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A B S T R A C T   

Neuroinflammatory changes involving neuronal HMGB1 release and astrocytic NF-κB nuclear translocation 
occur following cortical spreading depolarization (CSD) in wildtype (WT) mice but it is unknown to what extent 
this occurs in the migraine brain. We therefore investigated in familial hemiplegic migraine type 1 (FHM1) 
knock-in mice, which express an intrinsic hyperexcitability phenotype, the extent of neuroinflammation without 
and after CSD. CSD was evoked in one hemisphere by pinprick (single CSD) or topical KCl application (multiple 
CSDs). Neuroinflammatory (HMGB1, NF-κB) and neuronal activation (pERK) markers were investigated by 
immunohistochemistry in the brains of WT and FHM1 mutant mice without and after CSD. Effects of NMDA 
receptor antagonism on basal and CSD-induced neuroinflammatory changes were examined by, respectively, 
systemically administered MK801 and ifenprodil or topical MK801 application. In FHM1 mutant mice, CSD 
caused enhanced neuronal HMGB1 release and astrocytic NF-κB nuclear translocation in the cortex and 
subcortical areas that were equally high in both hemispheres. In WT mice such effects were only pronounced in 
the hemisphere in which CSD was induced. Neuroinflammatory responses were associated with pERK expression 
indicating neuronal activation. Upon CSD, contralateral cortical and striatal HMGB1 release was reduced by 
topical application of MK801 in the hemisphere contralateral to the one in which CSD was induced. This study 
reveals that neuroinflammatory activation after CSD is widespread and extends to the contralateral hemisphere, 
particularly in brains of FHM1 mutant mice. Effective blockade of CSD-induced neuroinflammatory responses in 
the contralateral hemisphere in FHM1 mice by local NMDA receptor antagonism suggests that neuronal 
hyperexcitability-related neuroinflammation is relevant in migraine pathophysiology, but possibly also other 
neurological disorders in which spreading depolarization is involved.   

1. Introduction 

Neuroinflammation in the central nervous system typically occurs as 
an adaptive reaction of the brain to noxious stimuli such as infection or 
tissue injury and plays an important role in the pathophysiology of 
various brain disorders (Dendrou et al., 2016; Gilhus and Deuschl, 2019; 
Xanthos and Sandkuhler, 2014). Cortical spreading depolarization 

(CSD), the probable underlying cause of the migraine aura (Lauritzen, 
1994; Ayata and Lauritzen, 2015), is a slowly propagating wave of 
neuronal and glial cell depolarization that causes a short-lasting (few 
minutes) ionic, metabolic and vascular brain perturbation known to act 
as a trigger of such mild neuroinflammation (Karatas et al., 2013). 
Experimentally induced CSD by pinprick or topical KCl application to 
the cortex in one hemisphere was shown to activate a 

Abbreviations: CSD, cortical spreading depolarization; DC, direct-current; FHM1, Familial hemiplegic migraine type 1; HMGB1, high mobility group box 1; KCl, 
potassium chloride; KI, knock-in; NF-κB, Nuclear Factor of the κ-chain in B-cells; NMDA, N-methyl-D-aspartate; PFA, paraformaldehyde; Panx1, pannexin-1; pERK, 
phospho extracellular signal-regulated kinases; PET/MRI, Positron emission tomography–magnetic resonance imaging; PVDF, polyvinylidene difluoride; SDS-PAGE, 
sodium dodecyl sulphate-polyacrylamide; WT, wildtype. 
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neuroinflammatory cascade in wildtype (WT) mice (Karatas et al., 
2013). In this cascade, CSD causes opening of neuronal Pannexin-1 
(Panx1) channels and caspase-1 activation that subsequently trigger 
neuronal release of high mobility group box 1 (HMGB1) protein, the 
innate ‘alarmin’ molecule, and is followed by translocation of nuclear 
factor-κB (NF-κB) from the cytoplasm to the nucleus in astrocytes. These 
consequences were pronounced in the hemisphere in which CSD was 
induced, and occurred particularly in the cortex. However, Panx1 acti-
vation was also detected to some extent ipsilaterally and contralaterally 
in the dentate gyrus and contralaterally in the cortex (Karatas et al., 
2013). This contralateral activation appears surprising as a CSD wave in 
WT mice typically does not propagate to the contralateral hemisphere, 
at least in anesthetized rodents (Charles and Brennan, 2009; Bolay et al., 
2019). This raises the interesting possibility that excitatory volleys 
triggered at the onset of CSD may spread to contralateral brain areas to 
activate neuronal Panx1 channels and the downstream inflammatory 
cascade. Clinical evidence for migraine-related widespread neuro-
inflammatory changes comes from a recent clinical PET/MRI study 
which showed the uptake of inflammatory radiotracer in cortical as well 
as subcortical areas of both hemispheres in patients suffering from 
frequent migraine with aura attacks (Albrecht et al., 2019). 

To investigate brain neuroinflammatory responses in the migraine 
context, we here used transgenic mouse models of familial hemiplegic 
migraine type 1 (FHM1) (for review Ferrari et al., 2015; Dehghani and 
Karatas, 2019) harboring the R192Q (van den Maagdenberg et al., 2004) 
or S218L (van den Maagdenberg et al., 2010) missense mutation in the 
α1A subunit of neuronal voltage-gated CaV2.1 channels have a gain of 
CaV2.1 channel activity leading to intrinsically enhanced cortical 
excitatory (glutamatergic) neurotransmission (Vecchia et al., 2014, 
2015) and an increased susceptibility to experimentally induced CSD 
(van den Maagdenberg et al., 2004; Eikermann-Haerter et al., 2009; 
Tottene et al., 2009). We hypothesized that neuroinflammatory re-
sponses may be more pronounced in FHM1 mutant mice, both in the 
naïve state and following CSD, given that naïve animals exhibit astro-
cytic activation in the cortex and microglial activation in the cortex and 
striatum (Magni et al., 2019), and one day after CSD, mutant animals 
have a distinct molecular inflammatory signature in the ipsilateral 
cortex (Eising et al., 2017). Since CSD can propagate extensively to 
subcortical areas in FHM1 mutant in contrast to WT mice (Eikermann- 
Haerter et al., 2011), CSD-induced inflammatory responses may also be 
more widespread in FHM1 mutants. To investigate our hypothesis, and 
provide a mechanistic link between genetically determined brain hy-
perexcitability, CSD and susceptibility to neuroinflammation, we 
assessed the extent of the neuroinflammatory response based on changes 
in HMGB1 and NF-κB in brains of naïve (unstimulated) FHM1 mutant 
and WT mice and after CSD. Our data demonstrate a widespread neu-
roinflammatory response (shown by neuronal HMGB1 release and 
astrocytic NF-κB nuclear translocation) in naïve mice and in response to 
CSD. Our findings also provide a link between the hyperexcitability 
phenotype in FHM1 mutants and brain neuroinflammation based on 
regional colocalization of neuroinflammatory marker HMGB1 with 
neuronal pERK expression and effective blockage of the neuro-
inflammatory profile in FHM1 mutants with an NMDA receptor 
antagonist. 

2. Material and methods 

2.1. Animals 

Two- to four-month-old female wildtype (WT), transgenic homozy-
gous Cacna1a FHM1 R192Q and heterozygous Cacna1a FHM1 S218L 
knock-in (KI) mice (“R192Q or S218L mutant mice”) were used. FHM1 
mutant mice were generated by introducing the respective human 
pathogenic CACNA1A missense mutation in the orthologous mouse 
Cacna1a gene using a gene targeting approach (van den Maagdenberg 
et al., 2004; van den Maagdenberg et al., 2010). Mice were housed under 

a 12-h light/dark cycle under standard housing conditions with food and 
water available ad libitum. All experimental procedures were carried 
out in accordance with recommendations of the European Communities 
Council Directive (2010/63/EU) and were approved by the ethical 
committees of Hacettepe University and Leiden University Medical 
Center, and carried out in accordance with ARRIVE guidelines. All ef-
forts were made to minimize animal suffering. 

2.2. Study size 

A total of 46 mice were used for the experiments. Although mean 
differences between the outcome parameters were expected to be rela-
tively high up to 40% (Karatas et al., 2013), previous immunohistology 
experiments for HMGB1, and NF-κB, and Western blot experiments for 
HMGB1 and NF-κB indicated variation. To detect a difference of 40% 
between groups with an expected variation of 20–25% for immunohis-
tological and Western blot readouts, power of 80% and a significance 
level of 5%, the estimated sample size was 4–5 per group for the HMGB1, 
NF-κB and pERK immunohistological and 5–6 per group for the HMGB1 
and NF-κB Western blot experiments. 

2.3. Induction of a single CSD by pinprick 

To induce a single CSD, mice underwent a pinprick applied through a 
drilled burr hole. To this end, mice were placed into a stereotaxic frame 
under urethane (1.25 g/kg, i.p.) and xylazine (10 mg/kg, i.p) anesthesia 
and allowed to breathe spontaneously under nasal oxygen support (2 L/ 
min) with a body temperature maintained at 37 ± 0.1 ◦C by a rectal 
probe and homeothermic blanket control unit. Recording of direct- 
current (DC) and alternating current (AC) potentials was started prior 
to drilling, using two Ag-AgCl pellet electrodes (1 mm diameter) placed 
over the thinned skull of the right (and for a subset of experiments also 
the left) parietal bone (1.5 mm posterior to bregma, 2 mm mediolateral). 
Signals were digitized, displayed, and stored on a computer by a data 
acquisition and analysis system (Powerlab 16/35; AD Instruments, Bella 
Vista, Australia). A burr hole was drilled over the right primary motor 
cortex (1.3 mm anterior and 1 mm lateral to bregma) using a high-speed 
drill while cooling with saline and without removing the dura mater. 
Next, a needle (26-gauge) was inserted inside the burr hole at ~2 mm 
depth for 1 s to induce a single CSD event. Sham controls (‘drilled 
group’) underwent the same drilling procedure but without the subse-
quent pinprick. DC-recordings confirmed the occurrence of a single CSD 
in the right cortex and absence of CSD in the contralateral left cortex and 
in drilled controls. A CSD was defined as a transient negative DC-shift of 
>5 mV measured at two locations with a delay, associated with a 
decrease in AC amplitude. 30 min following CSD, animals were sacri-
ficed by transcardial perfusion via a short (1-min) heparinized saline 
infusion followed by 4% paraformaldehyde (PFA) for 4 min, to avoid 
previously reported perfusion-induced hypoxic stress on neurons and its 
effect on HMGB1 release (Dehghani et al., 2018). Naïve (non-operated) 
control mice were anesthetized following deep anesthesia by i.p. 1 mg/g 
chloral hydrate injection followed by perfusion. 

2.4. Induction of multiple CSDs by KCl application 

To induce multiple CSDs, mice were anesthetised and a burr hole was 
drilled over the right motor cortex as described above. About 7–10 CSDs 
were induced by topical application of KCl on the dura overlaying the 
right primary motor cortex for 1 h. To this end, a cotton ball soaked in 1 
M KCl was placed in the burr hole and refreshed every 10 min, while 
CSDs were recorded using Ag-AgCl pellet electrodes on the skull as 
described for pinprick-induced CSD. Sham experiments consisted of the 
same procedure with application of 1 M NaCl, which does not induce 
CSDs. 
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2.5. Immunohistochemistry 

Whole brains were quickly removed after transcardial perfusion (as 
described above). Tissue was post-fixed in 4% PFA overnight and cry-
oprotected in 30% sucrose in PBS for two days. Coronal sections were 
cut at 20 μm on a cryostat and incubated 24 h at 4 ◦C with primary 
antibodies of rabbit polyclonal pERK (1:200; Cell Signaling, Danvers, 
MA) rabbit polyclonal HMGB1 (1:200; Abcam, Cambridge, MA), mouse 
monoclonal NeuN (1:200; Chemicon International, Temecula, CA), 
mouse monoclonal NF-κB (P65) (1:200; Cell Signaling) and rabbit 
polyclonal S100-beta (1:200; Abcam). This was followed by a 90-min 
incubation at RT with secondary goat anti-rabbit Cy2 (1:200; Jackson 
ImmunoResearch, West Grove, PA) and goat anti-mouse Cy3 (1:200; 
Jackson ImmunoResearch) antibodies. For S100-beta and NF-κB double- 
staining first antigen retrieval was performed for 10 min at 80 ◦C in 10 
mM sodium citrate buffer in 0.05% Tween (pH 6). All immunolabeled 
sections were mounted in 1:1 glycerol:PBS medium containing 12.5 mg/ 
mL sodium azide and 1 μL/mL Hoechst-33,258, and examined by epi-
fluorescence and laser-scanning confocal microscopy. 

2.6. Subcellular fractionation 

Whole brains from mice from the multiple CSD experiments were 
quickly removed after a 1-h KCl application and dissected rapidly 
(within ~1 min) in frontal and parietal cortices, striatum and thalamus 
for both the ipsilateral hemisphere, in which CSD was induced, and the 
contralateral hemisphere, separately. Tissues were prepared for nuclear 
and cytoplasmic fractionation using NE-PER Nuclear and Cytoplasmic 
Extraction Reagents (Thermo-Fisher Sci, Waltham, MA) according to the 
supplier’s instructions. Protein extracts were stored at − 80 ◦C until used 
for Western blotting. 

2.7. Western blotting 

For Western blotting of brain samples, the amount of protein was 
quantified using the Pierce BCA Protein Assay Kit (Thermo-Fisher Sci). 
For each sample, 30 μg protein was loaded and run on a sodium dodecyl 
sulphate (SDS)-polyacrylamide (SDS-PAGE) gel and subsequently 
transferred to polyvinylidene difluoride (PVDF) membranes. Primary 
antibody incubation (α-NF-κB 1:1000, Santa Cruz, Dallas, TX; α-Histone- 
3 1:2000, Cell Signaling; α-β3-Tubulin 1:2500, Sigma, St. Louis, MO) 
was performed overnight at 4 ◦C, followed by secondary antibody 
(horseradish peroxidase conjugated anti-rabbit IgG 1:5000; Cell 
Signaling) incubation for 1 h at RT. α-Histone-3 and α-β3-Tubulin pro-
teins were used as nuclear and cytoplasmic fraction loading controls. 
Images were captured by a Kodak (Rochester, NY) 4000MM image sta-
tion and analysed with Carestream (Rochester, NY) Molecular Imaging 
Software. 

2.8. Quantification of immunoreactivity for HMGB1 release, NF-κB 
nuclear translocation and pERK activation 

HMGB1 release - HMGB1-label1led neurons were quantified at 200×
magnification in each specific mouse brain region, i.e. in the right 
hemisphere in superficial layers of the primary motor cortex and so-
matosensory cortex, the striatum, and ventral part of the thalamus, 
leading to four randomly picked sections from all area; the same was 
performed for the left hemisphere; per mouse (n = 5 mice), a total of 
400–500 NeuN-positive cells were analysed in each of the selected brain 
regions. A NeuN-positive/HMGB1-negative cell was counted as neuron 
with ‘total HMGB1 release’, based on the knowledge that in healthy WT 
mouse brain tissue, the majority of NeuN-positive neurons are HMGB1- 
immunopositive (Karatas et al., 2013). A NeuN-positive/HMGB1- 

positive signal was regarded as ‘no HMGB1 release’. NF-κB nuclear 
translocation - NF-κB quantification was performed at 400× magnifica-
tion on four randomly picked images obtained from each mouse brain 
area, as indicated above. A total of 70–100 astrocytes were analysed in 
each of the selected brain regions per mouse (n = 4 mice). To assess the 
number of astrocytes with NF-κB translocated to the nucleus, S100-beta- 
positive cells with nuclear NF-κB (confirmed by Hoechst-33,258) were 
counted as fraction of the total number of S100-beta-positive cells. pERK 
activation - Four randomly picked sections from both frontal and pos-
terior brain regions were examined at 200× magnification for pERK- 
positive cells. The same areas examined for HMGB1 release were 
quantified. A total of 500–600 cells were analysed in each of the selected 
brain regions per mouse (n = 4 mice). 

Fluorescent-labelled sections were examined under a wide-field 
fluorescence or laser-scanning confocal microscope with appropriate 
filter sets. All quantifications were done in ImageJ version 1.52q. 
Quantification of HMGB1 release, NF-κB nuclear translocation and 
pERK expression was performed by two researchers (A.D. and T.P.), who 
were blinded for genotype and treatment; for all quantifications the data 
sets of the two researchers were averaged. 

2.9. Pharmacological interventions 

NMDA receptor antagonist MK801 (1 mmol/L in aCSF; Sigma) or 
vehicle was applied topically to the corresponding contralateral location 
in the left cortex (0.15 mm posterior and 0.65 mm lateral to bregma) 1 h 
before a CSD was induced by pinprick in the right somatosensory cortex 
(0.15 mm posterior and 0.65 mm lateral to bregma). Mice were trans-
cardially perfused as described above 30 min following a single CSD. In 
separate groups of naïve mice either MK801 (0.6 mg/kg, in saline) or 
vehicle was injected i.p. twice a day with an 8-h interval for a period of 3 
days (Zuo et al., 2006), or ifenprodil (20 mg/kg, dissolved in distilled 
water), another NMDA receptor antagonist, or vehicle was injected i.p. 
once (Schidlitzki et al., 2017) without inducing CSD. Mice were trans-
cardially perfused (Dehghani et al., 2018) 1 h after the last injection. 

2.10. Statistical analysis 

For a graphical presentation of the data, mean values were presented 
using bar charts with error bars representing the standard error of mean 
values. Since the data were non-normally distributed, median and 
interquartile range (IQR: 25th–75th percentiles) were also calculated 
and presented for HMGB1 and NF-κB analysis in Table 1. Comparisons 
between more than two independent groups were made with the 
Kruskal-Wallis test, followed by the post hoc pairwise comparisons with 
Mann-Whitney U test utilizing Bonferroni correction. All p-values are 
two-tailed, and a p-value <0.05 was considered statistically significant, 
except for post hoc analyses, in which a p-value was calculated ac-
cording to Bonferroni correction. Statistical analysis was performed 
using GraphPad Prism 5 (GraphPad Software, La Jolla, CA) and IBM 
SPSS Statistics version 23 (IBM, Armonk, NY). 

3. Results 

3.1. Increase in the number of neurons without HMGB1 immunoreactivity 
following a single CSD is more pronounced in the ipsilateral hemisphere in 
wildtype mice 

Total neuronal HMGB1 release was assessed from the percentage of 
neurons (NeuN-positive) without HMGB1 immunoreactivity, in the 
primary motor and somatosensory cortices, striatum and ventral part of 
the thalamus of WT mice that were subjected to a single, pinprick- 
induced CSD (Fig. 1A, B). In mice that underwent anesthesia and car-
diac perfusion, but no drilling or CSD (‘naïve group’), HMGB1 release 
was low (<5%), regardless of the region studied (Fig. 1C). In mice that 
underwent drilling (‘drilled group’) but no CSD, HMGB1 release was 1 If siganling is with 1 "l" than labelled is also with 1 "l" so "labeled" 
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increased in both the ipsilateral (i.e. the hemisphere in which CSD was 
induced) and contralateral motor cortex as well as ipsilateral striatum 
(Fig. 1C). A single CSD led to a marked increase in HMGB1 release in 
both hemispheres compared to the naïve and drilled groups but the in-
crease was much higher in the ipsilateral (motor cortex: p = 0.008 and 
striatum: p = 0.008) than the respective contralateral brain areas 
(Fig. 1C). For the somatosensory cortex (p = 0.063) and ventral thal-
amus (p = 0.114), however, the increase after CSD was similarly large 
for both hemispheres (Fig. 1D). Of note, after CSD, HMGB1 release in 
ipsilateral striatal and ventral thalamic areas was particularly pro-
nounced with close to 80% of neurons showing release, whereas in 
ipsilateral cortical areas release was observed in approximately 40% of 
neurons. 

3.2. NF-κB nuclear translocation in astrocytes following a single CSD is 
more pronounced in the ipsilateral hemisphere of wildtype mice 

Translocation from cytoplasm to the nucleus, thereby indicating 
activation, of NF-κB in astrocytes reflects a neuroinflammatory response 
following CSD (Karatas et al., 2013). The number of astrocytes with NF- 
κB nuclear expression was increased in the motor cortex and striatum of 
both hemispheres of WT mice upon a single CSD compared to naïve 
mice, but, as for HMGB1, the increase was more pronounced in the 
ipsilateral brain areas (Fig. 1E, F). 

3.3. Increase in the number of neurons without HMGB1 immunoreactivity 
following a single CSD is equally strong in both hemispheres of FHM1 
mutant mice 

Next, we investigated whether neuroinflammatory responses upon a 
single CSD are more pronounced in FHM1 mutant mice (i.e. in mice 
harboring the R192Q or the S218L missense mutation in the α1A subunit 
of CaV2.1 Ca2+ channels), which show a hyperexcitability phenotype 
that is most pronounced in the S218L mutant (for review Ferrari et al., 
2015). In naïve FHM1 mutant mice, i.e. animals that did not undergo 
drilling or CSD, higher levels of neuronal HMGB1 release, based on the 
number of neurons without HMGB1 immunoreactivity, were observed 

for all investigated brain areas when compared to WT mice (p = 0.028; 
graph not shown). HMGB1 release in the various brain areas was simi-
larly high between R192Q and S218L mutant mice, except for the 
release in ipsilateral striatum, which was higher in S218L mutants 
(Fig. 2A). These results show that the low basal level of HMGB1 release 
seen in WT mice is already enhanced in the mutants by the presence of 
the FHM1 mutation. In R192Q mutant mice that also underwent drilling, 
but no CSD, HMGB1 release was further increased in ipsilateral motor 
cortex (p = 0.028). In R192Q mutants, in contrast to WT mice, neuronal 
HMGB1 release after a single CSD was pronounced bilaterally in the 
motor and somatosensory cortices, striatum and the ventral thalamus, i. 
e. with no difference between hemispheres (Fig. 2A, B). In the thalamus, 
bilateral release was more pronounced compared to striatum (p = 0.029 
for both ipsi- and contralateral side). 

3.4. Astrocytic NF-κB nuclear translocation following a single CSD is 
equally pronounced in both hemispheres of FHM1 mutant mice 

Next, we investigated whether bilateral neuroinflammatory re-
sponses in FHM1 mutant mice also involve astrocytic NF-κB nuclear 
translocation, assessed here in motor cortex and striatum. Translocation 
in naïve R192Q mutant mice was small but higher for both brain areas 
compared to WT (p = 0.029; graph not shown). Translocation in mutant 
mice was enhanced following a single CSD when compared to naïve 
animals (p = 0.028; Fig. 2C) with no difference between the ipsi- and 
contralateral hemisphere. 

To extend the immunohistochemistry finding of nuclear trans-
location of NF-κB following a single pinprick-induced CSD in cortical 
and subcortical regions, we also assessed effects of CSD on NF-κB nuclear 
translocation in brain tissue using Western blotting, in FHM1 S218L 
mutant and WT mice. FHM1 S218L mutants were chosen for the ex-
periments since naïve mice of this strain exhibit a more pronounced 
neuronal HMGB1 release (by immunoreactivity) compared to naïve 
mice of the R192Q strain (Fig. 2C). To maximize chances of observing 
effects of CSD on NF-κB nuclear translocation at the whole tissue level, 
we assessed effects of multiple CSD events instead of a single one, simi-
larly to what was done for WT mice in Karatas et al. (2013). For 

Table 1 
Median and interquartile values of the various outcome parameters of the different experiments for HMGB1 release and NF-κB translocation in FHM1 mutant and WT 
mice in naïve, drilled and CSD conditions; CSD: cortical spreading depolarization; Cx: cortex; WT: wild-type.  

HMGB1 analysis 25% Percentile Median 75% Percentile  25% Percentile Median 75% Percentile 

Ipsi Motor cx R192Q Naïve 6.20 6.65 7.625 Ipsi Motor cx WT Naïve 3.42 4.30 4.50 
Ipsi Motor cx R192Q Drilled 11.58 13.60 18.48 Ipsi Motor cx WT Drilled 8.40 9.80 11.50 
Ipsi Motor cx R192Q CSD 34.50 36.00 55.50 Ipsi Motor cx WT CSD 33.50 36.00 45.00 
Ipsi Motor cx S218L Naïve 17.00 17.80 22.20 Contra Motor cx WT Naïve 2.72 3.15 4.10 
Contra Motor cx R192Q Naïve 6.10 6.85 7.75 Contra Motor cx WT Drilled 7.40 7.75 8.92 
Contra Motor cx R192Q Drilled 18.90 20.00 21.30 Contra Motor cx WT CSD 9.00 12.00 17.50 
Contra Motor cx R192Q CSD 30.50 38.00 57.00 Ipsi Striatum WT Naïve 3.95 4.15 4.50 
Contra Motor cx S218L Naïve 8.10 9.20 13.53 Ipsi Striatum WT Drilled 7.82 8.65 9.40 
Ipsi Striatum R192Q Naïve 8.60 8.70 8.80 Ipsi Striatum WT CSD 61.00 72.00 92.50 
Ipsi Striatum R192Q Drilled 21.90 25.00 25.70 Contra Striatum WT Naïve 3.30 4.15 4.77 
Ipsi Striatum R192Q CSD 40.75 52.50 68.00 Contra Striatum WT Drilled 5.12 8.40 9.05 
Ipsi Striatum S218L Naïve 8.05 10.40 12.38 Contra Striatum WT CSD 23.50 25.00 29.00 
Contra Striatum R192Q Naïve 5.87 7.95 8.67 Ipsi Somatosensory cx WT CSD 27.00 29.00 59.50 
Contra Striatum R192Q Drilled 18.00 19.80 20.00 Contra Somatosensory cx WT CSD 20.50 23.00 47.00 
Contra Striatum R192Q CSD 39.75 52.50 63.75 Ipsi Thalamus WT CSD 67.50 78.00 86.00 
Contra Striatum S218L Naïve 7.12 7.75 9.2 Contra Thalamus WT CSD 31.50 70.00 82.50 
Ipsi Somatosensory cx R192Q CSD 17.50 25.00 59.50 Ipsi Thalamus R192Q CSD 73.25 81.00 92.50 
Contra Somatosensory cx R192Q CSD 17.75 24.00 61.75 Contra Thalamus R192Q CSD 80.50 83.50 94.75  

NF-κB analysis 25% Percentile Median 75% Percentile  25% Percentile Median 75% Percentile 
Ipsi Motor cx WT Naïve 5.595 6.790 9.06 Ipsi Motor cx R192Q Naïve 8.575 10.35 19.78 
Ipsi Motor cx WT CSD 85.93 87.70 92.03 Ipsi Motor cx R192Q CSD 92.10 96.50 99.05 
Contra Motor cx WT Naïve 5.52 6.190 7.70 Contra Motor cx R192Q Naïve 8.50 8.94 14.34 
Contra Motor cx WT CSD 43.25 74.40 75.78 Contra Motor cx R192Q CSD 72.19 93.78 94.10 
Ipsi Striatum WT Naïve 4.71 4.94 5.20 Ipsi Striatum R192Q Naïve 8.98 10.76 14.61 
Ipsi Striatum WT CSD 88.73 93.75 96.83 Ipsi Striatum R192Q CSD 95.70 96.50 97.90 
Contra Striatum WT Naïve 4.20 4.68 5.16 Contra Striatum R192Q Naïve 9.41 9.75 16.01 
Contra Striatum WT CSD 38.50 64.65 82.33 Contra Striatum R192Q CSD 77.20 89.90 96.45  
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induction of multiple CSDs, 1 M KCl was applied topically to the cortex 
for 1 h, resulting in 7–10 CSD events. Sham experiments consisted of the 
same procedure with application of 1 M NaCl, which did not induce 
CSDs. S218L mutant mice showed a similar extent of NF-κB nuclear 
translocation in the CSD and sham groups, with sham values of S218L 
mutant mice being higher than in WT mice for both ipsilateral cortical 
regions (combined motor and somatosensory cortex; p = 0.026; Fig. 2D) 
and contralateral subcortical regions (combined striatum and thalamus; 
p = 0.004; Fig. 2E). Multiple CSDs led to an increase in NF-κB nuclear 
translocation in S218L mutant mice compared to WT mice in contra-
lateral subcortical regions (p = 0.007). Translocation in the contralat-
eral subcortical regions in WT mice was increased in the CSD group 
compared to the sham group (p = 0.022). 

3.5. Bilaterally increased pERK activation after CSD only in FHM1 
mutant mice 

To investigate the involvement of neuronal activation in the spread 
of neuroinflammation responses, we compared the number of pERK- 
positive cells in both hemispheres of WT and R192Q mutant mice. The 
number of pERK-positive cells in the motor cortex (p = 0.028; Fig. 3A,E) 
and striatum (p = 0.028; Fig. 3B,F) was already higher for both hemi-
spheres in naïve R192Q mutant compared to WT mice. Following a 

single CSD, bilaterally increased pERK activation was observed in both 
the cortical and striatal areas in R192Q mutant mice, whereas in WT 
mice pERK activation was only enhanced in the ipsilateral hemisphere in 
these regions (Fig. 3C–F). The bilateral pERK activation observed in 
cortical and subcortical brain regions in naïve mice and following CSD 
(Fig. 4A) parallels the observed bilateral inflammatory profile of 
neuronal HMGB1 release in cortical and subcortical areas in naïve FHM1 
mutant mice and following CSD (Fig. 4B). 

3.6. NMDA receptor antagonism reduces contralateral HMGB1 release 
upon CSD and in naïve FHM1 mutant mice 

Given the pronounced (sub)cortical neuroinflammatory responses 
following CSD in the contralateral hemisphere in FHM1 mutant mice, 
we investigated whether such responses might be transmitted by CSD- 
induced neuronal activity through transcallosal fibers that connect the 
sensorimotor areas of both hemispheres (Hoffmeyer et al., 2007). 
Through such a mechanism, CSDs in one hemisphere can exert effects 
that extend into the other hemisphere. To investigate whether blocking 
neuronal communication between hemispheres would prevent the CSD- 
related contralateral inflammatory response, we topically applied the 
non-competitive NMDA receptor antagonist MK801 or vehicle on the 
contralateral motor cortex 1 h before a single CSD was induced in the 

Fig. 1. HMGB1 release and NF-κB translocation in brains of naïve wildtype mice (WT) and after CSD. (A) Schematic showing the location of (i) the craniotomy for 
pinprick- or KCl-induced CSDs in the motor cortex and (ii) non-invasive DC recording over the visual cortex via an extracranial Ag-AgCl pellet electrode. (B) 
Representative confocal images of the somatosensory cortex showing colocalization of neuronal nuclei (NeuN, in red) with HMGB1 signal (in green). NeuN-positive/ 
HMGB1-negative cells (arrowheads) were counted as total HMGB1 release. NeuN-positive/HMGB1-positive cells (arrows) were counted as no release in HMGB1. 
Scale bar 10 μm. (C) Neuronal HMGB1 release in the motor cortex and striatum in naive, drilled and CSD groups; n = 5 for all groups. (D) Bilateral neuronal HMGB1 
release in the somatosensory cortex and thalamic area 30 min following CSD; n = 5 for all groups. (E) Representative confocal images of superficial layers of the 
motor cortex of a WT mouse following CSD showing NF-κB translocation from the cytoplasm to the nucleus in astrocytes (arrowheads in all images). Inset shows two 
astrocytes (arrowheads, S100-beta positive, in red) adjacent to two neurons (arrows, S100-beta negative). NF-κB immunoreactivity is shown in green, which is visible 
in the nuclei of astrocytes (arrowheads in NF-κB and merged images). In neurons, NF-κB is visible as a rim in the cytoplasm but not in nuclei (arrows in NF-κB image). 
Hoechst-33,258 (blue) as a nuclear marker shows the colocalization of NF-κB in nuclei of astrocytes (arrowheads, merged image). Scale bars: 10 μm. Images were 
taken from 20-μm-thick coronal sections by laser scanning confocal microscope. (F) NF-κB translocation from cytoplasm to nucleus in astrocytes in the motor cortex 
and striatum in naive and CSD groups, assessed 30 min following CSD; n = 4 for all groups. Ipsi: the hemisphere in which drilling or CSD induction was performed; 
Contra: the hemisphere contralateral to the site of drilling or CSD induction; Somatosen: somatosensory; Cx: cortex. Bars show standard error of the mean (SEM). *p 
≤ 0.05; **p ≤ 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ipsilateral hemisphere (Fig. 5A). While topical MK801 application on 
the left motor cortex did not influence the induction of CSD on the right 
motor cortex compared to vehicle or untreated controls, it decreased 
neuronal HMGB1 release in the contralateral (left) motor cortex to 16.6 
± 4.4% in the MK801 group compared to 53.0 ± 4.1% in the vehicle- 
treated group (p = 0.029; Fig. 5B–D). To assess whether NMDA recep-
tor antagonism also normalizes neuronal basal HMGB1 release in naïve 
R192Q mutant mice, MK801 or the NR2B-selective NMDA receptor 
antagonist ifenprodil was administered systemically, without inducing 
CSD. For both MK801- and ifenprodil-treated mice, HMGB1 release 
seemed lower in the motor cortex and striatum of both hemispheres, but 
the reduction was only statistically significant in the ifenprodil-treated 
mice for the left (p = 0.029) and right motor cortex (p = 0.029) and 
right striatum (p = 0.051) (Fig. 5E). 

4. Discussion 

Here we show that a single CSD can cause a profound widespread 
brain neuroinflammatory response, as evidenced by increased neuronal 
HMGB1 release and astrocytic NF-κB nuclear translocation, which are 
equally strong in both hemispheres of FHM1 mutant mice. In contrast, a 

single CSD event induced in WT brains causes less pronounced neuro-
inflammatory responses that are weaker in the contralateral compared 
to the ipsilateral hemisphere in which CSD was induced. A low level of 
basal neuronal HMGB1 release and astrocytic NF-κB nuclear trans-
location is observed in naïve FHM1 mutant, but not WT mice, suggesting 
that FHM1 transgenic mice are intrinsically susceptible to neuro-
inflammation, which can be profoundly aggravated by a relatively mild 
(transient) perturbation such as CSD. Local blockage of NMDA receptors 
by topical application of MK801 to the contralateral hemisphere 
reduced the CSD-induced neuroinflammatory response in both cortical 
and subcortical areas in this hemisphere. This suggests that the intrin-
sically enhanced cortical glutamatergic neurotransmission in FHM1 
mutant mice (Vecchia et al., 2014, 2015) plays an important role in the 
observed widespread inflammatory responses after CSD in mutant mice. 
In addition, the observation in FHM1 mutant mice that remote expres-
sion of neuroinflammatory markers coincided with pERK expression, a 
marker for enhanced neuronal activity, in the same areas, suggests 
involvement of a neuronally-mediated spread. Further studies are 
needed to uncover the precise neuronal networks involved. The pro-
nounced bilateral HMGB1 release observed for both WT and FHM1 
mutant mice in the somatosensory cortex, and the high levels of 

Fig. 2. HMGB1 release and NF-κB translocation in naïve FHM1 mutant mice and after CSD. (A) Neuronal HMGB1 release in motor cortex and striatum in naïve, 
drilled and CSD groups; n = 5 R192Q homozygous mice for all groups. (B) Neuronal HMGB1 release in the somatosensory cortex and thalamic area in the CSD group; 
n = 5 R192Q homozygous mice for all groups. (C) NF-κB translocation from cytoplasm to nucleus in astrocytes in motor cortex and striatum in naïve and CSD groups; 
n = 4 R192Q homozygous mice for all groups. (D, E) NF-κB translocation from cytoplasm to nucleus in astrocytes shown by nuclear sub-fractionation Western 
blotting of (D) the ipsilateral cortex and (E) contralateral sub-cortical areas (i.e. including striatum and thalamus) of the brains of WT and heterozygous S218L mutant 
mice immediately after a 1-h induction of multiple CSDs by topical 1 M KCl application. For sham group saline was applied; n = 6–7 for all groups. Ipsi: the 
hemisphere in which drilling or CSD induction was performed; Contra: the hemisphere contralateral to the site of drilling or CSD induction; Somatosen: somato-
sensory; Cx: cortex. Bars show standard error of the mean (SEM). *p ≤ 0.05; **p ≤ 0.01. 
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thalamic HMGB1 release in both WT and mutants seem in line with the 
convergence of cortical inputs (including from the somatosensory cor-
tex) to the thalamus (Sherman, 2016). 

A recent PET/MRI study provided supportive clinical data for the 
CSD-induced widespread neuroinflammation (Albrecht et al., 2019), 
which we observed in the mouse migraine mutant brain. In that study, 
brain scans with 11C-PBR28, a marker of inflammatory glial activation, 
were obtained from migraine with aura patients and healthy controls. 

Migraineurs had increased neuroimmune activation in widespread brain 
areas including thalamus, primary/secondary somatosensory and 
insular cortices, which are involved in pain processing. This activation 
was thought to be specific to neuroinflammation in migraine (Bu et al., 
2020) and not relevant to pain in general since patients suffering from 
chronic lumbar pain did not show such tracer uptake in pain processing 
areas (Loggia et al., 2015). The signal intensity was also positively 
associated with the frequency of migraine with aura attacks (Albrecht 

Fig. 3. Increased pERK expression in the brains of FHM1 mutant compared to wildtype (WT) mice. (A) Representative fluorescent images of pERK signal (green) in 
the motor cortex and (B) striatum of unstimulated, naïve mice. Cell nuclei are labelled with Hoechst-33,258 (blue). (C, D) Representative fluorescent images showing 
pERK expression after CSD in motor cortex (C) and striatum (D). Scale bars: 50 μm. Images were taken from 20-μm-thick coronal sections by laser scanning confocal 
microscope. (E, F) Quantification of the number of pERK positive cells in the motor cortex (E) and striatum (F). Bars show standard error of the mean (SEM); *p ≤
0.05; n = 4 for all groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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et al., 2019), which suggests that in migraine with aura with recurrent 
attacks repeated exposure of the brain to CSD during the aura phase may 
induce a bilateral and widespread neuroinflammatory activity, similar 
to what we have observed in FHM1 mutant mice. 

CSD is known to activate the neuroinflammatory cascade in the brain 
areas it invades (Karatas et al., 2013; Eising et al., 2017; Asanuma and 
Okuda, 1962). However, widespread presence of the inflammatory 
response in both hemispheres in FHM1 mutant mice cannot be attrib-
uted to propagation of CSD out of the cortex where it was triggered, as 
previous studies on FHM1 mutant mice have shown that CSD does not 
propagate to the contralateral hemisphere, except - under specific cir-
cumstances - for thalamus, despite robust penetration into ipsilateral 
subcortical areas (Eikermann-Haerter et al., 2011). Alternatively, 
contralateral neuroinflammatory responses may be mediated by intense 
axonal volleys that typically fire at the beginning of CSD wave before 
depression of electrical activity (Herreras et al., 1994). These volleys 
arrive at the contralateral corresponding cortex area through corpus 
callosum (Hoffmeyer et al., 2007) and are likely relayed to downstream 
subcortical areas. Intense excitatory firing, as occurring during epilep-
tiform discharges, has the capacity to activate Panx1 channels (hence, 
the activation of the downstream inflammatory pathway) secondary to 
overactivation of NMDA receptors (Thompson et al., 2008). Supporting 
this possibility, we were able to suppress the neuroinflammatory profile 
in the contralateral cortex and striatum by locally inhibiting NMDA 
receptors by MK801 at the level of the contralateral (non-CSD) cortex of 

mutant mice. This mechanism could also underlie the contralateral 
neuroinflammatory responses in WT mice, although they were less 
pronounced compared to FHM1 mutant mice. In rats, NMDA receptor 
activation was shown to underlie CSD-induced Panx1 activation ipsi-
laterally, but contralateral effects were not studied (Bu et al., 2020). In 
epilepsy animal models, HMGB1 activation is implicated in the propa-
gation of seizures, which was suggested to involve HMGB1-mediated 
signaling leading to potentiation of NMDA-mediated Ca2+ influx into 
neurons (Paudel et al., 2019). It is possible that inhibition of NMDA- 
receptor may have contributed to suppression of the bilateral neuro-
inflammatory profiles following CSD by preventing HMGB1-mediated 
spread of neuronal activity. 

While cortical injury in the right primary motor cortex caused by 
pinprick cannot be excluded for our immunohistochemical studies, this 
seems unlikely to underlie the observed HMGB1 and NF-κB changes 
observed following CSD. First, CSD-induced HMGB1 release was pro-
nounced not only in the right motor cortex but also in the right so-
matosensory cortex in which no pinprick was made. Second, the increase 
in NF-κB nuclear translocation following pinprick-induced CSD was 
confirmed by Western blotting following induction of multiple CSDs by 
topical KCl application. The view that CSD-related neuroinflammatory 
responses are not dependent on the CSD induction method is also sup-
ported by a recent study that demonstrated increased expression of 
several cortical neuroinflammatory markers following a single as well as 
multiple CSDs induced by non-invasive optogenetics as well as 

Fig. 4. Comparison of anatomical areas showing pERK activation and neuronal HMGB1 release in the brains of naïve FHM1 mutant and wildtype (WT) mice and 30 
min following CSD. (A) Representative fluorescent images of pERK signal (green) in FHM1 mutant mice without and after CSD shown in a schematic of primary motor 
cortex (PMC), somatosensory cortex (SC), striatum (S), thalamus (T) and hypothalamus (HT). (B) Schematic comparison of the percentage amount of neuronal 
HMGB1 release (black numbers) and pERK positivity (green numbers) in brains of naïve FHM1 mutant (R192Q homozygous) and WT mice and after CSD (com-
parison of cortex and thalamus) (n = 4). Anatomical schemes adapted from Paxinos and Franklin, 2019 Significance level (p < 0.05) is shown for both neuronal 
HMGB1 release (black font) and pERK expression (green font) for genotype (*; i.e. WT vs FHM1 mutant, for the particular anatomical area) and laterality (#; i.e. right 
vs left hemisphere at a similar anatomical area). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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minimally invasive KCl application through thinned skull (Takizawa 
et al., 2020). 

Besides the MK801 effects, knowledge that FHM1 mutants are prone 
to an enhanced level of cortical glutamatergic transmission also supports 
the involvement of dysregulated excitatory transmission in the wide-
spread character of inflammatory responses in these animals. Concom-
itant pERK activation in remote areas, to which CSD does not propagate, 
further suggests that neuronal overactivation in cortical and subcortical 
areas in both hemispheres has contributed to the widespread bilateral 
neuroinflammatory changes in FHM1 mutants. Interestingly, in the 
absence of CSD, naïve FHM1 mutants also had a low level of basal 
neuroinflammation suggesting that spontaneous glutamatergic activity 
may reach the threshold for activating NMDA receptors and subsequent 

induction of Panx1 channel opening. This is supported by the observed 
suppression of the basal neuroinflammation following systemically 
administered NMDA receptor antagonist ifenprodil. 

Altogether, our findings point to a previously unrecognized patho-
physiological mechanism: a local perturbation (i.e. CSD in one hemi-
sphere) can lead to a widespread inflammatory response in the brain. 
This response is intensified by enhanced glutamatergic transmission as 
present in FHM1 mutant mice, which might also contribute to the 
exaggerated vulnerability to head trauma seen in FHM patients (Ferrari 
et al., 2015). Supporting this possibility, FHM1 mutant mice showed an 
inflammatory response to simple drilling of the cranium that was not 
occurring for WT mice. The brain of migraine with aura patients may 
also be prone to widespread and intense neuroinflammatory responses 

Fig. 5. Effect of NMDA receptor antagonists on neuronal HMGB1 release in brains of FHM1 mutant mice following CSD induction (B–D) and in the naïve state (E). 
(A) Schematic of the experimental approach for the CSD-induction experiments with the location of the DC-recording electrodes, MK801 application and CSD in-
duction sites by pinprick. MK801 (or saline in the sham group) was topically applied on the cortex contralateral to the site of CSD induction, which did not influence 
the ipsilateral CSD induction by pinprick. (B, C) Representative confocal images showing HMGB1 signal in the contralateral (B) and ipsilateral cortex (C, site of CSD 
induction). HMGB1 signal is shown in red and nuclei are labelled with Hoechst-33,258 (blue). Note the limited number of HMGB1-positive cells, indicating HMGB1. 
release, in the ipsilateral cortex, which is reduced in the contralateral cortex by topical MK801 application. Scale bar = 50 μm. (D) Neuronal HMGB1 release in the 
motor cortex and striatum of brains of FHM1 mutants following CSD induction for untreated, MK-801-treated, and vehicle-treated groups; n = 4 R192Q homozygous 
mice for all groups. (E) Basal (naïve) neuronal HMGB1 release (without CSD) in the right and left motor cortex and striatum after acute (one i.p. injection of 
ifenprodil) or chronic (i.e. 2 times daily for 3 consecutive days an i.p. injection of MK801) administration of an NMDA receptor antagonist; *p ≤ 0.05; n = 4 R192Q 
homozygous mice for all groups. Saline was applied i.p. in sham groups (n = 4). Cx: cortex. Bars show standard error of the mean (SEM). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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to CSD (i.e. underlying the aura phase), as suggested by the previously 
mentioned PET/MRI study in migraine with aura patients (Albrecht 
et al., 2019). 

In conclusion, the global aggravation of neuro-glial communication 
involving (enhanced) glutamatergic transmission as the mechanism of 
neuroinflammatory changes indicated by our study, brings about novel 
therapeutic opportunities based on targeting neuroinflammatory path-
ways, in particular NMDA receptors and HMGB1 protein. It is an exciting 
possibility that such strategies may represent an effective therapeutic 
intervention for migraine, but also other neurological disorders in which 
spreading depolarization is involved, and may eventually lead to a 
biomarker of neuroinflammation for diagnosis and drug development. 
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