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Abstract

Spreading depression (SD) is a slowly propagating wave of near-complete depolarization of neurons and glial cells
across the cortex. SD is thought to contribute to the underlying pathophysiology of migraine aura, and possibly
also an intrinsic brain activity causing migraine headache. Experimental models of SD have recapitulated multiple
migraine-related phenomena and are considered highly translational. In this review, we summarize conventional
and novel methods to trigger SD, with specific focus on optogenetic methods. We outline physiological triggers
that might affect SD susceptibility, review a multitude of physiological, biochemical, and behavioral consequences
of SD, and elaborate their relevance to migraine pathophysiology. The possibility of constructing a recurrent
episodic or chronic migraine model using SD is also discussed.
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Background

Spreading depression (SD) or, more appropriately,
spreading depolarization, is a slowly propagating wave of
near-complete depolarization of neurons and glial cells
spreading over the cortex at a speed of ~3-5mm/min
[1, 2]. SD is characterized by a profound change in
transmembrane ion gradients and loss of all spontaneous
or evoked synaptic activity and action potentials, result-
ing in depression of electrocortical signals [2]. The
exchange of intracellular and extracellular components
during SD is composed principally of a large influx of
Na®, Ca”*, and water, and efflux of K*, H*, glutamate,
and adenosine triphosphate (ATP) [2-6]. The rise of
extracellular K¥, rather than glutamate diffusion, may be
the leading event that diffuses to and depolarizes
adjacent cells [6]. Since the original publications of Leao
[1, 7], experimental SD has been recorded in the cortices
of both lissencephalic (e.g. rodents or rabbits) [8] and
gyrencephalic (e.g. feline or swine) cortex [9-11]. A link
between SD and migraine pathogenesis has been hy-
pothesized for decades [12], in particular the visual aura
[13, 14] and more recently the migraine headache.

* Correspondence: chensp1977@gmail.com

“Institute of Clinical Medicine, National Yang-Ming University, Taipei, Taiwan
®Brain Research Center, National Yang-Ming University, Taipei, Taiwan

Full list of author information is available at the end of the article

B BMC

Aura phenomenology and SD

Migraine with aura occurs in 30-40% of patients diag-
nosed with migraine and is most commonly a visual
disturbance. The visual disturbance can be variable and
include fortification spectra, sparkling or shimmering
colored dots and blobs, and scotoma [15—-17]. While vis-
ual symptoms are the most commonly described aura
event of migraine, other auras including sensory and
speech disturbance have been described. In one study
visual aura occurred in 98% of those with migraine with
aura, while sensory symptoms including paresthesias and
hypoesthesia occurred in 36% and dysphagic symptoms in
10% [18]. In those with more than one aura symptom, the
onset of the second or third aura symptom seem to follow
the first or second aura symptom in succession, i.e. the
additional aura symptom starts subsequent to the start of
the preceding aura symptom. In those with two aura
symptoms, the second symptom started after the onset of
the first 66% of the time. In those with three aura symp-
toms, the third symptom started after the onset of the
second 82% of the time [19].

There are several clinical studies supporting SD as the
likely mechanism involved in the aura event of migraine
which has been the topic of multiple well written review
articles. In early depictions of migraine aura, Lashley
postulated that the positive symptom resulted from a
region of cortical hyperexcitability while the scotoma
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likely related to an area of diminished cortical activity
spreading across visual cortex. It was further surmised
based on the rate of spread that the velocity of this elec-
trical event was about 3 mm/minute. The event of cor-
tical SD (CSD) recorded by Leao, having congruent
temporal pattern and spread, raised the possibility that
SD was the underlying electrophysiological event of mi-
graine aura [17, 20]. Several clinical studies have since
supported this relationship between migraine aura and
SD. Both SD and the migraine aura phase are associated
with pronounced oligemia as noted in multiple Xenon
based and single photon emission computed tomog-
raphy imaging studies [17, 21]. In one study examining
functional magnetic resonance blood oxygen level
dependent (BOLD) signaling during migraine aura, in-
creased BOLD signal propagated across visual cortex
retinotopically coincident with movement of the aura a
rate resembling SD. This further buttressed the causal
relationship of Leao’s SD to migraine aura [13, 22].
Symptoms other than the visual disturbance suggest that
brain regions outside of striate cortex may be involved
in migraine with aura and possibly affected by the spread
of CSD [23] though this has not been confirmed in hu-
man studies. While direct clinical evidence that SDs are
causally associated with sensory and other non-visual
aura symptoms is limited, experimental SDs can be gen-
erated from various anterior and posterior cortical brain
regions highly suggestive of SD as a neurobiological
phenomenon responsible for these aura symptoms.
Some migraine with aura sufferers experience sensory
and visual symptoms simultaneously (i.e. without succes-
sion) raising the possibility that in addition to spread,
SD could be generated in multifocal regions simultan-
eously [18, 19].

SD in relation to migraine headache
There are arguments both for and against a temporal re-
lationship between the migraine aura and headache.
While some will experience aura without headache, most
migraine attacks with aura are accompanied by headache
(91%) [18]. While the headache can occur before or sim-
ultaneous with the aura event, the headache in most
cases (78%) occurred after the onset of aura either dur-
ing the aura phase (28.7%), at cessation of the aura
(12.1%) or a period after aura cessation (37.6%) [18].
Activation of the trigeminovascular system (TVS) is
critical to migraine pathogenesis [24—30]. CSD may be a
key CNS trigger for TVS activation [31]. CSD can acti-
vate perivascular trigeminal afferents and evoke a series
of cortico-meningeal and brainstem events consistent
with the development of headaches [32—-36]. CSD leads
to increased expression of the immediate early gene
product ¢c-FOS in the trigeminal nucleus caudalis (TNC),
sterile neurogenic meningeal inflammation mediated by
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trigeminal collateral axons, and dilatation of the middle
meningeal artery via the trigemino-parasympathetic reflex
[32]. Single unit recording studies showed that CSD can
lead to delayed and long-lasting activation of meningeal
nociceptors in the trigeminal ganglion [33] and central
TVS neurons in the TNC [34]. The precise mechanism
that triggers TVS activation has yet to be elucidated, but
SD can cause the release of inflammatory and diffusible
substances in the cortex including prostanoids, nitric
oxide, ATP, and K" [37]. In addition to glutamate release
and collapse of ionic gradients; SD can activate purinergic
receptors and pannexins, large pore channels whose
stimulation can produce brain inflammation [36, 38]. In
fact, SD can increase brain cytokine release and astroglial
activation. In addition to local cortical responses to SD,
diffusible substances may reach the overlying meningeal
surface and potentially activate trigeminal neuropeptide
containing axons leading to peripheral and central release
of calcitonin gene related peptide (CGRP) [32, 39, 40].
This and other mechanisms may be involved in meningeal
inflammation and peripherally and sensitization of TNC
neurons centrally. The stimulation of these nociceptive
pathways may be involved in the pain of migraine. That
SD can trigger a series of events likely involved in the
headache phase of migraine provides a plausible biological
link between SD generation and migraine pain that may
not be necessary for the generation of migraine pain but
in some cases, it may be sufficient. Hence, SD may be not
only the physiological substrate of migraine aura, but also
a potential cause of headache. Although it is a matter of
debate whether migraine patients without aura have
asymptomatic SD, a recent study suggests that the visual
percept of aura can be clinically silent [41]. While specula-
tive, it is possible that some migraine patients without a
perceived aura might have SD-like activities propagating
through ineloquent cortex.

Why consider SD model for the study of migraine

There are limitations to the approach of using SD as a
model to study mechanisms that may be associated with
migraine. Much like other models, it is one component
part of a complex heterogenous disease process involv-
ing genetic, sex dependent, hormonal and environmental
factors. Therefore, like other models including menin-
geal application of exogenous inflammatory substances,
SD does not encompass all the disease complexity of mi-
graine. However, it does allow for the examination of al-
terations in cortical and subcortical brain excitability
and nociceptor activation. There are several shortcom-
ings of the SD model that are detailed below including
the invasive conventional methods previously employed
which may resemble a model of injury as opposed to
migraine. While there are concepts that challenge the
link between SD and the headache of migraine [42],
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including the variable onset of headache following aura
symptoms, aura without headache and several incongru-
ent preclinical observations; the evidence for a plausible
causal relationship of SD to trigeminal nociceptor activa-
tion and therefore likely pain remain convincing. To the
extent that SD can activate dural afferents and second
order trigeminovascular neurons [40, 43], increase
neuropeptide release and alter pain behavior [44]; it is a
reasonable experimental model to investigate SD mecha-
nisms involved in migraine with aura. Moreover, since
trigeminal activation is a critical component of migraine
pain, SD mediated activation of trigeminal neurons and
peripheral release of neuropeptides may link the aura of
migraine with the pain experienced during an attack.

In this review, we summarized the currently known
experimental models of SD, reviewed the triggers, modu-
lators and consequences of SD, and elaborate their
relevance to migraine (Fig. 1).

SD susceptibility and its clinical translatability

Although direct electrophysiological evidence of SD in
patients with migraine is still lacking, SD has attracted
considerable attention for its translational relevance
[45]. Experimental models of SD have recapitulated mul-
tiple clinical characteristics of migraine in human
subjects and have been used to explore the basic mecha-
nisms, genetic and hormonal modulators, and potential
physiological or pharmacological inhibitors of migraine
[45, 46]. SD susceptibility is one measure used to exam-
ine such relationships. The study of SD susceptibility
involves the exploration of the vulnerability of brain tis-
sues to occurrence, propagation and recurrence. De-
pending on the detection method, various SD
susceptibility measurements have been used to study the
physical and biochemical attributes of SD [45, 47]. The
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stimulus intensity used to evoke SD is one of the most
relevant attributes of SD susceptibility. Depending on
the modality, stimulus intensity threshold can be
measured in electrical charge intensity, volume or con-
centration of a depolarizing agent, or mechanical pres-
sure. Another commonly measured SD susceptibility
attribute is the frequency of SDs triggered during con-
tinuous topical application of suprathreshold concentra-
tions of depolarizing agents. Propagation speed is also a
reliable measure of SD susceptibility, and has good cor-
relation with the threshold and frequency of SD [47].
Other SD attributes such as amplitude and duration do
not correlate well with susceptibility [47]. Observations
of SD susceptibility suggest sex and genetic variables
associated with migraine alter the brains vulnerability to
SD generation. For instance, there seems to be a reduced
threshold for SD in female mice [48], which fits with the
observation that migraineurs are predominantly female.
Cacnala®?®*? knock-in (KI) mice that carry the human
pathogenic familial hemiplegic migraine 1 (FHMI)
R192Q mutation express an abnormally low SD thresh-
old [49], consistent with the notion that the brains of
migraineurs are hyperexcitable [50, 51]. In addition, clin-
ically efficacious migraine prophylactic drugs, despite
their different mechanisms, all inhibit SD susceptibility
in vivo [47, 52, 53]. Aging is also known to modulate SD
susceptibility, which declines with senescence. However,
despite reduced SD susceptibility, the consequences of
SD recurrence in the older brains are more detrimental
than that in younger brains [54].

Experimental methods of SD induction
Conventional methods

Experimentally-evoked SD in normally metabolizing
brain tissue requires intense depolarizing stimuli. An
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Fig. 1 Triggers, modulators and consequences of spreading depression in experimental animal models
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increase of extracellular K* above a critical threshold con-
centration (12 mM) in a minimum volume of brain tissue
(1mm?®) is estimated to be the minimal requirement to
provoke SD in rodents [55, 56]. A variety of stimuli, span-
ning pharmacological, electrical, and mechanical modal-
ities, have been used to induce SD [2, 57, 58]. Each has its
own caveats and possibly differential mechanisms [47, 59].

Pharmacological induction

The most commonly used agent to evaluate susceptibil-
ity to SD, KCl, may be administered as a suprathreshold
concentrated solution, escalating concentration or vol-
ume of brief pulse KCI solution, or KCI crystals. Glutam-
ate [60] or N-methyl-D-aspartate (NMDA) receptor
agonists [61], Na*/K*—ATPase inhibitors (ouabain) [62,
63], and endothelin-1 [58, 64] have also been used to
evoke SD. The administration route of these depolariz-
ing agents may include topical application or intrapar-
enchymal injection. These agents are typically applied
through burrhole craniotomy on the meningeal surface
or the surface of the exposed cortex or on thinned skull
allowing them to diffuse to the meningeal and cortical
surface below. Like KCl, steps of escalating concentra-
tions or continuous suprathreshold concentration of
these depolarizing agents can be used to evaluate the
threshold to evoke SD or the frequency of SD.

Electrical induction

Electrical stimulation is another reliable method used to
assess SD susceptibility [47, 52, 65, 66]. Usually, it is de-
livered as escalating steps of single square wave pulses
or as high-frequency train stimulation with escalating in-
tensity and/or duration. The minimal electrical volume
required to trigger SD is defined as the electrical thresh-
old. The condition of the cortex, the age of the animals,
electrode properties, and the contact between electrodes
and tissues are critical components determining the final
threshold [47, 54, 67].

Mechanical induction

Mechanical stimuli, especially needle prick, provide an in-
tense depolarization sufficient to evoke SD. However, it is
difficult to determine a threshold of mechanically-induced
SD, and the reproducibility varies between operators and
settings. Direct traumatic injury to the cortex and related
bleeding are also important concerns. The mechanism of
mechanical stimuli-evoked SD might be related to Na*
channels [68], and the related cerebral blood flow changes
might be associated with AMPA and GABA receptors
[69].

Other conventional methods
Some supra-physiological or pathological triggers of SD
have been observed in vivo. Experimental ischemia,
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hypoxia, and microemboli have been reported to trigger
SD [70-76], and may be helpful for understanding the
pathogenesis of migraine-stroke comorbidity. These
ischemia-evoked SDs may be triggered by supply-demand
mismatch transients [77], circle around and enlarge the is-
chemic lesions [77, 78], and be suppressed by migraine
preventive drugs [70]. SDs in these pathological conditions
might be a cause of headaches associated with cerebral is-
chemia [46]; however, these headaches, by definition,
should not be classified as migraine.

Novel optogenetic methods to trigger SD

The conventional methods to induce SDs discussed
above have been critical in advancing our current under-
standing of the role of the phenomenon in human dis-
ease. However, inferences about the role of SD in
inflammation, for example, could be confounded by the
invasive nature of conventional SD induction methods.
Therefore, a non-invasive approach for the induction of
SDs could be a useful complement to conventional
methods.

Optogenetics technology enables non-invasive, real-time
stimulation of targeted brain cells, and provides the poten-
tial for detailed, precise insight into disease mechanisms
in awake animals [79, 80]. Investigators have recently
developed such a non-invasive approach by utilizing
transgenic optogenetic mouse lines where a light-respon-
sive ion channel called channelrhodopsin-2 (ChR2) is
expressed in excitatory cortical neurons under the Thyl
promoter [81-84]. This new optogenetic approach allows
for the controlled induction of SDs through intact skull
using 470 nM blue wavelength light stimulation. Optoge-
netic SDs can be induced as single events, repeated to de-
termine the impact of recurrence and produced in both
anesthetized or awake and behaving animals. Importantly,
the technique enables longitudinal study of SDs over the
course of weeks without brain injury confounders caused
by invasive SD induction and detection methods. Optoge-
netic SD induction can be detected with multiple methods
including optical intrinsic signal (OIS) imaging. However,
when simultaneously examining SD detection using this
method in combination with other techniques (electrode
recording, laser speckle imaging, and laser doppler
flowmetry); the fidelity and reproducibility of the response
detected with OIS was indeed comparable to more inva-
sive methods like electrode recording [82].

Spontaneous SD and physiological triggers

Spontaneous SD in wild-type and genetically-modified
animals

Spontaneous SD is defined as SDs detected without dir-
ect provocation in the absence of acutely applied
methods of induction (i.e. pinprick trauma, KCI applica-
tion, or electrical stimulation). Perhaps limited by the
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techniques of in vivo recording in awake animals and
the high threshold of SD in unprovoked healthy cortical
tissue, there is little evidence of spontaneous SD in
wild-type animals. Most of the literature reporting
so-called spontaneous SD involve SDs in or around un-
healthy cortical tissue. Genetically modified animals, in-
cluding transgenic mice expressing familial hemiplegic
migraine 1 (FHM1, CACNAIA) [49, 85-87], EMH2
(ATP1A2) [88], cerebral autosomal dominant arteriopa-
thy with subcortical infarcts and leukoencephalopathy
(CADASIL, NOTCH3) [89], and familial advanced sleep
phase syndrome (FASPS, CSNK1D) [90] mutations, have
higher susceptibility to SD. However, there is also scarce
evidence suggesting that SD can occur spontaneously in
the hyperexcitable brains of these transgenic mice.

Physiological SD triggers

Stress, sleep deprivation and hypoglycemia Stress and
its let-down have been shown to be important triggers of
migraine [91, 92]. Stress may increase cortical
excitability by increasing extracellular glutamate or
corticotropin-releasing hormone. In a study using Swiss
albino mice, SD threshold was reduced by acute and
chronic stress as well as by central noradrenergic
denervation [93]. However, in another study in which
14-day social defeat stress and 40-day chronic variable
stress were introduced to male C57Bl/6 mice, no differ-
ence in SD frequency or velocity was seen [94]. In an-
other study, acute stress (20-min and 3-h restraint
stress) did not influence SD susceptibility in FHM1
transgenic mice or wild-type mice [95]. In contrast, ex-
ogenous administration of corticosterone increased SD
frequency exclusively in mutant mice [95]. Further stud-
ies designed to dissect the complex biological stress
responses are needed to resolve the inconsistency across
studies. Although stress or its related hormones might
affect SD susceptibility, it is not yet known whether
spontaneous SD occurs upon acute or chronic stress or
its let-down.

Sleep deprivation, hypoglycemia, and impaired glycogen
utilization are important metabolic stresses to synapses. A
common trigger of migraine, sleep deprivation, is known
to limit the capacity of neurons to maintain low concen-
trations of extracellular glutamate and K™ during sustained
excitatory transmission, which may be mediated by
impaired glycogen utilization [96]. A recent study showed
that sleep deprivation and impaired glycogen breakdown
led to synaptic metabolic stress and lower SD threshold,
which could be reversed by supplying a glycogen-derived
energy substrate (i.e. glucose or lactate) [96]. Consistent
with these findings, systemic hyperglycemia was found to
elevate the electrical SD threshold and reduce the
frequency of KCl-induced SDs [97], that is, to make the
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brain more resistant to SD. It would be interesting to see
if combining these synaptic metabolic stressors could
evoke spontaneous SD in either wild-type or genetically
modified animals.

Peripheral and central consequences of SD
Peripheral consequences of SD involving the meninges and
trigeminal nociceptors

Meningeal inflammation Meningeal vasodilation,
plasma protein extravasation, and immune cell activation
have all been observed in in vivo rodent SD models [32,
36, 98]. A study of middle meningeal arterial blood-flow
monitoring after SD, using laser speckle-contrast imaging,
demonstrated blood-flow increase from 5 min to 45 min
after SD, accompanied by vasodilation. Plasma protein
extravasation in dura was observed after CSD, using
whole-mount preparation of dura matter after intravenous
injection of horseradish peroxidase. Significant peri-
vascular leakage was detected, and this leakage could
be suppressed with application of a substance P (a.k.a.
neurokinin-1) receptor antagonist [32]. In contrast,
another study showed that SD does not alter dural
plasma extravasation as measured by bovine serum
albumin-coupled fluorescein [99].

With respect to meningeal immune cells, characteris-
tics of dural mast cells after SD have been assessed by
methylene blue staining. The percentage of degranulated
dural mast cells increased significantly 30 min after SD
[36]. There is additional evidence using two-photon
microscopy that SD produces pial and later dural macro-
phage activation and increased pial dendritic cell mobil-
ity. The timing of activation of these peripheral immune
cells is speculated to relate to the differing temporal
relationship of the headache to the aura [98].

BBB breakdown SD has been found to alter the perme-
ability of BBB by activating brain matrix metallopro-
teases [100]. Levels of metalloprotease-9 increased in
cortex beginning 3-6 h after SD, reaching a maximum at
24 h and persisting for at least 48 h [100]. .Interestingly,
MMP-9 level was also found to be higher in patients
with migraine than controls [101]. Recently, SD-induced
BBB permeability to water and large molecules was
found to be mediated by increased endothelial transcyto-
sis, which starts between 3h and 6 h and lasts for 24 h
after SD [84]. This SD-induced BBB disruption and
endothelial transcytosis is dependent on caveolin-1 and
rho-kinase 2. Endothelial tight junctions, pericytes, and
basement membrane, in contrast, remain preserved after
SDs. A recent study in awake rats also found that cor-
tical BBB leakage begins 0.5 h after induction of SD and
resolves within 6h, without altering expression of the
tight junction proteins occludin or claudin-5 [102].
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While SD mediated meningeal inflammation and BBB
breakdown have been demonstrated in rodents, the role of
these mechanisms in migraine pathogenesis remain un-
clear. It is unknown if BBB breakdown is only a conse-
quence of inflammation or if it may play a contributory role
in trigeminal pain or other associated features of migraine.
On the other hand, BBB breakdown may have direct impli-
cations for the access of drugs to centrally located targets
during the migraine attack. If these changes are transient
following SD, it may provide a time window during aura in
which may enhance CNS penetration of migraine specific
medications like triptans or CGRP antagonists.

Activation of meningeal nociceptors Single unit re-
cordings have shown that cortical SD can lead to delayed
and long-lasting activation of meningeal nociceptors in
the trigeminal ganglion [33] and central trigeminovascular
neurons in the TNC [34]. Although multiple SDs are gen-
erally induced during recordings in animal studies, a sin-
gle cortical SD is sufficient to elicit persistent activation of
meningeal nociceptors [35]. Two patterns of prolonged
nociceptor activation—biphasic activation (brief activation
around SD induction followed by delayed, persistent acti-
vation, primarily in the A population) and persistent acti-
vation with delayed onset (in C unit population)—were
observed following SD [35]. SD-evoked prolonged activa-
tion of meningeal nociceptors might be related to ongoing
basal activity or the number of receptive fields, rather than
to the inflammatory and ATP chemosensitivity of the neu-
rons; SD-evoked activation and mechanical sensitization
of meningeal afferent responses was dissociated from
SD-evoked metabolic perturbations [103]. SD was also
found to evoke a delayed meningeal afferent mechanosen-
sitization, which might explain nociceptive processes that
underlie the worsening of migraine headache in condi-
tions associated with transiently increased intracranial
pressure [104]. Recently, a humanized monoclonal
anti-CGRP antibody Fremanezumab was found to inhibit
SD-evoked activation of high-threshold neurons but not
wide-dynamic range trigeminovascular neurons in the
TNC [40]. This effect was mediated predominantly via
thinly myelinated Ad fibers rather than unmyelinated C
meningeal nociceptors [105]. However, a CGRP receptor
antagonist BIBN4096 inhibited prolonged meningeal affer-
ent activation evoked by brief local K* stimulation but not
SD-induced afferent sensitization [106]. These data sup-
port the role of peripheral CGRP release in SD induced
neuronal sensitization.

Central inflammatory, electrophysiological, morphological
and metabolic changes

Cortical inflammation Although there have been con-
flicting reports [107], many investigators have observed
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changes in cortical inflammatory markers after SD in in
vivo rodent models [108—110]. Results of PCR and
microarray analysis show changes in expression of cyto-
kines, chemokines, and cell adhesion molecules. Inter-
leukin-18 (IL-1B), IL-6 and vascular cell adhesion
molecule-1 (VCAM-1) are reported to increase at 2h
and 50 h [108], chemokine (C-C motif) ligand 2 (CCL2)
and intercellular cell adhesion molecule-1 (ICAM-1) are
reported to increase at 3h [109], and tumor necrosis
factor-a (TNF-a) is reported to increase at 4 h [110] after
SD. Recently, we also measured cortical IL-15, TNF-a,
CCL2, and ICAM-1 after non-invasive optogenetic in-
duced SD (6 SDs over 1h). With this new method (refer
to “Novel optogenetic methods to trigger SD” section for
details), we observed an acute increase in expression of
proinflammatory markers after SD at cortical tissues at
least 1 mm away from induction site (unpublished data).
Although most of the studies used repeated SD to study
the inflammatory consequences, there have been a few
studies showing that a single SD evoked by pinprick
could elicit the wupregulation of proinflammatory
markers or the activation of TVS [32, 36]. In fact, by
using the noninvasive optogenetic method, we con-
firmed that a single SD can increase cortical IL-1f,
TNF-a, and CCL2 in the cortex (unpublished data).

Electrophysiological changes In freely moving rats, SD
increased corticocortical evoked responses and induced
brain derived neurotrophic factor in the ipsilateral cor-
tical hemisphere, consistent with synaptic potentiation
in vivo [111]. In vitro studies have shown similar results.
In rat amygdala-hippocampal-cortex slices [112] and
thalamocortical brain slices [113] SD altered LTP. The
perturbated synaptic transmission induced by SD in
these circuits may contribute to non-headache symp-
toms during migraine attacks.

Dendritic spine morphology SD is associated with
marked neuronal swelling and beading of dendritic
spines, a consequence of profound tissue hypoxia during
oxygen supply-demand mismatch [114]. SD-evoked
neuronal swelling and dendritic beading are related to
chloride  cotransporters, which transport water
independent of osmotic forces [115], or Panx1 channels
[116]. Neuronal endoplasmic reticulum fission has been
noted during SD in dendrites and spines, preceded by a
dramatic rise in intracellular Ca®* [117]. In contrast to the
mechanism underlying dendritic beading, SD-induced
endoplasmic reticulum fission depends on NMDA recep-
tor activation and Ca®*/calmodulin-dependent protein
kinase II. Correlation of endoplasmic reticulum (ER) con-
tinuity restoration after fission with recovery of electrocor-
tical activity suggests that ER dynamics may contribute to
neuronal activity depression during SD [117].
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Blood flow, oxygenation and cerebral metabolism
The intense depolarization of SD leads to massive con-
sumption of energy, glucose, and oxygen, leading to
intracellular acidification [3, 118-121] and profound
hypoxia of the tissue [114, 122, 123]. At the same time,
SD evokes multiphasic cerebral blood flow changes and
vasomotor responses in the ipsilateral cortex. These
phases are not consistently found in all species and
could have multiple variations [122-129]. The cerebral
blood flow change may include an initial hypoperfusion
(5—-30% decrease) which coincides with the DC shift and
lasts 5-30s (phase I), a hyperemic phase (30-250% in-
crease) that coincides with repolarization and lasts for a
few minutes (phase II), a variable late increase in flow
lasting a few minutes (phase III), and a prolonged
oligemia (10-40% decrease, phase IV) [122, 127, 129].

In healthy, well-nourished tissue, as is the case in mi-
graine, the intense transmembrane ionic shifts, cell swell-
ing, and metabolic and hemodynamic responses associated
with SD do not cause tissue injury, perhaps due to limited
duration of hypoxia. However, when SD occurs in metabol-
ically compromised tissue (e.g., ischemia, hypoxia,
hypoglycemia), it can lead to irreversible depolarization, in-
jury, and neuronal death [127, 130, 131]. In human neuro-
imaging studies, migraineurs were found to have a high
incidence of white matter hyperintensities or infarct-like le-
sions, suggesting an increased cerebral vulnerability to is-
chemia in migraine-susceptible brains [132, 133]. There are
multiple possible explanations. Repeated watershed hypo-
perfusion caused by SD [114] is one of the prevailing theor-
ies, although direct evidence from human studies is lacking.
Although SD is known to propagate by continuity of gray
matter, SD in slice cultures was found to induce significant
loss of myelin integrity and myelin basic protein via
inflammation and oxidative stress [134]. Microembolism to
small arterioles or penetrating arteries might also contrib-
ute to SD and the ischemic-like lesions in the white matter
[75, 135].

Glymphatic flow The glymphatic system, a glial-
dependent perivascular network, is a newly characterized
macroscopic extracellular compartment system that clears
waste from the brain parenchyma into paravascular spaces,
dural lymphatics, and then cervical lymph nodes [136, 137].
The glymphatic system has recently been linked to sleep
and traumatic brain injury [138, 139], both of which are as-
sociated with migraine risk. An in vivo two-photon micros-
copy study demonstrated that SD induces a rapid,
near-complete closure of the paravascular space around ar-
teries and veins on the pial surface of the cerebral cortex,
while impairing interstitial fluid clearance from the paren-
chyma into the paravascular space [140]. The SD-induced
transient impairment of glymphatic flow may impede the
clearance of extracellular excitatory neurotransmitters and
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inflammatory cytokines following SD [36, 38], and thus sus-
tain headache in patients with migraine.

Behavioral assessments following SD
Behavioral animal models are vital in translational stud-
ies of human diseases. While migraine can be defined
clinically, preclinical methods used to study mechanisms
of migraine model component features thought to be
critical for the pathological generation of a migraine
attack. However, awake animal models of SD are scarce.
In awake and freely moving rats, SD-evoked blood flow
changes are consistent with those identified in anesthe-
tized animals [141], suggesting that SD models in awake
animals may be useful for modeling migraine aura.
Whether awake SD models could recapitulate migraine
headache-like behaviors is not yet known. One study
showed that KCl injection but not pinprick over the cor-
tex in freely moving rats induced tactile allodynia of the
face and hindpaws, and increased Fos expression within
the TNC [142]. However, application of KCI onto the
dura, without eliciting SD events, could also elicit cuta-
neous allodynia and increase TNC Fos staining [142].
Therefore, it seems that sustained activation of trigemi-
nal afferents required to establish cutaneous allodynia
may be independent of SD. In free-moving rats, induc-
tion of a single SD with topical NMDA evoked freezing
behavior and wet dog shakes but not ultrasonic
vocalization consistent with pain calls (22-27 kHz),
suggesting that SD induces anxiety and fear (possibly via
amygdala activation) rather than severe pain [61].
Nevertheless, while cutaneous allodynia and ultrasonic
vocalization are not completely synonymous with head-
ache; these studies did not refute the proposed link
between SD and trigemonovascular activation observed
in anesthetized rats [143]. The behavioral responses to
“repetitive SDs” evoked by topical KCl have also been
evaluated in studies of awake free-moving rats, which
demonstrated that SD could propagate into thalamic re-
ticular nucleus and significantly decrease locomotor ac-
tivity and induce freezing behaviors [144]. It remains
uncertain to what extent these behaviors represent pain.
However, taken together these neurobiological distur-
bances are consistent with the migraine condition in
humans. While animals cannot be queried about
whether or not they have a migraine, these SD associ-
ated pathological consequences would suggest that SD is
functionally important for the symptomatology of a
migraine attack in those that have migraine with aura.
Using the mouse grimace scale [145] it was shown that
topical 1 M KCl induced painful craniofacial expression
in mice [36]. Although 1M KCl would readily induce
SD in mice, it might also cause significant chemical
irritation to the dura and cortex. The newly developed
non-invasive optogenetic methods (see above) might
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circumvent this shortcoming and better address the link
between SD and headache. Awake FHM1 R192Q and
S$218 L mutant mice, exhibit behavioral changes suggest-
ive of spontaneous unilateral head pain, including in-
creased amount of head grooming with unilateral
oculotemporal strokes and increased blink rates with
one eye closed, induced by novelty and/or restraint
stress. In addition to potential signs of head pain, FHM1
mice displayed signs of photophobia [122].

SD as a model of recurrent episodic or chronic migraine
Migraine is a repetitive neurological attack of disabling
headache accompanied by sensory and gastrointestinal
disturbances. The classification criteria for migraine
takes into account its recurrent nature [146]. Chronic
migraine is an implacable incapacitating form of
migraine characterized by very frequent attacks. How-
ever, the ability to model the recurrent nature of
episodic migraine and the very frequent attacks of
chronic migraine is a challenge [147]. Despite SD being
one of the most widely used models of migraine; using
SD to model recurrent episodic or chronic migraine has
been hampered by the invasive nature of prior SD
models, which often resulted in a barrage of SDs. Injuri-
ous methods involving pinprick trauma or direct
continuous topical KCl application require placement of
a burrhole and likely produce meningeal damage and ir-
ritation as part of the surgical preparation. Furthermore,
the barrage of SDs occurring at a frequency of 9~12 per
hour does not align well with the experience of migraine
aura, which would likely be the result of a single SD
event. These represent just a few of the challenges
involved in using SD to model recurrent or chronic
migraine.

There have been only a few preclinical studies on
migraine chronification and associated phenotypic be-
haviors. In one method, the epidural surface or cortex is
exposed after scalp reflection and burrhole drilling
through the skull. Two methods of chronic daily SD last-
ing 1-2 weeks were employed. In the first method, a cot-
ton ball soaked in 1M KCI is placed on the epidural
surface for 1 min, followed by a saline wash, to induce a
single CSD. In the second method, Tungsten stimulation
electrodes are implanted 1-mm below the cortical
surface. One second square pulse direct bipolar cathodal
stimulation (100-8000 pC) is delivered until a single SD
is elicited. Between stimulations, the animals are
re-sutured to mark the sites where epidural application
of KCl and electrical stimulations were made. An in-
crease in astrocyte staining and decrease in SD suscepti-
bility were observed with these techniques [148]. In a
variation of this technique, a 2-mm burrhole was drilled
through the skull, taking care to leave the dura intact. A
plastic tube (2.5 mm inner diameter) was then affixed to
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the skull surrounding the burrhole with dental acrylic.
The tube was capped to keep the dura moist. Through
this tubing, 10-100 mM NMDA or 1-3 M KCI solution
(10-20 pl) was allowed to diffuse to the cortical surface
below and produce an SD [61]. Using these methods, it
is possible to examine the effects of repeated SD on
freezing behavior, periorbital mechanical allodynia, and
anxiety behaviors [149]. One potential limitation of these
techniques is it still involves the potential direct stimula-
tion of the meninges with burrhole drilling and direct
application of supraphysiological concentrations of
NMDA and KCI directly onto the meningeal surface. Al-
though SD is produced, it is unclear whether the ob-
served changes are due to the SD itself or the
disturbance of meningeal nerve terminals.

An optogenetic approach offers the opportunity not
only to produce SD noninvasively but also to do so
repeatedly [83]. In our laboratory, we have constructed
two methods for repeated single event SD induction
using optogenetics. In the first approach, a glass cover-
slip is fixed to the intact skull after a single scalp incision
[81]. The durability of the glass coverslip allows daily
blue light stimulation (470 nM) for up to 2 weeks. In the
second approach, two 10-pL plastic pipette tips cut to a
5-mm length are glued to the intact skull overlying the
stimulation site, through which an optical fiber can con-
tact the skull, and the recording site, through which a
laser doppler fiber can be placed. SDs are then detected
by a characteristic change in the laser doppler flow
signal following light stimulation. After SD induction,
the fibers are removed, and the animals can be returned
to their cages until the next stimulation. This procedure
can be done repeatedly in both line 9 and line 18
Thyl-ChR2 YFP transgenic animals. However, we
observed an increase in SD threshold with repeated
stimulation in this latter method, which may become
prohibitive in the line 9 animals as compared to the line
18 animals, as the line 18 animals tend to have lower
thresholds (data not published).

These methods can be used to examine changes in
pain behavior, anxiety, and cognition as well as changes
in light sensitivity and social interactions free of the
confounding factors of the invasive induction paradigms
previously employed. The use of repeated, non-invasive,
optogenetically-induced SD may be able to help answer
important questions about the sensory, psychiatric, and
cognitive dysfunctions that can accompany chronic mi-
graine. Given the differences in life span of rodents as
compared to humans, it is unclear if a direct correlation
can be made between the frequency of attacks in
humans and those experimentally produced in mice. In
that sense, the model is used to examine the nature of
change that occurs with repetitive single event less inva-
sive SD but does not (and likely cannot) perfectly
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recapitulate the human condition of migraine in timing
and frequency.

In-vitro models of SD

In vivo models can be challenging and time consuming
due to microsurgical preparation and maintenance of
stable systemic physiological conditions under anesthesia.
Nevertheless, they are essential for preclinical therapeutic
testing. In vitro models in brain slices or chicken retina
are also critical in SD research [150-152]. The key advan-
tage of the brain slice over a whole animal preparation is
that parameters such as temperature, oxygenation, pH,
ionic, and pharmacological environment can be precisely
controlled. Cellular resolution imaging and high-quality
electrophysiological recordings can be better performed in
a slice than in vivo. Slice preparations also allow access to
brain regions that are difficult to access in in vivo studies,
especially in human brains. In vitro SD studies in chicken
retina, which has characteristics similar to brain slices,
also allowed systemic evaluation for SD pharmacology
[151]. However, these in vitro models are not networked
nervous system. To understand the complex brain cir-
cuitry involved in migraines, the information obtained
from in vitro models is limited.

Conclusion

SD is a validated experimental model of migraine aura.
Studies on the physiological, biochemical, and behavioral
consequences of SD have aided in understanding the
complex pathobiology of migraine and could present
viable targets for novel migraine therapeutics. With the
refinement of models and advancement of techniques,
such as miniaturized wireless implants, remote telem-
etry, and noninvasive optical imaging, more SD studies
in awake animals (even in gyrencephalic brains) can be
expected. In combination with genetic editing tools,
optogenetics, chemogenetics, tissue clearing, and other
tools for functional circuit mapping, next-generation SD
models will be instrumental to solving the many
remaining questions in migraine research.

Abbreviations
BBB: Blood-brain barrier; FHM: Familial hemiplegic migraine; SD: Spreading
depression; TNC: Trigeminal nucleus caudalis; TVS: Trigeminovascular system

Acknowledgements
Not applicable.

Funding

This work was supported by the Brain Research Center, National Yang-Ming
University from The Featured Areas Research Center Program within the
framework of the Higher Education Sprout Project by the Ministry of Educa-
tion (MOE) in Taiwan (to SPQ); Taipei Veterans General Hospital [V106C-117,
V106D21-003-MY2 & V107C-089] (to SPC); Ministry of Science and Technol-
ogy of Taiwan [MOST 104-2314-B-075 -006 -MY3 & MOST 107-2314-B-010-
021 -] (to SPC); National Institutes of Health [KL2TR002542] (to DYC); the Phyl-
lis and Jerome Lyle Rappaport Foundation, Building Interdisciplinary Careers
in Women'’s Health Award [NIH, 5K12HD051959-13] (to AH), and the Training

Page 9 of 12

in Research for Academic Neurologists to Sustain Careers and Enhance the
Numbers of Diverse Scholars (TRANSCENDS) - NINDS/NIH Award through the
American Academy of Neurology [R25 NS098999-02] (to AH). The funders
had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Availability of data and materials
Not applicable.

Authors’ contributions

All authors are responsible for manuscript concept and design, literature
review, and manuscript writing. SPC and AH are responsible for critical
revision of the manuscript for important intellectual content. All authors read
and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

"Neurovascular Research Lab, Department of Radiology, Massachusetts
General Hospital, Charlestown, MA, USA. “Department of Neurology,
Massachusetts General Hospital, Boston, MA, USA. 3Department of Neurology,
Keio University School of Medicine, Tokyo, Japan. “Institute of Clinical
Medicine, National Yang-Ming University, Taipei, Taiwan. °Brain Research
Center, National Yang-Ming University, Taipei, Taiwan. ®Division of
Translational Research, Department of Medical Research, Taipei Veterans
General Hospital, Taipei, Taiwan. 7Depar’[ment of Neurology, Neurological
Institute, Taipei Veterans General Hospital, Taipei, Taiwan.

Received: 29 October 2018 Accepted: 18 April 2019
Published online: 02 May 2019

References

1. Leao AAP (1944) Spreading depression of activity in cerebral cortex. J
Neurophysiol 7:359-390

2. Somjen GG (2001) Mechanisms of spreading depression and hypoxic
spreading depression-like depolarization. Physiol Rev 81(3):1065-1096

3. Mutch WA, Hansen AJ (1984) Extracellular pH changes during spreading
depression and cerebral ischemia: mechanisms of brain pH regulation. J
Cereb Blood Flow Metab 4(1):17-27

4. Hansen AJ, Zeuthen T (1981) Extracellular ion concentrations during
spreading depression and ischemia in the rat brain cortex. Acta Physiol
Scand 113(4):437-445

5. Schock SC, Munyao N, Yakubchyk Y, Sabourin LA, Hakim AM, Ventureyra EC
et al (2007) Cortical spreading depression releases ATP into the extracellular
space and purinergic receptor activation contributes to the induction of
ischemic tolerance. Brain Res 1168:129-138

6. Enger R, Tang W, Vindedal GF, Jensen V, Johannes Helm P, Sprengel R et al
(2015) Dynamics of ionic shifts in cortical spreading depression. Cereb
Cortex 25(11):4469-4476

7. Leao AA (1947) Further observations on the spreading depression of activity
in the cerebral cortex. J Neurophysiol 10(6):409-414

8. Bowyer SM, Okada YC, Papuashvili N, Moran JE, Barkley GL, Welch KM et al
(1999) Analysis of MEG signals of spreading cortical depression with
propagation constrained to a rectangular cortical strip. I. Lissencephalic
rabbit model. Brain Res 843(1-2):71-78

9. James MF, Smith MI, Bockhorst KH, Hall LD, Houston GC, Papadakis NG et al
(1999) Cortical spreading depression in the gyrencephalic feline brain
studied by magnetic resonance imaging. J Physiol 519(Pt 2):415-425

10.  Santos E, Scholl M, Sanchez-Porras R, Kentar M, Orakcioglu B, Unterberg A et
al (2013) Cortical spreading depression dynamics can be studied using



Harriott et al. The Journal of Headache and Pain

20.

21.
22.
23.
24.
25.
26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

(2019) 20:45

intrinsic optical signal imaging in gyrencephalic animal cortex. Acta
Neurochir Suppl 118:93-97

Bowyer SM, Tepley N, Papuashvili N, Kato S, Barkley GL, Welch KM et al
(1999) Analysis of MEG signals of spreading cortical depression with
propagation constrained to a rectangular cortical strip. Il. Gyrencephalic
swine model. Brain Res 843(1-2):79-86

Lauritzen M (1994) Pathophysiology of the migraine aura. The spreading
depression theory. Brain 117(Pt 1):199-210

Hadjikhani N, Sanchez Del Rio M, Wu O, Schwartz D, Bakker D, Fischl B et al
(2001) Mechanisms of migraine aura revealed by functional MRI in human
visual cortex. Proc Natl Acad Sci U S A 98(8):4687-4692

Bowyer SM, Aurora KS, Moran JE, Tepley N, Welch KM (2001)
Magnetoencephalographic fields from patients with spontaneous and
induced migraine aura. Ann Neurol 50(5):582-587

Manzoni GC, Farina S, Lanfranchi M, Solari A (1985) Classic migraine--clinical
findings in 164 patients. Eur Neurol 24(3):163-169

Hansen JM, Goadsby PJ, Charles AC (2016) Variability of clinical features in
attacks of migraine with aura. Cephalalgia 36(3):216-224

Tfelt-Hansen PC, Koehler PJ (2011) One hundred years of migraine research:
major clinical and scientific observations from 1910 to 2010. Headache.
51(5):752-778

Viana M, Sances G, Linde M, Ghiotto N, Guaschino E, Allena M et al (2017)
Clinical features of migraine aura: results from a prospective diary-aided
study. Cephalalgia 37(10):979-989

Viana M, Linde M, Sances G, Ghiotto N, Guaschino E, Allena M et al (2016)
Migraine aura symptoms: duration, succession and temporal relationship to
headache. Cephalalgia 36(5):413-421

Milner PM (1958) Note on a possible correspondence between the
scotomas of migraine and spreading depression of Leao.
Electroencephalogr Clin Neurophysiol 10(4):705

Tfelt-Hansen PC (2010) History of migraine with aura and cortical spreading
depression from 1941 and onwards. Cephalalgia 30(7):780-792

Ayata C (2009) Spreading depression: from serendipity to targeted therapy
in migraine prophylaxis. Cephalalgia. 29(10):1095-1114

Vincent MB, Hadjikhani N (2007) Migraine aura and related phenomena:
beyond scotomata and scintillations. Cephalalgia 27(12):1368-1377

Hamel E (1999) Current concepts of migraine pathophysiology. Can J Clin
Pharmacol 6 Suppl A:9A-14A

Bussone G (2004) Pathophysiology of migraine. Neurol Sci 25(Suppl 3):5239-5241
Goadsby PJ (2005) Migraine pathophysiology. Headache. 45(Suppl 1):514-524
Buzzi MG, Moskowitz MA (2005) The pathophysiology of migraine: year
2005. J Headache Pain 6(3):105-111

Villalon CM, Centurion D, Valdivia LF, de Vries P, Saxena PR (2003) Migraine:
pathophysiology, pharmacology, treatment and future trends. Curr Vasc
Pharmacol 1(1):71-84

Moskowitz MA, Bolay H, Dalkara T (2004) Deciphering migraine mechanisms:
clues from familial hemiplegic migraine genotypes. Ann Neurol 55(2):276-280
Pietrobon D, Striessnig J (2003) Neurobiology of migraine. Nat Rev Neurosci
4(5):386-398

Ayata C (2010) Cortical spreading depression triggers migraine attack: pro.
Headache. 50(4):725-730

Bolay H, Reuter U, Dunn AK, Huang Z, Boas DA, Moskowitz MA (2002)
Intrinsic brain activity triggers trigeminal meningeal afferents in a migraine
model. Nat Med 8(2):136-142

Zhang X, Levy D, Noseda R, Kainz V, Jakubowski M, Burstein R (2010)
Activation of meningeal nociceptors by cortical spreading depression:
implications for migraine with aura. J Neurosci 30(26):8807-8814

Zhang X, Levy D, Kainz V, Noseda R, Jakubowski M, Burstein R (2011)
Activation of central trigeminovascular neurons by cortical spreading
depression. Ann Neurol 69(5):855-865

Zhao J, Levy D (2015) Modulation of intracranial meningeal nociceptor activity by
cortical spreading depression: a reassessment. J Neurophysiol 113(7):2778-2785
Karatas H, Erdener SE, Gursoy-Ozdemir Y, Lule S, Eren-Kocak E, Sen ZD et al
(2013) Spreading depression triggers headache by activating neuronal
Panx1 channels. Science. 339(6123):1092-1095

Pietrobon D, Moskowitz MA (2014) Chaos and commotion in the wake of
cortical spreading depression and spreading depolarizations. Nat Rev
Neurosci 15(6):379-393

Chen SP, Qin T, Seidel JL, Zheng Y, Eikermann M, Ferrari MD et al (2017)
Inhibition of the P2X7-PANX1 complex suppresses spreading depolarization
and neuroinflammation. Brain. 140(6):1643-1656

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

Page 10 of 12

Wang Y, Tye AE, Zhao J, Ma D, Raddant AC, Bu F et al (2019) Induction of
calcitonin gene-related peptide expression in rats by cortical spreading
depression. Cephalalgia 39(3):333-341

Melo-Carrillo A, Noseda R, Nir RR, Schain AJ, Stratton J, Strassman AM et al
(2017) Selective inhibition of Trigeminovascular neurons by Fremanezumab:
a humanized monoclonal anti-CGRP antibody. J Neurosci 37(30):7149-7163
Hansen JM, Baca SM, Vanvalkenburgh P, Charles A (2013) Distinctive
anatomical and physiological features of migraine aura revealed by 18 years
of recording. Brain. 136(Pt 12):3589-3595

Goadsby PJ (2001) Migraine, aura, and cortical spreading depression: why
are we still talking about it? Ann Neurol 49(1):4-6

Moskowitz MA, Nozaki K, Kraig RP (1993) Neocortical spreading depression
provokes the expression of c-fos protein-like immunoreactivity within
trigeminal nucleus caudalis via trigeminovascular mechanisms. J Neurosci
13(3):1167-1177

Filiz A, Tepe N, Eftekhari S, Boran HE, Dilekoz E, Edvinsson L et al (2019)
CGRP receptor antagonist MK-8825 attenuates cortical spreading depression
induced pain behavior. Cephalalgia 39(3):354-365

Chen SP, Ayata C (2017) Novel therapeutic targets against spreading
depression. Headache. 57(9):1340-1358

Chen SP, Ayata C (2016) Spreading depression in primary and secondary
headache disorders. Curr Pain Headache Rep 20(7):44

Ayata C (2013) Pearls and pitfalls in experimental models of spreading
depression. Cephalalgia. 33(8):604-613

Brennan KC, Romero Reyes M, Lopez Valdes HE, Arnold AP, Charles AC
(2007) Reduced threshold for cortical spreading depression in female mice.
Ann Neurol 61(6):603-606

Eikermann-Haerter K, Dilekoz E, Kudo C, Savitz SI, Waeber C, Baum MJ et al
(2009) Genetic and hormonal factors modulate spreading depression and
transient hemiparesis in mouse models of familial hemiplegic migraine type
1. J Clin Invest 119(1):99-109

Werhahn KJ, Wiseman K, Herzog J, Forderreuther S, Dichgans M, Straube A
(2000) Motor cortex excitability in patients with migraine with aura and
hemiplegic migraine. Cephalalgia 20(1):45-50

Lang E, Kaltenhauser M, Neundorfer B, Seidler S (2004) Hyperexcitability of
the primary somatosensory cortex in migraine--a magnetoencephalographic
study. Brain 127(Pt 11):2459-2469

Ayata C, Jin H, Kudo C, Dalkara T, Moskowitz MA (2006) Suppression of cortical
spreading depression in migraine prophylaxis. Ann Neurol 59(4)652-661
Eikermann-Haerter K, Can A, Ayata C (2012) Pharmacological targeting of
spreading depression in migraine. Expert Rev Neurother 12(3):297-306
Hertelendy P, Varga DP, Menyhart A, Bari F, Farkas E (2018) Susceptibility of
the cerebral cortex to spreading depolarization in neurological disease states: the
impact of aging. Neurochem Int. https.//doi.org/10.1016/j.neuint.2018.10010
Reid KH, Marrannes R, Wauquier A (1988) Spreading depression and central
nervous system pharmacology. J Pharmacol Methods 19(1):1-21

Matsuura T, Bures J (1971) The minimum volume of depolarized neural
tissue required for triggering cortical spreading depression in rat. Exp Brain
Res 12(3):238-249

Smith JM, Bradley DP, James MF, Huang CL (2006) Physiological studies of
cortical spreading depression. Biol Rev Camb Philos Soc 81(4):457-481
Dreier JP, Kleeberg J, Petzold G, Priller J, Windmuller O, Orzechowski HD et
al (2002) Endothelin-1 potently induces Leao's cortical spreading depression
in vivo in the rat: a model for an endothelial trigger of migrainous aura?
Brain 125(Pt 1):102-112

Chen SP, Theriot J, Ayata C, Brennan K (2017) Animal models of migraine
Aura. In: Dalkara T, Moskowitz MA (eds) Neurobiological Basis of Migraine
Fifkova E, Van Harreveld A (1974) Glutamate and spreading depression. J
Neurobiol 5(5):469-473

Akcali D, Sayin A, Sara Y, Bolay H (2010) Does single cortical spreading
depression elicit pain behaviour in freely moving rats? Cephalalgia. 30(10):
1195-1206

Menna G, Tong CK, Chesler M (2000) Extracellular pH changes and
accompanying cation shifts during ouabain-induced spreading depression. J
Neurophysiol 83(3):1338-1345

Balestrino M, Young J, Aitken P (1999) Block of (Na+K+)ATPase with
ouabain induces spreading depression-like depolarization in hippocampal
slices. Brain Res 838(1-2):37-44

Dreier JP, Kleeberg J, Alam M, Major S, Kohl-Bareis M, Petzold GC et al (2007)
Endothelin-1-induced spreading depression in rats is associated with a microarea
of selective neuronal necrosis. Exp Biol Med (Maywood) 232(2):204-213


https://doi.org/10.1016/j.neuint.2018.10.010

Harriott et al. The Journal of Headache and Pain

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

(2019) 20:45

Reid KH, Marrannes R, De Prins E, Wauquier A (1987) Strength-duration
properties of cathodal pulses eliciting spreading depression in rat cerebral
cortex. Brain Res 404(1-2):361-364

Ayata C, Shimizu-Sasamata M, Lo EH, Noebels JL, Moskowitz MA (2000)
Impaired neurotransmitter release and elevated threshold for cortical
spreading depression in mice with mutations in the alphalA subunit of P/Q
type calcium channels. Neuroscience. 95(3):639-645

Hertelendy P, Menyhart A, Makra P, Sule Z, Kiss T, Toth G et al (2017)
Advancing age and ischemia elevate the electric threshold to elicit
spreading depolarization in the cerebral cortex of young adult rats. J Cereb
Blood Flow Metab 37(5):1763-1775

Akerman S, Holland PR, Goadsby PJ (2008) Mechanically-induced cortical
spreading depression associated regional cerebral blood flow changes are
blocked by Na+ ion channel blockade. Brain Res 1229:27-36

Holland PR, Akerman S, Goadsby PJ (2010) Cortical spreading depression-
associated cerebral blood flow changes induced by mechanical stimulation
are modulated by AMPA and GABA receptors. Cephalalgia. 30(5):519-527
Eikermann-Haerter K, Lee JH, Yalcin N, Yu ES, Daneshmand A, Wei Y et al
(2015) Migraine prophylaxis, ischemic depolarizations, and stroke outcomes
in mice. Stroke. 46(1):229-236

Bere Z, Obrenovitch TP, Kozak G, Bari F, Farkas E (2014) Imaging reveals the
focal area of spreading depolarizations and a variety of hemodynamic
responses in a rat microembolic stroke model. J Cereb Blood Flow Metab
34(10):1695-1705

Kao YC, Li W, Lai HY, Oyarzabal EA, Lin W, Shih YY (2014) Dynamic perfusion
and diffusion MRI of cortical spreading depolarization in photothrombotic
ischemia. Neurobiol Dis 71:131-139

Hoffmann U, Lee JH, Qin T, Eikermann-Haerter K, Ayata C (2011) Gabapentin
reduces infarct volume but does not suppress peri-infarct depolarizations. J
Cereb Blood Flow Metab 31(7):1578-1582

Oliveira-Ferreira Al, Milakara D, Alam M, Jorks D, Major S, Hartings JA et al
(2010) Experimental and preliminary clinical evidence of an ischemic zone
with prolonged negative DC shifts surrounded by a normally perfused
tissue belt with persistent electrocorticographic depression. J Cereb Blood
Flow Metab 30(8):1504-1519

Nozari A, Dilekoz E, Sukhotinsky 1, Stein T, Eikermann-Haerter K, Liu C et al
(2010) Microemboli may link spreading depression, migraine aura, and
patent foramen ovale. Ann Neurol 67(2):221-229

Eikermann-Haerter K, Lee JH, Yuzawa |, Liu CH, Zhou Z, Shin HK et al (2012)
Migraine mutations increase stroke vulnerability by facilitating ischemic
depolarizations. Circulation 125(2):335-345

von Bornstadt D, Houben T, Seidel JL, Zheng Y, Dilekoz E, Qin T et al
(2015) Supply-demand mismatch transients in susceptible peri-infarct
hot zones explain the origins of spreading injury depolarizations.
Neuron. 85(5):1117-1131

Nakamura H, Strong AJ, Dohmen C, Sakowitz OW, Vollmar S, Sue M et al
(2010) Spreading depolarizations cycle around and enlarge focal ischaemic
brain lesions. Brain. 133(Pt 7):1994-2006

Airan RD, Thompson KR, Fenno LE, Bernstein H, Deisseroth K (2009)
Temporally precise in vivo control of intracellular signalling. Nature.
458(7241):1025-1029

Tye KM, Deisseroth K (2012) Optogenetic investigation of neural circuits
underlying brain disease in animal models. Nat Rev Neurosci 13(4):251-266
Chung DY, Sadeghian H, Qin T, Lule S, Lee H, Karakaya F et al (2018)
Cereb Cortex. 29(3):1150-1161

Chung DY, Sugimoto K, Fischer P, Bohm M, Takizawa T, Sadeghian H et al
(2018) Real-time non-invasive in vivo visible light detection of cortical
spreading depolarizations in mice. J Neurosci Methods

Houben T, Loonen IC, Baca SM, Schenke M, Meijer JH, Ferrari MD et al
(2017) Optogenetic induction of cortical spreading depression in
anesthetized and freely behaving mice. J Cereb Blood Flow Metab
37(5):1641-1655

Sadeghian H, Lacoste B, Qin T, Toussay X, Rosa R, Oka F et al (2018)
Spreading depolarizations trigger caveolin-1-dependent endothelial
transcytosis. Ann Neurol 84(3):409-423

van den Maagdenberg AM, Pietrobon D, Pizzorusso T, Kaja S, Broos LA,
Cesetti T et al (2004) A Cacnala knockin migraine mouse model with
increased susceptibility to cortical spreading depression. Neuron 41(5):
701-710

van den Maagdenberg AM, Pizzorusso T, Kaja S, Terpolilli N, Shapovalova M,
Hoebeek FE et al (2010) High cortical spreading depression susceptibility

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

104.

105.

107.

108.

109.

Page 11 of 12

and migraine-associated symptoms in ca(v)2.1 S218L mice. Ann Neurol
67(1):85-98

Eikermann-Haerter K, Negro A, Ayata C (2013) Spreading depression and the
clinical correlates of migraine. Rev Neurosci 24(4):353-363

Leo L, Gherardini L, Barone V, De Fusco M, Pietrobon D, Pizzorusso T et al
(2011) Increased susceptibility to cortical spreading depression in the mouse
model of familial hemiplegic migraine type 2. PLoS Genet 7(6).1002129
Eikermann-Haerter K, Yuzawa |, Dilekoz E, Joutel A, Moskowitz MA, Ayata C
(2011) Cerebral autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy syndrome mutations increase susceptibility to
spreading depression. Ann Neurol 69(2):413-418

Brennan KC, Bates EA, Shapiro RE, Zyuzin J, Hallows WC, Huang Y et al
(2013) Casein kinase idelta mutations in familial migraine and advanced
sleep phase. Sci Transl Med 5(183):183ra56, 1-11

Lipton RB, Buse DC, Hall CB, Tennen H, Defreitas TA, Borkowski TM et al
(2014) Reduction in perceived stress as a migraine trigger: testing the “let-
down headache” hypothesis. Neurology. 82(16):1395-1401

Sauro KM, Becker WJ (2009) The stress and migraine interaction. Headache.
49(9):1378-1386

Yapici-Eser H, Donmez-Demir B, Kilic K, Eren-Kocak E, Dalkara T (2018) Stress
modulates cortical excitability via alpha-2 adrenergic and glucocorticoid
receptors: as assessed by spreading depression. Exp Neurol 307:45-51
Kaufmann D, Brennan KC (2018) The effects of chronic stress on migraine
relevant phenotypes in male mice. Front Cell Neurosci 12:294

Shyti R, Eikermann-Haerter K, van Heiningen SH, Meijer OC, Ayata C, Joels M
et al (2015) Stress hormone corticosterone enhances susceptibility to
cortical spreading depression in familial hemiplegic migraine type 1 mutant
mice. Exp Neurol 263:214-220

Kilic K, Karatas H, Donmez-Demir B, Eren-Kocak E, Gursoy-Ozdemir Y, Can A
et al (2018) Inadequate brain glycogen or sleep increases spreading
depression susceptibility. Ann Neurol 83(1):61-73

Hoffmann U, Sukhotinsky I, Eikermann-Haerter K, Ayata C (2013) Glucose
modulation of spreading depression susceptibility. J Cereb Blood Flow
Metab 33(2):191-195

Schain AJ, Melo-Carrillo A, Borsook D, Grutzendler J, Strassman AM, Burstein
R (2018) Activation of pial and dural macrophages and dendritic cells by
cortical spreading depression. Ann Neurol 83(3):508-521

Ebersberger A, Schaible HG, Averbeck B, Richter F (2001) Is there a
correlation between spreading depression, neurogenic inflammation, and
nociception that might cause migraine headache? Ann Neurol 49(1):7-13
Gursoy-Ozdemir Y, Qiu J, Matsuoka N, Bolay H, Bermpohl D, Jin H et al
(2004) Cortical spreading depression activates and upregulates MMP-9. J
Clin Invest 113(10):1447-1455

Imamura K, Takeshima T, Fusayasu E, Nakashima K (2008) Increased plasma
matrix metalloproteinase-9 levels in migraineurs. Headache. 48(1):135-139
Cottier KE, Galloway EA, Calabrese EC, Tome ME, Liktor-Busa E, Kim J et al
(2018) Loss of Blood-Brain Barrier Integrity in a KCl-Induced Model of
Episodic Headache Enhances CNS Drug Delivery. eNeuro 5(4)

. Zhao J, Levy D (2018) Dissociation between CSD-evoked metabolic

perturbations and meningeal afferent activation and sensitization: implications
for mechanisms of migraine headache onset. J Neurosci 38(22):5053-5066
Zhao J, Levy D (2016) Cortical Spreading Depression Promotes Persistent
Mechanical Sensitization of Intracranial Meningeal Afferents: Implications for
the Intracranial Mechanosensitivity of Migraine. eNeuro 3(6). https.//doi.org/
10.1523/ENEURO.0116-18.2018

Melo-Carrillo A, Strassman AM, Nir RR, Schain AJ, Noseda R, Stratton J et al
(2017) Fremanezumab-a humanized monoclonal anti-CGRP antibody-
inhibits thinly myelinated (Adelta) but not unmyelinated (C) meningeal
nociceptors. J Neurosci 37(44):10587-10596

. Zhao J, Levy D (2018) The CGRP receptor antagonist BIBN4096 inhibits

prolonged meningeal afferent activation evoked by brief local K(+) stimulation
but not cortical spreading depression-induced afferent sensitization. Pain
reports 3(1):e632. https//doi.org/10.1523/ENEURO.0287-16.2016

Choudhuri R, Cui L, Yong C, Bowyer S, Klein RM, Welch KM et al (2002)
Cortical spreading depression and gene regulation: relevance to migraine.
Ann Neurol 51(4)499-506

Thompson CS, Hakim AM (2005) Cortical spreading depression modifies
components of the inflammatory cascade. Mol Neurobiol 32(1):51-57
Urbach A, Bruehl C, Witte OW (2006) Microarray-based long-term detection
of genes differentially expressed after cortical spreading depression. Eur J
Neurosci 24(3):841-856


https://doi.org/10.1523/ENEURO.0116-18.2018
https://doi.org/10.1523/ENEURO.0116-18.2018
https://doi.org/10.1523/ENEURO.0287-16.2016

Harriott et al. The Journal of Headache and Pain

110.

112

113.

114.

116.

117.

118.

119.

121.

123.

126.

128.

129.

130.

133.

134.

(2019) 20:45

Jander S, Schroeter M, Peters O, Witte OW, Stoll G (2001) Cortical spreading
depression induces proinflammatory cytokine gene expression in the rat
brain. J Cereb Blood Flow Metab 21(3):218-225

. Faraguna U, Nelson A, Viyazovskiy W, Cirelli C, Tononi G (2010) Unilateral

cortical spreading depression affects sleep need and induces molecular and
electrophysiological signs of synaptic potentiation in vivo. Cereb Cortex
20(12):2939-2947

Dehbandi S, Speckmann EJ, Pape HC, Gorji A (2008) Cortical spreading
depression modulates synaptic transmission of the rat lateral amygdala. Eur
J Neurosci 27(8):2057-2065

Mesgari M, Kruger J, Riemer CT, Khaleghi Ghadiri M, Kovac S, Gorji A (2017)

Gabapentin prevents cortical spreading depolarization-induced disinhibition.

Neuroscience. 361:1-5

Takano T, Tian GF, Peng W, Lou N, Lovatt D, Hansen AJ et al (2007) Cortical
spreading depression causes and coincides with tissue hypoxia. Nat
Neurosci 10(6):754-762

. Steffensen AB, Sword J, Croom D, Kirov SA, MacAulay N (2015) Chloride

cotransporters as a molecular mechanism underlying spreading
depolarization-induced dendritic beading. J Neurosci 35(35):12172-12187
Sword J, Croom D, Wang PL, Thompson RJ, Kirov SA (2017) Neuronal
pannexin-1 channels are not molecular routes of water influx during
spreading depolarization-induced dendritic beading. J Cereb Blood Flow
Metab 37(5):1626-1633

Kucharz K, Lauritzen M (2018) CaMKII-dependent endoplasmic reticulum
fission by whisker stimulation and during cortical spreading depolarization.
Brain 141(4):1049-1062

Zhou N, Gordon GR, Feighan D, MacVicar BA (2010) Transient swelling,
acidification, and mitochondrial depolarization occurs in neurons but not
astrocytes during spreading depression. Cereb Cortex 20(11):2614-2624
Scheller D, Kolb J, Tegtmeier F (1992) Lactate and pH change in close
correlation in the extracellular space of the rat brain during cortical
spreading depression. Neurosci Lett 135(1):83-86

. Selman WR, Lust WD, Pundik S, Zhou Y, Ratcheson RA (2004) Compromised

metabolic recovery following spontaneous spreading depression in the
penumbra. Brain Res 999(2):167-174

Menyhart A, Zolei-Szenasi D, Puskas T, Makra P, Orsolya MT, Szepes BE et al
(2017) Spreading depolarization remarkably exacerbates ischemia-induced
tissue acidosis in the young and aged rat brain. Sci Rep 7(1):1154

. Yuzawa |, Sakadzic S, Srinivasan VJ, Shin HK, Eikermann-Haerter K, Boas DA

et al (2012) Cortical spreading depression impairs oxygen delivery and
metabolism in mice. J Cereb Blood Flow Metab 32(2):376-386

Chang JC, Shook LL, Biag J, Nguyen EN, Toga AW, Charles AC et al (2010)
Biphasic direct current shift, haemoglobin desaturation and neurovascular
uncoupling in cortical spreading depression. Brain 133(Pt 4):.996-1012

. Ayata C (2013) Spreading depression and neurovascular coupling. Stroke

44(6 Suppl 1):587-589

. Piilgaard H, Lauritzen M (2009) Persistent increase in oxygen consumption

and impaired neurovascular coupling after spreading depression in rat
neocortex. J Cereb Blood Flow Metab 29(9):1517-1527

Ostergaard L, Dreier JP, Hadjikhani N, Jespersen SN, Dirnagl U, Dalkara T
(2015) Neurovascular coupling during cortical spreading depolarization and
-depression. Stroke. 46(5):1392-1401

. Ayata C, Lauritzen M (2015) Spreading depression, spreading

depolarizations, and the cerebral vasculature. Physiol Rev 95(3):953-993
Hoffmann U, Ayata C (2013) Neurovascular coupling during spreading
depolarizations. Acta Neurochir Suppl. 115:161-165

Ayata C, Shin HK, Salomone S, Ozdemir-Gursoy Y, Boas DA, Dunn AK et al
(2004) Pronounced hypoperfusion during spreading depression in mouse
cortex. J Cereb Blood Flow Metab 24(10):1172-1182

Dreier JP, Reiffurth C (2015) The stroke-migraine depolarization continuum.
Neuron. 86(4):902-922

. Dreier JP (2011) The role of spreading depression, spreading depolarization

and spreading ischemia in neurological disease. Nat Med 17(4):439-447

. Kruit MC, Launer LJ, Ferrari MD, van Buchem MA (2005) Infarcts in the

posterior circulation territory in migraine. The population-based MRI
CAMERA study. Brain 128(Pt 9):2068-2077

Kruit MC, van Buchem MA, Hofman PA, Bakkers JT, Terwindt GM, Ferrari MD et al
(2004) Migraine as a risk factor for subclinical brain lesions. JAMA 291(4):427-434
Pusic AD, Mitchell HM, Kunkler PE, Klauer N, Kraig RP (2015) Spreading
depression transiently disrupts myelin via interferon-gamma signaling. Exp
Neurol 264:43-54

135

136.

137.

139.

140.

142.

143.

146.

149.

Page 12 of 12

. Donmez-Demir B, Yemisci M, Kilic K, Gursoy-Ozdemir Y, Soylemezoglu F,

Moskowitz M et al (2018) Microembolism of single cortical arterioles can

induce spreading depression and ischemic injury; a potential trigger for

migraine and related MRI lesions. Brain Res 1679:84-90

Jessen NA, Munk AS, Lundgaard |, Nedergaard M (2015) The Glymphatic

system: a Beginner's guide. Neurochem Res 40(12):2583-2599

Plog BA, Nedergaard M (2018) The Glymphatic system in central nervous

system health and disease: past, present, and future. Annu Rev Pathol

13:379-394

. Plog BA, Dashnaw ML, Hitomi E, Peng W, Liao Y, Lou N et al (2015)

Biomarkers of traumatic injury are transported from brain to blood via the

glymphatic system. J Neurosci 35(2):518-526

Lee H, Xie L, Yu M, Kang H, Feng T, Deane R et al (2015) The effect of body

posture on brain Glymphatic transport. J Neurosci 35(31):11034-11044

Schain AJ, Melo-Carrillo A, Strassman AM, Burstein R (2017) Cortical

spreading depression closes Paravascular space and impairs Glymphatic

flow: implications for migraine headache. J Neurosci 37(11):2904-2915

. Shimazawa M, Hara H (1996) An experimental model of migraine with aura:

cortical hypoperfusion following spreading depression in the awake and

freely moving rat. Clin Exp Pharmacol Physiol 23(10-11):890-892

Fioravanti B, Kasasbeh A, Edelmayer R, Skinner DP Jr, Hartings JA, Burklund

RD et al (2011) Evaluation of cutaneous allodynia following induction of

cortical spreading depression in freely moving rats. Cephalalgia.

31(10):1090-1100

Levy D, Moskowitz MA, Noseda R, Burstein R (2012) Activation of the

migraine pain pathway by cortical spreading depression: do we need more

evidence? Cephalalgia. 32(7):581-582

. Tepe N, Filiz A, Dilekoz E, Akcali D, Sara Y, Charles A et al (2015) The
thalamic reticular nucleus is activated by cortical spreading depression in
freely moving rats: prevention by acute valproate administration.
Eur J Neurosci 41(1):120-128

. Langford DJ, Bailey AL, Chanda ML, Clarke SE, Drummond TE, Echols S et al

(2010) Coding of facial expressions of pain in the laboratory mouse. Nat

Methods 7(6):447-449

Headache Classification Committee of the International Headache Society

(IHS). The International Classification of Headache Disorders, 3rd edition.

Cephalalgia. 2018;38(1):1-211

. Chou TM, Chen SP (2018) Animal models of chronic migraine. Curr Pain
Headache Rep 22(6):44

. Sukhotinsky I, Dilekoz E, Wang Y, Qin T, Eikermann-Haerter K, Waeber C et al

(2011) Chronic daily cortical spreading depressions suppress spreading

depression susceptibility. Cephalalgia. 31(16):1601-1608

Filiz A, Tepe N, Eftekhari S, Boran HE, Dilekoz E, Edvinsson L et al (2017)

CGRP receptor antagonist MK-8825 attenuates cortical spreading depression

induced pain behavior. Cephalalgia. 2019;39(3):354-365

. Chen SP, Theriot J, Ayata C, Brennan K (2017) Animal Models of Migraine
Aura. Neurobiological Basis of Migraine

. Martins-Ferreira H, Nedergaard M, Nicholson C (2000) Perspectives on
spreading depression. Brain Res Brain Res Rev 32(1):215-234

. Snow RW, Taylor CP, Dudek FE (1983) Electrophysiological and optical
changes in slices of rat hippocampus during spreading depression. J
Neurophysiol 50(3):561-572

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



	Abstract
	Background
	Aura phenomenology and SD
	SD in relation to migraine headache
	Why consider SD model for the study of migraine

	SD susceptibility and its clinical translatability
	Experimental methods of SD induction
	Conventional methods
	Pharmacological induction
	Electrical induction
	Mechanical induction
	Other conventional methods

	Novel optogenetic methods to trigger SD
	Spontaneous SD and physiological triggers
	Spontaneous SD in wild-type and genetically-modified animals
	Physiological SD triggers

	Peripheral and central consequences of SD
	Peripheral consequences of SD involving the meninges and trigeminal nociceptors
	Central inflammatory, electrophysiological, morphological and metabolic changes

	Behavioral assessments following SD
	SD as a model of recurrent episodic or chronic migraine
	In-vitro models of SD

	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

