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COMMENTARY

Exploitation of the spreading depolarization-
induced cytotoxic edema for high-resolution, 3D
mapping of its heterogeneous propagation paths
Jens P. Dreiera,b,c,1 and Clemens Reiffurtha,b

Spreading depolarization (SD) is among themost archaic
pathological phenomena of the central nervous system
and already occurs in comparably primitive animals,
such as locusts and cockroaches (1). SD describes a

regenerative, all-or-none type of depolarization wave in
gray matter of the central nervous system characterized
by the abrupt, near-complete breakdown of the trans-
neuronal ion gradients. It is assumed that SD is perceived
as migraine aura when it invades a perceptual and elo-
quent brain region, where it induces spreading depres-
sion of the normal brain activity. However, SD also occurs
in various conditions other than migraine, including
stroke and traumatic brain injury (TBI). Although there
is unequivocal electrophysiological evidence that SD of-
ten induces spreading depression of activity in stroke
and TBI, computational dysfunction before SDmigration
through the tissue usually precludes the patient percept
of a migraine aura in these injurious conditions (2). Initi-
ation, recovery, pharmacology, depression patterns, and
toxicity may vary dramatically along the propagation
path of a single SD wave, dependent on the local con-
ditions of the tissue. However, all SDs—no matter
whether they occur in well-nourished, traumatized, or
severely ischemic tissue—share the same phenomenol-
ogy, including the samemagnitude of neuronal depolar-
ization and the principal ion changes involved, a similar
release of free energy (free-energy starving) and spread
in the tissue. SDs also share influx of water into neurons
driven by the ionic changes across the cellular mem-
brane. In other words, SD is the principal mechanism
of the cytotoxic edema in many gray matter structures
of the brain. Using two-photonmicroscopy, the cytotoxic
edema is observed as SD-induced dendritic beading (3).
Beaded morphology allows a larger volume to be
encompassed within an equivalent surface area. Bead-
ing-induced changes in cell membrane morphology are
sufficient to significantly hinder intracellular water mobil-
ity (4). Using diffusion-weightedMRI (DW-MRI), this trans-
lates into a characteristic drop in the apparent diffusion
coefficient when SD is moving in the tissue, no matter
whether or not the tissue is ischemic (5) (Fig. 1). In PNAS,
Cain et al. elegantly exploit this characteristic trait to trace
SD’s propagation path in the naïve mouse brain in a 3D,
whole-brain perspective with high-temporal resolution

Fig. 1. SD is associated with near-complete breakdown of the transcellular ion
concentration gradients, which causes intracellular hyperosmolality. The resulting
water influx into neurons leads to cytotoxic edema, which causes abrupt dendritic
beading. Beaded morphology allows a larger volume to be encompassed within
an equivalent surface area. In normal neurites, water mobility is highly restricted
by the cell membrane perpendicular to the main axis, whereas water molecules
diffusing along the main axis of the neurite encounter few barriers on the
timescale of DW-MRI measurements. However, undulation of the cell membrane
induced by neurite beading causes reduction in the mobility of intracellular water
along the main axis of each neurite. This intracellular diffusion restriction can be
visualized with DW-MRI and was used by Cain et al. (6) for high-resolution, 3D
mapping of SD’s propagation path in the cortex and subcortical gray matter.
(A) Normal neurons. (B) Depolarized neurons with dendritic beading.
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using DW-MRI (6). To further enhance visualization and quantitative
comparisons, Cain et al. designed a custom Matlab script to auto-
matically detect the wave’s front and to represent it in each slice as
a heatmap.

Cain et al.’s (6) study also includes familial hemiplegic mi-
graine type 1 (FHM-1) mutant mice expressing human mutations
(R129Q and S218L) in the Cav2.1 (P/Q)-type voltage-gated cal-
cium channel (VGCC) subunit. FHM is clinically characterized by
complicated forms of migraine aura. It was previously found that
mice expressing these mutations have a lower electrical thresh-
old for SD than WT animals and the wave’s velocity is signifi-
cantly higher (7, 8). Cain et al.’s (6) paper almost entirely
confirms these results, but the threshold of R129Q mice com-
pared with WT mice did not differ. This discrepancy may be
explained by the use of isoflurane anesthesia in the present
study, whereas urethane was applied in previous studies. Iso-
flurane is known to increase the threshold for SD in various
models through its antagonistic effect on NMDA receptors (9).
This aspect could have partially masked the effect of the
R192Q mutation.

A different question is whether electrical stimulation is a good
model for the natural conditions that lead to SD associated with
the patient percept of migraine aura. The caveat is that electrical
stimulation sufficient for SD induction in animals is of several
magnitudes more intense than even the most pathological brain
activity, and an anecdotal report mentioned histopathological
evidence of a tiny zone of injury at the stimulation site (2). A de-
creased electrical threshold in mutant mice may thus indicate
increased vulnerability to electrical injury rather than a purely
functional network anomaly. This notion is further supported
by the observation that cerebral blood flow required for tissue
survival after middle cerebral artery occlusion was higher in
FHM-1 mutant mice compared with WT mice, leading to infarc-
tion with milder ischemia (10). Accordingly, mutant mice showed
a shorter delay between onset of ischemia and the first SD; sub-
sequent SDs were more frequent. In consequence, the mutants
developed larger infarcts and worse neurological outcomes after
ischemic stroke.

The reason why clearly noninjurious triggers for SD are not
applied in experiments is that none are currently available. At
first glance, this notion agrees much better with the unequivocal
electrophysiological evidence of SD in patients with stroke and
TBI (2, 11) than with its role as pathophysiological correlate of
the mostly harmless clinical condition of migraine aura. How-
ever, there is ample evidence that SD also occurs during mi-
graine aura (12), and the toxicity of a single SD wave is not
sufficient to induce lasting neuronal damage when it runs in
normal, well-nourished tissue. Hence, there is need for the
search for triggers more congruent with the hypothesis that SD
associated with migraine aura does not usually emerge from in-
jury but from episodic disruptions of the excitation/inhibition
balance and hyperactivity of cortical circuits as a result of exces-
sive recurrent excitation (13).

However, increased vulnerability of FHM-1 mutant mice to
electrical and vascular disruptions is no less remarkable than
would be a threshold shift of a trigger closer to the realities of
migraine aura. This is because increased vulnerability sheds light
on another clinical aspect of outstanding interest, namely the
ever-increasing epidemiological evidence that the neuronal
network anomalies underlying migraine with aura represent a
weak but significant risk factor for cerebral injuries (14). This ap-
plies even more so to FHM, which can show rare courses up to life-

threatening febrile coma (15) and stroke (16). In view of the DW-
MRI findings of Cain et al. (6), Le~ao’s original hypothesis that
migraine aura and cerebral ischemia are linked through SD (17,
18) may then be reformulated: if certain features render a given
neuronal network more likely to develop SD as the principal
mechanism of cytotoxic edema, the likelihood that the network
develops a cytotoxic edema under conditions inducing a cyto-
toxic edema will be higher. Whether or not cytotoxic edema then
shows progression toward cellular injury may be determined by
the local tissue conditions and their repercussions on mechanisms
involved in the SD process. The term “SD continuum” describes

Currently, propagation path and velocity in
naïve brain may be the aspects of a migraine aura
that can be modeled most accurately in animal
experiments. Cain et al. provide a powerful
neuroimaging tool for this purpose. The authors
combine this with a pharmacological approach to
exemplify possible applications.

these changing characteristics of the wave determined by the
local tissue conditions (2, 11).

Currently, propagation path and velocity in naïve brain may
be the aspects of a migraine aura that can be modeled most
accurately in animal experiments. Cain et al. (6) provide a power-
ful neuroimaging tool for this purpose. The authors combine this
with a pharmacological approach to exemplify possible applica-
tions. The chosen drug, pregabalin, logically followed the fact
that FHM-1’s gain-of-function mutations are located in the gene
of the Cav2.1 (P/Q)-type VGCC subunit because pregabalin is a
P/Q-type VGCC inhibitor. Accordingly, the drug slowed the
propagation speed in both R192Q and S218L strains but not in
WT mice. Absence of the effect in WT mice corresponded well
with previous findings in naïve rats that the propagation speed of
pinprick-induced SD was not altered by the P/Q VGCC inhibitor
ω-agatoxin IVA (19). Acute systemic administration of pregabalin
in vivo also selectively prevented the invasion of SD into sub-
cortical striatal and hippocampal regions in the R192Q strain that
exhibits a milder phenotype and gain of Cav2.1 VGCC function
than the S218L strain. Nonetheless, it was a counterintuitive find-
ing that pregabalin treatment significantly increased the electri-
cal SD threshold only in WT mice, whereas the mutant mice
merely showed a statistical trend. In our opinion, absence of
the effect in the mutant mice may be reinvestigated with higher
statistical power. Isoflurane may be replaced with urethane an-
esthesia in such experiments to exclude its possible interference.
However, it was less surprising that the SD threshold was re-
duced in the WT mice. This finding could be related to previous
observations in naïve rats that a KCl crystal, another artificial SD
trigger associated with local injury (20), elicited only one or very
few SDs and their repetition rate was dramatically reduced once
ω-agatoxin IVA was applied to the brain surface (19).

The fact that the SD hypothesis can gather an enormous
bandwidth of partially harmless, partially deleterious clinical
conditions under one roof renders a suitable match between a
given experimental model and the appropriate clinical condi-
tion a challenge. This necessitates a holistic approach beyond
the focus on a single disease when it comes to the transla-
tion of pharmacological strategies from bench to bedside.
However, the present case of a well-characterized Mendelian
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model disease may be somewhat easier because genetic
testing allows individual treatment stratification in both ani-
mals and clinical studies. In our opinion, the results of the
present animal study particularly justify a clinical trial of
pregabalin in carriers of both mild and more severe FHM-1
mutations, although the findings suggest that less-affected

patients profit more. Such a trial should thus include a subgroup
analysis to clarify whether a possible pharmacological benefit is
mutation-dependent. Furthermore, we would like to call on the
clinical community to search for diffusion anomalies in patients
acutely undergoing migraine aura, although it certainly repre-
sents a logistical challenge.

1 Spong KE, Dreier JP, Robertson RM (September 22, 2016) A new direction for spreading depolarization: Investigation in the fly brain. Channels (Austin), 10.1080/
19336950.2016.1239898.

2 Dreier JP, Reiffurth C (2015) The stroke-migraine depolarization continuum. Neuron 86(4):902–922.
3 Risher WC, Ard D, Yuan J, Kirov SA (2010) Recurrent spontaneous spreading depolarizations facilitate acute dendritic injury in the ischemic penumbra. J Neurosci
30(29):9859–9868.

4 Budde MD, Frank JA (2010) Neurite beading is sufficient to decrease the apparent diffusion coefficient after ischemic stroke. Proc Natl Acad Sci USA 107(32):
14472–14477.

5 de Crespigny A, Röther J, van Bruggen N, Beaulieu C, Moseley ME (1998) Magnetic resonance imaging assessment of cerebral hemodynamics during spreading
depression in rats. J Cereb Blood Flow Metab 18(9):1008–1017.

6 Cain SM, et al. (2017) In vivo imaging reveals that pregabalin inhibits cortical spreading depression and propagation to subcortical brain structures. Proc Natl Acad
Sci USA 114:2401–2406.

7 van den Maagdenberg AM, et al. (2004) A Cacna1a knockin migraine mouse model with increased susceptibility to cortical spreading depression. Neuron 41(5):
701–710.

8 van den Maagdenberg AM, et al. (2010) High cortical spreading depression susceptibility and migraine-associated symptoms in Ca(v)2.1 S218L mice. Ann Neurol
67(1):85–98.

9 Takagaki M, et al. (2014) Isoflurane suppresses cortical spreading depolarizations compared to propofol—Implications for sedation of neurocritical care patients.
Exp Neurol 252:12–17.

10 Eikermann-Haerter K, et al. (2012) Migraine mutations increase stroke vulnerability by facilitating ischemic depolarizations. Circulation 125(2):335–345.
11 Hartings JA, et al. (June 21, 2016) The continuum of spreading depolarizations in acute cortical lesion development: Examining Le~ao’s legacy. J Cereb Blood Flow

Metab, 10.1177/0271678X16654495.
12 Pietrobon D, Moskowitz MA (2013) Pathophysiology of migraine. Annu Rev Physiol 75:365–391.
13 Tottene A, et al. (2009) Enhanced excitatory transmission at cortical synapses as the basis for facilitated spreading depression in Ca(v)2.1 knockin migraine mice.

Neuron 61(5):762–773.
14 Timm FP, et al. (2017) Migraine and risk of perioperative ischemic stroke and hospital readmission: hospital based registry study. BMJ 356:i6635.
15 Vahedi K, et al. (2000) CACNA1A gene de novo mutation causing hemiplegic migraine, coma, and cerebellar atrophy. Neurology 55(7):1040–1042.
16 Knierim E, et al. (2011) Recurrent stroke due to a novel voltage sensor mutation in Cav2.1 responds to verapamil. Stroke 42(2):e14–e17.
17 Le~ao AAP, Morison RS (1945) Propagation of spreading cortical depression. J Neurophysiol 8:33–45.
18 Le~ao AAP (1947) Further observations on the spreading depression of activity in the cerebral cortex. J Neurophysiol 10(6):409–414.
19 Richter F, Ebersberger A, Schaible HG (2002) Blockade of voltage-gated calcium channels in rat inhibits repetitive cortical spreading depression. Neurosci Lett

334(2):123–126.
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