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Experimental models of human diseases are vital for pathophysiological and therapeutic research. To investigate the initiation, maintenance, pathophysiology and even termination of a migraine/headache attack these models are urgently needed. Results from different studies promote the profound involvement of hypoxia in migraine and other primary/secondary headaches. The possible mechanisms that drive the induction of headaches through hypoxia are still unknown, but several modes of action, such as increased blood flow, dilation of cerebral arteries, the release of nitroglycerin, calcitonin gene-related peptide and adenosine or increased oxygen extraction are discussed intensively. In studies exposing healthy volunteers and people with a history of migraine to controlled normobaric hypoxia, our research group could demonstrate normobaric hypoxia to be an effective trigger of migraine headaches. Furthermore, a longitudinal measurement of calcitonin gene-related peptide (CGRP), during a hypoxic challenge in migraine patients, revealed increasing CGRP levels with prolonged hypoxic challenge. Since GRP has been linked to migraine and other headache disorders, hypoxia could be regarded as initiator for headaches on a neurotransmitter basis. Furthermore, it has been known for more than 2 decades from studies in vitro and in vivo that hypoxia can induce cortical spreading depression, a phenomenon believed to represent aura. Considering the increased prevalence of migraine in altitude populations and the solid pathophysiological changes on cellular and neurotransmitter level–the role of hypoxia should be investigated in greater detail by the headache community.
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1 INTRODUCTION
1.1 Hypoxia related mechanisms inducing acute mountain sickness and migraine
Hypoxia is a state in which oxygen is not available in adequate amounts at the tissue level to maintain physiological homeostasis. It can either be the result of insufficient oxygen delivery to the target tissue, as in ischemic stroke and lead to focal deficits, or due to low oxygen saturation in the blood per se as a consequence of reduced oxygen exposure as in higher altitudes. It is very well established that hypoxia can cause secondary headache such as high-altitude headache (HAH), headache in combination with acute mountain sickness (AMS) or even headache attributed to airplane flights (Britze et al., 2016; Konrad et al., 2022). Headache that occurs with an increase in altitude is the cardinal symptom of AMS and is usually accompanied by vegetative symptoms such as anorexia, nausea, dizziness, malaise, sleep disturbance, or a combination of all these symptoms (Bärtsch et al., 2004; Bärtsch and Swenson, 2013). AMS occurs in 50–80% of unacclimatized persons who ascend to 2500 m or higher making AMS also a relevant disease entity in moderate altitude regions such as the alps (Bärtsch and Swenson, 2013). If AMS is neither diagnosed nor treated, high-altitude cerebral edema (HACE) characterized by truncal ataxia, decreased consciousness, and usually mild fever, may become a life-threatening condition with rapidly evolving coma (Bärtsch and Swenson, 2013).
Most interestingly the headache features of AMS include many migraine features and several groups including our own have shown that a migraine attack can be triggered by hypoxia even in migraine naive persons (Burtscher et al., 2010, 2014; Bärtsch and Swenson, 2013). Furthermore, it could be shown that Sumatriptan is efficacious in treating HAH, migraine and preventing AMS (Bärtsch et al., 1994; Jafarian et al., 2007) This has led to the assumption that hypoxia may play an important role in the development of primary headaches as well. Indeed, results from studies could show an involvement of hypoxia not only in migraine but also in cluster headache (Cohen et al., 2009). However, the possible mechanisms that drive the induction of primary/secondary headaches through hypoxia are still unknown–but several modes of action are discussed intensively: 1) increased blood flow, 2) dilation of cerebral arteries, 3) release of nitric oxide (NO), CGRP and adenosine 4), increased oxygen extraction from blood, 5) possible disruption of the blood brain barrier (BBB), 6) release of hypoxia-induced gene transcription factors (HIF) promoting downstream adenosine triphosphate (ATP) synthesis and angiogenesis (Arngrim et al., 2016; Britze et al., 2016). Through evolution, the brain has developed a variety of highly adaptive mechanisms for hypoxia, both in the short and long term. Partial pressures of Oxygen and carbon dioxide, temperature and potential of hydrogen (pH) value are constantly sensed in certain parts of the vasculature and consequently adjusted to avoid disbalance (Bärtsch and Swenson, 2013; Britze et al., 2016). As soon as the peripheral chemo sensors detect an arterial oxygen partial pressure below 60 mmHg a whole wave of counterregulatory mechanisms are initiated involving central (hypothalamus, nucleus of the solitary tract (NTS), paraventricular nucleus (PVN), ventral/dorsal respiratory group) and peripheral (glossopharyngeal nerve, vagal afferents) pathways (Kc and Dick, 2010; Britze et al., 2016). This regulatory circuit enables adaption of ventilatory rate, oxygen extraction rate, cerebral blood flow and release of neuropeptides as mentioned above. If all those measures fail or are at least insufficient the brain can produce energy anaerobically via glycolysis with the generation of lactate. If this accumulation of lactate may be the promotor for primary or secondary headaches is currently debated (Harris et al., 2013).
Although the underlying mechanisms are not entirely clear up to date, the effect of hypoxia is so profound that it can be observed even on the epidemiological level. First, high-altitude regions are associated with a higher prevalence rate of migraine (Arregui et al., 1991; Linde et al., 2017). This rise in prevalence even seems to be correlated with the extent of hypoxia, as another lower high-altitude region with a comparable socioeconomic population showed a lower prevalence (Jaillard et al., 1997). Second, AMS and HAH are found in up to 80% of mountaineers and hikers traveling above 2,500 m above sea level. Astoundingly, the characteristics of migraine and HAH are partially overlapping and migraine appears to be an independent risk factor for the development of HAH as shown by two prospective trials including 1,326 and 506 participants respectively (Burtscher et al., 2010; Canouï-Poitrine et al., 2014). These findings have led to the investigation of sumatriptan as a possible common treatment of migraine and HAH. However, results were discrepant among studies, possibly due to the clinical overlap in both entities. (Bärtsch et al., 1994; Utiger et al., 2022; Burtscher et al., 1995). The similarities between HAH and migraine apparently are not only present within the diagnostic criteria proposed by the International Classification of Headache Disorders, 3rd edition (ICHD-III) (Headache Classification Committee of the International Headache Society IHS, 2018). In a study exposing healthy volunteers to normobaric hypoxia our research group could demonstrate that migraine-like features are present during the hypoxic challenge in a population even without any history of migraines (Broessner et al., 2015). Rather elusive to clinical research, migraine aura has shown pathophysiological links to hypoxia, as animal studies demonstrated tissue hypoxia to be causes and associated with cortical spreading depression (Somjen et al., 1992; Takano et al., 2007).
Importantly the influence is not unidirectional but rather bidirectional as migraine per se is a risk factor for HAH and AMS. In a prospective study investigating predictors of HAH and AMS in mountaineers at high altitude, our group could show that a history of migraine was the most important factor, increasing the risk for HAH by 6-fold (Burtscher et al., 2010).
However, the situation is complicated by the fact that many similarities between the clinical manifestations of migraine, HAH and AMS make it difficult to determine whether these numbers reflect an increased susceptibility to secondary headaches among migraineurs, or genuine migraine attacks that are in fact provoked by the high-altitude environment (Britze et al., 2016).
2 HYPOXIA AS A HUMAN MODEL FOR MIGRAINE INDUCTION
The pivotal rationale for performing research in the clinical medical field is to illuminate (patho)-mechanisms underlying a disease entity. In particular, targeted treatments are entirely reliant on formulating pathways that elucidate the molecular, physiological, and clinical background. To obtain this knowledge disease models proved to be a valuable tool, in vitro as in vivo.
Migraine, being an affliction that is invariably diagnosed by patient report, has recently received targeted therapeutic measures with the introduction of monoclonal antibodies against calcitonin gene-related peptide (CGRP) or its receptor. The development of this milestone in migraine therapy was carried in large part by experimental models. In-vitro and animal models provide invaluable information on molecular and cellular interactions involved in a migraine attack. This has been clearly shown by animal studies investigating the trigeminovascular complex, cortical spreading depression (CSD) and in general mechanisms of nociception (Noseda and Burstein., 2013). However, to further elucidate the clinical presentation of a spontaneous migraine attack, aura or prodromal phase and–even more–the efficacy of pharmacological agents, human models are required. A major reason why animal models are unsuited for this purpose is the observation, that migraine patient brains show differences in morphology as well as functionality (DaSilva et al., 2007; Schulte and May 2016).
Quite a number of neurological disorders are in fact episodic, which requires a differentiated approach to modelling a disease. Chronic neurological disorders can be explored throughout a longer course of the disease, rendering the exact timing of the investigation secondary. Due to the ictal nature of migraine, research in this field often is more time sensitive and requires ‘tipping the scales’ or providing the energy of activation to induce a migraine state” (Demartini et al., 2019). On this account, a human migraine model to induce a migraine attack reliably and safely is favoured over basic observations. Considering the diagnostic criteria for migraines, as laid out by ICHD-III (Headache Classification Committee of the International Headache Society IHS, 2018), an experimentally induced migraine attack will not fulfill the definition of a natural migraine. However, by achieving a close approximation to the symptoms reported during usual migraines, human models can still provide a potent surrogate.
A somewhat natural migraine model is inherent in patients suffering from familial hemiplegic migraines (FHM). This group of disorders is characterized by hemiplegic, basilary or cerebellar aura and is linked to monogenic mutations. The pathophysiology of FHM has been studied with interest to explore an association between pathology and phenomenology. However, triggering agents that are used for “regular” migraine attacks have not been as successful in FHM (Hansen et al., 2008), indicating that FHM might possess different pathophysiological mechanisms, that ultimately lead to a brain state of higher excitability.
Perhaps the earliest human migraine model was introduced in the past century with nitroglycerine (NTG). Italian chemist Ascanio Sobrero synthesized NTG by pursuing his mentors research on the explosive nitrocellulose. After digesting minimal amounts of the compound, he experienced “a violent headache for several hours” (Hughes and Dake., 1888). In subsequent years the beneficial effects of NTG as antihypertensive drug and relieve of angina pectoris displaced the interest of its use as a headache trigger. Almost a hundred years later, with the comprehension of NTGs mechanisms as inducers of NO release, it became relevant to headache research again. This interest was primarily inspired due to the prevalent vascular theory of migraine at that time. Even after the thriving dismissal of this theory and its replacement with the neurogenic concept, NTG as migraine model possesses significance. It is discussed, that NTG may contribute to mechanisms further downstream, such as sensitization of nociceptive networks and receptors as well as activation of pain-promoting pathways (Moskowitz, 1993; Reuter et al., 2001; Benemei et al., 2013). A pivotal nexus in this scenario is the activation of channels of the transient receptor potential (TRP) family. The ankyrin and vanilloid subtypes (TRPA, TRPV) are targeted by various stimuli among them NO, O3, H+, and other reactive oxygen species. Upon stimulation, voltage-gated cation channels are opened causing calcium inflow and subsequently the release of neuropeptides such as Calcitonin Gene-Related Peptide (CGRP) and Substance P. These peptides are thought to play a major role in the sensitization of nociceptive neurons (Goadsby et al., 2017).
Human headache studies demonstrated an immediate and rather short-lasting headache after NTG administration in healthy volunteers (Iversen, 1995). When administered to migraine patients most (<60%) (Sances et al., 2004) still experience an unspecific fast onset headache caused by NTG or no pain at all. However, after two to 6 hours after NTG administration migraine patients (around 20–80%) (Sicuteri et al., 1987; Thomsen and Olesen., 1997; Schoonman et al., 2006) develop a delayed headache resembling their usual migraine attack, independent of their baseline attack frequency. In contrast, healthy volunteers do not seem to display the delayed headache response at all. The delayed onset of migraine headache might be explained by the prerequisite of sensitized neuronal pathways as pointed out in the previous paragraph. Interestingly, patients suffering from migraine with aura develop NTG triggered migraine attacks less likely (40–60%) (Christiansen et al., 1999; Sances et al., 2004) compared to patients with migraine without aura. Furthermore, a review on experimental migraine provocation methods revealed that migraine aura can only be triggered in only four to 14% utilizing NTG (Sances et al., 2004). The NTG provocation test still is a powerful tool in migraine research, however, due to the low success rates in triggering migraines in patients with migraine aura, direct vascular activation leading to severe hypotonia, and the low rates of elicited migraine auras offers room for improvement.
As mentioned above, a common pathway of NTG in migraine pathophysiology might be sensitization of central and peripheral neuronal structures by reactive oxygen species and uncoupling of nitric oxide synthases (NOS), resulting in a common terminal path with brain energy deficit as potential source of oxidative stress (Borkum, 2021). Hypoxia as possible pathogenic mechanism in migraine has been proposed in the early 90s by Amery postulating migraines might be a reaction to cerebral hypoxia (Amery, 1982; Amery, 1985). Amery even went as far as to provocatively stating: “NO HYPOXIA, NO MIGRAINE”. Also, several commonly known migraine triggers are considered as potential donors of reactive oxygen species, resulting in a hypoxic cellular environment (Borkum, 2016). Clinical studies have shown that hypoxia might also be of importance in the pathology of headaches occurring in high altitude. In-vivo human studies have already shown that hypoxia is capable of triggering migraine attacks. Schoonman et al. could elicit migraines in 42% of 16 participants by hypoxia, whereas NTG was only half as effective (21%) (Schoonman et al., 2006). In a similar fashion, by utilizing breathing masks with reduced FiO2, Arngrim et al. provoked migraine headache in 8 out of 15 subjects (53%). They used a population of patients with migraine with aura only and could also trigger migraine aura in 20% of their subjects, reinforcing the association of CSD and tissue hypoxia. To address the issue of hypoxia-induced migraine to be either of vascular or neural origin, Arngrim et al. studied vessel diameters during their experiment, concluding that hypoxia-induced migraines are of metabolic origin, as cerebral vasodilatation did not differ significantly between groups (Arngrim et al., 2016).
Our group was able to demonstrate normobaric hypoxia to be an effective trigger of migraine headaches in 63.3% (n = 19) of our subjects. Comparably to Arngrim et al. we induced migraine aura in five (16.6%) subjects of a mixed population with and without migraine aura. To our own surprise, two of these subjects never experienced an aura before in their life, possibly indicating that any (migraine) brain is capable of developing aura once an individual threshold is surpassed, and neural rescue mechanisms are overwhelmed (Figure 1).
[image: Figure 1]FIGURE 1 | Potential mechanism of hypoxia-induced cortical spreading depression (CSD) in migraine. Normobaric hypoxia can cause activation of redox-sensitive transient receptor potential channels (TRP) with further insertion of transmembrane proteins involved in signal propagation. Trigeminal afferents become sensitized via meningeal nociceptors inducing higher activity in central projections promoting cortical excitation leading to CSD. The initial wave of depolarization followed by tissue hypoxemia results in further activation and sensitization of pain processing pathways and thus migraine pain. Adapted from (Frank et al., 2020).
3 COURSE OF MIGRAINE RELATED BIOMARKERS UNDER HYPOXIA
Since decades, extensive research has been conducted investigating the complex and miscellaneous pathophysiology of migraine. Various pathways have been promoted and discarded over the past years, including the vascular theory–vasodilatation causing the pain in migraine headache – (Ray and Wolff., 1940) - and the hypothesis of neurogenic inflammation–bringing to the fore neuropeptides as mediators in migraine pathophysiology (Edvinsson et al., 2019). Thereof, especially agents with high vasoactive potential as CGRP and pituitary adenylate cyclase-activating polypeptide (PACAP) have become the focus in migraine research (Ashina et al., 2017; Ashina et al., 2021a).
3.1 Calcitonin gene-related peptide
CGRP has probably become the most important blood biomarker in migraine research since its discovery in the early 1980s (Rosenfeld et al., 1983). It is significance in migraine pathophysiology can be attributed to the following: 1) Intravenous application of CGRP can trigger migraine attacks, 2) studies investigated the ictal and/or interictal CGRP levels in saliva, tear fluid, cerebrospinal fluid and peripheral blood showed increased levels during a migraine attack (Goadsby et al., 1988; Van Dongen et al., 2017; Alpuente et al., 2022) and 3) new agents targeting CGRP or its receptor are effective in the prevention of migraine (Edvinsson, 2021).
CGRP, a 37 amino-acid neuropeptide, features a potent vasodilator activity and is expressed in two isoforms: a-CGRP and β-CGRP, with the a-isoform playing an important role in pain processing in the peripheral and central nervous system. It is released from trigeminal afferent fibers (Messlinger, 2018). As the synthesis of CGRP seems to be enhanced as part of an inflammatory response, higher levels during hypoxia induced oxidative stress could be suspected (Edvinsson et al., 2019). However, only few studies assessed peripheral CGRP levels during hypoxia–with conflicting results, probably due to heterogeneous protocols and inconsistent sample processing (Messlinger., 2018). In rodent studies, blood CGRP levels were decreased during hypoxia. (Keith and Ekman., 1992; Keith et al., 2000). A previous in-human study did not find altered peripheral blood CGRP levels in patients naïve to headache and migraine after 9 h of exposure to normobaric hypoxia (12.9% O2) (Bailey et al., 2009). Similarly, Hasbak et al. found no difference in CGRP levels at sea level compared to measurements at a high altitude of 4559 m (Hasbak et al., 2002). These studies have been carried out years before and the explanation of the results may be that CGRP production, release, degradation, and sampling procedures are far from trivial (Messlinger et al., 2018). First, only a minor fraction of CGRP appears in blood samples taken from cubital veins, especially if these are far away from the sites of CGRP release (i.e. trigeminal ganglion). Second, because CGRP is degraded immediately upon release by peptidases in the blood plasma with a half-life of about 7–10 min, only a fraction of the original concentration will appear at the site of blood sampling like the cubital veins (Kraenzlin et al., 1985). Third, the handling of enzyme-linked immunosorbent assays (ELISAs) is highly variable and has not been described precisely enough in most papers, so that it is hardly possible for other groups to repeat the respective measurements. Therefore, it is not astonishing that inconsistent data about the CGRP levels in human blood has been published, even in investigating the same disorders as migraine. To overcome this bias, we encourage the scientific community to use a standardized and evaluated CGRP sampling approach fulfilling international requirements which has been published in detail by Messlinger et al. (Messlinger et al., 2018).
Using this standardized ELISA based approach, in a longitudinal measurement of CGRP during a normobaric hypoxic challenge in migraine patients, we found elevated CGRP levels with increasing duration of the hypoxic challenge (Frank et al., 2022 in press).
3.2 Pituitary adenylate cyclase-activating polypeptide
PACAP is considered a significant neurotransmitter/neuromodulator in migraine pathophysiology and subsists in two forms, PACAP-27 and PACAP-38, the latter being the predominant form in neuronal tissue (Waschek et al., 2018).
As CGRP, PACAP is a potent local and systemic vasodilator, and its intravenous application can trigger delayed migraine-like attacks (Schytz et al., 2009). The blockade of PACAP in migraine patients has been investigated in a Phase II trial however with only negative results so far (Ashina et al., 2021b).
Regarding the ictal or interictal course of PACAP-38, two studies found elevated PACAP levels during a migraine attack (Tuka et al., 2013; Zagami et al., 2014). In contrast, two studies did not find increased interictal levels (Tuka et al., 2013; Cernuda-Morollón et al., 2016). Currently, there are no studies on the course of PACAP-38 during (controlled) hypoxia in migraine patients published.
4 CONCLUSION
Normobaric hypoxia, in addition to the NTG-infusion model, is a solid method of inducing a migraine attack in individuals with and without a history of migraine. Although an experimentally induced migraine attack does not fulfil the ICHD-3 criteria of a migraine attack technically speaking, the symptomatology described by study participants exposed to normobaric hypoxia, the reproducibility, and the elevation of one of the most important migraine biomarkers, CGRP, still suggest controlled normobaric hypoxia as a reliable and promising human migraine model. In studies exposing individuals with a history of migraine to controlled normobaric hypoxia, our research group could demonstrate an unimodal migraine-like headache and aura response (Frank et al., 2020). The features of the headache induced by normobaric hypoxia share many similarities with the migraine definition. The participants in this prospective study have been asked during the exposure if the induced headache reflects their typical migraine attack - with most of them confirmed. The normobaric hypoxia as a human migraine model has intriguing advantages towards the NTG model comprising a non-pharmacological intervention with little side effects, higher attack induction rates, no direct vascular interaction and increased aura induction. However, we are fully aware that larger well-controlled studies must be conducted to investigate if normobaric hypoxia is superior to the NTG approach as human migraine model. The underlying pathomechanisms of hypoxia-induced migraine/headache attacks are yet not entirely clear but based upon solid pathophysiological evidence including prominent neurotransmitters such as CGRP. We propose that the involvement of hypoxia in the pathophysiology of headache/migraine attacks should become a research focus in the headache community.
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