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Preface 

      This dissertation's methods and results sections were previously published as 

Tamim, I., Chung, D.Y., de Morais, A.L., Loonen, I.C.M., Qin, T., Misra, A., Schlunk, 

F., Endres, M., Schiff, S.J., Ayata, C. Spreading depression as an innate antiseizure 

mechanism. Nat. Commun. 12, 2206 (2021). 

https://doi.org/10.1038/s41467-021-22464-x. Contents are cited where applicable. 

 

The contents of the introduction and research state section of this dissertation have 

been, in part, extensively researched in an unpublished academic essay of the author 

during module 23, “scientific working.” The contents are cited where applicable as 

Tamim, I., Seizures versus Cortical Spreading Depolarization – Implications for 

Migraine with Aura and Epilepsy. Charité Universitätsmedizin Berlin, supervisor: Prof. 

Dr. Jens P. Dreier (2020).  
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1.    Abbreviations:  

AED                                        Antiepileptic drugs  

ANOVA                                  Analysis of variance 

AMPA                                     α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

ATPase                                  Adenosine 5'-TriPhosphatase 

ATP1A2                                  ATPase Na+/K+ Transporting Subunit Alpha 2 

BIC                                         1(S),9(R)-(−)-bicuculline methiodide  

BOLD                                     Brain oxygen level-dependent 

CA                                           Cornu ammonis 

CACNA1A                              Calcium Voltage-Gated Channel Subunit Alpha1 A 

CBF                                        Cerebral blood flow 

CBV                                        Cerebral blood volume 

ChR2                                      Channelrhodopsin-2  

DC                                          Direct current 

ECoG                                     Electrocorticogram 

EEG                                        Electroencephalogram 

FFT                                         Fast Fourier transform 

FHM                                       Familial hemiplegic migraine 

fMRI                                       Functional magnetic resonance imaging 

GABAAR                                g-aminobutyric acid type A receptor  

GABA                                     g-aminobutyric acid 

IICA                                        Ictal-interictal continuum abnormalities  

IOS                                         Intrinsic optical imaging  

KA                                           Kainic acid  

LFP                                        Local field potential



 

* See p.16 for a detailed explanation of the correct use of both terms  
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LOI                                         Line of interest  

MRI                                         Magnetic resonance imaging 

NMDA                                    N-Methyl-D-aspartic acid 

PG                                          Penicillin G 

PRRT2                                   Proline-rich transmembrane protein 2 

PD                                          Power density                          

ROI                                         Region of interest  

SCNA1                                   Sodium voltage-gated channel alpha subunit 1 

SD                                          Spreading depolarization or Spreading depression* 

TTX                                        Tetrodotoxin  

4-AP                                       4-Aminopyridine 
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2.    Abstract 

Tamim, I., Chung, D.Y., de Morais, A.L., Loonen, I.C.M., Qin, T., Misra, A., Schlunk, 

F., Endres, M., Schiff, S.J., Ayata, C. Spreading depression as an innate antiseizure 

mechanism. Nat. Commun. 12, 2206 (2021). 

https://doi.org/10.1038/s41467-021-22464-x.  

The abstracts were adapted and revised from this publication to summarize the 

contents of the dissertation. 

2.1    English Abstract 
 
Background: Migraine and epilepsy are comorbid neurological diseases that have an 

intriguing relationship as similar genetic mutations and external stimuli trigger both 

conditions. While the resemblance of their clinical presentation can thus make a 

diagnosis difficult, the same prophylactic drugs, in turn, decrease attack frequency in 

both migraine and epilepsy.  

Spreading depression/depolarization (SD) and epileptic seizures represent their 

pathophysiological correlates and are triggered by hyperexcitability. Cortical SD 

describes an abrupt mass depolarization that creeps along the hemisphere and 

silences electrical activity for several minutes. In contrast, epileptic seizures rapidly 

recruit adjacent tissue into a hyperexcitable state.  

Objectives: To investigate whether epileptic seizures trigger SD, what determines the 

occurrence of SDs, and to what extent SD contributes to suppression and limitation of 

seizures.   

Methods: Four chemoconvulsants were used to induce focal neocortical and 

generalized seizures in an in vivo mouse model. Wildtype CD1 mice (n = 165), familial 

hemiplegic migraine mutant (n = 14) and transgenic mice (n = 18) were used. Seizure 

intensity and spread were quantified by an electrocorticogram, while generalized 

seizures were examined via intrahippocampal recordings. SDs were simultaneously 

detected via a slow direct current shift and Intrinsic Optical Imaging (IOS) in the cortex 

and hippocampus. Cerebral blood volume was used as a surrogate of seizure activity
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and measured via IOS. The effects of spontaneous, chemically, and optogenetically 

induced SDs were examined.  

Results: Focal neocortical and generalized seizures triggered multiple SDs. Severe 

seizure intensity and generalization were related to SD occurrence.  Tetrodotoxin 

confirmed seizures as the only trigger of SD. SDs exerted an antiseizure effect, 

thereby inhibiting seizure intensity and limiting its spread. Chemically and 

optogenetically induced SDs showed a similar antiseizure effect. A single SD was 

capable of limiting the recurrence of seizures. The results could be reproduced in all 

mice strains. Pretreatment of the cortex with an SD 5 and 30 minutes before applying 

the chemoconvulsant prevented seizure development. Vice versa, the blockage of 

SDs with MK-801 resulted in greater expansion of the seizures. 

Conclusions: SD might function as an endogenous defense mechanism to diminish 

the occurrence of epileptic activity. Following the seizure suppression, SD manifests 

as a migraine aura. The data supports  the understanding of migraine and epilepsy as 

related disorders linked by cortical hyperexcitability that either result in SD or seizures. 

It allows for a nuanced view of SD’s role in neurological disease and facilitates the 

identification of new therapy concepts for migraine and epilepsy.

isratamim
Hervorheben
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2.2    Deutscher Abstract 
 
Hintergrund: Migräne und Epilepsie sind komorbide neurologische Erkrankungen, 

die in einer engen Beziehung stehen, da sie durch die gleichen externen Einflüsse 

sowie genetischen Mutationen getriggert werden. Während ihre ähnliche klinische 

Präsentation eine Diagnose erschweren kann,  reduziert die gleiche Medikation 

wiederum die Episodenfrequenz in beiden Erkrankungen. 

Die Netzwerk-Phänomene Spreading Depression/Depolarization (SD) und 

epileptische Anfälle stellen hier die pathophysiologischen Korrelate dar und stehen in 

einer engen wechselseitigen Beziehung: Beide Phänomene werden durch eine 

Hypererregbarkeit des Kortex getriggert. SD liegt einer abrupten und intensiven 

Massendepolarisation zugrunde, breitet sich langsam im Kortex aus und supprimiert 

dort für einige Minuten hirnelektrische Aktivität. Im Gegensatz dazu rekrutieren 

epileptische Anfälle mit ihrer schnellen Ausbreitung benachbartes Hirngewebe in 

einen übererregten Zustand.  

Zielsetzung: Es soll untersucht werden, inwieweit epileptische Anfälle SDs triggern, 

welche Charakteristika SD-induzierende Anfälle aufweisen und inwieweit SDs zur 

Abschwächung und Limitierung von Anfällen beitragen. 

Methoden: Vier pharmakologische Anfällsmodelle wurden genutzt, um fokale 

neokortikale Anfälle und generalisierte Anfälle zu erzeugen. Es wurden Wildtyp- 

(n=165), transgene (n=18)  und FHM1-Mäuse (n=14) genutzt. Ein 

Elektrokortikogramm wurde abgeleitet, um die Intensität und Expansion der 

epileptischen Anfälle zu erfassen. Systemisch induzierte Anfälle wurden über 

elektrophysiologische Messungen im Hippocampus beurteilt. Das Auftreten von SDs 

wurde simultan über die langsame Gleichstrompotenzialänderung im Kortex und 

Hippocampus, sowie über Intrinsic Optical Imaging (IOS) registriert. Das zerebrale 

Blutvolumen als metabolisches Korrelat einer gesteigerten neuronalen Aktivität wurde 

ebenfalls über IOS beurteilt. Es wurden Effekte spontaner, chemisch und 

optogenetisch induzierter SDs quantifiziert. 

Ergebnisse: Fokale neokortikale und generalisierte Anfälle triggerten multiple SDs. 

Das Auftreten spontaner SDs korrelierte mit einer schwerwiegenderen 

Anfallsintensität und -generalisation. SDs übten einen antiepileptischen Effekt auf den 

Anfall aus und schwächten sowohl Intensität als auch eine Generalisation. Chemisch 

und optogenetisch induzierte SDs zeigten einen ebenso potenten antiepileptischen
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Effekt. Eine einzelne SD konnte ein Wiederauftreten des Anfalls verhindern. Die 

Ergebnisse konnten in allen Maus-Stämmen reproduziert werden. Eine 

Vorbehandlung des Kortex mit einer einzelnen SD fünf bzw. 30 Minuten vor 

Applikation der epileptogenen Substanz verhinderte die Bildung eines Anfalls. Eine 

Inhibition von SDs mit MK-801  führte umgekehrt zu einer ausgedehnteren 

Generalisation. 

Schlussfolgerung: SD  als endogener antiepileptischer Mechanismus kann 

epileptische Anfälle ausbremsen, um dann klinisch als Aura in Erscheinung zu treten. 

Die Daten festigen die These, dass Migräne und Epilepsie zwei sich überschneidende 

Erkrankungen darstellen, bei denen die Übererregbarkeit des Kortex entweder eine 

SD oder Anfälle triggert. Dies erlaubt einen nuancierten Blick auf das Phänomen SD 

in neurologischen Erkrankungen und erleichtert die Identifikation neuer Therapie-

Strategien bei Migräne und Epilepsie. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

________ 
* Parts of this section have been extensively researched in an unpublished academic essay by the author,  and 
were revised and adapted from  Tamim, I., Seizures versus Cortical Spreading Depolarization – Implications for 
Migraine with Aura and Epilepsy. Charité Universitätsmedizin Berlin. 

 14 

3.    Introduction* 

 
“Some surprise may be felt that migraine is given a place in the borderland of epilepsy, but 

the position is justified by many relations, and among them by the fact that the two maladies 

are sometimes mistaken, and more often their distinction is difficult.” 

 
WILLIAM R. GOWERS, 1907 [1] 

 

 

 ransient brain dysfunctions are often related to electrical, vascular, and metabolic 

activity alterations in neuronal networks, and various types of network phenomena 

in the brain can contribute to the development of specific neurological syndromes. 

Each of these network phenomena is characterized by its own molecular and 

electrophysiological signature, which has specific consequences for brain tissue and 

neuronal functionality [2].  

Spreading depolarization (SD) and epileptic seizures are two network phenomena that 

co-occur in numerous neurological diseases: migraine with aura, epilepsy, 

subarachnoid and intracerebral hemorrhage, and traumatic brain injury [3].   

During SD, neurons and glial cells depolarize and initiate a wave of electrical excitation 

that spreads across the affected hemisphere. Interestingly, the network phenomenon 

occurs in many species (e.g., insects, vertebrates), thereby indicating its conservation 

during evolution [4]. As decades of research have demonstrated,  SD is the 

pathophysiological mechanism that underlies migraine aura. More recently, it was 

discovered that SD is most likely linked to the stimulation of the trigeminovascular 

system, resulting in pain due to headaches [5].  

Epileptic seizures comprise a disruptive brain function caused by the hyperexcitability 

and hypersynchronous activity of neuronal clusters. Although SD and seizures co-

occur in many neurological disorders, the significance of their interplay in migraine and 

epilepsy is still unknown. However, both disorders share one essential commonality 

that distinguishes them from other brain conditions, namely that they are characterized 

by recurring symptoms of paroxysmal onset [6]. 

T 
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Affected patients typically do not show any residual neurological deficits and remain 

symptom-free between attacks, wherefore both migraine and epilepsy are considered 

chronic episodic disorders [3]. Both are prevalent disorders, with migraine affecting 

about 19% of females and 10% of males worldwide [7]. 

Chronic migraine frequently causes disability in young patients, therefore imposing a 

high burden on society as it shows a prevalence of 2% in the general population [8, 

9]. 

Although epilepsy is less common than migraine, it still ranks among the most 

prevalent neurological disorders, with a reported overall prevalence ranging from 0.5–

0.8% [10]. Modern epidemiological studies established comorbidity between migraine 

and epilepsy that is independent of the seizure pattern, etiology, age at disease onset, 

or family history of epilepsy [11]. Individuals with epilepsy show a roughly two-fold 

increase in migraine prevalence over that of the general population [12]. Congruently, 

epilepsy is much more common in migraine patients, with a reported median 

prevalence of 5.9% [13]. Interestingly, studies report that the prevalence of epilepsy is 

3.2 fold higher in children with migraines compared to children suffering from tension-

type headaches [14].  
Subsequently, physicians have long suspected the comorbidity of both disorders. In 

1873, E. Leveing attempted to unravel the mechanisms underlying a migraine attack. 

He described the condition immediately before the aura as an “unstable equilibrium 

and gradually accumulating tension,” resembling seizures. The attack itself might 

serve as a  “storm by which this condition is dispersed and the equilibrium for the time 

restored”  [15]. Later, “intermediate” cases were reported by W. Gowers, who 

suggested that migraine is a disorder “on the borderland to epilepsy (…) near it but 

not of it" [1, 3]. In the 1940s, scientific thinking was dominated by the concept of 

migraine aura as a condition of vascular dysregulation. Migraine aura, a transient 

sensory disturbance (e.g., scintillating scotoma, photophobia, phonophobia), usually 

occurs 10–60 min before or during a migraine headache. The term “migraine aura” 

must be differentiated strictly from the “prodrome aura” that precedes a clinically overt 

seizure [16] and represents focal aware seizures (i.e., partial simple seizures) [3]. 

In 1963, H.G. Wolff suggested that vasoconstriction of cranial vessels would severely 

reduce cerebral blood flow (CBF). He further argued that hypoperfusion causes the
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typical negative symptoms during aura (e.g., scotoma) [17], which often lead to 

migraine being referred to as a “stroke mimic”. Intra- and extracranial vessels would 

presumably respond to oligemia with vasodilatation, thereby leading to inflammation 

and corresponding perivascular edema. As a result, pain-sensory fibers of meningeal 

blood vessels are mechanically activated, resulting in a headache. However, with 

technological advances in imaging tools, further research could not verify a correlation 

between cerebral blood flow and migraine symptoms. While CBF variations do occur 

during migraine attacks, the increase or reduction of blood flow is not linked to 

headache intensity [18, 19]. Compelling new evidence has linked heightened cortical 

excitability and responsivity to SD, thereby providing further knowledge on migraine 

pathophysiology [3].  

SD causes large transmembrane ion fluxes and movements of water molecules that 

substantially alter ion homeostasis and neurotransmitter signaling. In otherwise 

healthy brain tissue, it ultimately resolves itself and only lasts for approximately one 

minute [20]. The almost complete depolarization of brain cells hinders the 

development of new action potentials, which results in a propagating wave of cortical 

electrical silence (termed “spreading depression”) [21]. Several mechanisms exist that 

contribute to the reestablishment of the ion homeostasis after such an episode, 

including the Na+-K+-ATPase, intracellular Ca2+-buffering, and the astrocytic reuptake 

system. However, restoring the massive molecular shifts is highly energy- and O2-

dependent and therefore impaired in metabolically compromised tissue (e.g., 

subarachnoid hemorrhage, ischemic stroke) where SD implies tissue deterioration. In 

the adequately supplied migraine brain, SD probably represents a benign event, and 

recovery typically occurs within minutes [22]. SD progresses at a rate of 

millimeters/minute [23], presumably through intercellular synchronous activation of 

direct gap-junctional neuron-to-neuron communication [24]. Its speed of propagation 

is thus a lot slower than that of epileptic seizures [3]. 

Notably, spreading depression requires depression of spontaneous electrical activity, 

which is often absent in the peri-infarct or injured brain. Under normoxic conditions 

(e.g., in the migraine brain), spreading depolarization is accompanied by spreading 

depression [20, 23]. In other words, in the adequately supplied tissue, spreading 

depression is an epiphenomenon of spreading depolarization. As this dissertation 

mainly focuses on the uninjured brain, spreading depolarization and depression are 

both referred to as SD since the borders between both are blurred in this context. 
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Furthermore, the term spreading depression emphasizes the effect on brain activity in 

the context of seizures. In cases where spreading depolarization is not followed by 

 spreading depression (e.g., stroke or trauma) and terms are not interchangeable, the 

full terms are used. 

To initiate SD in the rodent cortex, a minimum volume of approximately 1 mm3 brain 

tissue needs to be depolarized [25]. Only strong stimuli such as hyperexcitability, 

seizures, ischemia, and trauma are sufficient to encumber clearance mechanisms for 

potassium and therefore trigger SD [26-29]. A potassium concentration of 10–12 mM 

must be exceeded in the extracellular space [26, 30] and can reach a peak of 80 mM 

[31]. The rise in extracellular potassium leads to the depolarization of adjacent brain 

tissue, thereby allowing the wave to spread. Neuronal depolarization results in the 

opening of voltage-gated Ca2+- and Na+-channels [30, 32] while sodium and calcium 

ions stream into the cells, releasing certain neurotransmitters such as glutamate [33, 

34]. With N-Methyl-D-aspartic acid (NMDA) receptor activation contributing to the self-

generating propagation of SD, the neurotransmitter glutamate serves as an essential 

mediator for sustaining depolarization [35, 36]. 

Interestingly, it was also reported that glial glutamate release might precede the 

increase of potassium concentration and neuronal depolarization, thereby causing 

synchronous oscillatory field activity and synchronization of neuronal firing [37]. 

Synaptic transmission is unnecessary for generating an SD wave, as experimental 

studies with the sodium channel blocker tetrodotoxin (TTX) have shown [38, 39]. 

Synaptic transmission and action potentials cause brief, highly regulated changes 

(lasting milliseconds) in voltage (amplitude in microvolts) along the cell membrane that 

travels at a rate of meters per second [20]. These electrophysiological mechanisms 

differ from SD, which lasts for minutes, creates a potential shift of up to  -30 mV in 

amplitude, and propagates in a creeping fashion (millimeters per minute or 50–83 

μm/sec) [6, 20].  

On the contrary, the development of epileptic activity heavily depends on signaling 

that is established by α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors and synaptic transmission [3, 40]. Epileptic seizures represent clinical 

manifestations of excessive, hypersynchronous discharges in neurons [41]. However, 

their electrophysiological pattern and initial topographic focus are very heterogeneous, 

and several mechanisms that contribute to their manifestation are described. The 

communication between and within the brain’s neuronal networks is potentially
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mediated through oscillations (rhythmic and/or repetitive electrical activity). Seizures 

probably develop due to increased neuronal excitability, synaptic transmission, and 

higher network connectivity with hypersynchronous neuronal ensembles.  Further 

mechanisms secondarily facilitate the recruitment of larger areas [42]. 

The propagation velocity of human seizures can range from very slow (<200 μm/s) to 

very fast >10 mm/s [43]. Importantly, in studies using the 0 Mg2+-model (increased 

NMDA receptor activity), the speed of seizure spread ranged from 160 to 250 μm/s 

[44, 45]. Therefore, hyperexcitability can induce seizures with propagation velocities 

comparable to SD.  

Although the initiating events of both phenomena have been extensively researched, 

it is still unclear what determines the transition from hyperexcitability to either SD or 

seizures [3].  

Section 4 presents the state of current research and is followed by section 5 that 

presents the objectives and significance of this dissertation. Section 6 describes the 

methods, and section 7 the results of the publication that this dissertation is based on. 

Section 8 discusses the relationship between SD and seizures that is characterized 

by intriguing overlaps of migraine and epilepsy. This dissertation mainly focuses on 

the close bidirectional interactions between seizures and SD, which are the 

pathophysiological correlates of migraine and epilepsy. Although physicians often 

encounter puzzling cases that unify features of migraine and epilepsy, their clinical 

manifestations are typically interpreted as distinct conditions. 

Therefore, this research addresses the current gap in knowledge concerning the 

missing links needed for a better understanding of both conditions. It offers a current 

review exploring facets and overlaps of both diseases by presenting their shared 

symptoms, triggers, and therapeutical strategies. 



 

________ 
* Parts of this section have been extensively researched in an unpublished academic essay by the author,  and 
were revised and adapted from  Tamim, I., Seizures versus Cortical Spreading Depolarization – Implications for 
Migraine with Aura and Epilepsy. Charité Universitätsmedizin Berlin. 19 

4.    State of research* 

While epilepsy and migraine are both episodic diseases that have been extensively 

researched as distinct entities, their intriguing coexistence and the mechanisms 

underlying their relationship remain poorly understood. SD is a network phenomenon 

that connects both conditions as it is triggered by hyperexcitability. Furthermore, the 

hyperexcitable cortex is known to be particularly susceptible towards SD and seizures. 

This section begins with the historical characterization of SD as the pathophysiological 

correlate of migraine aura, followed by a detailed description of commonalities 

between epilepsy and migraine in the light of recent investigations in both fields. 

 

4.1    Aura phenomenology: SD as the pathophysiological correlate of migraine 
aura. 
Visual auras are flickering, colorful patterns with fortification figures and zigzag borders 

expanding from the center to the periphery of one visual field [3]. These hallucinations 

gradually float in a C-shape, leaving blindness in their wake (“scintillating scotoma”) 

[46]. Scientists first postulated the SD theory of migraine after comparing the 

progression rate of aural symptoms to SD. They hypothesized that scintillating 

hallucinations were caused by a leading wave of neuronal excitation (i.e., spreading 

depolarization), whereas the expanding scotoma was related to the extensive 

suppression of electrical activity (i.e., accompanying spreading depression). The 

visual patterns moved at a rate of 3 mm/min, which resembles the propagation speed 

of the SD wave [47, 48]. Among all migraine auras, visual auras are most frequent 

[49], perhaps because the occipital cortex is particularly susceptible to SD due to its 

low glial—neuronal cell ratio and, therefore, limited ability to control the extracellular 

K+ concentration [50].  

Functional magnetic resonance imaging (MRI) studies later confirmed these 

observations. In the otherwise healthy brain, the massive depolarization during SD is 

followed by a rise in CBF (“spreading hyperemia”) to meet the heightened metabolic 

demand. A moderate decrease of CBF (“spreading oligemia”) can be detected after 

tissue recovers from the depolarization. Visual aura symptoms and headache could 

be matched topographically and timewise to neurovascular changes that resemble the
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hemodynamic response to SD in functional magnetic resonance imaging (MRI) [3, 51, 

52]. Ample evidence from experimental studies provides further insights. SD activates 

the trigeminovascular system that connects meninges and blood vessels with 

trigeminal ganglion cells [2]. More specifically, SD causes the release of pro-

inflammatory players such as arachidonate, adenosine, and nitric oxide [5, 53-56].  

However, it is important to note that this evidence is by no means definitive as 

magnetoencephalographic measurements remain the only direct evidence in support 

of the SD theory of migraine [57]. Electrophysiological data concerning the co-

occurrence of SD and migraine aura remain rare as subdural recordings need to be 

obtained to detect SDs. In such cases, patients have usually suffered from an injury 

requiring surgery, which complicates the differentiation between pathology-induced 

and typical aura SD [58]. Furthermore, the causal relationship between headache and 

SD is controversial as 60–70 % of migraine patients do not experience auras [59, 60], 

and 9% of patients with auras do not suffer from headaches [61]. SD and headache 

may be independently initiated, which would significantly impact the role of SD as a 

therapeutic target [3]. When occurring in the ineloquent cortex, SD possibly leads to a 

silent aura that is mistakenly diagnosed as a migraine “without aura” [62]. The fact that 

prophylactic anti-migraine medications efficiently inhibit SD and migraine with or 

without aura [63] seems to support this assumption. 

 

4.2    Symptoms in the borderland: Post-ictal headache and visual disturbance. 
Headaches are not only prominent in migraine as they commonly occur as a post-ictal 

event in epilepsy, although the symptom is relatively innocuous and often neglected. 

Migraine-like post-ictal headaches are mainly related to specific seizure foci such as 

the occipital cortex. Especially younger patients with post-ictal headaches are more 

likely to report interictally occurring migraine attacks with headaches [64-66]. It 

appears that neuronal networks that promote vision are particularly prone to seizures 

and migraine during their development. Congenital ocular and visual dysfunctions in 

children are highly correlated to occipital electroencephalogram (EEG) abnormalities. 

Congruently, peri-ictal events such as blindness and hemianopia predominantly affect 

children [67, 68], and photosensitive epilepsy mainly occurs in young females [69]. 

The apparent similarity in the clinical manifestations can make a diagnosis difficult, as 

migraine with visual aura and simple partial occipital lobe seizures with post-ictal 

migraine-like headache and/or visual disturbance can imitate each other. Seizure-
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triggered visual hallucinations require detailed descriptions and expertise to 

distinguish them from visual migraine aura [70], and without EEG recordings, judgment 

remains speculative. These patients may present a spectrum of intercalated 

symptoms on the borderland between migraine and epilepsy. 

 

4.3    Visual hypersensitivity, stress, and hyperexcitability: triggers in migraine 
and epilepsy. 
Visual disturbances during seizures and migraine attacks emphasize the importance 

of the visual cortex in the pathophysiology of both conditions. Furthermore, photic 

stimulation can trigger migraine attacks and seizures, indicating that subpopulations 

of patients suffering from migraine and photosensitive epilepsy show cortical 

hyperresponsivity to certain stimuli. Approximately 5% of patients with epilepsy are 

susceptible to visually induced seizures. Television, flickering lights, or striped patterns 

(especially when moving) readily induce EEG abnormalities and even seizures in 

susceptible individuals [71-73]. Several reports indicate that in these cases, ictal 

activity originates from the occipital cortex [74, 75] and can be mistaken for migraine 

aura [76]. Migraineurs often report visual discomfort and headache when viewing 

striped patterns [77, 78], and cortical arousal, sensitivity, and decreased habituation 

in different sensory modalities peak before a migraine attack [79-84]. Congruently, a 

decreased threshold for transcranial magnetic induction of phosphenes in migraineurs 

has been well described [85-87]. Phosphenes are transient conscious visual percepts 

that can be elicited with transcranial magnetic stimulation pulses applied to the 

occipital cortex without visual stimulation. Treatment with antiepileptic drugs (AED), 

particularly valproate, reduces phosphene occurrence  [88-91] and migraine attack 

frequency. AEDs can inhibit SD [63], emphasizing cortical hyperexcitability as an 

important modulator in these patient groups. 

Interestingly, in numerous studies, stress has been associated with heightened cortical 

excitability [92] and susceptible individuals report higher frequency rates of migraine 

attacks and seizures when exposed to stressors. Furthermore, stress can reduce the 

threshold for SD induction [93, 94] and promote seizures [92, 95], probably through 

actions mediated by glucocorticoid and specific adrenergic receptors. Hyperexcitability 

as a trigger of SD has been the subject of much debate. At the onset of SD, neuronal 

fast field activity has been reported to precede the elevation of the potassium 

concentration [26, 37, 96-99]. The synchronization of neurons and the subsequent
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oscillations of this neuronal group can occur shortly before SD is triggered. 

Additionally, this state of altered excitability originates at a millimeter distance from the 

depolarization avalanche. It is possible that neuronal field oscillations are independent 

of synaptic transmission and could be mediated by glutamate [37] or via gap junctions 

[98].  

Glutamate, an excitatory neurotransmitter, is a crucial mediator for generating an 

environment of hyperexcitability that facilitates focal seizures [100] and SD [97]. As 

mentioned previously, NMDA receptors are responsible for sustaining the 

depolarization wave of SD [101]. However, other low-affinity NMDA receptor 

antagonists (e.g., memantine) show robust efficiency in reducing headache frequency 

(i.e., SD occurrence) [102] and increase seizure threshold when co-administered with 

an AMPA receptor antagonist [103]. NMDA receptor antagonist MK-801 (see sections 

6.3 and 7.3) and ketamine [104] can inhibit SD frequency. Interestingly, under specific 

circumstances such as refractory status epilepticus [105] or kindling models, these 

substances can act as potent anticonvulsants [106].  

4.4    Excessive neural activity as a treatment target in migraine and epilepsy     
Along with AMPA and NMDA receptors, calcium signaling mediated by astrocytic 

glutamate release plays a substantial role in SD and seizures, thereby revealing 

additional shared mechanisms that connect both network phenomena. In migraine 

prophylaxis, the clinical efficiency of specific antiepileptic drugs such as topiramate, 

levetiracetam, and ezogabine [63, 107, 108] is of particular interest. Valproate blocks 

astrocytic calcium-mediated hypersynchronous epileptiform activity in neighboring 

neuron groups. When administered for a more extended period, topiramate and 

valproate inhibit SD [63, 100] and reduce cortical hyperexcitability and headache 

frequency in migraine patients [89, 90, 109]. Similarly, long-term treatment with 

valproate decreases whole-brain glutamate levels [110] and reduces NMDA or kainate 

receptor-mediated synaptic transmission [111, 112]. While hyperexcitability and 

synaptic transmission may not be required to induce SD, they can still contribute to its 

triggering. Given the various lines of evidence, it is very likely that they are highly 

relevant to SD induction in the hyperexcitable and hyperresponsive migraine cortex, 

although, naturally, there are probably multiple mechanisms contributing to the 

efficiency of AEDs in migraine prophylaxis. Considering that only chronic treatment 

was thus far sufficient to reduce SD and migraine frequency, the long-term modulation
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of gene expression affecting brain excitability might be particularly relevant in this 

context [113]. 

4.5    Genetic underpinnings of migraine and epilepsy                                                    
A common genetic basis for migraine and epilepsy has long been suspected [6, 114] 

as both disorders aggregate in families [115, 116]. The pathophysiology of migraine 

and epileptic syndromes is typically bound to several external factors (e.g., stress, see 

section 4.3), which promote susceptibility to the manifestations of these disorders. 

However, the familial hemiplegic migraine (FHM) syndromes are rare exceptions 

showing a strong genetic component. FHM is inherited in an autosomal dominant way 

and causes a severe type of migraine with aura. Apart from the hemiparesis and longer 

duration of attacks, FHM patients typically report symptoms similar to those of 

common forms of migraine [117] and its pathogenesis can thus be compared to that 

of other types of migraine. Alterations of specific ion channels account for heightened 

cortical excitability, leading to migraine, epilepsy, or both. All three genes related to 

FHM are associated with higher susceptibility towards SD and seizures.  
Missense mutations in the CACNA1A gene (FHM type 1) can be found in more than 

50% of the families with FHM. More specifically, in this scenario, the α1A-subunit that 

shapes the pore of the P/Q-type calcium channels (CaV2.1) in neurons is structurally 

changed [3, 118], leading to increased density of P/Q-type calcium channels and 

higher open probability [119]. P/Q-type calcium channels can be found on 

somatodendritic membranes and presynaptic terminals [120]. The mutation leads to 

enhanced open probability, followed by a large-scale release of the excitatory 

neurotransmitter glutamate at pyramidal cell synapses. Because inhibitory neurons 

are excluded from changes in synaptic transmission [121], the imbalance between 

excitation and inhibition is likely responsible for the heightened susceptibility towards 

SD and seizures in FHM type 1. FHM type 1 can be further differentiated into the 

subtypes R192Q and S218. Both gain of function mutations lead to the expression of 

the pathological ion channels mentioned. The state of cellular hyperexcitability can 

lead to the co-occurrence of epileptic seizures and migraine attacks (i.e., SD) in 

susceptible individuals [122]. Patients with FHM type 1 show a higher prevalence of 

idiopathic generalized epilepsy [123] and sudden unexpected death in epilepsy which 

was recently associated with SD in the brainstem [3, 124].
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The ATP1A2 (ATPase Na+/K+ Transporting Subunit Alpha 2) gene is relevant to the 

FHM type 2 genotypes in which patients show a loss of function mutation in the gene 

that expresses an isoform of the Na+/K+ ATPase in astrocytes that is crucial for the 

stability of transmembrane gradients.  Congruently, FHM type 2 is linked to a higher 

occurrence of SD and epileptiform activity [125, 126]. FHM type 3 is caused by 

mutations in the  SCNA1 gene that expresses a voltage-gated sodium channel. 

Patients with FHM type 3 show comorbidity with generalized [127, 128] and partial 

epilepsy  [129] [130]. In addition, patients with familial hemiplegic migraine, 

generalized epileptic seizures, and benign familial infantile epilepsy show all mutations 

in the proline-rich transmembrane protein 2 (PRRT2) gene encoding a transmembrane 

protein [3, 131].  Interestingly, the S218L mutation, a subtype of FHM type 1,  only 

causes epileptic seizures during childhood which transition to migraine during 

adulthood [132-134]. Similar findings were reported for FHM type 3 [130] and children 

suffering from typical migraine with aura  [14].  
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5.    Objectives and significance of the work 

Epilepsy and migraine show strong correlations as they share clinical and genetic 

features as well as epidemiologically evident co-occurrence. However, patients are 

still mainly treated by separate subspecialties, and the management of epilepsy and 

migraine lacks clinical dialogue. This is a challenge to effective treatment as an integral 

pathophysiological understanding is crucial for diagnosis and improved therapeutical 

strategies, particularly when both disorders co-occur in the same individuals. The 

question concerning why brain hyperexcitability transitions to seizures in epilepsy and 

to SD in migraine is of great importance, although the findings in this regard remain 

obscure. It seems plausible that SD, a propagating wave that silences brain activity 

and that can be triggered by hyperexcitability, represents a linkage in the borderland 

between migraine and epilepsy [3]. The present study examines the direct interactions 

between seizures and SD and discusses the role of SD in the borderland between 

epilepsy and migraine, thus adding significant work for both subspecialties.  

It delineates the electrophysiological interfaces of both conditions, thereby potentially 

contributing to quick diagnosis and improved treatment strategies. Furthermore, SD is 

discussed as a mechanistic link in their pathophysiology, which provides a more 

balanced perspective on  SD’s role in neurological diseases. 

 

Three elementary questions are addressed in the scope of this discussion: 

1. Do seizures trigger SD?  

2. What factors influence the incidence of SD in the event of a seizure? 

3. Do SDs suppress seizure intensity and spread? 
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6.    Methods 

This research was originally published in Nature Communications as 

Tamim, I., Chung, D.Y., de Morais, A.L., Loonen, I.C.M., Qin, T., Misra, A., 

Schlunk, F., Endres, M., Schiff, S.J., Ayata, C. Spreading depression as an 

innate antiseizure mechanism. Nat. Commun. 12, 2206 (2021). 

https://doi.org/10.1038/s41467-021-22464-x 

The following section is adapted from the publication mentioned above and describes 

the methods in detail. The author’s own contributions are highlighted in the relevant 

sections.  

All procedures and experimental setups were conducted in accordance with the 

Committees NIH Guide for Use and Care of Laboratory Animals (NIH Publication No. 

85-23, 1996) of the Massachusetts General Hospital Institutional Animal Care and Use 

[135]. The experimental design was continuously modified based on a rolling review 

of data to optimize controllable input factors, thereby determining the cause- and effect 

relationship between SDs and seizures. 

 

6.1    Animals, housing, and husbandry 

Because the interplay between both phenomena may rely on the susceptibility of 

animals towards SD and seizures, experiments were conducted with mice of several 

strains: wild-type Swiss CD1-mice (n = 165, male, 3.2 ± 0.1 months, Charles River 

Laboratories, Wilmington, MA, USA), familial hemiplegic migraine mutant mice (n = 7 

males, 1 female; 8.9 ± 2.7 months, Jackson Laboratories, Bar Harbor, ME, USA), wild-

type mice from the same litter (n = 4 males, 2 females; 8.3  ±  1.6 months), and 

transgenic mice (n = 10 males and 8 females, 7.5 ± 0.6 months, Jackson Laboratories, 

Bar Harbor, ME, USA) [135]. In FHM type 1 knockin mice, the S218L missense 

mutation was heterozygous. The mutation in the Cacna1a gene causes a defect in the 

a1A pore-forming subunit of voltage-gated calcium channels. As mentioned, the 

S218L mutation causes a more severe clinical phenotype and higher 

susceptibility towards SD and seizures compared to the R192Q variant  [122]. In 

contrast, CD1 mice do not show higher susceptibility towards seizures or SDs.
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Transgenic mice (ChR2+, n=10 males and 8 females, 7.5±0.6 months, B6.Cg-Tg 

(Thy1-COP4/EYFP)18Gfng/J) were used [135-137] to study optogenetically induced 

SDs in comparison to chemically induced SDs in CD1-mice. Thy1-ChR2-YFP mice 

express channelrhodopsin-2,  a fusion protein in layer 5 neurons of the cortex [136]. 

Their light-sensitive ChR2 cation channels allow SD induction by applying a brief blue 

light stimulus onto the intact skull with an optic fiber [138]. All mice were housed in the 

same facility room exposed to a 12-hour light/dark cycle (lights on from 7 a.m. to 7 

p.m.) with unlimited access to water and food. The room temperature was set to 

approximately 25°C, and the relative air humidity was set at 45–65 percent. Groups of 

two to four animals shared one cage. On the day before the experiments were 

conducted, food was withheld overnight (17.4 ± 0.3 hours; n = 173) to increase 

susceptibility towards seizures.  

 

6.2    Surgical procedures 

All surgical procedures were conducted by the author. The tail vein was incised to 

draw blood to perform blood glucose testing before anesthetic induction. The time of 

day at which the measurements were conducted was kept consistent, and all 

experiments were carried out during the light period between 7 a.m. and 6 p.m. The 

mice were initially anesthetized with 3% isoflurane that was quickly reduced to 1.25% 

to maintain anesthesia, and they were allowed to breathe spontaneously on 70% NO2 

and 30% O2 throughout. The left femoral artery was catheterized to continuously 

measure blood pressure (PowerLab; ADInstruments) and to allow arterial blood gases 

measurements. Invasive blood pressure monitoring was established by an intra-

arterial monitoring system consisting of an arterial cannula that was connected to a 

tube placed inside the femoral artery. The tube was filled with a saline column that 

conducted the blood pressure wave to a transducer. The blood pressure was used to 

control anesthesia depth and to manage intraarterial fluid administration. In all cases, 

arterial blood gases (pCO2, pO2) and pH were measured before applying the 

respective chemoconvulsant to ensure comparable physiological conditions after 

surgical preparation. After the initial recordings, the measurements were re-done to 

warrant reproducibility of the results. The rectal temperature was continuously
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measured and automatically adjusted to 36.5–37.0℃ by a heating pad that the mice 

were placed on to guarantee normothermia. Mineral oil was applied to the uncovered 

skull to prevent bone drying. Under saline cooling, burr holes were drilled based on 

electrode configurations in various cohorts. For the topical application of 

chemoconvulsants, the skull was thinned to create a two-millimeter wide occipital 

window with a small crack to place the epidural electrode and enhance drug diffusion 

(3 mm lateral and 2 mm anterior from the lambda). Throughout the experiment, care 

was taken to keep the dura wet and imperforated to prevent inadvertently triggered 

SD. 

 

6.3    Pharmacological interventions 

For this study, it was important to investigate the effect of SD in different experimental 

seizure models. Since epilepsy is a disease term that encompasses various clinical 

manifestations, research has generated an equally diverse variety of experimental 

animal models over the last decades, whereby each model represents an attempt to 

replicate a distinct kind of clinical epilepsy with its unique features and dynamics. The 

hypothesis was tested in four different seizure models to prove that SD plays a 

significant and reliable role in seizure expression. For this experimental series, 4-

aminopyridine (4-AP; 5, 30 or 100 mM; Sigma-Aldrich, USA), penicillin G (PG; 188434 

IU/ml, sodium salt; Sigma-Aldrich, St. Louis, MO, USA), 1(S),9(R)-(−)-bicuculline 

methiodide (BIC; 5 mM; 1mM, 0.5 mM, 0.05 mM, and 5 µM; Sigma-Aldrich, USA) [135] 

or vehicle (0.9% saline) were applied topically onto thinned skull to induce 

microseizures. The application was repeated once (10 minutes after the first 

application), and the cortex was not washed afterward. All chemoconvulsants are 

reported to induce epileptiform activity in vivo and in vitro.  

Concerning the mode of action, 4-AP generates seizure activity by inhibiting transient 

(A-type) or sustained voltage-dependent potassium channels in nerve terminals. At 

the presynaptic terminals, the drug’s epileptiform action is also driven by the release 

of excitatory amino acid (mainly glutamate) molecules (Fig. 1B). In the somatodendritic 

region, the drug lowers the threshold for induction of action potentials and shortens 

the refractory phase. Importantly, 4-AP preserves neuronal inhibition [139, 140]. The 

antibiotic PG has epileptogenic properties that reversibly antagonize the g-

aminobutyric acid type A receptor (GABAAR) [141] and, thereby, inhibits chloride ion 
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influx and synaptic inhibition [142] (Fig. 1A) while BIC functions as a competitive 

antagonist at GABAAR too (Fig.1A). It decreases both channel open durations and 

frequency of opening. Because its molecular weight is three times higher than that of 

GABA, BIC might attach to binding sites that cannot be reached by GABA [143]. In a 

subset of experiments, mice received intraperitoneal injections of kainic acid (KA; 60 

mg/kg; Sigma-Aldrich, USA), an agonist at the kainate and AMPA receptors (Fig. 1C) 

[144-147]. After injection into the peritoneal cavity, KA is subsequently absorbed by 

blood vessels and transported to the brain through passive diffusion, where it crosses 

the blood-brain barrier [148]. The cortex was pretreated with a topical focal application 

of tetrodotoxin (TTX; 30 μm in sodium citrate buffer, pH 4.8; Enzo Life Sciences, 

Farmingdale, NY, USA) [135] 30 minutes before 4-AP administration as TTX blocks 

sodium channels and action potentials by inhibiting sodium permeability without 

impairing the potassium conductance [149]. Interestingly, TTX does not abolish SD, 

which is a unique feature of the network phenomenon. Moreover, Na+-equilibrium 

potential and propagation velocity during SD remain unaffected by TTX. Classical 

voltage-gated Na+-channels are necessary for seizure formation but not for SD 

initiation [20, 38]. In contrast, MK-801, a noncompetitive NMDA receptor antagonist, 

reveals a different mechanism concerning SD as MK-801 blocks SD by hampering the 

glutamate-mediated Ca2+ influx into the cell [150]. To block SD in a separate cohort, 

MK-801 was injected intraperitoneally 30 minutes before 4-AP application (1 mg/kg, 

n=7; 3 mg/kg, n=5; Sigma-Aldrich, USA) [135].  
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6.4    Cortical electrophysiological recordings  

All recordings were conducted by the author. Different experimental settings were 

used to elaborate the interplay between seizures and SD in terms of several aspects. 

The direct current (DC) potential and electrocorticogram (ECoG) were constantly 

monitored and processed as continuous data output. For this purpose, glass 

micropipettes were filled with 0.9 % sodium chloride (NaCl) and positioned epidurally. 

Three locations (E1–E3) were selected to capture SD occurrence, seizure activity, and 

generalization. Two electrodes were used for experiments in which the characteristics 

of SD-triggering seizures were determined. The local electrode, E1, was placed in the 

seizure focus (i.e., drug application window) while E2 was positioned on the ipsilateral 

frontal cortex (1.5 mm lateral, 1.5 mm anterior from bregma), and E3 was placed 

homotopically to the seizure focus (i.e., E1) on the contralateral hemisphere [135]. 

SDs were artificially induced with topical application of potassium chloride onto thinned 

skull from a remote site. In experiments with an anteriorly placed electrode (E2), KCl 

was applied between E1 and E2 to prevent the chemical from influencing measure-

 
Figure 1 I Mechanisms underlying pharmacological acute seizure models. 

 
A I BIC and PG antagonize ionotropic GABAA-receptors resulting in a blockage of the inhibitory actions 

of GABA on the postsynaptic site. Because the chloride influx into the postsynaptic excitatory neuron 
is not sufficient to hyperpolarize the membrane, the inhibitory postsynaptic potential (IPSP) is reduced. 

The resulting IPSP, in turn, fails to decrease the probability of the generation of a postsynaptic action 

potential. Note that BIC is a competitive GABAA receptor antagonist whereas PG reversibly binds to 

GABAA receptors. B I 4-AP binds to several voltage-activated potassium channels located on pre- and 

postsynaptic sites. A reduction of transient potassium outward current hampers the rectification of the 

depolarizing potential and leads to a reduced threshold for further action potential generation. In 

addition, 4-AP-sensitive calcium channels enhance glutamate release which activates NMDA and 
AMPA receptors on the postsynaptic site (increased excitatory postsynaptic potential, EPSP).  

C I Kainic acid (KA) binds to pre-and postsynaptic kainate and AMPA receptors. The activation of 

kainate receptors on glutamatergic nerve terminals leads to an increased influx of sodium and calcium 

ions which promotes glutamate release. Together with the increased glutamate concentration, KA 

further increases action potential firing at the postsynaptic site by directly binding AMPA and kainate 

receptors. Additionally, at concentrations used in this study, KA inhibits GABA-release from inhibitory 

nerve terminals. The exact mechanisms underlying the suppression of GABA release are not fully 

understood but are probably related to actions involved in a G-protein coupled cascade.  

31 
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ments at the recording site. In experiments without an electrode on the ipsilateral 

hemisphere, KCl was applied anteriorly.  In experiments where SD was induced non-

invasively, an optic fiber was positioned anteriorly and in parallel to the skull surface. 

Mineral oil was used to optimize the optical coupling between the probe tip and the 

skull surface. A 400-μm-diameter fiber with a 470-nm LED (LED: MF470F3; LED 

driver: DC2100; Thorlabs, Newton, NJ, USA) was used for optogenetic light 

stimulation [135, 151]. The light intensity was adjusted to between 1 and 3 mW by 

using an analog-to-digital converter. 

 

6.5    Hippocampal electrophysiological recordings 

The DC potential and local field potential (LFP) were recorded from the hippocampal 

CA1 region (2 mm posterior and 1.5 mm lateral from bregma at a depth of 1.4 mm) 

[135]. KA was injected at an isoflurane level of 1.5%. Anesthesia is a known 

suppressor of SD [152], and isoflurane, in particular, potentiates the neuromuscular 

blockade [153], masking motoric manifestations of generalized seizures. For this 

reason, isoflurane was gradually lowered after KA injection to ~0.58 ± 0.08 % over 45 

minutes. The reduction of isoflurane was stopped when small-amplitude clonic leg 

movements appeared, representing generalized seizure. The movement pattern 

differed from purposeful movements that appear in response to pain. 

A subcutaneous Ag/AgCl electrode was implanted in the neck to act as a reference 

for DC potential, ECoG, and LFP measurements. 

 

6.6    Data processing 

Data processing and analysis were conducted by the author. For further 

computation, the signal was amplified (bandpass 0.3–300 Hz) and processed at a 

sampling rate of 1 kHz (PowerLab; ADInstruments). Unwanted frequency components 

over 20 Hz were removed using a digital low pass filter (LabChart 5 Pro, 

ADInstruments). In the first analytical step, the power spectrum density of the ECoG 

was calculated using the fast Fourier transform method (FFT, cosine-bell window, size 

1024, window overlap 93.75 %) on uninterrupted 5-minute bins (LabChart 8 Pro, 

ADInstruments) [135]. Because seizure-triggered spontaneous SDs occurred at 

various time points, time bins of 1 minute were chosen to give higher accuracy of 

computed power spectrum densities in this cohort. For E1, the baseline was selected
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close to the topical application of the respective chemoconvulsant to avoid field 

potential changes due to fluid application. The power spectrum densities were 

averaged for δ (0–4 Hz), θ (4–8 Hz), and α (8–12 Hz) frequency bands within one 

selected time bin. The output for each bin was then plotted over time in every 

experiment. To aid with visualization, time-varying spectrograms were created with the 

Thomson’s multitaper technique (window length 10 seconds, window step 1 second, 

bandwidth 20 Hz, number of tapers 9) [135]. The code used to compute and plot the 

graphs can be found in the Chronux toolbox, http://chronux.org; version 2.12 v03, 

2018). 

 

6.7    Intrinsic optical signal (IOS) imaging  

Intrinsic optical signals (IOS) are used to characterize changes in the exposed cortex’s 

diffuse optical reflectance. They may result from changes in the cerebral blood volume 

(CBV) and oxygenation on a local level. Therefore, IOS, in combination with ECoG, is 

a valuable tool to study neurovascular coupling—i.e., the relationship between 

neuronal activity and local hemodynamic changes. Transcranial IOS imaging was 

used to examine CBV as a correlate of seizure activity and visually detect the origin 

and propagation [154-156]. The skull was exposed after a midline scalp incision, 

followed by removal of overlying connective tissue. Skull translucence was achieved 

by initially applying mineral oil and repeating this step for 15 minutes to prevent the 

skull from drying. The USB camera and light sources were positioned to minimize light 

reflections from the surface of the skull. IOS imaging was started before skull drilling 

in order to exclude animals in which SDs were inadvertently induced during the 

surgical procedure. Images were output in real-time to stop the experiment when SD 

was detected during surgical preparation, which was enabled by white light 

illumination. Time-lapse jpeg images were continuously taken (0.5 Hz, 640 x 480 

pixels) with a pen USB camera during skull drilling and electrode positioning (YawCam 

0.6.2, 2018). A MATLAB (R2018b) script was used to periodically generate different 

jpeg images  [135, 154].
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6.8    CBV measurement 
For CBV measurements, a white or a green LED (M530L3, FB530-10, Thorlabs) with 

a wavelength of 530 nm and an aspheric condenser lens (ACL2520U-DG15-

A,Thorlabs) were selected [135]. All experiments were conducted in a Faraday’s cage 

whose doors were closed during recording in order to selectively illuminate the skull 

with the mentioned light sources. Full-field images (1 Hz, 640 x 480 pixels) were 

collected, downsampled to 320 x 240 pixels, and the pixel intensity in each frame over 

time was computed [135]. The pixel intensity corresponds to the diffusely reflected 

light that enters the brain, is dispersed throughout the cortex, and eventually exits from 

the surface to approach the USB camera. At a wavelength of 530 nm, oxygenated and 

deoxygenated hemoglobin shows the same absorption values (isosbestic point). 

Therefore, measurements taken at this wavelength are independent of oxygenation 

and sensitive to total hemoglobin alterations. For further examination, a new MATLAB 

algorithm was used to analyze the green channel in all images using a modified Beer-

Lambert equation [157]. One line of interest (LOI) was put between the drug 

administration location (seizure focus) and the anterior electrode, and another LOI was 

placed homotopically on the contralateral cortex (Fig. 4). At a distance of 1 mm, 

regions of interest (ROIs) along the LOI were defined. The pixel intensity for each ROI 

and LOI was plotted throughout the recording. Full-field band power maps and pixel 

intensity were color-coded and plotted to visualize seizure appearance. Red 

corresponds to hyperemia representing local seizure spread, while blue corresponds 

to oligemia (e.g., during interictal phases or after SD). The measurements were 

acquired in parallel with the electrophysiological recordings by the author. The 

MATLAB script for image analysis was written in cooperation with a laboratory 

member. 
 

6.9    Rigor and statistical analysis 
A total of 197 mice were included in the present study. Cohorts that received 

intervention and control groups with vehicle application were randomized after surgical 

preparation by a laboratory member not involved in the study. Experiments in both 

groups were conducted in parallel. Due to real-time electrophysiological recordings 

and IOS images, it was not possible to conduct the experiments in a blinded fashion, 

although the confirmation of data processing and statistical analysis were conducted 

in a blinded fashion. Sample sizes were chosen to identify an effect size of at least
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30% with a coefficient of variation of 20% (a= 0.05). The reproducibility of the findings 

was ensured by replicating experiments of cohorts at multiple time points with an 

interval of three to six months during the study. Fresh drug batches were purchased 

every 3 to 4 months to prevent alterations in drug activity. The data were statistically 

analyzed using GraphPad/Prism 8. The exact p-values, statistical tests, and sample 

sizes are provided in the text and selected figure legends. Data from 16 experiments 

were excluded. Four experiments were excluded due to technical problems 

(discontinuous measurements of DC amplitudes), seven experiments were excluded 

after inadvertent SD induction recorded with optical imaging during surgical 

preparation (2 FHM1 mice, 5 CD1 mice in spontaneous SD cohort, 4-AP, PG). One 

FHM1 mutant mouse suddenly died during severe seizures and was excluded. Four 

experiments were excluded because the potency of 4-AP changed after altered 

temperature storage (SD pre-treatment cohort, CD1 mice-cohort). Statistical analysis 

was conducted by the author and supervised by the principal investigator.
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7.    Results 

This research was originally published in Nature Communications as 

Tamim, I., Chung, D.Y., de Morais, A.L., Loonen, I.C.M., Qin, T., Misra, A., 

Schlunk, F., Endres, M., Schiff, S.J., Ayata, C. Spreading depression as an 

innate antiseizure mechanism. Nat. Commun. 12, 2206 (2021). 

https://doi.org/10.1038/s41467-021-22464-x 

The following sections describe the results in detail and are adapted from the above 

publication. 

 

7.1    Seizures trigger SD.  
Dynamics and characteristics of microseizures 

Seizures induced with 4-AP started with synchronized monomorphic spiking that 

evolved into polyspikes for approximately 15–25 minutes. Discharges transformed into 

a burst pattern that recurred with increasing intervals and lasted about 2 hours. The 

initial pattern showed rhythmic discharges at a frequency of 1 Hz with large amplitudes 

(400% over baseline) that evolved into polyspikes with a frequency of about 4 Hz. The 

subsequent bursting pattern typically started with a single large-amplitude slow 

discharge (1 Hz) followed by fast oscillations starting at 18 Hz and rapidly decreasing 

to 6 Hz over 20–80 seconds. The highest power density (PD) increase was detected 

in the δ frequency band (0–4 Hz; 7.3 fold), followed by the θ (4–8 Hz, 3.2 fold) and α 

(8–12 Hz, 3.4 fold) frequency bands. Penicillin G and bicuculline methiodide, both 

GABAA receptor antagonists, induced seizures with uninterrupted high-amplitude 

monomorphic spikes, while PG caused spike-wave activity. Initially, PG induced 

discharges that showed a 2.5 fold increase in amplitude, which subsequently 

transitioned to a 6 fold  increase with a stable 0.5 Hz frequency [135]. The PD increase 

within the α-frequency band (13.7 fold) lasted for about 90 minutes while the θ-power 

increase (12.4 fold) remained stable for the entire recording of 4 hours in the PG-

cohort. A 3.6 fold increase in PD was also detected in the δ frequency range. BIC-

induced seizures were typically shorter than those induced with 4-AP and PG and only 

lasted for < 60 minutes. Spikes began at a frequency of 0.2 Hz and increased to a 2 

Hz activity over 40 minutes (Fig. 2A). Similarly, the amplitude increased from 120% to
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250% over baseline. The PD increase was largest in the a frequency band (19.9 fold), 

followed by the θ (13.3 fold) band. In contrast to the 7.3 fold power increase in the δ 

frequency band during 4-AP-induced seizures, only a 3.6 and 3.4 fold increase could 

be detected for the PG and BIC groups, respectively. It is interesting to note that the 

control vehicle application (0.9% NaCl) resulted in a stable ECoG morphology and 

power level for the entire recording time of 4 hours.  

 

 

 

 

 

 

 

 

 

Figure 2 I ECoG characteristics in the different seizure models. 
 

A I BIC- induced continuous monomorphic spiking that resembled the epileptiform pattern induced by 

PG (B). Both chemoconvulsants share a similar mechanism of action. C I Seizures induced by 4AP 

eventually transformed to polymorphic spikes that appeared as bursting periods lasting for 20–80s.  

D I Generalized seizures induced by KA were characterized by rhythmic discharges occurring as 
bursting periods every 1–3 minutes. 
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Cortical microseizures trigger SD. 

4-AP-induced seizures triggered SDs in 69% (n = 32), PG in 33% (n = 9), and BIC in 

9% (n = 11) of the mice (p = 0.002, c2) (Fig. 3). No SDs appeared in control  experi-

ments with vehicle application (n = 10). SDs were detected via direct current (DC) 

large slow potential shifts at the seizure focus recording site and IOS imaging. The 

initial SDs typically erupted singly, whereas subsequent SDs tended to appear in 

clusters. In the 4-AP group, SDs occurred at a frequency of 0.89 ± 0.22/h, followed by 

the BIC cohort with a frequency of 0.74 ± 0.74/h. The PG-induced seizures showed 

the lowest frequency of SD occurrence (0.26 ± 0.17/h) [135]. Subsequent SDs often 

caused uncharacteristic positive DC shifts, suggesting growing resistance towards SD 

over the course of the experiment as previously described elsewhere [158]. In the 4-

AP group, 48% of the first SDs and 50% of subsequent SDs did not move to the 

original seizure core, whereas only 33% of the first SDs and 67% of the subsequent 

SDs were not capable of penetrating the seizure core in the PG group. In the BIC 

group that showed the shortest seizure duration, all SDs penetrated the seizure core. 

Additionally, SDs caused typical CBV alterations that were visible on IOS imaging. 

SDs mainly arose in the area of the seizure focus, although some emerged from the 

frontal lobe. The different origins of SDs across the cortex indicate seizure spread. All 

SDs propagated to the ipsilateral frontal cortex rather than occurring as non-spreading 

SDs that are typically caused by severe ischemia [135].  

 
Blocked seizures prevent SD-occurrence  

Because SDs were more prevalent in the 4-AP group, it was essential to study a 

potential SD-inducing effect of the chemoconvulsant independent of seizure activity. 

TTX was applied topically onto the cortex in the occipital window 30 minutes before 

the 4-AP-application. As a result, TTX blocked action potentials, silenced cortical 

activity, and prevented seizure emergence after 4-AP application. With neurons failing 

to generate action potentials, seizures were prevented and although 4-AP was applied 

according to the protocol, no SD was triggered (p = 0.005 4-AP + TTX vs. 4-AP alone, 

n = 5; c2). It was confirmed that TTX did not inhibit SD by remotely eliciting SD with 

KCl after each recording [135]. 
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Figure 3 I Focal cortical seizures trigger spreading depression.  

 

A I “Representative tracings show typical ECoG phases (a–d) of 4-AP, PG, or BIC microseizures, as 
indicated on the full ECoG timeline (B). Red arrowheads show the time of drug application. Vertical 

dashed lines indicate SDs. C I Time–frequency-power spectra of the full timeline shown in B 

calculated using Thomson’s multitaper method. D I Corresponding DC tracings show one or more 

SDs triggered during the seizures as large negative slow potential shifts. Boxes indicate expanded 

views. These were simultaneously confirmed on IOS as SD waves. A total of 11 spontaneous SDs 

originated from the 4-AP window starting 23 min after drug application in this animal. PG seizure 

triggered 1 SD at 134 min and BIC seizure triggered 10 SDs between 3 and 60 min.”  
This figure and its legend were published open access under a CC BY license (Creative Commons Attribution 4.0 
International License) as Tamim, I., Chung, D.Y., de Morais, A.L., Loonen, I.C.M., Qin, T., Misra, A., Schlunk, F., Endres, M., 
Schiff, S.J., Ayata, C. Spreading depression as an innate antiseizure mechanism. Nat. Commun.  12, 2206 (2021) 
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7.2     Power intensity and spatial extent influence the incidence of SD in the  
event of a seizure  

Because the SD rate was significantly different in the three chemoconvulsants groups, 

it was essential to identify the determinants responsible for SD triggering.  

A comparison of the peak PD in the three frequency bands d (0–4 Hz), q (4–8 Hz), and 

a (8–12 Hz) identified the highest increase in the d band within the 4-AP group. 

Congruently, the greatest SD frequency was observed in the 4-AP cohort. The PD 5 

minutes before the first spontaneously triggered SD was subsequently analyzed. For 

this purpose, the onsets of SDs and the respective power increases in the group 

without SDs were time-matched. An association between PD increase in the d-

frequency band and SD frequency could be established. The PD increases at the 

remote recording sites were also quantified to further investigate the spatial dynamics 

of the seizures. Overall, 36% and 26% of the 4-AP treated animals showed 

epileptiform activity at the anterior ipsilateral and the homotopic contralateral recording 

site, respectively. Epileptiform activity on the remote recording sites was only observed 

in animals with triggered SDs (n = 9). Mice that developed seizures, which were not 

interrupted by SDs (n = 8) never showed any epileptiform activity on the remote 

recording sites (p = 0.032, c2). The relationship between seizure spread (i.e., 

generalization) and SD occurrence was thus further analyzed.  

Because neurovascular coupling leads to changes of CBV during seizure activity, the 

spatial extent of ictal events across the cortex over time was indirectly measurable via 

IOS imaging. Hyperemic transients detected with IOS were time-matched to bursting 

periods on ECoG (Fig. 4A), which allowed the use of CBV measurement as a 

surrogate for seizure generalization [135]. Five ROIs were set along an LOI that 

expanded anteriorly (1 mm distance between each ROI) (Fig. 4B), whereby the first 

ROI was placed in the seizure core. In addition, one ROI was placed homotopically to 

the focus and one LOI contralaterally to differentiate global CBV alterations from 

seizure-coupled CBV changes. The CBV was measured within each ROI and along 

the LOI over time (Fig. 4C), and CBV changes in the focus (ROI 1) were detected in 

69% of the animals (n = 32) treated with 4-AP. Although seizures were detectable via 

ECoG, hyperemic transients could not be identified in 31% of these animals, and only 

28% showed hyperemic transients on the frontal cortex (ROI 5) (Fig. 4D). Notably, the 

spatial extent of seizures was most remarkable in animals with one or more triggered
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SDs compared to animals in the non-SD group (p = 0.013; Mann-Whitney test, Figs. 

4E and F). No animal showed seizure spread to ROI 4 and 5 in the non-SD group. In 

contrast, 50% and 40% in the SD-group showed spread to ROI 4 and 5, respectively. 

Altogether, these data indicate that generalization of seizures predicts spontaneous 

SD occurrence [135]. 
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7.3    SDs suppress seizure intensity and spread. 
Spectrograms of individual experiments suggested a potent antiseizure effect of 

spontaneously triggered SDs. Therefore, the effect on focal seizures was quantified, 

and the power time course between the SD- and non-SD groups were compared.  

Because of their highly variable timing, only the first SDs were examined. 

Spontaneously triggered SDs substantially decreased seizure severity in the d (0–4 

Hz) and q (4–8 Hz) frequency ranges compared to animals that did not show SD (p = 

0.012 and p = 0.046, respectively; two-way ANOVA for repeated measurements).  

The antiseizure effect was subsequently investigated in a controlled setting. For this 

purpose, an SD was elicited on the frontal cortex by topical potassium chloride 

administration at 37 ± 3 minutes after 4-AP, 19 ± 0 minutes after PG, and 13 ± 2 

minutes after BIC application (Fig. 5). An abrupt seizure termination was observed

 

Figure 4 I Spatial reach of seizures across the cortex predicts SD occurrence.  
 
A I “Representative 4-AP experiment shows hyperemia coupled to seizure bursts (AU, arbitrary unit) 
used as a surrogate to examine the spatial spread of the seizure. B I We placed a line of interest (LOI) 

extending from the drug application site anteriorly on the ipsilateral hemisphere, and one symmetrically 

on the contralateral hemisphere (dashed lines). Five ROIs (1–5) were placed along with the ipsilateral 

LOI at 1 mm intervals and a contralateral ROI was placed symmetrically to ipsilateral ROI 1. C I IOS 

intensity along with the two LOIs and in each ROI are plotted over time. Red indicates an increase and 

blue decreases in CBV. Hyperemic transients (yellow arrowheads) reached ROI 3 within 25 min after 

4-AP (red arrowhead) but did not extend to ROI 4 (experiment without SD). Contralateral LOI and ROI 

did not show hyperemic bursts, indicating a lack of generalization. Non-specific CBV fluctuations (e.g., 
due to blood pressure), were distinguishable by their global nature and time course. D I The proportion 

of animals that developed hyperemic transients within each ROI and the time of their onset after 4-AP 

application (±SEM). E I Hyperemic transients showed a farther spread in animals that eventually 

developed an SD. Red circles indicate the average distance hyperemic transients reached from the 

drug application site in each subgroup (*p = 0.012, unpaired t-test; ±SEM). F I Representative CBV 

power maps show a larger area of cortex with the hyperemic transients in the animal that eventually 

developed an SD (red high and blue low power).” 
This figure and its legend were published open access under a CC BY license (Creative Commons Attribution 4.0 International 
License) as Tamim, I., Chung, D.Y., de Morais, A.L., Loonen, I.C.M., Qin, T., Misra, A., Schlunk, F., Endres, M., Schiff, S.J., 
Ayata, C. Spreading depression as an innate antiseizure mechanism. Nat. Commun. 12, 2206 (2021) 
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 when SDs propagated across the cortex and entered the focus in the 4-AP, PG, and 

BIC groups. Seizures did not reoccur in the majority of the experiments.  Moreover, 

suppression of seizure power lasted for a minimum of 30 min after SD induction (pre-

SD seizure vs. post-SD p < 0.05–0.001; two-way ANOVA for repeated measures) (Fig. 

5E). Although some animals showed occasional spike activity, the power never 

reached pre-SD levels. The fact that the epileptogenic agent was not washed off the 

cortex suggests that SD exerted a long-lasting, strong antiseizure effect [135]. 

 

Pre-treatment of the cortex with SD suppresses seizure emergence. 

The data thus far strongly demonstrated an acute, strongly suppressing effect on 

ongoing seizures. Because migraine and epilepsy are chronic disorders, it was 

examined how long the antiseizure effect of SD lasted. For this purpose, the cortex 

was pretreated with one remotely induced SD 5 and 30 minutes prior to the application 

of the chemoconvulsant. Animals were randomized to the SD group after surgical 

preparation. A single SD at 5 minutes before drug application prevented seizure 

emergence. An SD induced 30 minutes before the 4-AP application still strongly 

inhibited the development of epileptic activity, thereby implying that SD exerts a potent 

effect on seizures that lasts longer than 90 minutes.  Moreover, SD exerted a 

suppressing effect on the whole cortex as no remote recording site showed abnormal 

ECoG activity [135]. 

 

SD limits seizure generalization across the cortex 

In the course of these experiments, SD thus showed a strong suppressing effect on 

regional seizure activity that persisted for a longer period than its typical ECoG silence. 

Subsequently, the effect of SDs on the generalization of seizures was analyzed. An 

SD induced 5 or 30 minutes prior and approximately 30 minutes after seizure induction 

reduced the involvement of distant ROIs. Additionally, the average distance to which 

hyperemic transients moved was shorter than the control group (p = 0.006 for 4-AP, p 

= 0.010 for PG, and p = 0.016 for BIC, ordinary one-way ANOVA).  Although no SD 

was induced in the control animals, seizures triggered spontaneous SDs in 22 animals 

in the 4-AP group, three animals in the PG group, and one in the BIC group. 

Pretreatment with KCl-induced SD showed the highest effect in preventing 

generalization, presumably because the onset of SDs influences the capability of the 

brain tissue to generate further epileptic activity. 
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Generalization was further investigated by placing a second electrode in close vicinity 

to the 4-AP application window. SD was induced from an anterior remote site when 

the spread of epileptiform activity was detected in this location. The suppressing effect 

on PD lasted for at least 30 minutes after SD (p < 0.001, one-way ANOVA). In 

summary, these data show that seizure generalization triggers SD, which, in turn, 

prevents the spatial extent of seizures [135]. 

 

Optogenetically induced SDs exert a similar strong antiseizure effect. 

Exposure of the cortex for application of KCl is an invasive method that can potentially 

influence SD characteristics. Therefore, it was tested whether non-invasively triggered 

SDs through intact skull were also capable of suppressing seizures. A single SD 

induced 29 ± 3 minutes after 4-AP application in ChR2+ mice significantly reduced 

seizure intensity in the d- and q- frequency bands compared to animals not treated 

with an SD (n = 10 and n = 8, respectively, p = 0.01, two-way ANOVA). Optogenetic 

SDs tended to reduce generalization measured by IOS as well. These data confirm 

that non-invasively triggered SDs are also capable of suppressing seizures [135].  

 

Pharmacological blockage of SDs intensifies seizures and facilitates generalization. 

To investigate the dynamics of seizures without the suppressing effect of SDs, SD 

occurrence was inhibited by intraperitoneal injection of the NMDA receptor blocker 

MK-801. SD occurred in only 33% of the mice treated with MK-801 (n = 12), and MK-

801 reduced the SD frequency to 0.14 ± 0.06/h.  

In the group that did not receive MK-801 (n = 32), 69% of the animals developed an 

SD, and the SD frequency was 6.3 fold higher (0.89 ± 0.22/h) compared to that of MK-

801-treated mice. 

In the MK-801 group, 92% of the animals showed spread to the ipsilateral remote 

recording site. In addition, 89% of the animals showed generalization to the 

contralateral recording site. Animals, in which development of spontaneous SDs was 

not inhibited (i.e., no administration of MK-801), spatial extent of ictal events to the 

ipsilateral frontal recording site occurred in only 36% and to the contralateral recording 

site in 26% of the animals. Furthermore, blockage of SD resulted in the increase of PD 

at the remote recording sites. However, the seizure intensity in the focus itself did not



 Results 

   45 

differ compared to the controls, thereby suggesting that SD in particular influences 

seizure generalization. CBV variations coupled to epileptiform activity were used to 

further investigate generalization. Hyperemic fluctuations (i.e., seizure activity) 

showed significantly greater expansion in the MK-801 group compared to the control 

group (p = 0.04, t-test with Welch’s correction). In the MK-801 group, ECoG-coupled 

hyperemic fluctuations in the contralateral ROI occurred more frequently compared to 

the control group (p = 0.001, c2). In summary, these data show that the suppression 

of SD and hence the elimination of the endogenous antiseizure effect facilitates 

generalization and enhances seizure intensity [135]. 

 

SDs and seizures in a migraine-relevant mutant mouse model 

The conclusions were supported by a migraine-relevant mutant mouse model (S218L; 

familial hemiplegic migraine type 1 mutation). As described previously, focal 

microseizures were chemically generated using 4-AP (100 mM). FHM type1 and their 

wild-type littermates showed characteristic seizures akin to 4-AP seizures induced in 

CD1 mice (see above). SD occurred in 88% of the FHM1 mice, whereas only 17% of 

their wild-type littermates developed SD (p = 0.008, c2). Congruently, wild-type mice 

tended to show higher peak power increases in all frequency bands compared to 

FHM1 mice (p = 0.143, two-way ANOVA). SDs in FHM1 mice mainly appeared as 

clusters at a frequency of 3.0 ± 0.7/h compared to their wild-type littermates with an 

SD frequency of 1.3 SDs/h and CD1 mice with 0.9 ± 0.2 SDs/h. In contrast to CD1 

mice, all SDs except for one entered the seizure focus in the FHM1 group. However, 

the DC shifts gradually declined, indicating a growing resistance towards SD. Most 

importantly, spontaneously occurring SDs in FHM1 mice showed a similar suppressing 

effect on seizures (p = 0.002, two-way ANOVA for repeated measures) [135]. 
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Figure 5 I Exogenously induced SD terminates focal cortical seizures and limits    
                their reemergence. 
 
A I “Representative tracings show ECoG at baseline (a), during 4-AP, PG, or BIC microseizures (b), 

and after an exogenously induced SD (c), as indicated on the full ECoG timeline (B). Recordings are 

from the drug application site, (E1, Supplementary Fig. 1B, b). Red arrowheads show the time of drug 

application. Induced SDs (yellow arrowheads) and the abrupt seizure termination are seen on the DC 

and ECoG tracings, respectively.  



 Results 

   47 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Primarily generalized seizures and spontaneously triggered SDs. 

To further support our findings, the theory was directly tested in a generalized seizure 

model. Electrophysiological recordings from the hippocampus CA1 area were 

obtained after systemic injection of KA (60mg/kg, intraperitoneal in CD1 mice, n = 7) 

(Fig. 2D). All mice developed generalized seizures that gradually evolved within 30–

60 minutes upon systemic KA injection. Bursting periods occurred every 1–3 minutes 

and lasted for 15–60s, respectively. The intervals between bursting periods increased 

over time, indicating the waning of the drug. Ictal phases were characterized by 

rhythmic discharges at a 15–30 Hz frequency with a peak amplitude of 300% over 

baseline. Every animal treated with KA developed hippocampal SD. Most importantly, 

SD suppressed hippocampal seizures for approximately 30 minutes despite the 

presence of the highly epileptogenic substance [135]. 

 
Note that a second SD spontaneously originated from the seizure focus in this PG experiment. 

C I Time–frequency-power spectra of the full timeline shown in B calculated using Thomson’s multitaper 

method also show an abrupt reduction in seizure power associated with SDs.  

D I Power density at the three phases (a–c) computed using FFT further demonstrates the lasting 

seizure power reduction after SD. E I Average ECoG power time course in δ (0–4 Hz), θ (4–8 Hz), and 

α (8–12 Hz) frequency bands show ECoG power at rest, during the seizure (5 min prior to SD, and 

every 5 min thereafter (5–30 min), expressed as % of pre-SD seizure power. All frequency bands show 
a significant reduction in seizure power for at least 30 min after SD. SD was induced at 37 ± 3 min (13–

69) after 4-AP application, 19 ± 0 min (17–20) after PG application, and 13±2 min (10–18) after BIC 

application (mean ± standard error and full range). Sample sizes are shown on the graphs. †-†††p < 

0.05–0.001 vs. R; *-***p < 0.05–0.001 vs. S (two-way ANOVA for repeated measures; ±SEM).”  
This figure and its legend were published open access under a CC BY license (Creative Commons Attribution 4.0 International 

License) as Tamim, I., Chung, D.Y., de Morais, A.L., Loonen, I.C.M., Qin, T., Misra, A., Schlunk, F., Endres, M., Schiff, S.J., 

Ayata, C. Spreading depression as an innate antiseizure mechanism. Nat. Commun. 12, 2206 (2021). 
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8.    Discussion 

The study findings show that cortical focal microseizures and generalized seizures in 

four different pharmacological models readily result in SD. Higher seizure severity is 

associated with SD as PD increases, and generalization of seizures determines the 

occurrence of SD. The mutation in a migraine-relevant gene locus can facilitate SD 

occurrence during seizures. SDs, in turn, interrupt seizures and directly suppress their 

intensity in the focus for more than 30 minutes when occurring during seizures. 

Notably, FHM1 mice carrying the S218L mutation typically show more severe forms 

of seizures (spontaneous generalized seizures, sudden unexpected death during 

seizures, coma) than the R192Q subtype [122]. Hence, the suppressing effect of SDs 

and their penetrating character during induced seizures despite the persistence of a 

pharmacological stimulus is particularly compelling. 

Preconditioning with SD inhibits the development of seizures for a minimum of 90 

minutes. SD moves across the cortex, whereby the phenomenon employs a wider 

antiseizure effect and limits the reemergence of seizures. Blocking SDs thus promotes 

seizure generalization.  

Primarily generalized seizures also trigger SDs, which inhibit the seizures detected in 

the hippocampus for more than 30 minutes. In summary,  SD functions as an inherent 

antiseizure mechanism in both focal and generalized seizure models. Because SD is 

an important event occurring during brain injury, the phenomenon was conceptualized 

as a surrogate and contributor of tissue deterioration and metabolic burden. In the 

present study, SD was triggered by seizures in a model without an injury component 

or a metabolic compromise, thereby mimicking the hyperexcitable migraine brain. 

 

8.1    Clinical applications: Human microseizures as the trigger of SD in migraine 
brains. 
As previously outlined, hyperexcitability and hyperresponsivity in the migraine brain 

represent a similitude to epileptic seizures. It is reasonable to use these shared trigger 

mechanisms to propose a theory for SD as an inherent defense mechanism of the 

central nervous system (Fig. 6). The cortical focal seizure model used simulates 

human “microseizures” and provides further knowledge on the borderland between 

migraine and epilepsy.
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Figure 6  I Theory: SD suppresses microseizures in migraineurs.  

 
From left to right: Microseizures in migraineurs develop at a sub-millimeter scale resulting from 

enhanced cortical excitability. Hyperexcitability (red) triggers spreading depolarization when potassium 

concentration is raised above the threshold of 12 mM in a sufficient volume of tissue. The 

depolarization-excitation front (yellow) moves along the hemisphere to exert a wide antiseizure effect. 

Spreading depolarization is followed by silence of cortical activity  (spreading depression, blue). During 

this process, the formation of a large-scale seizure is prevented and spreading depression manifests 

as migraine aura. 

Author’s own drawings. 
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Clinically overt seizures can begin at sub-millimeter scale hours in advance as 

microseizures [159] that cannot be probed with the macroelectrodes used in clinical 

EEG systems. Pathological neuronal clusters can develop at a scale of < 1.0 mm3 

after focal KA injection in the hippocampus [160] weeks to months before the 

occurrence of overt seizures. Interestingly, SD is evoked when a critical volume of 1.0 

mm3 brain tissue is synchronized [161]. Microseizures can act as multifocal seed 

events for large-scale seizures by triggering powerful hypersynchronous bursts (Fig. 

2) [160, 162-164]. Moreover, they might initiate chronic epilepsy by kindling the brain 

to develop microdomains of pathologically interconnected neurons. Microseizures 

have also been observed in normal brains, suggesting that epileptiform activity 

regularly occurs in healthy tissue. In this hypothesis of ictogenesis, the development 

of epileptic brain tissue depends on increased connectivity and the number of 

microdomains generating microseizures that become synchronized as more tissue is 

recruited. However, it is still unclear what determinants of homeostatic mechanisms 

are sufficient to restore the equilibrium before a large-scale seizure develops.  

SD in migraine might function as a “control reset” or a “rescue mechanism” when a 

critical size of neuronal clusters in a microdomain is reached, and a large-scale seizure 

is looming [135]. In this unifying theory of the migraine aura (SD)-seizure continuum, 

SD quickly terminates the local seizures and exerts a broad antiepileptic effect by 

propagating along the hemisphere. This study provides further evidence to the theory 

of hyperexcitability as one of the triggers of aura in migraine.  

The results and implications for the migraine aura (SD)-seizure continuum also offer 

clinical applications for the field. Patients suffering from occipital seizures with complex 

visual hallucinations and post-ictal headaches make differentiation from migraine with 

aura difficult. Furthermore, as outlined in the introduction, comorbidity of epileptic 

syndromes and migraine may further impede proper therapy. Treatment options that 

target the one upstream event which connects SD and seizures, namely 

hyperexcitability, might improve the outcome of such intermediate cases. Topiramate 

and valproate are excellent examples of prophylactic treatment strategies that are 

regularly used in both fields. The results of this study and scientific background allow 

the perception of migraine and epilepsy as a family of neurological disorders. 

Therefore, it is of great value to consider a shared understanding of pathophysiological 

knowledge in clinical practice.  However, further research is needed to determine the 

exact factors that decide the transition of hyperexcitability to seizures in epilepsy and



Discussion 

   51 

to SD in migraine. The present study was limited by the fact that interventions that 

block SD often also influence seizure dynamics, making the identification of the 

underlying mechanisms difficult. 

 

8.2    The antiseizure effect of SD in other models. 
The interplay between SD and seizures has intrigued neuroscientists since the days 

of pioneers like Van Harreveld and Stamm in 1954 [165]. They reported a protective 

effect akin to SD that followed convulsive activity in the rabbit cortex. The antiseizure 

effect of SDs has now also been reported in many experimental investigations utilizing 

a variety of seizure models [165-176]. 

Although seizures and their underlying pathological mechanisms are highly variable, 

SD showed a strong antiseizure effect in all of these models, indicating that SD is 

ubiquitous in seizure expression. Similar observations were made in the four different 

seizure models of the present study. The antiseizure effect in the different models 

lasted within a range of only a few minutes [177] to 90 minutes [178]. 

Among the studies describing an antiseizure effect of SD, one modeled genetic 

absence epilepsy in rats, which aims to generate generalized seizures. Here, a single 

mechanically-induced SD terminated epileptiform activity (spike-wave discharges) and 

limited its reemergence for at least 90 minutes [178].  In contrast to the microseizure-

SD theory of migraine, seizures in this model were primarily generalized. A migraine 

aura lasts only 15–20 minutes and is caused by a single SD. This study used a 

pharmacological seizure model that included a sustained epileptogenic trigger that 

lasted hours and induced multiple SDs. In the genetic absence model of epilepsy, a 

single SD was sufficient to limit seizures, thereby adding evidence to the microseizure-

SD theory of migraine. Additionally, SD likely exerts an even more potent effect on 

small-scale seizures than on generalized seizures.  

Nevertheless, most previous studies have failed to systematically examine and 

quantify the suppressing effect of SD on seizures. The research to date has mainly 

focused on the local effect on seizures, excluding predictors of SD, spatial extent 

(generalization), preconditioning, and non-invasively triggered SD and the relevance 

for migraine-mutant mice. Therefore, the data presented in this dissertation add new 

and compelling evidence on the interplay between SD and seizures. Intriguingly, 

several studies have reported that SD is easier to initiate in the hyperexcitable brain 

than a seizure. Cortical penicillin foci have been reported to function as a generator  
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for spike-triggered SD in rats [179]. The phenomenon of spike-triggered SDs was 

encountered in several experiments in the present study as well.  

In rats, isolated epileptiform spikes that develop 1 minute after systemic 

pentylenetetrazol injection reliably induced bilateral SD in the cortex and thalamus 

[180]. SD can be induced by a low-intensity electroshock stimulus and prevent 

behavioral convulsions [181]. Moreover, minimal disinhibition with a low concentration 

of the GABAA-receptor blocker bicuculline can induce SD [182]. However, it remains 

challenging to explain the neurobiological mechanisms underlying the suppressing 

effect of SDs on seizures. It was proposed that the transition of epileptic seizures to 

SD is associated with cell swelling and contraction related to osmotic pressure caused 

by alterations in potassium concentration. It is thus proposed that seizures and SD are 

involved in the continuum of the neuronal membrane and its microenvironment.   

Epileptiform activity is promoted if brain cells are exposed to an environment of 

hypoosmolarity with the resulting reduction of extracellular space [183]. 

In contrast, hyperosmolarity and increasing extracellular space suppress excitability 

and can lead to SD. Therefore, potassium concentrations between 8–12 mM promote 

seizure activity, whereas concentrations above 12 mM are more likely to result in SD 

[183]. A study showed that potassium accumulation reduces the amplitude and the 

number of action potentials after hyperpolarization, which could explain SD’s 

suppressing effect on seizures. When potassium is driven into the extracellular space, 

the net loss of transmembrane potassium-current increases the duration needed for 

repolarization. Lower levels of repolarization result in a reduced membrane potential 

difference, which causes the inactivation of voltage-gated sodium channels whose 

inactivation curve is localized near the membrane resting potential. As a result, action 

potentials are suppressed, and the development of a full-grown seizure becomes 

unlikely [184]. Therefore, a transition to states of SD or seizures is potentially 

dependent on potassium levels that modify brain excitability. 

 

8.3    Potential beneficial effects of SD. 
A recent study suggests that seizure-triggered SD is initiated in the superficial layers 

of the cortex and that seizure suppression is restricted to layers penetrated by SD 

[171]. Although the exact cortical layer to which SD and seizures reached was not 

identified in the present study, it was observed that the number of non-penetrating SDs 

increased over time, suggesting growing tissue resistance towards SD. Kindling is a
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process by which healthy tissue gradually evolves into epileptic tissue. Repeated 

seizures result in a longer duration of subsequent seizures and more intensive 

behavioral involvement during this process. Both developments suggest a weakening 

of the homeostatic mechanisms or the growing resistance of the tissue towards these 

mechanisms and the increasing recruitment of neuronal clusters [185].  

The continuous presence of the epileptogenic agents (KA systemically and 4-AP, PG, 

and BIC directly on the cortex) created an epileptogenic model that lasted for hours. It 

might have gradually created pathways of kindling mechanisms (e.g., modulated gene 

expression), resulting in enhanced susceptibility of the cortex towards seizures. 

Moreover, repetitive SDs might result in the suppression of GABAergic function [186] 

and enhanced excitability. Furthermore, in vitro studies have demonstrated that 

chronic epileptic tissue of humans and animals can become resistant towards SD [158, 

180, 182].  In contrast, a separate model of chronic epilepsy demonstrated that 

diazepam therapy might overcome SD resistance [3, 187]. 

For this reason, the quantification of PD was restricted to the first SD. Nevertheless, 

epileptiform activity in the healthy brain without injury (e.g., in migraine) likely 

culminates in a single SD, resulting in inhibition. The latter manifests as a single 

migraine aura. However, in chronic migraine (> 15 migraine attacks per month), 

cortical inhibition can be impaired in comparison to episodic migraine [89]. 

Some may argue that SD occurrence may be related to the beginning of tissue 

deterioration in the present study. However, timelines showing the onset of SD 

suggest that this is unlikely. Many first SDs occurred only a few minutes after the 

beginning of seizures when the tissue was still healthy. Additionally, because of the 

continuous epileptic stimulus that topically applied chemoconvulsants represent, 

tissue was still capable of generating seizures several hours after SD onset. However, 

we did not perform an analysis of histology or immunohistochemistry on rodent brains 

to quantify cell death, and our conclusion concerning SD as a fundamental defense 

mechanism is thus not based on the degree of tissue injury. This is certainly a limitation 

of the study design. Nevertheless, it is assumed that suppression of seizures and their 

generalization must be beneficial in terms of acute survival advantage. Seizures, 

particularly when they spatially extend to generalized seizures, can be terminal when 

the patient loses consciousness. 

Moreover, convulsions can cause physical injuries to the body, and prolonged status 

epilepticus can lead to irreversible neuronal loss and post-ictal encephalopathy. SD,
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on the other hand, is viewed as a benign and self-limiting event [3] when it occurs in 

adequately supplied tissue, as was the case in the present study (i.e., in migraine) 

[188]. On the contrary, measurements of perfusion and oximetry dynamics during ictal 

discharges raise the question of whether the development of chronic epilepsy may 

pose a significant metabolic burden on brain tissue in the long run as progressive 

cognitive decline in some types of epilepsy could be caused by repetitive focal 

hypoxia. For instance, epileptic events induced by 4-AP have been shown to cause 

hypermetabolic increases of CBF in the seizure focus. Due to neurovascular coupling, 

vasodilatation in the focus accompanied by vasoconstriction in the surrounding tissue 

contributes to blood shunting from the adjacent surrounding tissue leading to brief 

focal ischemia [155, 156]. We observed similar increases of CBV in the seizure focus 

using IOS and used them as an indicator for seizure generalization. The CBV 

increases in the ROIs mainly diminished after SD occurrence. 

Moreover, when SD was induced 30 to 5 minutes before the seizure, CBV alterations 

decreased to an absolute minimum. Although still highly theoretical at this stage, it is 

possible that SD plays a significant role in preventing repetitive focal ischemia due to 

multifocal microseizures in migraine brains. Notably, geometrical models of the 

thermodynamics of spreading depolarization and epileptiform activity characterize 

spreading depolarization as a more severe pathology in terms of energy burden [189]. 

However, although one would consequently conclude that migraine is a disorder 

associated with brain damage, patients nevertheless do not suffer from persistent 

neurological deficits after migraine attacks, except for rare migrainous infarcts. 

Therefore, it is justified to assume that SD can be fully reversible under normoxic 

conditions except when occurring in the brainstem [23, 124, 147]. Of course, in 

scenarios of metabolic compromise, SD signifies an energy-demand mismatch and 

can delay recovery.  

 
8.4    SD and seizures after brain injury: post-traumatic epilepsy and migraine 
There is a considerable amount of evidence that head trauma is causally associated 

with migraine and epileptic seizures. Heightened neuronal excitation after mild head 

trauma may be mechanically induced due to tissue shearing [190]. Increased 

concentrations of excitatory neurotransmitters such as glutamate and blood-brain 

barrier disruption might contribute to higher seizure susceptibility and development of 

post-traumatic epilepsy even at low levels of traumatic brain injury  [191-193].
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Congruently, about 10% of patients suffering from traumatic brain injury develop early 

seizures within a week following the incident, while post-traumatic epilepsy occurs in 

2% of the patients [194, 195]. 

The interplay of spreading depolarization and seizures in trauma is highly complex, 

and the severity of injury must be taken into account to evaluate consequences. As 

shown by subdural recordings, SD and seizures co-occur in individuals with severe 

acute brain damage. In about 10% of the patients, seizures culminated in SD, which, 

in turn, interrupted the seizure [196]. SDs are linked with delayed cerebral ischemia 

and gradual tissue damage due to the increased metabolic load after such severe 

trauma [197-199]. Clusters of extended SDs with persistent depression were linked 

with substantially longer spreading ischemia than those associated with single 

spreading depolarizations [200]. Interestingly, patients who developed SDs early after 

trauma were more likely to develop late epilepsy [201]. Clusters of SDs may result in 

selective inhibition of GABAergic activity after severe brain damage [3, 186], leading 

to a disrupted balance of cortical excitability. SDs, in turn, can present with subsequent 

spreading convulsions rather than spreading depression [201, 202]. Moreover, the 

occurrence of several ictal-interictal continuum abnormalities (IICA) was linked to SDs 

and seizures as continuous EEG has become a standard tool in neurologic intensive 

care units.  

After brain injury, the synaptic transmission may be the first process to fail [203], 

leading to the initiation of an avalanche reinforcing the metabolic burden on brain 

tissue. The resulting disinhibition might facilitate the generation of IICA or seizures, 

which eventually trigger SD. It is difficult to discern the causes of SD and seizure 

occurrence in severe brain injury. While SD and seizures can be triggered 

independently by the underlying injury, seizures can also culminate in SDs. Although 

SD might extinguish or shorten the duration of IICA and seizures [173], it does not 

resolve the underlying disease and intensifies the critical metabolic situation.  

Intriguingly, trivial head trauma (e.g., heading a soccer ball without a subsequent loss 

of consciousness) has repeatedly been associated with new-onset migraine, which is 

sometimes referred to as “footballer’s migraine”  [191, 204] and trauma on the occipital 

cortex, a location known to be particularly susceptible to SD, is most likely to be 

followed by migraine symptoms in children and young adults [205, 206]. Furthermore, 

post-traumatic headache frequency can efficiently be treated by amitriptyline and
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propranolol, which also suppress SD [63, 207]. Notably, seizures and migraine attacks 

are common after head trauma in FHM patients [208]. 

In these cases, migraine symptoms start within a time window ranging from 1 min to 

4 hours. Only a few patients report unprovoked attacks in the sense of a new-onset 

chronic migraine indicating permanent alterations to brain excitability after trauma. 

Typically, migraine attacks only occur after trauma, suggesting that concussion 

mechanically triggers heightened brain excitation leading to induction of SD [191]. 

Therefore, in trivial head trauma, SD could prevent a full-grown seizure due to 

mechanically induced hyperexcitability. Of course, SD accelerates metabolic demand 

after trauma, although the young age of the reported patient group and low-level injury 

might be capable of meeting the increased demand and does not delay recovery. A 

migraine aura accompanied by headache is clearly beneficial in terms of survival 

advantage compared to losing consciousness during generalized seizures.  
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9.    Conclusions 

This study unequivocally showed that SD acts as an endogenous antiseizure 

mechanism in the rodent brain. Neocortical microseizures and generalized seizures 

trigger SDs, which in turn terminate the seizure, prevent seizure generalization, and 

limit seizure recurrence. Starting from the seizure focus, SD then extends over the 

cortex to provide a wider antiseizure effect. Employment of optogenetics and migraine 

mutant mice further supports these conclusions. SD appears to be a reliable response 

to heightened excitability in the brain. Epilepsy and migraine are episodic, chronic 

disorders sharing a genetic basis, similar triggers, pharmacological interventions, and 

clinical features. Subspecialists must learn how to differentiate both conditions, in 

particular concerning occipital symptoms.  

SD undoubtedly represents a linking phenomenon in the borderland of both diseases, 

and SD that is induced by hyperexcitability of the cortex might underly a subgroup of 

migraine auras. Prevention of a large-scale seizure or status epilepticus at the cost of 

a headache is preferable in terms of survival advantage. It is possible that potassium 

concentrations in the extracellular space and resulting altered cell volume are 

responsible for determining the transition from hyperexcitability to seizures or SD. The 

energy state of the tissue is crucial for the consequences that follow network 

phenomena such as SD and seizures and must be taken into account when 

characterizing their role in neurological diseases. 

The work presented in this study can become the cornerstone of a novel unified theory 

of SD with a more balanced view of its beneficial and hazardous effects. Furthermore, 

the data open a new direction of research into the molecular mechanisms of this 

antiepileptic effect in search of more nuanced pathophysiological concepts and novel 

therapies. 
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