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Abstract

Circadian rhythms are 24-hour cycles of physical, mental, and behavioral changes regulated
and maintained by the internal primary circadian clock, however modifiable by a number of
external cues or “zeitgebers”, the most powerful one being light. Core set of clock genes
regulate the whole-body metabolism and transcription of over 40% of mammalian RNA,
including that for drug transporters, binding and metabolizing proteins responsible for
regulation of pharmacokinetics of vast array of medications. Growing amount of evidence also
shows circadian rhythmicity of a number of patho-physiological processes, such as are
migraine, chronic pain, and epilepsy, suggesting amenability to chronotherapy.
Chronotherapy involves behavioral and pharmacological strategies to restore or correct ill-
functioning circadian rhythm as well as manipulation of standardized treatments throughout
the day to maximize therapeutic and minimize side effects, termed chronopharmacology.
Chronotherapy for chronic migraines and headache variants using synchronization techniques
as well as chronopharmacology of abortive and preventive migraine medications is being
actively researched. In this review, we summarize current state of chronotherapy for
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headache variants and discuss future prospects in circadian optimization of migraine
headaches treatment.
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1. Biology of Mammalian Circadian Rhythm

Circadian rhythms are 24-hour cycles of physiological, behavioral and cognitive changes which
are entrained to the environment by external cues or “zeitgebers”, but persist independently in the
absence of external signals in almost all organisms [1]. They regulate the array of physiological
processes, such as sleep/wake cycles, body temperature, hunger/satiety, blood pressure, heart rate,
respiration, and pain modulation [1-7]. In mammals, circadian rhythms are regulated and
maintained by the internal primary circadian clock, or “master clock”, located in the suprachiasmatic
nuclei (SCN) of ventral hypothalamus. The SCN coordinates peripheral clocks of body organs and
individual cells to achieve maximum effectiveness, either in a direct manner (through SCN
neurotransmitter signaling) or indirectly by controlling hormonal and autonomic outputs [8].
Optimal orchestration is then achieved by the ability of the SCN to reset in response to a number of
environmental zeitgebers. The dominant synchronizing zeitgeber is light, likely due to the universal
presence of cycles of light and dark on the Earth. Light activates melanopsin receptors on retinal
ganglion cells, which then send activating glutamatergic signal via the retinohypothalamic tract
directly to SCN neurons [9].

Intracellular circadian clock machinery depends on the transcription and translation of the core
clock genes that can be thought of in three main groups. The first group of molecular clock proteins
include CLOCK /BMAL1 dimers that are transcription factors governing transcription of downstream
clock genes. The second group, that includes PER-CRY and REV-ERBs/RORs dimers, has the property
to reenter the nucleus and inhibit CLOCK/BMAL1 in negative feedback loop [10, 11]. The third clock
protein group are essentially modifiers of the circadian rhythm that are able to speed up
degradation or slow accumulation of the other clock proteins mostly via
phosphorylation/dephosphorylation [12, 13]. This cascade of clock proteins effects up to 43% of
mammalian RNA protein coding genes, which in turn have been shown to cycle in their abundance
in one or more organs, typically in organ specific manner [14].

2. Circadian Variation of Pain and Migraines

Circadian rhythm changes in pain perception have been well established by numerous studies
for a spectrum of pain conditions including migraines [15-17]. Clinically, symptoms of migraines and
other types of primary headaches do cycle in patients, usually with different periodicities [18].
Migraine attacks mostly peak early in the morning or late at night, although some studies report an
afternoon or biphasic peaks, likely related to the individual patient chronotypes [19]. Migraineurs
more often belong to early chronotype group and most migraine attacks happen in the early
mornings [20]. Circadian rhythms were shown to play an important role in inflammatory pathways,
which are favored by current data as the main pathophysiological mechanisms of migraine [21, 22].
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Circadian control of pain and neuroinflammation has recently been well covered in literature
offering extensive lists of immune mediators and receptors whose expression is under the control
of circadian genes [21]. For example, cytokines TNF-a, IL-2, IFN-y and IL-10 peak during the resting
period, while circadian misalignment results in increase of TNF-a, C-reactive protein (CRP) and
interleukin 10 (IL-10) [23]. In migraine patients, TNF-a, CRP as well as neutrophil/monocyte and
platelet/lymphocyte ratios (NMR and PLR) are higher compared to healthy controls [24]. In a murine
model of chronic pain circadian rhythmicity of pain behavior and expression of pain-related NMDA
receptor subunit and CREB in the SCN being the highest at the beginning of the active period [25].
Clock gene Perl in spinal dorsal horn may play a crucial role in sensitivity to neuropathic pain as its
downregulation leads to increase in mechanical sensitivity in mice [26].

Migraine process involves sensitization of the trigeminovascular system and activation of the
hypothalamus which is central for sleep-wake cycle regulation, and stabilization of the arousal
system of the brain [22, 27, 28]. Lateral hypothalamic peptidergic neurons produce orexin during
wakefulness and melanin-concentrating hormone during REM sleep, thus augmenting inputs from
brainstem to the cortex [27]. Interestingly, pituitary adenylate cyclase-activating peptide (PACAP) is
a hypothalamic signaling molecule that plays a role in circadian clock, and is involved in
pathophysiology of migraines typically being both elevated in patients with migraines and acting as
a migraine trigger [28-30].

Circadian misalignment and sleep disturbances can increase migraine frequency [31, 32]. For
example, familial migraine with aura in patients suffering from familial advanced sleep phase
syndrome (FASPS) is associated with mutations in a serine-threonine kinase, casein kinase | delta
(CKI &), which reduce CKI & activity and thus lead to reduced phosphorylation of Per2 and its greater
stability [33]. Two specific mutations in the gene encoding CKI 6 (T44A and H46R) were identified as
associated with migraine phenotype. Mice carrying CKI & -T44A allele were more sensitive to pain,
suggesting that decrease in CKI & activity can contribute to the pathogenesis of migraine [34].
Melatonin, hormone secreted by the pituitary gland with control of hypothalamus has been
extensively studied in headache. Specifically, melatonin levels are more sensitive to light exposure
in familial migraine patients, thus suggesting higher light sensitivity in migraineurs not only during
attacks, but also in between the episodes [35, 36]. Prolonged exposure to light in the Arctic
population during the summer season correlates with more frequent headaches in migraine
patients [37]. Nocturnal serum melatonin and urine metabolite levels are lower in adult patients
suffering from migraine compared to healthy adults, with no difference after exclusion of patients
with insomnia and depression [36]. 3 mg of immediate release melatonin was found to be superior
to placebo and comparable to nightly amitriptyline 25mg in decreasing migraine frequency [38-40].
In addition to proposed direct effects of melatonin concentration on migraines decreased
availability of melatonin and a relative increase of N-acetylserotoin/melatonin ratio in a setting of
gut dysbiosis increase glutamatergic excitatory transmission in migraine [41].

Other zeitgebers, such as food intake and exercise, have also been noted to affect migraines.
Stress and food deprivation are two frequently reported triggers of the migraine attacks. Prolonged
fasting causes worsening of primary headaches, including migraines [42]. Missing meals has been
self-reported as a migraine trigger by 57% of patients [43]. However premonitory migraine
symptoms, such as decreased appetite and light sensitivity can overlap with migraine triggers and
lead to skipping meals and light exposure being over reported in patient surveys. [44]. Interestingly
night time snacking was shown to be associated with 40% decrease in migraine frequency compared
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to having no food [45]. The relationship between skipping meals and migraines is unclear, one of
the proposed causes is hypoglycemia causing worsening of migraine [43].

While there are some observations that exercise can trigger migraine attacks by resetting
circadian clock and sleep cycle, there is also evidence that regular exercise may have a prophylactic
effect [46]. Timing of physical exercises was shown to cause circadian phase shifting by Youngstedt
et al; they measured changes in the phase of melatonin metabolite 6-sulphatoxymelatonin (aMT6s)
after subjects performed one-hour moderate treadmill exercises at different times of the day and
demonstrated that morning and evening exercises produce a similar circadian clock resetting effect
as exposure to light. The largest circadian phase delays were after exercising performed between
19:00 to 22:00 and the largest circadian phase advances at both 7:00 and from 13:00 to 16:00 [47].
Recent study of active students demonstrated protective effect of sport in female migraineurs,
although the timing of the sports activity was not analyzed [48]. The proposed common
neuromodulators in migraine and exercise are: calcitonin gene-related peptide (CGRP) increased in
both exercising and migraine, endogenous opioids increased in exercise and decreased in headache
and brain-derived neurotrophic factor (BDNF) elevated during migraine attacks and after exercise
[49]. The relationship between migraine headache and exercising is rather complex and likely
depends on multiple factors, such as the timing of exercise, intensity, duration and current presence
of the migraine.

3. Abortive Migraine Management and Circadian Rhythm

Chronotherapy is defined as a precise timing of different therapeutic modalities including
pharmacotherapy throughout the day to match body rhythms, optimize therapeutic outcomes and
minimize side effects [50]. Specifically in migraine treatment, the timing of the ingestion of an
abortive migraine medication can be predicted to result in different treatment outcomes spanning
from ineffectiveness to toxicity as gastrointestinal absorption, liver and kidney metabolisms
including drug degradation and excretion demonstrate strong circadian rhythmicity [50-55].
Absorption and pharmacokinetics of some migraine medications (e.g. indomethacin, nifedipine,
valproic acid (VPA)) are time-dependent, their metabolism being affected by oscillations in
expression of drug transporters, binding and metabolizing proteins [50, 56-58]. Indomethacin
reaches its peak concentrations faster and peaks higher when taken before noon, compared to
afternoon and evening injections [57]. VPA, which is often used in emergent/urgent settings as a
onetime infusion of 500 mg to abort migraine attack, also demonstrates circadian variability of
absorption and metabolism demonstrating higher blood concentration after the morning dose
compared to the evening dose [59]. Furthermore, VPA was shown to upregulate the expression of
circadian clock genes encoding core circadian transcription factors regulating both positive and
negative limbs of feedback loop [60]. Caffeine as the adenosine receptor blocker has different
activity during the period of wakefulness, being most effective in decreasing migraine pain in the
afternoon hours [61]. Chronopharmacokinetics of sumatriptan studied in a small group of
volunteers demonstrated significantly higher peak serum concentration after a morning dose
compared to an evening dose. Also, the mean oral clearance and volume of distribution after the
morning dose was lower comparing to the night dose [62]. Zolmitriptan and sumatriptan attenuate
the circadian phase-shifting effects of light by 5HT1B receptor activation in the SCN in Syrian
hamsters and without causing phase shifts on their own [63]. These findings are likely applicable to
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human subjects as well, and triptans might play a role in reducing photosensitivity and minimizing
circadian disturbances caused by light exposure.

Circadian rhythm can also affect toxicity of a medication resulting in toxic levels or prolonged
exposure to the drug. For example CYP-mediated metabolism plays an important role in
acetaminophen toxicity, which is more severe in the evening, shown that Cyp2el enzyme has a
diurnal expression, higher in the nighttime [64]. In the animal model experiments it was
demonstrated that plasma concentration and toxicity of Tramadol varies with circadian rhythm and
is highest at night [65]. Thus, knowing the circadian specifics of analgesics metabolism helps to
maximize its efficacy and minimize side effects and toxicity of the treatments. Morphine and its
metabolite M3G were shown to have circadian variations throughout a 24-hour cycle, being 54%
higher in the middle of the dark phase compared to the start of the light phase [66]. Epidural
analgesia duration was noted to be longer in diurnal period compared with nocturnal, similar
pattern was reported in oral local anesthesia by mepivacaine lasting longer at 15:00 compared to
night and early morning [67, 68]. With more and more information available regarding the specifics
of chronotherapy for various medications, we will be able to apply abortive therapy in optimized
chronotherapeutic regiments

4. Preventive Migraine Management and Circadian Rhythm

There are three major lines of preventive migraine therapy: anti-hypertensive drugs, tricyclic
antidepressants and antiepileptic dugs (AEDs), each of the groups demonstrating circadian
variations in efficacy. Verapamil, a calcium channel blocker, effective in treatment of migraines and
cluster headaches is known to alter circadian rhythm of blood pressure being most effective if
administered bedtime, which results in the high concentration of the drug in the morning [69, 70].
Propranolol was also found to have circadian variations in pharmacokinetics, demonstrating the
shortest half-life when taken at 8:00 and the longest when taken at 20:00. Time to peak was found
to be the shortest when taken at 08:00 [71]. Finally, propranolol was shown to shift circadian phase
itself [72].

There is a growing amount of evidence toward circadian rhythmicity of epileptic seizures, which
could be related to cortical excitability during sleep and wakefulness and increase of seizure
probability in the morning following sleep deprivation [73]. Migraine and epilepsy have some
overlap, both recognized as originating from electrical disturbances in the brain and rhythmicity on
a circadian time scale, sometimes referred to as a singular phenomenon, “migralepsy” [74].
Chronotherapeutic dosing of AEDs, such as phenytoin and carbamazepine shows improved
response of diurnally active epileptic patterns and reduced toxicity when administered at 20:00 in
comparison to conventional administration of AEDs [75]. Depakote is often used as a preventive
migraine medication and might play a role in affecting circadian rhythms by disrupting oscillatory
expression of genes which play a role in regulation of those rhythms [60].Growing evidence of AEDs
being more effective in chronotherapeutic administration for treatment of seizures and the overlap
of migraine with epilepsy treatment, as well as overlap in pathophysiology of migraine and epilepsy,
allow us to suggest that more evidence will arise towards efficacy of chronotherapy in treatment of
chronic migraines.

Chronopharmalogical profiles of several antidepressants, were suggested to have circadian
rhythmicity when studied in animal model. Antidepressant effect of tricyclic antidepressant (TCA)
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imipramine in mouse model was observed to be highest in the evening in tail region, though plasma
and brain levels of the drug were slightly higher in the morning [76]. Circadian changes of
pharmacokinetics of amitriptyline in rats demonstrated highest bioavailability in the dark phase
around 4:00 with acrophases for clearance appearing between 19:00 and 21:00 [77]. TCAs are
mainly inactivated by CYP450 enzyme in the liver; thus the variation of the serum concentration of
the TCAs can be explained by circadian regulation of the CYP450 [78]. Small heterodimer partner
(SHP) is a circadian gene, which seems to regulate liver circadian clock machinery and CYPs [14].
There is not enough data on circadian fluctuations of TCA pharmacokinetics in human subjects in
the literature; thus it could be an area of further investigation.

Onabotulinum toxin (BTA) injections have been used since the early 2000’s for chronic migraine
prevention with great results [79]. Our group demonstrated that chronic migraine patients with a
stable circadian sleep/wake routine benefited the most from BTA injections administered in the
afternoon. Although not tested directly, pharmacokinetic research on BTA variants offered some
clues as to why this effect might be happening. BTA1 is the only subtype commercially available for
chronic migraine treatment and it spreads throughout the tissue better than BTA2 [80, 81]. BTA3
subtype has slightly decreased potency compared to BTA1, likely related to a less efficient SNAP-25
hydrolysis and LC stability [82]. Therefore, hypothesized circadian variability of BTA1 efficiency is
likely related to difference in cell entry and/or toxin spread during different circadian phases [80].
We have also demonstrated that discomfort associated with BTA injections is significantly less in
the afternoon compared to patients injected in the morning, thus likely improving compliance [83].

5. Discussion

Circadian rhythms regulate physiological processes, and play an important role in pain
modulation and migraine. The fact that the same neuroanatomical structures are involved in sleep-
wake regulation and migraine pathogenesis lends itself to a number of possible treatment
optimizations. On the molecular level, core circadian genes were found to be activated in pain
modulation and sensitivity to pain and development of small-molecule clock modulators should
eventually allow for testing of these in migraine management. There is more research to come on
molecular mechanisms of migraine and its relationship to circadian genes. Currently available
research of chronotherapy is a good foundation to build on for the future research and application
of chronotherapy for chronic migraine. Improved understanding of the association between
circadian rhythms and migraine variants will lead to significant changes in clinical practice and
patient outcomes. Timing of therapeutic interventions, ranging from oral intake of medications to
injections administrations should be optimized based on comprehension of these biological systems
in standard of care protocols that should include preferred therapeutic windows.
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