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Abstract

There is a strong interaction between sleep and headache. Sleep and headache disorders overlap
epidemiologically, and share elements of anatomy and physiology. Perhaps as a result, their
treatment is often mutually interdependent. Despite this, headache and sleep disorders tend to be
treated separately, by different subspecialties of neurology. The headache disorders and their
relationship to sleep, the commonalities of headache and sleep pathophysiology, and headache
disorders that are particularly susceptible to sleep modulation (and vice versa) are reviewed.
Practical management advice for sleep-modulated headaches is provided.
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The headache disorders are strongly modulated by sleep, and the sleep disorders are
frequently characterized by headache. Despite this, they tend to be treated by physicians
from different subspecialties, with divergent training and clinical priorities, meaning that
they are often not considered together in treatment decisions. In addition to their clinical
overlap, headache and sleep disorders both involve disruption of highly conserved brainstem
and diencephalic networks that have homeostatic functions; as such, they share common
pathways that may interact on multiple levels. An understanding of either set of disorders
will be incomplete without knowledge of their shared anatomy and physiology.

The pathophysiologic commonalities between the sleep disorders and headaches will be
discussed first, followed by a discussion of some of the disorders individually. This will be
followed by a section on patient management. As several recent reviews have expertly
covered the shared epidemiology of sleep and headache disorders,1~> we refer the reader to
these for details.
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ANATOMY AND PHYSIOLOGY OF SLEEP AND HEADACHE

Sleep and Arousal

The brainstem and diencephalon are central to sleep and arousal. Although the sleep cycle
has been more extensively discussed elsewhere in this volume,7 we review certain key
concepts here to highlight areas of possible interaction between sleep and headaches.

AROUSAL—The main mediators of arousal are the cholinergic and monoaminergic nuclei
of the brainstem and basal fore-brain, which interact with state-generating centers in the
thalamus and hypothalamus. Two main arousal streams have been identified.%” The first,
arising from the pedunculopontine nucleus and the laterodorsal tegmentum, projects to the
thalamus. This is excitatory to thalamic neurons, maintaining membrane potential at levels
that prevent them from entering a sleep-associated bursting mode. The second arousal
stream originates more diffusely in the basal forebrain and the brainstem, and projects to the
hypothalamus. The basal forebrain contains cholinergic nuclei. From the brainstem come the
monoaminergic nuclei, the noradrenergic locus ceruleus, the serotonergic dorsal and median
raphe nuclei, dopaminergic neurons of the ventrolateral periaqueductal gray, and
histaminergic neurons of the tuberomammillary nucleus. These predominantly excitatory
projections converge on the lateral hypothalamic area (LHA), which is the primary source of
orexin, a key component of the arousal switching mechanism that has also been implicated
in pain processing (see below).

SLEEP—As might be expected, inhibition of the nuclei involved in arousal is part of sleep
regulation. The arousal-associated tuberomammillary nucleus, locus ceruleus, and dorsal and
median raphe are inhibited by the ventrolateral preoptic nucleus (VLPO) of the
hypothalamus, via gamma amino butyric acid (GABA) and galanin. Sleep-promoting VLPO
activity is activated by adenosine, which is thought to be an endogenous somnogen.
Adenosine is generated from adenosine triphosphate (ATP), and accumulates over the day,
likely providing part of the homeostatic drive for sleep.® As well as activating the VLPO,
adenosine inhibits the arousal-associated cholinergic nuclei of the basal forebrain.

CIRCADIAN CONTROL—The circadian sleep drive, unlike the homeostatic drive, is
intrinsic and can function independently of activity. The neurons of the suprachiasmatic
nucleus (SCN) are the pacemakers of the system, with an intrinsic 24-hour activity rhythm
that is aligned with the day/night cycle via retinal inputs during the day and melatonin from
the pineal gland at night.

The SCN is connected to hypothalamic sleep-related nuclei (VLPO and LHA) indirectly,
through nuclei involved in complementary forms of homeostatic regulation, such as
corticosteroid hormone release (dorsomedial hypothalamus [DMH]) and thermoregulation
dorsal subparventricular zone (dSPZ). Similarly, a strong indirect connection via DMH to
locus ceruleus has been identified.? These indirect connections from SCN to arousal and
sleep centers are thought to exist to ensure that different inputs relevant to the sleep wake
cycle are integrated.’ They also allow hypothalamic sleep and arousal output to be
coordinated with other autonomic output.
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SLEEP-WAKE AND NREM-REM TRANSITIONS—The transition from wake to sleep
and vice versa is highly regulated, and conditions in which characteristics of the sleep and
wake states are not properly partitioned (rapid eye movement [REM] behavior disorder,
narcolepsy) are considered pathologic. To understand the transition, Saper and colleagues
have advanced the concept of the flip-flop switch,’ an engineering term for a system which
heavily favors one or the other of two states, but disfavors any transitional mode between the
two. There is strong evidence that the mutually interconnected networks promoting sleep
and wakefulness function in this manner.

The wake-promoting monoaminergic and cholinergic nuclei have mutually inhibitory
reciprocal connections with the ventrolateral preoptic nucleus in the hypothalamus. This
type of connection is consistent with a flip-flop switch, as increased activity in one of the
opposed arms increases inhibition of the other arm. Like the sleep/wake transition, the
transition between non-REM (NREM) and REM sleep is also both rapid and fundamental,
and there is recent evidence that this transition also involves a flip-flop switch.10 Mutually
inhibitory connections consistent with such a switch have been identified between a REM-
on region in the sublaterodorsal and preceruleus regions (SLD/PC; in the mesopontine
tegmentum in the vicinity of the locus ceruleus) and a REM-off region in the ventrolateral
periaqueductal gray and lateral pontine tegmentum (VIPAG/LPT; in the pontine tegmentum).
The VIPAG/LPT REM-off region contains orexin-2 receptors, and receives excitatory
projections from the orexinergic neurons of the lateral hypothalamic area, which are active
during wakefulness, but inactive during REM sleep. As we will see, the VIPAG has also been
shown to be active in pain modulation.

Like sleep, nociception involves a complex network of interacting brain structures with
distinct physiologic and pharmacologic properties. Although recent work has shown that
nociceptive inputs are indeed “labeled lines” that are consistent with specific pathways, and
are not merely subsets of somatic sensation, it is also clear that these inputs are part of a
multiply redundant matrix that includes significant behavioral and autonomic
components.11-13 Nociception and sleep are both closely linked with mood and affect as
well as with homeostatic autonomic function. Unlike sleep, however, pain has much less
reliably quantifiable measures. This is particularly true for headache, which has few
definitively measurable physiologic correlates. As a consequence, headache disorders are
more difficult to investigate, and less is known about their anatomic and physiologic
substrates.

ANATOMY—The principal innervation of the cranium and its contents comes from the
trigeminal nerve (with contributions from glossopharyngeal, vagus, and cervical roots C1—
C3 around the ear, occiput, and posterior fossa). After synapsing on the relevant sensory
ganglia (trigeminal ganglion, superior and inferior ganglia of the glossopharyngeal and
vagus nerves, and C1-C3 dorsal root ganglia), all of these afferents converge on the
trigeminal nucleus caudalis (TNC), the principal brainstem nucleus subserving pain and
temperature sensation in the head and neck.
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The innervation of the intracranial contents is distinct from other parts of the body. The brain
parenchyma proper (with the possible exception of the periaqueductal gray'# and the
insulal®) does not sense pain; this allows for awake neurosurgical procedures. However, the
cerebral arteries and dural sinuses are heavily innervated with the a-delta and c-fibers which
transmit pain. The pia, dura, and vessels of the anterior and middle cranial fossae are
innervated by the first (V1) division of the trigeminal nerve through the trigeminal ganglion,
whereas sensation from the posterior fossa is additionally innervated from cranial nerve
(CN) X (superior ganglion) and C1-C3 (dorsal root ganglia).16:17

From the TNC, pain and temperature information passes up the trigeminal lemniscus to the
ventral posteromedial thalamus (VPM) and then to the somatosensory cortex. However,
trigeminal nucleus caudalis efferents also supply the insular and limbic cortices, which are
thought to process visceral and affective aspects of pain, respectively.1® These efferents pass
through a highly interconnected brainstem and diencephalic circuit, which interacts at
multiple levels with autonomic control centers.1213 The TNC also has direct relays to the
hypothalamus via the trigeminohypothalamic tract.1® Craniofacial pain both modulates, and
is modulated by, homeostatic systems. It is thus not surprising that so many of the headache
disorders are characterized by autonomic and affective symptoms.

TRIGEMINOVASCULAR AND TRIGEMINO-AUTONOMIC REFLEXES—Trigeminal
afferents also have their own effector functions, which can be independent of higher
brainstem modulation. Trigeminal stimulation, either over cerebral vessels, along the
trigeminal nerve, or in the trigeminal ganglion, causes antidromic release of substance P,
neurokinins, and calcitonin gene-related peptide (CGRP) from the afferent terminals
(reviewed in reference 20). These mediators dilate dural and cortical surface vessels;
increase the permeability of dural vessels resulting in plasma protein extravasation; and
cause further depolarization of the very nerves that released them, creating a positive
feedback loop. This feedback can be amplified by activation of parasympathetic efferents,
likely via the superior salivatory nucleus, which perpetuates the response. This integrated
response is referred to as the trigemino-autonomic reflex.2

BRAINSTEM AND DIENCEPHALIC PROCESSING—It has yet to be determined
which of the peripheral and central components of craniofacial pain are primarily involved
in the generation of different types of headache disorders; however, it is likely at higher
brainstem and diencephalic circuit levels that the pain and sleep systems interact. Collaterals
from neurons in the TNC synapse on the nucleus of the solitary tract (NTS) and the
parabrachial nucleus (PBN). The NTS is the principal nucleus for viscerosensation, and is
thus involved in cardiovascular, respiratory, and gastrointestinal reflex loops. The PBN has
similar viscerosensitive functions, but is a higher level regulator, and communicates to a
greater extent than the nucleus of the solitary tract visceral information to the hypothalamus,
thalamus, and cortex.12

Via collaterals to the nucleus of the solitary tract and PBN, TNC neurons are thus in contact
with all components of central autonomic control. These include networks for modulation of
pain, arousal and sleep, sympathetic and parasympathetic outflow, and neuro-endocrine
function. In turn, by virtue of entry into these networks, nociceptive information becomes
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amenable to feedback from other modalities. It is at these network levels that sleep and
headaches are likely connected.

DESCENDING PAIN CONTROL—As might be expected, the trigeminal nociceptive
system interacts at multiple levels with the descending pain control system. A first element
in this circuit is the rostroventromedial medulla (RVM),2! a relay in descending modulation
of pain which can have both facilitatory and inhibitory effects. Facilitatory cells in the RVM
have been shown to be involved in the allodynia associated with neuropathic pain, and there
are preliminary reports that the RVM may have a similar role in the allodynia of migraine.22
A second element is the series of raphe nuclei, most prominently the medullary raphe
magnus and pallidus. These serotonergic nuclei project to the dorsal horn of the spinal cord
and brainstem, activating inhibitory interneurons which reduce pain afferent activity. A third
element is the noradrenergic locus ceruleus (LC) in the pons, which also projects to the
dorsal horn and inhibits pain afferent activity. As above, the LC and raphe nuclei are also
involved in arousal, and inhibition of REM sleep.

Further rostral is the periaqueductal gray (PAG). Stimulation of the PAG can induce
anesthesia in humans and experimental animals. Though often referred to as a homogeneous
unit, the PAG has multiple cell columns which can entrain opposite behaviors. For example,
stimulation of the ventrolateral PAG (VIPAG) in cat causes motor quiescence and decreased
blood pressure, whereas stimulation of the lateral PAG causes a flight reaction including
increased blood pressure.12 This coordinated behavior reveals that the PAG is at a higher
level of organization than the RVM, locus ceruleus, or raphe nuclei; indeed, it sends
processes to each of these regions. PAG projections to the LC and raphe nuclei are what
entrain the dorsal horn analgesia effects of these lower nuclei.

The VIPAG is a particularly rich region for interaction between sleep and headaches. First,
activity in that region causes motor quiescence and other behaviors surprisingly similar to
those seen in migraine attacks.23 Second, the VIPAG is a REM-off region, innervated by
orexinergic afferents from the lateral hypothalamic area.” Cluster headache, migraine,
paroxysmal hemicrania, and hypnic headache have all shown an association with arousal
from REM sleep and/or derangements in REM (see below). Third, recent work has
demonstrated an antinociceptive role for neurons in the vIPAG, with direct orexin
stimulation of VIPAG neurons inhibiting nociceptive activity in the trigeminal nucleus
caudalis.24 This builds on prior work showing that systemic orexin agonists reduced several
indices of trigeminovascular activation.2526 Fourth, human structural and functional
imaging studies in migraine have shown alterations of the rostrodorsal pons, particularly
regions consistent with periaqueductal gray, but also consistent with the dorsal raphe or
locus ceruleus.2’-22 An influential PET study?’ showed that rostrodorsal pontine activation
actually coincided with a spontaneous migraine attack. Finally, and perhaps most
convincingly, it has been known for some time that stimulation of the periaqueductal gray
(or, again, the immediately adjacent DRN or LC) in humans can bring on headaches
indistinguishable from migraine.14.30

HYPOTHALAMUS—There is probably no “pain control” center per se in the
hypothalamus; rather multiple areas are involved in coordinating patterned responses, of
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which pain modulation is a constituent part. To a greater extent than the PAG, the
hypothalamus is a complex pattern generator, orchestrating the activity of lower centers to
generate a homeostatic response.12

Multiple imaging studies in different types of primary headaches have identified either
activation or structural abnormality in regions consistent with posterior hypothalamus during
the headache phase. This pattern has been particularly prominent in the trigeminal
autonomic cephalalgias (TACs), including cluster headache,3! paroxysmal hemicrania,32 and
short-lasting unilateral neuralgiform headache with conjunctival injection and tearing
(SUNCT),33:34 and was thought to be specific to these disorders. However, a recent study
has shown posterior hypothalamic activation (in addition to pontine activation) during
migraine,3® suggesting that brainstem and hypothalamic activation may be common to all
the primary headache disorders, and even craniofacial pain in general.36

The hypothalamus packs myriad, often mutually exclusive functions into a very small
region, and functional imaging does not yet have the ability to conclusively distinguish even
large brainstem nuclei, let alone subnuclei of the hypothalamus. The region referred to as
“posterior hypothalamus” on structural and functional imaging studies is much broader than
the histologically defined group of nuclei. However, injection of morphine into the posterior
hypothalamic area can cause profound analgesia,3” suggesting a role in pain modulation.
Posterior hypothalamic stimulation is effective in alleviating intractable cluster headache.38

Interestingly, both the posterior hypothalamic area and the immediately adjacent lateral
hypothalamic area and DMH (which could easily be contained in the broad areas of
activation seen on functional imaging) contain orexinergic neurons. A recent study has
shown that hypothalamic orexinergic neurons are involved in the descending inhibition of
pain which occurs during stress-induced analgesia.3? Orexinergic neurons have been
implicated in both narcolepsy (via their selective loss)*? and in modulation of nociceptive
activity in the trigeminal nucleus caudalis (via activity in the VIPAG).24 As will be seen
below, narcolepsy may be associated with an increased prevalence of migraine and tension-
type headache. And though so far there is no direct evidence, the circadian nature of several
headache disorders strongly suggests involvement of the SCN. Thus, though there is likely
not a specific “headache generator” in the hypothalamus (nor, given its function, would one
expect such a center), it is possible that dysfunctional hypothalamic activity contributes to
both altered sleep/wake function as well as altered pain processing via its orexinergic
neurons.

Fig. 1 summarizes the shared anatomy of headache and sleep.

Adenosine is a ubiquitous compound with myriad roles in the body. A product of the
degradation of ATP, adenosine is primarily a local signaling molecule with inhibitory,
vasodilatory, and cytoprotective roles, whose activity is linked (via ATP) to energy
metabolism.#! Adenosine has four receptor subtypes, A1, A2A, A2B, and A3, distributed in
different anatomic locations, sometimes with opposite functions. So to speak of “actions of
adenosine” is meaningless without qualification by tissue type and receptor subtype. That
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said, both sleep and pain, and their respective disorders, appear to rely on adenosinergic
activity for some of their functions.

Adenosine is most likely an endogenous somnogen, which accumulates with energy
consumption during the day.#243 An area that appears particularly sensitive to adenosine
concentrations is the basal fore-brain, whose cholinergic nuclei are involved in arousal.
Basal forebrain cholinergic neurons have Al and A2a receptors, and respond to increasing
concentrations of adenosine with decreased activity.** In opposite fashion, the sleep-
promoting ventrolateral preoptic nucleus of the hypothalamus is excited by adenosine.
Moreover, adenosine concentrations vary over the sleep—wake cycle, increasing with
prolonged wakefulness, and decreasing with sleep, consistent with the kinetics of an
endogenous somnogen.8 Adenosine is likely involved in slow wave sleep, as exogenous
adenosine can precipitate slow wave sleep, and caffeine in humans attenuates the
phenomenon (reviewed in reference 43). Recently, a mutation in adenosine deaminase
(which degrades adenosine) was found, which significantly increases the duration and
intensity of slow wave sleep.*®

There is some evidence that adenosine may be relevant to the headache disorders as well, but
the anatomy and physiology is complex. Adenosine activity at presynaptic Al receptors in
spinal cord is antinociceptive,*® and A1 knockout mice have an increased sensitivity to
pain.#” Selective A1 agonists have been shown to inhibit trigeminal nociception in rodents,*8
and in humans, A1 agonists reduce the nociception-specific blink reflex.4? Perioperatively,
adenosine itself has been used as an adjunct or even a substitute for opiate analgesia,>° but it
is not free of side effects, which include flushing and, interestingly, headache.

The other side of the coin is that activation of A2A receptors can induce pain, and A2A
receptor knockout mice show hypoalgesia (reviewed in reference 51). Caffeine, an adenosine
Al and A2A antagonist, is an analgesic that is commonly used for all types of headache
(excedrin contains 65 mg of caffeine, equivalent to a cup of coffee). Caffeine withdrawal is a
common cause of problematic headaches.>2 Dipyridamole, a phosphodiesterase inhibitor and
adenosine re-uptake inhibitor, has headache as its major side effect, and induces migraine-
like headache in migraine patients.>3 Finally exogenously administered adenosine can
induce migraine.5

The apparently contradictory effects of adenosine are most likely due to its different roles at
different locations and receptor subtypes. With this in mind, it is important to recall that
adenosine is a vasodilator, via A2A receptors. And via Al, A2A, and A3 receptors,
adenosine has been implicated in the neurogenic inflammation that is part of the
trigeminovascular reflex (see above).? In its role as an inhibitory neuromodulator,
adenosine may prevent the excessive excitation that could lead to headache initiation or
perpetuation. In its role mediating vasodilatation and neurogenic inflammation, it may
activate the very trigeminovascular system that it inhibits downstream.

The data on adenosine levels during headache are sparse; however, two small studies have
found 47% and 68% /ncreases in plasma adenosine levels in migraineurs during the attack
compared with control conditions.>®:57 Whether these increases are causal, or epiphenomena

Semin Neurol. Author manuscript; available in PMC 2017 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brennan and Charles

Melatonin

Page 8

of nociceptive activation, is of course an open question. But adenosinergic activity does
appear to be involved in migraine. It was recently found that a polymorphism in an A2A
receptor haplotype is associated with migraine with aura.>® Clearly, the role of adenosine in
both headache and sleep disorders bears a great deal more research.

Melatonin is synthesized from serotonin by pinealocytes in the pineal gland. It is secreted
nightly, its timing closely entrained by activity from the suprachiasmatic nucleus (SCN),
which itself integrates incoming light information from the retinohypothalamic tract. High
levels of blue light inhibit melatonin secretion, and low levels favor it. In conditions of
natural lighting, melatonin secretion begins when daylight dims, peaks at midnight, and
decreases in the later night hours. Thus, melatonin helps maintain the daily sleep—wake
cycle. Melatonin is also involved in seasonal behavioral changes, for example in animals
with seasonally dependent mating, probably via integration of changes in length of
daylight.59

Given its prominent chronobiology—daily and seasonal—it is not surprising that cluster
headache has shown alterations in melatonin secretion, with decreased peak and median
melatonin secretion89-63 and a phase advance in timing of secretion0 during the cluster
period. In addition, there was a disruption of the phase relationship between cortisol and
melatonin, which normally is highly conserved.53

Reductions in plasma melatonin have also been seen in migraine patients,54 although a
significant effect of concomitant affective disorders was also seen. When controlled for
affective disorders, only females showed decreased peak melatonin levels. A follow-up on
this female predilection showed significantly reduced peak urinary nocturnal melatonin in
the luteal phase in patients with menstrually related migraine.5> As menstrual migraine
generally occurs between the end of the luteal phase and the beginning of the subsequent
cycle, these differences could be relevant. Melatonin secretion in migraine patients has also
been shown to be more sensitive to light than in controls.56

Treatment with melatonin reduced headache frequency in episodic but not chronic cluster
headache patients, in a placebo controlled trial.67 Other reports have been small and results
have been mixed. There have been no placebo controlled trials of melatonin in migraine, but
numerous observational studies and case reports support the possibility of an effect
(reviewed in reference 68).

Transgenic Models

Basic neuroscience has been revolutionized by transgenic models of disease. The headache
disorders are no exception to this. And very interestingly, these transgenic animals may have
sleep phenotypes.

Recently, a family was identified with both familial migraine with aura and familial
advanced sleep phase syndrome (FASPS),%9 which appeared to be inherited in an autosomal
dominant manner. On average, affected family members woke and went to sleep 3 to 4 hours
earlier than their unaffected relatives, consistent with the FASPS phenotype seen in other
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kindreds.”® A mutation was identified from this family in the casein kinase 16 (CK1 &)
gene, which codes for a ubiquitously expressed serine/threonine kinase that is known to be
involved in circadian clock regulation.”! Expressed in fly and in mouse, this mutation
recapitulated a circadian phenotype.

Familial advanced sleep-phase syndrome is not generally perceived as a disease by patients;
it was migraine with aura that brought the CK1 6 mutant family to medical attention. The
existence of a transgenic mouse allowed investigation of the possibility of a migraine
phenotype. CK1 & transgenic mice showed a significantly lower threshold for cortical
spreading depression compared with their wild-type littermates,’2 suggesting that CK1 &
transgenics have an increase in cortical excitability, consistent with a susceptibility to
migraine with aura. In addition, pial arteriolar dilatation during cortical spreading depression
was significantly greater in transgenic animals, despite virtually identical baseline arteriolar
diameters. This suggests that the neurovascular changes which link CSD and migraine
pain’3 are also deranged. Further testing with a mouse model of allodynia’* demonstrated
that CK1 & mice do have alterations in nociceptive processing, with decreased mechanical
and thermal pain thresholds compared with wild-type litter-mates in response to
nitroglycerin injection.

CK1 6 transgenic mice appear to offer the first animal model of shared migraine and sleep
pathology. However, an interesting corollary to these findings is evidence that established
mouse migraine models may also have derangements of sleep. The R192Q strain of
CACNA1A (FHM1) mice, which show reduced threshold for CSD, also show alterations in
the sleep—wake cycle, with abnormal adjustment to phase shifts in the dark/light cycle.”®
These findings, from a mouse generated from a completely different human mutation,
suggest that circadian dysregulation, and perhaps alterations in the SCN, may be common to
migraine in general.

THE SLEEP AND HEADACHE DISORDERS

Migraine

Migraine includes a constellation of symptoms that may occur before, during, or after
headache, (or even in the absence of headache). Some of these symptoms are referable to
cerebral cortex, and include visual symptoms such as scintillations and scotoma, cortical
sensory symptoms, language dysfunction, and other cognitive dysfunction. Other symptoms
indicate changes in brainstem or diencephalic structures: prodromal symptoms of hunger
and thirst, polyuria, and yawning; and ictal symptoms of vomiting, vertigo, flushing and
pallor, and occasional conjunctival injection and tearing. Still others are not clearly
localizable, such as light and sound sensitivity, fatigue, and mood changes.

Migraine has prominent chronobiologic features. The association with the menstrual cycle in
females is well known.”® Less well-known are circa-septan patterns, with more frequent
headaches on the weekend, and circannual patterns, with more frequent headaches in winter
in Italy’” and in summer in northern Norway.”8:79
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There is good evidence for a circadian phenotype in migraine. All four studies examining

the question found a periodicity to migraine occurrence, with a sinusoidal variation in
frequency over the 24-hour cycle.80-83 Three of the four studies®%-82 found a peak frequency
in the morning hours. The fourth study found a peak at noon.83 The most common
explanation of circadian periodicity in migraine involves the cycling of glucocorticoid and
catecholamine levels, whether endogenously or as a result of work or activity.81-83 This is
supported by work in humans showing elevated catecholamine levels in migraineurs who
awoke with headache.84 But to date there has been no experimental data to evaluate this
hypothesis.

The end of the sleep cycle, which generally occurs in the early morning hours, is notable for
an increased fraction of REM sleep relative to NREM sleep. Dexter and Weitzman first
suggested that migraine might arise from REM sleep, based on observations in three patients
with nocturnal migraine.85 The data since then has been less clear-cut, with some studies
finding an association of attacks with REM sleep,8 others finding associations with other
stages as well as REM®8 and still others showing no association.8” Examination of interictal
polysomnography has revealed increased®® as well as decreased®® or no difference in%0.91
total REM in migraine. However, altered arousability parameters in interictal
polysomnography have been found in both NREM and REM sleep of migraine patients,
suggestive of impaired arousal mechanisms in nocturnal migraine.87:90.91 |nterestingly, these
findings are all suggestive of decreased arousability, especially the night before a
migraine.8” Although this is counterintuitive considering the idea of migraine as a disorder
of increased neural excitability, it suggests the possibility that specific sleep-stage findings
are downstream of more generalized changes in arousal networks.

Cluster Headache and Other Trigeminal Autonomic Cephalgias

By its most basic clinical characteristics cluster headache shows an involvement of the
regulators of circadian function. Cluster headache is intensely chronobiologically
determined. Clusters of headache occur usually with a seasonal predilection. They are also
usually exquisitely timed, at remarkably similar times of day. Moreover, 75% of cluster
episodes occur between 9 PM and 10 AM, times more likely to be associated with sleep,%?
and tend to occur 90 minutes after falling asleep.%3

The circadian nature of cluster headache strongly suggests alterations in hypothalamic and
brainstem circuits. Human functional imaging has shown hypothalamic activation during
cluster headache compared with headache free periods,31:%4 and voxel-based morphometry
(VBM) has shown structural abnormalities in the posterior hypothalamus in cluster headache
patients.9% Magnetic resonance spectroscopy revealed decreases in A-acetyl aspartate
(NAA), a marker which correlates with neuronal function.?6 Deep brain stimulation (DBS)
of the posterior hypothalamus is an effective treatment for intractable cluster headache.38

Cluster headache shows an association with REM sleep,%7 as well as abnormalities in
melatonin and cortisol secretion.®3 It is difficult to interpret causality with these findings—
for example, they could be epiphenomena of pain or sleep dysfunction—but they strongly
suggest derangement of hypothalamic function, which is consistent with the neuroimaging
evidence.
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As with migraine, genetics may offer a promising complementary approach to the anatomy
and physiology of cluster headache. Recently, a polymorphism in the orexin/hypocretin
receptor 2 gene was found in a group of cluster headache patients.?8:99 Given the role of
orexin in both arousal and narcolepsy, and its possible role in pain modulation, this
association is plausible from a pathophysiologic point of view.

Although they lack the distinct chronobiology of cluster headache, other trigeminal
autonomic cephalalgias (specifically SUNCT33:100 and paroxysmal hemicranial®l) have
shown similar posterior hypothalamic activation to cluster headache. Unlike cluster
headache, the other trigeminal autonomic cephalalgias tend not to have a strict circadian
phenotype, although they do tend to have a seasonal predilection.192 The fact that these
disorders show similar activation without circadian symptoms opens up the possibility that
the hypothalamic activation seen is more associated with pain than with the sleep—wake
cycle. The report of hypothalamic activation in migraine could also be consistent with this.
Without more specific human functional imaging, this question is unlikely to be resolved
conclusively. However, it is reasonable to conclude that diverse headache types appear to
activate similar brainstem and diencephalic regions, consistent with known anatomy and
physiology, suggesting distributed processing of both visceral pain and arousal.

Hypnic Headache

Hypnic headache is the one primary headache disorder that is described exclusively by its
relation to sleep. It consists of a dull, holocephalic headache, lasting 10 to 180 minutes, that
wakes the patient (often an elderly female) from sleep, generally 2 to 6 hours into the sleep
cycle, around 1:00 to 3:00 AM.193 On average, events occur once a night, but they tend to
occur a majority of nights (diagnostic criteria require 15 nights/month). Importantly, the
headache is not associated with migrainous features like nausea, vomiting, and photo- and
phonophobia; or trigeminal autonomic cephalgias features like facial flushing, rhinorrhea,
conjunctival injection, or tearing. The specificity of headache timing can be remarkable; its
colloquial name is “alarm clock headache.”

The pathophysiology of hypnic headache is almost completely unknown. Like migraine,
cluster headache, and the trigeminal autonomic cephalgias, hypnic headache has been
reported arising from REM sleep, although, as with migraine and cluster headache, this
association is far from universal.104-106 Another interesting point is the association of
hypnic headache with the elderly. In terms of sleep architecture, stage IV sleep is attenuated
or lost after age 60. Rather than being specifically associated with REM or other stages, it
may be that hypnic headache is favored by the loss of deep sleep stages and the increased
arousability that accompanies this change. Yet, in seeming contradiction, caffeine is a very
effective treatment for hypnic headache (although it does not prevent hynic headache
patients from going to sleep).103 An alternative hypothesis is that hypnic headache
represents a primary headache disorder, such as migraine, whose clinical features and
relationship to sleep have been changed by the aging process.
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Narcolepsy is thought to be due to a selective loss of orexinergic neurons in the lateral
hypothalamus.40:107.108 These neurons are active in arousal as well as in the inhibition of
REM sleep—their loss is thought to contribute to the disruption of sleep—wake transitions
and dysregulation of REM activity that characterize narcolepsy. As discussed earlier,
hypothalamic orexinergic projections to the VIPAG are also involved in reducing nociceptive
activity in the trigeminal nucleus caudalis, suggesting a possible role in primary headaches.

The information on narcolepsy and headaches is, unfortunately, conflicting. Two studies by
the same group, documenting a significantly increased prevalence of migraine in narcolepsy,
are opposed by another study of similar size showing no significant difference in migraine
prevalence.109-111 This latter study did show a significant increase in tension-type headache
in patients with narcolepsy. Taken together, the studies do suggest an increased prevalence of
headache in the narcoleptic population, but elucidation of the type of headache awaits more
conclusive study.

Obstructive Sleep Apnea

The morning headache associated with obstructive sleep apnea (OSA) is likely of a different
nature than those discussed so far, in that it is likely a secondary rather than a primary
headache. The International Classification of Headache Disorders classifies sleep apnea
headache as a headache due to a disorder of homeostasis, specifically as a result of
hypoxemia or hypercapnia. And these headaches tend to be quite responsive to correction of
the metabolic insult, namely treatment with continuous positive airway pressure (CPAP) or
oxygen supplementation (reviewed in reference 4). But, from a pathophysiologic point of
view this begs the question of how hypoxemia or hypercapnia causes headache. Surprisingly,
little is known about this. One possibility is that the generalized intra- and extracranial
vasodilatation caused by hypoxemia and hypercapniall? is perceived as painful 7 likely due
to activation of trigeminal nociceptors in the cranial vasculature.29 The reduced pH caused
by hypercapnia can also activate nociceptive neurons!13 and cause vasodilatation.114
Moreover, sudden and large increases in cerebral blood flow and volume can increase
intracranial pressure, which puts traction on the pain-sensitive dura and dural sinuses.1’” The
high prevalence of obstructive sleep apnea in patients (especially men) with intracranial
hypertension suggests that increases in intracranial pressure could play a significant role in
the headache associated with sleep apnea.11®

A CLINICAL APPROACH TO HEADACHE AND SLEEP COMPLAINTS

Given the extensive overlap between headache disorders and sleep disorders, it is clear that
an evaluation of headache should include an evaluation of sleep, and vice versa. A
standardized sleep questionnaire is very helpful in this regard.* The information gained from
this type of evaluation may be important for the diagnosis of headache and sleep disorders,
to identify and modify interrelated triggers, and for the development of a therapy that
optimizes concurrent management of headache and sleep symptoms.
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A headache diagnosis should be established in parallel with any sleep disorder diagnosis, so
that they can be addressed both jointly and independently. The timing of headache relative to
sleep may be an important feature that leads to the diagnosis of cluster headache, hypnic
headache, or headache associated with OSA. For migraine, yawning and fatigue preceding
or during attacks and relief by sleep are extremely common features that may contribute to
the diagnosis. Because fatigue may be one of the most debilitating features of migraine,
identification of this symptom as part of the migraine symptom complex may be an
important part of the therapeutic management of this disorder.

Conversely, there are multiple sleep-related disorders that may be identified in the course of
evaluation of a patient with headache. Patients with headache should be queried for
symptoms of insomnia, snoring, 116 sleep apnea,17 restless legs syndrome,118:119 and sleep-
phase disturbances, each of which has been associated with different types of headache.
Patients with intracranial hypertension, particularly men, should be carefully evaluated for
sleep apnea given the strong association between these two conditions.}1 Formal
polysomnography should be considered in headache patients in whom symptoms of these
potentially associated sleep disorders are identified on thorough questioning.

Other important diagnostic considerations include identification of anxiety and depression,
comorbid conditions for both headache and sleep disorders that may influence each of them.
However, although it is important to address anxiety and mood disorders as comorbid
conditions, it should not be assumed that sleep disorders are simply a direct consequence of
these conditions. Examination of the association between sleep disturbance and migraine
indicates that it is independent of anxiety and mood disorders.120

Finally, a headache diagnosis should then be established in parallel with any sleep disorder
diagnosis, so that they can be addressed both jointly and independently.

Identification and Modification of Interrelated Triggers

Patients with migraine commonly identify inadequate sleep, interrupted sleep, or excessive
sleep as triggers for attacks.12! One study found that behavioral modification of sleep was
beneficial in reducing the frequency of headache, and changing characteristics of headache
from chronic to episodic migraine.122 There is no data to support specific sleep
recommendations for episodic migraine or other headache disorders; therefore, a logical
approach is to counsel patients to maintain good sleep hygiene that will help to avoid the
commonly reported triggers. A consistent sleep schedule that avoids either too little or too
much sleep, avoidance of daytime naps, and avoidance of conditions that lead to interrupted
sleep are all reasonable recommendations for headache patients. Other lifestyle factors may
have simultaneous and related exacerbating effects on headache and sleep disorders.
Irregular timing of meals may be a significant trigger for headache attacks, and may also
exacerbate sleep disorders. Emotional or physical stress is also commonly identified as a
trigger for both headache and sleep disturbance. Finally, excessive or fluctuating caffeine
intake may be an important exacerbating factor for headache and sleep disorders. For both,
therefore, lifestyle modifications should focus on consistency of diet, exercise, and caffeine.
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A balanced diet with avoidance of skipped meals, routine aerobic exercise, and regular small
amounts of caffeine (if any), are simple measures that are relatively easy to accomplish, and
may have a significant beneficial impact on the headache and sleep disorders.

Examination of medications as potential exacerbating factors is also important. Medications
such as nasal decongestants, stimulants used for the treatment of attention deficit disorder,
and activating antidepressants may all have an adverse effect on headache and sleep. Some
hypnotics used for treatment of insomnia may also cause or worsen headache. Headache is a
relatively commonly reported adverse symptom of zolpidem and zaleplon in clinical
studies.123-125 Although in most of the clinical trials the occurrence of headache was not
statistically different in patients receiving zolpidem or zaleplon versus placebo, these and
other hypnotics should be considered as potential exacerbating factors in patients with
headache.

Integrated Treatment

In some cases, specific treatment of the headache disorder will ameliorate the associated
sleep disorder, or vice versa. For example, abortive or preventive therapy of migraine or
cluster headache may reduce associated insomnia or fragmentation of sleep. Specific
treatment of sleep apnea may effectively relieve associated chronic headache. In other cases,
it may be appropriate to choose therapy that simultaneously treats both headache and sleep
disorders. The use of amitriptyline as preventive therapy for migraine, although not
approved by the Food and Drug Administration (FDA), is supported by high-quality
evidence.126 Such evidence is lacking regarding the use of amitriptyline for isolated sleep
disorders; nevertheless, it has been shown to promote sleep in patients with chronic pain
conditions and mood disorders.127-129 Thus, amitriptyline may be a reasonable choice in a
patient with both migraine and insomnia or fragmented sleep. There is also limited evidence
for the efficacy of melatonin as preventive therapy for both migraine and cluster headache
(see above), as well as for treatment of insomnia.130 Given its generally excellent
tolerability, melatonin is a safe nonprescription approach that may be of some benefit for
patients with concurrent headache and sleep disturbance.

CONCLUSIONS

Much remains to be discovered about both sleep and headache disorders and their
interactions, but some tentative conclusions can be drawn about their mechanisms. Anatomic
evidence suggests several areas in the brainstem and diencephalon where processes integral
to headache and sleep interact: the most prominent of these are the ventrolateral
periaqueductal gray and the posterior hypothalamus. Physiologic data suggests the
involvement of adenosine, melatonin, and orexin in both sets of disorders, and although the
evidence is weaker, a dysregulation of either REM sleep or underlying arousal mechanisms
in many headache disorders. Preliminary data from transgenic models suggest that
derangement of sleep is common to two different forms of familial migraine. On the clinical
side, the conclusions can be more certain: treatment of headache cannot be optimized
without attention to sleep hygiene and sleep disorders. A sleep questionnaire should be part
of every chronic headache evaluation, sleep studies should be considered for certain patient
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groups, and inquiry about headaches should figure prominently in the evaluation of all sleep
disorders.
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Figurel.
Shared anatomy of headache and sleep. Simplified schematic shows cortical, subcortical,

and brainstem structures involved in the regulation of nociception and sleep. Structures are
color-coded (see key at bottom of schematic). Headache. Nociceptive inputs from
craniofacial regions are collected at the trigeminal nucleus caudalis (TNC) and send
collaterals to the nucleus of the solitary tract (NTS) and parabrachial nucleus (PBN), and
hypothalamus, allowing integration of nociceptive inputs into autonomic control circuits.
Ascending nociceptive information relays through the thalamus on the way to
somatosensory, visceral, and limbic cortex. The latter two cortices also have direct reciprocal
connections with brainstem and diencephalic autonomic control regions. Sleep and arousal.
Sleep and arousal are controlled by a widely distributed brainstem and diencephalic
network, with basal forebrain and cholinergic nuclei favoring arousal and the ventrolateral
preoptic hypothalamus (VLPO) favoring sleep. The thalamus is a crucial relay whose output,
and thus cortical activity, depends on arousal-related inputs. Shared structures. Several of the
structures involved in nociception and sleep are shared, the most prominent of which are the
ventrolateral periaqueductal gray (VIPAG) and the posterior and lateral hypothalamus (PHA,
LHA). See color coding and text for details. LHA, lateral hypothalamus; MD, mediodorsal
nucleus of thalamus; SCN, suprachiasmatic nucleus of hypothalamus; V/IL, ventral tier and
intralaminar thalamic nuclei; VPM, ventral posteromedial nucleus of thalamus; REM, rapid
eye movement; SWS, slow wave sleep.
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