used for
rough assessment of effectiveness across models. Effective Y/N/P: Y = yes, N = no, P = par-
tially. Percentwise changes of arterial circumference and diameter are the same. Thus, 20% change
in diameter = 20% change in circumference. Dose mol/kg = (dose g/kg)/(MW g/mol), dose
umol/kg = (dose mol/kg) × 106. Glibenclamide 494 g/mol, levcromakalim 286 g/mol, PACAP
4534 g/mol, CGRP 3798 g/mol, PNU 382 g/mol. * Glibenclamide given after PACAP, # CGRP
is accumulated dose in man/bolus in rat. Ratio will increase if the 1 min dose of CGRP is applied. $
Possible first pass metabolism of levcromakalim i.p will increase the mouse ratio, due to a smaller
denominator. & PACAP s.c. may result in lower plasma concentrations than i.v. which will increase
the mouse ratio.

Species Endpoint
Headache Trigger

mg/kg
Headache

Trigger, umol/kg
Blocker
mg/kg

Blocker,
umol/kg

Ratio
(Blocker/Trigger)

Effective
Y/N/P

Rat MMA
diameter

Levcromakalim
0.025 mg/kg iv

over 10 min
0.087

PNU-37883A
0.5 mg/kg i.v. over

10 min
1.3 15 P

Rat MMA
diameter

Levcromakalim
0.1 mg/kg iv over

20 min
0.35

Glibenclamide
20 mg/kg iv over

20 min
40.5 116 P

Rat MMA
diameter

Levcromakalim
0.1 mg/kg iv over

20 min
0.35

Glibenclamide
30 mg/kg iv over

20 min
60.7 174 Y

Human
MMA, STA,

MCA
circumference

Levcromakalim
0.014 mg/kg iv

over 20 min
0.049 Glibenclamide

0.14 mg/kg p.o. 0.3 5.8 N

Rat MMA
diameter

CGRP 0.3 ug/kg iv
bolus 0.000079

Glibenclamide
7 mg/kg iv over

20 min
14.2 178,968 P

Rat MMA
diameter

CGRP 0.3 ug/kg iv
bolus 0.000079

Glibenclamide
30 mg/kg iv over

20 min
60.7 767,004 Y

Human STA and RA
diameter

CGRP 0.43 ug/kg
iv over 20 min 0.000011 Glibenclamide

0.14 mg/kg p.o. 0.3 24,972 # N

Human STA and RA
diameter

CGRP
0.02 ug/kg/min

i.v.
0.0000053 Glibenclamide

0.14 mg/kg p.o. 0.3 53,690 N

Human MMA
circumference

PACAP
200 picomol/kg

over 20 min
0.2 Glibenclamide

0.14 mg/kg p.o. * 0.3 1.4 N

Human Headache
Levcromakalim
0.014 mg/kg iv

over 20 min
0.049 Glibenclamide

0.14 mg/kg p.o. 0.3 5.8 N/P

Mouse Tactile hyper-
sensitivity

Levcromakalim
1 mg/kg i.p $ 3.5 Glibenclamide

1 mg/kg i.p. 2 0.6 Y

Human Headache
PACAP

200 picomol/kg
over 20 min

0.2 Glibenclamide
0.14 mg/kg p.o. 0.3 1.4 N

Mouse Tactile hyper-
sensitivity

PACAP 0.2 ug/kg
s.c. & 0.000044 Glibenclamide

1 mg/kg i.p. 2 45,891 P

Human Headache CGRP 0.43 ug/kg
iv over 20 min 0.000011 Glibenclamide

0.14 mg/kg p.o. 0.3 24,972 N/P
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4.3.1. Effect of KATP Channel Blockers in Preclinical Models

The preclinical evidence suggesting the relevance of KATP channel blockage in
migraine is based on evidence from studies of (a) cranial arteries, (b) CGRP release,
(c) behavioral models, and (d) a genetically modified model:

(a) High dose glibenclamide (30 mg/kg i.v.) effectively blocked vasodilation in rats
induced by levcromakalim and pinacidil in both dural and pial arteries in vivo [31,138].
Glibenclamide also inhibited dilation caused by migraine-triggering peptides CGRP [65]
and PACAP [147] that support KATP channel activation by phosphorylation via cAMP
and PKA [148]. PNU-37883A effectively inhibited dilatory responses to stimulation with
KATP channel openers in various arteries of different species including the MMA in vitro
and in vivo [117,132]. Interestingly, glibenclamide [65] and PNU-37883A [149] failed to
inhibit arterial dilation caused by NO-donors in some reports whereas others did find a
relationship between NO (cGMP) and KATP channel-mediated arterial dilation [45,150].

(b) Glibenclamide (3 μM) inhibited ex vivo capsaicin-induced CGRP release from
trigeminal ganglia and dura mater from spontaneous trigeminal allodynic (STA) [151,152]
rats via an unknown mechanism [47].

(c) Also, in the STA rat model of migraine, glibenclamide (1–10 mg/kg i.p.) and
gliquidone (10–100 mg/kg i.p.) reversed spontaneous trigeminal allodynia [47]. In the
mouse models of provoked migraine, glibenclamide (1 mg/kg i.p.) was highly effective
against levcromakalim, cilostazol, and glyceryl-trinitrate (GTN)-induced tactile hypersensi-
tivity [47,99], whereas it only partially blocked the effect of PACAP-38 [146].

(d) Mice lacking the Kir6.1 subunit in smooth muscle cells were less sensitive to
CGRP [64], levcromakalim and GTN [45] induced vasodilation and hypersensitivity.

4.3.2. Clinical Effect of KATP Channel Inhibition in Human Migraine Models

Glibenclamide (10 mg p.o.) has been tested against levcromakalim [137,153],
CGRP [154], and PACAP-38 [155] induced migraine or headache in healthy volunteers.
Glibenclamide was given 2 h prior to levcromakalim and CGRP infusions, but after the
PACAP infusion. Headache data and hemodynamic measures were obtained. In all
studies, subjects continuously received glucose to counteract the pronounced drop in
blood glucose caused by glibenclamide. Overall, glibenclamide was found ineffective
against both hemodynamic changes and headache induction after infusion of all three
migraine triggering compounds.

The three above-mentioned studies were all cross-over studies but with variations
in experimental design. In the levcromakalim study, NCT03886922 [137,153,156], three
study arms were included: placebo-placebo, glibenclamide-placebo, and glibenclamide-
levcromakalim. The study did not have a placebo-levcromakalim group, making the
conclusions a bit distorted. In total, 12/15 participants (80%) reported headache after
glibenclamide-levcromakalim, 5/15 (33%) after glibenclamide-placebo, and 1/15 (7%)
following placebo-placebo. Thus, glibenclamide itself did not induce headache at a rate sig-
nificantly different from placebo. To test if glibenclamide protected against levcromakalim-
induced headache, comparison was made to a previous study showing headache induction
in 12/14 of participants (86%) after levcromakalim versus 1/6 (17%) after placebo [136].
Hence, glibenclamide pretreatment did not inhibit headache development but, noteworthily,
the median time to headache onset was 30 min (range 10–60) after levcromakalim infu-
sion without pretreatment and 180 min (range 20–600) with glibenclamide pretreatment
(p = 0.007) [153]. Glibenclamide did not influence HR, MAP, nor the circumference of
neither STA„ MMA, nor MCA, which, in this study, all significantly changed in response to
levcromakalim [137].

The study on CGRP and glibenclamide included two experimental groups in a ran-
domized cross-over design: placebo-CGRP and glibenclamide-CGRP. The incidence of
headache on the placebo-CGRP day was 19/20 (95%) vs. 14/20 (70%) on the glibenclamide-
CGRP day (p = 0.06). Biologically, this was a 25% reduction in headache inductions, but
power was set to detect 50% reduction in the study; thus, we cannot with certainly say if
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this finding happened by chance. Glibenclamide clearly did not influence CGRP-mediated
changes on the hemodynamic parameters arterial diameter, HR, MAP, and facial skin
blood flow [154]. Similar findings were obtained with glibenclamide as posttreatment
when headache was induced by PACAP-38 [155]. Here, 19/20 participants (95%) reported
headache compared to 18/20 (90%) on the placebo-PACAP day (p = 0.698).

5. Discussion

Direct comparison between human and animal experiments is not straight for-
ward [157]. Apart from the rule of thumb conversion factor for doses based on body
surface area to account for a generally faster metabolism in smaller animals [158], sev-
eral other factors may be of importance. For the studies reviewed here, the difficulties
concern: (1) different routes of administration and lack of pharmacokinetic data to
safely interpret their impact, (2) different measuring endpoints, (3) a lack of evidence
on the exact KATP channel distribution and expression levels in different tissues and
species, and (4) the potency of test compounds on different channel subtypes and
receptors across species. In Table 2, these are mentioned with the possible effect it may
have on the conclusions.

5.1. KATP Channel Opening Has Similar Effect in Preclinical and Clinical Studies

Across species, KATP channel openers dose-dependently dilate arteries and decrease
blood pressure [48,137,138]. The headache- or migraine-inducing effect of levcromakalim
infusion in humans was modeled in the mouse model of migraine, but with major differ-
ences that need mentioning. Humans received a single dose of 0.014 mg/kg i.v. to induce
headache or migraine [22,23,136], whereas mice received one, two, or sometimes three i.p.
injections of 1 mg/kg before hypersensitivity to tactile stimuli was evident [45,47,99]. Thus,
translation is complicated by different routes of administration and different measuring
endpoints, and no common readout to which the other measures can be related to. Some
degree of first pass metabolism following i.p. administration of levcromakalim is likely due
to portal absorption [159], thus somewhat lowering the actual mouse dose. The net conclu-
sion is that, in addition to hemodynamic effects, migraine-relevant nociceptive pathways
are also replicated in the mouse model but at a higher dosing regimen.

5.2. Discrepant Results on KATP Channel Inhibition in Preclinical and Clinical Studies

Evidently, there has been a poor translation between preclinical and clinical studies
looking at KATP channel blockage with glibenclamide in a migraine context, both on the
hemodynamic parameters and headache readouts (hypersensitivity to tactile stimulation
in rodents). These discrepancies may be explained by differences in dosing regimens,
pharmacodynamic action of glibenclamide, subunit distributions, and trigger potency on
various receptors.

5.2.1. Discrepant Effect of Glibenclamide on Cranial Arteries

In animal models using intravital microscopy of dural arteries, high doses of gliben-
clamide (7–30 mg/kg i.v.) were needed to prevent arterial dilation and a decrease in blood
pressure followed by levcromakalim (0.1 mg/kg i.v.), pinacidil (0.38 mg/kg i.v.) [137],
and CGRP (0.3 μg/kg i.v.) [65]. Looking at the glibenclamide/levcromakalim dose ratio
(Table 2), it was 174 for full blockage and 116 for partial blockage of dural artery dilation
in rats [138]. In the human equivalent study, the ratio was 5.8 (glibenclamide given to
non-fasting participants has a high oral bioavailability, therefore this ratio is not adjusted).
For CGRP, the ratio was 178,968 for the partially (but non-significant) effective dose of
glibenclamide, and 767,004 for the fully effective dose in rats [65]. In the human experiment,
the ratio was 24,972–53,690 depending on whether the total or 1 min CGRP dose was used.
In animals, glibenclamide has only been tested against PACAP-induced arterial dilation
in vitro. Here, the dose ratio calculation would not be meaningful to compare to the clinical
data. In summary, the relative dose of glibenclamide contra trigger (levcromakalim, CGRP)
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was much higher in the rat studies. Given the SUR1 preference of glibenclamide, the
relative low dose of glibenclamide given in humans may explain the lack of an effect of
glibenclamide on human cranial arteries expressing SUR2B, while the higher dose applied
to rats was sufficient to also inhibit SUR2B.

5.2.2. Discrepant Effect of Glibenclamide on Headache Measures

In terms of headache measures, the effectiveness of glibenclamide in mouse and rat
models of migraine has not been seen in the human model of provoked migraine. In both
rats and mice, glibenclamide (1 mg/kg i.p.) was sufficient to inhibit cutaneous tactile
hypersensitivity, but in the human studies, 10 mg p.o. (0.14 mg/kg) was not convincingly
effective. The rodent dose was 7 times higher than the human dose (assuming equal
bioavailability), which is the typical conversion factor between rats and humans based on
body surface area [158]. Looking at the glibenclamide/trigger ratio in the mouse model
and the human model, we found that in mice, the ratio was 0.58 for levcromakalim and
45,891 for PACAP, the latter only partially preventing hypersensitivity. In the human
studies, the ratios were 5.79 for levcromakalim and 1.42 for PACAP. Despite different
routes of administration, we get a clear indication that the glibenclamide/PACAP ratio
was smaller in the human study compared to the mouse study, which may explain the lack
of translation between results. However, for levcromakalim, the ratio was 10-fold higher
in the human experiment, which leaves no simple explanation for the lack of efficacy on
the primary readout. Recall, however, that in this study [153], a comparison was made
to a previous study [136]. A highly significant effect was found on a secondary output,
median time to headache onset, which was 30 min after levcromakalim and 180 min after
glibenclamide-levcromakalim, suggesting that glibenclamide was effective when plasma
levels were high [153]. Glibenclamide has not been directly tested against CGRP in the
mouse model of provoked migraine.

5.2.3. Target Engagement

The 10 mg dose of glibenclamide applied in the human studies was clearly insufficient
in terms of blocking vascular KATP channels (Kir6.1/SUR2B), but the effect on blood glucose
was shown to indicate the efficient blocking of pancreatic (Kir6.2/SUR1) channels in line
with SUR1 selectivity of glibenclamide described in Section 3.2. (KATP channel blockers). In
rats, the applied (high) dose was able to block the vascular KATP channels. In humans, larger
doses cannot be applied due to the adverse effect on blood glucose [153]. The effect of blood
glucose was not reported in the rat studies looking at hemodynamics after glibenclamide
7–30 mg/kg, i.v. [65,138]. In another rat study, both glibenclamide 1 mg/kg and 10 mg/kg
i.p. decreased blood glucose from 7 mmol/L (vehicle treatment) to 3 mmol/L 2 h post-
treatment. In mice, acute injection of glibenclamide (10 and 30 μg/mouse) caused a rapid,
dose-dependent drop in blood glucose levels from approximately 170 to 120 mg/dL,
peaking at 60 min. The two highest concentrations of glibenclamide caused a similar
marked reduction of fed blood glucose after an extended period, consistent with a saturated
effect of the drug in vivo [160]. Glibenclamide 5 mg/kg/day (delivered by a subcutaneous
minipump) did not affect blood glucose in vivo [161]. The pronounced effect on human
(but not mouse) glucose level is likely due to the reported > 100-fold higher potency of
glibenclamide on human SUR1 over mouse SUR1 [126,162].

The higher selectivity of PNU-37883A on the vascular channels compared to gliben-
clamide is evident when the inhibition of levcromakalim is related across two stud-
ies from the same laboratory using the same in vivo model to study dilation of the
MMA [117,138]. Here, 1.3 μmol/kg of PNU-37883A partly inhibited 0.087 μmol/kg of
levcromakalim-induced dilation (ratio 15) and 40.5 μmol/kg of glibenclamide partly inhib-
ited 0.35 μmol/kg of levcromakalim (ratio 116).

In both rats and mice, the lower dose of glibenclamide (1 mg/kg i.p. = 2 μmol/kg,
ratio 0.58) was effective in different behavioral models of migraine [47,99]. The human stud-
ies on headache prevention by glibenclamide following provocation with levcromakalim,

65



Cells 2022, 11, 2406

CGRP, and PACAP were negative on the primary outcome. Nevertheless, partial effi-
cacy may have been present in the former two experiments; see Section 4.3.2. (Clinical
effect of KATP channel inhibition in human migraine models). Partial inhibition of CGRP
and PACAP induced alterations may be expected as the downstream effect from both
neuropeptides likely also involve the opening of other ion channels [163].

5.3. Possible Mechanism of Headache Induction and Prevention

Different theories about where and how the opening of KATP channels causes headache
exist. These are further fueled by the non-clarified effect of channel inhibition on headache
readouts. Collectively, the interpretation regarding subunit contribution to headache is
difficult as rodent and, to some extent, human data suggest that glibenclamide may inhibit
headache (hypersensitivity in rodents) to some degree, without the relevant effect on the
vascular Kir6.1/SUR2B channel, which is the proposed mediator of levcromakalim-induced
migraine [22]. An effect on neuronal Kir6.2/SUR2 channels is also a possibility [164], albeit
smooth muscle Kir6.1 subunits were identified as important [45].

5.3.1. Dilation of Meningeal Arteries

Dilation of intracranial arteries within the trigeminovascular system is the leading
hypothesis of levcromakalim-induced headache and migraine [7,45,165]. Two proposed
mechanisms are currently at play: (a) mechanical activation of trigeminal nociceptors by
arterial dilation or (b) chemical activation of trigeminal nociceptors by high [K+] in the
microenvironment between arteries and nerve endings [23]. These hypotheses need testing
using a selective blocker of Kir6.1/SUR2B suitable for use in humans.

5.3.2. Effect on CGRP Signaling

A few preclinical studies suggest that KATP channels may affect CGRP signaling in
different manners. In ex vivo organ preparations, glibenclamide inhibited the release of
CGRP from trigeminal ganglia and dura mater [47]. In contrast, KATP channel openers did
not directly stimulate the release of CGRP [99,141]. However, in vivo, the hypersensitivity
induced by levcromakalim was abolished both by treatment with a CGRP-neutralizing
antibody, and in genetically modified mice, by not expressing the CGRP receptor compo-
nent RAMP1 [99], suggesting that CGRP is released by inter-tissue communication (not
found ex vivo) following levcromakalim treatment and that this drives hypersensitivity.
As an alternative to the vascular theory, this specific release of CGRP may in fact be what
is inhibited by glibenclamide in vivo via its affinity to SUR1. This may also explain the
speculative effect of glibenclamide on headache, in spite of the clear lack of a vascular effect
on hemodynamics in human experiments.

5.3.3. Hyperpolarization-Activated Cyclic Nucleotide-Gated (HCN) Channels

Another alternative to the vascular theory of migraine induction by KATP channel
opening is the involvement of HCN channels in the trigeminal nervous system [164]. Sus-
tained hyperpolarization of neurons may engage HCN channels, and blockage of these have
been suggested as therapeutic targets in diabetic neuropathy [166] and neuropathic [167]
and inflammatory pain [168]. The proposed mechanism is that KATP channel openers
lead to the long-lasting hyperpolarization of trigeminal nerves, in turn activating HCN
channels that leads to augmented neuronal excitability and firing of the neurons [169,170].
In contrast, this hypothesis consists of the fact that, in CNS, the opening of KATP channels
is involved in analgesia. Moreover, HCN channels are expressed in trigeminal and dorsal
root ganglia, and systemic exposure to levcromakalim induces cephalic but not peripheral
pain [22,23,136] and local administration of levcromakalim was unable to induce pain [171].
The HCN theory is currently being evaluated in a clinical trial (NCT04853797), testing HCN
channel blocker ivabradine against levcromakalim-induced headache [156].
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5.4. Clinical Therapeutic Perspectives

Ion channels are regarded as an important class of drug targets for modulating pain
and is localized in primary sensory neurons and other key structures in pain process-
ing [172]. KATP channels are probably the most diverse ion channel type, and each subtype
has a specific physiological role. Developing drugs targeting all KATP channels may there-
fore be impossible since they are widespread and undesirable severe side effects would
be expected. Thus, subtype selectivity is key and may be a very attractive target for the
development of novel therapeutics for the acute and preventive treatment of migraine.

Accordingly, Kir6.1/SUR2B subunits are dominantly expressed in the vascular smooth
muscle. In contrast, Kir6.2/SUR1 are expressed in the CNS and pancreas, and Kir6.2/SUR2A
are expressed in cardiac and skeletal muscle [50,117]. However, the lack of detailed struc-
tural and functional insight of these channels poses a challenge for the development of
selective drug candidates. The Kir6.1 selective KATP channel blocker, PNU-37883A, was de-
veloped as an orally effective non-kaliuretic diuretic in rats [149,173]. Because of its cardiac
depressant activity, possibly related to its blockade of coronary artery Kir6.1 channels in
animal experiments, the drug never advanced to human studies [174]. Thus, KATP chan-
nel blockers selective for Kir6.1 alone should be carefully considered. In addition, SUR2
null mice exhibited elevated resting blood pressure and sudden death from ST segment
elevation and coronary artery vasospasm [175]. In SUR2, in null mice with a transgenic
restoration of SUR2B, the above-mentioned side effects persisted [176]. Thus, these side
effects seem to be caused by SUR2A knockout and are likely not related to knockout of the
SUR2B subunit. A KATP channel blocker for the treatment of migraine should therefore
preferably have an exclusive selectivity for Kir6.1/SUR2B KATP channels.

To date, most ion channel drug development has focused on identifying and de-
veloping small molecule and peptide modulators, mainly through serendipitous discov-
ery [177]. Despite vastly improved screening tools for small molecule or compound libraries,
only two novel ion channel drugs have been approved by the FDA since the 1990s [178].
The well-known disadvantage of small molecules is that they can bind to off-molecular
targets, leading to more side effects and toxicity. Alternative modalities for targeting ion
channels have recently included monoclonal antibodies (mAbs), which offer many addi-
tional advantages to selectivity and bioavailability. Yet, despite considerable interest, there
are currently no marketed mAbs therapies that target an ion channel. This lack of success
is mainly attributable to two important technical challenges. First, the ion channels have
short extracellular loops displaying small epitope target areas over the plasma membrane,
causing them to be challenging binding targets for large protein antibodies. Additionally,
these extracellular loops tend to be highly conserved at the primary amino acid sequence
level, and thus lack sufficient immunogenicity to generate robust antibody responses in
mammalian hosts [178].

A major challenge and concern in developing KATP channel blockers is cardiac side
effects. KATP channels are abundant in the myocardium and KATP channel openers have
proven useful in ischemic heart disease through direct actions on the myocardium [179]
and may prevent arrhythmias [180]. To overcome this problem, it is important to test with
several heart assays, such as the ex vivo Langendorff heart model (perfused isolated heart
model), to evaluate the direct effects of compounds on cardiac function and to ensure
cardiovascular safety of new drug candidates [181].

In conclusion, KATP channels are recognized as promising therapeutic targets for
migraine treatment but remain a major challenge for drug discovery. To move forward,
we need further studies on the specific subtypes of the KATP channel to enable a deeper
understanding of their structures, functions and distribution for more selective and suc-
cessful drug development. Furthermore, knowledge on the consequences of activation or
blockage of the KATP channels on a molecular- or pathway-specific level in the pathophysi-
ology of migraine, is necessary to fully comprehend and predict the potential of this novel
therapeutic target.
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Abstract: Migraines constitute a common neurological and headache disorder affecting around 15%
of the world’s population. In addition to other mechanisms, neurogenic neuroinflammation has been
proposed to play a part in migraine chronification, which includes peripheral and central sensitization.
There is therefore considerable evidence suggesting that inflammation in the intracranial meninges
could be a key element in addition to calcitonin gene-related peptide (CGRP), leading to sensitization
of trigeminal meningeal nociceptors in migraines. There are several studies that have utilized this
approach, with a strong focus on using inflammatory animal models. Data from these studies show
that the inflammatory process involves sensitization of trigeminovascular afferent nerve terminals.
Further, by applying a wide range of different pharmacological interventions, insight has been gained
on the pathways involved. Importantly, we discuss how animal models should be used with care
and that it is important to evaluate outcomes in the light of migraine pathology.

Keywords: inflammation; migraine; CGRP; CFA; inflammatory soup

1. Pathophysiology of Migraine

Migraine is a common neurological and headache disorder affecting around 15% of
the world’s population (≈1 billion people, reported migraine in the previous year) and are
three times more prevalent in women (around 18%) than in men (around 6%) [1,2]. It is the
second cause of disability worldwide (behind only lower back pain) and the leading cause
of neurological disability. Migraines share some similarities with other primary headache
disorders in multiple aspects which can lead to misdiagnosis, but migraine also have
several unique features. Various probable migraine triggers have been identified including
genetic factors such as channelopathies that are familial or sporadic: maternal inheritance
of mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes; angiopathy
inheritance, to name a few [3].

For a long time, the vascular theory of migraine was dominant. The theory was
coined by Harold Wolff in the 1940s. He hypothesized that vasodilation of cranial vessels
was the cause of migraines [4]. However, the vascular theory of migraine has since been
challenged and by many replaced by neuronal theories which include the central and/or
the peripheral nervous systems in migraine pathophysiology. Nevertheless, the vasculature
has remained an important factor in migraine pathophysiology as the neurovascular theory
of migraine is currently dominating. The neurovascular theory suggests involvement of
the trigeminovascular system (TGVS) in the ictal phase of a migraine attack [5]. Neuro-
genic inflammation (NI) has also been proposed to play a part in migraine chronification.
NI would consist of vasodilation, mast cell degranulation, plasma protein extravasation,
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platelet aggregation and the involvement of vasoactive peptides and inflammatory me-
diators such as calcitonin gene-related peptide (CGRP), substance P, and neurokinin A,
as well as of prostaglandins [6]. However, besides CGRP, the involvement in migraine
pathophysiology of the other neuropeptides, as well as mast cell degranulation and plasma
extravasation is unclear and needs further research [7]. Peripheral and central sensitization
have been proposed as likely causes of pain and involved in the process of chronification of
migraine [8].

Sensitization is the process where the response to a stimulus is facilitated and the
response itself increased in magnitude. The activation of endogenous inflammatory media-
tors (which are yet to be fully recognized) is believed to sensitize peripheral trigeminovas-
cular neurons (or first-order neurons) through constant innervation of the dural meninges.
Peripheral sensitization likely causes the throbbing nature of the headache, and CGRP has
been observed to be involved in initiating and sustaining peripheral sensitization. The
constant stimulation of the peripheral TGVS causes sensitization of second-order neu-
rons (trigeminocervical complex, trigeminal nucleus caudalis (TNC)), third-order neurons
(trigeminothalamic), as well as neurons in the brainstem and thalamus, causing central
sensitization. Central sensitization may cause muscle tenderness, aversion to touch, as well
as cephalic and extracephalic allodynia and could possibly be the reason that migraines turn
chronic [9,10]. The neurovascular theory builds on the view that vasodilatation of cranial
arteries excites the sensory perivascular nerves which cause either immediate or delayed
headache pain [11]. The view suggests that vasodilatation activates cyclic nucleotides and
potassium channels, resulting in a local rise in potassium ions which causes activation of
the sensory nerve terminals in the dura mater [12].

The initiation of migraines is also unclear but likely occurs centrally, as fMRI scans
have shown increased activation of the hypothalamus during the prodrome phase [13].
Cortical spreading depression (CSD) has been proposed to play a significant role in the
initiation of a migraine attack. However, only 25% of migraineurs experience aura symp-
toms [14]. In migraines without aura (MoA), if a minor reduction in brain blood flow
occurs it is not observed with current methods. Therefore, arguments have been made
that CSD only causes aura in patients that have a specific genetic predisposition, which
would explain the lack of experience of aura symptoms in MoA patients. Therefore, the
role of CSD as a general migraine trigger has been questioned [15]. Regarding CSD and
inflammation, there is no evidence of the depression itself being caused by inflamma-
tion. However, experimental CSD can trigger neurogenic meningeal inflammation and
subsequently activate the trigeminovascular system [16,17]. However, this has not been
confirmed in humans.

Although the origin and cause of migraine is not fully known, CGRP is an established
key component in migraine attacks. For example, the plasma levels of CGRP are greatly
increased during migraine attacks [18], and inhibition of CGRP release decreases both
plasma levels of CGRP and the severity of migraine symptoms [18,19]. The role of CGRP
in migraines is associated with CGRP being a strong vasodilator and involved in pain
transmission from various parts of the head to the central nervous system. Therapies
targeting CGRP release or its canonical receptor in the TGVS have been proven to ease
symptoms and alleviate pain [5,20,21]. Binding of CGRP to its receptor (between RAMP1
and CLR) leads to conformational changes of the CGRP receptor, and activation of the Gαs
subunit. The activated Gαs subunit binds to adenylate cyclase (transmembrane protein),
which converts adenosine triphosphate (ATP) into the second messenger known as cyclic
adenosine 3’,5’-cyclic monophosphate (cAMP). Intracellular cAMP levels are increased
and causes an intracellular downstream signalling cascade. The increase in intracellular
cAMP activates cAMP-dependent protein kinase A (PKA) signalling, which results in
the activation of cAMP response element-binding protein (CREB), which finally affects
gene transcription [22]. In the context of migraines, the increase in intracellular cAMP
levels has been suggested to cause opening of hyperpolarization-activated cyclic nucleotide
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gated channels (HCN) or ATP-sensitive potassium (KATP) channels that could lead to
hyperexcitability of the membrane and possibly be the reason for migraine pain [23].

CGRP has been observed in regions of the central nervous system (cortex, thalamus,
hypothalamus, TNC etc.) [24,25]. Additionally, CGRP release has been linked to peripheral
areas relevant to pain sensation during the ictal phase of migraine, such as the dura
mater and trigeminal ganglion (TG) [18,26]. CGRP and the CGRP receptor are localized in
proximity and in parallel to each other, as CGRP is found in great numbers in unmyelinated
C-fibers, while CGRP receptors are localized in the Nodes of Ranvier of myelinated Aδ-
fibers, both in the TG and dura mater [27]. The TGVS, where CGRP is found in high
concentrations, consist of the trigeminal nerve (or fifth cranial nerve, CN V) which has three
distinctive branches: the ophthalmic (V1), the maxillary (V2), and the mandibular (V3)
branch. As reviewed by Walker and colleagues [28], V1 innervates and supplies strictly
sensory information to intracranial dura matter and brain vessels as well as extracranially to
the upper facial areas forehead and the scalp, and to orbit and the eyes, upper nasal cavities
and skin above the eyes and upper parts of the nose. V2 innervates and conveys strictly
sensory information to mid-facial regions, including inferior nasal cavities and sinuses,
as well as the upper jaw. V3 innervates sensory information and has motor functions by
innervating the muscles of lower facial areas, and the mandibles. In the context of migraines,
it is believed that nociceptive information caused by the excitation of C-fibers and in turn
of Aδ-fibers, passes along the trigeminal nerves (V1, and to lesser extend V2-V3) in a series
of action potentials and merges in the TG. From the TG, the sensory information is sent
further to second-order neurons in the trigeminocervical complex (TCC which contains:
TNC, dorsal horn and upper cervical spinal horn C1-C2). The nociceptive information is
passed on deeper into the central areas and processed by the nuclei of the brain stem, the
thalamus and the hypothalamus. Visual, auditory, olfactory, somatosensory, and motor
cortices receive the nociceptive signals and are believed to cause the characteristic migraine
symptoms such as phonophobia, photophobia, headache pain or cognitive dysfunction [9].

CGRP is believed to play a big role during this communication of pain information [5,29].
It is postulated that during the ictal phase of migraines, neurons in the dura mater and
other peripheral neurons receive increased stimulation causing the release of CGRP from
C-fibers. CGRP binds to the CGRP receptor located in the Aδ-fibers, which further stimulates
neurons, causing extended depolarization. Depolarization and CGRP release are continued
along the trigeminovascular pathway, creating nociceptive signalling. The initial release of
CGRP in the periphery is likely caused by the excitation of neural membranes from action
potentials or through antidromic signalling, causing an opening of ion channels such as
voltage gated sodium (Na+) ion channels. The opening of voltage-gated ion channels leads to
an influx of calcium ions (Ca2+) into the cytosol provoking exocytosis of CGRP from vesicles
and into the synaptic cleft; that CGRP can later be detected in blood samples from migraine
patients [18].

2. Inflammation in Migraine

During the years there have been much work, mainly in rodents, suggesting a signif-
icant role of NI in migraines. Overall, the current view is that in single migraine attacks
there is limited evidence of inflammation. However, many migraine cases evolve over time
to be more severe and even enter a chronic phase. It is therefore possible that inflammation
might play a role in migraine chronification, which is the current working hypothesis
(Figure 1). To understand such a notion would assist in providing better therapy.
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Figure 1. Chronification of migraine. Small CGRP-containing neurons (green), and larger CGRP
receptor-containing neurons (pink) are surrounded by satellite glial cells. We postulate that activation
of the satellite glial cells (indicated by a change in color from orange to red) sensitizes the glia/neuron
subunit, thereby decreasing the migraine threshold and leading to increased migraine frequency.

In the 1980s, the theory “sterile neurogenic inflammation” of the dural meninges was
presented [30]. The involvement of inflammation in migraines was further supported
by preclinical studies that showed significant inhibition of plasma protein extravasation
with classic anti-migraine drugs, ergots and sumatriptan [31–34]. Considerable evidence
suggested that NI in the intracranial meninges could be a key element resulting in the
sensitization of trigeminal meningeal nociceptors in migraine [35–38].

Major cytokines have been implicated in the TGVS pathway resulting in NI, including
tumor necrosis factor (TNF)-α, IL-1β and IL-6 [39,40]. There are studies that observed
inflammatory molecules, in particular TNF-α, in plasma, serum or urine samples. These
data suggested presence of inflammation in patients when comparing the levels during
attacks and in attack-free intervals [41,42]. In animals and particularly in the knock-in
animal model of familial hemiplegic migraine type-1, it has been shown that mRNA
expression of TNF-α was increased in the TG [43].

Elevated TNF-α serum levels in humans were found even outside of attacks, support-
ing a role of TNF-α in migraine [44] the. However, data is variable as some have shown that
TNF-α is only elevated immediately after the attack and is lower in-between attacks [42].
For other cytokines, such as IL-1β and IL-6, these were reported to be increased during
a migraine attack [45]. Further, an increase in IL-6 and TNF-α has been detected in the
jugular venous blood during a migraine attack [46]. Although changes in TNF-α and other
cytokines can be confirmed, it is not clear as to their significance in migraine pathology. In
migraine patients, there is often an increase in inflammatory markers over the course of
the disease.

As CGRP might be released during the 72 h of the migraine attack [18], it could po-
tentially evoke continuous activation of C- and Aδ-fibers. This in turn would lead to an
increase in expression of inflammatory cytokines, not only in the dura mater, but possibly
also in neuronal cell bodies, which are localized in the TG and the TNC. Here the term “neu-
rogenic neuroinflammation”, which is defined by inflammatory reactions in the nervous
system in response to neuronal activity, can be applied [47]. Combined with central effects
which play an important part in causing pericranial allodynia, hyperpathia and muscular
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pericranial hyperactivity, part of the pathology could also be linked to the peripheral effects
of CGRP (or inflammatory sensitization). For example, migraine-proving agents generate
periorbital allodynia, for example in animals [48,49]. This is likely due to the release of
inflammatory mediators (bradykinin, prostaglandins, etc.) from nerve endings or cells of
the immune system [50–52]. Worth noting is that peptidergic fibers were not observed along
or in between the striated muscle bundles of the temporal or the occipital regions, only in
the skin or accompanying the blood vessels [53]. Furthermore, a part of this sensitization
could also occur at the nodes of Ranvier [27]. How the nodes of Ranvier could relate to
inflammation remains to be explored. There are several studies that have utilized the case
that migraines are linked to meningeal/dural activation of nociceptive fibers. Data from
these models supports that sensitization of trigeminovascular afferent nerve terminals.
This has been studied using several different methods and particularly electrophysiology
has given insight into changes in meningeal excitability [54], and has provided insight in
modulation of ion channel excitability [54,55] and responses to migraine therapeutics [55].
Data using an inflammatory model has given evidence that triptans can induce hyperpo-
larizing shifts in meningeal nociceptive fibers [55]. Further, some sex specific difference
can also be observed using this model, even in electrophysiological properties [56], adding
value of this model in relation to sex differences in migraine pathology in humans.

3. The Inflammatory Soup (IS) Model and Its Variants

The most common inflammatory migraine model is to surgically insert a cannula
that reaches the dura of anesthetized animals and inject inflammatory mediators through
the cannula. This model was first applied by Oshinsky and colleagues [57] and has been
applied in various migraine research papers since. Certain variations of the model have
been used, notably in the type of animals used, changes in surgical procedures or variations
in injection volume, time points and frequency. Besides using cannulas, some groups use
supradural catheters [58].

The application of chemical stimulants through this model and its variants has led
to various physiological and behavioural changes in animals. These findings allow us to
evaluate the relevance of this model as a tool for migraine research and act as reference
points if one desires to use this model. Here we will present some of the main findings.
First, we look at the effect of IS. IS applied to the dura causes periorbital and/or plantar
allodynia [57,58], however most often the allodynia is observed after chronic administration.
Additionally, other behavioural impairments have been observed. There are reports of
increased face rubbing [59] and grooming [60] which are indicative of head pain and/or
irritancy. Furthermore, increased rest and freezing behaviour, and decreased exploratory
behaviour have been reported [61], which are behaviours also experienced by migraine
patients. On the contrary, Liu and colleagues [62] observed increased distance travelled by
IS rats in the Open Field Test (OFT), which was argued to be due to higher anxiety levels.

Some other notable findings are the changes at the cellular level, and we have sum-
marized all the below findings in supplementary tables, notably the effects in TG (supple-
mentary Table S1), brain/spinal cord (supplementary Table S2) and TNC (supplementary
Table S3). The levels of c-Fos, a marker of neuronal activation and nociception, have
been observed at higher expression levels in the TG and TNC [63–65]. Increases of other
nociceptive and neuronal activation markers in the TGVS have been observed, such as
increases in cAMP [64], PKA [64], ERK1/2 [64], CREB [64], NGF [66], PKC [66], tyrosine
receptor kinase B (TrkB) [67] and EAAT3 [67]. Increases of inflammatory markers have also
been observed in the TGVS, notably an increase in IL-1β [65,68], IL-18 [69], TNF-α [65,70],
p38 [67], BDNF [67], Iκβ [71], TRIF [71], TLR4 [71], Myd88 [71] and NF-κβ [71], FKN [72],
CX3CR1 [72] and PGE2 [73]. Also, an increased presence of microglia [59,67,69–71,74,75]
and astrocytes [69,74,75] has been reported. As mentioned previously, releases of neu-
ropeptides such as CGRP, substance P and PACAP-38 are notable components of NI and
these peptides are also linked to migraine pathophysiology, especially CGRP. Chronic
application of IS on the dura causes upregulation of CGRP genes [62,63,66,67,73,75–83] and
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Substance P [76,80–82] in the TGVS. PACAP-38 is increased in the plasma of migraineurs
during attacks but reduced in chronic migraineurs [84,85]. Long-term IS infusion de-
creased PACAP-38 which the authors argue is due to PACAP being depleted after chronic
administration [86].

Other notable pathological alterations caused by IS application to the dura include
a decrease of 5-HT in the brain [65], an increase in the 5-HT7 receptor expression [64], a
decrease in α7nACh receptor expression in the hippocampus [75], an increase in nitric
oxide (NO) [79], increases in the warm receptor TRPV1 [65] and cold receptor TRPM8 [87]
expression, decreases in SIRT1 and PGC-1α [80], mitochondrial dysfunction [80,88], an
altered functional connectivity between various brain regions [68,89–92], an increase in
EphB2/EphrinB2 receptors [81], increased synaptic plasticity in TNC [76,79,81] but de-
creased plasticity in the hippocampus [93], an increase in glutamate in the TNC [94], an in-
crease in mGluR5 [95], a decrease in GABA [94], decreases in GABABR1 and GABABR2 [94],
increases in mTOR and autophagy [95], an increase in ASIC3 receptor expression [66,82],
the increase of nNOS in the brain of rhesus monkeys [83], the impairment of descending in-
hibitory pathways [96], an increase in nerve growth factor (NGF) [66], increases of the P2Y14
receptor [59] and the P2X4 receptor expression [67], an increase in BBB permeability [74,97],
the increase of VEGF [97], the sensitization of trigeminovascular neurons [96,98–101], an
increase in white matter in different brain regions [102] and changes in the gut micro-
biota [65]. The application of other chemical stimulants that are inflammation-relevant
have also been investigated. A chronic dural application of IL-6, a pro-inflammatory cy-
tokine increased in the blood and serum of migraineurs [103], has been reported to cause
periorbital and plantar allodynia [104–107], upregulate ERK1 [107] in the TG and sensitize
dural afferents [107].

Treatments that can reduce the pathological changes of the chemical stimulants may
give indications of what could be potential migraine treatments and could be used as
positive controls in future studies that will use this model. Treatments that managed
to reduce periorbital and/or plantar allodynia or other pathologies induced by IS appli-
cation to the dura include sumatriptan [65,97,108], ketoprofen (NSAID) [73], nimesulide
(NSAID) [73], etoricoxib (NSAID) [73], baclofen (GABAB receptor agonist) [95], propranolol
(β-blocker) [101], amitriptyline (tricyclic antidepressant) [93], minocycline (tetracycline-
derived antibiotic) [70], rapamycin (mTOR inhibitor) [95], anti-IL18 [69], anti-NGF [66],
flunarizine (calcium channel blocker) [62], H89 (PKA inhibitor) [94], chelerythrin (PKC
blocker) [66], APETx2 (ASIC3 inhibitor) [82], MPEP (mGluR5 antagonist) [95], PNU-282987
(α7nACh receptor agonist) [75], TNP-ATP (P2X inhibitor) [67], ibudilast (PDE inhibitor) [70],
electroacupuncture [64,100,109], EphB1-Fc (EphB receptor inhibitor; only 0.5 μg) [81], TAK-
242 (TLR4 inhibitor) [71], naltrexone (TLR4 antagonist) [70], PP2 (NR2B-pTyr inhibitor) [76],
genistein (protein tyrosine kinase inhibitor) [76], ANA-12 (TrkB antagonist) [67], SIRT1720
(SIRT1 activator) [80], xiongmatang extract [62], and wuzhuyu decoction [65]. Mean-
while, treatments using APETx2 [104], ANA-12 [104], anisomycin (protein synthesis in-
hibitor) [110], 4EGI-1 (translation initiation inhibitor) [110] or U0126 (MEK inhibitor) [107]
alleviated IL-6 induced periorbital/plantar allodynia.

4. Dural Activation by Complete Freund’s Adjuvant (CFA)

We have, in addition to experiments with IS, used additional preclinical models
involving inflammatory stimulation of the peripheral parts of the trigeminal system to
simulate the chronic nature of migraines without receptor activation. Firstly, we studied
inflammatory pathways in cultured rat TG cells [111,112]. Secondly, we administered CFA
(Complete Freund’s Adjuvant) into the temporomandibular joint (TMJ), which elicited
activation of TG [113]. Thirdly, we developed a new animal model for trigeminal activation
using chemical stimulation of the dura mater with CFA [114] to test whether application of
CFA on a small part of the surface of the dura mater can cause long-term activation of the TG,
and thus provide a model of migraine chronification [115]. Lastly, we evaluated whether
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activation of TNC and central sensitization occurs following CFA-induced activation of the
dura mater [116].

Using cultures of isolated trigeminal neurons as a model for studies of neurons and
glial cells, we found enhanced expression of CGRP in both neurons and satellite glia cells
(SGCs) following inflammation. One of the most notable changes was in the mitogen-
activated protein (MAP) kinase phosphorylation. The findings indicate that activation of
a MAP kinase–dependent inflammatory signal pathway is involved in over-expression
of CGRP in nociceptive neurons and could participate in generating pain hypersensitiv-
ity [117]. Looking further into in vivo inflammation, we showed that administration of CFA
into the TMJ elicits activation of TG by increased expression of pERK1/2 (phosphorylated
extracellular signal-regulated protein kinase), pp38 (phosphorylated p38 MAPK/ERK sig-
naling pathway), CaMKII (Calmodulin-dependent protein kinase II), NF-κB and DREAM
(Downstream regulatory element antagonist modulator) after 2 and 10 days. By apply-
ing CFA to induce local inflammation in the TMJ, this caused an upstream inflammation
response in the TG where the TMJ sensory fibers have their cell bodies [113].

The inflammatory response does not only involve neurons, but importantly also SGCs,
which together represent one anatomical and functional unit [113]. The idea of stimulating
the nerves with inflammatory mediators was first shown by Takeda and colleagues, who
injected CFA in the TMJ, and detected trigeminal activation. Importantly IL-1 receptor
increased in the TG neurons, and this was combined with a potentiated excitability of
Aδ-/C- fibers [118]. Furthermore, they later showed that the increased Aδ-fiber activity
caused by inflammation could be blocked by an IL-1 receptor type 1 antagonist [119].
Others have shown that application of inflammatory substances onto the dura mater or
chemical stimulation of the dural receptive fields causes hypersensitivity to mechanical
and thermal stimulation together with direct activation of the TG [120].

The main application on the inflammatory investigation in rodents was the idea
of applying the local inflammation of dura mater nociceptive fibers and the following
activation in the TG. In the first papers we showed that the application of CFA [120,121]
onto the dural surface indeed activated the TG, with the most remarkable changes seen
in the expression of pERK1/2, IL-1β and CGRP positive nerve fibers in the TG [115,122].
This illustrates that the application of CFA onto the dura mater could be used as an
animal model for long-term activation of the TGVS [115]. We further used this model
to show that the application of CFA also induced activation (increased expression of c-
Fos) of the central part of the TGVS: the TNC and C1-C2 regions of the spinal cord [116].
Interestingly, this inflammation could be blocked by the administration of a kynurenic acid
analogue (SZR72), which is a precursor of an excitotoxin antagonist and anti-inflammatory
substance [116,122]. Linking CFA to neurogenic neuroinflammation, masseteric injection of
CFA caused spontaneous orofacial pain behaviors, neuronal activation in the TNC, and
the release of interleukin-6 (IL-6). In this short-term study, pretreatment with a CGRP
antagonist reduced pain behaviors. Nevertheless, IL-6 was unaffected by MK-8825 [123]
but the study would probably have benefitted from a longer time frame than the 24 h used.

5. IS vs. CFA

Questions should also be asked about what type of inflammation model would best fit
a migraine model. There are some notable differences between the IS and CFA. Usually, the
IS consists of inflammatory mediators endogenous to what the body would release during
an immune response like histamine, bradykinin, prostaglandins E2 and serotonin, and
they are usually mixed into acidic PBS. Meanwhile, CFA is a water/oil emulsion consisting
of dried and inactivated mycobacteria (most often Mycobacterium tuberculosis). IS induces
a sterile inflammatory environment while CFA can go beyond and involve the adaptive
immunity as well [124]. CFA is therefore generating local inflammatory markers, without
direct receptor-induced activation which is opposite to IS.

One could argue that in the case of most migraines, it is more likely that a sterile
inflammation is occurring caused by tissue damage and repair mechanisms initiated from
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prolonged neuronal activity and surplus of energy used, giving the upper hand to IS as
being more relevant in migraines. However, CFA should not be dismissed, as CFA has been
reliably used for multiple inflammation and pain models, and as mentioned earlier CFA
creates similar cellular and sensitizing effects as IS when applied to the dura [115,116,125].
Further, one could question if some components of the IS could lead to indirect release of
other signaling molecules such as ATP [126,127]. In addition to reactions to histamine and
bradykinin, this has also been reported for other compounds known to induce itch [128,129]
or pain [130]. Secondary effects from ATP could then affect mast cells [131], sensory
neurons [132,133] or for example stimulate the release of CGRP [134], further complicating
the interpretation of the data.

One could also consider whether the recipe in the IS should be revised, adding some
inflammatory mediators that have been observed in the serum of migraine patients like IL-6,
CGRP and TNF-α. Arguments could be made whether 5-HT should be removed from the IS
mixture as 5-HT have potential anti-migraine effects, as triptans and ditans are agonists of 5-
HT1B/D/F. receptors. However, as mentioned earlier, applying IS reduces 5-HT in the TGVS
in one paper [65] and it is still uncertain whether 5-HT levels fluctuates in migraineurs [135].
Another aspect to take under consideration when using an inflammation model, is the
possibility of surgical procedures creating inflammation on their own, and so using SHAM
animals should be highly considered. In addition, anaesthesia, antibiotics and painkillers
used for recovery could potentially have a modulatory effect on the induced inflammation.

6. Evaluating Outcomes in Animal Inflammation Models

The final goal of the animal research into migraines and the inflammation aspects
thereof is to gain mechanistic insight into the pathology, we therefore address some im-
portant considerations when evaluating outcomes in inflammation studies. It is important
when looking for translational aspects and identifying novel therapeutic targets that the
model and outcomes represent true relatable outcomes. The main concept is that inflam-
matory stimulation of the dura will affect the nociceptive input from the meninges, with a
headache most likely occurring in the animals due to the activated nociceptors from the
meninges (Figure 2).

The inflammatory approach usually includes a craniotomy, which is an invasive
procedure, might have relevance in interpreting the data. As an example, the paper by
Laborc and colleagues highlights that the mere attachment of a rat in a stereotaxic frame
can activate the trigeminal system [136]. This highlights the additions made by using both
fresh controls and also shams in the uncovering of the true role of inflammation, and its
separation from the invasive measures [137]. As we have seen above, some of the endpoints
are similar as seen in human migraine attacks, but these studies will always be limited by
the lack of direct communication with animals. Below, we discuss some limitations linked
to outcomes in animal models.

Although photophobia is a known symptom of migraines [138], the general mecha-
nism of migraine-induced photophobia is still unclear. The convergence of optical signals
from retinal photoreceptors and nociceptive signals from the TGVS to the CNS is the most
likely cause of photophobic experiences in migraineurs [139]. Investigating photophobia
is generally a hard task due to the lack of well-established investigation tools and the
naturally light-aversive behaviour of laboratory rodents as they are anxious about being
seen by predators [140]. Nonetheless, a Light/Dark (LD) box test has previously been used
in migraine research [141].
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Figure 2. Sensitization in animal models. The chronification of migraines can to some extent be
mimicked by the application of inflammatory substances such as Inflammatory Soup (IS) or Complete
Freund’s Adjuvant (CFA) to the dura and meninges of rodents. Experimental data suggest that this
activates satellite glial cells (indicated by a change in colour from orange to red) sensitizes (black
arrow) the trigeminal ganglion (TG), and the trigeminal nucleus caudalis (TNC).

The LD box test does not exclusively capture photophobic behaviour, as it also can
capture anxiety-like behaviour and measure locomotor activity [142]. A parameter like
“time spend in light zone” is the most indicative of photophobic behaviour. In most studies
to date, no difference was observed in similar LD box tests, in rodents where CFA has been
administered [143,144]. However, CFA administration in those studies were not used in
the context of migraine research and were targeted at inducing inflammation in the plantar
region. Studies using other inflammatory mediators, such as NTG, have reported more
light-aversive behaviours in NTG treated rodents compared to untreated rodents [145].

Other known behavioural migraine symptoms include anxiety and aversion of phys-
ical activity because of experienced pain [146]. The OFT has been reported to capture
exploratory and anxiety-like behaviour, as well been able to measure locomotor activ-
ity [147]. One of the strongest arguments for including this outcome is the concept that
physical activity is negatively influenced by headaches, which could be detected in the
lack of exploratory behaviour. This is exemplified by part of the diagnostic criterion for
migraines, where the headache is supposedly worsened by physical activity, or that the
patient will avoid activity [148].

Although like the LD box test in this regard, the OFT differs by having a larger
area for exploration and the lack of a high-intensity light. Anxious or depressed rats are
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expected to spend less time in the centre zone, while worse locomotor and exploratory
performances are more associated with experiencing pain. Care should be taken with
sequential testing as the animal would lose the novelty and exploratory features of OFTs,
admittedly causing inconsistency in performances and/or defeating the purpose of the test.
Either way, different strategies should be approached before initial tests to make sure to
produce the most consistent results possible.

Previous migraine studies reported both periorbital and plantar allodynia when
rodents were administered with migraine factors to the dura, such as IS [78,149]. The main
question is whether the Von Frey threshold is capturing headache and not a cutaneous
hypersensitivity, as both are seen in migraine patients. One important issue is that allodynia
is not headache, and therefore therapeutic approaches might lead to treatments for allodynia
and not for headache.

7. Concluding on CGRP and Inflammation—A Perspective

It is no surprise that inflammation is believed to play a potential part in migraine
pathophysiology when CGRP is both a key player of migraine pathophysiology and NI.
However, it is still unclear whether CGRP is an inducer of inflammation or a by-product of
it. Subsequently, the question arises whether inflammation follows the activated areas in
migraines (for example is caused by CGRP) or if inflammation causes the activation (and
CGRP release). Nevertheless, one would postulate that anatomical separation between the
hemispheres would occur, to give rise to the one-sidedness of migraine pain. CGRP even ex-
erts anti-inflammatory properties in some tissue, questioning its role as a pro-inflammatory
mediator and its safety as a systemic drug target, as blocking the anti-inflammatory proper-
ties could result in inflammation-related consequences elsewhere [150].

Neuroinflammation is typically viewed as a protective response to tissue damage. The
main question in migraine is therefore also what type of tissue damage could lead to this
initial tissue damage. One possibility could be a neuronal energy deficit. Indeed, this has
mainly been put forward by Borkum [151], in light of data on a suggested energy deficit
in migraines, particularly by a lower phosphocreatine-to-creatine ratio and an increased
concentration of ADP [152,153]. In addition, migraines are associated with mitochondrial
disease [154] and with subjects undergoing a fasting state [155]. One potential explanation
could be a link to increased membrane potential as the cells struggle to maintain the resting
voltage, which could potentially lead to CSD [156] or increased sensitivity in peripheral
nerve fibers [27]. Following a potential energy deficit, an increase in inflammatory markers
would be expected to protect the brain [157]. This neuroinflammation would control the
severity and possible progression, but could also have detrimental effects [158]. The follow-
ing neuroinflammation has in other systems been showed both to induce and aggravate
neurodegeneration, but at the same time aids in the recovery of neurons [159]. This balance
is clearly important when addressing inflammation as a potential clinical target.

Nonetheless, using CGRP-targeted drugs on inflammation models could inform us
both of the role of CGRP in inflammation and whether inflammation plays an important
role (if at all) in migraine pathophysiology. From what we could gather, the effects of
anti-CGRP on IS and CFA have yet been investigated. However, triptans appear to mitigate
the effects of both IS [65,101,105] and CFA [160,161], but whether it is due to their CGRP
targeting or separate anti-inflammatory effects is not clear. Similarly, α-CGRP(8-37), a CGRP
receptor antagonist, was able to reduce allodynia from intraplantar CFA [162]. Mixed
data exist on the effect of gepants on CFA. The gepant BIBN4096BS (olcegepant) applied
topically, intravenously but not spinally [163], was able to alleviate inflammatory pain
from subcutaneously plantar administered CFA. However, intrathecal administration of
BIBN4096BS did not reduce the increased nNOS that intraplantar CFA caused [164].

Interestingly, when applying CGRP unto the dura mater, it only causes hypersensitivity
in female rodents, at least at doses up to 3.8 μg [106], which could be caused by differences
in oestrogen signalling [165]. Therefore, if one was to test the efficacy of CGRP-targeting
drugs in the inflammation models, one should be wary to also include female rodents if no
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effects of the drugs is found in the males. An increase in CGRP release at baseline values
or stimulated dura mater compared to fresh rats could indicate a sensitized dura mater.
Additionally, a significant reduction in CGRP release could indicate a desensitized dura
mater from repeated stimulation. To our knowledge, none of the inflammatory models have
tested this outcome. An obesity model showcased an increase of basal CGRP in the dura in
rats fed a high fat/high sucrose diet. In a previous study, an increase in CGRP expression
was observed in the TG couple hours post dural in vivo CFA administration [115]. It could
therefore be interesting to test whether basal levels of CGRP in an inflammation model
would rise.

There are some studies showing that corticosteroids are useful in managing resistant,
severe, recurrent or prolonged migraine attacks (such as status migraenosus) in the emer-
gency department [166]. The questions in our opinion remain as to whether these migraine
cases such as status migraenosus should be considered an acute migraine or as a short
chronic migraine (at least when it comes to the biology/pathology). Likewise, one could
argue that if NSAIDs are effective treatment in some migraine patients, inflammation must
therefore play an important pathological role. However it should be noted that these drugs
have modes of actions that goes beyond their anti-inflammatory properties, such as their
analgesic and antipyretic effects [167], which should be addressed in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cells11152444/s1, Table S1: Summary of pathological changes in the TG,
Table S2: Summary of pathological changes in the Brain/Spinal cord, Table S3: Summary of pathological
changes in the TNC.
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Abstract: Migraine is a complex and debilitating disorder that is broadly recognised by its character-
istic headache. However, given the wide array of clinical presentations in migraineurs, the headache
might not represent the main troublesome symptom and it can even go unnoticed. Understanding
migraines exclusively as a pain process is simplistic and certainly hinders management. We describe
the mechanisms behind some of the most disabling associated symptoms of migraine, including
the relationship between the central and peripheral processes that take part in nausea, osmophobia,
phonophobia, vertigo and allodynia. The rationale for the efficacy of the current therapeutic arsenal is
also depicted in this article. The associated symptoms to migraine, apart from the painful component,
are frequent, under-recognised and can be more deleterious than the headache itself. The clinical
anamnesis of a headache patient should enquire about the associated symptoms, and treatment
should be considered and individualised. Acknowledging the associated symptoms as a fundamental
part of migraine has permitted a deeper and more coherent comprehension of the pathophysiology
of migraine.

Keywords: migraine pathophysiology; nausea; osmophobia; phonophobia; vertigo; allodynia

1. Introduction

Migraine has been traditionally associated with the core symptom, headache [1].
Photophobia and vomiting, two of the canonical symptoms associated with migraine [2],
are also widely accepted features of the typical migraine attack, as understood classically
by patients and physicians [3]. However, reducing the understanding of migraine to a few
symptoms would be as simplistic, perhaps, as reducing Parkinson’s disease to tremors.

The way that migraineurs deal with their attacks provides valuable information about
hypersensitivity to sensorial stimulation, including avoiding movement, light, sounds,
touch or smells [4]. These are usually subjective, unpleasant experiences, unshared by
family, friends or colleagues. Consequently, migraine patients presenting associated symp-
toms as prominent features can usually be labelled as sensitive. The Greek translation for
sensitive, Eυαίσθητoς “evahistos”, can be separated into the following two parts: the prefix
meaning good or well, and the rest meaning sense or perception. However, any positive
connotation of the term has nowadays dissipated. Many of these “evahistic” manifestations
can actually be the main symptom of the clinical picture in a patient with migraine, and
imply a higher disability [5]. Migraine patients with sensory hypersensitivity may have
more attention difficulties during daily activities [6], or more cranial autonomic symptoms
associated to the headache [7], and the response to preventive treatments may vary [8]. Ex-
ogenous factors, such as stress, obesity, intestinal microbiota and even parental behaviour,
have been speculated to play a role in the chronification and sensitization process [9–12].

Cells 2022, 11, 2767. https://doi.org/10.3390/cells11172767 https://www.mdpi.com/journal/cells93



Cells 2022, 11, 2767

In recent years, the study of non-headache symptoms has been useful in demonstrating
their important role, yet independence from pain, in the pathophysiology of migraine. In
this paper, we will focus on some frequently disabling associated symptoms, such as nausea,
osmophobia, phonophobia, neuro-otological manifestations and cutaneous allodynia, and
will spare comments on some premonitory-like symptoms, such as yawning. Photophobia
has recently been reviewed elsewhere [13], and the usually omnipresent symptom in
migraineurs, movement sensitivity, could be explained by some mechanisms that are
commented on below.

2. Nausea and Vomiting

2.1. Nausea in Migraine and Conditions Related to Migraine

Nausea is one of the symptoms associated with migraine that is considered canon-
ical, according to the International Classification of Headache Disorders, 3rd Edition
(ICHD-3) [2]. Ictal and interictal nausea has a high impact on quality of life and economic
cost [14,15], and is the second most bothersome migraine symptom, reported in 28% of
patients, exceeded only by photophobia [16].

Up to half of the people with episodic migraine suffer from nausea in more than half of
their headache episodes, and the attacks were accompanied by more headache symptoms
and a higher impact, compared to patients with less frequency of nausea. The majority
of those reporting high-frequency nausea were women [17] and had an increased risk of
developing chronic migraine in 2 years [18].

Having migrainous biology could result in patients having more disability when
presenting with other disorders that are generally associated with nausea and vomiting.

2.1.1. Cyclic Vomiting Syndrome

It is well known that there is a strong link between migraine and cyclic vomiting
syndrome [19], with similar associated symptoms during the attacks, and triggers, as
reported by the patients [20,21]. Both nausea and cyclic vomiting syndrome patients
have a decreased connectivity between the sensorimotor network and the insula, which
manages viscero-sensory processing [22] and may be regulated by the endocannabinoid
system [23]. Cannabis can act as a pro-emetic or antiemetic and can cause cannabis hy-
peremesis syndrome, which shares similar features to cyclic vomiting syndrome [24], and
whose recommended treatment is cannabis cessation [25]. Remarkably, the management of
cyclic vomiting syndrome consists predominantly of treatments also used for migraine [26].

2.1.2. Motion Sickness

Motion sickness and migraine may share a similar pathophysiology, as patients with
motion sickness have a robust migrainous biology [27] and around half of migraineurs
present with motion sickness, in comparison with 20% of those with non-migrainous
headaches [28]. Patients with “migrainous vertigo” had an improvement in severe motion
sickness following rizatriptan [29]. Nociceptive stimulation in the trigeminal area is capa-
ble of increasing nausea during motion sickness caused by optokinetic stimulation [30],
whereas nausea did not increase following extra-trigeminal nociceptive inputs [31]. Hav-
ing a history of migraine has also been associated with developing post-operative nau-
sea [32,33], and having motion sickness and being a female are independent risk factors for
post-operative vomiting [32,34].

2.1.3. Pregnancy

Pregnancy is potentially a particularly disabling period for women with migraine.
During pregnancy, one third of migrainous women require hospitalization due to hy-
peremesis gravidarum, and almost forty percent of women with hyperemesis reported
migraine headaches [35].
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Finally, a migrainous background may determine the quality of life related to nausea
in palliative care, and migraine preventive treatments serve as efficacious relief in treating
incoercible nausea in terminal patients with a history of migraine [36].

2.2. Neuroanatomy and Neuropharmacology

There is a matrix of neuro-anatomical structures involved in the onset and control of
nausea, as well as several neurotransmitters that have been the main targets of antiemetic
and acute treatment schemes.

Dopamine has been the main compound implicated in the pathophysiology of nausea
associated with migraine, at least since the 1970s [37]. Patients with migraine are sensitive
to dopaminergic pharmacological agents [38–40] and develop nausea and other classically
considered dopaminergic symptoms, such as yawning, not necessarily accompanied by
headache [38,40]. This propensity may entail a genetic predisposition, and a particular
allelic distribution was found to be significantly different for the D2 dopamine receptor
in a subpopulation of migraineurs with prominent dopaminergic symptoms [41]. Among
the dopaminergic symptoms, nausea, unlike yawning, is considered post-synaptic, and is
triggered by apomorphine and inhibited by domperidone, which targets D2 receptors [40].
Dopamine may also regulate headache pain, as dopaminergic neurons play a role in
nociceptive control by modulating trigemino-vascular neurons [42].

Serotonin also has a major role in nausea, with the receptor 5-hydroxytryptamine-
5-HT3 as the main target not only of modern antiemetic pharmacological compounds, but
also of natural antiemetics used for centuries, such as the gingerol compounds contained in
ginger [43].

Hyporexia during headaches may be explained by the loss of appetite that can be
observed during noxious dural stimulation, which activates the nucleus parabrachial and
the ventromedial of the hypothalamus, and may be mediated by cholecystokinin [44].
However, nausea can also appear before the headache, during the premonitory phase, in
almost a quarter of spontaneous attacks [45]. This percentage was doubled when headache
attacks were triggered in a controlled environment [46].

Another intriguing component in migrainous nausea is substance P. Neurokinin 1
(NK-1) receptor antagonists can inhibit vomit produced by central or peripheral stimuli [47],
and its central action may be mediated by inhibiting the substance P emetic effect [48],
which may take place predominantly in the locus coeruleus [49].

Early pre-clinical experiments are good examples of the extent of anatomical struc-
tures that could be involved in the process of vomiting. Monkeys presented vomiting
following the electrical stimulation of the olfactory tubercle, amygdala, septum, fornix
and the thalamic ventral anterior nucleus [50]. In cats, lesions in the medulla abolished
the characteristic pattern of respiratory motor nerve discharge, observed in vomiting [51],
induced by emetic drugs and electrical vagal stimulation of abdominal afferents. This study
suggested that the regions that control vomiting were localised between the obex and the
retrofacial nucleus [52], both localized in the medulla.

In human neuroimaging studies, some brainstem areas showed significant activation
with a H2

15O positron emission tomography (PET) scan in the premonitory phase of mi-
graine participants with nausea, including the periaqueductal grey, dorsal motor nucleus
of the vagus, nucleus ambiguous and nucleus tractus solitarius [53], as shown in the fol-
lowing paragraphs. Following a rostral-caudal approach, among them, the mesencephalic
periaqueductal grey (PAG) deserves a special mention [53].

PAG has an important role in the descending modulation of the trigeminovascular
processes (Figure 1) [54]. PAG has been related to other autonomic sympathetic activ-
ity [55,56], emotional perception of pain and aversive behaviours [57,58] cough [59] and
breathing control [60]. It is involved in modulating the descending pain pathways [61–63].
This modulation has recently been shown to be activated by mu opioids by means of
presynaptic disinhibition and reducing GABAergic postsynaptic currents [64]. It is yet
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unknown whether this area is related to the chronification observed in migraineurs with
frequent use of opioids, as commented on below.

Figure 1. Schematic representation of ascending and descending mechanisms involved in the patho-
physiology of migraine, interaction between peripheral and central nervous systems and the trigemi-
nal autonomic reflex. (A) Ascending mechanisms; (B) Descending mechanisms; (C) Connection of
dural, cervical and trigeminal inputs in the trigeminocervical complex; (D) Potential interfaces be-
tween trigeminal and parasympathetic arms of the trigeminal autonomic reflex. Cervical dermatomes
(C1, C2); dorsal root ganglia (DRG); locus coeruleus (LC); periaqueductal gray (PAG); sphenopalatine
ganglion (SPG); trigeminal ganglion (TG); trigeminocervical complex (TCC) rostral ventromedial
medulla (RVM); ophthalmic, maxillary, and mandibular dermatomes of the trigeminal nerve (V1, V2,
V3, respectively). Reproduced from Goadsby and Holland 2019 with permission.

More caudal areas in the rostral dorsal medulla were involved, including the dorsal
motor nucleus of the vagus [53], which may relax the lower esophageal sphincter [65].

The nucleus tractus solitarius has connections with hypothalamic areas that play a
role in autonomic control [66]. Both the nucleus tractus solitarius and dorsal motor nucleus
of the vagus conform, along with the area postrema, the dorsal vagal complex, which is
one of the main termination sites of the afferent fibres of the vagal nerve [67] and has a
high distribution of dopamine D2–4 receptors [68]. The area postrema is one of the sensory
circumventricular organs with a possible chemoreceptive function, situated outside the
blood–brain barrier and connected to the hypothalamus, which is thought to be essential in
controlling neuroendocrine functions [69], is rich in type D2 dopamine receptors [70] and is
the brain area with the higher estimates of substance P [71].

2.3. Treatment of Nausea

The treatment of nausea during migraine attacks must be considered in every patient
presenting with that symptom. When nausea does not respond to analgesic treatment, spe-
cific antiemetic treatment should focus on the pathways of the neurotransmitters described
above (dopamine, serotonin, substance P) as main targets for treatment. Nevertheless, acute
treatment can be essential in the management of nausea associated with migraine. NSAIDs
could be effective in alleviating nausea in patients who have not taken any triptans [72]
and there is a recent meta-analysis that supports gepants as an effective treatment for
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nausea in patients with episodic migraine [73]. Special attention must be paid to patients
consuming opioids. Nausea is a recognised side effect following opioid use [74]. Patients
with episodic migraines who are exposed to opioids have a twofold risk of migraine chroni-
fication [75], a likely reduction in the efficacy of triptans for acute treatment [76] and the
issue of developing gastro-intestinal adverse events after long-term consumption [77]. For
the treatment of nausea, we have focused on the three main neurotransmitters involved,
serotonin, substance P and dopamine.

2.3.1. Serotonin

Triptans are serotonin 5-HT1B/1D receptor agonists, and can help in alleviating nausea,
as exemplified by rizatriptan [78,79]. However, having a sensation of nausea pre-treatment
predicts a low efficacy response [80], perhaps due to the delay in treatment intake, as dis-
cussed in the allodynia section. Ondansetron is a highly-specific 5-HT3 receptor antagonist,
although there are no randomized-controlled trials on migraine. Granisetron, however, was
significantly more effective than placebo for nausea at 30 min [81], and was more effective
than metoclopramide as an adjuvant treatment for acute migraine [82].

Ginger could be a reasonable “over the counter” serotonergic therapeutic strategy
for patients trying to avoid chemical treatments. It might be effective in lowering nausea
according to a meta-analysis of three studies [83], and headache relief similar to that of
sumatriptan has been reported in a double-blind, randomized controlled study [84].

2.3.2. Dopamine

Among the several antiemetics available, metoclopramide is an antagonist of dopamine
D2 receptors and has also an antagonist effect on serotonin 5-HT3 receptors [85]. Metoclo-
pramide presents the highest passage of the blood–brain barrier, compared to domperidone
or chlorpromazine [86]. Metoclopramide helps with the impairment of gastric motility
during migraine attacks, improving the absorption rate of NSAIDs [87], and may also exert
its effect as a pain relief agent [88], probably due to its action in the trigemino–cervical
complex [89]. However, recent literature found conflicting results as a single therapeutic ap-
proach, with either an efficacy similar to that of NSAIDs [90], or no difference of intravenous
metoclopramide compared to saline [91]. Prochlorperazine is a phenothiazine antipsy-
chotic with antagonizing effect of dopamine D2 receptors, similar to chlorpromazine [87,92]
and might be the most effective intravenous antiemetic, which also has a higher risk of
extrapyramidal adverse events [93]. Chlorpromazine is also an effective option to consider
for the treatment of nausea in emergency settings [94].

2.3.3. Substance P

By inhibiting the substance P pathway, NK-1 receptor antagonists, such as aprepitant,
have been used in the treatment of nausea generated by intravenous dihydroergotamine in
patients with migraine [95]. NK1 receptor antagonists are potent antiemetics that have been
approved for the treatment of severe nausea associated with chemotherapy [96], and are
also recommended for cyclic vomiting syndrome, along with ondansetron or triptans [26].

3. Osmophobia

The perception of odour is certainly an extremely subjective experience, or we would
all be wearing the same perfume. Being perhaps the less studied of the senses, the mecha-
nisms behind the way a fragrance is perceived is not yet fully understood. A brief mention
here is appropriate for two interesting theories that were proposed in the twentieth century,
involving a lock-and-key system and vibrational wavelengths [97], which have not yet
been fully developed.

There are several substances whose consumption or inhalation has been popularly
related to headaches [98–101]. Remarkably, Umbellularia californica is a type of tree, com-
monly known as “the headache tree” [102], which contains umbellulone, a ketone that was
reported of being capable of triggering cluster headache-like attacks in a gardener with a
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history of cluster headaches [103]. It was later discovered that this mechanism was medi-
ated by the activation of the transient receptor potential (TRP) ankyrin 1 (TRPA1) [104,105],
followed by the release of calcitonin gene-related peptide (CGRP) [104]. CGRP is also
released through the activation of vanilloid receptors, following stimulation with nitric
oxide [106] or ethanol [107,108], one of the most relevant cluster headache triggers. TRPA1
has also been involved in the responses to some inhaled chemicals, including the smoke
of cigarettes [109], chloride [110,111] hydrogen peroxide-containing substances [111] or
formalin, the noxious compound largely used in pain models [112].

It has been reported that up to 70% of migraineurs can develop a headache after the
stimulation with some odorants, which happened around 25 minutes following the expo-
sure [113], and there is a case report of migraine improvement following the imposition of
mandatory masks in the workplace during the COVID-19 pandemic [114]. Increased sensi-
tivity to smells can be part of the premonitory-like symptoms experienced by migraineurs;
therefore, certain smells may be misinterpreted as the trigger for a migraine attack, which
might not be a necessary factor for its occurrence [115,116]. As a consequence, the results
of studies that assess migraine triggers have debatable interpretations.

Nevertheless, the presence of osmophobia may be related to more florid migraine
phenotypes and greater disability, and a scale has been developed recently for the quantifi-
cation of quality of life related to osmophobia [117]. Migraineurs that present with ictal
osmophobia may have more painful headaches [118,119]. Ictal and interictal osmophobia
have been associated with a longer history of migraines or high frequency of the attacks,
as well as other associated symptoms, such as cranial allodynia [120–122], suggesting a
central sensitization process [123]. Vomiting can also be more common in the presence
of osmophobia [119,121]. Osmophobic migraineurs may also have a higher prevalence of
psychiatric comorbidities than those without it [118,124–126].

Osmophobia has been proposed as a specific marker, helpful for the diagnosis of
migraine [119,124,127–132]; however, it is not very sensitive [122]. Around half of the
patients with migraines reported an increased sense of smell or reduced tolerability to
smells [129,133]. Remarkable examples of patients reporting hyperosmia include the smell
of a rose from more than 5 meters of distance, or soap from a different room, and the main
scents triggers for osmophobia arose from food, specifically fried food and onions, cigarettes
or self-care products, and perfume or paint specifically were reported as triggers [133].
More recently, forty percent of patients with chronic migraine reported osmophobia [134],
and a similar number suggested odours or perfumes as potential triggers of a migraine
attack [101].

Paradoxically, despite their hypersensitivity to smells, migraineurs have a lower
capability for the threshold, identification and discrimination of smells [135,136]. Patients
with episodic migraine were found to have a similar olfactory acuity to controls, and
furthermore, around one fifth of them developed hyposmia during the attack [137]. Taste
abnormalities in migraineurs [133] are a matter of debate [138].

Patients with migraine and osmophobia have neuroanatomical alterations. A signifi-
cantly reduced volume of the olfactory bulb was observed in 1.5 Tesla MRI, compared to
patients with other types of headache [139], and might be more pronounced on the left, in
comparison with controls [140]. In migraineurs with reported hypersensitivity to odours,
regional blood flow in a study using H2

15O-positron emission tomography was found to
be increased in areas of the left piriform cortex and antero-superior temporal gyrus, as
compared to controls, both with and without multiple odour stimuli [141]. During odour
stimulation, blood flow was found to be decreased in bilateral fronto-temporo-parietal
regions, as well as the posterior cingulate gyrus and right locus coeruleus [141]. Another
study using fMRI to compare responses to the smell of roses found higher blood oxy-
gen level-dependent activity in the amygdala and insular cortices of the amygdala and
also in the midbrain, particularly the rostral pons. However, the smell of roses did not
show significant interictal differences compared to the controls [142]. Activation of the
amygdala and orbitofrontal cortex might be related, respectively, with the intensity and
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valence of the smell emotional experience [143]. The amygdala and cingulate cortex also
showed abnormal activation in patients with multiple chemical sensitivity [144,145], which
is associated with a high prevalence of headache [146] and was observed in up to 20% of
migraineurs [147].

Olfactory hallucinations or phantosmia is a hallmark of temporal lobe epilepsy, and
currently a no man’s land when it presents in the form of aura. It is a rare symptom, with a
reported prevalence of 0.66% in a headache center [148]. The majority of reported cases
had normal electroencephalograms that were, however, taken during the interictal period,
and usually respond to antiepileptic drugs.

The reported cases showed that the episodes have an average duration of less than
10 min and the onset occurs prior to the migraine attack [148,149]. Patients with symptoms
of phantosmia scanned with FLASH and eco-planar imaging MRI techniques showed
increased activation of different brain areas associated with the process of the sense of
smell, such as the prefrontal, cingulate, temporal or insular cortex MRI activation was
inhibited by typical antipsychotics that perform its activity through a wide range of binding
receptors [150]. Peripheral blocking activities can alleviate phantosmia [151].

4. Neuro-Otological Manifestations

In 1984, Kayan and Hood described how vestibulocochlear symptoms were frequently
reported, in up to 60% of patients with migraine, and these can be important or disabling
enough for the patient to be the primary reason for referral to a specialist. The incidence of
neuro-otological symptoms for migraineurs seemed homogeneous throughout all ages in
males, but had a peculiar distribution in females. For women who reported audiovestibu-
lar symptoms only when asked during the study, a positive skew distribution could be
observed, with the peak situated in the 3rd decade. However, the female patients whose
reason of referral was the presence of disabling audio-vestibular symptoms had a peak
in the peri-menopausal 5th and 6th decades. This group with disabling symptoms had a
higher incidence in males [28]. They compared 80 patients referred for vestibulocochlear
symptoms with 500 patients with multiple sclerosis for benign positional vertigo and
Méniere’s [28]. Only migraineurs described cochlear sensations, such as tinnitus, distortion
of pitch, or hearing loss [28].

The frequency of migraine in Méniere’s disease is higher than in normal subjects, and
phonophobia has a high prevalence in these patients, independently of the presence of
migraine headache [152].

4.1. Phonophobia

Phonophobia, along with photophobia, is one of the associated symptoms that define
a migraine attack, according to the ICHD-3. As an asset for differential diagnosis, the
presence of phonophobia may be able to exclude secondary headache types, such as
cardiac cephalgia or sleep apnea headache; however, phonophobia is also reported in other
headaches, such as a “tension-type headache”, if it is not accompanied by photophobia
in the episodic categories, or a “cervicogenic headache”, which may make the clinician
hesitate if the patient has a migrainous background [2]. This complication is simplified by
using the appendix criteria for tension-type headaches that exclude both photophobia and
phonophobia; and are clinically preferable.

In 1984, up to 81% of patients with migraine reported phonophobia, in comparison
with only 12.1% of patients with a non-migrainous headache, and the combination of
phonophobia and hearing loss was reported by some patients [28]. A recent meta-analysis
showed that migraineurs may have a higher risk of developing sensorineural hearing
loss [153]; therefore, the exclusion of migraine patients with hearing loss from the majority
of the trials may lead to biased conclusions. In 1985, Blau and Solomon reported noise as
a migraine trigger in 4/50 patients with migraine [133] and the potential measurability
of phonophobia was suggested. Recently, it has been reported that annoying sounds,
as well as other usually reported migraine triggers, may just represent early manifesta-
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tions of migraine premonitory symptoms, as they demonstrate significant agreement with
premonitory spontaneous phonophobia [154]. In studies that assessed sound discomfort
using a range of Hertz stimuli, ictal [155,156] and interictal hearing discomfort thresholds
were lower in migraineurs, as compared with healthy participants [156–158], with a low
positive correlation with age [157]. Women may have a lower threshold than men [159].
Among migraineurs, ictal thresholds are lower than interictal ones [158]. Differences in
monaural and binaural thresholds do not relate to the side of headache [156], and only
a small proportion of participants with chronic migraine (5/48) report unilateral phono-
phobia, which was nonexistent in 54 participants with episodic migraine [160]. Similar to
photophobia, unilaterality of phonophobia can be more specific to trigeminal autonomic
cephalalgias [160].

The use of close-ended questions can be useful in increasing sensitivity for phonopho-
bia during the neurological anamnesis [161].

Several electrophysiological studies have evaluated the hearing pathway in migraineurs
with phonophobia. Phonophobia does not seem to be related with a recruitment phe-
nomenon [155], which is commonly associated with cochlear damage.

The function of the cochlear efferents can be assessed by otoacoustic emission tests,
which evaluates the suppression in the amplitude of transiently evoked signals from the
olivary complex when a sound is produced on the contralateral ear [162,163]. It has been
reported that for healthy controls, these amplitudes are significantly decreased, whereas
in migraineurs, they are not suppressed [162,164]. This was specially observed in low-to-
middle frequencies of 1–1.5 kHz, in a cohort of female phonophobic migraineurs during
the interictal period [165]. However, this was not replicated in another study in patients
with prominent vestibular symptoms, and phonophobia was not significantly associated
with lack of suppression [163]. Neurotransmission in the outer hair cells of the cochlea
may be mediated by CGRP [166], and increased CGRP activity in the inner ear has been
hypothesized to be the cause of an insufficient suppression of the auditory pathway [165].

Another abnormality leading the patient to find sounds uncomfortable may lay in
the cortical processing of auditory stimuli. Whereas latencies are similar, healthy partici-
pants experience a decrease in the amplitude of the auditory N1–P2 component following
sequential blocks of stimuli in cortical-evoked auditory-evoked potentials, whereas partici-
pants with migraine experienced an increase, which could be considered a potentiation,
instead of habituation. Intensity dependence of auditory-evoked potentials, which is
measured as a slope after stimulation at increasing intensities, was also greater in mi-
graineurs [159,167,168], and these may have a lower amplitude in the first blocks of stimuli,
which may mean a decreased pre-activation of the sensory cortex [167,169]. The slope does
not correlate with migraine frequency or duration, or with changes in visually evoked
potentials [169], but may correlate with age [168], and has been associated with serotonergic
activity [159,170–172] and response to preventive treatments [173].

Several studies have used brainstem auditory-evoked potentials. Interictal migraine
patients have similar latency results to those of controls [174]. Podoshin et al. showed a
significant impairment in interpeak latency differences in a group of patients during the
migraine attack, when the rate of click sound stimuli was increased to 55 per second, in
comparison with the same group between attacks [175]. Some studies found no differences
between the side of the headache [175], but differences between sides were found by
Schlake et al. in peak latencies at 10 clicks per second [174]. Peak latencies were delayed
in 6/38 migraine patients, 2 of them with so-called basilar migraine [174], which can be
normal [176] or abnormal during the ictal period [177]. Sand and Vingen showed that the
discomfort threshold for low sound inversely correlated with low levels of habituation in
wave IV-V, which corresponds with the lateral lemniscus in the pons and inferior colliculus
in the midbrain [178]. Latency in waves III to V, corresponding to the tract between the
cochlear nuclei to colliculus, has been correlated with migraine and attack duration [171].
In a recent study, participants with migraines showed that hearing threshold was inversely
correlated with the severity of photophobia, and paradoxically, not with phonophobia,
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and was higher in patients on prophylactic medication or those who had taken a non-
steroidal anti-inflammatory drug on the day of the test, and had higher wave amplitude in
comparison with the controls [179].

There is increased blood flow in the auditory association cortex during an acute attack
in patients with migraine and phonophobia [180].

Patients with episodic migraine that present with cranial and extracranial cutaneous
allodynia have lower thresholds for auditory stimuli either between or during the at-
tacks [181].

4.2. Vertigo

Vertigo is more frequent in people with migraine and vice versa [28,182–187].
Vestibular migraine (VM) is possibly the most frequent cause of recurrent vertigo [188].

It has received many names in the past [186,189,190], and recently, more conditions have
been found to fall possibly under the current umbrella of what is considered today VM [191],
as well as some diagnoses classified as functional disorders today that may, in the near
future, be included. The mere fact of having a diagnosis has proven to be a positive predictor
for the improvement of dizziness [192]. However, currently, VM still remains largely
underdiagnosed [193]. Despite the consensus diagnostic criteria involving balance and
headache societies [2,194], there are several mechanistic questions that remain unanswered,
such as the controversy of whether migraine and VM are a continuum along the same
spectrum or different entities, as well as important classification queries, such as whether
there is a chronic form [195]. The current term of VM may not be well received by the
patient, especially those examined outside a headache clinic environment, who usually do
not report headaches as the main reason for referral [196], and a source of frustration for
the clinician giving a diagnosis to patients who repeatedly report that they do not suffer
from headaches.

The features of the attack of VM have been studied mainly retrospectively [186,189,
190,197–200], and during the acute episode [201]. There may be a relationship between VM
and Méniere disease (MD) [202]. Aural fullness may be an anamnestic key to differentiate
VM from MD [203]. Patients with VM may have a high incidence of endolymphatic
hydrops, although smaller than that of MD [204]; however, no anatomical differences were
found between VM patients and healthy subjects with 3D-SPACE MRI [205]. A correlation
between dizziness severity and cognitive dysfunction has been found [206].

Migraine and vestibular migraine: Similarities between migraine and VM are abun-
dant. The majority (72/118) of patients with vestibular symptoms were considered in
the 1980s as patients with “non-classical” migraine. Among those without vestibular
symptoms, 59 out of 82 were given a diagnosis of “classical migraine”. The incidence
of "classical migraine" was therefore 11% higher among those without vestibular symp-
toms [28]. Vertigo can be triggered with nitroglycerin in up to 84% of migraineurs reporting
vertigo during spontaneous attacks [207]. Patients with migraines exhibit greater visual
and vestibular functional impairment, as well as lower results in the sensory organization
test [208]. VM patients may be more sensitive to moving scenes and find it harder to main-
tain their posture [209–212], as they may tend to rely more on visual cues [213], whereas
changes in the position of the head or posture could also trigger vestibular symptoms in
some migrainous patients [28].

Patients with definite vestibular migraines demonstrated some changes in videonys-
tagmography, but not canal paresis [214]. Spontaneous nystagmus can be triggered in
migraineurs following supraorbital nociceptive inputs, which did not occur following
extracephalic stimulation of the median nerve [215].

Pathophysiology: The pathophysiological research that has used neuroimaging ap-
proaches has contributed enormously to understanding the central anatomical structures
with altered function in VM. In a small study using 18F-deoxyglucose position-emission
tomography, patients showed activation of the cerebellum, frontal cortices, thalami, dorsal
pons and midbrain, right and insula and temporal cortex, and a deactivation of the poste-
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rior parietal and occipito-temporal areas during the attacks [216]. By using imaging-based
voxel-based morphometry, patients with definite vestibular migraine showed a reduction
in grey matter volume in several cortical areas, including the insula, parieto-occipital,
dorsolateral prefrontal, cingulate cortex and the cingulate gyrus, and the volume of areas
associated with vestibular and pain processing was negatively correlated with disease
duration [217]. During caloric tests, patients with vestibular migraine exhibited increased
thalamic activation, as observed in blood oxygenation level-dependent (BOLD) MRIs,
which correlated with the attack frequency [218] and was proposed to hold right domi-
nance [219]. A peripheral, vestibular alteration that involves serotonergic axons has also
been suggested [220–223].

Treatment: Patient’s treatment remains a grey zone, where the therapeutic choice is
dependent on observational studies, as there are only a few randomized, placebo-controlled
trials in this field for preventive [224,225] and acute medication [29,226]. A recent meta-
analysis identified an improvement in the outcomes selected for several therapeutic agents,
most of them migraine preventives, such as tricyclics and beta-blockers [224]. Vestibular
rehabilitation can also be of help [227].

Recently, the inhibition of CGRP receptors has been shown to improve the vestibular
function in animal models of chronic migraines [228], and retrospective studies in humans
show a potential benefit when targeting the CGRP pathway [229]. Half of the patients
were reported to respond to one prophylactic, 17% responded to a combination of two,
and 10% did not have a response [203]. Predictors of poor response have been reported to
be female sex, interictal imbalance, anxiety or depression, and our next topic, cutaneous
allodynia [203].

4.3. Allodynia

Scalp tenderness was reported by 65% of the 500 patients characterized by Selby and
Lance in 1960, and they described that this sensitivity could not be correlated with any
trigeminal or cervical radicular innervation [230]. Cutaneous allodynia can be quantified
in humans objectively [231,232] or by assessing the subjective patient’s experience, by
questionnaires [233,234]. A similar prevalence to that reported by Selby and Lance was
found in large surveys of headache patients, slightly higher in those with the now obsolete
term “transformed migraine”, and was associated with female sex, high body mass index or
depression [235]. Up to one-fifth of patients report severe allodynic symptoms [234]. When
specifically measured, the prevalence increases up to 80% [236] and can be higher in patients
with another concomitant pain syndrome, such as temporomandibular disorders [237].
Patients with chronification of attacks and migraine with aura may also have a higher
prevalence of cutaneous allodynia during the attack [238], although other studies have
not found an association with age or headache frequency of years having migraine in
migraineurs reporting spontaneous attacks [231,239].

Pathophysiology: The mechanisms that predispose a patient to allodynia may represent
a risk for other forms of sensory dysfunction [164,203]. Migraineurs have, in general,
lower pressure-pain and heat thresholds than the general population [232]. The majority of
cutaneous allodynia symptoms are focused on the cranial regions, but a proportion can
also experience the symptoms in extracranial regions [231]. In contrast to patients with
migraine, patients with trigeminal autonomic cephalalgias, such as cluster headaches, do
not report cutaneous allodynia, unless they have a personal or family history of migraine,
and have higher pain threshold both interictally and during the attack [240]. Allodynia
can be triggered experimentally in humans [239], and the clinical sequence of onset and
anatomical spread has been described [241].

Allodynia was initially reported to be an ictal marker of a “no-return point” that di-
vides triptan efficacy [242]; however, triptans can treat spontaneous [243] and nitroglycerine-
induced allodynia associated with migraine in humans [239], and the association appeared
to be, instead, time-dependent [244,245]. In a similar way to low pain intensity, which can
also increase as the attack progresses, lower allodynia may be an independent predictor
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for the efficacy of over-the-counter acute treatments [246], and recently, allodynia has been
shown to be an independent risk factor for the worsening of migraine associated with the
utilization of masks during the COVID-19 pandemic [247].

A complex network of peripheral and central structures is involved in allodynia. In
1994, reduced efficacy in the spinal inhibitory circuits, mediated by GABA-A, was proposed
as a potential cause of allodynia in preclinical models of pain [248]. Two years later, it was
shown that trigeminal afferents could be sensitized with a variety of chemical substances
applied in the dural regions [249]. However, it is unlikely that the simple sensitization
of peripheral afferents accounts for the single cause of allodynia. The periaqueductal
grey holds inhibitory control over trigeminal afferent neurons [250,251] and also has a
regulatory effect on the trigeminocervical nucleus (Figure 1), facilitated by CGRP [252].
Another neuropeptide, pituitary adenylate cyclase-activating peptide 38 (PACAP-38) can
cause sensitization and delayed activation of trigemino-cervical neurons [253]. Under the
bases of the role of the trigemino-cervical complex as a convergence center for afferent
inputs [254], and its diencephalic connections, an increased response in central neurons
could bring a reduced pain threshold in extracranial regions [255].

The diencephalon may be, indeed, strongly involved in the process of allodynia. Stress-
related hypothalamic dysregulation of prolactin has recently been associated with allodynia
in females [256]. Activation in posterior thalamic areas was demonstrated in rodents
and also in migraine patients with extracephalic allodynia, with functional MRI BOLD
techniques [257]. A first-line treatment in the prevention of migraine, propranolol, exerts
part of its mechanisms upon these thalamic areas [258]. Thalamic projections are widely
spread to many areas of the cortex, and have been traced from posterior and lateral nuclei
to several cortical regions, including the auditory, entorhinal or visual cortex [259]. The
medial area of the temporal lobe, for example, may be hyperexcitable in migraineurs, both
during ictal and interictal moments, when applying painful heat stimuli to the forehead, as
detected with diffusion tensor imaging in functional MRI [260]. An hyperexcitable state
has also been suggested in subcortical regions in migraineurs [261].

Somatosensory-evoked potentials have not found significant abnormalities in mi-
graineurs [262]. However, cortical thickness may be different in the associated temporo-
parietal areas of migraineurs, and there is a positive correlation with pain threshold,
contrary to healthy controls [263,264]. Activity is also increased in primary sensory areas,
and between the pons and insula, implying a role in the patient’s emotional response [265].

In preclinical models of allodynia, nitroglycerine is capable of increasing the firing
of trigeminal neurons and dural-evoked action potentials, in addition to creating hyper-
sensitive responses to facial stimulation with innocuous brush or noxious pinch. These
responses were reversible with naratriptan [239] and also ibuprofen, suggesting both a
serotonin and an inflammatory-mediated mechanism [266,267].

Allodynia has not been directly related to levels of amylin or CGRP [268]; however,
it can be modulated to target CGRP [269–271], which may have a glial site of action [272]
and stronger activity in females [271]. Nitroglycerine was able to trigger allodynia in 17/53
patients with migraine; among them, 14 responded to acute treatment with aspirin or
sumatriptan, and those who reported allodynia in their usual attacks were more likely to
experience it during the triggering session [239].

Finally, TRP channels are an interesting area in the understanding and treatment of
migraine [273]. Migraineurs have less tolerance to heat during the interictal period [274].
Recent studies did not find an association between thermal quantitative sensory testing
(QST) and allodynia. However, preclinical models suggest a potential genetic predispo-
sition to mechanical allodynia, involving the non-selective cold-sensitive cation channel
transient receptor potential melastatin 8 (TRPM8), the activation of which causes cranial
and extracranial allodynia [275]. Fibres that express TRPM8 were progressively reduced
in postnatal mice, in contrary to the fibres that express CGRP. Paradoxically, the use of
the TRPM8 agonist menthol can reduce behavioural responses to meningeal chemical
stimulation [276]. These channels may have potential hypothalamic modulation, as orexins
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may play a part in the emotional response to heat [277]. It may be speculated that these
differences could potentially translate to different phenotypes of migraineurs, which find
relief either with fresh air or a heated pad.

5. Conclusions

This article summarizes the literature regarding the associated symptoms in mi-
graineurs. Knowledge concerning migraines and their associated symptoms continues
to grow and is evolving into a concept that might not be as clinically simple as once
imagined [278], with a wide spectrum of presentations of the same migrainous biology.
Trials that have reported the most bothersome associated symptoms, together with pain,
represent a more holistic approach to migraine research.

Associated symptoms of migraine are varied, extremely prevalent, and contribute to
the disabling nature of migraines. Acknowledging the associated symptoms could con-
tribute to a better outcome for the patient, and should never be forgotten in the anamnesis
of the migraineur. Treatment should be focused on correct acute, preventive and anti-emetic
migraine treatments, where needed.

The relationship between the central and peripheral sensitization processes with the
associated symptoms of migraines is evident, and is comparable to the question of what
was first to come, the chicken or the egg.
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Abstract: Calcitonin-gene-related peptide (CGRP) plays a key role in migraine pathophysiology
and more specifically in the mechanisms underlying peripheral and central sensitization. Here, we
explored the interaction of CGRP with other pain mediators relevant for neuronal sensitization in
an animal model of chronic migraine. Male Sprague-Dawley rats were exposed to nitroglycerin
(NTG, 5 mg/kg, i.p.) or vehicle co-administered with the CGRP receptor antagonist olcegepant
(2 mg/kg i.p.), or its vehicle, every other day over a 9-day period. Twenty-four hours after the last
injection of NTG (or vehicle), behavioral test and ex vivo analysis were performed. Olcegepant
attenuated NTG-induced trigeminal hyperalgesia in the second phase of the orofacial formalin test.
Interestingly, it also reduced gene expression and protein levels of CGRP, pro-inflammatory cytokines,
inflammatory-associated miRNAs (miR-155-5p, miR-382-5p, and miR-34a-5p), and transient receptor
potential ankyrin channels in the medulla–pons area, cervical spinal cord, and trigeminal ganglia.
Similarly, olcegepant reduced the NTG-induced increase in CGRP and inflammatory cytokines in
serum. The findings show that the activation of the CGRP pathway in a migraine animal model
was associated to the persistent activation of inflammatory pathways, which was paralleled by a
condition of hyperalgesia. These molecular events are relevant for informing us about the mechanisms
underlying chronic migraine.

Keywords: olcegepant; chronic migraine; inflammation

1. Introduction

Migraine is associated with the activation of the trigeminovascular system, which
induces peripheral and central sensitization [1]. The role of central sensitization, and the
associated increase in the transmission of pain signals along the second and third neuron,
seems particularly important for chronic migraine.

A huge number of studies support the involvement of calcitonin gene-related peptide
(CGRP) in the development of sensitization and enhanced pain sensibility that characterize
migraine pain [2]. CGRP exists in two forms: α-CGRP predominates in the peripheral
and central nervous system, whereas β-CGRP is mostly distributed in the enteric nervous
system [3]. α-CGRP is released from trigeminal nerves during migraine attacks. The
activation of the trigeminal nerve causes an antidromic release of α-CGRP to induce non-
endothelium-mediated vasodilatation. In the trigeminal nucleus caudalis (TNC), CGRP
acts on second-order neurons to transmit pain signals through the brainstem and midbrain
to higher levels [4]. The CGRP receptors are highly distributed throughout the trigemino-
vascular system, particularly, but not limited to, on neurons and glial cells [5]. CGRP is
also involved in mast cell degranulation and thus in neurogenic inflammation [6]. In vitro,
CGRP enhances pro-inflammatory cytokine’ expression and release from rodent satellite
glial cells of the trigeminal ganglia (TGs) [7], as well as from human peripheral blood
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mononuclear cells [8]. Circulating cytokines are known to be involved in the inflammatory
pain phenomenon, and indirect evidence suggests that the release of these mediators from
the trigeminovascular endings is involved in the initiation and persistence of pain [9]. The
CGRP inflammatory mediator relationship may be bidirectional, since inflammatory medi-
ators released during a migraine attack lead to the activation of transient receptor potential
ankyrin 1 channels (TRPA1) [10,11], located on the trigeminal afferents, which in turn favor
the release of CGRP [12,13]. The presence of inflammation in patients with migraine disease
has been confirmed; for instance, several plasma cytokines, including tumor necrosis factor
alpha (TNF-alpha), interleukin (IL)-1beta, and IL-6, increase during migraine attacks and
in attack-free intervals [14]. Thus, the activation of the trigeminovascular system and the
release of CGRP and neurogenic inflammation are key factors in migraine pathogenesis,
together with the maintenance of a sensitized neuronal state [15–18].

Clinical studies confirmed the therapeutic potential of blocking CGRP in migraine
pain by different CGRP receptor antagonists and monoclonal antibodies targeting either
the CGRP or its receptor in the acute and preventive treatment of migraine with positive
results [19–21]. Besides pain transmission, the blockade of CGRP signaling may exert
beneficial effects also in relation to the inflammatory pathway in migraine, although the
mechanisms are still not fully understood [22,23].

In the multifaceted scenario of migraine pathophysiology, there are also other elements
that appear to be involved. MicroRNAs (miRNAs) are short non-coding RNAs that regu-
late a multiplicity of cellular processes, including immune/inflammatory responses and
migraine pain [24,25]. Recently, we demonstrated that in patients with migraine disease,
CGRP plasma levels and miR-382-5p and miR-34a-5p gene expression in peripheral cells
are associated with each other at the individual level across the migraine spectrum [26].
In addition, CGRP plasma levels were positively correlated with the peripheral levels of
both miRNAs, suggesting an interaction between CGRP and these signaling molecules.
CGRP may induce IL-6 gene expression in macrophages by the upregulation of circular
RNA_007893, a modulator of miR-485-5p [27].

The aim of this study was to explore in more depth the interplay between the neu-
ropeptide CGRP and the inflammatory mediators within the mechanisms of neuronal
sensitization in an animal model of chronic migraine, using olcegepant as a pharmaco-
logical probe. Specifically, we used the experimental animal model based on chronic
systemic administration of nitroglycerin (NTG) that produces cephalic and extracephalic
hypersensitivity [28–30] and evaluated ongoing changes of signaling molecules linked to
inflammation in specific areas.

2. Materials and Methods

2.1. Animals and Experimental Design

Adult male Sprague-Dawley rats, weighing 250–270 g, were used in this study and
randomly allocated in the different experimental groups, as reported in Table 1.

The IASP’s guidelines for pain research in animals were followed [31]. All procedures
were conducted in accordance with the European Convention for Care and Use of Lab-
oratory Animals, and the experimental protocols were approved by the Italian Ministry
of Health (no. 691/2020-PR). The animals were housed in the animal facility of the Uni-
versity of Pavia (Pavia, Italy) in groups of two per cages under controlled conditions (i.e.,
temperature 21–22 ◦C, 60–50% relative humidity) and 12/12 h light cycle (with lights on at
7.00 a.m.). Food and water were available ad libitum. Upon arrival, animals were habitu-
ated to the housing conditions for one week before the experimental testing. The experi-
ments were performed in a randomized manner by an experimenter blinded
to treatments.
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Table 1. Experimental groups.

Experimental Groups I SET: OFT (n) II SET: rt-PCR; ELISA (n)

Acute
migraine model

CT (NTG vehicle + olcegepant vehicle) 8 -

NTG (NTG 10 mg/kg + olcegepant vehicle) 9 -

NTG + olcegepant 1 mg (NTG 10 mg/kg +
olcegepant 1 mg/kg) 6 -

olcegepant 1 mg (NTG vehicle +
olcegepant 1 mg/kg) 6 -

NTG + olcegepant 2 mg (NTG 10 mg/kg +
olcegepant 2 mg/kg) 6 -

olcegepant 2 mg (NTG vehicle +
olcegepant 2 mg/kg) 6 -

Chronic
migraine model

CT (NTG vehicle + olcegepant vehicle) 6 6

NTG (NTG 5 mg/kg + olcegepant vehicle) 6 6

NTG + olcegepant 2 mg (NTG 5 mg/kg +
olcegepant 2 mg/kg) 6 6

olcegepant 2 mg (NTG vehicle +
olcegepant 2 mg/kg) 6 6

CT: control; ELISA: enzyme-linked immunosorbent assay; n: number of animals per group; NTG: nitroglycerin;
OFT: orofacial formalin test; rt-PCR: real time polymerase chain reaction.

NTG (Bioindustria L.I.M., Novi Ligure (AL), Italy) was prepared from a stock solution
of 5.0 mg/1.5 mL dissolved in 27% alcohol and 73% propylene glycol. For injections, NTG
was further diluted in saline (0.9% NaCl) to reach the final concentration of 6% alcohol and
16% propylene glycol.

To test the appropriate dose of olcegepant able to counteract NTG-induced trigeminal
hyperalgesia, we first tested two doses of the CGRP receptor antagonist in the acute
animal model of migraine on the basis of a single NTG (10 mg/kg, i.p.) administration.
For this purpose, groups of 6–9 rats were treated with olcegepant (1 or 2 mg/kg, i.p.)
or vehicle (PEG 200/Tween-80/saline 1:1:18, 1 mL/kg, i.p.) 3 h after NTG (10 mg/kg,
i.p.) or vehicle administration. Four hours after NTG (or vehicle) injection, the animals
underwent the orofacial formalin test (Figure 1). The latency of h from NTG injection
and the administration timing and doses of olcegepant were selected in agreement with
previous observations [28,29,32–34].

The optimal dose identified with the above-described set of experiments was used
within the animal model of chronic migraine, where 4 groups of 6 rats each received NTG
(5 mg/kg, i.p.) or vehicle injection co-administered with olcegepant 2 mg/kg i.p. or its
vehicle (1 mL/kg, i.p.) every 2 days over a 9-day period (see Table 1 for experimental group
assignments).

Twenty-four hours after the last injection of NTG (or vehicle), a first set of rats un-
derwent the orofacial formalin test. A second set of animals (not exposed to the orofacial
formalin test) was used to evaluate CGRP, miRNAs, pro-inflammatory cytokines, and
TRPA1 gene expression in medulla-pons, cervical spinal cord (CSC), and TGs. In the same
areas, we also evaluated the protein levels of the same cytokines. Additionally, we assayed
CGRP serum levels (Table 1 and Figure 1).
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Figure 1. Experimental design of the acute and chronic models with specific procedures. Acute
migraine model: after treatments, the animals underwent the orofacial formalin test; at the end of the
behavioral test, all animals were sacrificed. Chronic migraine model: after treatments, the animals
were divided into two different experimental sets. In the first set, the animals underwent the orofacial
formalin test and then they were sacrificed. Within the second set, after sacrifice, the samples were
collected to be used for rt-PCR and ELISA analysis. ELISA: enzyme-linked immunosorbent assay;
n: number of animals per group; NTG: nitroglycerin; OFT: orofacial formalin test; rt-PCR: real time
polymerase chain reaction.

2.2. Orofacial Formalin Test

Since NTG is systemically administered and its sensitization properties can induce
cephalic and extra-cephalic changes, the orofacial formalin test was used in association
with the NTG model to specifically activate the trigeminal system. Such a combination
allows for the study of NTG-induced hyperalgesia at the trigeminal level, reflecting the
orofacial/cephalic hypersensitivity observed in migraine patients.

The procedures applied for the behavioral test were those extensively described
elsewhere [35]. Briefly, after rats’ acclimatization (20 min) to the test chamber, they were
injected subcutaneously with 50 μL of formalin 1.5% into the right upper lip. Face rubbing
was measured by a researcher blind to treatments, counting the seconds the animal spent
grooming the injected area with the ipsilateral forepaw or hindpaw 0–3 min (Phase I) and
12–45 min (Phase II) after formalin injection.

2.3. Rt-PCR and Enzyme-Linked Immunosorbent Assay (ELISA)

Rats of the second experimental set of the chronic model were euthanized under deep
anesthesia (sodium thiopental) after the last NTG of vehicle injection. After decapitation,
medulla–pons (bregma, −13.30 to −14.60 mm), CSC (C1–C2), and TGs were quickly dis-
sected out, divided into right and left parts, rinsed in cold sterile 0.9% NaCl solution, placed
in cryogenic tubes, and immediately frozen in liquid nitrogen. They were subsequently
kept at −80 ◦C until rt-PCR processing for TNF-alpha, IL-1beta protein and gene expression,
α-CGRP and TRPA1 gene expression, and miRNA evaluation. We selected medulla–pons
and CSC because they contain several nuclei that play an important role in the mediation
of migraine pain, e.g., TNC, locus coeruleus, and periacqueductal gray [36,37].

For mRNA, all procedures were performed under RNase-free conditions; after RNA
extraction, the absorbance ratios (260/280 nm) ranged from 1.9 to 2.0 in all RNA sam-
ples, indicating no significant protein (including of blood origin) contamination. mRNA
levels were measured by rt-PCR [38]. Primer sequences obtained from the Primer3
(https://primer3.ut.ee/, accessed on 14 January 2021) are reported in Table 2. Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH), whose expression remained constant in
all experimental groups, was used for normalization.
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Table 2. Primer sequences used in rt-PCR analysis.

Gene Forward Primer Reverse Primer

GAPDH AACCTGCCAAGTATGATGAC GGAGTTGCTGTTGAAGTCA
TNF-alpha CCTCACACTCAGATCATCTTCTC CGCTTGGTGGTTTGCTAC

IL-1beta TCTTCCTTGTGCAAGTGTCTG CAGGTCATTCTCCTCACTGTC
Calca (α-CGRP) CAGTCTCAGCTCCAAGTCATC TTCCAAGGTTGACCTCAAAG

TRPA1 CTCCCCGAGTGCATGAAAGT TGCATATACGCGGGGATGTC
U6 TGCGGGTGCTCGCTTCGGCAGC CCAGTGCAGGGTCCGAGGT

miR-155-5p TTGAATTCTAACACCTTCGTGGCTACAGAG TTAGATCTCATTTATCGAGGGAAGGATTG
miR-382-5p GGCTGTGAGTAATTCTTTGGCAG GGCAGTATACTTGCTGATTGCT
miR-34a-5p GCAGTGTCTTAGCTGGTTGTTG TGCAGCACTTCTAGGGCAGT

GAPDH: glyceraldehyde 3-phosphate dehydrogenase; TNF-alpha: tumor necrosis factor alpha; IL-1beta: interleukin
1beta; Calca: calcitonin related polypeptide alpha; TRPA1: transient receptor potential ankyrin 1 channels.

The same RNA was used for miRNA extraction in the same areas. Synthesis of cDNA
was performed by using MirXMirna First Strand Synthesis (Takara-Diatech Labline, Jesi-
Ancona, Italy), and TB Green q-Rt PCR was used (Takara-Diatech, Labline Jesi-Ancona,
Italy) to determine expression levels of miR-155-5p, miR-34a-5p, and miR-382-5p. miR-
NAs expression was normalized with U6 (a type of small nuclear RNA), used as a
housekeeping gene. The primers of miRNAs were selected from the Primer3 software
(https://primer3.ut.ee/, accessed on 26 May 2021) and synthesized by Sigma Aldrich (Mi-
lan, Italy) (Table 2). Triplicate reactions were averaged for each mRNA and miRNA. The
amount of mRNA was normalized to GAPDH or U6 using the 2–ΔΔCT method.

Pro-inflammatory cytokines in medulla–pons, CSC, and TG were evaluated using
the ELISA procedure. All tissues were weighed and homogenized using a Precellys
homogenizer, and central and peripheral cytokine levels were analyzed using a commercial
ELISA kit (Diaclone Co, Besançon, France), adhering to the manufacturer’s instructions.

For CGRP, TNF-alpha, and IL-1beta serum levels, the blood samples were collected in
a clot activator with gel separator serum tubes and centrifuged for 15 min at 1000× g at
2–8 ◦C. Protein levels were measured using commercial ELISA kits (α-CGRP: Elabsciences,
Houston, TX, USA; TNF-alpha and IL-1beta: Diaclone Co, Besançon, France). The measured
absorbance of the samples in a microplate reader (Biotek, Santa Clara, CA, USA) was
compared with a standard curve, and the concentrations were calculated.

2.4. Statistical Analysis

An a priori power analysis was conducted to determine the required sample size
needed to obtain a statistical power of 0.80 at an alpha level of 0.05 (GPower version 3.1.9.4,
Franz Faul, University Kiel, Kiel, Germany). We hypothesized a difference in total nocicep-
tive response in Phase II of the orofacial formalin test (face rubbing time, in the acute and the
chronic models) between rats injected with NTG and rats injected with NTG + olcegepant
of that at least equal to the control condition (NTG = 160 ± 14 SEM; CT = 135 ± 18 SEM),
and thus we estimated a sample size of at least 6 rats in each experimental group with an
effect size of 1.55. The data were tested for normality using the Shapiro–Wilk normality
test and considered normal. For nociceptive responses, gene expression, and protein levels,
the statistical differences between groups were determined using the one-way ANOVA
followed by post hoc Tukey’s multiple comparisons test.

A probability level of <5% was considered significant.

3. Results

3.1. Acute Migraine Model
Orofacial Formalin Test

As illustrated in Figure 2, NTG administration induced a hyperalgesic state that was
detectable as an increase in nocifensive behavior (total face rubbing time) during Phase
II of the orofacial formalin test. Only 2 mg/kg of olcegepant significantly reduced NTG-
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induced nocifensive behavior in Phase II compared with NTG group, demonstrating a
dose-dependent effect on trigeminal hyperalgesia. No significant effect was observed
when olcegepant was injected with NTG vehicle compared with the CT group. No sig-
nificant differences among groups were seen during Phase I of the test. The 2 mg/kg
dose of olcegepant was then adopted to perform all the evaluations within the chronic
migraine model.

Figure 2. Time of face rubbing (expressed in seconds) during Phase I and II of the orofacial formalin
test following acute systemic adminsitration of nitroglycerin (NTG)/vehicle and olcegepant/vehicle.
Data are expressed as mean ± SEM. One-way ANOVA followed by Tukey’s multiple comparisons
test: *** p < 0.001 vs. control (CT), olcegepant 1 mg and olcegepant 2 mg; ◦ p < 0.05 vs. NTG; # p < 0.05
vs. olcegepant 1 mg.

3.2. Chronic Migraine Model
3.2.1. Orofacial Formalin Test

As illustrated in Figure 3, NTG administration induced a persistent hyperalgesic state,
which was detectable as an increase in nocifensive behavior (total face rubbing time) during
Phase II of the orofacial formalin test. This hyperalgesic state was detected 24 h after the
last NTG treatment. The NTG-induced increase in face rubbing time was prevented by the
chronic administration of olcegepant, confirming a key role of CGRP in the central and
peripheral sensitization. Olcegepant did not induce any significant change in the orofacial
formalin test when administered to the rats treated with NTG vehicle. No significant
differences among groups were seen during Phase I of the test.

3.2.2. CGRP

Chronic NTG treatment increased CGRP gene expression in the central areas (CSC and
medulla–pons, Figure 4A,B, respectively) and in the TG (Figure 4C) when compared with
the control (CT) group. It also significantly increased CGRP serum levels (Figure 4D). These
changes were significantly inhibited by chronic olcegepant treatment (Figure 4). No effect
on CGRP gene expression and serum levels was observed when olcegepant was given with
NTG vehicle (olcegepant 2 mg group).

The data suggest that olcegepant treatment reduces CGRP levels by blocking its
receptor, probably via a negative feedback loop on NTG-induced inflammation.
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Figure 3. Time of face rubbing (expressed in seconds) during Phase I and II of the orofacial
formalin test following chronic systemic administration of nitroglycerin (NTG)/vehicle and ol-
cegepant/vehicle. Data are expressed as mean ± SEM. One-way ANOVA followed by Tukey’s
multiple comparisons test: * p < 0.05 vs. control (CT) and olcegepant 2 mg; ◦◦ p < 0.01 vs. NTG.

Figure 4. CGRP mRNA levels expressed as relative quantification (RQ) in cervical spinal cord (CSC)
(A), medulla–pons (B), and trigeminal ganglia (TG) (C); CGRP serum levels expressed as pg/mL (D).
Data are expressed as mean ± SEM; one-way ANOVA followed by Tukey’s multiple comparisons test.
** p < 0.01 and *** p < 0.001, vs. control (CT) and olcegepant 2 mg; ◦◦◦ p < 0.001 vs. nitroglycerin (NTG).
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3.2.3. Cytokines

Chronic NTG treatment increased gene expression and protein levels of TNF-alpha
(Figure 5) and IL-1-beta (Figure 6) in medulla–pons, CSC, and TG compared to the CT
group; moreover, the NTG challenge significantly increased TNF-alpha (Figure 5G) and
IL-1-beta (Figure 6G) serum levels compared to the CT group. Chronic treatment with
olcegepant induced a significant decrease in NTG-induced mRNA TNF-alpha in all the
areas under evaluation (Figure 5A–C). Olcegepant administration also reduced TNF-alpha
protein levels in the medulla–pons and TG (Figure 5D–F). Olcegepant reduced the NTG-
induced increase in IL-1beta mRNA in all the areas under investigation. It also reduced
IL-1beta protein levels in the CSC and medulla–pons and in the serum (Figure 6A–F).
Olcegepant did not induce any significant change in the parameters under evaluation when
administered to the rats treated with NTG vehicle. Data are shown in Figures 5 and 6.

Figure 5. TNF-alpha gene expression levels (A–C) and protein levels (D–F) in cervical spinal cord
(CSC), medulla–pons and trigeminal ganglion (TG), and TNF-alpha serum levels (G). mRNA levels
are expressed as relative quantification (RQ); protein levels in tissues are expressed as pg/mg of
protein and in serum are expressed as pg/mL. Data are expressed as mean ± SEM; one-way ANOVA
followed by Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control
(CT) and olcegepant 2 mg; ◦◦ p < 0.01 and ◦◦◦ p < 0.001 vs. nitroglycerin (NTG); § p < 0.05 vs. CT.
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Figure 6. IL-1beta gene expression levels (A–C) and protein levels (D–F) in cervical spinal cord
(CSC), medulla–pons and trigeminal ganglion (TG), and IL-1beta serum levels (G). mRNA levels
are expressed as relative quantification (RQ); protein levels in tissues are expressed as pg/mg of
protein and in serum are expressed as pg/mL. Data are expressed as mean ± SEM; one-way ANOVA
followed by Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control
(CT) and olcegepant 2 mg; ◦ p < 0.05 and ◦◦◦ p < 0.001 vs. nitroglycerin (NTG).

These findings indicate that the release of cytokines is mediated by CGRP probably
from the activated glial cells, which is responsible for the persistence of trigeminal pain.

3.2.4. microRNAs

Chronic NTG-treated animals showed a significant increase in miR-155-5p (Figure 7A–C),
miR-34a-5p (Figure 7D–F), and miR-382-5p (Figure 7G–I) expression in CSC, medulla–pons,
and TG compared to the CT group. These changes were significantly attenuated in all
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areas by olcegepant treatment (Figure 7). No effect on microRNA levels was observed
when olcegepant was given with NTG vehicle (olcegepant 2 mg group) (Figure 7). The
findings suggest that CGRP may interfere by still unknown mechanisms in the modulation
of inflammatory-related miRNAs.

Figure 7. Expression levels of miR-155-5p (A–C), miR-34a-5p (D–F), and miR-382-5p (G–I) in the
cervical spinal cord (CSC), medulla–pons, and trigeminal ganglion (TG). microRNA expression is
expressed as relative quantification (RQ). Data are expressed as mean ± SEM; one-way ANOVA
followed by Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control
(CT) and olcegepant 2 mg; ◦ p < 0.05, ◦◦ p < 0.01, and ◦◦◦ p < 0.001 vs. nitroglycerin (NTG).
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3.2.5. TRPA1 Gene Expression

Chronic NTG administration caused a significant increase in TRPA1 mRNA expres-
sion levels in all the areas investigated compared to the CT group. These changes were
significantly attenuated by olcegepant treatment in all the three areas. Data are reported in
Figure 8. These results suggest that the blockade of CGRP receptor, probably by inhibition
of pro-inflammatory pathways, interrupts the processes that lead to the neuropeptide
release following TRPA1 activation.

Figure 8. TRPA1 gene expression levels in (A) cervical spinal cord (CSC), (B) medulla–pons, and
(C) trigeminal ganglion (TG). mRNA levels are expressed as relative quantification (RQ). Data are ex-
pressed as mean ± SEM; one-way ANOVA followed by Tukey’s multiple comparisons test. *** p < 0.001
vs. control (CT) and olcegepant 2 mg; ◦◦◦ p < 0.001 vs. nitroglycerin (NTG); # p < 0.05 vs. CT.

4. Discussion

In migraine, peripheral and central sensitization play an important pathophysiological
role, since they augment pain signal transmission, causing an altered processing of sensory
stimuli. In this context, a major role belongs to CGRP, which is expressed in sensory affer-
ents innervating the cranial vasculature and it exerts vasodilatory and neuroinflammatory
action, contributing to the development of peripheral and central sensitization.

Here, we explored in depth the interaction of CGRP with other pain mediators relevant
for neuronal sensitization in a migraine animal model of chronic migraine, using olcegepant
as a pharmacological probe. In this context, our study yielded multiple important pieces of

125



Cells 2022, 11, 3092

information. First, we confirmed the pivotal role of CGRP in migraine pathophysiology, as
suggested by the increase in CGRP gene expression in medulla–pons, CSC, and TGs, as
well as in the serum. In addition, we reported that the above-mentioned changes affecting
the CGRP pathway are paralleled by an increase in (i) inflammatory cytokines in central
and peripheral areas of the nervous system that are relevant in migraine circuitry and
in the serum, (ii) miRNA associated to inflammation in the same areas, and (iii) TRPA1
gene expression in the same areas. These effects were all significantly counteracted by
olcegepant administration in order to confirm the role of the CGRP pathway.

In agreement, mRNA and protein levels of CGRP were found to be significantly
increased in the periaqueductal gray and TNC after NTG administration, supporting
an involvement of CGRP in the endogenous pain modulatory system [39,40]. As noted,
higher expression levels of CGRP in the brainstem are found in the locus coeruleus [36], a
mainly noradrenergic nucleus involved in the regulation of autonomic [41], stress [42], and
nociceptive functions [43]. The increase in CGRP serum levels likely reflects a peripherally
restricted phenomenon, where CGRP is released from trigeminal fibers outside the blood–
brain barrier (dura mater) and drained via intra- and extracranial venous vessels into the
jugular blood [44–46].

Thus, the released CGRP would increase sensory activity at multiple levels, peripheral
and central, a feature of migraine pain [47,48]. In the present study, NTG-induced increase
in CGRP gene expression was significantly reversed after treatment with olcegepant, as
was NTG-induced increase in CGRP serum levels. One of the possible ways through which
CGRP is released after NTG is the activation of the TRPA1 channels [49], whose gene
expression was increased by the NTG challenge, in agreement with previous data showing
that TRPA1 channel activation in trigeminal nociceptive fibers leads to the release of the
neuropeptide [12,13].

The increase in cytokines observed in the nervous tissues and in the serum in our
experiments was inhibited by olcegepant. These findings indicate that the cytokine ex-
pression and release is mediated by CGRP. This latter was indeed reported to enhance
the expression and release of pro-inflammatory cytokines from human peripheral blood
mononuclear cells [8] and lymphocytes [50]. Interestingly, patients with an ongoing mi-
graine attack have higher serum levels of pro-inflammatory cytokines compared to healthy
controls, and their serum CGRP levels positively correlate with cytokine’s levels [51]. It is
tempting to hypothesize that NTG-activated glial cells have a role in the increased cytokine
expression and release in the TGs, CSC, and medulla–pons [52]. In line with this idea,
previous data suggest that CGRP stimulates satellite glial cells within the TGs, subsequently
to sensory neurons’ sensitization [7,53,54], probably also through the potentiation of the
P2Y purinergic receptors [55]. Thus, we can speculate that the blockade of CGRP recep-
tors by olcegepant led to a reduction in CGRP release and, hence, of pro-inflammatory
mediators, thus breaking down the pathways that give rise to CGRP release. In line with
this hypothesis, olcegepant inhibited TRPA1-mediated dilation [56] and blood flow [57]
of the meningeal artery, thus suggesting a reduction of CGRP release [56,57]. Olcegepant-
mediated block of pain and inflammation may in turn represent the signal for the system
to further reduce CGRP release, again also via TRPA1, thus returning to a physiological
level of CGRP receptor stimulation.

Mounting evidence suggests that several miRNAs expressed in the nervous system
play important roles in neuroinflammation and chronic pain [58]. In particular, miR-155
has been shown to be deeply involved in regulating inflammation-associated diseases [5],
including migraine [59,60]. Indeed, miR-155 was found to be upregulated in migraine
patients in pain-free periods [59]; the same was also reported for miR-382-5p [61]. Intrigu-
ingly, the serum upregulation of miR-382-5p is also associated, together with miR-34a-5p,
with migraine attacks [61].

In line with the above-mentioned observations, our study shows that the three miR-
NAs investigated here were upregulated in the model of chronic migraine, while they were
downregulated by olcegepant treatment in the central and peripheral areas of the nervous
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system relevant for migraine pain. This downregulation was associated with a significant
reduction of pro-inflammatory cytokines (gene and protein expression) in both peripheral
and central nervous system areas, suggesting a relationship between CGRP, miRNAs, and
cytokine pathways.

Recently, Chen et al. [39] reported an increase in TNF-alpha and IL-1beta levels and po-
larized microglia in TNC after chronic NTG; this suggests the possibility that NTG induces
an upstream mechanism in which neuroinflammation is involved [39] and that blockade of
the CGRP signaling is able to modulate neuroinflammation and pain. NTG may induce
an inflammatory response within the dura mater and TG, potentiated by CGRP release,
with an increase in pro-inflammatory cytokines IL-1beta and TNF-alpha levels by nuclear
factor kappa B (NF-κB) activation [62,63]. This response may induce an upregulation of
miRNAs, not only at the peripheral level but indirectly at the central level, confirming a link
with pathways associated with pain transmission/modulation [25]. MiR-382-5p acts as a
negative modulator of the interleukin 10 receptor alpha subunit (IL-10RA), an endogenous
inhibitor of pro-inflammatory IL-1beta signaling gene expression [61], and thus its reduc-
tion is in keeping with the inhibition of CGRP pro-inflammatory activity after olcegepant
treatment. Increased miR-382-5p expression in pain conditions may also be related to
NF-κB signaling [64], which is a transcription factor for many miRNAs [65], including
miR-382 [66]. MiR-34a-5p negatively modulates the GABAergic signaling and thus the
reduced expression of miR-34a-5p after olcegepant may reflect a more active GABAergic
transmission [61]. In agreement, we previously found that expression of miR-382-5p and
miR-34a-5p in peripheral cells of patients with chronic migraine was significantly reduced
after erenumab [67], the first-in-class fully human monoclonal antibody targeting the CGRP
receptor. Moreover, in another study, we observed that CGRP plasma levels were positively
correlated with miR-382-5p and miR-34a-5p in peripheral cells of chronic and episodic
subjects, confirming a potential interaction [26] with the CGRP pathway. Here, we also
demonstrated a significant upregulation of miR-155-5p, involved in the polarization of
microglia and inflammatory processes in a variety of neurological diseases. MiR-155 overex-
pression promotes a pro-inflammatory phenotype in monocytes/macrophages and triggers
the spontaneous production of several pro-inflammatory cytokines, including TNF-alpha,
IL-6, and IL-1beta [68,69]. This finding is confirmed by a recent study, where changes in
miR-155-5p expression were associated with microglial activation in the TNC after chronic
NTG in rats, indicating that miR-155-5p may be involved in trigeminal hyperalgesia [60].

Altogether, these observations suggest the possibility that peripheral changes in miR-
NAs levels, previously reported by us in migraine patients, may likely reflect changes in
central/peripheral areas of the nervous system involved in migraine pain modulation.
Additionally, the findings also support a role for miR-382-5p, miR-34a-5p, and miR-155-5p
in chronic migraine, which is partly, but probably not entirely, linked to the interaction
with the CGRP pathway. The potential interplay between CGRP and the inflammatory
mediators within the mechanisms of neuronal sensitization is reported in Figure 9.

Possible Limitations of the Study

A repeated use of acute migraine drugs can induce a condition of medication overuse
headache [70]. In light of the experimental settings used in the present study, in which
an acute migraine drug was used chronically, it must be noted that we did not detect any
change in nociceptive and hyperalgesic behavior in the animals treated chronically with
olcegepant and NTG vehicle (Figure 3), nor did we find an increase in the expression of
inflammatory cytokines or of CGRP plasma levels, when comparing them with the control
group. This is in agreement with previous literature showing that gepants (olcegepant
and ubrogepant) did not induce central sensitization upon chronic administration [71,72].
Our data are also in accordance with clinical reports, in which neither gepants nor CGRP-
targeting monoclonal antibodies were associated with the development of medication
overuse headache [73,74].
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Figure 9. Potential interaction of CGRP with other pain/inflammatory mediators relevant for neu-
ronal sensitization in an animal model of chronic migraine. Nitroglycerin (NTG), by releasing nitric
oxide (NO), may induce an inflammatory response within the dura mater and the trigeminal gan-
glion (TG), potentiated by CGRP release, with an increase in pro-inflammatory cytokines interleukin
(IL)-1beta and tumor necrosis factor alpha (TNF-alpha) levels by nuclear factor kappa B (NF-κB) acti-
vation [62,63]. In addition, NTG may activate transient receptor potential ankyrin 1 channels (TRPA1)
receptors contributing to a further release of CGRP. This response may induce an upregulation of
miRNAs, not only at the peripheral level but indirectly at the central level.

In this study, we show that chronic CGRP antagonism attenuates NTG-induced trigem-
inal hyperalgesia. In the clinical setting, olcegepant failed to prevent NTG-induced migraine
attacks in subjects with migraine disease [75]. A comparison of methodology between
pre-clinical and clinical experiments is of course not possible. However, it is worth noting
that our finding is in accordance with a recent study, in which migraine-like intracranial
and extracranial neuronal hypersensitivity, as well as central trigeminocervical neurons’
activation stimulated by NTG, were reduced after olgecepant treatment [34]. Additionally,
olcegepant was also effective in reducing the NTG-induced plantar allodynia [76] in another
pre-clinical study. Another point that must be noted is that, differently from our study in
animals and that of Juahsz et al. [45] in humans, Tvedskov and colleagues did not report
changes in CGRP levels after NTG in migraine subjects [77].

The findings of the present study suggest a consistent modulation of the biomarkers
under investigation in peripheral and central sites, which may be surprising when con-
sidering that olcegepant poorly penetrates the blood–brain barrier [78]. Thus, a possible
limitation of the present study is that we tested olcegepant following systemic but not
intracerebroventricular administration, thus not allowing a more comprehensive analysis
of its site of action. It should, however, be noted that in the mouse model of chronic
NTG, the intracerebroventricular administration of olcegepant was not effective compared
with the systemic administration, thus suggesting that olcegepant has only peripheral
effects [79]. Despite this observation, olcegepant was also reported to act in the TNC
where it reduced the activation of second order neurons [80]. One possible interpretation
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is that olcegepant possesses a direct action in the periphery, which subsequently results
in an indirect effect at the central level. This effect would in turn modulate the serum
levels of the neuropeptide and also its gene expression in peripheral and central areas.
An alternative hypothesis is that NTG-associated activation of neuroinflammation and
CGRP release may alter blood–brain barrier permeability [81], thus allowing a direct central
effect of olcegepant. Specifically targeted studies will be required to confirm or refute these
alternative hypotheses.

5. Conclusions

The key role of CGRP in migraine pathogenesis and its chronicization is universally
accepted. Here, we report that the changes in the CGRP pathway are paralleled by the
activation of the neuroinflammation cascade and of miRNAs involved in the inflammatory
pathway. To the best of our knowledge, this is the first report to evaluate these downstream
molecular mechanisms following ligand-receptor blockade by olcegepant and demonstrat-
ing that the CGRP receptor antagonist reduces the mediators of sensitization in peripheral
and central areas of the nervous system that are important in the circuitry of migraine pain.

Altogether, the present data contribute important additional pieces of knowledge in the
understanding the complexity of the mechanisms related to CGRP in migraine pathogenesis;
it seems reasonable to hypothesize that the miRNAs and cytokines investigated, together
with the increased TRPA1 gene expression, may represent only a part of a multi-biomarker
panel signature of the migraine disease.
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Abstract: The communication between calcitonin gene-related peptide (CGRP) and cytokines plays
a prominent role in maintaining trigeminal ganglion (TG) and trigeminovascular sensitization.
However, the underlying regulatory mechanism is elusive. In this study, we explored the hypothesis
that Src family kinases (SFKs) activity facilitates the crosstalk between CGRP and cytokines in
sensitizing TG. Mouse TG tissue culture was performed to study CGRP release by enzyme-linked
immunosorbent assay, cytokine release by multiplex assay, cytokine gene expression by quantitative
polymerase chain reaction, and phosphorylated SFKs level by western blot. The results demonstrated
that a SFKs activator, pYEEI (YGRKKRRQRRREPQY(PO3H2)EEIPIYL) alone, did not alter CGRP
release or the inflammatory cytokine interleukin-1β (IL-1β) gene expression in the mouse TG. In
contrast, a SFKs inhibitor, saracatinib, restored CGRP release, the inflammatory cytokines IL-1β,
C-X-C motif ligand 1, C-C motif ligand 2 (CCL2) release, and IL-1β, CCL2 gene expression when the
mouse TG was pre-sensitized with hydrogen peroxide and CGRP respectively. Consistently with
this, the phosphorylated SFKs level was increased by both hydrogen peroxide and CGRP in the
mouse TG, which was reduced by a CGRP receptor inhibitor BIBN4096 and a protein kinase A (PKA)
inhibitor PKI (14–22) Amide. The present study demonstrates that SFKs activity plays a pivotal
role in facilitating the crosstalk between CGRP and cytokines by transmitting CGRP receptor/PKA
signaling to potentiate TG sensitization and ultimately trigeminovascular sensitization.

Keywords: Src family kinases; calcitonin gene-related peptide; interleukin-1β; C-C motif ligand 2;
C-X-C motif ligand 1; protein kinase A; trigeminal ganglion; migraine

1. Introduction

Migraine is a recurrent primary headache disorder that afflicts approximately 15%
of the population worldwide [1]. A key mechanism by which nearly all migraine trig-
gers induce migraine attacks is the activation and sensitization of the trigeminovascular
pathway [2–4]. As an important peripheral component of the trigeminovascular pathway,
trigeminal ganglion (TG) contains the cell bodies of meningeal nociceptors, the activation
of which initiate trigeminovascular activation [5–7]. Active signaling mediated mainly by
neuropeptides and inflammatory mediators occurs within the TG, among which calcitonin
gene-related peptide (CGRP), the key drug target of migraine prevention and therapy,
is a key player [8]. In the TG, released CGRP binds to CGRP receptor to facilitate neu-
ronal excitability [9–11] and neuroinflammation, including elevated release and expression
of inflammatory cytokines [11–14]. Importantly, cytokines can signal back to neurons,
which promotes CGRP synthesis and release [15,16], thereby inducing a positive feedback
loop of sensitization. Thus, the communication between CGRP and cytokines plays a
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prominent role in maintaining TG activation and sensitization as well as trigeminovascular
sensitization [17–19], although the underlying regulatory mechanism is elusive.

Src family kinases (SFKs) activity has been previously found to mediate CGRP release
in dorsal root ganglion neurons [20] and TG [21]. SFKs activity also mediates inflammatory
cytokine release and expression in primary glial cells [22–25] and mediates interleukin-1 β

(IL-1β) gene expression in the mouse TG [21]. Importantly, SFKs are known to play a key
role in migraine pathogenesis. In an inflammatory soup-induced chronic migraine model,
central inhibition of SFKs attenuates mechanical allodynia and synaptic plasticity [26]. In
a genetic mouse migraine with aura model familial hemiplegic migraine type 2 (FHM2),
deactivation of SFKs reduces the Ca2+ sensitivity and contraction of the cerebral arteries,
which contributes to vascular tone and brain perfusion abnormalities [27]. Similarly,
systemic deactivation of SFKs reduces cortical spreading depression (CSD), a migraine
with aura model, and CSD-induced cerebral cortical inflammatory cytokines interleukin
1 beta (IL-1β) and tumor necrosis factor alpha (TNFα) gene expression [28]. Taken together,
it is likely that SFKs activity facilitates the communication between CGRP and cytokines to
activate and sensitize TG, which requires clarification.

In the present study, we examined whether SFKs activity facilitates the crosstalk be-
tween CGRP release and cytokines release and gene expression to activate and sensitize the
mouse TG. How SFKs activity mediates the communication between CGRP and cytokines
in TG is also explored by investigating the involvement of CGRP receptor/protein kinase
A (PKA) pathway.

2. Materials and Methods

2.1. Animals

A total of 143 adult male C57BL/6J mice (21.4 ± 0.17 g) were used and purchased
from Shanghai SLAC Laboratory Animal Corporation Ltd. (Shanghai, China). All studies
in this paper were carried out in male rodents so that the effect of hormonal fluctuation in
females is minimized. Mice were housed in the Experimental Animal Centre of Soochow
University for at least one week to be acclimated to the housing room before use. Animal
procedures were approved by the Ethical Review Panels of Xi’an Jiaotong–Liverpool
University (XJTLU) under the agreement with Soochow University and performed in
accordance with relevant China national and provincial guidelines. For each experiment,
randomization of experimental groups was performed to reduce bias. All animals used
were randomly allocated to different experimental groups.

2.2. Mouse TG Tissue Culture

Isolated TG culture is a commonly used model to study TG molecular and neurophys-
iological properties. Signaling molecules produced in TG cell bodies are delivered to the
peripheral and central terminals via axonal transport to give rise to sensory transduction
and neurotransmission [6,29–31]. Therefore, isolated TG culture is commonly used as a
model of its peripheral or central endings to study meningeal nociceptors and trigeminal
nociceptive transmission [17,19,32]. The method of TG tissue culture was established as
reported previously [21]. Mice were sacrificed by rapid cervical dislocation. Both the
left and right TG of each mouse were collected, and the merged TG were used for one
individual experiment. The TG were recovered in 300 μL pre-oxygenated Kreb’s solution
(composition in mM: 126 NaCl, 2.5 KCl, 2.4 CaCl2·2H2O, 1.3 MgCl2·6H2O, 18 NaHCO3,
1.2 NaH2PO4, 10 glucose; pH 7.4) for 30 min at 37 ◦C and then washed with pre-oxygenated
Kreb’s solution every 5 min for 30 min. Subsequently, the TG were incubated with each
drug for 20 min or 1 h at 37 ◦C.

In order to explore whether SFKs activity mediates the communication between CGRP
and cytokines in TG, three series of experiments were designed. Series 1: whether activa-
tion of SFKs increases CGRP release and IL-1β gene expression was examined in cultured
mouse TG. This model has been validated in our previous publication by using KCl, a
known trigger for neuronal activation and CGRP release, which successfully induces CGRP
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release [21]. A SFKs activator, pYEEI (YGRKKRRQRRREPQY(PO3H2)EEIPIYL) [33,34],
or its negative control, the non-phosphorylated peptide, YEEI (YGRKKRRQRRREPQY-
EEIPIYL), was applied at 1 mM [35,36] for 20 min. pYEEI binds to the SH2 domains of
SFKs which hampers their closing conformation at the inactive state and induces their open
active conformation [34,37,38]. A cell-penetrating peptide TAT (YGRKKRRQRRR) [39] was
conjugated to both pYEEI and YEEI to make them cell permeable. These peptides were
customized by A+ Peptide (Shanghai, China). Two groups were designed: (i) 1 mM pYEEI;
(ii) 1 mM YEEI (n = 8 for each). The level of CGRP released into the culture medium was
detected by enzyme-linked immunosorbent assay (ELISA); the mRNA level of IL-1β in the
TG was detected by quantitative polymerase chain reaction (qPCR). Series 2: whether deac-
tivation of SFKs reduces CGRP release was examined in cultured mouse TG pre-sensitized
by reactive oxygen species (ROS). Stress is the top trigger for migraineurs [40], and ROS is a
common trigger of oxidative stress [41]. Since hydrogen peroxide (H2O2), a type of ROS, can
induce CGRP release in dorsal root ganglion neurons [42], the present study used H2O2 to
induce CGRP release in the TG. To inhibit SFKs activity, a SFKs inhibitor saracatinib (S1006,
Selleckchem, Houston, TX, USA), which binds to the kinase (SH1) domains of SFKs [43],
was used because saracatinib has been tested for treating different types of cancer [44–46]
and Alzheimer’s disease [47,48] in clinical trials and showed good tolerability and safety
in patients. The cultured TG was treated with Kreb’s, 1 mM H2O2 [42], 1.5 μM, 4 μM, or
10 μM saracatinib [49,50] in the presence of 1 mM H2O2 for 20 min. For this series, five
groups were designed: (i) Kreb’s (n = 8); (ii) 1 mM H2O2 (n = 8); (iii) 1 mM H2O2 + 1.5 μM
saracatinib (n = 8); (iv) 1 mM H2O2 + 4 μM saracatinib (n = 7); (v) 1 mM H2O2 + 10 μM
saracatinib (n = 7). Series 3: whether deactivation of SFKs reduces the release and gene ex-
pression of inflammatory cytokines induced by CGRP was examined in cultured mouse TG.
CGRP (SCNTATCVTHRLAGLLSRSGGVVKDNFVPTNVGSEAF-NH2, disulfide bridge:
Cys2-Cys7, A+ Peptide, Shanghai, China), the potent neuroinflammatory mediator [51],
was used to induce the release and gene expression of inflammatory cytokines in the TG,
and the effect of the SFKs inhibitor saracatinib (S1006, Selleckchem, Houston, TX, USA)
on these phenomena was studied. For studying cytokine release, the cultured TG was
treated with Kreb’s, 3 μM CGRP [9], or 1.5 μM saracatinib [49,50] in the presence of 3 μM
CGRP for 20 min; for studying cytokine gene expression, the treatments were the same
except for that 4 μM saracatinib in the presence of 3 μM CGRP was applied as an additional
group, and the treatment time for each group was 60 min. Four groups were therefore
designed: (i) Kreb’s; (ii) 3 μM CGRP; (iii) 3 μM CGRP + 1.5 μM saracatinib; (iv) 3 μM
CGRP + 4 μM saracatinib (n = 8 for each). To detect the release of multiple cytokines
into the culture medium, a multiplex immunoassay was used to measure the levels of
12 pro-inflammatory cytokines, C-C motif ligand 2 (CCL2), C-C motif ligand 5 (CCL5),
C-X-C motif ligand 1 (CXCL1), C-X-C motif ligand 10 (CXCL10), granulocyte-macrophage
colony-stimulating factor (GM-CSF), interferon alpha (IFN-α), interferon beta (IFN-β),
interferon gamma (IFN-γ), IL-1β, interleukin 6 (IL-6), interleukin 12 (IL-12), TNFα, and
one anti-inflammatory cytokine, interleukin 10 (IL-10). Only the cytokines whose levels
in the TG culture medium were significantly altered by both CGRP and saracatinib were
selected to detect their mRNA levels by qPCR.

In order to explore how SFKs activity mediates the communication between CGRP
and cytokines in TG, the signaling pathway that SFKs transmit during these processes
is investigated, for which three series of experiments were designed. Series 4: to ensure
that SFKs activity is increased by H2O2 in the mouse TG in Series 2, the TG treated with
Kreb’s and 1 mM H2O2 were collected to measure SFKs activity represented by the level of
phosphorylated SFKs at Y416 using western blot in order to minimize animal use. How
SFKs activity is enhanced by H2O2 was then investigated by examining whether inhibition
of CGRP receptor reduces H2O2-enhanced SFKs activity in cultured mouse TG. To inhibit
CGRP receptor, a CGRP receptor inhibitor, BIBN4096 (4561, Tocris, Bristol, UK), was used.
The cultured TG was treated with 10 μM BIBN4096 in the presence of 1 mM H2O2 for
20 min. One additional group was designed: 1 mM H2O2 + 10 μM BIBN4096 (n = 7).
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Series 5: to ensure that SFKs activity is increased by CGRP in the mouse TG in Series 3,
the TG treated with Kreb’s and 3 μM CGRP for 20 min were collected to measure the
level of phosphorylated SFKs at Y416 using Western blot. Next, how SFKs activity is
enhanced by CGRP was investigated by examining whether SFKs activity transmits CGRP
receptor/PKA pathway as PKA is known to transmit signaling downstream CGRP [52–54]
and activate SFKs in several models [36,55,56]. Specifically, whether inhibition of CGRP
receptor and deactivation of PKA reduce CGRP-enhanced SFKs activity was examined
in cultured mouse TG. To deactivate PKA, a PKA inhibitor, PKI (14-22) Amide (476485,
Sigma-Aldrich, St. Louis, MO, USA), was used. The cultured TG was treated with 3 μM
BIBN4096 [57] or 30 μM PKI (14-22) Amide [58] in the presence of 3 μM CGRP for 20 min.
Two additional groups were designed: 3 μM CGRP + 3 μM BIBN4096, 3 μM CGRP + 30 μM
PKI (14-22) Amide (n = 8 for each). Series 6: whether SFKs co-localize with CGRP or
receptor activity modifying protein 1 (RAMP1), the unique and essential functional CGRP
receptor subunit [59,60], was also examined in mouse TG using immunohistochemistry.

2.3. ELISA

After TG tissue culture, the level of CGRP released into the culture medium was
measured using a mouse CGRP ELISA kit (CSB-EQ027706MO, CUSABIO, Houston, TX,
USA). Briefly, 100 μL medium and each of 8 serially diluted standard solutions were added
into an assay plate pre-coated with CGRP antibody, which was then incubated at 37 ◦C for
2 h. Next, after removing the remaining liquid in the wells, 100 μL 1 × biotin-conjugated
antibody specific for CGRP was added to each well followed by incubating at 37 ◦C for
1 h. The wells were then aspirated and washed, after which each well was added with
100 μL 1 × avidin conjugated horseradish peroxidase (HRP) and incubated at 37 ◦C for
1 h. Following further wash to remove any unbound substances, each well was added
with 90 μL TMB substrate and incubated at 37 ◦C for 30 min in the dark. The reaction was
stopped by adding 50 μL stop solution to each well and the OD of the wells was read at
450 nm, 540 nm, and 570 nm using a colorimetric microplate reader (BioTek, Winooski,
VT, USA). The mean reading at 540 nm and 570 nm were subtracted from that at 450 nm,
which corrected for optical imperfections. A standard curve relating the OD values to the
concentration of CGRP (pg/mL) in the standard solutions was plotted and an equation of
the curve was obtained. The OD values of the media were used to calculate their CGRP
concentration (pg/mL) using the equation.

2.4. Multiplex Immunoassay

A multi-analyte flow assay kit (740621, Biolegend, San Diego, CA, USA) was used
to detect the release of 12 pro-inflammatory cytokines, CCL2, CCL5, CXCL1, CXCL10,
GM-CSF, IFN-α, IFN-β, IFN-γ, IL-1β, IL-6, IL-12, TNFα, and one anti-inflammatory
cytokine—IL-10—into the TG culture medium. First, 25 μL medium and each of 8 se-
rially diluted standard solutions were added into an assay plate followed by adding 25 μL
assay buffer and 25 μL mixed beads, which was then shaken at 500 rpm at room tempera-
ture for 2 h in the dark. After aspirating and washing the plate, 25 μL detection antibodies
was added into the plate followed by shaking at 500 rpm at room temperature for 1 h. Next,
25 μL streptavidin-phycoerythrin (SA-PE) was added, and the plate was shaken at 500 rpm
at room temperature for 30 min. After aspirating and washing the plate again, the beads
in the plate were resuspended, and the plate was read on CytoFLEX S Flow Cytometer
(C01161, Beckman Coulter, Brea, CA, USA). Each of the mixed beads was conjugated
with a type of allophycocyanin (APC) fluorescence and an antibody specific to one of the
13 cytokines so that each cytokine in the medium was captured by its specific bead. The
APC fluorescence conjugated to each bead had a differing level, which could be recognized
by the flow cytometer at 660 nm to distinguish among different beads and identify the
corresponding cytokine of each bead. The SA-PE bound to the detection antibody provided
fluorescent signal in proportion to the amount of a certain cytokine bound to each bead,
which was read as PE signal fluorescence intensity by the flow cytometer at 585 nm. Using
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LEGENDplexTM Data Analysis Software 8.0 (Biolegend, San Diego, CA, USA), a standard
curve relating the PE signal fluorescence intensities to the concentration of each of the
13 cytokines (pg/mL) in the standard solutions was plotted and an equation of the curve
was obtained. The PE signal fluorescence intensities of the media were used to calculate
the concentration (pg/mL) of each of the 13 cytokines using the equation.

2.5. qPCR

After 60 min of TG tissue culture, total RNA of mouse TG was extracted using TRIZOL
reagent (T9424 Sigma-Aldrich, St. Louis, MO, USA) and was reverse transcribed to cDNA by
a GoScript Reverse Transcription System (A5001 Promega, Madison, WI, USA). The mRNA
levels of specific genes were detected by qPCR using GoTaq qPCR Master Mix (A6002, Promega,
Madison, WI, USA). The qPCR reaction was performed in QuantStudio 5 Real-Time PCR Sys-
tem (Applied Biosystems, Waltham, MA, USA) under the following thermal cycling condi-
tions: 95 ◦C for 2 min, 95 ◦C for 15 s, 60 ◦C for 1 min, and 60–95 ◦C for 1 min. The mRNA
level of each target gene was presented as relative fold change by normalizing the individual
mRNA level of the gene to the geometric mean of the mRNA levels of two housekeeping
genes, β-actin, and peptidylprolyl isomerase A (PPIA). Primers specific to the target genes
were shown as follows: IL-1β forward 5′ACTACAGGCTCCGAGATGAACAAC3′, reverse
5′CCCAAGGCCACAGGTATTTT3′; CCL2 forward 5′CACTCACCTGCTGCTACTCA3′, reverse
5′ GCTTGGTGACAAAAACTACAGC3′; ACTB forward 5′CTGTCCACCTTCCAGCAGAT3′,
reverse 5′CGCAGCTCAGTAACAGTCCG3′; PPIA forward, 5′TTGCTGCAGACATGGTCAAC3′,
reverse 5′TGTCTGCAAACAGCTCGAAG3′.

2.6. Western Blot

Total protein of mouse TG was extracted using sodium dodecyl sulfate (SDS, 74255,
Sigma-Aldrich, St. Louis, MO, USA), as described previously [21]. The concentration of the
extracted protein was measured using Bicinchoninic Acid Protein Assay Kit (P0010, Bey-
otime, Shanghai, China). The protein levels of phosphorylated SFKs at Y416 and SFKs were
analyzed by Western blot. Except for that, the protein level of β-actin was also analyzed,
which was used as an internal control to calculate the relative expression levels of phospho-
rylated SFKs at Y416 and SFKs. Protein samples were denatured with SDS polyacrylamide
(SDS-PAGE) sample loading buffer (P0015, Beyotime, Shanghai, China) at 100 ◦C for 5 min.
The protein samples were separated on a 10% SDS-PAGE gel followed by transfer onto ni-
trocellulose membranes (66485, Pall, Pensacola, FL, USA). The membranes were incubated
in 5% milk at room temperature for 1 h, followed by incubation with anti-phospho-Y416
SFKs antibody (1:200, 6943, CST, Beverly, MA, USA) and anti-β-actin antibody (1:2000, 4970,
CST, Beverly, MA, USA) at 4 ◦C overnight. Subsequently, the membranes were incubated
with IRDye 680RD donkey anti-rabbit secondary antibody (1:5000, 925-68073, LI-COR,
Lincoln, NE, USA) for 1 h in the dark. Odyssey Near-Infrared Fluorescent Imaging System
(LI-COR, Lincoln, NE, USA) was used to detect the protein levels of phosphorylated SFKs
at Y416 and β-actin on the membranes by scanning fluorescent signals at 700 nm. Next, the
anti-phospho-Y416 SFK antibody on the membranes was stripped off using 0.2 M NaOH
(134070010, Acros Organics, Geel, Belgium) for 15 min. After incubating in 5% milk, the
membranes were incubated with anti-SFK antibody (1:1000, 2109, CST) at 4 ◦C overnight
followed by incubating with the anti-rabbit secondary antibody and imaging to detect the
protein level of SFKs. The mean gray value of protein band intensity was quantified using
Image Studio Lite 5.0 (LI-COR, Lincoln, NE, USA). The level of phosphorylated SFKs at
Y416 was presented as absolute ratio in the band intensities between phosphorylated SFKs
at Y416 and β-actin, phosphorylated SFKs at Y416 and SFKs, and SFKs and β-actin.
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2.7. Immunohistochemistry

As CGRP and CGRP receptor distribute differently in TG neurons and nerve fibers [10,60],
we then detected SFKs distribution pattern in mouse TG and whether SFKs co-localize with
CGRP or RAMP1. One C57BL6/J mouse was anesthetized in depth in 5% isoflurane with
O2:N2O (1:2) and transcardially perfused with phosphate buffer saline (09–8912-100, Medicago,
Uppsala, Sweden) and 4% paraformaldehyde (P804537, Macklin, Shanghai, China). The TG
were collected and post-fixed in 4% paraformaldehyde at 4 ◦C overnight. The tissues were
dehydrated in 10%, 20%, and 30% sucrose (V900116, Sigma-Aldrich, St. Louis, MO, USA)
solutions at 4 ◦C overnight. Before sectioning, the tissues were embedded in Tissue-Tek O.C.T.
Compound (4583, Sakura, Flemingweg, The Netherlands). Coronal sections at 20 μm of the TG
tissues were prepared using a cryostat (CM1950, Leica, Tokyo, Japan) and fixed on glass slides.
The TG slice was permeabilized in 0.25% Triton X-100 (V90050210, Sigma-Aldrich, St. Louis,
MO, USA) for 15 min and blocking in 2% donkey serum (D9663, Sigma-Aldrich) with 2%
bovine serum albumin (V900933, Sigma-Aldrich) and 0.1% Tween20 (P1379, Sigma-Aldrich)
for 1.5 h at room temperature. Subsequently, the TG slice was incubated with anti-SFKs
antibody (1:40, AF3389, R&D Systems, Minneapolis, MN, USA) with anti-CGRP antibody (1:50,
ab81887, Abcam, Cambridge, UK) or anti-RAMP1 antibody (1:50, ARR-021, Alomone Labs,
Jerusalem, Israel) respectively at 4 ◦C overnight. The next day, the TG slice was incubated with
Alexa fluor 488 donkey anti-goat secondary antibody (1:500, A11055, Invitrogen, Carlsbad, CA,
USA) with 568 goat anti-mouse secondary antibody (1:500, A11004, Invitrogen) or 568 donkey
anti-rabbit secondary antibody (1:500, A10042, Invitrogen) at room temperature for 1 h in
the dark, after which they were incubated in 4′,6-diamidino-2-phenylindole (DAPI, 1:5000,
D8417, Sigma-Aldrich) for 5 min. After mounting in mounting solution (S36936, Invitrogen),
the expressions of SFKs, CGRP, and RAMP1 in the TG slice were imaged using a Confocal
Laser Scanning Microscope (LSM880, Zeiss, Jena, Germany). The co-localization of SFKs and
CGRP or RAMP1 in the acquired images was analyzed qualitatively.

2.8. Statistical Analysis

For quantitative studies, all raw data generated in experiments were statistically
analyzed using GraphPad Prism 7.0 (San Diego, CA, USA) for testing if each dataset
followed normal distribution and if significant difference existed between the data of
two comparable experimental groups. In order to choose a proper test for analyzing
significant statistical difference between two groups, a Shapiro–Wilk test was performed
for all the datasets to determine if they followed normal distribution. If the normality
test was passed, the data were presented as mean ± standard error of the mean, and the
significance of intergroup statistical difference was analyzed by two-tailed unpaired t-test;
if not, the data were presented as median (interquartile range), and the significance of
intergroup statistical difference was analyzed by two-tailed Mann–Whitney test. Four types
of significant intergroup statistical difference were used: * p < 0.05, ** p < 0.01, *** p < 0.001,
or **** p < 0.0001. Detailed data presentation and statistical analysis for each quantitative
study was described in the respective figure legend.

3. Results

3.1. pYEEI Alone Did Not Increase CGRP Release and IL-1β Gene Expression in the Mouse TG

We examined whether activation of SFKs increases CGRP release and IL-1β gene
expression in the TG. When treated the TG with 1 mM pYEEI, the SFKs activator, the CGRP
level was 32.8 ± 1 pg/mL, which was not significantly different from the CGRP level at
35.1 ± 1.9 pg/mL in the YEEI group (n = 8 per group, Figure 1A). Similarly, 1 mM pYEEI
did not affect the IL-1β mRNA level either, which was 1 ± 0.1 (vs. 1 ± 0.1 in the YEEI
group, Figure 1B) (n = 8 per group).
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Figure 1. pYEEI alone did not alter CGRP release and IL-1β gene expression in the mouse TG.
(A,B) Effects of 1 mM pYEEI or 1 mM YEEI (n = 8 per group) on CGRP release (pg/mL) and IL-1β
mRNA level at 20 min post treatment. IL-1β mRNA level was present in the fold change relative to
the geometric mean of β-actin and PPIA mRNA levels. Two-tailed unpaired t-test was used for the
comparison in CGRP release and IL-1β mRNA level between the YEEI group and the pYEEI group.

3.2. Saracatinib Reduced CGRP Release Induced by H2O2 in the Mouse TG

This section determined whether deactivation of SFKs reduces CGRP release induced
by ROS in the TG. H2O2 at 1 mM increased the level of CGRP in the TG culture medium to
28.4 ± 4.4 pg/mL in comparison with that at 13.7 ± 2.2 pg/mL in the Kreb’s group (n = 8
per group, p = 0.0126, Figure 2). In the presence of 1 mM H2O2, 1.5 μM saracatinib (n = 7),
the SFKs inhibitor, slightly reduced the CGRP level from the TG to 19.8 ± 4 pg/mL, which
was not significantly different from that in the H2O2 group (Figure 2). When saracatinib
was applied at 4 μM (n = 7), a significant reduction in the CGRP level to 15.9 ± 1 pg/mL
was seen compared to that in the H2O2 group (p = 0.024, Figure 2). Saracatinib at 10 μM
(n = 7) also significantly reduced the level of CGRP to 13.4 ± 0.9 compared to that in the
H2O2 group (p = 0.0105, Figure 2). These data supported a concentration-response effect of
saracatinib on CGRP release from the TG primed by H2O2.

Figure 2. Saracatinib reduced CGRP release induced by H2O2 in the mouse TG. Effects of Kreb’s
(n = 8); 1 mM H2O2 (n = 8); 1.5 μM (n = 7), 4 μM (n = 7), or 10 μM (n = 7) saracatinib in the presence of
1 mM H2O2 at 20 min post treatment on CGRP release (pg/mL). Abbreviations: saracatinib (SRCT).
Two-tailed unpaired t-test was used for the comparison in CGRP release between the H2O2 group
and either the Kreb’s group or the saracatinib in the presence of H2O2 group. Significant differences
were labeled as * p < 0.05.
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3.3. Saracatinib Reduced IL-1β, CCL2, and CXCL1 Release Induced by CGRP in the Mouse TG

We addressed whether deactivation of SFKs reduces inflammatory cytokine release
induced by CGRP in the TG. Among the 12 pro-inflammatory cytokines (CCL2, CCL5,
CXCL1, CXCL10, GM-CSF, IFN-α, IFN-β, IFN-γ, IL-1β, IL-6, IL-12, TNFα) and one anti-
inflammatory cytokine (IL-10), 3 μM CGRP promoted the levels of IL-1β to 4.6 ± 0.4 pg/mL
(vs. 2.9 ± 0.5 pg/mL in the Kreb’s group, p = 0.0288), CCL2 to 8.9 ± 1.7 pg/mL (vs.
3.9 ± 0.7 pg/mL in the Kreb’s group, p = 0.0232), and CXCL1 to 2.6 ± 0.7 pg/mL (vs.
0.9 ± 0.2 pg/mL in the Kreb’s group, p = 0.0303) in the TG culture medium (n = 8 per group,
Figure 3A–C). Differently, 3 μM CGRP decreased the level of IL-10 to 0.2 ± 0.1 pg/mL (vs.
3.7 ± 0.9 pg/mL in the Kreb’s group, p = 0.0017, n = 8 per group, Figure 3D) in the medium.
It is noted that 3 μM CGRP did not alter the levels of the other 9 cytokines (Supplementary
Figure S1). As expected, in the presence of 3 μM CGRP, 1.5 μM saracatinib decreased the
levels of IL-1β to 1.9 ± 0.5 pg/mL (p = 0.001), CCL2 to 2.5 ± 0.5 pg/mL (p = 0.0069), and
CXCL1 to 1 ± 0.3 pg/mL (p = 0.0476) when compared to the respective data in the CGRP
group (n = 8 per group, Figure 3A–C). However, 1.5 μM saracatinib did not significantly
affect the reduced level of IL-10 elicited by 3 μM CGRP, which was 1.2 ± 0.5 (n = 8 per
group, Figure 3D).

 

Figure 3. Saracatinib reduced IL-1β, CCL2, and CXCL1 release induced by CGRP in the mouse TG.
(A–D) Effects of Kreb’s, 3 μM CGRP, or 1.5 μM saracatinib in the presence of 3 μM CGRP (n = 8 per
group) at 20 min post treatment on IL-1β, CCL2, CXCL1, and IL-10 release (pg/mL). Abbreviations:
saracatinib (SRCT). Two-tailed unpaired t-test was used for the comparison in IL-1β, CCL2, CXCL1,
and IL-10 release between the CGRP group and either the Kreb’s group or the saracatinib in the
presence of CGRP group. Significant differences were labeled as * p < 0.05 or ** p < 0.01.
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3.4. Saracatinib Reduced IL-1β and CCL2 Gene Expression Induced by CGRP in the Mouse TG

Our data demonstrated that saracatinib reduced IL-1β, CCL2, and CXCL1 release
promoted by CGRP in the TG (Figure 3A–C). All these proteins are associated with pain
hypersensitivity and migraine [61–65]. We therefore further investigated whether SFKs
activity promotes cytokines production machinery by examining the effect of the SFKs
inhibitor saracatinib on their CGRP-induced gene expression. CGRP at 3 μM increased
the mRNA levels of IL-1β to 2.1 (2.1) (vs. 1.1 (0.9) in the Kreb’s group, p = 0.0003) and
CCL2 to 1.5 (4.5) (vs. 0.9 (1.2) in the Kreb’s group, p = 0.0207) in the TG (n = 8 per group,
Figure 4A,B). In contrast, 3 μM CGRP did not affect the CXCL1 mRNA level, which was
1.1 ± 0.2 compared to that at 1 ± 0.1 in the Kreb’s group (n = 8 per group, Figure 4C).
When 1.5 μM saracatinib was applied in the presence of 3 μM CGRP, the IL-1β mRNA level
was 4 (1.2), which was insignificantly different from that in the CGRP group (Figure 4A).
Saracatinib at 4 μM, however, resulted in a pronounced reduction in the mRNA levels of
IL-1β to 1 (1.1) (p = 0.0148) and CCL2 to 0.8 (0.3) (p = 0.0002) in comparison with that in the
CGRP group (n = 8 per group, Figure 4A,B).

Figure 4. Saracatinib reduced IL-1β, CCL2 and CCL1 gene expression induced by CGRP in the mouse
TG. (A–C) Effects of Kreb’s, 3 μM CGRP, 1.5 μM, or 4 μM saracatinib in the presence of 3 μM CGRP
(n = 8 per group) at 60 min post treatment on mRNA level of IL-1β, CCL2 and CCL1 in respective
order. IL-1β, CCL2, and CCL1 mRNA levels were present in the fold change relative to the geometric
mean of β-actin and PPIA mRNA levels. Abbreviations: saracatinib (SRCT). Two-tailed unpaired
Mann–Whitney test was used for the comparison in IL-1β and CCL2 mRNA levels between the CGRP
group and either the Kreb’s group or the saracatinib in the presence of CGRP group. Significant
differences were labeled as * p < 0.05 or *** p < 0.001.
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3.5. The Protein Level of Phosphorylated SFKs at Y416 Was Increased by H2O2, Which Was
Reduced by BIBN4096 in the Mouse TG

We examined whether SFKs activity is increased by H2O2 and whether such elevation
can be reversed by inhibition of CGRP receptor using BIBN4096. When the protein level of
phosphorylated SFKs at Y416 was normalized to that of β-actin, exposure to 1 mM H2O2
increased the protein level of phosphorylated SFKs at Y416 to 0.48 ± 0.06 compared to
that at 0.13 ± 0.02 in the Kreb’s group (n = 7 per group, p = 0.0010, Figure 5B). BIBN4096
at 10 μM reduced the H2O2-enhanced protein level of phosphorylated SFKs at Y416 to
0.24 ± 0.04 compared to that in the H2O2 group (n = 7 per group, p = 0.0082, Figure 5B).
In contrast, the protein level of SFKs was unchanged among the three groups (Figure 5C),
suggesting that the protein level of SFKs was insensitive to H2O2 or BIBN4096. When the
protein level of phosphorylated SFKs at Y416 was normalized to that of SFKs, consistently,
the protein level of phosphorylated SFKs at Y416 was increased to 0.32 ± 0.03 by H2O2
in comparison with that at 0.07 ± 0.01 in the Kreb’s group (n = 7 per group, p < 0.0001,
Figure 5D). BIBN4096 reduced H2O2-enhanced protein level of phosphorylated SFKs at
Y416 to 0.19 ± 0.03 in comparison with that in the H2O2 group (n = 7 per group, p = 0.0117,
Figure 5D).

3.6. The Protein Level of Phosphorylated SFKs at Y416 Was Increased by CGRP, Which Was
Reduced by Both PKI (14-22) Amide and BIBN4096 in the Mouse TG

We next investigated whether SFKs activity can be elevated by CGRP and whether
such elevation is sensitive to PKA or CGRP receptor inhibition using PKI (14-22) Amide
and BIBN4096, respectively. When the protein level of phosphorylated SFKs at Y416
was normalized to that of β-actin, 3 μM CGRP markedly increased the protein level of
phosphorylated SFKs at Y416 to 0.13 ± 0.01 compared to that at 0.06 ± 0.01 in the Kreb’s
group (n = 9 per group, p = 0.0001, Figure 6B). In the presence of 3 μM CGRP, both
30 μM PKI (14-22) Amide (n = 8) and 3 μM BIBN4096 (n = 8) reduced the protein level of
phosphorylated SFKs at Y416 to 0.07 ± 0.01 compared to that in the CGRP group (p = 0.0023
and 0.002 respectively, Figure 6B). In contrast, the protein level of SFKs was unchanged
among the four groups (Figure 6C). Consistently, when the protein level of phosphorylated
SFKs at Y416 was normalized to that of SFKs, the protein level of phosphorylated SFKs at
Y416 was increased to 0.11 ± 0.01 by CGRP in comparison with that at 0.06 ± 0.01 in the
Kreb’s group (n = 9 per group, p = 0.0158, Figure 6D). In the presence of CGRP, both PKI
(14-22) Amide (n = 8) and BIBN4096 (n = 8) reduced the protein level of phosphorylated
SFKs at Y416 to 0.06 ± 0.01 and 0.05 ± 0.01 in comparison with that in the CGRP alone
group (p = 0.0283 and 0.0063, respectively, Figure 6D).

3.7. The Protein Levels of Phosphorylated SFKs at Y416 and Released Cytokines Induced by CGRP
Were Positively Correlated in the Mouse TG

We then carried out further analysis to explore whether the SFKs activity and cytokine
release enhanced by CGRP are correlated. A positive relationship between the increased
levels of phosphorylated SFKs at Y416 and IL-1β release (r = 0.7261, p = 0.0014, Figure 7A),
CCL2 release (r = 0.7462, p = 0.0009, Figure 7B), and CXCL1 release (r = 0.7768, p = 0.0004,
Figure 7C) was seen in the TG treated by both Kreb’s and 3 μM CGRP (n = 8 per group).
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Figure 5. The protein level of phosphorylated SFKs at Y416 was increased by H2O2 in the mouse
TG. (A) The representative Western blot bands of phosphorylated SFKs at Y416, SFKs, and β-actin
subjected to the treatment with Kreb’s, 1 mM H2O2, or 10 μM BIBN4096 in the presence of 1 mM
H2O2. (B–D) Effects of Kreb’s, 1 mM H2O2, or 10 μM BIBN4096 in the presence of 1 mM H2O2

(n = 7 per group) at 20 min post treatment on the protein levels of phosphorylated SFKs at Y416 and
SFKs relative to that of β-actin and on the protein level of phosphorylated SFKs at Y416 relative to
that of SFKs, all of which were presented in the absolute ratio. Abbreviations: BIBN4086 (BIBN),
phosphorylated SFKs at Y416 (pSFKs). Two-tailed unpaired t-test was used for the comparison in the
protein level of phosphorylated SFKs at Y416 between the H2O2 group and either the Kreb’s group or
the BIBN4096 in the presence of 1 mM H2O2 group. Significant differences were labeled as * p < 0.05,
** p < 0.01, *** p < 0.001, or **** p < 0.0001. Original western blot images for the representative images
in Figure 5 was shown in Supplementary Figure S2.
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Figure 6. The protein level of phosphorylated SFKs at Y416 was increased by CGRP, which was
reduced by both PKI (14-22) Amide and BIBN4096 in the mouse TG. (A) The representative Western
blot bands of phosphorylated SFKs at Y416, SFKs, and β-actin subjected to the treatment with Kreb’s,
3 μM CGRP, 30 μM PKI (14-22) Amide or 10 μM BIBN4096 in the presence of 3 μM CGRP for 20 min.
(B–D) Effects of Kreb’s (n = 9), 3 μM CGRP (n = 9), 30 μM PKI (14-22) Amide (n = 8) or 3 μM BIBN4096
(n = 8) in the presence of 3 μM CGRP on the protein levels of phosphorylated SFKs at Y416 and SFKs
relative to that of β-actin and on the protein level of phosphorylated SFKs at Y416 relative to that
of SFKs, all of which were presented in the absolute ratio. Abbreviations: PKI (14-22) Amide (PKI),
BIBN4086 (BIBN), phosphorylated SFKs at Y416 (pSFKs). Two-tailed unpaired t-test was used for
the comparison in the protein level of phosphorylated SFKs at Y416 between the CGRP group and
either the Kreb’s group, the PKI (14-22) Amide, or the BIBN4096 in the presence of CGRP groups.
Significant differences were labeled as * p < 0.05, ** p < 0.01, or *** p < 0.001. Original western blot
images for the representative images in Figure 6 were shown in Supplementary Figures S3 and S4.
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Figure 7. The levels of phosphorylated SFKs at Y416 and released cytokines induced by CGRP were
correlated in the mouse TG. Correlation analysis between the levels of phosphorylated SFKs at Y416
and IL-1β (A), CCL2 (B), CXCL1 (C) release in the mouse TG treated by Kreb’s and 3 μM CGRP
(n = 8 per group) for 20 minutes.

3.8. SFKs Co-Localized with CGRP and RAMP1 in the Mouse TG

Consistent with the previous reports [10,66–68], we were able to demonstrate that
CGRP immunoreactivity was present in small to medium-sized neurons and C fibers
(Figure 8A) while RAMP1 immunoreactivity was present in large neurons and Aδ fibers
(Figure 8B) in the TG. Further, SFKs immunoreactivity was present in the neurons of nearly
all sizes and fibers in the TG (Figure 8A,B). Double staining with the anti-SFKs antibody
and anti-CGRP antibody or anti-RAMP1 antibody demonstrated that SFKs co-localized
with both CGRP and RAMP1 proteins in their respective cell types and fibers of the TG
(Figure 8A,B).
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Figure 8. SFKs co-localized with both CGRP and RAMP1 in the mouse TG. (A) The representative
images of double staining with the anti-CGRP antibody and anti-SFKs antibody in the TG. (B) The
representative images of double staining with the anti-RAMP1 antibody and anti-SFKs antibody in
the TG. CGRP and RAMP1 were stained with the anti-CGRP antibody and anti-RAMP1 antibody,
respectively, and are shown in red; SFKs were stained with the anti-SFKs antibody and are shown in
green; nucleus was stained with DAPI and is shown in blue. Co-localization of SFKs and CGRP or
RAMP1 is shown in yellow and is indicated by the white arrows.

4. Discussion

Our data demonstrate that SFKs activity facilitates the crosstalk between CGRP and
cytokines in sensitizing trigeminal ganglion by transmitting CGRP receptor/PKA signaling.
These findings uncover an unprecedented role of SFKs in migraine pain transmission.

We have previously demonstrated that SFKs mediate CGRP release and IL-1β gene
expression and SFKs inhibition by saracatinib reduces the stress-sensing cation channel
transient receptor potential ankyrin 1 (TRPA1)-activated CGRP release and IL-1β gene
expression in the mouse TG [21]. We therefore postulated that direct SFKs activation may
induce CGRP release and neuroinflammation from the TG thus triggering TG activation.
Unexpectedly in this communication, activation of SFKs using pYEEI does not alter CGRP
release or IL-1β gene expression in the mouse TG (Figure 1). pYEEI, the SFKs activator,
activates SFKs by binding to their SH2 domains, which disrupts the closing conforma-
tion of inactive SFKs ensuing their open active conformation [34,37,38]. Given that the
concentration (1 mM) of pYEEI applied in this study is high enough to trigger neuronal
activation [35,36], the current data suggest that SFKs activation by pYEEI alone is least
likely to be a stimulus for TG activation, which is unlike other stimuli such as KCl or TRPA1
activator that can activate multiple pathways triggering mass activation and sensitization
of TG [21].

We then explored whether modulating SFKs activity may be only effective when the
TG is pre-primed. Indeed, in the mouse TG that is pre-sensitized by H2O2, the SFKs in-
hibitor, saracatinib, markedly reduces CGRP release from TG in a concentration-dependent
manner (Figure 2). Consistent with this, SFKs activity is increased by H2O2 in the mouse TG
(Figure 5). These data highlight a key role of SFKs activity in facilitating TG sensitization by
mediating endogenous CGRP release. Moreover, these data extend the previous findings
that deactivation of SFKs reverses CGRP release promoted by nerve growth factor and
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capsaicin in dorsal root ganglion neurons [20] and by a TRPA1 activator, umbellulone, in
the TG [21].

Similar to the release of CGRP, the SFKs inhibitor saracatinib also reduces the release of
IL-1β, CCL2, and CXCL1 from the mouse TG pre-sensitized by exogenous CGRP (Figure 3),
which consistently increases SFKs activity (Figure 6). The levels of all these three cytokines
released show positive correlations with the level of respective phosphorylated SFKs induced
by CGRP (Figure 7), highlighting the importance of SFK activity in promoting TG neuroin-
flammation. Moreover, these data extend the previous finding that SFKs activity contributes
to the release of inflammatory cytokines in astrocytes [25] and microglia [22–24]. Among
these inflammatory cytokines, IL-1β potentiates the excitability of nociceptive neurons in the
TG and directly causes the hypersensitivity to nociception ensuing the nociceptive behaviors,
hyperalgesia, and allodynia [69]. While IL-1β has a well-identified role in migraine pathogen-
esis [65], CXCL1 [61,62,70,71] and CCL2 [63,64,72] are associated with pain hypersensitivity
and more recently with migraine. It is therefore concluded that SFKs activity can synergis-
tically elevate CGRP and cytokine release to reinforce TG sensitization and facilitate pain
transmission. It is noted that, unlike the three inflammatory cytokines, the anti-inflammatory
cytokine, IL-10, release is insensitive to SFK inhibition. This might suggest that SFKs activity
plays a more prominent role in controlling inflammatory cytokine but not anti-inflammatory
cytokine release.

One question to ask from our data is how the SFKs-mediated TG sensitization is
sustained. In our study, besides cytokine release by CGRP being reduced by saracatinib
at 20 min post treatment (Figure 3), the induction of IL-1β and CCL2 gene expression
by exogenous CGRP was also reduced by SFKs deactivation at 1 h post treatment in the
mouse TG (Figure 4). These data are consistent with our previous finding that SFKs activity
contributes to IL-1β gene expression induced by the TRPA1 activator umbellulone in the
mouse TG [21]. It is highly likely that the SFKs-induced transcriptional machinery activa-
tion of these cytokines is crucial to sustain the TG sensitization, especially in that IL-1β
mRNA expression and protein expression are well correlated [73]. The possible mechanism
by which SFKs mediate cytokines gene expression could be via transcription factors or
histone modification. SFKs are known to activate the transcription factor NFκB in models
of neurodegenerative diseases [25,74], which is important for inflammatory responses [75].
Interestingly, SFKs-mediated CCL2 gene expression and histone H3 acetylation at the CCL2
promoter are associated in macrophages [76]. Furthermore, CGRP is a potent neuroinflam-
matory mediator that induces the expression and release of cytokines in the TG [11–14],
including IL-1β, CCL2, CXCL1, all of which in turn stimulate CGRP release [16,77], thereby
inducing a positive feedback loop of TG sensitization. Similar to CGRP, IL-1β can activate
SFKs in several cell lines [78–81], which suggests that released cytokines are highly likely to
strengthen SFKs activity again to induce CGRP release and aggravate TG sensitization. This
is consistent with the significant positive correlation between the elevated SFKs activity
and cytokine release induced by CGRP, which supports the model that SFKs activity facili-
tates the crosstalk between CGRP and cytokines (Figure 7). Taken together, we propose a
feedback mechanism by which SFKs activity facilitates the crosstalk and intraganglionic
signaling between CGRP and cytokines in stress-primed TG to potentiate TG sensitization
and ultimately trigeminovascular sensitization.

The molecular mechanism underlying the SFKs-mediated crosstalk between CGRP
and cytokines in sensitizing TG has yet to be fully defined. Interestingly, SFKs activation in-
duced by either H2O2 (Figure 5) or exogenous CGRP (Figure 6) can be reduced by the CGRP
receptor inhibitor, BIBN4096, in the mouse TG, supporting CGRP receptor-dependent SFKs
activation in TG. As SFKs co-localize with CGRP in small- to medium-sized neurons and C
fibers, whilst RAMP1 in large neurons, Aδ fibers, and satellite glial cells of the mouse TG
(Figure 8), we can conclude that the SFKs-mediated crosstalk between CGRP and cytokines
is dependent on CGRP/CGRP receptor signaling. Notably, PKA is known to actively
transmit CGRP/CGRP receptor signaling to initiate downstream signaling cascades, thus
leading to TG activation [52–54]. PKA robustly increases SFKs activity in cell lines [55],
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spinal dorsal horn [56], and hypothalamic arcuate nucleus neurons [36], and PKA/SFKs
pathway facilitates neuronal firing [56] and pain sensitivity [36]. This can be compared with
our previous study which demonstrates that SFKs activity is elevated by PKA upon TRPA1
activation to promote CGRP release in the mouse TG [21]. Furthermore, in the present
study, the enhanced phosphorylated SFKs at Y416 induced by CGRP is also reduced by the
PKA inhibitor PKI (14-22) Amide, which is similar to that by the CGRP receptor inhibitor
BIBN4096 (Figure 6). Taken together, these data pinpoint that SFKs activity is increased
downstream of CGRP/CGRP receptor signaling via PKA activity in the TG, thereby con-
tributing to CGRP-cytokines crosstalk and TG sensitization (Figure 9). Given that PKA
promotes the phosphorylation of SFKs at the S17 site followed by autophosphorylation
at their Y416 site [55], it is likely that SFKs are activated directly by PKA downstream of
CGRP/CGRP receptor signaling in the TG, which awaits future validation. Future work
should also examine whether CGRP co-localizes with PKA in the TG.

Figure 9. Model of SFKs activity facilitating the crosstalk between CGRP and cytokines by transmit-
ting CGRP receptor signaling to potentiate TG sensitization. SFKs are activated in response to ROS to
induce CGRP release in small to medium neurons; released CGRP binds to CGRP receptor (dotted
line with arrow) to activate SFKs in large neurons and satellite glial cells, which causes IL-1β, CCL2,
CXCL1 release and IL-1β, CCL2 gene expression, thus leading to TG sensitization.
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In this study, only male mice are used to explore the role of SFKs in TG sensitization
so that the effect of hormonal fluctuation in females can be minimized. Similarly, the
previous studies on investigating the role of SFKs in the CSD-induced migraine with aura
model [82] and the inflammatory soup-induced chronic migraine model [26] only use male
rodents. Interestingly, SFKs deactivation does not show sex difference in brain perfusion
abnormalities in the genetic migraine with aura model FHM2 [27]. Nevertheless, future
work should explore whether SFKs mediate different migraine pathogenesis in females in
order to understand if there are gender-specific effects of targeting SFKs.

5. Conclusions

The present study demonstrates that SFKs activity plays a pivotal role in facilitating the
crosstalk between CGRP and cytokines by transmitting CGRP receptor/PKA signaling to
potentiate TG sensitization and ultimately trigeminovascular sensitization. These findings
shed light on the SFKs-mediated peripheral mechanism of migraine pathogenesis and
support the promising efficacy of drugs targeting SFKs for migraine therapy.
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Original western blot images for the representative images presented in Figure 6.
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Abstract: Migraine is a complex neurovascular disorder, which causes intense socioeconomic prob-
lems worldwide. The pathophysiology of disease is enigmatic; accordingly, therapy is not sufficient.
In recent years, migraine research focused on tryptophan, which is metabolized via two main path-
ways, the serotonin and kynurenine pathways, both of which produce neuroactive molecules that
influence pain processing and stress response by disturbing neural and brain hypersensitivity and
by interacting with molecules that control vascular and inflammatory actions. Serotonin has a role
in trigeminal pain processing, and melatonin, which is another product of this pathway, also has
a role in these processes. One of the end products of the kynurenine pathway is kynurenic acid
(KYNA), which can decrease the overexpression of migraine-related neuropeptides in experimental
conditions. However, the ability of KYNA to cross the blood–brain barrier is minimal, necessitating
the development of synthetic analogs with potentially better pharmacokinetic properties to exploit
its therapeutic potential. This review summarizes the main translational and clinical findings on
tryptophan metabolism and certain neuropeptides, as well as therapeutic options that may be useful
in the prevention and treatment of migraine.

Keywords: primary headaches; migraine; tryptophan; serotonin pathway; kynurenic pathway;
serotonin; melatonin; kynurenic acid; PACAP; CGRP

1. Migraine

Migraine is one of the most common neurological conditions with a high prevalence
and morbidity [1] and is associated with a high economic burden [2]. The estimation of the
Migraine Impact Model projected approximately 60,000–686,000 annual workdays as being
affected by lost productive time due to migraine and estimated annual indirect costs as
totaling 6.2–8.5 times the annual direct costs in USA [3]. Clinically, migraine is characterized
by a unilateral throbbing, pulsing headache, associated with various symptoms, such as
allodynia, photophobia, and phonophobia, which lasts for hours to days, and the pain has
a negative impact on daily activities [4].

Despite extensive research, there are still questions that have not been fully answered
about the pathomechanism of migraine; however, translational and clinical trials suggest
that activation and sensitization of the trigeminal system (TS) are important during the
attacks [5]. The theory of TS constitutes neurovascular incidence, peripheral and central
sensitization, and neurogenic inflammation in the dural vessels. According to the literature,
the major contributing pathophysiological event thought to initiate migraine is cerebral
and meningeal arterial vasodilation. Nevertheless, the role of vasodilation in migraine
is not fully understood, and recent findings challenge its necessity. During the attacks,
several mediators are released from blood vessels, such as growth factors, cytokines,

Cells 2022, 11, 3795. https://doi.org/10.3390/cells11233795 https://www.mdpi.com/journal/cells154



Cells 2022, 11, 3795

adenosine triphosphate (ATP), and nitric oxide (NO), which induce local sterile meningeal
inflammation [6,7].

Glutamate is an important excitatory neurotransmitter in the central nervous system
(CNS), and it plays a role in pain transmission, central sensitization, and cortical spreading
depolarization [8–10]. Increased glutamate levels have been noticed in blood and cere-
brospinal fluid both interictally and ictally in migraine patients [11–13]; thus, they are
involved in migraine pathophysiology.

In addition to glutamate, other neurotransmitters are involved in the development of
attacks. Serotonin (5-HT) has a vasoconstrictor effect on blood vessels, thereby affecting
nociceptive pain [14]. 5-HT receptors are present in the TS and cranial vessels [15,16],
and their agonists, i.e., triptans, are effective for migraine relief [17,18]. Accordingly,
neurotransmission mediated by 5-HT is also involved in migraine [19].

Tryptophan is an essential amino acid required for different metabolic reactions among
others, such as 5-HT production [20]; however, only a small amount of 5-HT is formed
during tryptophan metabolism. The kynurenine pathway (KP) is responsible for 95% of
tryptophan metabolism, which is closely related to both glutamatergic and serotonergic
mechanisms; thus, the catabolites of this pathway are the focus of migraine research
(Figure 1).

 

Figure 1. The two main pathways of tryptophan metabolism: serotonin and kynurenine pathways.

This review article summarizes the emerging evidence supporting the involvement of
tryptophan metabolism in the pathophysiology of migraine, as well as presents the latest
results of preclinical research and the therapeutic possibilities of the disease.
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2. Tryptophan and Its Role in Migraine

Tryptophan is an essential amino acid needed to produce and maintain proteins,
muscles, enzymes, and neurotransmitters. Changes in tryptophan levels can cause an
imbalance in the synthesis of 5-HT and melatonin in the brain and may play a role in the
pathophysiology of numerous neuropsychiatric and neurodegenerative disorders [21].

Some research groups observed decreased serum and plasma tryptophan levels in
migraine sufferers compared to healthy controls [22,23]. Furthermore, other clinical in-
vestigations showed increased tryptophan levels in migraine, especially during the aura
phase [24,25]. Similarly, increased serum tryptophan was reported in cluster headaches [26].

Several studies have confirmed a reduction in tryptophan level in the interictal period
and an increase in the ictal phase of migraine patients [27,28]. Tryptophan depletion does
not trigger migraine attacks but causes lower levels of 5-HT in the brain, which enhance
symptoms of migraine [29–31]. In a study, tryptophan depletion induced headache in
migraineurs and increased nausea and dizziness. Moreover, ratings of glare and light-
induced pain were greater in the tryptophan depletion condition [32]. Consistent with
the results above, Jahromi et al. demonstrated that increased tryptophan intake reduces
migraine attacks [33,34].

The fact that tryptophan is the precursor of several components that are possibly
involved in migraine pathogenesis (e.g., 5-HT and kynurenines) can explain the relationship
between tryptophan and migraine (Figure 1).

3. Role of the Tryptophan/Serotonin Pathway in Migraine

5-HT was first identified as a vasoconstrictor present in the blood [35], which constricts
blood vessels, thereby potentially modulating nociceptive pain [14,36]. 5-HT receptors
can be classified into seven families, which can be further divided into 14 subtypes, all of
which are members of the G-protein-coupled receptor family, except the 5-HT3 receptor,
which is a ligand-gated ion channel [37]. 5-HT receptors are widely distributed in the CNS,
including several areas involved in migraine, such as the striatum, cortex, hippocampus,
thalamus, cerebellum, and raphe nuclei [38,39].

Sicuteri et al. were the first to suggest the importance of 5-HT in migraine when they
found that, during a migraine attack, the amount of 5-hydroxyindoleacetic acid (5-HIAA),
considered the main metabolite of 5-HT, increased in the urine, while the platelet 5-HT
concentration decreased [40,41]; these results were confirmed by Curran et al. [42]. Other
studies have reported that 5-HT infusion can interrupt spontaneous [43] or reserpine-
induced [44] headache. Ren et al. reported low levels of serum serotonin in migraine
patients, which was consistent with previous studies [45,46]. Moreover, they also found
low levels of tryptophan in these patients [22].

3.1. Serotonin Pathway

The biochemical pathway for 5-HT synthesis initially involves the transformation of
L-tryptophan into 5-hydroxytryptophan (5-HTP) by the rate-limiting enzyme L-tryptophan
hydroxylase (TPH). 5-HTP is then decarboxylated to become 5-HT via the action of the
cytosolic enzyme L-aromatic amino acid decarboxylase (AADC) [47,48]. Extracellular 5-HT
enters the cells using the serotonin transporter (5-HTT), and excess 5-HT is metabolized.
The metabolism of serotonin is primarily carried out by the outer mitochondrial mem-
brane enzyme, monoamine oxidase (MAO) [49,50]. Finally, with the help of an aldehyde
dehydrogenase enzyme, it is converted into 5-HIAA, which is excreted in the urine [47]
(Figure 2).
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Figure 2. Serotonin pathway. (1) L-tryptophan is converted to 5-HT by TPH and AADC enzymes.
(2) 5-HT is then taken up into vesicles in the axon terminal via VMAT2. (3) After an action potential,
5-HT is released into the synapse. 5-HT can also interact with presynaptic and postsynaptic receptors.
(4) All 5-HT receptors are post-synaptically expressed on non-serotonergic neurons, and autoreceptors
are located pre-synaptically on the serotonergic neurons. (5) Free 5-HT is removed from the synapse
by 5-HTT, which controls the extent and duration of 5-HT receptor activation. Furthermore, 5-HT can
be metabolized by MAO and aldehyde dehydrogenase into 5-HIAA, which is excreted in the urine.
L-Trp: L-tryptophan, TPH: L-tryptophan hydroxylase, AADC: L-aromatic amino acid decarboxylase,
5-HTP: 5-hydroxytryptophan, 5-HT: serotonin, VMAT2: vesicular monoamine transporter isoform 2,
5-HTT: serotonin transporter, 5-HIAA: 5-hydroxyindoleacetic acid, MAO: monoamine oxidase.

3.2. Serotonin Transporter

5-HTT retakes 5-HT from the synaptic gap to the presynaptic terminals, thereby reduc-
ing the effect of 5-HT. The transport process is controlled by the Na+/Cl− ion gradient [51].
5-HTT occurs mainly in the area of the raphe nuclei and serotonergic projection areas (e.g.,
cortical areas, thalamus, hippocampus CA3 region, and amygdala) [52]. Imaging studies
have established that the distribution of 5-HTT in the brain stem area is greater in migraine
patients [53]. It has been observed that familial hemiplegic migraine (FHM) patients have
a low level of 5-HT in platelets, and it has also been described that the 5-HT transport
capacity is low. In addition, reduced metabolite levels in cerebrospinal fluid were observed
in these patients [54].

3.3. Serotonin Receptors

5-HT receptors are important in the regulation of serotonergic neurotransmission, and
they play a distinguished role in several behavioral and physiological functions [55]. In
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previous studies, it was observed that the neurons of the dorsal raphe and the trigeminal
ganglia (TG) are mostly serotonergic [16,56].

In humans, it has been demonstrated that both receptor 5HT1B and 5HT1D subtypes
are present in trigeminal neurons [57,58], and both receptors have been detected at mRNA
and protein levels in the TG [59] and colocalize with calcitonin gene-related peptide (CGRP),
substance P (SP), and nitric oxide synthases (NOS) [58].

Triptans are 5-HT1B/1D agonists with some affinity for the 5-HT1F receptor subtype,
and they are clinically effective anti-migraine drugs. They can have an inhibitory effect on
the trigeminal sensory fibers, which is attributed to the inhibition of endogenous CGRP
and SP release [60]. The efficacy of triptans also suggests that 5-HT may modulate the
pathogenesis of migraine. Unfortunately, triptans are contraindicated in patients with high
blood pressure and cardiovascular or cerebrovascular disease due to their vasoconstrictive
effect. In addition, these drugs are not effective for everyone, often leading to excessive
drug use, which eventually causes migraines to become chronic [61].

These facts led to the development of ditans, the new class of selective 5-HT1F receptor
agonists that do not have vasoconstrictive properties [62,63]. The 5-HT1F receptor is
expressed in several brain areas involved in migraine attacks, such as the cortex, the
hypothalamus, the trigeminal ganglia, the trigeminal nucleus caudalis (TNC), the locus
coeruleus, the middle cerebral artery, and the upper cervical cord [64,65]. Several selective
5-HT1F receptor agonists have been developed in the past years; in preclinical studies, they
could successfully inhibit dural extravasation after TG stimulation and hinder neuronal
activation in the TNC following trigeminovascular activation [66–69]. However, only
lasmiditan can currently be used as anti-migraine therapy, but it has no therapeutic gain
over triptans. Lasmiditan can cross the BBB and, thus, exert its effects centrally on the
trigeminovascular system; however, at the same time, it also has a peripheral effect, via
5-HT1F receptors expressed on trigeminal afferents or TG [70]. Lasmiditan can probably
moderate the activation of Sp5C second-order trigeminal neurons, which has an important
role in the pathomechanism of migraine [71,72].

5-HT2B receptors can influence the release of 5-HT through the 5-HTT and are also
involved in the normal physiological regulation of blood plasma 5-HT levels [73]. In rats,
5-HT2B receptors are slightly expressed in neurons located in the cerebellum, the posterior
hypothalamus, the lateral septum, the medial amygdala, the spinal cord, and the dorsal
root ganglion (DRG). Unlike the 5-HT1 receptor, it seems that the 5-HT2B receptors do not
inhibit/decrease the release of neuropeptides involved in migraine (CGRP, glutamate) from
trigeminal neurons [74]. Indeed, the 5-HT2B receptor can activate NOS, which promotes
the synthesis of NO [75], a potentially key component in the development of a migraine
attack. In guinea pigs, acute activation of 5-HT2B receptors by m-chlorophenylpiperazine
(mCPP) led to NO-dependent plasma protein extravasation (PPE) in the dura mater and
neuronal activation in the TNC, which could be inhibited by selective 5-HT2B receptor
antagonists [76–78]. In humans, mCPP, with 5-HT2B/2C receptor affinity, leads to delayed
migraine-like headaches in migraine sufferers and nonspecific headaches in healthy sub-
jects [79]. Methysergide, a 5-HT2B antagonist, can reduce the frequency of migraine, but it
has to be used for a longer period to exert its therapeutic effect [80]. Johnson et al. reported
that, after electrical stimulation of the TG, LY202146, a selective 5-HT2B receptor antagonist,
failed to inhibit protein extravasation [77], suggesting that the 5-HT2B receptor may play a
role in triggering the migraine attack, but is not related directly to the release of peptides
from trigeminal neurons. These observations resemble the results obtained in clinical
research where effective preventive agents, such as methysergide and pizotifen, could not
inhibit the onset of a migraine attack.

On this basis, it was suggested that meningeal 5-HT2B receptors may play a role in the
onset of migraine attacks (Figure 3).
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Figure 3. 5-HT receptors and their relevance in migraine therapy.

3.4. Melatonin

Melatonin is a tryptophan metabolite that plays a role in regulating circadian rhythms,
and numerous studies have demonstrated that melatonin can exert its anti-migraine effect in
several ways. Melatonin can regulate neurotransmitters and neural pathways; it can inhibit
the synthesis of NO, as well as the release of CGRP and dopamine, and it can antagonize
glutamate-induced excitotoxicity [81–84]. Furthermore, it has an anti-free radical effect
and inhibits the release of inflammatory factors [85]. It is supported by many studies
that melatonin has a role in pain transmission and sensitization [84,86–89]. Membrane
melatonin receptors (MT1 and MT2) have been identified in the thalamus, dorsal horn of
the spinal cord, trigeminal tract, and trigeminal nucleus, which are involved in nociceptive
transmission [90,91].

Melatonin can increase the release of β-endorphin from the pituitary gland and in-
teracts with opioidergic, muscarinic, nicotinic, serotonergic, and α1 and α2-adrenergic
receptors located in the CNS and the dorsal horn of the spinal cord; thus, it may be able to
exert an analgesic effect [92–94] (Figure 4). In fibromyalgia, inflammatory bowel syndrome,
and migraine, melatonin was able to reduce pain [95–97]. In another study, melatonin
treatment was able to modify the central level of brain-derived neurotrophic factor (BDNF)
in rats submitted to acute and chronic inflammation [98].
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Figure 4. Melatonin synthesis and its anti-nociceptive and anti-allodynic effects. Melatonin can
probably induce an anti-nociceptive effect through the regulation of MT1/MT2 receptors in the spinal
cord and brain. It also interacts with other receptors such as NMDA, opioids, the dopaminergic
system, the GABAergic system, and the NO pathway to exert anti-nociceptive and anti-allodynic
effects. MT1/2: melatonin receptor 1/2, NMDA: N-methyl-D-aspartate, GABA: gamma-aminobutyric
acid, NO: nitric oxide.

Masruha and colleagues found low levels of 6-sulfatoxymelatonin—a urinary metabo-
lite of melatonin—in migraine patients [99]. Previous studies found low levels of melatonin
in episodic [100] and chronic [101] migraine patients. Murialdo et al. found that, during
the luteal phase, migraineurs showed a less pronounced change in melatonin levels than
controls. Melatonin secretion was further decreased during migraine attack [102]. In line
with these observations, Brun et al. found significantly lower melatonin levels in women
with migraine during the cycle, while healthy participants showed a significant increase in
melatonin secretion from the follicular to the luteal phase [103].

According to these data, it is possible that melatonin may be beneficial in migraine
prophylaxis.

4. Role of Tryptophan/Kynurenine Pathway in Migraine

The role of the tryptophan/kynurenine metabolic pathway is receiving more attention
in various illnesses including migraine [48]. In parallel to 5-HT synthesis, the central route
of the tryptophan metabolism is the KP [104].

4.1. Kynurenine Pathway

The transformation process of tryptophan into N-formyl-L-kynurenine is carried out
by two rate-limiting enzymes: tryptophan-2,3-dioxygenase (TDO) and indoleamine-2,3-
dioxygenase (IDO). N-formyl-L-kynurenine is degraded by formamidase to L-kynurenine
(L-KYN). L-KYN can be metabolized into kynurenic acid (KYNA), 3-hydroxy-L-kynurenine
(3-HK), or anthranilic acid (AA) under the action of kynurenine aminotransferase (KAT),
kynurenine-3-monooxygenase (KMO), and kynureninase (KYNU) enzymes. 3-HK can
be further converted to xanthurenic acid (XA) by KAT or to 3-hydroxyanthranilic acid (3-
HANA) by KYNU. 3-Hydroxyanthranilic acid is then metabolized by 3-hydroxyanthranilate
oxidase (3-HAO) to 2-amino-3-carboxymuconate-semialdehyde, which is transformed into
picolinic acid (PIC) or quinolinic acid (QUIN). In the last step of the KP, QUIN is converted
into the coenzymes nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine
dinucleotide phosphate (NADP) [105] (Figure 5).
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Figure 5. Kynurenine pathway.
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4.2. Kynurenines

KP produces neuroactive metabolites which have a role in the modification of the
trigemino-vascular activation processes and can interact with glutamate receptors in the
CNS [106]; therefore, they may be involved in the pathophysiology of migraine.

Among the kynurenines, KYNA should be mentioned, which can act through N-
methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA), kainate receptors, and G-protein-coupled receptor 35 (GPR35), and these recep-
tors have a major role in pain processing and neuroinflammation [105]. Experimental data
suggest, that in the brain, an increased level of KYNA has neuroprotective effects [107,108].
Additionally, in an animal model of migraine, KYNA was able to inhibit trigemino-vascular
activation [109,110]. Furthermore, KYNA can modulate the activation of migraine genera-
tors and inhibits cortical spreading depression (CSD) [19]. Oláh and colleagues reported
that, in rats, peripherally administered KYNA was able to reduce the number of CSD waves;
moreover, it decreased the permeability of the blood–brain barrier (BBB) during CSD [111].
Knyihár-Csillik et al. reported reduced KAT expression after the electrical stimulation of
the TG [112]. Moreover, Spekker et al. found that inflammatory soup was able to cause
sterile neurogenic inflammation in the dura mater and increased the area covered by CGRP
and transient receptor potential vanilloid 1 (TRPV1) immunoreactive fibers, as well as the
number of neuronal nNOS-positive cells in the caudal trigeminal nucleus, and pretreatment
with KYNA was able to modulate the changes caused by inflammatory soup. KYNA
probably inhibited the glutamate system, thereby preventing the sensitization processes
which are key actors in migraine [113].

It has been reported that KYNA has anti-nociceptive effects in both the first- and
second-order trigeminal nociceptors. Zhang et al. found that KYNA dose-dependently
suppressed carrageenan-induced thermal hyperalgesia and significantly reduced c-fos
expression in both the superficial and the deep laminae of the dorsal horn in rats [114]. In
another study, after carrageenan injection into the tibio-tarsal joint, locally administered
KYNA was able to abolish allodynia and cause anti-nociception [115].

The therapeutic use of KYNA is hampered by the fact that it is difficult to cross the
BBB [116]. The development of KYNA analogs with retained or modified activity can be
a solution to this problem. These compounds are promising because they are capable of
selectively inhibiting NMDA receptors containing the NR2B subunit, which play a role in
the modulation of pain perception.

L-KYN is the source of all the other kynurenine metabolites, and it is readily trans-
ported across the BBB [116]. L-KYN in combination with probenecid can prevent nitroglyc-
erin (NTG)-induced changes in c-fos expression in rat TNC [109]. Peripheral treatment
with L-KYN can dose-dependently enhance the concentration of KYNA in the brain; thus,
it may provide a possible therapeutic solution for the treatment of several neurological
disorders, including primary headaches. However, the physiological effect and safety of
L-KYN in vivo in humans are still awaiting clarification.

5. Neuropeptides in Migraine

5.1. Pituitary Adenylate Cyclase-Activating Polypeptide

Some neuropeptides play a role in neurogenic inflammation, thereby activating TS.
The pituitary adenylate cyclase-activating polypeptide (PACAP) is a member of the va-
soactive intestinal peptide (VIP)/secretin/glucagon peptide family [117]. PACAP is widely
expressed in the human body, with extensive effects [118]. Literature data prove that this
peptide plays roles such as neuromodulation [119] and neuroprotection [120], in addition
to antiapoptotic effects [121] and differentiation-inducing effects in the developing nervous
system [122]. The peptide has two biologically active forms; PACAP1-38, which consists of
38 amino acids, and PACAP1-27, which contains 27 amino acids at its N-terminus. These
are produced by alternative splicing from the PACAP precursor, preproPACAP [123,124].
The effects of PACAP are mediated through three G-protein-coupled receptors: VPAC1,
VPAC2, and PAC1. The latter is a high-affinity and PACAP-selective receptor, while VPAC1
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and VPAC2 receptors show a comparable affinity to PACAP and VIP [125]. The PAC1
receptor has been shown to play crucial roles in the functioning of the nervous system.
The activation of this receptor induces numerous signal transduction cascades, including
phospholipase C, adenylyl cyclase, MEK/extracellular signal-regulated kinase (ERK), and
Akt pathways that regulate a number of physiological systems to maintain functional
homeostasis [126,127]. Previous studies evidence that, through PACAP activation, PAC1
receptor-mediated pathways are implicated in a number of disorders including depression,
posttraumatic stress disorder, metabolic abnormalities, chronic pain, and migraine [128].

In recent years, several clinical investigations have reflected the possible relevance of
PACAP in migraine. In experimental conditions, intraperitoneal administration of PACAP1-
38 evoked notable photophobia and meningeal vasodilatation, as well as increased the
number of c-fos-positive activated neurons in the brainstem in wildtype, but not in PACAP1-
38-deficient mice [129]. Elevation of PACAP1-38 concentration was also detected in the
brainstem after the activation of the TS in different animal models. The intraperitoneal
administration of NTG also provoked an increase in PACAP1-38 and PACAP1-27 expression
3 h after the treatment in the TNC [130]. Furthermore, electrical stimulation of trigeminal
ganglion (ES-TG) resulted in significantly increased PACAP1-38 immunoreactivity 3 h after
ES-TG of the plasma and PACAP1-38 and PACAP1-27 immunoreactivity in the TNC [130].
The endogenous antagonists of NMDA receptor, KYNA and its synthetic analog SZR-72,
were able to inhibit overexpression of PACAP at both the proteome and transcriptome
levels, suggesting that KYNA and SZR-72 is a potential new drug candidate for PACAP-
targeted headache therapy in the future.

In patients suffering from migraines, the level of PACAP1-38 in the blood is in-
creased during the migraine attack compared to the interictal period, suggesting a potential
biomarker function of peptide in the disease [131]. Furthermore, intravenous administra-
tion of PACAP1-38 provoked headache and vasodilatation, in both healthy participants and
migraine sufferers, whereas it delayed migraine-like attacks only in migraineurs [132,133].
In migraineurs without aura, the development of PACAP1-38-induced migraine-like attack
was independent of the severity of the family load [134]. In the same study, 90 min after the
PACAP treatment, the levels of numerous markers relevant to the disease (such as VIP, pro-
lactin, S100B, and thyroid-stimulating hormone (TSH)) were increased in the plasma [134].
Correlation was shown between the microstructural integrity of the white matter and the
interictal plasma PACAP1-38 immunoreactivity in migraineurs [135]. In addition, magnetic
resonance imaging angiography examinations revealed that PACAP1-38 evoked headache
was associated with prolonged vasodilatation of the middle meningeal artery (MMA), but
not the middle cerebral artery (MCA) [136]. The anti-migraine drug sumatriptan was able
to alleviate the headache, which mirrored the contraction of the MMA, but not the MCA,
suggesting that PACAP1-38-induced headaches may arise from the extracerebral arteries.

5.2. Calcitonin Gene-Related Peptide

The “old warrior” CGRP is another pathogenic factor in the pathomechanism of mi-
graine. A previous study confirmed that the expression of CGRP and SP was elevated
during ES-TG of the external jugular vein of cats [137]. In addition to PACAP, CGRP can
activate mast cells, leading to the secretion of vasoactive, proinflammatory, and neuro-
sensitizing mediators, thereby contributing to the activation of TS [138,139] PACAP1-38
administration can cause increased CGRP expression in the brainstem, suggesting a possible
link between CGRP and PACAP1-38 release [140]. CGRP and PACAP show co-expression;
23% of the neurons expressed both CGRP and PACAP1-38 in rat TRG, and CGRP (49%)
was expressed in more neurons compared to PACAP1-38 (29%) [141]. In an experimental
model of migraine, the simultaneous release of these neuropeptides was detected; a chronic
NTG injection caused elevated concentrations of CGRP and PACAP in the plasma of rats,
while the intervention resulted in mechanical and thermal hyperalgesia [142]. These data
are consistent with our experimental results; orofacial complete Freund’s adjuvant (CFA)
treatment caused significant CGRP and PACAP release in the brainstem. This elevation
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showed correlation with the mechanical hyperalgesia of animals [143]. However, activation
of the TS is possible with different CFA treatments, which eventuates pain-associated
pathological states, including migraine, neuralgias, and temporomandibular joint (TMJ)
disorders [144]. A recent study examined the effect of CFA on the mitogen-activated protein
kinase (MAPK) expression, which has a major role in the pain-related process. Adminis-
tration of CFA in the TMJ resulted in significant ERK1/2 and p38 MAPK elevation in the
TG [145]. Dural administration of CFA increased the expression of ERK1/2, interleukin-1
(IL-1β), and CGRP in the TG. In addition, high glutamate and c-fos immunoreactivity was
observed in TNC and cervical neurons [146]. Following orofacial CFA treatment in the TG
and TNC, CGRP, ionized calcium-binding adapter molecule 1 (Iba1) and glial fibrillary
acidic protein (GFAP) gene expression changes were revealed, reflecting that CFA-induced
neuroinflammation induces elevated CGRP and PACAP1-38 levels. [147]. Despite the
similarities between CGRP and PACAP, experimental investigations suggest that these
neuropeptides act independently, increasing their future therapeutic potential [148,149].

5.3. The Relationship between Neuropeptides and the Kynurenine System

The main mediator of CGRP and PACAP gene expression is intracellular calcium
homeostasis. In addition to the action of voltage-dependent calcium channels, the main
inducer of the gene expression of these peptides is calcium influx through the NMDA
receptors. KYNA and its analogs can block the NMDA receptors, thereby moderating the
amount of calcium coming into the cell, which may result in decreased CGRP and PACAP
gene expression. Since KYNA and its analogs can decrease migraine-related neuropeptides
expression, targeting CGRP and PACAP with KYNA may have a therapeutic role in the
future (Figure 6). In a previous experiment by Körtési et al., the expression levels of PACAP
were significantly different between the uncompetitive antagonist of the NMDA glutamate
receptor MK-801 and SZR-72 treatment groups, raising the possibility of the involvement
of KYNA targets other than NMDA. In addition to NMDA receptor, KYNA has an effect
on the AMPA, kainate, aryl hydrocarbon, GPR35, and opiate receptors. Regarding SZR-72,
investigations are in process, but the exact targets and mechanisms of this analog have not
yet been identified [127].

 

Figure 6. Proposed regulation of CGRP and PACAP gene expression. AC: adenylate cylase, ATP:
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adenosine monophosphate, CaM: calmodulin, cAMP: cyclic adenosine monophosphate, CGRP:
calcitonin gene-related peptide CN: calcineurin, CREB: cAMP response element-binding protein,
CRTC1: CN/Cre-binding protein, GPCR: G-protein-coupled receptor, Gs: stimulatory G protein,
KYNA: kynurenic acid, MAPK: mitogen-activated protein kinase, NMDAR: NMDA receptor, PACAP:
pituitary adenylate cyclase activating polypeptide PKC: protein kinase C.

6. Clinical Studies

Several lines of evidence suggest that imbalance of the kynurenine pathway plays roles
in several diseases [105]. Several preclinical studies reflect a link between the kynurenine
pathway and migraine. Indeed, numerous studies have demonstrated that the NMDA
receptor inhibitor KYNA and its analogs have anti-nociceptive effects at the levels of
both first- and second-order sensory neurons [19]. KYNA and one of its derivatives
both decreased the levels of several inflammatory mediators in the animal model of CFA-
induced TS activation [145]. The effects of two KYNA analogs were tested in the orofacial
formalin model, revealing that both were able to inhibit the formalin-induced behavioral
and morphological changes, as well as increase the concentration of KYNA in the rat
brainstem [150]. Notably, systemic administration of NTG decreased the expression of KAT
II in the TS of rats, an enzyme catalyzing the transformation of L-KYN to KYNA [151].
In line with this, in another model of TS activation, decreased KAT immunoreactivity
was observed in mast cells, Schwann cells, and dural macrophages [113]. In addition to
preclinical studies, clinical results have provided evidence for the connection between
the kynurenine system and various headache disorders, including migraine or cluster
headache. Indeed, in patients suffering from primary headache disorders, alterations of
the kynurenine pathway were observed, which, among others, manifested in the reduction
in KYNA concentration in the serum [25,26]. A clinical study also proved that plasma
concentrations of most tryptophan metabolites were remarkably decreased in the interictal
period of migraineurs compared to healthy control subjects, especially in the migraine
without aura subgroup (tryptophan, L-KYN, KYNA, ANA, PIC, 5-HIAA, and melatonin).
In patients suffering from migraine without aura, several metabolites showed a tendency
to elevate during the ictal phase, but this was significant only in the cases of ANA, 5-
HIAA, and melatonin [152]. A clinical phase I investigation proved that intravenous
administration of L-KYN is safe and well tolerated. The lack of change in kynurenine
metabolites in plasma reflects a relatively slow metabolism of L-KYN and no or little
feed-back effect of this metabolite on its synthesis [153].

7. Conclusions

The aim of the present work was to draw some attention to the role of different
tryptophan catabolites; furthermore, we were able to gain insight into the role of various
neuropeptides in the pathomechanism of migraine. The serotonin and kynurenine path-
ways are closely connected, and alterations in one arm of the pathway may influence the
other. Tryptophan metabolites play an important role in primary headaches, and they
can be potential therapeutic targets in the treatment of the migraine and other primary
headaches.

Neuropeptides, CGRP and PACAP in particular, are implicated in trigeminal acti-
vation. The expression of CGRP and PACAP and its receptors, and their main effects
and mechanisms in the nociceptive pathways suggest that these neuropeptides have a
special role in migraine. Identification of their molecular mechanisms might open up future
perspectives for the development of novel analgesic drugs.
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Abbreviations

3-HANA 3-hydroxyanthranilic acid
3-HAO 3-hydroxyanthranilate oxidase
3-HK 3-hydroxy-L-kynurenine
5-HIAA 5-hydroxyindoleacetic acid
5-HT serotonin
5-HTP 5-hydroxytryptophan
5-HTT serotonin transporter
AA anthranilic acid
AADC L-aromatic amino acid decarboxylase
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
ATP adenosine triphosphate
BBB blood–brain barrier
BDNF brain-derived neurotrophic factor
CFA complete Freund’s adjuvant
CGRP calcitonin gene-related peptide
CNS central nervous system
CSD cortical spreading depression
DRG dorsal root ganglion
ERK extracellular signal-regulated kinase
FHM familial hemiplegic migraine
GABA gamma-aminobutyric acid
GFAP glial fibrillary acidic protein
GPR35 G-protein-coupled receptor 35
Iba1 ionized calcium-binding adapter molecule 1
IDO indoleamine-2,3-dioxygenase
IL-1 β interleukin-1
KAT kynurenine aminotransferase
KMO kynurenine-3-monooxygenase
KP kynurenine pathway
KYNA kynurenic acid
KYNU kynureninase
L-KYN L-kynurenine
MAO monoamine oxidase
MAPK mitogen-activated protein kinases
MCA middle cerebral artery
mCPP m-chlorophenylpiperazine
MMA middle meningeal artery
MT1/2 melatonin receptors 1/2
NAD nicotinamide adenine dinucleotide
NADP nicotinamide adenine dinucleotide phosphate
NMDA N-methyl-D-aspartate
NO nitric oxide
NOS nitric oxide synthases
NTG nitroglycerin
PACAP pituitary adenylate cyclase-activating polypeptide
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PIC picolinic acid
PPE plasma protein extravasation
QUIN quinolinic acid
SP substance P
TDO tryptophan-2,3-dioxygenase
TG trigeminal ganglia
TMJ temporomandibular joint
TNC trigeminal nucleus caudalis
TPH L-tryptophan-hydroxylase
TRP tryptophan
TRPV1 transient receptor potential vanilloid 1
TS trigeminal system
TSH thyroid-stimulating hormone
VIP vasoactive intestinal peptide
VMAT2 vesicular monoamine transporter isoform 2
XA xanthurenic acid
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Abstract: Objective: To perform a systematic review of real-world outcomes for anti-CGRP-mAbs.
Methods: Following the PRISMA guidelines, we searched PubMed for real-world data of erenumab,
galcanezumab, fremanezumab, or eptinezumab in patients with migraines. Results: We identified
134 publications (89 retrospective), comprising 10 pharmaco-epidemiologic and 83 clinic-based
studies, 38 case reports, and 3 other articles. None of the clinic-based studies provided follow-up data
over more than one year in more than 200 patients. Findings suggest that there are reductions in health
insurance claims and days with sick-leave as well as better treatment adherence with anti-CGRP-
mAbs. Effectiveness, reported in 77 clinic-based studies, was comparable to randomized controlled
trials. A treatment pause was associated with an increase in migraine frequency, and switching to
another antibody resulted in a better response in some of the patients. Adverse events and safety
issues were addressed in 86 papers, including 24 single case reports. Conclusion: Real-world data
on anti-CGRP-mAbs are limited by retrospective data collection, small patient numbers, and short
follow-up periods. The majority of papers seem to support good effectiveness and tolerability of
anti-CGRP-mAbs in the real-world setting. There is an unmet need for large prospective real-world
studies providing long-term follow-ups of patients treated with anti-CGRP-mAbs.

Keywords: real-world; erenumab; galcanezumab; fremanezumab; eptinezumab; pharmacoepidemiology;
effectiveness; tolerability; safety; treatment pause; switching

1. Introduction

For decades, the pharmacological prophylaxis of migraines has been based on med-
ications that were non-specific for migraines, which led to low adherence rates due to
limited efficacy and poor tolerability [1]. Monoclonal antibodies against the calcitonin
gene-related peptide (CGRP) or its receptor (anti-CGRP-mAbs) have opened a new era for
migraine prevention.

CGRP is a neuropeptide also acting as neurotransmitter that has, among others,
a crucial role within the pathophysiology of migraines. Its release is increased during
migraine attacks [2] and intravenous infusion of CGRP can trigger migraine-like attacks in
migraine patients. CGRP is a very potent vasodilator and exerts its action not exclusively
in the brain. It contributes to reactive vasodilation during myocardial infarction and
vasospasms during subarachnoid hemorrhages. It is involved in the transmission of
pain and sensory stimuli, in wound healing, and it has functions in the gastrointestinal
system [3].

Phase 2 and phase 3 trials showed no signs of an increased incidence of vascular events
or vascular complications in patients under therapy with an anti-CGRP-mAb. Moreover,
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package information leaflets do not list any vascular disease or risk factor as contraindica-
tions against these antibodies. Nonetheless, these leaflets contain warnings to be cautious
in patients with a history of cardiovascular or cerebrovascular diseases.

Anti-CGRP-mAbs are effective in episodic [4–8] and chronic migraines [9–12], includ-
ing difficult-to-treat patient groups with multiple treatment failures, psychiatric comor-
bidities [13–18], or medication overuse [19–22]. Outcome measures involve monthly days
with migraines, any headache and use of acute medication, the 50% responder rate (i.e., the
proportion of patients experiencing a reduction in monthly migraine days by 50% or more),
as well as functional and patient-related outcomes [23–26].

The CGRP-antibodies fremanezumab and galcanezumab as well as the CGRP-receptor
antibody erenumab, all of which are administered subcutaneously, have been licensed for
migraine prevention since 2018. More recently, eptinezumab was licensed, another CGRP-
antibody, which is administered intravenously. Instead of a daily intake of medication,
as required for standard pharmacoprophylaxis, anti-CGRP-mAbs are administered once
every four weeks, every month, or every three months.

Altogether, they are approved for episodic migraines with at least four migraine
days per month, and chronic migraine. Reimbursement regulations differ from country to
country. This leads to different uses in daily clinical practice, with respect to the number of
previously prescribed prophylactic medications, necessity of therapy breaks, or switches
from one antibody to another.

While some long-term studies, mostly open-label extensions of phase 2 or phase
3 studies in highly selected populations, are reassuring concerning safety [27–30], real-
world evidence in unselected patient groups is of particular interest. Issues deserving
further study in the real-world setting include long-term safety and effectiveness, impact
on migraine auras, outcomes of pausing the treatment and of switching to another antibody,
and data in special groups (such as elderly persons and patients with comorbidities).

Since the approval of anti-CGRP-mAbs, plenty of studies and case reports dealing
with real-world experience and focusing on various aspects of these antibodies have been
published. The aim of this article was to gather real-world data on anti-CGRP-mAbs
and to review these data systematically with respect to pharmaco-epidemiological find-
ings, headache diagnoses, general effectiveness, effectiveness in patients with previous
treatment failures, differences in effectiveness of the antibodies, outcomes of pausing treat-
ment, switching to another antibody, and discontinuing treatment, as well as tolerability
and safety.

2. Methods

2.1. Search Methods

We performed a review of the literature using PubMed, concerning real-world studies
of migraine patients treated with anti-CGRP-mAbs. Search terms included the follow-
ing: erenumab, fremanezumab, galcanezumab, eptinezumab, CGRP, calcitonin, real, case,
migraine, vertigo, cyclic vomiting, and visual snow. To focus the results, we conducted
8 individualized searches: 2 for each monoclonal antibody—one using the keyword real
and one search using the keyword case.

2.2. Selection Criteria

Our selection criteria were language (English), primary headache type (migraine and
migraine-related disorders), and study design (real-world data). The last search took place
on 1 December 2022.

2.3. Review Preparation and Statistics

The systematic review was prepared according to the latest PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) guidelines [31], and study data were
gathered into an Excel table. Descriptive statistics were conducted in IBM SPSS Statistics 21.
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3. Study Characteristics

Our search yielded 251 results from the eight individual searches. After we applied
selection criteria and excluded duplicates, 145 articles remained for hand-search to ex-
clude additional nonrelevant publications. Finally, we included 134 articles in this review.
An exact breakdown of the search results can be seen in Figure 1.

Figure 1. Identification of studies according to the PRISMA Guidelines (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses).

We classified these articles into pharmacoepidemiologic studies (n = 8) [32–39], clinic-based
studies (n = 83) [40–122], case reports (n = 40) [123–162], and other articles (n = 5) [163–167].
Eighty-nine articles were retrospective [32–71,106,109,111,117,118,120,123–167] and 45 prospec-
tive [72–105,107,108,110,112–116,119,121,122]. Outcomes for erenumab, galcanezumab, and
fremanezumab were reported in 113, 45, and 31 studies. Real-world data of eptinezumab were
only available in one study [167].

4. Pharmacoepidemiologic Studies

Table 1 summarizes the pharmacoepidemiologic studies that looked at real-world
prescription data. Due to the nature of such databases, clinical outcomes such as efficacy,
adverse events, or days with acute medication use could not be collected. However, large
insurance-based datasets allowed us to look at physicians’ prescription patterns or claims
made by the patients. Thus, the persistence of treatment and adherence could be assessed.
Inferences on the efficacy of the therapies could only be made indirectly.

We grouped the main study results by outcome parameters and looked at prescriptions
of acute and prophylactic migraine medications, treatment adherence, health care resource
utilization (HCRU), days with sick-leave, and impact of migraine and adverse events.
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Table 1. Pharmacoepidemiologic studies.

Reference CGRP-mAb Patients (n) Women (%) Mean Age (Years)
Migraine Diagnosis

Available/Diagnosis According to

Inclusion of Patients with

Migraine
with Aura

Chronic
Migraine

Medication
Overuse

Prior Treatment
Failure

Other
Prophylactic
Medication

[32] E 82 85.4 45 Yes/ICD-10 NA NA NA Yes Yes

[33] E 4437 85.8 47 Yes/ICD-10 Yes Yes NA NA Yes

[34] E 14,282 83.0 46 No Yes Yes NA Yes NA

[35] E 29,451 79.2 47 No NA NA NA Yes Yes

[36] F 172 83.7 46 No NA NA NA Yes Yes

[37] E, OBTA 2676 91.6 50 Yes/ICD Yes Yes NA Yes Yes

[38] E 3171 84.8 51 Yes/ICD Yes Yes NA Yes Yes

[39] E, F, G 3082 85.7 44 Yes/ICD-10 Yes Yes NA Yes Yes

Abbreviations: E erenumab, F fremanezumab, G galcanezumab, OBTA OnabotulinumtoxinA, ICD International
Classification of Diseases, ICD-10 International Classification of Diseases, Tenth Revision, NA: information not available.

4.1. Acute Medication

Five studies assessed the prescription of acute migraine medications six to twelve
months before and six to twelve months the after first administration of an anti-CGRP-
mAb [32,33,35,37,38]. The different methods of data representations do not allow us to
calculate direct comparisons or summaries of data. Comparing baseline to treatment with
erenumab, the prescription of acute migraine medications decreased by 49% [35] and by
23% [38], respectively; and the proportion of patients using no prescription acute medica-
tion at all or only one type increased [33]. Analyzing specific acute migraine medications,
the prescription of non-steroidal anti-inflammatory drugs decreased significantly [37].
In addition, there was a (numerical) decrease in the prescription of triptans [32,37] and
barbiturate-containing acute medications [37]. Comparing erenumab to Onabotulinumtox-
inA, reductions were stronger for erenumab [37].

4.2. Prophylactic Medication Apart from Anti-CGRP-mAbs

Four studies assessed the prescription of prophylactic medications before and after the
first administration of an anti-CGRP-mAb. Three studies reported on erenumab [32,33,35]
and one included erenumab, fremanezumab, and galcanezumab [39]. In the first, the
prescription of other prophylactics decreased by roughly 30%. In addition, this study found
that 50% percent of the patients with standard therapies stopped them within one month,
but less than 20% of the patients on anti-CGRP-mAbs stopped their antibody-therapy
within one month [32]. The second study [33] observed a shift to fewer prescriptions
of preventive medications. The mean time until other ongoing preventive medications
were stopped was 185 to 230 days, and 36% had stopped other prophylactics at twelve
months in the third study [35]. In the study including three antibodies [39], patients
received significantly less often other prophylactics during follow-up and 75% stopped
other prophylactics during the twelve-month follow-up.

4.3. Adherence and Persistence

Three studies examined the adherence or persistence. [34,35,39] The adherence to anti-
CGRP-mAbs was higher (≥0.8) than to oral prophylactics but still not at the optimum [35].
In the Novartis Go Program [34] offering advice, injection training, and erenumab free of
charge until the individual insurance was willing/able to pay for erenumab, the persistence
of treatment was 71% at 360 days and 63% at 450 days, which is better than under oral
preventives [1]. Varnado et al. [39] found a higher main persistence under anti-CGRP-mAbs
than under standard prophylactics and a significantly higher adherence at six and twelve
months (medication possession rate 58% vs. 37%, proportion of days covered 55% vs. 35%).

4.4. Health Care Resource Utilization

HCRU was analyzed in four studies [32,36–38]. During treatment with erenumab, migraine-
specific office visits decreased statistically significantly from 86.2% to 77.6% [38], claims for
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health care utilization decreased by 10–19% [37], and health care visits decreased by 45% in
the study of Autio et al. [32]. Similarly, treatment with [36] was associated with a significant
reduction in HCRU. Emergency visits decreased by 25% and outpatient visits by 22%.

4.5. Sick-Leave and Impact of Migraine

Only one very small study [32] addressed the question of whether treatment with
an anti-CGRP-mAb, namely erenumab, has an impact on sick-leave. The results suggest
that erenumab may significantly reduce the number of headache-related sick-leave days
in employed patients with migraines, managed in routine clinical practice. In detail, sick
leave days per patient year decreased by 74%, i.e., from 4.9 to 1.3.

Another single study [36] found a reduction in self-reported headache frequency and
migraine pain intensity during treatment with fremanezumab.

4.6. Summary

These pharmacoepidemiologic data indirectly hint to the real-world effectiveness of and
adherence to anti-CGRP-mAbs. The biggest limitation is that clinical outcome data were not
available. Most of these studies were carried out in the Unites States of America or Canada,
only one in Europe, reflecting the insurance systems of these countries which cannot be
generalized to other countries. The observation periods were limited to 6 to 12 months.

Such databases capture the prescription of medications and the dispensation to pa-
tients; however, they cannot capture if the medications are actually used by the patients,
and they were not primarily made for research. Moreover, pharmacoepidemiologic data
do not provide information on the reasons for stopping therapy with an anti-CGRP-mAb.

All but four pharmacoepidemiologic studies included only erenumab, which was
marketed first [32–35,37,38]. All studies bear the risk of bias, as they were supported by
pharmaceutical companies. The risk of bias is highest in the studies by Varnado et al. [39]
and Gladstone et al [34]. The first, reporting claims data of erenumab, galcanezumab, and
fremanezumab [39], was performed by Eli Lilly and focused on the switch to galcanezumab.
The second [34] was biased because Novartis offered erenumab for free if the patient’s
insurance did not cover the costs.

5. Clinic-Based Studies

As of 1 December 2022, we found 83 clinically based, real-world studies involv-
ing all anti-CGRP-mAbs except for eptinezumab. Details of all studies are given in
Supplementary Tables S1 and S2. Out of the 83 studies, 21 were supported by pharma-
ceutical companies.

5.1. Study Design

About half of the studies had a prospective study design (45/83), stating more often
clear inclusion (77/83) and to a lesser degree, clear exclusion criteria (41/83). All but one
study cited the latest ICHD-3 criteria [168], while about half of the studies stated whether
the migraine patients had auras or not—26 did not make this distinction. Practically all
studies recruited patients with chronic migraine (81/83) and just over half of these included
patients with episodic migraine (49/83—no study focused solely on episodic migraine).
Medication overuse headache (MOH) was clearly reported in sixty of these, three did not,
while twenty studies did not explicitly state the presence of MOH patients.

5.2. Patients

On average, 180 patients (SD 269.6, median 100, IQR 52–160) were recruited. As can
be expected, most of these patients were women (mean 149 patients, SD 220, median 85,
IQR 41–132); however, four studies did not specify gender. The average age of the patients
was 46.7 (median 47.1, IQR 45.7–49), although some studies opted to report median and
IQR instead. All but four studies reported patients as having prior prophylactic treatment
failure or refractory migraines. Unfortunately, many of these studies lost their patients
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during the study period. In 73 articles reporting patient numbers at baseline as well as at
the last available follow-up, the total number of patients decreased by a mean of 18.9%.
Driessen et al., in both of their papers [49,111], went on to lose over 90% of the initially
recruited patients (1003 recruited and 92 patients analyzed at 6 months of treatment). Thus,
the reported results must be considered critically.

5.3. Anti-CGRP-mAbs

Erenumab alone was studied in 48/83 articles, eight studied galcanezumab alone,
three examined exclusively fremanezumab; meanwhile seven studies compared the effects
of erenumab and galcanezumab, three studied examined patients treated with erenumab
and fremanezumab, and 14/83 studies included all three.

5.4. Effectiveness

The effectiveness of anti-CGRP-mAb treatment was reported in 77 of the 83 clinic-based
studies; however, the data is grossly heterogeneous. Only 16 studies reported both monthly
migraine and monthly headache days. Baseline average monthly migraine days were not
reported by 52 studies; instead, 13/52 studies opted to report median and IQR. The other
39 decided to split their results in terms of either anti-CGRP responders or non-responders,
episodic migraine or chronic migraine, or did not report this data at all. The average
number of monthly migraine days at 3 months of treatment with an anti-CGRP-mAb was
reported by just thirteen studies, at 6 months by eleven studies, none reported at 9 months of
treatment, while four reported average monthly migraine days after 12 months of treatment.
Similarly, the average number of monthly headache days was also inconsistently reported.
Only 29 studies reported baseline monthly headache days and this number dwindled with
the respective 3-month, 6-month, 9-month, and 12-month follow-ups (thirteen, ten, one,
and four studies, respectively). Another effectiveness metric, monthly acute medication use,
was comparably inconsistently reported. Only twenty studies reported baseline data, which
went on to be sparsely reported, with only five studies reporting 12-month data. Finally,
50% responder rates (≥50% reduction in monthly migraine/headache days compared
to baseline) were reported in 71/83 articles—however, again with varying methodologic
preference. The 50% responder rates in terms of monthly migraine days at specific time
points, namely 3, 6, and 12 months were reported only in twenty-two, thirteen, and
eight articles, respectively. The average proportion of 50% responders seemed to increase
over time and was 44% (SD 20.1%, median 48.7%, IQR 27.5%–58.3%) at 3 months, 49.7%
(SD 27.1%, median 53.3%, IQR 26.8%–67.1%) at 6 months, and 63.6% (SD 25.6%, median
61.1%, IQR 46.6%–91.1%) at 12 months. A similar trend could be seen in the 50% responder
rate in terms of monthly headache days. A summary of the effectiveness of the different
anti-CGRP-mAbs is provided in the Supplemental Tables S1 and S2.

The overall conclusion is that a significant treatment benefit is reported in the real-
world longitudinal studies, just as in the Phase 3 open-label extensions [27–30]; however,
these real-world results must be treated critically as many studies are limited by their short
observation period and many lost patients to follow-up, which significantly affected the
responder rates reported; i.e., non-responders are probably more likely to be lost during
follow-up than responders, and thus the response rate will increase. Moreover, 34 of the
56 studies did not include baseline data and therefore, it was impossible to verify the
authors’ claimed observed effectiveness rates.

5.5. Concomitant Pharmacoprophylaxis

Around half of the studies (42/83) also tracked whether patients remained on previ-
ous migraine prophylaxis while undergoing treatment with an anti-CGRP-mAb. Thirteen
studies conducted direct comparisons to treatment with OnabotulinumtoxinA, after which
antidepressants were the next most common concomitant prophylactic reported. Patients
treated concomitantly with OnabotulinumtoxinA showed significant reductions in mi-
graine and headache days, displaying a possible synergistic benefit of the two treatments
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in patients with chronic migraine. None of the 42 articles clearly stated whether the con-
comitant prophylactic treatment was slowly titrated out or whether they were regular
migraine therapies. Thus, the real-world data do not allow us to infer whether concomitant
prophylactic migraine treatment works synergistically to relieve the burden of disease in
migraine patients.

5.6. Treatment Break

Two studies described patients undergoing planned and unplanned treatment
breaks [47,68], ten explicitly described a planned break in treatment with the anti-CGRP-
mAb [52,62,73,80,83,84,92,95,101,122], and six reported an unplanned break in
treatment [42,45,58,66,74,96]. In contrast, 65 of these 83 real-world studies did not have
study periods that allowed for analysis of a treatment break or did not describe a treat-
ment break at all. Most interestingly, all but one of the studies addressing planned treat-
ment breaks made their primary endpoints the effect of pausation of treatment, which
meant little was discussed about their treatment benefit leading up to the treatment
break [52,62,73,80,83,84,92,95,101]. Nine studies reported the time to migraine return
and the corresponding patient number [47,52,74,80,83,84,92,101,122]. Eight found that
in a range from 4 to 12 weeks after pausing or interrupting treatment with anti-CGRP-
mAbs, patients began to experience increased migraine frequency [47,52,74,80,83,84,92,122].
Vernieri et al. reported no worsening of migraine frequency within the first 3 months [101].
In this regard, the studies by Gantenbein et al. [52], Iannone et al. [85], and Nsaka et al. [122]
give us the most relevant real-world data, as they shared the initial 12-month treatment benefit
in addition to the effects of treatment pausation of 3 months and 1 month after re-initiation.
Gantenbein et al. and Nsaka et al. reported that no participants experienced lasting effects
(i.e., longer than 3 months) of their anti-CGRP therapy [52,122], while Iannone et al. reported
that 12/44 patients did not meet criteria to restart anti-CGRP therapy [84].

5.7. Switching to Another Anti-CGRP-mAb

Of the 19 studies looking at ≥2 anti-CGRP-mAbs, 11 studies considered the effects
of switching therapies. These studies examined a variety of questions without consistent
reporting. The overarching aims were to reaffirm effectiveness and safety of the studied
anti-CGRP-mAbs and to compare them against other prophylactic treatments (i.e., On-
abotulinumtoxinA). In general, the clinical aspects of anti-CGRP-mAb treatment appear
very heterogeneous. Two studies documented an improvement after switching to another
anti-CGRP-mAb; 8/25 [62] and 8/15 [65] patients showed a ≥30% improvement in monthly
migraine days after switching from anti-receptor-mAb to an anti-ligand-mAb.

5.8. Discontinuation of Antibody Treatment

Many studies discussed treatment discontinuation (57/83). Interestingly, 26 studies
had no patients discontinue treatment. An often-cited reason for discontinuation was
“perceived lack of effectiveness”; however, no paper went on to state the migraine or
headache frequencies of these patients.

5.9. Adverse Events

Sixty-one studies reported adverse events, eighteen saw no adverse event in their
patient populations, and four did not give any information on adverse events (Table 2).
Studies mainly relied on patient reporting of adverse events (61/83), while one went further
and used a structured questionnaire. Adverse event intensity and duration were rarely
gathered (five and eight articles, respectively). Causality of the adverse event with anti-
CGRP treatment was discussed in 55 articles and adverse event frequency (i.e., how many
patients) was mentioned in 57/83 articles. Constipation was the most common side effect
reported, while reaction at the site of injection was the next most common. A plethora of
other adverse events was reported in the studies that are not part of the official list of side
effects for anti-CGRP-mAbs. Among these, flu-like symptoms, arthralgia, gastric pain, and
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chest pain were more frequent. In addition, there were single observations of hypertension
and hair loss. Forty-four of the eighty-three articles described the cessation of treatment
due to adverse events. Generally, an average of 5.9% of the patients (SD 11.4%, median
1.2%, IQR: 0–5.9%) stopped treatment due to side effects.

Table 2. Most frequent adverse events reported in clinic-based studies.

Adverse Event
Inquired

(Number of Studies)
Observed

(Number of Patients)

Constipation 50 1251
Reaction at injection site 42 217

Dizziness 39 78
Muscle cramps 38 41

Pruritus 37 44
Pain at injection site 36 76

Skin rash 36 19
Urticaria 36 12

Recently, a prospective study from the Leiden Headache Center reported a small blood
pressure increase in migraine patients after initiation of erenumab or fremanezumab [116].
In this study, the effect was more consistent after erenumab initiation, where systolic
blood pressure was elevated in all follow-up visits, whereas only systolic blood pressure
was elevated in the first follow-up visit on fremanezumab. No blood pressure increase
was observed in a control group without CGRP treatment. However, this study con-
trasts with pivotal erenumab and fremanezumab phase-3 studies and open-label extension
studies [4,9,11,13–15]. No blood pressure increase was observed in an open-label study
over 5 years [27]. Methodological issues such as the standardization of blood pressure
measurements and the balancing of investigational groups merit discussion. In summary,
a subtle signal for the development of worsening of blood pressure after CGRP blockade is
possible in the real-world setting, but further investigation is needed. Thus, repeated blood
pressure measurements can be recommended for patients on anti-CGRP-mAb therapy.

5.10. Severe Adverse Events

We found 18 articles that reported one or multiple severe adverse events, 39 that found
none, and 26 that did not make any mention of severe adverse events. The most common
severe adverse event reported was severe constipation; no deaths were directly attributed
to the therapy.

5.11. Summary

The results from clinically based, real-world studies are diverse and generally did
not have reporting guidelines to refer to until recently [169–171]. This lack of reporting
guidelines—or at least lack of awareness—has led to a variety of data to be published since
the approval of anti-CGRP-mAbs. Nevertheless, clinic-based real-world studies seem to
suggest that the monoclonal antibodies are similarly effective as seen in the clinical trials.
Furthermore, their safety and tolerability profiles appear to be equally similar; except, for
hypertension being added to the official list of possible side effects, even though the causal
relation is disputed [163,164].

6. Case Reports

Among forty case reports, twenty-seven described a single patient, four reported on
two, and five on three patients, and one paper each included four, five, eight, and ten
patients [123–162]. In these 77 patients, the mean age was 44.6 (SD 9.63) and 76.6% were
women, 30 had used erenumab, 12 had used fremanezumab, and 6 had used galcanezumab.

Case reports may give hints on rare adverse events in the clinical setting. Inherently,
causal associations between single observations and a given drug can hardly be drawn,
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but collecting information is important to detect the possible clustering of events. Notably,
beneficial effects of anti-CGRP-mAbs beyond their actual indication are also possible.
The fact that most reports were on erenumab, the first anti-CGRP-mAb to be licensed, may
give a biased view on effects or side effects. Furthermore, most reports were on observations
in women, reflecting prescription practice and migraine epidemiology. Conceptually, case
reports were found to cover the following situations:

i. Improvement of a symptom or comorbid condition;
ii. Effectiveness and no adverse events under special circumstances;
iii. Adverse events in otherwise healthy individuals;
iv. Adverse events because of possible drug interactions, or potentiation of side effects;
v. Deterioration of preexisting disorder.

Improvement of a symptom or comorbid condition with anti-CGRP-mAbs was re-
ported for migraine aura [124], cluster headache [134,148], headache related to sexual
activity [139], nummular headache [160], restless leg syndrome [159], sleep terrors [149],
and stuttering [150]. In three patients, severe nausea induced by erenumab led to smoking
cessation [140].

Single reports on effectiveness without adverse events covered the exposure to erenumab
in the first weeks of pregnancy [129,157], during whole pregnancy [155], during breast feed-
ing [133], and in myasthenia gravis treated with immunoglobulins [143]. A case-report of
three pregnancies reported two full-term deliveries and one miscarriage after exposure to
erenumab. The two full-term pregnancies administered one dose of erenumab during the
pregnancy, immediately stopping treatment afterwards and not experiencing any complica-
tions, while the patient who had a miscarriage ceased treatment 1 month prior to learning
she was pregnant. In the latter case, a rare intrauterine complication was found (gestational
throphoplastic neoplasia), but the known risk factors for this complication do not seem to
correlate with the mechanisms of erenumab [155]. According to a WHO pharmacovigilance
database on erenumab, galcanezumab, and fremanezumab exposure during pregnancy and
lactation, no specific risk for toxicity could be detected, but data were limited to 94 cases (more
than half on erenumab). Although adverse events including spontaneous abortions or birth
defects were reported, this was not increased in the exposed patients. Further data collection,
for instance, in registries, seems mandatory before definite advice concerning the safety of
CGRP-mAbs in pregnancy and lactation can be given [172].

In one patient each, erenumab and fremanezumab were effective in COVID-19-related
migraine exacerbations [126,132], and in two patients, the use of rimegepant during treat-
ment with erenumab was found effective and was well-tolerated [142]. Notably, no recom-
mendation concerning the safety in these conditions can be given based on this anecdotal
evidence. In contrast, a series of 10 patients treated with both erenumab and Onabotulinum-
toxinA added to the pharmacoepidemiologic data on this combination [147]. In the absence
of evidence from RCTs, patients with otherwise refractory migraine, may benefit form
anti-CGRP-mAbs administered together with OnabotulinumtoxinA.

A possible anti-CGRP-mAb adverse event in an otherwise healthy individual was
reported by Rozen et al. [145]. In summary, a 43-year-old woman developed a sexual
headache and a thunderclap headache 2 days after the second dose of erenumab and
after high-altitude exposure and triptan use in the week before. CT angiogram results
showed narrowing of the left middle and anterior cerebral arteries, consistent with re-
versible cerebral vasoconstriction syndrome. Treatment with erenumab and triptans was
stopped, and verapamil was initiated. The CT angiogram was normal 4 weeks after initial
neuroimaging, supporting the diagnosis of reversible cerebral vasoconstriction syndrome
(RCVS). [145]. The observation of cerebral vasospasms after a CGRP blockade is of consid-
erable interest, given the vasodilatory effects of CGRP. However, it has been suggested that
anti-CGRP-mAbs might not reach the abluminal compartment of cerebral blood vessels
within the blood brain barrier and thus might be an unlikely cause of RCVS [173,174].
Another limitation of the hypothesis of a possible causal relationship between erenumab
and RCVS is pharmacokinetics, as the maximum concentration of erenumab is reached later.
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From a clinical point of view, this case report contrasts with the patient mentioned above
who used erenumab for migraines and experienced improvement of headaches related to
sexual activity.

An Australian-Irish collaboration found serious adverse events (SAEs) in eight patients
from centers in Australia and Ireland, forcing all patients to cease their use of anti-CGRP-
mAbs, related to inflammatory complications of CGRP monoclonal antibodies [161]. In
this article, three of the eight patients had a pre-existing, well-controlled rheumatological
or dermatological disease, which worsened significantly in eight patients after the anti-
CGRP-mAb therapy was started. Six patients developed a de novo inflammatory disease
after exposure. Causality was established based on the remission of symptoms after
withdrawal of anti-CGRP-mAbs. Patient 1, for example, suffered from rheumatoid arthritis,
dyslipidemia, and pulmonary fibrosis, finally experiencing autoimmune hepatitis after
one injection of erenumab and ceasing therapy thereafter. One patient with fibromyalgia
and chronic fatigue syndrome developed ocular Susac’s syndrome after 12 months of
erenumab treatment. In this series, one patient without significant comorbidities developed
granulomatosis with polyangiitis after treatment with fremanezumab. Patients 6 and 7,
on the other hand, experienced worsening of their psoriatic conditions, leading them to
stop their therapies with galcanezumab and erenumab, respectively. The cases provided
and explained by Ray and colleagues show that antagonism of CGRP should be carefully
considered, especially in patients with pre-existing immunological diseases, as CGRP’s role
in inflammatory regulation should not be underestimated, and its inhibition can lead to
serious, albeit rare, SAEs. The authors discussed possible effects of CGRP blockades on
Langerhans cells, macrophages, and mast cells, as well as effects on cytokine production. In
this real-life series with SAEs, causality could not be further undermined since re-exposure
was not possible; thus, it is vital that such events be consistently reported. While these case
series are extremely engaging, reports regarding the real-life, complication-free use of anti-
CGRP-mAbs in patients with pre-existing autoimmune conditions should be reported—and
are equally valuable.

A further interesting article by Wurthmann et al. reported skin lesions and impaired
wounds in a previously healthy patient [151]. In essence, the patient using erenumab pre-
sented with crescent-shaped necroses on the inner surface of the left forearm that formed
from a singular erythematous papular skin lesion, no bigger than 1 cm. The vessels sup-
plying the upper cervicobrachial plexus were thrombosed, and the authors hypothesized
that erenumab caused a decreased blood flow to small blood vessels, leading to necro-
sis. Whether remission of the symptoms following cessation of erenumab supports this
hypothesis must remain open.

In a case report by Aradi et al. [125], it is less clear if the patient was otherwise healthy.
The authors describe a 41-year-old woman with migraine without aura who developed
a right thalamic infarction following a first dose of erenumab. The stroke developed 34 days
after the first exposure to erenumab and 4 h after medication with rizatriptan, which the
patient had taken before without complications. In addition, the patient was on a low-dose
estrogen oral contraceptive. She had no other vascular risk factors. A CT angiography
of the head and neck demonstrated a proximal right posterior cerebral artery stenosis in
the P1 segment, which resolved after 2 months and was thus interpreted as a vasospasm.
In this patient, blood tests for hypercoagulopathy were negative and transesophageal
echocardiography revealed no source of embolus; however, long-term electrocardiograms
to rule out atrial fibrillation were not reported. Thus, this case is potentially confounded by
incomplete diagnostic work up and concomitant use of other substances potentially related
to ischemic stroke. The authors discussed the possibility that CGRP blockades might impair
vasodilatory mechanisms to compensate for triptan-induced vasoconstriction. However,
triptans seem to reverse vasodilatation of intracranial arteries during the migraine attack
rather than cause intracranial vasoconstriction [175] and have been safely used for migraine
therapy for decades.
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The case report from Lehman et al. describing deterioration of a pre-existing cere-
brovascular disorders warrants serious scrutiny [138]. An anti-CGRP-mAb was prescribed
to a migraine patient with cerebral proliferative angiopathy. Two days after the first sub-
cutaneous administration of erenumab, the patient presented with status epilepticus and
showed diffusion abnormalities in the MRI in vicinity to the cerebral proliferative angiopa-
thy. The authors summarized that the patient had recurrent refractory epilepsy with lasting
damage to his motor as well as visuospatial functions. This report serves to teach that
anti-CGRP-mAbs should be prescribed with caution, weighing the risks and benefits of
anti-CGRP-mAbs in certain comorbid conditions.

More case reports on adverse events are summarized in Table 3.

Table 3. Adverse events from case reports.

Adverse Events in Otherwise Healthy Individuals

Ref. Age Sex Exposure Adverse Event Comment

[123] 54 M G Erectile
dysfunction

More than 2 months after start, reversible after 2 half-lives, rare use of
metoprolol for palpitations

[128] 33 M E Raynaud’s
phenomenon

When in the cold cca. 1 h, had RP of all the fingers and toes bilateral with
temperature change and numbness lasting about 1 h

[131] 38 F E Restless
leg-like symptoms De novo symptoms; erenumab continued despite symptoms

[131] 47 F G Restless
leg-like symptoms

De novo symptoms; cessation of symptoms after
erenumab discontinuation

[136] 61 F G Migraine aura

Unsuccessful with erenumab, 1 month after last injection switch to
galcanezumab (240 mg loading dose, followed by a maintenance dose of

120 mg 28 days later), within 1 week after the first dose of 120 mg,
experienced first visual aura

[137] 48 F G Skin lesions in
fixed location

After several months, developed erythema and pruritus of left upper arm
within 24 h of self-injection (lasting up to 3 days), evolved into

a nonpruritic, non-painful, chronic, brown-to-blue patch. Each monthly
injection of galcanezumab resulted in same clinical course (at identical site

on the left arm), despite injecting different areas on body (incl. the
abdomen and thighs), without reaction at injection site

[141] 52 F F Non-immediate
rash Causal relation confirmed with pinprick test

[144] 26 F E Stypsis
Exteroceptive suppression period of the temporalis muscle was assessed

during a ten-day washout period, before starting erenumab and after
4 months of erenumab treatment

[146] 60 F E Xerostomia After first injection, reported dry mouth in the next ten days; similar
duration after 2nd injection

[151] 51 F E
Impaired wound

healing of
trivial injury

Improvement after discontinuation of erenumab

[156] 57 F E Myocardial
infarction Former smoker, family history of cardiovascular disease

[162] 55 M E Myocardial
infarction

BMI of 29, non-smoker, suffered from hypertension, dyslipidemia,
and prior myocardial infarction in 2012

[154] 48 F E

Symmetrical
drug-related

intertriginous and
flexural exanthema

Erenumab discontinued and switched to fremanezumab
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Table 3. Cont.

Adverse events because of possible drug interactions, or potentiation of side effects

Ref. Age Sex Exposure Adverse event Comment

[127] 41 F E +
fish oil

Extreme
ecchymoses Improvement after discontinuation of fish oil

Deterioration of preexisting disorder

Ref. Age Sex Exposure Adverse event Comment

[128] 45 F F Raynaud’s
phenomenon

At 6-month follow-up, reported frequent and more severe RP (the thumb
was not involved) including mild digital ulcers (which had

healed by the time of the visit) for about 1 month after
receiving galcanezumab.

[128] 65 M G Raynaud’s
phenomenon

Onset few weeks after fremanezumab injection, frequent episodes of RP
involving all the fingers of both hands in cool temperatures

[130] 39 F E

Paralytic ileus in
a patient after

undergone
abdominal surgery

Paralytic ileus is a known complication of abdominal surgery

[146] 35 F E Xerostomia Previous xerostomia, and patient was on amitriptyline

Abbreviations: E erenumab, F fremanezumab, G galcanezumab.

Summary

Based on anecdotal evidence from case reports, no definite conclusions can be drawn.
Case reports included observations of contradictory findings, e.g., de novo appear-

ance [136] or substantial improvement of auras [124] and de novo appearance or significant
improvement [139] of headaches related to sexual activity [145]. This could be explained by
differential effects based on unknown cofactors or reflect the report of mere coincidences.
Based on current real-world data, no clustering of rare side effects was observed.

However, in our opinion, the observation of possible adverse events related to the block-
ade of the vasodilator CGRP deserves attention. One stroke related to vasoconstriction [163]
and one case of RCVS [145] were reported. It must be emphasized that cryptogenic stroke is
common in young individuals. In addition, new appearance or exacerbation of Raynaud´s
phenomenon was observed [128]. The issue of the possible development or exacerbation of
hypertension is not fully understood yet. Thus, we conclude that patients should be screened
for high vascular risk before the initiation of CGRP-based therapies.

7. Other Articles

Finally, we want to review five articles: two related to hypertension [163,164], two
articles focusing on adverse events (AEs) [165,166], and one reporting on Raynaud’s phe-
nomenon [167] in patients using anti-CGRP-mAbs.

Saely et al. summarized 57 reports of elevated blood pressure associated with the
use of erenumab submitted to the FDA Adverse Event Reporting System [164]. In this
case series, baseline blood pressure was reported in only half the patients, and reports
of hypertension were based on single elevated blood pressure measurements, which pre-
cludes robust conclusions. Subsequently, Dodick et al. gathered information on all post-
marketing adverse event reports of hypertension in erenumab users using the Amgen
global safety database and summarized them into a single article containing 355 patient
cases [163]. Adverse events of hypertension occurred, in part, in patients with pre-existing
hypertension—one third of patients with serious hypertension had previous hypertension.
Time of onset was not described in more than half of the reports, while about half of the
cases with hypertension were reported after 1 week of the first administration. The au-
thors conclude that adverse event rates of hypertension reported with erenumab in the
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post-marketing setting were generally low and that only with additional studies can this
risk be properly characterized.

Two studies focused specifically on adverse events during real-world use of anti-
CGRP-mAbs [165,166]. Overall, patients reported “migraine”, “headache”, and “drug
ineffective”, along with migraine-associated symptoms (i.e., nausea) and “injection-site”
reactions as the most common AEs for all erenumab, galcanezumab, and fremanezumab.
Cardiovascular events were outside of the top ten AEs for any of the three anti-CGRP-mAbs.
“Constipation” was the second most commonly reported AE for erenumab; however, it
found itself outside the top ten AEs for fremanezumab or galcanezumab. Serious AEs
were infrequent across all three anti-CGRP-mAbs [166]. A particular topic of interest was
Raynaud’s phenomenon (RP), which is followed by the World Health Organization in
its VigiBase® [165]. CGRP-targeting drugs were significantly associated with Raynaud’s
phenomenon. Erenumab was the most reported anti-CGRP-mAb (with 56/99 reports).
The median time to RP onset was 84 days; however, it never led to fatality, with one
patient suffering gangrene and extremity necrosis [165]. The authors could not, however,
conclusively determine from the evidence in the database whether the occurrence of RP
was de novo or a worsening of pre-existing RP. Nevertheless, consideration should be taken
before prescribing anti-CGRP-mAbs to migraine patients with the potential to develop RP.

Breen et al. [167] examined a cohort of patients with Raynaud’s phenomenon from
a specialized clinic who were treated with CGRP antagonists for migraines. Most Raynaud
patients (160/169) experienced no complications, and a minority (9/160) of patients expe-
rienced complications including microvascular complications (such as worsening facial
telangiectasias or digital necrosis requiring surgery), all of whom had received anti-CGRP-
mAbs (erenumab, galcanezumab, fremanezumab, and eptinezumab). Approximately half
of patients with complications developed Raynaud’s phenomenon de novo shortly after
the first exposure. In this cohort, no significant difference in demographic or clinical vari-
ables was detected in patients with or without complications. The authors concluded that
anti-CGRP-mAbs should be used with caution in patients with Raynaud’s phenomenon.

8. Conclusions

With few exceptions, available real-world data are limited by retrospective data collec-
tion, small patient numbers, and short follow-up periods. For the time being, the majority
of real-world papers seem to support good efficacy and tolerability of anti-CGRP-mAbs
in the real-world setting. Furthermore, direct head-to-head comparisons between the
anti-CGRP-mAbs are made difficult by the heterogeneity of results reported. Reports of
rare adverse events must be carefully monitored, but causal relations may not be con-
cluded from single case studies. Particular attention is given to vascular events related
to anti-CGRP-mAbs, although no clear vascular safety signal has emerged yet. De novo
appearance or worsening of Raynaud’s phenomenon must be carefully monitored. There is
an unmet need for large prospective real-world studies and registries providing long-term
follow-ups of patients treated with anti-CGRP-mAbs.
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Abstract: Migraine is a neurovascular disorder that can be debilitating for individuals and society.
Current research focuses on finding effective analgesics and management strategies for migraines by
targeting specific receptors and neuropeptides. Nonetheless, newly approved calcitonin gene-related
peptide (CGRP) monoclonal antibodies (mAbs) have a 50% responder rate ranging from 27 to 71.0%,
whereas CGRP receptor inhibitors have a 50% responder rate ranging from 56 to 71%. To address the
need for novel therapeutic targets, researchers are exploring the potential of another secretin family
peptide, pituitary adenylate cyclase-activating polypeptide (PACAP), as a ground-breaking treatment
avenue for migraine. Preclinical models have revealed how PACAP affects the trigeminal system,
which is implicated in headache disorders. Clinical studies have demonstrated the significance
of PACAP in migraine pathophysiology; however, a few clinical trials remain inconclusive: the
pituitary adenylate cyclase-activating peptide 1 receptor mAb, AMG 301 showed no benefit for
migraine prevention, while the PACAP ligand mAb, Lu AG09222 significantly reduced the number
of monthly migraine days over placebo in a phase 2 clinical trial. Meanwhile, another secretin
family peptide vasoactive intestinal peptide (VIP) is gaining interest as a potential new target. In
light of recent advances in PACAP research, we emphasize the potential of PACAP as a promising
target for migraine treatment, highlighting the significance of exploring PACAP as a member of the
antimigraine armamentarium, especially for patients who do not respond to or contraindicated to
anti-CGRP therapies. By updating our knowledge of PACAP and its unique contribution to migraine
pathophysiology, we can pave the way for reinforcing PACAP and other secretin peptides, including
VIP, as a novel treatment option for migraines.

Keywords: migraine disorders; headache disorders; nociceptive pain; analgesics; calcitonin gene-
related peptide; pituitary adenylate cyclase-activating polypeptide (PACAP); vasoactive intestinal
peptide; adrenomedullin; neuropeptides; drug development

1. Introduction

Migraines are neurological disorders causing recurrent, severe headaches and other
symptoms like sensitivity to light, sound, smell, or touch, and nausea or vomiting [1]. Their
cause is unclear but involves genetic, environmental, and lifestyle factors [2–5]. Triggers
vary among individuals and include stress, hormonal changes, certain diets, and sleep
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disturbances [6–9]. Identifying and managing triggers can be crucial in preventing the onset
of migraine attacks and reducing their frequency, duration, and severity [10]. Migraines
are complex neurological disorders that can significantly impact individuals’ quality of
life [11,12]. Comprehending the distinct stages, symptoms, triggers, and treatment options
is fundamental for healthcare professionals and researchers, as it facilitates enhanced
management and support for individuals affected by migraines [10].

Neuropeptides like calcitonin gene-related peptide (CGRP), pituitary adenylate cyclase-
activating polypeptide (PACAP), vasoactive intestinal polypeptide (VIP), islet amyloid
polypeptide (IAPP)/amylin, substance P, and adrenomedullin (ADM) [13–18]. The secretin
family of peptides, including CGRP, PACAP, ADM, and amylin, control G protein-coupled
receptors (GPCR) activity. They share homology, receptor cross-reactivity, and similar
biological actions, suggesting they belong to this family (Figure 1) [19]. These neuropep-
tides play diverse roles in migraine pathogenesis, contributing to our understanding of the
disorder’s mechanisms [20,21].

Figure 1. The amino acid sequence alignment analysis of the main secretin family peptides. Those
amino acids with matching hues are identical amino acid sequences. The alignment similarity
between peptides is displayed as a percentage next to the brackets.

CGRP and PACAP, two neuropeptides, are released during migraine and cluster
headache attacks, acting as potent vasodilators that trigger migraine-like symptoms [22–24].
Their expression increases when the trigeminovascular system is activated, contributing to
pain signal transmission and the development of mechanical hyperalgesia [25–28]. Despite
their similar functions, PACAP and CGRP likely have distinct roles in causing migraine-like
symptoms. In rodent models, their pathways seem to operate independently; therefore,
elevated levels of these substances in peripheral blood during migraine attacks may serve
as prospective biomarkers [29–33]. Different PACAP variants also contribute uniquely
to migraine development [34–37]. The neuropeptide VIP, found in the trigeminal nerve,
plays a key role in the progression of migraines development. It dilates blood vessels
during attacks, influences neurotransmitter release, regulates inflammation and immune
responses, and may affect migraine intensity and frequency by modulating pain signal
sensitivity [38–42].

New drugs targeting the CGRP signaling pathway have been developed for migraine
treatment and prevention. These include monoclonal antibodies (mAbs) directed at either
CGRP ligand or receptor and CGRP receptor inhibitors [43–47]. While promising, these
treatments have some downsides [48,49]. They have been shown to reduce the frequency
of migraine attacks: according to reports from double-blind placebo-controlled clinical
trials and open-label trials, the ≥50% responder rate for CGRP mAbs ranges from 27
to 62%, or 44.5 to 71.0%, respectively [50,51]. For CGRP receptor inhibitors, the ≥50%
responder rate ranges from 56 to 61%, or 44.5 to 71.0%, in double-blind placebo-controlled
clinical trials and open-label trials, respectively [52,53]. The relatively higher effective
rates of open-label trials compared to double-blind placebo-controlled clinical trials could
be attributed to the possibility that placebo plays a role in real life. Nevertheless, the
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responder rate varies depending on the type of and the duration of treatment, the response
criteria, and the patient characteristics. Additionally, these drugs can be costly with
limited insurance coverage [54]. While generally well-tolerated, CGRP-targeting mAbs can
cause gastrointestinal disorders like constipation, and gepants can cause fatigue, nausea,
dizziness, tiredness, and dry mouth [55].

Humans typically experience migraines, but preclinical research using animal models
reveals the interaction of genetic and environmental factors contributing to neurological
disorders like migraines [56–67]. These models simulate disease conditions, aiding in
identifying pathogenic processes, evaluating symptoms and comorbidities, and discovering
interventions [68–74]. The integration of preclinical and clinical research contributes to
innovative therapeutics and personalized medicine [75–78]. This review discusses the
pathogenesis of migraines and the need for new treatment targets. It highlights the potential
of secretin family peptides’ ligands and receptors as novel targets. The importance of further
research into the roles of PACAP and VIP in migraine pathophysiology is emphasized,
along with the development of targeted therapies. The review also considers the pituitary
adenylate cyclase-activating peptide 1 receptor and other emerging therapeutic targets,
such as PACAP1–38. It explores the similarities between PACAP and VIP, which are
involved in sleep regulation and circadian rhythm, suggesting their key roles in migraines.

2. Pituitary Adenylate Cyclase-Activating Peptide and Vasoactive Intestinal Peptide

PACAP is a multi-functional peptide that has therapeutic potential in a variety of
pathophysiological conditions and represents a promising avenue for intervention. PACAP
is a neuropeptide that plays a crucial role in both neural and endocrine functions [78]. This
peptide is widely distributed throughout the body and is involved in diverse physiological
processes, including circadian rhythm and immune system regulations, modulation of
pain perception, and stress response [79]. PACAP also has neuroprotective effects and
has been shown to support nerve cell survival and regeneration in various neurological
disorders [80]. GPCRs control the signaling pathways and cause the activation of adenylate
cyclase (AC), the release of cyclic AMP, and the activation of protein kinase A (PKA)
and calcium channels [81,82]. PACAP is a multi-functional peptide that has therapeutic
potential in a variety of pathophysiological conditions and represents a promising avenue
for therapeutic intervention [83].

2.1. Background

PACAP was found in ovine hypothalamic extracts in 1989. It is a 38-amino acid
peptide hormone that stimulates AC activity in the pituitary gland [84]. Subsequently,
it was found to be widely distributed in the central and peripheral nervous systems, as
well as in non-neural tissues, including the adrenal gland, pancreas, gut, and reproductive
system [85]. PACAP exists in three biologically active forms: PACAP1–38, 6–38-amino acid
form of PACAP (PACAP6–38), and PACAP1–27 [86]. PACAP-related peptide (PRP) is also
a member of the PACAP family [87]. Radioimmunoassay demonstrated that PACAP1–38
levels were approximately 60 times greater than PACAP1–27 levels and 10 times greater
than PRP levels [88].

Since its discovery, PACAP has been extensively studied for its potent neuroprotective
effects against a diverse range of neurological disorders, including stroke, traumatic brain
injury, Parkinson’s disease, and Alzheimer’s disease [89,90]. Recent findings suggest that
PACAP may also play a key role in the regulation of immune cell function and cytokine
production, highlighting its potential as a therapeutic target for immune-mediated diseases
such as rheumatoid arthritis, multiple sclerosis, and asthma [91]. Furthermore, PACAP has
been implicated in the regulation of energy metabolism, making it a promising therapeutic
agent for the treatment of metabolic disorders such as obesity and diabetes [92]. Overall,
the growing body of evidence on the multifunctional properties of PACAP highlights its
potential as a novel therapeutic target for a wide range of diseases.
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VIP is a 28-amino acid polypeptide that was first characterized in 1970. It is secreted
by cells throughout the intestinal tract and is widespread in many internal organs and
systems [93]. VIP plays important roles in many biological functions, such as stimulation
of contractility in the heart, vasodilation, promoting neuroendocrine–immune communi-
cation, lowering arterial blood pressure, and anti-inflammatory and immune-modulatory
activity [94]. VIP stimulates the secretion of electrolytes and water by the intestinal mucosa
and acts as a neurotransmitter, inducing a relaxation effect in some tissues [95]. VIP is
also involved in the pathophysiology of various diseases, including osteoarthritis, cancer,
and autoimmune disorders [94]. Furthermore, VIP is implicated in the physiological and
pathophysiological roles of migraine [96]. In this context, VIP has been studied for its
potential therapeutic applications.

2.2. Receptor and Signaling Mechanisms of PACAP and VIP

PACAP plays an important role in a wide range of biological processes such as feeding
behavior, stress response, neuroprotection, and regulation of neurotransmitter release. It
activates three different GPCRs named PAC1, vasoactive intestinal peptide receptor (VPAC)
1, and VPAC2; these receptors are widely expressed in the central and peripheral nervous
systems, endocrine systems, and immune systems [97]. The binding of PACAP to these
receptors leads to the activation of multiple signaling mechanisms (Table 1) [98].

Table 1. The secretin family peptides, their receptors, and their binding affinity.

Peptides Receptors

CGRP CLR
PACAP1–38 >>PAC1, <VPAC1, <VPAC2
PACAP6–38 ?
PACAP1–27 >PAC1, <VPAC1, <VPAC2

PRP ?
VIP >VPAC1, >VPAC2, <PAC1

CGRP: calcitonin gene-related peptide; PACAP: pituitary adenylate cyclase-activating polypeptide: PRP: PACAP-
related peptide; VIP: vasoactive intestinal peptide; CLR: calcitonin receptor-like receptor; PAC1: pituitary
adenylate cyclase-activating polypeptide type I; VPAC: vasoactive intestinal peptide receptor; ?: unknown; >>:
much higher; >: higher; <: lower.

Activation of the PAC1 receptor by PACAP leads to the activation of the adenylyl
cyclase enzyme, which in turn leads to the production of cyclic adenosine monophosphate
(cAMP) and the activation of PKA [99]. It also triggers the activation of phospholipase C,
which leads to the breakdown of phosphatidyl inositol 4,5-bisphosphate (PIP2) into inositol
triphosphate and diacylglycerol (DAG), which activates protein kinase C (PKC) [100]. On
the other hand, VPAC1 and VPAC2 receptor activation leads to AC enzyme activation,
which leads to the generation of cAMP and the activation of PKA [101]. Also, PACAP
signaling turns on calcium signaling, which causes intracellular calcium to be released and
calcium/calmodulin-dependent kinase II to be activated [102]. PACAP signaling also acti-
vates the mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase
(ERK), and jun N-terminal kinase signaling pathways [103]. These signaling mechanisms
contribute to the diverse biological effects of PACAP on cellular functions. The regulation
of PACAP gene expression is presented in Figure 2.

PACAP and VIP are neuropeptides that interact specifically with three receptors
(VPAC1, VPAC2, and PAC1) from the class II B GPCR family [104]. The similarities between
PACAP and VIP in receptor and signaling mechanisms include the following: PACAP and
VIP share nearly 70% amino acid sequence identity; PACAP binds with high affinity to all
three receptors, while VIP binds with high affinity to VPAC1 and VPAC2 receptors and has
a thousand fold lower affinity for the PAC1 receptor compared to PACAP; both PACAP and
VIP receptors are preferentially coupled to Gαs, leading to activation of AC, subsequent
cAMP production, and activation of PKA; and PKA may in turn activate ERKs, PACAP
and VIP receptor-mediated signaling pathways [105–108]. Due to the wide distribution
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of VIP and PACAP receptors in the body, potential therapeutic applications of drugs
targeting these receptors, as well as expected unwanted side effects, are numerous [109].
Designing selective therapeutics targeting these receptors remains challenging due to their
structural similarities.

Figure 2. PACAP receptors signaling to ERK activation. AC, adenylate cylase; ATP: adenosine
monophosphate; cAMP: cyclic adenosine monophosphate; DAG: diacylglycerol; ERK, extracellular
signal-regulated kinase; Gs and Gq: stimulatory G protein; MEK: mitogen-activated protein kinase
kinase; PKA: protein kinase A; PKC: protein kinase C; PACAP: pituitary adenylate cyclase-activating
polypeptide; PAC1: PACAP 1 receptor; PIP2: phosphatidylinositol bisphosphate; VPAC1: vasoactive
intestinal peptide receptor type 1; VPAC2: vasoactive intestinal peptide receptor type 2.

2.3. Role of PACAP and VIP in Migraine

PACAP has been strongly associated with the pathophysiology of migraine. PACAP
is found in high levels in the trigeminal nerve, which is known to play a critical role
in this condition. PACAP is known to increase the sensitivity of the trigeminal nerve,
cause dilation of blood vessels in the brain, and trigger inflammation. All these biological
effects have been implicated in the development of migraine attacks [110]. Several studies
have been conducted to investigate the role of PACAP in migraine. One study showed
that PACAP levels in the blood are significantly higher in migraine patients during an
attack compared to headache-free controls [111]. This study suggests that PACAP could be
used as a potential biomarker for migraine. Another study demonstrated that the venous
infusion of PACAP into migraine patients resulted in the development of migraine-like
attacks [112]. This finding strongly supports the hypothesis that PACAP plays a crucial role
in the pathophysiology of migraine and suggests that blocking PACAP could be a potential
therapeutic target for the treatment of migraines. The role of PACAP in migraine pathology
is well established, and there is strong evidence that this neuropeptide plays a crucial role
in the development of migraine attacks. Further research is needed to better understand
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the mechanism of action of PACAP and to develop new pharmacological agents that target
PACAP for the treatment of migraines.

Both CGRP and PACAP are multifunctional peptides with many roles in the nervous,
cardiovascular, respiratory, gastrointestinal, and reproductive systems. They play a role in
vasodilation, neurogenic inflammation, and nociception. While CGRP plays an integral
role in migraine, PACAP is likely to play a similar but distinct role as CGRP based on
similarities and differences observed in both clinical and preclinical studies [113]. In rodent
models, the PACAP pathway appears to be independent of the CGRP pathway, suggesting
that CGRP and PACAP act in parallel ways that cause a migraine-like symptom [114]. In
migraine without aura, the first double-blinded placebo-controlled study reported that
33% of the patients developed delayed migraine attacks after CGRP administration [115].
The studies have identified the involvement of two endogenous neuropeptides, CGRP and
PACAP, in the pathogenesis of migraines [116].

VIP has also been implicated in the pathophysiology of migraine [117]. The similarities
between PACAP and VIP in their roles in pathogenesis include the following: PACAP
and VIP are released in conjunction with migraine and cluster headache attacks [118];
PACAP and VIP are potent vasodilators and can cause migraine-like attacks when in-
fused into people [119]; a 2-h infusion of VIP caused migraine attacks, indicating that VIP
plays a significant role in pathophysiology and intravenous administration of PACAP-38
caused headaches in all healthy subjects and migraine-like attacks in 58% of patients with
a history of migraine without aura [15,35]; PACAP and VIP receptors are preferentially
coupled to Gαs, leading to activation of AC, subsequent cAMP production, and activation
of PKA [120]; PKA may in turn activate ERKs [121]; PACAP and VIP receptor-mediated
signaling pathways are shown to share activities, including vasodilation, neurogenic in-
flammation, and nociception in rodents [122]; PACAP and VIP receptors provide a rich
set of targets to complement and augment the current CGRP-based migraine therapeu-
tics; VPAC1 receptors play a dominant role in PACAP-induced vasorelaxation in female
mice [123]. Also, PG 99-465, a selective VPAC2 receptor antagonist that has been used in a
number of physiological studies, has been shown to have significant activity at VPAC1 and
PAC1 receptors [124].

2.4. Preclinical Studies

In addition to in vitro systems, a variety of organisms are used in experimental
medicine [125–127]. Understanding the effects of endogenous neuropeptides, neurohor-
mones, and metabolites has advanced significantly thanks to the information gathered
using laboratory animals [128–133]. Animal models are a crucial tool for bridging the
knowledge gap between data- and hypothesis-driven benchwork and its application to
clinical bedside management. PACAP has been extensively studied as a neuromodulator
in the trigeminal nociceptive pathway [134]. Preclinical studies have shown that PACAP
is involved in the transmission of pain signals from the periphery to the central nervous
system and is therefore a potential target for the treatment of migraine and other headache
disorders [135,136].

In animal models, PACAP has been shown to play a role in trigeminal sensitization,
which is the process by which nociceptive signals become amplified and persistent, leading
to chronic pain [137]. Studies have also found that PACAP is involved in the activation of
inflammatory pathways in the trigeminal nerve, further contributing to pain and inflam-
mation [138]. In addition, PACAP has been implicated in the regulation of blood flow to
the brain, which may also play a role in headache pathophysiology [139] and other neuro-
logical [26] or neuropsychological conditions [88]. In an experimental model of migraine,
intraperitoneal administration of nitroglycerol caused marked photophobia and meningeal
vasodilatation, and increased the number of c-fos-positive activated neurons in the TNC in
wild-type mice but not in PACAP1–38-deficient mice [140]. In line with this, an increased
concentration of PACAP1–38 was detected in the TNC after the activation of the TS in
different animal models [141,142].
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PAC1 receptor antagonists include PACAP6–38, N-stearyl-[Nle17] neurotensin-(6-
11)/VIP-(7-28), deletion mutants of maxadilan, M65, and Max.d.4, and synthesized small-
molecule acyl hydrazides, including PG 97-269 [143]. PACAP6–38 has been used as a
PAC1 receptor antagonist in many studies, but it has an affinity for VPAC2 receptors [144].
N-stearyl-[Nle17] neurotensin-(6-11)/VIP-(7-28) (SNV) is a chimeric peptide analog that
antagonizes the VIP2/PACAP receptor subclass. SNV is a better mitogen for the ker-
atinocytic cell line and can increase AC activity in rat brain membranes 100 times more than
VIP1-28 [145,146]. No migraine-related studies have been documented. The maxadilan is
a vasodilator peptide derived from the salivary glands of sandflies. Its deletion mutants,
M65 and Max.d.4, have been reported to be selective PAC1 receptor antagonists but have
not been extensively used due to problems of availability [147,148]. PG 97-269 is a selective
VPAC1 receptor antagonist with negligible affinity for the PACAP1 receptor. It did not
stimulate AC activity but inhibited competitively the effect of VIP on AC activity in cells
expressing the VIP1 receptor [146]. VIP and PACAP-induced vasodilation were partially
blocked by PG 97-269, indicating that PACAP and VIP may play a role in migraine patho-
physiology and that PG 97-269 may have therapeutic potential for migraine [149] (Table 2).
Thus, preclinical studies suggest that concentrating on the PACAP signaling pathways
in the trigeminal nociceptive system could be an effective strategy for discovering novel
treatments for headache disorders. However, more research is needed to fully understand
the mechanisms underlying PACAPs’ role in headache pathophysiology and to develop
effective and safe PACAP-targeted therapies.

Table 2. Preclinical findings of PACAP receptor antagonists.

Antagonists Characteristics Ref.

PACAP6–38 PAC1 receptor antagonist, affinity for
VPAC2 receptors [144]

N-stearyl-[Nle17] neurotensin-
(6–11)/VIP-(7–28)

VIP2/PACAP receptor antagonist, mitogen for
the keratinocytic cell line and can increase
AC activity

[145,146]

Maxadilan mutants PAC1 receptor antagonists, increased AC activity [147,148]
PG 97-269 selective PAC1 receptor antagonists [146]

VIP plays a key role in sensory processing and the modulation of pain pathways in
the trigeminal system. In preclinical studies, VIP has been shown to change the activity of
nociceptive neurons in the trigeminal ganglion and make the TNC more sensitive, which
can cause chronic pain or migraines [150]. In response to noxious stimuli, the trigeminal
sensory neurons release VIP. This can activate VIP receptors on nearby neurons and cause
the release of a number of signaling molecules involved in pain amplification [151]. VIP-
mediated sensitization of trigeminal neurons can lead to hyperexcitability and increased
responsiveness to noxious stimuli, which may contribute to the development and mainte-
nance of chronic pain or migraine [152]. Targeting VIP signaling pathways may therefore
represent a promising approach for the development of novel therapies for chronic pain
or migraine.

2.5. Clinical Studies

A growing body of clinical research suggests that PACAP plays an important role
in migraine pathophysiology. Patients with migraines exhibit higher levels of PACAP
compared to control groups [153]. PACAP is a neuropeptide recognized for its involvement
in the activation of nociceptive pathways, contributing to the development of migraines.
The high levels of PACAP in migraineurs have been associated with increased headache
severity and frequency, and this has led to the exploration of PACAP as a therapeutic
target for treatment [154]. In migraineurs without aura, the development of PACAP1–38-
evoked migraine-like attacks was independent of the severity of family load [35,155]. In the
same study, 90 min after the injection, the levels of numerous migraine-related molecular
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markers were increased in the plasma of patients [156]. Magnetic resonance imaging
angiography examinations revealed that PACAP1–38-induced headache was associated
with prolonged vasodilatation of the middle meningeal artery (MMA) but not the middle
cerebral artery (MCA). Sumatriptan, an antimigraine medication, was able to alleviate the
headache, which mirrored the contraction of the MMA but not the MCA, indicating that
PACAP1–38-induced headaches may originate from extracerebral arteries [157].

An increasing number of clinical studies have shown that targeting PACAP signaling
may be a promising therapeutic strategy for migraine treatment. In terms of safety, PACAP
has been generally well tolerated in clinical trials [158]. One study found that PACAP
induces headaches via sustained vasodilation and that targeting the PACAP pathway may
be a promising approach for treatment [159]. AMG 301, a mAb that targets the PAC1
receptor, was administered to patients with episodic or chronic migraines in a randomized,
double-blind, placebo-controlled phase 2 study. There was no significant difference between
the AMG 301 group and the placebo group, suggesting that AMG 301 was ineffective for
prevention [160,161]. On the other hand, the PACAP ligand mAb, Lu AG09222, was shown
to reduce the number of monthly migraine days from baseline to weeks 1–4 of treatment
statistically significantly more than placebo [162,163]. Additionally, the mAb targeting
the PAC1 receptor, LY3451838, is currently undergoing phase 2 clinical trials for adults
with treatment-resistant migraine. This trial is in progress, and the results are not yet
available [164] (Table 3). Overall, the efficacy and safety of PACAP as a migraine treatment
in clinical studies suggest that it is a promising option for patients with this debilitating
condition. Further research is needed to fully understand the potential of PACAP as a
treatment for migraines, but the current evidence is encouraging.

Table 3. Pituitary adenylate cyclase-activating polypeptide (PACAP) monoclonal antibodies under
clinical trials.

ClinicalTrials.gov Identifier Monoclonal Antibody Target Status Ref.

NCT03238781 AMG 301 receptor No benefit over placebo for
migraine prevention [160,161]

NCT05133323 Lu AG09222 ligand

No results posted; the press
release announced a decrease
in the number of migraine
days per month

[162,163]

NCT04498910 LY3451838 receptor No results posted [164]

VIP infusion has been studied in the context of migraines, with a particular focus
on its potential to provoke migraine attacks and its role in pathophysiology. A phase 2
clinical trial investigated the effects of a long-lasting infusion of VIP on headaches, cranial
hemodynamics, and autonomic symptoms in episodic migraine patients without aura [165].
The study found that a 2-h infusion of VIP promoted long-lasting cranial vasodilation and
delayed headaches in healthy volunteers, resembling the effect of prophylaxis. However,
other studies have suggested that VIP infusions may actually provoke migraine attacks.
For example, a randomized clinical trial found that a 2-h infusion of VIP caused migraine
episodes, suggesting an important role of VIP in migraine pathophysiology [15]. It remains
unclear whether the lack of migraine induction can be attributed to the only transient
vasodilatory response after a 20-min infusion of VIP. Overall, the search results suggest that
VIP infusion may have a role in migraine pathophysiology, but further research is needed
to fully understand its effects and potential therapeutic applications.

3. Discussion

This review paper aims to provide insights into the roles of PACAP in migraine by
comparing its actions with those of VIP. By analyzing existing studies, this paper hopes to
shed light on the pathophysiology of migraines and pave the way towards more effective
treatments. The ultimate goal of this review is to explore the potential of developing
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antimigraine drugs that target the PACAP pathways. Identifying and producing new
ways to target the PACAP system may provide an alternative therapeutic option for
migraineurs. The authors aim to consolidate the current evidence on the PACAP system’s
role in migraines and evaluate potential drug targets within the pathway, hoping to pave
the way for more extensive research to develop new and effective antimigraine drugs that
target the PACAP pathways.

The PACAP system presents a significant challenge when it comes to targeted therapies
due to its pleiotropic roles in the body, both physiologically and pathologically [78–82].
PACAP plays crucial roles in various aspects of the body, such as neural development,
pain regulation, immune functions, and stress responses. These diverse roles make the
PACAP system difficult to target effectively without affecting other physiological functions.
Furthermore, PACAP signaling is often dysregulated in pathological conditions such as
inflammatory disorders, neurodegenerative diseases, and cancers [91,92]. Conversely,
PACAP has been shown to have protective effects in certain diseases, such as ischemic
stroke and Alzheimer’s disease [89,90]. Thus, finding a balance between targeting the
PACAP system to treat diseases while preserving its physiological functions remains a
significant challenge in the field of medicine.

The PACAP system has emerged as a potential target for the treatment of migraines,
especially after the discovery of the role of CGRP and its receptors in pathophysiol-
ogy [110–112]. PACAP is a peptide that belongs to the family of CGRP peptides and is highly
expressed in the TS. The TS is the neural network that causes migraine pain [137,141,142].
PACAP receptors have been found to be co-localized with CGRP receptors in the TS, sug-
gesting that the two systems could be acting in a synergistic manner to induce migraine
pain [113–115]. Therefore, targeting the PACAP system could provide an additional thera-
peutic approach for the treatment of migraine, and several drugs that inhibit PACAP or its
receptors are currently under development.

The present review holds notable significance in shedding light on the critical role
of PACAP in comparison with other neuropeptides like CGRP and VIP, which have been
extensively studied as potential therapeutic targets for various neurological disorders. The
differences in symptomatic manifestation observed in preclinical studies of CGRP, PACAP,
and VIP are most likely due to their distinct roles in migraine physiology and pathophysi-
ology [105–109,113–115]. Thus, elucidating the mechanisms of those neuropeptides may
not only lead to a better understanding of the etiology of migraine but may also provide a
variety of therapeutic targets, potentially supplying a more diverse palette of antimigraine
regimens [150]. By thoroughly analyzing the preclinical studies, the review highlights the
promising findings that suggest the potential translation of PACAP’s therapeutic benefits
from laboratory settings to clinical practice. The authors’ critical evaluation and systematic
compilation of the latest research on PACAP is bound to have a relevant impact on the
scientific community and serve as a foundation for further clinical research. Ultimately,
the knowledge and insights gained from this review will be instrumental in developing
advanced treatments for a range of debilitating neurological conditions.

The difference between those two clinical outcomes of PACAP mAbs could be ex-
plained by the fact that mAbs are designed to target specific receptors or ligands with high
selectivity. The difference in how mAbs target receptors or ligands can result in different
outcomes due to a variety of factors. Initially, mAbs can bind to various receptors or ligands
in a variety of ways, which can alter their efficacy and the biological effects that follow [166].
Secondly, mAbs can have a variety of mechanisms of action when interacting with their
targets, such as inhibiting cell surface receptors or promoting target cell death [167]. Thirdly,
biological and clinical activities can vary greatly depending on the target and antibody
design. This includes differences in the efficacy of the treatment, the occurrence of adverse
effects, and the overall health of the patient [166]. Fourthly, mAbs exhibit exceptional
target selectivity, with the choice of target influencing the antibody’s specificity and safety
profile. When mAbs interact with their targets, they can perform a variety of actions, such
as inhibiting the action of other molecules, killing cells, or altering the immune system’s
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function [166,167]. The choice of target and antibody design is crucial in determining the
therapeutic effectiveness of mAbs.

The review also highlights limitations and challenges in PACAP research, such as
the complexity of its signaling mechanism, variations in its effects on different cell types,
and the limited availability of specific antibodies against PACAP and its receptors. The
high cost of producing PACAP analogs and the lack of standardized protocols for their
synthesis and purification are also limitations. The scarcity of studies on PACAP and VIP
is also a major challenge for this field. It is difficult to establish a general agreement on
the preclinical results and their relevance for human trials. Meta-analyses could be helpful
in this regard, but they require more studies to be published. Therefore, more clinical
investigations are necessary to gather evidence and, hopefully, derive conclusions from the
clinical research. These challenges and limitations make it difficult to fully understand the
mechanisms of PACAP action and to develop effective therapeutic interventions.

The development of PACAP-based therapeutics for migraines will focus on two main
approaches: targeting PACAP ligands and receptors. Studies using animal models of
migraines have demonstrated that blocking the PACAP receptor reduces symptoms while
inhibiting PACAP signaling reduces pain sensitivity. Currently, clinical trials are underway
to assess the safety and effectiveness of various PACAP-based drugs for migraines in
humans. PACAP-based therapies may offer an alternative to current treatments by targeting
the underlying mechanisms of the disorder and reducing the risk of side effects. In addition,
the role of additional secretin family peptides, ADM, and amylin in the pathogenesis
of migraine remains to be investigated. Further research in this area could lead to the
development of better treatments for migraines.

The future direction of migraine research holds great promise for advancing our
understanding of this complex neurological disorder. The combination of preclinical and
clinical data, along with computational tools, has provided invaluable insights into various
aspects of diseases, including neurological and psychiatric disorders [168–189]. The use
of preclinical models and clinical studies has shed light on the underlying mechanisms of
migraine. These studies have contributed to the identification of structural and functional
changes in the brain that occur in neurological and psychiatric disorders, such as migraine
attacks, as well as conditions like depression and other mental health problems [190–206].
Understanding these changes is crucial for identifying biomarkers, developing targeted
treatments, and improving diagnosis [207–209].

Migraine is not just a pain disorder, but it is also interrelated to emotional and cognitive
domains [210]. This condition is commonly linked with a broad range of psychiatric
comorbidities, especially among subjects with migraine with aura or chronic migraine [211].
The comorbidity between neurological and psychiatric disorders likely suggests multiple
causes, such as unidirectional causal explanations or shared environmental and/or genetic
risk factors, communication with other parts of the body, and their interaction on multiple
levels [212–226]. Emotional distress is commonly recognized as a migraine trigger, and
being affected by psychiatric disorders is considered an independent modifiable factor of
progression toward chronification of migraine and a tendency to overuse medication [227].
Therefore, revealing the mechanisms of comorbidity between migraine and psychiatric
disorders may lead to a clue to prevention and management. Many biological and neural
aspects of the comorbidity need to be clarified in order to better understand the true nature
of the migraine–psychiatric disorder association.

The integration of computational tools in migraine research has allowed for the testing
and evaluation of potential treatments. These tools enable researchers to simulate the
effects of different interventions, including brain stimulation, and assess their therapeutic
efficacy [228–232]. This approach holds promise for the development of novel and more
effective treatments. Advanced imaging techniques have played a crucial role in migraine
research. Neuroimaging studies have revealed structural and functional brain changes
associated with migraine [233–240]. These imaging techniques provide valuable insights
into the pathophysiology of the disorder and can help identify unique clinical cases. The
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use of human brain organoids in migraine research is an emerging area of study. Brain
organoids are three-dimensional models that mimic the structure and function of the human
brain. They can be used to investigate altered neuronal pathways, protein expression, and
metabolic pathways associated with migraines [241–244]. This approach offers a unique
opportunity to study the disease in a more physiologically relevant system.

4. Conclusions

PACAP is a neuropeptide that has been linked to the pathophysiology of primary
headaches such as migraine. The release of PACAP is associated with this condition and
cluster headache attacks, and it has been shown to be a potent vasodilator that dilates cranial
arteries and causes migraines when infused into patients. Like CGRP, PACAP is located
near sensory nerve fibers and has nociceptive functions. Both peptides are promising targets
for migraine therapeutics, and growing evidence supports the involvement of PACAP-
related mechanisms in migraines. While CGRP and PACAP share similar functions, the
PACAP pathway appears to be independent of the CGRP pathway, suggesting that they act
in parallel ways to cause a migraine-like symptom. Therefore, a better understanding of the
role of PACAP and other secretin family peptides, including VIP, in migraine pathogenesis
could lead to new treatment options for this debilitating condition.
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Abbreviations

AC adenylate cyclase
ADM adrenomedullin
cAMP cyclic adenosine monophosphate
CGRP calcitonin gene-related peptide
DAG diacylglycerol
ERK extracellular signal-regulated kinase
GPCR G protein-coupled receptors
IAPP islet amyloid polypeptide/amylin
mAbs monoclonal antibodies
MAPK mitogen-activated protein kinase
MCA middle cerebral artery
MMA middle meningeal artery
MEK: mitogen-activated protein kinase kinase
PACAP pituitary adenylate cyclase-activating polypeptide
PACAP1–38 38-amino acid form of PACAP
PACAP1–27 27-amino acid form of PACAP
PACAP6–38 6–38-amino acid form of PACAP
PIP2 phosphatidyl inositol 4,5-bisphosphate
PKA protein kinase A
PKC activates protein kinase C
PRP PACAP-related peptide
SNV N-stearyl-[Nle17] neurotensin-(6–11)/VIP-(7–28)
TNC trigeminal nucleus caudalis
TS trigeminovascular system
VPAC vasoactive intestinal peptide receptor
VIP vasoactive intestinal polypeptide

205



Cells 2023, 11, 2649

References

1. IHS Classification ICHD-3. Available online: https://ichd-3.org/1-migraine/1-2-migraine-with-aura/#:~:text=Description%3A,
headache%20and%20associated%20migraine%20symptoms (accessed on 12 October 2023).

2. Amiri, P.; Kazeminasab, S.; Nejadghaderi, S.A.; Mohammadinasab, R.; Pourfathi, H.; Araj-Khodaei, M.; Sullman, M.J.M.; Kolahi,
A.A.; Safiri, S. Migraine: A Review on Its History, Global Epidemiology, Risk Factors, and Comorbidities. Front. Neurol. 2022, 12,
800605. [CrossRef] [PubMed]

3. Ferrari, M.D.; Goadsby, P.J.; Burstein, R.; Kurth, T.; Ayata, C.; Charles, A.; Ashina, M.; van den Maagdenberg, A.M.J.M.; Dodick,
D.W. Migraine. Nat. Rev. Dis. Primers 2022, 8, 2. [CrossRef]

4. Ashina, M. Migraine. N. Engl. J. Med. 2020, 383, 1866–1876. [CrossRef] [PubMed]
5. Gasparini, C.F.; Sutherland, H.G.; Griffiths, L.R. Studies on the pathophysiology and genetic basis of migraine. Curr. Genom. 2013,

14, 300–315. [CrossRef] [PubMed]
6. Burstein, R.; Noseda, R.; Borsook, D. Migraine: Multiple processes, complex pathophysiology. J. Neurosci. 2015, 35, 6619–6629.

[CrossRef]
7. Dodick, D.W. A Phase-by-Phase Review of Migraine Pathophysiology. Headache 2018, 58 (Suppl. S1), 4–16. [CrossRef]
8. Schankin, C.J.; Viana, M.; Goadsby, P.J. Persistent and Repetitive Visual Disturbances in Migraine: A Review. Headache 2017, 57,

1–16. [CrossRef]
9. Khan, J.; Asoom, L.I.A.; Sunni, A.A.; Rafique, N.; Latif, R.; Saif, S.A.; Almandil, N.B.; Almohazey, D.; AbdulAzeez, S.; Borgio,

J.F. Genetics, pathophysiology, diagnosis, treatment, management, and prevention of migraine. Biomed. Pharmacother. 2021, 139,
111557. [CrossRef]

10. Buse, D.C.; Rupnow, M.F.; Lipton, R.B. Assessing and managing all aspects of migraine: Migraine attacks, migraine-related
functional impairment, common comorbidities, and quality of life. Mayo Clin. Proc. 2009, 84, 422–435. [CrossRef]

11. Gupta, J.; Gaurkar, S.S. Migraine: An Underestimated Neurological Condition Affecting Billions. Cureus 2022, 14, e28347.
[CrossRef]

12. Villar-Martinez, M.D.; Goadsby, P.J. Pathophysiology and Therapy of Associated Features of Migraine. Cells 2022, 11, 2767.
[CrossRef]

13. Durham, P.L. Calcitonin gene-related peptide (CGRP) and migraine. Headache 2006, 46 (Suppl. S1), S3–S8. [CrossRef] [PubMed]
14. Waschek, J.A.; Baca, S.M.; Akerman, S. PACAP and migraine headache: Immunomodulation of neural circuits in autonomic

ganglia and brain parenchyma. J. Headache Pain 2018, 19, 23. [CrossRef] [PubMed]
15. Pellesi, L.; Al-Karagholi, M.A.; De Icco, R.; Coskun, H.; Elbahi, F.A.; Lopez-Lopez, C.; Snellman, J.; Hannibal, J.; Amin, F.M.;

Ashina, M. Effect of Vasoactive Intestinal Polypeptide on Development of Migraine Headaches: A Randomized Clinical Trial.
JAMA Netw. Open 2021, 4, e2118543. [CrossRef] [PubMed]

16. Ghanizada, H.; Al-Karagholi, M.A.; Walker, C.S.; Arngrim, N.; Rees, T.; Petersen, J.; Siow, A.; Mørch-Rasmussen, M.; Tan, S.;
O’Carroll, S.J.; et al. Amylin Analog Pramlintide Induces Migraine-like Attacks in Patients. Ann. Neurol. 2021, 89, 1157–1171.
[CrossRef] [PubMed]

17. May, A.; Goadsby, P.J. Substance P receptor antagonists in the therapy of migraine. Expert Opin. Investig. Drugs 2001, 10, 673–678.
[CrossRef]

18. Petersen, K.A.; Birk, S.; Kitamura, K.; Olesen, J. Effect of adrenomedullin on the cerebral circulation: Relevance to primary
headache disorders. Cephalalgia 2009, 29, 23–30. [CrossRef]

19. Hay, D.L.; Garelja, M.L.; Poyner, D.R.; Walker, C.S. Update on the pharmacology of calcitonin/CGRP family of peptides: IUPHAR
Review 25. Br. J. Pharmacol. 2018, 175, 3–17. [CrossRef]

20. Poyner, D.R.; Hay, D.L. Secretin family (Class B) G protein-coupled receptors—From molecular to clinical perspectives. Br. J.
Pharmacol. 2012, 166, 1–3. [CrossRef]

21. Edvinsson, L.; Grell, A.S.; Warfvinge, K. Expression of the CGRP Family of Neuropeptides and their Receptors in the Trigeminal
Ganglion. J. Mol. Neurosci. 2020, 70, 930–944. [CrossRef]

22. Dux, M.; Vogler, B.; Kuhn, A.; Mackenzie, K.D.; Stratton, J.; Messlinger, K. The Anti-CGRP Antibody Fremanezumab Lowers
CGRP Release from Rat Dura Mater and Meningeal Blood Flow. Cells 2022, 11, 1768. [CrossRef]

23. Pavelic, A.R.; Wöber, C.; Riederer, F.; Zebenholzer, K. Monoclonal Antibodies against Calcitonin Gene-Related Peptide for
Migraine Prophylaxis: A Systematic Review of Real-World Data. Cells 2023, 12, 143. [CrossRef] [PubMed]

24. Körtési, T.; Spekker, E.; Vécsei, L. Exploring the Tryptophan Metabolic Pathways in Migraine-Related Mechanisms. Cells 2022, 11,
3795. [CrossRef] [PubMed]

25. Iyengar, S.; Johnson, K.W.; Ossipov, M.H.; Aurora, S.K. CGRP and the Trigeminal System in Migraine. Headache 2019, 59, 659–681.
[CrossRef] [PubMed]

26. Edvinsson, L.; Tajti, J.; Szalárdy, L.; Vécsei, L. PACAP and its role in primary headaches. J. Headache Pain 2018, 19, 21. [CrossRef]
[PubMed]

27. Körtési, T.; Tuka, B.; Nyári, A.; Vécsei, L.; Tajti, J. The effect of orofacial complete Freund’s adjuvant treatment on the expression
of migraine-related molecules. J. Headache Pain 2019, 20, 43. [CrossRef] [PubMed]

28. Russo, A.F. Calcitonin gene-related peptide (CGRP): A new target for migraine. Annu. Rev. Pharmacol. Toxicol. 2015, 55, 533–552.
[CrossRef]

29. Kaiser, E.A.; Russo, A.F. CGRP and migraine: Could PACAP play a role too? Neuropeptides 2013, 47, 451–461. [CrossRef]

206



Cells 2023, 11, 2649

30. Kuburas, A.; Mason, B.N.; Hing, B.; Wattiez, A.S.; Reis, A.S.; Sowers, L.P.; Moldovan Loomis, C.; Garcia-Martinez, L.F.; Russo, A.F.
PACAP Induces Light Aversion in Mice by an Inheritable Mechanism Independent of CGRP. J. Neurosci. 2021, 41, 4697–4715.
[CrossRef]

31. Russo, A.F. CGRP as a neuropeptide in migraine: Lessons from mice. Br. J. Clin. Pharmacol. 2015, 80, 403–414. [CrossRef]
32. Goadsby, P.J.; Edvinsson, L.; Ekman, R. Release of vasoactive peptides in the extracerebral circulation of humans and the cat

during activation of the trigeminovascular system. Ann. Neurol. 1988, 23, 193–196. [CrossRef] [PubMed]
33. Tuka, B.; Helyes, Z.; Markovics, A.; Bagoly, T.; Szolcsányi, J.; Szabó, N.; Tóth, E.; Kincses, Z.T.; Vécsei, L.; Tajti, J. Alterations in

PACAP-38-like immunoreactivity in the plasma during ictal and interictal periods of migraine patients. Cephalalgia 2013, 33,
1085–1095. [CrossRef] [PubMed]

34. Lassen, L.H.; Haderslev, P.A.; Jacobsen, V.B.; Iversen, H.K.; Sperling, B.; Olesen, J. CGRP may play a causative role in migraine.
Cephalalgia 2002, 22, 54–61. [CrossRef]

35. Schytz, H.W.; Birk, S.; Wienecke, T.; Kruuse, C.; Olesen, J.; Ashina, M. PACAP38 induces migraine-like attacks in patients with
migraine without aura. Brain 2009, 132 Pt 1, 16–25. [CrossRef] [PubMed]

36. Vollesen, A.L.H.; Amin, F.M.; Ashina, M. Targeted Pituitary Adenylate Cyclase-Activating Peptide Therapies for Migraine.
Neurotherapeutics 2018, 15, 371–376. [CrossRef] [PubMed]

37. Ghanizada, H.; Al-Karagholi, M.A.; Arngrim, N.; Olesen, J.; Ashina, M. PACAP27 induces migraine-like attacks in migraine
patients. Cephalalgia 2020, 40, 57–67. [CrossRef] [PubMed]

38. Cernuda-Morollón, E.; Martínez-Camblor, P.; Alvarez, R.; Larrosa, D.; Ramón, C.; Pascual, J. Increased VIP levels in peripheral
blood outside migraine attacks as a potential biomarker of cranial parasympathetic activation in chronic migraine. Cephalalgia
2015, 35, 310–316. [CrossRef] [PubMed]

39. Hery, M.; Faudon, M.; Hery, F. Effect of vasoactive intestinal peptide on serotonin release in the suprachiasmatic area of the rat.
Modulation by oestradiol. Peptides 1984, 5, 313–317. [CrossRef]

40. Pellesi, L.; Al-Karagholi, M.A.; De Icco, R.; Chaudhry, B.A.; Lopez, C.L.; Snellman, J.; Hannibal, J.; Amin, F.M.; Ashina, M. Plasma
Levels of CGRP During a 2-h Infusion of VIP in Healthy Volunteers and Patients With Migraine: An Exploratory Study. Front.
Neurol. 2022, 13, 871176. [CrossRef]

41. De la Fuente, M.; Delgado, M.; Gomariz, R.P. VIP modulation of immune cell functions. Adv. Neuroimmunol. 1996, 6, 75–91.
[CrossRef]

42. Hoffmann, J.; Baca, S.M.; Akerman, S. Neurovascular mechanisms of migraine and cluster headache. J. Cereb. Blood. Flow Metab.
2019, 39, 573–594. [CrossRef]

43. Ocheretyaner, E.R.; Kofman, M.; Quattrocchi, E. Calcitonin gene-related peptide (CGRP) receptor antagonists for the acute
treatment of migraines in adults. Drugs Context. 2022, 11, 2022-3-5. [CrossRef] [PubMed]

44. Wang, X.; Chen, Y.; Song, J.; You, C. Efficacy and Safety of Monoclonal Antibody Against Calcitonin Gene-Related Peptide or
Its Receptor for Migraine: A Systematic Review and Network Meta-analysis. Front. Pharmacol. 2021, 12, 649143. [CrossRef]
[PubMed]

45. Berger, A.A.; Winnick, A.; Popovsky, D.; Kaneb, A.; Berardino, K.; Kaye, A.M.; Cornett, E.M.; Kaye, A.D.; Viswanath, O.; Urits, I.
Lasmiditan for the Treatment of Migraines With or Without Aura in Adults. Psychopharmacol. Bull. 2020, 50 (Suppl. S1), 163–188.
[PubMed]

46. Rissardo, J.P.; Caprara, A.L.F. Gepants for Acute and Preventive Migraine Treatment: A Narrative Review. Brain Sci. 2022, 12,
1612. [CrossRef] [PubMed]

47. Ibekwe, A.; Perras, C.; Mierzwinski-Urban, M. Monoclonal Antibodies to Prevent Migraine Headaches. In CADTH Issues in
Emerging Health Technologies; Canadian Agency for Drugs and Technologies in Health: Ottawa, ON, Canada, 2016. Available
online: https://www.ncbi.nlm.nih.gov/books/NBK538376/ (accessed on 28 August 2023).

48. Nie, L.; Sun, K.; Gong, Z.; Li, H.; Quinn, J.P.; Wang, M. Src Family Kinases Facilitate the Crosstalk between CGRP and Cytokines
in Sensitizing Trigeminal Ganglion via Transmitting CGRP Receptor/PKA Pathway. Cells 2022, 11, 3498. [CrossRef] [PubMed]

49. Greco, R.; Demartini, C.; Francavilla, M.; Zanaboni, A.M.; Tassorelli, C. Antagonism of CGRP Receptor: Central and Peripheral
Mechanisms and Mediators in an Animal Model of Chronic Migraine. Cells 2022, 11, 3092. [CrossRef]

50. Diener, H.C.; Förderreuther, S.; Gaul, C.; Giese, F.; Hamann, T.; Holle-Lee, D.; Jürgens, T.P.; Kamm, K.; Kraya, T.; Lampl, C.; et al.
Prevention of migraine with monoclonal antibodies against CGRP or the CGRP receptor: Addition to the S1 guideline: Therapy of
migraine attacks and prevention of migraine. Recommendations of the Germany Society of Neurology and the German Migraine
and Headache Society. Neurol. Res. Pract. 2020, 2, 11. [CrossRef]

51. Raffaelli, B.; De Icco, R.; Corrado, M.; Terhart, M.; Ailani, J. Open-label trials for CGRP-targeted drugs in migraine prevention: A
narrative review. Cephalalgia 2023, 43, 3331024221137091. [CrossRef]

52. FDA Approves Oral CGRP Receptor Antagonist Atogepant for Preventive Migraine Treatment. Available online: https://www.
pharmacytimes.com/view/fda-approves-oral-cgrp-receptor-antagonist-atogepant-for-preventive-migraine-treatment (accessed
on 13 November 2023).

53. FDA Approves QULIPTA™ (Atogepant), the First and Only Oral CGRP Receptor Antagonist Specifically Developed for the
Preventive Treatment of Migraine. Available online: https://news.abbvie.com/news/press-releases/fda-approves-qulipta-
atogepant-first-and-only-oral-cgrp-receptor-antagonist-specifically-developed-for-preventive-treatment-migraine.htm (accessed
on 13 November 2023).

207



Cells 2023, 11, 2649

54. Nguyen, J.L.; Munshi, K.; Peasah, S.K.; Swart, E.C.S.; Kohli, M.; Henderson, R.; Good, C.B. Trends in utilization and costs of
migraine medications, 2017–2020. J. Headache Pain 2022, 23, 111. [CrossRef]

55. Haanes, K.A.; Edvinsson, L.; Sams, A. Understanding side-effects of anti-CGRP and anti-CGRP receptor antibodies. J. Headache
Pain 2020, 21, 26. [CrossRef] [PubMed]

56. Telegdy, G.; Adamik, A.; Tanaka, M.; Schally, A.V. Effects of the LHRH antagonist Cetrorelix on affective and cognitive functions
in rats. Regul. Pept. 2010, 159, 142–147. [CrossRef] [PubMed]

57. Tanaka, M.; Schally, A.V.; Telegdy, G. Neurotransmission of the antidepressant-like effects of the growth hormone-releasing
hormone antagonist MZ-4-71. Behav. Brain Res. 2012, 228, 388–391. [CrossRef] [PubMed]

58. Tanaka, M.; Telegdy, G. Neurotransmissions of antidepressant-like effects of neuromedin U-23 in mice. Behav. Brain Res. 2014, 259,
196–199. [CrossRef]

59. Tanaka, M.; Csabafi, K.; Telegdy, G. Neurotransmissions of antidepressant-like effects of kisspeptin-13. Regul. Pept. 2013, 180, 1–4.
[CrossRef]

60. Telegdy, G.; Tanaka, M.; Schally, A.V. Effects of the growth hormone-releasing hormone (GH-RH) antagonist on brain functions in
mice. Behav. Brain Res. 2011, 224, 155–158. [CrossRef] [PubMed]

61. Rákosi, K.; Masaru, T.; Zarándia, M.; Telegdy, G.; Tóth, G.K. Short analogs and mimetics of human urocortin 3 display
antidepressant effects in vivo. Peptides 2014, 62, 59–66. [CrossRef]

62. Tran, K.N.; Nguyen, N.P.K.; Nguyen, L.T.H.; Shin, H.-M.; Yang, I.-J. Screening for Neuroprotective and Rapid Antidepressant-like
Effects of 20 Essential Oils. Biomedicines 2023, 11, 1248. [CrossRef]

63. Tanaka, M.; Kádár, K.; Tóth, G.; Telegdy, G. Antidepressant-like effects of urocortin 3 fragments. Brain Res. Bull. 2011, 84, 414–418.
[CrossRef]

64. Baliellas, D.E.M.; Barros, M.P.; Vardaris, C.V.; Guariroba, M.; Poppe, S.C.; Martins, M.F.; Pereira, Á.A.F.; Bondan, E.F. Propento-
fylline Improves Thiol-Based Antioxidant Defenses and Limits Lipid Peroxidation following Gliotoxic Injury in the Rat Brainstem.
Biomedicines 2023, 11, 1652. [CrossRef]

65. Montanari, M.; Imbriani, P.; Bonsi, P.; Martella, G.; Peppe, A. Beyond the Microbiota: Understanding the Role of the Enteric
Nervous System in Parkinson’s Disease from Mice to Human. Biomedicines 2023, 11, 1560. [CrossRef] [PubMed]

66. Garifulin, R.; Davleeva, M.; Izmailov, A.; Fadeev, F.; Markosyan, V.; Shevchenko, R.; Minyazeva, I.; Minekayev, T.; Lavrov, I.;
Islamov, R. Evaluation of the Autologous Genetically Enriched Leucoconcentrate on the Lumbar Spinal Cord Morpho-Functional
Recovery in a Mini Pig with Thoracic Spine Contusion Injury. Biomedicines 2023, 11, 1331. [CrossRef] [PubMed]

67. Bueno, C.R.d.S.; Tonin, M.C.C.; Buchaim, D.V.; Barraviera, B.; Ferreira Junior, R.S.; Santos, P.S.d.S.; Reis, C.H.B.; Pastori, C.M.;
Pereira, E.d.S.B.M.; Nogueira, D.M.B.; et al. Morphofunctional Improvement of the Facial Nerve and Muscles with Repair Using
Heterologous Fibrin Biopolymer and Photobiomodulation. Pharmaceuticals 2023, 16, 653. [CrossRef] [PubMed]

68. Sojka, A.; Żarowski, M.; Steinborn, B.; Hedzelek, W.; Wiśniewska-Spychała, B.; Dorocka-Bobkowska, B. Temporomandibular
disorders in adolescents with headache. Adv. Clin. Exp. Med. 2018, 27, 193–199. [CrossRef]

69. Polyák, H.; Galla, Z.; Nánási, N.; Cseh, E.K.; Rajda, C.; Veres, G.; Spekker, E.; Szabó, Á.; Klivényi, P.; Tanaka, M.; et al. The
Tryptophan-Kynurenine Metabolic System Is Suppressed in Cuprizone-Induced Model of Demyelination Simulating Progressive
Multiple Sclerosis. Biomedicines 2023, 11, 945. [CrossRef]

70. Tanaka, M.; Szabó, Á.; Vécsei, L. Preclinical modeling in depression and anxiety: Current challenges and future research directions.
Adv. Clin. Exp. Med. 2023, 32, 505–509. [CrossRef]

71. Chu, P.-C.; Huang, C.-S.; Chang, P.-K.; Chen, R.-S.; Chen, K.-T.; Hsieh, T.-H.; Liu, H.-L. Weak Ultrasound Contributes to
Neuromodulatory Effects in the Rat Motor Cortex. Int. J. Mol. Sci. 2023, 24, 2578. [CrossRef]

72. Gecse, K.; Édes, A.E.; Nagy, T.; Demeter, A.K.; Virág, D.; Király, M.; Dalmadi Kiss, B.; Ludányi, K.; Környei, Z.; Denes, A.; et al.
Citalopram Neuroendocrine Challenge Shows Altered Tryptophan and Kynurenine Metabolism in Migraine. Cells 2022, 11, 2258.
[CrossRef]

73. Nasini, S.; Tidei, S.; Shkodra, A.; De Gregorio, D.; Cambiaghi, M.; Comai, S. Age-Related Effects of Exogenous Melatonin on
Anxiety-like Behavior in C57/B6J Mice. Biomedicines 2023, 11, 1705. [CrossRef]

74. Chen, W.-C.; Wang, T.-S.; Chang, F.-Y.; Chen, P.-A.; Chen, Y.-C. Age, Dose, and Locomotion: Decoding Vulnerability to Ketamine
in C57BL/6J and BALB/c Mice. Biomedicines 2023, 11, 1821. [CrossRef]

75. Statsenko, Y.; Habuza, T.; Smetanina, D.; Simiyu, G.L.; Meribout, S.; King, F.C.; Gelovani, J.G.; Das, K.M.; Gorkom, K.N.-V.;
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Abstract: Calcitonin gene-related peptide (CGRP) and nitric oxide (NO) have been recognized as
important mediators in migraine but their mechanisms of action and interaction have not been fully
elucidated. Monoclonal anti-CGRP antibodies like fremanezumab are successful preventives of
frequent migraine and can be used to study CGRP actions in preclinical experiments. Fremanezumab
(30 mg/kg) or an isotype control monoclonal antibody was subcutaneously injected to Wistar rats of
both sexes. One to several days later, glyceroltrinitrate (GTN, 5 mg/kg) mimicking nitric oxide (NO)
was intraperitoneally injected, either once or for three consecutive days. The trigeminal ganglia were
removed to determine the concentration of CGRP using an enzyme-linked immunosorbent assay
(ELISA). In one series of experiments, the animals were trained to reach an attractive sugar solution,
the access to which could be limited by mechanical or thermal barriers. Using a semi-automated
registration system, the frequency of approaches to the source, the residence time at the source, and
the consumed solution were registered. The results were compared with previous data of rats not
treated with GTN. The CGRP concentration in the trigeminal ganglia was generally higher in male
rats and tended to be increased in animals treated once with GTN, whereas the CGRP concentration
decreased after repetitive GTN treatment. No significant difference in CGRP concentration was
observed between animals having received fremanezumab or the control antibody. Animals treated
with GTN generally spent less time at the source and consumed less sugar solution. Without barriers,
there was no significant difference between animals having received fremanezumab or the control
antibody. Under mechanical barrier conditions, all behavioral parameters tended to be reduced but
animals that had received fremanezumab tended to be more active, partly compensating for the
depressive effect of GTN. In conclusion, GTN treatment seems to increase the production of CGRP in
the trigeminal ganglion independently of the antibodies applied, but repetitive GTN administration
may deplete CGRP stores. GTN treatment generally tends to suppress the animals’ activity and
increase facial sensitivity, which is partly compensated by fremanezumab through reduced CGRP
signaling. If CGRP and NO signaling share the same pathway in sensitizing trigeminal afferents,
GTN and NO may act downstream of CGRP to increase facial sensitivity.

Keywords: fremanezumab; monoclonal antibody; calcitonin gene-related peptide; glycerol trinitrate;
CGRP release; CGRP concentration; rat; migraine pain

1. Introduction

The neuropeptide calcitonin gene-related peptide (CGRP) and nitrogen species such as
nitric oxide (NO) are potent vasodilatory agents and important mediators in migraine [1,2].
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During spontaneous migraine attacks, elevated concentrations of CGRP have been mea-
sured in venous plasma [3–5], saliva [6,7], and tear fluid [8]. Inhibiting CGRP release
with triptans and ditans; targeting CGRP using monoclonal antibodies (mAbs) against
the CGRP ligand; or blocking CGRP receptors by the CGRP receptor antibody or gepants
are effective treatments in migraine [9,10]. Notably, the infusion of CGRP can provoke
short-lasting headaches, which are attributed to the vasodilatation of cranial blood vessels
and, additionally, delayed migraine-like pulsating pain in migraineurs [11,12].

Similarly, elevated plasma concentrations of nitrogen metabolites have been found in
plasma during migraine [13], and the infusion of nitroglycerin (glycerol trinitrate, GTN),
which mimics NO, has been shown to cause transient vasodilatory headaches and, in
addition, migraine-like pain in migraineurs [14,15]. The inhibition of endogenous NO
production and NO-mediated mechanisms have not been used for migraine therapy, partly
due to adverse side effects [16]. Due to the similarities of CGRP and GTN administration
in headache provocation, there might be an association between endogenous CGRP and
NO actions. The question is whether and how these two mediator systems may be linked.
GTN-induced migraine-like attacks have been found to be associated with an increase in
plasma CGRP levels [17], which responds to treatment with sumatriptan [18,19], suggesting
CGRP release provoked by NO mechanisms. However, an increase in plasma CGRP during
GTN-induced headache could not be verified by another group [20]; the headache was not
prevented by blocking CGRP receptors [21]. Thus, a causal link between CGRP and NO
signaling in migraine is still an open question.

To generate models of migraine related to the mentioned clinical experiments, several
groups have administered NO donors or GTN in rodents and collected multiple structural,
functional, and behavioral data [22–26]. Our group has recently examined the effects
of fremanezumab, an anti-CGRP monoclonal antibody (mAb) used for the prevention
of chronic and frequent migraine, on meningeal CGRP release and blood flow, CGRP
concentration in trigeminal ganglia, and facial sensitivity [27–29]. To compare these data in
an animal model of trigeminal nociception, we have repeated some of these experiments
after the administration of GTN and found deviating results, which may contribute to the
question of how endogenous CGRP and NO signaling may be linked. Our data provide
evidence that CGRP signaling is bypassed by NO signaling, which favors the hypothesis
that NO may act downstream of CGRP signaling in migraine pathophysiology.

2. Materials and Methods

Animal housing and all experiments were carried out according to the regulations
for the care and treatment of laboratory animals of the European Communities Council
Directive 1986 (86/609/EEC), amended 2010 (2010/63/EU). The experimental protocols
were reviewed by an ethics committee and approved by the District Government of Middle
Franconia (54-2532.1-21/12).

2.1. Animals

Fifty-two adult Wistar rats of both sexes (body weight of females: 220–370 g; males:
310–450 g), bred and housed in our animal facility, were used. Groups of 3–4 animals were
kept in cages in a 12 h day–night cycle and received pellet food and water ad libitum. Equal
numbers of animals were matched according to their sex and weight and allocated to the
treatments. The estrus state of the females was not assessed.

2.2. Administration of Monoclonal Antibodies

Administration of mAbs was performed as previously reported [27–29]. In short,
either 30 mg/kg of the anti-CGRP mAb fremanezumab, or the isotype control mAb (both
Teva Pharmaceuticals, Redwood City, CA, USA) diluted in saline (10 mg/mL), was sub-
cutaneously injected into the neck of the animals under short isoflurane anesthesia. Fre-
manezumab binds to an epitope that is identical in human α-CGRP, β-CGRP, and rat
β-CGRP. There is one similar amino acid change within the epitope for rat α-CGRP, which
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has a minor effect on overall binding affinity. The operator was blinded to the identity of
the antibodies. The animals were individually marked, placed back in their cages, and
inspected daily regarding their health state and behavior until they were used for further
procedures.

2.3. Administration of GTN and Dissection

On day 1, 3, 10, or 30 after the antibody injection the animals received an intraperi-
toneal (i.p.) injection of 5 mg/kg GTN (Nitrolingual, containing 1 mg/mL GTN, Pohl-
Boskamp, Hohenlockstadt, Germany) or the same volume of synthetic interstitial fluid (SIF)
as the vehicle [27] under short isoflurane anesthesia at 8 a.m. (Figure 1A). Four hours later,
the animals were deeply anesthetized and sacrificed in a rising CO2 atmosphere. Another
group of animals, which were used for behavioral testing as outlined below, received, on
three consecutive days, 5 mg/kg, 2.5 mg/kg and 1.25 mg/kg GTN, namely on days 4–6
and 11–13 after mAb administration, for a total of 6 applications (Figure 1B). With this
design, a cumulative sensitizing effect of GTN causing chronic hyperalgesia [30] should be
avoided. Animals were sacrificed on day 14 after mAb administration, 10 days after the
first, and one day after the last GTN injection. The heads of the animals were separated,
skinned, and cut into halves along the sagittal line, as previously described for CGRP
release measurements [27]. The trigeminal ganglia were excised from the skull base at a
length of 6–7 mm, placed in Eppendorf cups, and frozen at −20 ◦C until further processing.
From each animal, both trigeminal ganglia were harvested, resulting in 104 samples.

 

Figure 1. Schematic workflow of the CGRP release experiments (A) and the behavioral experiments
followed by CGRP release (B). Either anti-CGRP mAb fremanezumab or control monoclonal antibody
was subcutaneously injected, in B after baseline recordings without barrier, under mechanical and
under thermal barrier conditions. Release experiments were performed 4 h after intraperitoneal
injections of glycerol trinitrate (GTN) in A or after two test sequences according to the baseline
recordings and repetitive injections of GTN in B.

2.4. Preparation and CGRP Determination

The processing of tissue samples and CGRP measurements were performed as pre-
viously reported [29]. In short, after defrosting, the trigeminal ganglia were dipped in an
absorbent tissue, weighed, and immersed in 1 mL of 2 M acetic acid, boiled at 95 ◦C for
10 min, and homogenized. The homogenate was again boiled for 10 min and centrifuged at
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2000 rpm. The supernatant was collected, and 100 μL thereof was diluted 4:1 with enzyme-
linked immunosorbent assay (ELISA) buffer and processed with an ELISA kit for CGRP
with a detection level of 2 pg/mL, according to the instructions of the manufacturer (Bertin
Pharma/SPIbio, Montigny le Bretonneux, France). The CGRP concentration (in ng/mg) of
each trigeminal ganglion was calculated with regard to the respective ganglion mass.

2.5. Preparation of Animals for Behavioral Tests

The preparation and performance of behavioral tests have previously been reported
in detail [28] and are outlined here in short. After priming the animals for an attractive
10% sucrose solution available in standard drinking bottles, the animals were placed in a
test cage in which they had to pass with their forehead through an opening; it could be
equipped with a mechanical barrier (flexible 0.09 mm steel bristles) or a thermal barrier
(circular tube with 50 ◦C heated water). The opening of the drinking bottle with the sucrose
solution could be reached by the animal while its cheeks and forehead touched the steel
bristles or the hot tube. The frequency and duration of passing through the opening were
recorded automatically with a photo sensor device (Orofacial Stimulation Test System, Ugo
Basile, Lugano, Italy) within test periods of 15 min. The volume of consumed sucrose
solution during the test periods was determined afterward.

2.6. Sequence of Testing

The test sequence started after 7 days of priming and was always conducted between
12 a.m. and 1 a.m. On the first test day (day-3), the animals could reach the sugar source
without a barrier; on the second day (day-2), they had to pass through the mechanical
barrier; and on the third day (day-1), they had to pass through the thermal barrier during
the 15 min test period (Figure 1B). This provided a baseline measure for the 3 conditions
before the animals received fremanezumab or the control mAb on the following day. The
experimenter was blinded as to the specific mAb treatment during the whole experiment.
On days 4–6 after mAb administration, the animals were injected with GTN as described,
followed by the same test sequence 4 h later (Figure 1B). The whole test sequence, including
the injection of GTN, was repeated, beginning with day 11 after mAb injection.

2.7. Data Processing and Statistics

Statistical analysis was performed using Statistica software (StatSoft, Release 7, Tulsa,
OK, USA). After verification of the normal distribution of data, analysis of variance (fac-
torial ANOVA) with the categorical predictors (factors) mAb, sex, and day after mAb
administration, as well as treatment (GTN or saline), was used for a comparison of data.
This was extended by Tukey’s honest significant difference (HSD) test or the unequal N HSD
test. In the case of the behavioral experiments, where the 3 barrier conditions are extremely
different situations, data were compared for each condition separately using repeated
measures ANOVA for the 3 days of the same tests, with sex and mAb as factors. Sample
size calculation was based on the biometric planning for previous measurements [27,28] in
accordance with the ethics approval mentioned above. The level of significance was set at
p < 0.05. Data were displayed as mean ± SEM (standard error of the mean).

3. Results

3.1. CGRP Content of Trigeminal Ganglia

The experiments included 26 female and 26 male rats, either treated with fremanezumab
or with the isotype control mAb (13 females and 13 males in each group). The injection of
GTN and the final experiment were performed after waiting 1 day in 9 animals; 3 days in
8 animals; 10 days in 13 animals; and 30 days in 10 animals following mAb administration. In
further experiments, 12 animals (10 of them also used for behavioral experiments; see below)
were treated with GTN on days 4–6 and again on days 11–13 after mAb administration.
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3.1.1. General Observations

After mAb administration of either type, none of the animals showed unusual behavior
or any other sign of disturbance. Both groups continuously gained weight dependent on
the waiting time but without difference between animals treated with fremanezumab
(n = 26; final body weight 333.6 ± 9.1 g) or the control antibody (n = 26; 333.1 ± 7.9 g). As
expected, the body weight was significantly different between the sexes (factorial ANOVA,
F1,84 = 194.2, p < 0.0001). During the hours after injection of GTN, in particular after
repetitive administration, the animals appeared generally less active but showed no signs
of spontaneous pain.

3.1.2. CGRP Concentration in Trigeminal Ganglia

In the 104 samples of trigeminal ganglia, factorial ANOVA with the factors mAb
(fremanezumab vs. isotype control mAb), sex (female vs. male animals), and time after
mAb injection (1, 3, 10, 30 days, and day 14 after repetitive GTN injection) was performed.
Surprisingly, ANOVA showed slightly higher ganglion weights in females compared to
males (F1,84 = 5.0, p < 0.05) and clearly significant differences between the days after mAb
administration (F4,84 = 13.9, p < 0.0001). Calcitonin gene-related peptide concentration
was calculated using the measured CGRP content and the ganglion mass, as noted in
the Materials and Methods section. The CGRP concentration was significantly different
between the sexes (factorial ANOVA, F1,84 = 38.8, p < 0.0001) and between the days after
mAb administration (F4,84 = 27.9, p < 0.0001) but not between the two mAbs (F1,84 = 0.1,
p = 0.74). The Tukey post hoc test indicated that the difference between days was mainly
due to the unusually low ganglion mass of day-30 animals (in both the fremanezumab and
the control mAb group) and the significantly lower CGRP concentration in ganglia treated
repetitively with GTN. Detailed data are displayed in Table 1.

Table 1. Trigeminal ganglion mass and CGRP concentration (means ± SEM) in ganglion samples
comparing different groups of animals treated with fremanezumab or control mAb and GTN.

Samples
(n)

Ganglion Mass
(mg)

Difference
CGRP Conc.

(ng/mg)
Difference

mAb
Fremanezumab 52 14.7 ± 0.7

n.s.
1.11 ± 0.12

n.s.
Control antibody 52 13.7 ± 0.8 1.10 ± 0.90

Sex
Females 52 15.1 ± 0.9

p < 0.05
0.87 ± 0.56

p < 0.0001
Males 52 13.4 ± 0.6 1.34 ± 0.13

Days after mAb
administration

Day 1 18 17.7 ± 1.1

p < 0.0001

1.22 ± 0.13

p < 0.0001

Day 3 16 15.7 ± 1.6 1.71 ± 0.29

Day 10 26 14.7 ± 1.0 1.15 ± 0.13

Day 30 20 8.9 ± 0.4 1.25 ± 0.83

GTN repetitive 24 14.6 ± 1.0 0.44 ± 0.05

GTN was applied on the indicated day. “GTN repetitive” animals were treated daily with GTN on days 4–6 and
11–13. Significant differences (p) result from factorial ANOVA comparing two or five variables, respectively; n.s.,
not significant.

3.1.3. Comparison of CGRP Concentration with Previous Data from Animals Not Treated
with GTN

The CGRP concentration of the trigeminal ganglia from the 30 animals sacrificed 1, 3
or 10 days after administration of the mAbs was compared with previous data from 26 rats
with a similar distribution of sexes and mAbs [29]. These animals were not injected with
GTN, and the 52 trigeminal ganglia were prepared in the same way as described for the
present experiments. Data from these previous and present experiments were compared
using factorial ANOVA with the factors sex, mAb type, time after mAb injection (1, 3,
or 10 days), and treatment (GTN vs. no GTN). The ganglion masses were significantly
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different between the sexes (F1,88 = 5.3; p < 0.05) but not significant between the mAbs
(F1,88 = 2.9; p = 0.09) and the days after mAb administration (F2,88 = 3.1; p = 0.05) or between
the treatments (F1,88 = 0.1; p = 0.70). The CGRP concentrations tested with factorial ANOVA
were clearly different between the sexes (F1,88 = 50.9; p < 0.0001) but not between the mAbs
(F1,88 = 0.16; p = 0.69). The difference between the days was significant (F2,88 = 3.2; p < 0.05),
while there was a clear difference between the treatments (F1,88 = 18.9; p < 0.0001), which
was mainly due to the male fremanezumab animals (Figure 2).

Figure 2. CGRP concentration (means ± SEM) of trigeminal ganglia separated by sexes (A,B),
administration of fremanezumab or control mAb and treatment with GTN or vehicle. The difference
between ganglia of GTN and vehicle-treated animals depends largely on males (B) with a significant
difference between the fremanezumab groups (Tukey’s HSD post hoc test following factorial ANOVA,
p < 0.01). (C): The difference between GTN and vehicle-treated groups (sex and mAb groups
cumulated) is statistically significant on day 3 after fremanezumab/control mAb treatment (unequal
N HSD post hoc test following factorial ANOVA, p < 0.01). The low CGRP concentration in the
trigeminal ganglion samples of repetitively GTN-treated animals (Repet., #) is significantly different
from all other GTN-treated groups (HSD post hoc test following factorial ANOVA, p < 0.05–0.0001).
Numbers within bars mean number of trigeminal ganglia.

3.2. Behavioral Experiments

Twenty animals (10 females and 10 males) were included in the study. One day after
the baseline tests on three consecutive days, namely without a barrier, with a mechanical
barrier, and with a thermal barrier, the animals received either fremanezumab or the
isotype control mAb (see Figure 1B). On days 4–6 and again on days 11–13 after the mAb
administration, the animals were treated with GTN as outlined in the methods and tested
again in the same sequence. Data are displayed in Table 2 in detail.
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Table 2. Number of approaches (counts), time at the source and consumed volume (means ± SEM)
in animals treated with fremanezumab or isotype control mAb and GTN (all groups, n = 10).

Baseline Day 4–6 Day 11–13

No barrier Fremanezumab Control mAb Fremanezumab Control mAb Fremanezumab Control mAb

Counts (n) 46.1 ± 4.2 54.6 ± 9.2 58.3 ± 6.8 58.5 ± 10.4 67.6 ± 14.4 48.9 ± 4.6

Time (s) 269.0 ± 21.0 261.7 ± 41.6 287.8 ± 41.5 263.9 ± 53.3 302.1 ± 41.4 294.0 ± 29.2

Volume (mL) 8.3 ± 0.9 7.7 ± 1.3 8.8 ± 1.3 7.4 ± 1.1 10.3 ± 1.1 9.3 ± 1.0

Mech. barrier Fremanezumab Control mAb Fremanezumab Control mAb Fremanezumab Control mAb

Counts (n) 141.5 ± 55.3 44.8 ± 15.1 383.7 ± 152.5 113.9 ± 56.4 553.7 ± 210.6 121.5 ± 56.3

Time (s) * 114.5 ± 33.7 53.3 ± 19.8 162.6 ± 43.8 74.7 ± 30.2 199.2 ± 41.5 106.7 ± 32.6

Volume (mL) * 3.7 ± 1.1 1.9 ± 0.6 5.4 ± 1.3 2.5 ± 1.0 6.1 ± 1.4 2.8 ± 1.0

Therm. barrier Fremanezumab Control mAb Fremanezumab Control mAb Fremanezumab Control mAb

Counts (n) 64.8 ± 9.8 73.3 ± 12.9 66.7 ± 10.3 55.7 ± 11.3 82.9 ± 10.1 62.7 ± 11.5

Time (s) 228.9 ± 38.3 195.6 ± 34.0 230.2 ± 32.5 155.8 ± 41.3 220.3 ± 28.5 175.5 ± 37.8

Volume (mL) 6.8 ± 1.2 5.3 ± 1.0 6.8 ± 0.8 4.5 ± 1.0 6.6 ± 0.8 5.9 ± 1.1

Significant differences (repeated measures ANOVA, p < 0.05) between fremanezumab and control mAb (*) are
seen under mechanical barrier conditions. Mech., mechanical; Therm., thermal.

3.2.1. Number of Approaches to Source

The number of approaches (counts) to the attractive sugar solution within 15 min was
not significantly different between baseline (before mAbs administration) and on days 4–6
and days 11–13 after mAbs administration, i.e., neither without barrier nor with mechanical
or thermal barrier. There was also no difference between the two mAbs and sexes.

3.2.2. Time Staying at the Source

The cumulative time spent at the source to consume the sugar solution was not
significantly different on the three days under the three barrier conditions. However, solely
under the mechanical barrier condition, repeated measures ANOVA indicated a weak
difference between the two mAbs (F1,32 = 7.6, p < 0.05) and the sexes (F1,32 = 5.0, p < 0.05),
which could not be attributed to a specific group by the post hoc HSD test.

3.2.3. Consumed Volume

The consumed volume of sugar solution was again not significantly different at the
three days under the three barrier conditions. Repeated measures ANOVA indicated a
difference between the mAbs (F1,32 = 7.2, p < 0.05) under the mechanical barrier, which was
not due to a specific group.

3.2.4. Comparison of Behavioral Data with Animals Not Treated with GTN: No
Barrier Condition

The behavioral measurements were compared with previous data from 12 rats with
an equal distribution of sex and mAbs [28]. Without a barrier, animals treated with GTN
tended to approach the attractive source less frequently, stayed for less time at the source,
and consumed less sugar solution than animals not treated with GTN (Figure 3A–C).
Repeated measures ANOVA with the factors day (baseline vs. days 4 and 11 after mAb
injection), treatment (no GTN vs. GTN), sex (male vs. female animals), and mAb (control
mAb vs. fremanezumab) indicated no difference between the three days regarding the
number of approaches (F2,72 = 1.7, p = 0.19), but the time at the source (F2,72 = 7.8, p < 0.001)
and the consumed solution (F2,72 = 16.1, p < 0.0001) increased significantly. This can easily
be explained by an increase in body weight of about 45 g on average during the two weeks
between the baseline measurements and the second test sequence (see Figure 1B). In
addition, the difference between the treatments (GTN vs. no GTN) was highly significant
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regarding both time at the source (F1,36 = 10.6, p < 0.005) and the consumed volume
(F1,36 = 24.1, p < 0.0001), but there were no significant differences between sexes and mAbs
regarding any of these measurements.

 

Figure 3. No barrier condition. Behavioral data (means ± SEM) of animals before (baseline) and
days after administration of fremanezumab or control mAb and treatment or no treatment with GTN.
Female and male data are not presented separately, because there was no sex difference. Animals
treated with GTN tended to approach the attractive source less frequently (A), stayed less time at the
source (B) and consumed less sugar solution (C) than animals not treated with GTN. There was no
difference between fremanezumab and control mAb regarding any of these behavioral data. Numbers
within bars mean number of animals.

3.2.5. Comparison of Behavioral Data with Animals Not Treated with GTN:
Barrier Condition

With a mechanical barrier, animals treated with GTN tended to approach the attractive
source less frequently when they received the control mAb (Figure 4A) but more frequently
when they received fremanezumab (Figure 4A–C). GTN animals also tended to stay less
time at the source and to consume less sugar solution than animals not treated with GTN
(Figure 4B,C). Repeated measures ANOVA with the factors day (baseline vs. days 4 and
11 after mAb injection), treatment (no GTN vs. GTN), sex (male vs. female animals),
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and mAb (fremanezumab vs. control mAb) indicated differences between the three days
regarding the number of approaches (F2,72 = 3.3, p < 0.05), the time spent at the source
(F2,72 = 9.8, p < 0.0005), and the consumed solution (F2,72 = 9.9, p < 0.0005). The increase
in time at the source and the consumed volume can be explained by the increase in body
weight during the two weeks between baseline and day 12. Between the sexes and the
treatments, no significant difference appeared. Between the two mAbs, the time spent
at the source (F1,36 = 7.6, p < 0.01) and the consumed volume (F1,36 = 7.1, p < 0.05) were
significantly different.

Figure 4. Mechanical barrier condition. Behavioral data of animals before (baseline) and days after
administration of fremanezumab or control mAb and treatment or no treatment with GTN (means
± SEM). Female and male animal data are combined because there was no sex difference. Animals
treated with GTN tended to approach the attractive source less frequently (A), to stay less time at
the source (B) and to consume less solution (C) when they had received control mAb. Animals
that received fremanezumab stayed longer at the source and consumed more volume compared to
animals that received control mAb. Numbers within bars mean number of animals.
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4. Discussion

4.1. Impact of GTN on the CGRP Concentration of Trigeminal Ganglia

In rodent models of migraine or facial pain, mostly 10 mg/kg GTN have been applied
as a single dose [31,32], or 5 mg/kg has been administered repetitively every second
day [30,33]. Repetitive GTN injection in rats has been reported to induce spinal hyperalgesia
and orofacial allodynia along with an increase in CGRP expression [30]. Our results show
that the administration of a single dose of 5 mg/kg GTN increased the production of
immunologically detectable CGRP in the trigeminal ganglion within four hours. This
appears to be a short time for neuropeptide expression and formation, but it is consistent
with earlier experiments in our group, wherein anesthetized rats after an i.v. infusion of
GTN at 250 μg/kg for two hours and a waiting time of four extra hours [34], or of GTN
at 1 mg/kg for two hours and a waiting time of two extra hours [35], was followed by an
increased number of CGRP immunoreactive neurons counted in the trigeminal ganglion. In
contrast to these results, in our present experiment, a multiple-dose administration of GTN
over some days decreased the CGRP concentration in the examined trigeminal ganglia.

The opposite observation of significantly lower CGRP concentrations was made in
the trigeminal ganglia of animals repetitively treated with GTN (see Figure 2C). This may
have been due to a continuous depletion of CGRP during the six days of treatment. The
assumption that GTN treatment causes slow continuous CGRP release from trigeminal
afferents is substantiated by our previous finding that the basal (unstimulated) CGRP
release from the dura mater was also lower in animals treated with GTN, possibly through
draining of the CGRP stores of peptidergic afferents in the dura mater [27]. In contrast, the
CGRP release evoked by capsaicin superfusion was higher, indicating a sensitizing effect of
GTN on the stimulated CGRP release. However, in animals that received fremanezumab,
there was no difference between the vehicle and GTN, pointing to a blocking effect of
fremanezumab on the GTN-induced increase in stimulated CGRP release [27]. Different
from this result, fremanezumab seems not to influence the proposed GTN-induced increase
in CGRP concentration in the trigeminal ganglion, as is indicated by the statistical analysis
of animals that received fremanezumab or the control mAb (see Figure 2A,B).

4.2. Sex-Dependent CGRP Concentration of Trigeminal Ganglia

The mean CGRP concentration of ganglia in GTN-treated rats was lower in female
compared to male animals (see Table 1 and Figure 2A,B). This confirms our previous
experiments in animals not treated with GTN, where both CGRP content and concentration
were lower in females [29]. The reason for this sex difference is not clear. It is likely that sex
hormones influence the expression or production of CGRP. It has long been reported that in
rat dorsal root ganglia, the number of CGRP immunoreactive neurons was lower in females
and increased in ovariectomized animals but decreased in estradiol-treated animals [36].
More recent experiments showed that 17β-estradiol decreased CGRP plasma levels and
CGRP release from isolated trigeminal ganglia in male rats [37]. However, generally,
the CGRP concentration tended to be higher in the trigeminal ganglia of animals treated
with GTN compared to non-treated animals, which is prominent after 3 days of mAb
administration (see Figure 2C). The reason for this effect could be shrinkage of the ganglion
mass (e.g., by fluid loss) or an increase in CGRP expression after GTN treatment. Indeed,
post hoc statistical analysis showed that there was a significant interaction between sex
and treatment regarding the ganglion weight, which was lower in GTN-treated male, but
not female, rats (factorial ANOVA with factors sex and treatment, F1,108 = 11.76, p < 0.001;
Tukey’s post hoc test, p < 0.05 for males but p = 0.28 for females). Nevertheless, the
results indicate that GTN treatment leads to an increase in the expression of, or at least
immunologically detectable, CGRP in the trigeminal ganglion.

4.3. No Impact of Fremanezumab on the CGRP Concentration of Trigeminal Ganglia

We have seen no significant difference in CGRP concentration between the ganglia
of rats treated with fremanezumab versus the control antibody, which is consistent with
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our previous findings, although it contrasts with a decrease in CGRP immunoreactive
trigeminal ganglion neurons [29]. The lack of change in CGRP concentration is reminis-
cent of a recent clinical study in which plasma CGRP levels in patients were determined
during the treatment with fremanezumab and four months after discontinuation of the
treatment [38]. CGRP plasma concentrations did not differ between during treatment and
post-treatment and were on the same level as in healthy controls. Thus, it seems likely
that the main therapeutic effect of monoclonal antibodies directed against CGRP depends
rather on a decrease in CGRP release during the strong stimulation of trigeminal afferents,
as we have demonstrated earlier [27]. On the other hand, long-term effects of anti-CGRP
monoclonal antibodies may be based on a decrease in CGRP receptors, which is suggested
by a significant reduction in trigeminal ganglion neurons immunoreactive to the CGRP
receptor components RAMP1 and CLR [29].

4.4. Limitations Regarding the Calculation of CGRP Concentrations

The CGRP concentration of the tested trigeminal ganglia depends on the amount of
CGRP but also the size of the ganglia. We did not remove the dura mater covering each
ganglion in order to avoid the destruction of neurons and loss of CGRP during prepara-
tion. Therefore, a confounding factor could be the differing amount of connective tissue
adhering to the ganglion that influences the weight and hence the CGRP concentration.
We nevertheless regard the concentration as a reliable measure for the amount of CGRP,
because in our previous study, we saw that there is a high positive correlation between the
CGRP content and concentration of each ganglion [29].

4.5. Impact of GTN on Rat Behavior

The behavioral data, in particular the number of approaches to the sugar source,
may substantially be influenced by the general activity of animals. The time spent at
the source, and particularly the consumed sugar solution, likely depend on the size of
the animals, which is reflected by the general increase in these parameters during the
15 days between baseline measurements and day 11/12 after mAb administration (see
Figures 2B,C and 3B,C). In addition, GTN treatment seems to have a major impact on these
behavioral parameters.

Without a barrier, animals treated with GTN tended to approach the attractive source
less frequently, stayed less time at the source, and consumed less sugar solution than
animals not treated with GTN (Figure 2A–C). This may be the result of a generally lower
activity after GTN, as mentioned above. Alternatively, the GTN effect may be due to a
decreased attractiveness of the sugar solution, which is reminiscent of the loss of appetite
and nausea during migraine attacks. GTN-induced trigeminal nociception has been used
as an animal model for migraine, at least for migraine-related symptoms [24,25], and loss
of appetite or nausea is a well-known symptom of migraine. Anti-CGRP antibodies have
been found to improve not only the headache severity but also the autonomic symptoms
including loss of appetite during migraine attacks [39]. However, because there was
no difference between animals that received fremanezumab or the control mAb in the
measured parameters of our experiments, the activity factor seems more likely for the
decrease in functions.

With a mechanical barrier, like without a barrier, animals treated with GTN tended to
stay less time at the source and to consume less sugar solution than animals not treated
with GTN (Figure 3B,C), which may have similar reasons as discussed above. However,
different to the condition without barrier, animals treated with GTN tended to approach
the attractive source more frequently when they received fremanezumab, spent more time
at the source, and consumed more sugar solution than animals that received the control
mAb (Figure 3A–C). In our previous publication on rats not treated with GTN, we inter-
preted this observation as a reduced facial sensitivity under the action of the anti-CGRP
mAb. Facial hypersensitivity has frequently been observed in animal studies following the
administration of GTN [24,40,41]. Therefore, following treatment with GTN, the increase
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in all three parameters (approaches, time, and intake of solution) in animals that received
fremanezumab compared to the control mAb may result from reduced facial hypersensi-
tivity. Reduced incidences of cephalic hyperalgesia/allodynia have also been reported in
patients treated with anti-CGRP mAbs like galcanezumab or fremanezumab [42,43].

4.6. Summary of GTN Effects

Taken together, GTN seems to increase the amount of immunologically detectable
CGRP in the trigeminal ganglion, but fremanezumab seems not to significantly interact
with this GTN effect. Fremanezumab had also no significant effect on the measurable
CGRP concentration in trigeminal ganglia without GTN treatment, although in previous
experiments, the number of CGRP containing trigeminal ganglion neurons, identified by
immunofluorescence, was decreased in animals that received fremanezumab compared to
the control mAb [29].

Regarding the behavioral data, GTN treatment generally tended to suppress the
activity of the animals, with the final result being that they consumed less of the rewarding
sugar solution. However, under the condition of an uncomfortable and irritating barrier,
when the animals tried to reach the attractive source more often (but nevertheless consumed
less of the solution), fremanezumab seemed to compensate partly for the depressing effect
of GTN. The fremanezumab effect may result from its ability to decrease facial sensitivity
so that the hypersensitivity caused by GTN is restricted. These results are in line with GTN
treatment as an animal model for facial hyperalgesia/allodynia in migraine [24,40,41].

In addition, the results of this study show that the GTN effects are partly independent
of manipulating the CGRP signaling system by anti-CGRP mAbs, although the extent of
the GTN-induced hypersensitivity seems to be limited by reduced CGRP signaling. The
latter is in accordance with previous studies in rodents showing that sumatriptan (lowering
CGRP release) and olcegepant (blocking CGRP receptors) alleviate cranial and hind-paw
hypersensitivity [44–46]. Performing an extended series of elegant experiments with cell
cultures supplemented by measurements of facial sensitivity in mice, it has been recently
reported that CGRP acts on glial cells (Schwann cells), which in turn produce NO species
that are able to activate adjacent trigeminal afferent neurons [47]. The decisive NO species
thereby may be nitroxyl (HNO), a redox sibling of NO formed in the presence of H2S,
which is able to directly activate transient receptor potential channels of the ankyrin type
(TRPA1) in trigeminal afferents [48,49]. NO species have recently also been suggested
to activate transient potential receptor channels of the vanilloid type (TRPV1) through
S-nitrosylation [50]. In any case, the classical intracellular NO-mediated mechanism in-
creasing cyclic guanosine monophosphate [51] is not necessary to explain the activating
and sensitizing effects of NO species in pain and migraine generation [52,53].

5. Conclusions

Considering the shared pathways in sensitizing the trigeminal afferent system between
CGRP and GTN or NO species, we conclude that GTN and NO act downstream of CGRP
to enhance facial sensitivity. The hypothesized NO-induced activation of sensory neurons,
as proposed by the previously mentioned group [40], may complete a feedback loop if
these neurons release CGRP. It is important to determine in human studies whether this
hypothesis holds true for CGRP-NO signaling in migraine pathophysiology. This might
explain why the CGRP receptor antagonist olcegepant has been reported not to prevent
GTN-induced migraine [21].
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Abstract: The inhibition of endocannabinoid hydrolysis by enzymatic inhibitors may interfere with
mechanisms underlying migraine-related pain. The dual FAAH/MAGL inhibitor AKU-005 shows
potent inhibitory activity in vitro. Here, we assessed the effect of AKU-005 in a migraine animal model
based on nitroglycerin (NTG) administration. Male rats were treated with AKU-005 (0.5 mg/kg, i.p.)
or vehicle 3 h after receiving NTG (10 mg/kg, i.p.) or NTG vehicle. One hour later, rats were subjected
to the open field test followed by the orofacial formalin test. At the end of the test, we collected
serum samples for assessing calcitonin gene-related peptide (CGRP) levels as well as meninges,
trigeminal ganglia, and brain areas to assess mRNA levels of CGRP and pro-inflammatory cytokines,
and endocannabinoid and related lipid levels. AKU-005 reduced NTG-induced hyperalgesia during
the orofacial formalin test but did not influence NTG-induced changes in the open field test. It
significantly reduced serum levels of CGRP, CGRP, and pro-inflammatory cytokine mRNA levels
in the meninges, trigeminal ganglia, and central areas. Surprisingly, AKU-005 caused no change
in endocannabinoids and related lipids in the regions evaluated. The present findings suggest that
AKU-005 may have anti-migraine effects by reducing CGRP synthesis and release and the associated
inflammatory events. This effect, however, does not seem mediated via an interference with the
endocannabinoid pathway.

Keywords: endocannabinoids; FAAH; MAGL; migraine; pain

1. Introduction

The endocannabinoids N-arachidonoylethanolamine (AEA, also known as anan-
damide) and 2-arachidonoylglycerol (2-AG) are eicosanoid molecules produced from
arachidonic acid. These two lipids can activate cannabinoid receptors under various physi-
ological circumstances; they are produced both in the brain and in peripheral tissues, and
then secreted by different cell types [1,2]. Endocannabinoids are involved in many physio-
logical and pathophysiological processes, including migraine pain [1,3,4]. In response to
neuronal activity, elicited, for instance, by stress, pain, or inflammatory stimulus, 2-AG and
AEA are synthesized ‘on demand’ at postsynaptic sites. They then diffuse to retrogradely
activate presynaptic CB1 and other receptors, causing a transient and long-lasting reduction
in mediator release, resulting in analgesia [5,6]. The activation of trigeminal CB1 receptors
inhibits calcitonin gene-related peptide (CGRP) release [7] and dural vasodilation [8], which
are the hallmarks of migraine pathophysiology [9]. Cannabinoids or endocannabinoid
system modulators may control pain through neuro-immune interactions in glial cells,

Cells 2024, 13, 830. https://doi.org/10.3390/cells13100830 https://www.mdpi.com/journal/cells231



Cells 2024, 13, 830

which express various endocannabinoid components [10,11]. The involvement of endo-
cannabinoid signaling in the functional coupling of neurons, astrocytes, and microglia
supports its contribution to the (neuro)inflammation process [12].

Inhibitors of enzymes involved in endocannabinoid hydrolysis may reduce migraine-
related pain by modulating the endocannabinoid system [13,14], although the mechanisms
of action underlying this activity are still unclear. In recent years, we have devoted much of
our research to inhibiting endocannabinoid degradation in our pre-clinical migraine model
based on nitroglycerin (NTG) administration, demonstrating its therapeutic potential. The
NTG model is a widely used animal model of migraine that, both in the acute and chronic
form, may reproduce some of the features that can be found in migraine patients. Indeed, it
produces cephalic and extra-cephalic hypersensitivity, allodynia, and hyperalgesia, as well
as the activation of brain areas involved in migraine pain. In addition, the NTG model may
reproduce some of the associated symptoms, like photophobia, and comorbid conditions
such as anxiety/depression-like behavior [15,16]. This model has also been extensively
used to investigate the effects of endocannabinoid system modulators [17–24]. We have
shown that under conditions of hyperalgesia, endocannabinoids play a prominent role in
reducing inflammatory and pain mediators in central and peripheral regions [22–24].

The piperazine derivative AKU-005 (4-Benzhydrylpiperazin-1-yl) (1H-1,2,4-triazol-4-
yl) methadone) has been shown in vitro to be a new potent inhibitor of monoacylglycerol
lipase (MAGL) and fatty acid amide hydrolase (FAAH) enzyme activity in several areas
of the nervous system involved in migraine pain signaling [25]. Specifically, AKU-005
reduced meningeal afferent excitability [25] via the activation of CB1 receptors.

Interestingly, in mouse brain membrane preparations, AKU-005 can inhibit MAGL
activity at sub-nanomolar concentrations (IC50 values range from 0.2 to 1.1 nM) [26], but
Della Pietra et al. recently showed in human and rat meningeal samples that the basal
FAAH activity is higher than the barely perceptible MAGL activity [27]. The situation is
opposite in the TGs and dorsal root ganglia where strong MAGL/low FAAH activity was
reported [25,27]. All the abovementioned studies were conducted in vitro, but it is evident
that, due to the redundancy and promiscuity of the enzymes involved in the degradation
of endocannabinoids, and also because inhibiting these enzymes may have unpredictable
effects, even concerning the dose used, it is extremely important to assess their activity
in vivo.

In this study, we tested for the first time the pharmacological activity of AKU-005
in vivo in the animal model of migraine based on the administration of NTG to validate its
potential effect in migraine treatment.

2. Materials and Methods

2.1. Animals and Drugs

Male Sprague Dawley rats (150–175 g, Charles River Laboratories, Calco, Italy) were
housed in pairs in cages at the University of Pavia’s animal facility under carefully moni-
tored conditions (temperature 21–22 ◦C, relative humidity 60–50%, and 12/12 h light cycle)
with water and food ad libitum. The Italian Ministry of Health (376/2020-PR) approved
all procedures, which were performed in compliance with the guidelines of European
Community Directive 2010/63/EU of 22 September 2010.

NTG (Bioindustria L.I.M., Novi Ligure, Italy) was prepared and administered as
previously described [23]. NTG was administered intraperitoneally (i.p.) at a dose of
10 mg/kg.

AKU-005 (synthetized by the Department of Chemistry, University of Eastern Finland)
was delivered systemically (i.p.) at a dose of 0.5 mg/kg in a volume of 2 mL/kg after being
dissolved in tween-80/polyethylene glycol 200/saline (10/10/80; utilized as a vehicle).
Considering the lack of pharmacokinetic studies on AKU-005 in vivo, the dose was calcu-
lated empirically, based on our previous experience with a similar compound tested in the
same experimental paradigm [23].
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2.2. Experimental Plan

Rats were randomly allocated the four experimental groups (Table 1) and used in the
experimental setting reported in Figure 1.

Table 1. Experimental groups. Each animal received two i.p. injections, indicated as Treatment 1 and 2.

Group Name Treatment 1 Treatment 2

Control (CT) NTG vehicle AKU-005 vehicle
NTG NTG 10 mg/kg AKU-005 vehicle

NTG + AKU-005 NTG 10 mg/kg AKU-005 0.5 mg/kg
AKU-005 NTG vehicle AKU-005 0.5 mg/kg

Figure 1. Experimental timeline for the treatment and testing procedures. After treatments, rats
belonging to Set 1 underwent the open field test (10 min duration), and after 5 min of delay, they
were subjected to the orofacial formalin test. At the end of behavioral testing, the animals were
sacrificed and tissue/blood samples collected for gene (by rt-PCR) and protein expression (by ELISA).
The animals belonging to Set 2 were immediately sacrificed after treatments, and tissue samples
were collected for lipid assay (by means of mass spectrometry). Figure created with BioRender.com
(https://www.biorender.com/ accessed on 7 March 2024).

In experimental Set 1, AKU005 (or vehicle) was administered 3 h after NTG (or its
vehicle), which is 1 h before the behavioral testing. Animals underwent the open field
test and, after a 5 min rest, the orofacial formalin test. At the end of the behavioral
testing sessions, rats were sacrificed with a lethal dose of anesthetic (sodium thiopental,
150 mg/Kg, i.p.) followed by decapitation; truncal blood and cranial tissues were collected
for ex vivo analysis.

In experimental Set 2, AKU-005 (or vehicle) was administered 3 h after NTG (or its
vehicle), and after 1 h, rats were immediately sacrificed by decapitation after exposure to
carbon dioxide, in order to collect the samples for lipid assays in specific brain areas.

2.3. Open Field Test

As many physiological and behavioral functions are influenced by endocannabinoid
signaling, the open field test was used to assess anxiety, exploratory behaviors, and locomo-
tor ability. After 60 min of acclimatization to the test room, each rat was positioned in the
open field arena (Ugo Basile, Gemonio, VA, Italy) and tested for ten minutes as previously
reported [24]. The room’s light was kept constant from center to corner regions of the arena,
thus avoiding possible confounding results since NTG can evoke photophobia. To assess
locomotor activity, anxiety, and exploration, we recorded for ten minutes the distance trav-
eled across the arena, the time spent in the center, and rearing behaviors. Furthermore, we
looked at spontaneous grooming activity as a sign of heightened nociception. An observer,
blinded to the treatment, manually evaluated rearing and grooming behaviors by counting
the time the animal stood on its hind legs and the time it spent face- and body-grooming,
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respectively. As regards the total distance and the time spent in the center, these parameters
were assessed by means of the ANY-Maze software (Ugo Basile, application version 4.99g
Beta) [24]. This latter was used to conventionally divide the arena into 16 square units to
delineate the center of the arena, identified by the 4 central squares, and the 12 surrounding
squares represent the periphery.

2.4. Orofacial Formalin Test

On the experimental day, the rats were injected subcutaneously with 50 μL of formalin
1.5% (made of formaldehyde 37% in water and 0.9% saline, v/v) into the right upper lip, just
lateral to the nose, and positioned in an observation box. A camera, recording face-rubbing
time, was located 50 cm from the box, a 30 × 30 × 30 cm glass chamber with mirrored
sides, to provide a clear view of each rat. Face-rubbing was evaluated by a researcher blind
to group assignment who counted the seconds the animal spent grooming the injected area
with the ipsilateral forepaw or hind paw 0–3 min (Phase I) and 12–45 min (Phase II) after
formalin injection. The observation time was divided into 15 blocks of 3 min each. Phase I
reflects an acute pain, while Phase II represents the combined effects of afferent input and
central sensitization. The orofacial formalin test was utilized in conjunction with the NTG
model to induce a state of hyperalgesia that mimics the clinical condition [24].

2.5. Gene Expression

At the end of behavioral testing, rats belonging to Set 1 were euthanized (sodium
thiopental, 150 mg/kg, i.p.).

After decapitation, meninges and medulla in toto, cervical spinal cord (CSC, C1–C2),
and TG ipsilateral to formalin injection were quickly dissected out, rinsed in cold sterile
0.9% NaCl solution, placed in cryogenic tubes and immediately frozen in liquid nitrogen,
and then stored at −80 ◦C until further processing. Tissue samples were homogenized by
means of ceramic beads (PRECELLYS, Bertin Pharma, Montigny le Bretonneux—France)
with TRIzol® (Invitrogen, Waltham, MA, USA) to extract the total RNA. All procedures
were performed under RNase-free conditions. RNA quality was assessed using a nan-
odrop spectrophotometer (Euroclone, Pero, MI, Italy) showing that the absorbance ratios
(260/280 nm) ranged from 1.9 to 2.0 in all samples, indicating no significant protein (includ-
ing of blood origin) contamination. The iScript cDNA Synthesis kit (BIO-RAD, Hercules,
CA, USA) was used to generate cDNA, and the Fast Eva Green supermix (BIO-RAD,
Hercules, CA, USA) was used to assess gene expression. Specifically, we evaluated the
gene expression levels of Calca (coding for CGRP), tumor necrosis factor alpha (TNF-alpha),
and interleukin (IL-6) using rt-PCR [23,24]. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), the expression of which remained constant in all experimental groups, was used
for normalization. The following specific primers were used: GAPDH AACCTGCCAAG-
TATGATGAC (forward), GGAGTTGCTGTTGAAGTCA (reverse); Calca (coding for CGRP)
CAGTCTCAGCTCCAAGTCATC (forward), TTCCAAGGTTGACCTCAAAG (reverse);
TNF-alpha CCTCACACTCAGATCATCTTCTC (forward), CGCTTGGTGGTTTGCTAC (re-
verse); IL-6 TTCTCTCCGCAAGAGACTTC (forward), and GGTCTGTTGTGGGTGGTATC
(reverse). The 2−ΔΔCt = 2−(ΔCt gene−ΔCt housekeeping gene) method was used to investigate the
differences in gene expression.

2.6. CGRP Levels

Truncal blood, obtained from the animals belonging to Set 1, was collected in clot
activator with gel separator serum tubes and centrifuged for 15 min at 1500× g for CGRP
serum evaluations. CGRP levels were assessed using a commercial ELISA kit (α-CGRP:
Elabsciences, Houston, TX, USA) and measured using a CLARIOstar microplate reader
(BMG LABTECH, Ortenberg, Germany).
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2.7. Lipids Levels

To evaluate the levels of 2-AG, AEA, palmitoylethanolamide (PEA), and oleoyl
ethanolamide (OEA), the meninges, medulla in toto, CSC, and TG were collected from the
animals of Set 2. Samples were weighed before homogenization in methanol with 0.8%
formic acid containing cannabidiol-d3 as an internal standard. Samples were processed and
analyzed as thoroughly described in a previous study [23].

Differently to the meningeal samples used for the gene expression analysis, the amount
of most of the meninges used for lipid extraction were not enough so that lipids were
undetectable. For this reason, the analysis of lipid levels in meningeal samples were not
included in the Results section.

A 3200 QTRAP® triple quadrupole mass spectrometer (Applied Biosystems Sciex,
Darmstadt, Germany), coupled to an ExionLC 100 integrated high-performance liquid
chromatography (HPLC) system (Applied Biosystems Sciex, Darmstadt, Germany), was
used for the analysis. The chromatographic column was a monolithic C18 column (Onyx,
100 mm × 3 mm i.d., Phenomenex, Bologna, Italy) maintained at 25 ◦C. The gradient elution
mobile phases were A (water/methanol 98:2 v/v containing 10 mM ammonium formate
and 0.1% formic acid), B (methanol/acetonitrile/isopropanol 80:10:10 v/v containing 8 mM
ammonium formate and 0.08% formic acid), and C (methanol).

2.8. Statistical Analysis

The face-grooming in Phase II of the orofacial formalin test of a previous study [24]
was used to calculate the sample size need for this study. We used GPower (version 3.1.9.4)
to perform an a priori power analysis, yielding a statistical power of 0.80 at an alpha level
of 0.05. We supposed a difference in the total face-rubbing time between rats injected
with NTG (mean 110 ± 39) and those with NTG + AKU-005 of approximately 70 s (mean
40 ± 13). We estimated a sample size of 6 rats in each experimental group with an effect size
of 1.95. Because of an intergroup variability, we used a maximum of 9 rats per group. We
tested all data for normality using the Kolmogorov–Smirnov normality test. We compared
differences among groups using one-way ANOVA followed by post hoc Tukey’s multiple
comparisons test. A p < 0.05 was considered statistically significant. We expressed all
data as mean ± SEM and used GraphPad Prism software (version 9.3.1) to perform all
statistical analyses.

3. Results

3.1. AKU-005 Effects on the NTG-Induced Behaviors

The systemic administration of NTG reduced locomotor activity and exploratory
behavior, expressed as distance traveled and number of rearings, compared with the CT
group (Figure 2a,c). It also increased anxiety-like behavior, as indicated by the reduced
time spent in the center of the open field, and nociception, as suggested by the increased
grooming behavior, compared to the CT group (Figure 2b,d). AKU-005 did not alter the
locomotor activity or any other behavior when injected alone, nor it affect the changes
induced by NTG administration (Figure 2a–d).

As regards the orofacial formalin test, AKU-005 administration significantly prevented
the NTG-induced increase in face-rubbing behavior in phase II of the test (Figure 2f). When
AKU-005 was administered alone, without NTG, it did not affect the behavioral response
in the test (Figure 2f).

The data show that AKU-005 can counteract the NTG-induced hyperalgesia but does
not influence other migraine-like features induced by the NTG challenge.
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Figure 2. Behavioral testing. Open field test analysis: (a) distance (expressed in meters) travelled in
the apparatus; (b) time spent (expressed in seconds) in the center of the apparatus; (c) number of
rearings; (d) time spent performing grooming behavior (expressed in seconds); (e) representative
track plots of the experimental groups; and (f) face-rubbing behavior (expressed in seconds) of Phase
I and II of the orofacial formalin test. Data are expressed as mean ± SEM. One-way ANOVA followed
by Tukey’s multiple comparisons test; * p < 0.05 vs. CT; # p < 0.05 vs. AKU-005; ◦ p < 0.05 vs. NTG.
Individual subjects’ values are represented as triangle; N = 6–9.

3.2. AKU-005 Effects on CGRP Expression and Serum Levels

The administration of NTG treatment increased CGRP mRNA levels in the meninges,
medulla, CSC, and TG ipsilateral to formalin injection as well as CGRP serum levels
compared to the CT group (Figure 3a–e). AKU-005 administration significantly attenuated
these changes (Figure 3a–e), except for CGRP in the CSC (Figure 3b). These findings
suggest that the anti-hyperalgesic effects of AKU-005 are associated with a reduction in the
CGRP-related pathways, contributing to pain reduction.
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Figure 3. Gene expression and serum protein levels of CGRP. mRNA expression levels of CGRP
in the (a) medulla, (b) cervical spinal cord (CSC), (c) trigeminal ganglion (TG), and (d) meninges;
(e) CGRP serum levels (pg/mL). Data are expressed as mean ± SEM. One-way ANOVA followed by
Tukey’s multiple comparisons test; * p < 0.05 and *** p < 0.001 vs. CT; ◦◦◦ p < 0.001 vs. NTG; # p < 0.05
and ### p < 0.001 vs. AKU-005. Individual subjects’ values are represented as triangle; N = 6–8.

3.3. AKU-005 Effects on the Gene Expression of Pro-Inflammatory Cytokines

TNF-alpha and IL-6 gene expression was significantly higher in the medulla, CSC, and
TG ipsilateral to formalin injection in NTG-treated rats. NTG administration also increased
the gene expression of cytokines at the meningeal level (Figure 4a–h). AKU-005 treatment
prevented an NTG-induced increase in IL-6 and TNF-alpha mRNA levels in all areas, except
for TNF-alpha in the medulla (Figure 4a).
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Figure 4. mRNA expression levels of (a–d) TNF-alpha and (e–h) IL-6 in the medulla, cervical spinal
cord (CSC), trigeminal ganglion (TG), and meninges. Data are expressed as mean ± SEM. One-way
ANOVA followed by Tukey’s multiple comparisons test; * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. CT;
◦ p < 0.05, ◦◦ p < 0.01 and ◦◦◦ p < 0.001 vs. NTG; # p < 0.05 and ### p < 0.001 vs. AKU-005. Individual
subjects’ values are represented as triangle; N = 6–8.

Overall, the data suggest that AKU-005 can counteract the NTG-induced activation
of the inflammatory pathway in both peripheral and central areas relevant to migraine
pathophysiology.

3.4. AKU-005 Effects on Cranial Lipid Levels

The level of endocannabinoids and related lipids were below the detection threshold
in the meninges. In the other areas/tissues, NTG administration did not alter the levels of
endocannabinoids and related lipids when compare with the control group, except for a
reduction in AEA levels in the TG. The administration of AKU-005 had no effect on such
a change (Figure 5). It is reasonable to assume that AKU-005 does not strongly affect the
modulation of endocannabinoids and related lipids in these brain regions.
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Figure 5. Levels of endocannabinoids and related lipids (expressed as ng/g tissue) in the medulla,
cervical spinal cord (CSC), and trigeminal ganglion (TG). Data are expressed as mean ± SEM.
One-way ANOVA followed by Tukey’s multiple comparisons test; * p < 0.05 vs. CT. Individual
subjects’ values are represented as triangle; N = 6–9. Legend: 2-AG, 2-arachidonoylglycerol; AEA,
arachidonoylethanolamine; PEA, palmitoylethanolamide; OEA, oleoyl ethanolamide.

4. Discussion

The local increase of AEA and 2-AG levels synthetized on demand using specific
catabolic enzyme inhibitors may represent a means to modulate the endocannabinoid
system while limiting the possible adverse side effects.

Here, we tested in vivo the biological activity of the reversible dual AKU-005 FAAH/MAGL
inhibitor, which showed potential anti-migraine activity in vitro [27].

Our main findings can be summarized as follows:

(1) The administration of AKU-005 prevented multiple NTG-induced effects: hyperalge-
sia in the trigeminal region, and CGRP increase in serum and in cranial tissues and
brain areas that are relevant to migraine pathophysiology;

(2) The administration of AKU-005 also prevented the NTG-induced activation of the
inflammatory response;

(3) These activities were not associated with significant changes in the levels of endo-
cannabinoids or related lipids in cranial tissues and brain areas that are relevant to
migraine pathophysiology.
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Altogether, these results, obtained in a migraine-specific animal model, suggest that
the dual inhibition of FAAH/MAGL activity has a role in the pathophysiology of migraine.
The lack of changes in the levels of endocannabinoids and related lipids in areas that are
crucial for migraine pathophysiology came as a surprise. Indeed, several papers have
demonstrated that the specific inhibition of FAAH or MAGL, the catabolic enzymes for
AEA and 2-AG, respectively, counteracts the NTG-induced effects that are relevant to
migraine [17,22–24,28]. Furthermore, the in vitro characterization study of AKU-005 by
Aaltonen et al. [26] showed that the compound activity is dependent on the elevation of 2-
AG and AEA brain levels, acting indirectly on the CB1 receptor. In a previous in vivo study,
we also demonstrated that a dual FAAH/MAGL inhibitor counteracted NTG-induced
effects via mechanisms that require the activation of CB1 receptors [24].

One possibility to explain why the biological activities of AKU-005 did not impact
lipids in our experiments is that AKU-005 may have acted mainly at the level of the trigemi-
novascular terminals in the meninges, where we were unable to detect endocannabinoids.
This may be due to the insufficient amount of meningeal samples needed for lipid extraction,
as the trigeminovascular endings are located in the supratentorial dura mater [29].

Along this line of reasoning, we can speculate that AKU-005 induced changes in
the lipid levels in the dura mater, which then caused indirect effects on other areas and,
consequently, on the behavioral changes observed in the orofacial formalin test.

Similar to the present results, the dual inhibitor JZL195 significantly reduced NTG-
induced trigeminal hyperalgesia and pain-associated behavior through cannabinoid receptor-
mediated effects [24]. JZL195 also reduced CGRP and cytokine gene expression in central
and peripheral areas and serum CGRP levels, suggesting that the two dual inhibitors
share at least some mechanisms in their biological activity in the NTG paradigm [24].
In this scenario, we can speculate that NTG administration induced the degranulation
of meningeal mast cells [30,31], thus contributing to the sensitization and activation of
meningeal afferents [32] and causing a localized release of endocannabinoids, which went
undetected in our experiments. In agreement, an over-regulation of inducible nitric oxide
synthase (iNOS) gene expression was reported in the meningeal tissue after NTG admin-
istration, confirming an inflammatory state. The iNOS immunoreactivity was mainly
expressed within resident meningeal macrophages and was associated with increased
IL-1β expression [33]. In line with our data, AKU-005 caused minimal meningeal fiber
firing under baseline conditions, while it significantly decreased meningeal firing following
KCl stimulation [27], causing an increase in endocannabinoid release. The increase in
endocannabinoid levels induced by AKU-005 was mediated by the CB1 receptor [25,27].
In agreement, the enhanced AEA signaling after FAAH inhibition produced significant
anti-nociceptive effects in the meninges [34]. In addition, FAAH inhibition was reported to
modulate pro-inflammatory activity [35] by interacting with several ion channels expressed
in BV2 microglial cells, such as the potassium channel Kv1.5 [36] or the L-type calcium
channel [37]. Other endocannabinoid catabolic enzyme inhibitors have shown different
effects depending on the dose or timing of administration [38,39]. In addition, it is possible
that AKU-005 may had an off-target effect [40,41] which has not yet been identified. For
instance, PF3845 and URB597 were able to reduce prostaglandin E2 (PGE2) production in
lipopolysaccharide-stimulated BV2 microglial cells by suppressing the expression of PGE2
biosynthesis rather than the blockade of PGE2 biosynthetic enzymes [42]. It cannot be ruled
out that AKU-005, with the dose utilized in vivo, may cause changes in other metabolites
that are not closely related to the ECs in the areas investigated [43], thus causing a reduction
in nociception through the modulation of CGRP release.

Of course, additional studies on the molecular and cellular characterization of AKU-
005 and, specifically, on the assessment of its functional profile in the meninges and/or
other brain areas are necessary to further elaborate on this hypothesis; but, still, we feel that
the present findings suggest the opportunity to further investigate the high therapeutic
potential of this pathway based on the dual inhibition of MAGL and FAAH activity.
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Limitations of the Study

Although our animal model is commonly used for studying migraine [15,16], it has
some limitations, like any other model. In the NTG human model, only individuals
predisposed to migraine are subjected to develop NTG-induced headache, with varying
onset times [15,16,44]. Using the animal model, we can mimic only a few aspects of the
disease, such as the change in pain sensitivity induced by NTG through the action of CGRP
release. In this context, AKU-005 seems to be an ideal candidate as it reduces nociception
generation by modulating CGRP release. However, this was a single-dose study, with a
dose selected pragmatically due to the lack of informative evidence on AKU-005 in vivo
effects. Thus, additional studies are necessary to assess whether the lack of effects of
AKU-005 on some of the parameters assessed may be related to an insufficient dose or to
tissue-specific mechanisms. The latter seem particularly relevant in pain processing [45]. In
this context, a thorough pharmacokinetic profile of the compound and a dose–response
assessment will provide crucial information for further studies. Furthermore, we sampled
lipid levels only once at a given time point. More information can be derived from a time-
course evaluation and from an optimized methodology for obtaining adequate specimens
of the meninges.

5. Conclusions

The present findings show for the first time the in vivo potential of the dual MAGL/FAAH
inhibitor AKU-005 to counteract several of the NTG-induced effects that are relevant to mi-
graine, probably by modulating the CGRP pathway. Further assessment of the pathways and
mediators involved in this biological activity will inform the pathophysiological mechanism of
migraine and possibly further characterize a pathway with a high druggable potential.
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