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ABSTRACT

Mechanisms underlying the migraine aura are incompletely understood, which to large extent is related to a lack
of models in which cortical spreading depolarization (CSD), the correlate of the aura, occurs spontaneously.
Here, we investigated electrophysiological and behavioural CSD features in freely behaving mice expressing
mutant Cay2.1 Ca®" channels, either with the milder R192Q or the severer $218L missense mutation in the al
subunit, known to cause familial hemiplegic migraine type 1 (FHM1) in patients. Very rarely, spontaneous CSDs
were observed in mutant but never in wildtype mice. In homozygous Cacnala®!*2? mice exclusively single-wave
CSDs were observed whereas heterozygous CacnalaS*'®" mice displayed multiple-wave events, seemingly in line
with the more severe clinical phenotype associated with the S218L mutation. Spontaneous CSDs were associated
with body stretching, one-directional slow head turning, and rotating movement of the body. Spontaneous CSD
events were compared with those induced in a controlled manner using minimally invasive optogenetics. Also in
the optogenetic experiments single-wave CSDs were observed in Cacnala®'°?? and Cacnala5?'®" mice (whereas
the latter also showed multiple-wave events) with movements similar to those observed with spontaneous events.
Compared to wildtype mice, FHM1 mutant mice exhibited a reduced threshold and an increased propagation
speed for optogenetically induced CSD with a more profound CSD-associated dysfunction, as indicated by a
prolonged suppression of transcallosal evoked potentials and a reduction of unilateral forepaw grip performance.
When induced during sleep, the optogenetic CSD threshold was particularly lowered, which may explain why
spontaneous CSD events predominantly occurred during sleep. In conclusion, our data show that key neuro-
physiological and behavioural features of optogenetically induced CSDs mimic those of rare spontaneous events
in FHM1 R192Q and S218L mutant mice with differences in severity in line with FHM1 clinical phenotypes seen
with these mutations.

1. Introduction

of neuronal activity (Leao, 1944; Dreier, 2011), which in animal studies
has been shown to activate headache pathways (Zhang et al., 2010;

Migraine is a common brain disorder characterized by attacks of
headache and associated neurological symptoms (Headache Classifica-
tion Committee of the International Headache, 2013). In about one-third
of patients the headache phase is typically preceded by an aura, that is
likely caused by cortical spreading depolarization (CSD), a wave of
intense neuronal and glial activation followed by prolonged suppression

Zhang et al., 2011; Karatas et al., 2013). In the majority of studies, CSD
was induced in anesthetized animals that underwent invasive surgery (i.
e., drilling burr holes, placing a canula) for KCl application or current
injection to induce events (Ayata, 2013; Dreier and Reiffurth, 2015). In
freely behaving rats, KCl induced CSD was reported to cause anxiety and
various apparent pain-related behaviours, including freezing, head-

Abbreviations: ChR2, channelrhodopsin-2; CSD, cortical spreading depolarization; DC, direct current; ECoG, Electrocorticogram; FHM1, familial hemiplegic
migraine type 1; Ir, iridium; M1, primary motor cortex; MUA, multi-unit activity; REM, rapid eye movement; Pt, platinum; S1, primary sensorimotor cortex; TCEP,

transcallosal evoked potential; V1, primary visual cortex; WT, wildtype.
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shaking and wet-dog shakes (Akcali et al., 2010; Tepe et al., 2015; Filiz
et al., 2019). More recently, to circumvent the influence of invasive
surgery, a minimally invasive optogenetic approach was developed in
which light-sensitive channelrhodopsin-2 (ChR2) cation channels
expressed in cortical neurons of mice are activated to induce CSD events
by shining blue light through the intact skull (Houben et al., 2017;
Chung et al., 2019; Tolner et al., 2019). Using optogenetic CSD induc-
tion in freely behaving animals, transient freezing, abnormal locomo-
tion, head shaking, and facial grooming was reported, but CSD-
associated behaviour was typically studied immediately after (i.e.,
within 30 min) after induction of CSD (Tang et al., 2020; Harriott et al.,
2021; Pi et al., 2022) or without electrophysiological features being
recorded (Yousef Yengej et al., 2022). Very recently, we showed that
optogenetically induced CSD resulted in a prolonged (depending on the
readout hours to several days) headpain-relevant behavioural pheno-
type, i.e., characterized by increased mouse grimace scale scores and the
occurrence of oculotemporal strokes (as measures of pain mimic) and a
reduced nest building performance (as a measure of general discomfort)
in wildtype mice (Dehghani et al., 2023). Some features of the behav-
ioural phenotype were more pronounced in familial hemiplegic
migraine type 1 (FHM1) mutant mice (Dehghani et al., 2023) that
expressed the S218L missense mutation in the a1 subunit that results in a
gain of function of voltage-gated Cay2.1 Ca?" channels (Van den
Maagdenberg et al., 2010; Vecchia et al., 2015).

To further explore aspects of CSD in relation to neuronal hyperex-
citability, we here investigated mutant mice that express either the
R192Q or the S218L missense mutation (Van den Maagdenberg et al.,
2004; Van den Maagdenberg et al., 2010). Both strains of FHM1 mutant
mice exhibit an enhanced excitatory, but apparently unchanged inhib-
itory, cortical neurotransmission (Vecchia et al., 2014; Vecchia et al.,
2015) that can explain their increased susceptibility to experimentally
induced CSD that is more pronounced with the S218L mutation (Van den
Maagdenberg et al., 2004; Eikermann-Haerter et al., 2009; Tottene et al.,
2009; Van den Maagdenberg et al., 2010). This seems in line with the
more severe phenotype in patients carrying the S218L mutation, who
can have epilepsy, cerebellar ataxia, and even can have fatal edema after
only a mild head trauma, in addition to their prolonged hemiplegic at-
tacks that are characterized by motor weakness (Kors et al., 2001; Chan
et al., 2008; Stam et al., 2009). In contrast, carriers of the R192Q mu-
tation have hemiplegic migraine without these additional clinical fea-
tures (Ophoff et al., 1996). Here, we investigated heterozygous S218L
mutant mice, who unlike the homozygotes do not have the additional
features seen in patients with this mutation (Van den Maagdenberg
etal., 2010) and compared these with homozygous R192Q mutant mice,
to increase chances of finding spontaneous CSD events without the
confounding of the additional features.

First, we investigated the occurrence and characteristics of (rare)
spontaneous CSD events in freely behaving FHM1 mutant mice. Next, to
compare features of spontaneous events with those of events induced in
a controlled manner using optogenetics, we crossbred FHM1 mutant
mice with transgenic mice that express light-sensitive channelrhodop-
sin-2 (ChR2) cation channels. Notably, we induce CSDs using opto-
genetics in mutant mice who also experience spontaneous CSD events,
thus creating as it were superimposing attacks, which cannot be avoided
when comparing the characteristics of both types of events. This
approach is not different from what is done in humans where attacks are
provoked by various agents in patients that also have spontaneous
migraine attacks (Ashina et al., 2022). Also this approach allowed for
activation of cortical neuronal networks and induction of CSD events by
shining blue light through the intact skull in freely behaving mutant and
wildtype mice to investigate the impact of CSD on cortical neuronal
network activity and behaviour, also in relation to sleep. Our findings
show rare spontaneous CSD events in FHM1 mutant mice, notably with
key neurobiological and behavioural features also found in optogeneti-
cally induced events that make studies to understand the occurrence of
such events feasible.
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2. Materials and methods
2.1. Animals

Transgenic knock-in Cacnala®'®?Q and Cacnala®?'®" mice, har-
bouring missense mutations R192Q or S218L, respectively, were
generated using a gene-targeting approach (Van den Maagdenberg et al.,
2004; Van den Maagdenberg et al., 2010). For studying the spontaneous
occurrence of CSD events, homozygous Cacnal aR1920, heterozygous
Cacnala®®®" mice, and wildtype (WT) littermates mice, 3 to 6 months of
age, were used that had been backcrossed to C57BL/6J mice for at least
10 generations. For the optogenetics experiments, FHM1 mutant mice
were crossbred with Thyl-ChR2-YFP mice (strain 7612 — B6.Cg-Tg
(Thy1-COP4/EYFP)18Gfng/J; Thyl/ChR2-YFP, hemizygous line 18;
ChR*/~; the Jackson Laboratory) that express channelrhodopsin-2 in
cortical neurons. All mice (WT and FHM1 mutants) used in the opto-
genetic experiments were homozygous for ChR2 (i.e., ChR2"/"). Male
mice were used for the experiments, unless mentioned otherwise. Mice
were maintained under standard housing conditions with a 12-h light/
dark cycle, with food and water ad libitum. Experimental interventions
were carried out during the light period. Experiments were approved by
local and national ethical committees in accordance with recommen-
dations of the European Communities Council Directive (2010/63/EU)
and were carried out in accordance with ARRIVE guidelines. All efforts
were made to minimize suffering.

2.2. Detecting spontaneous CSD events in freely behaving FHM1 mutant
mice

Surgery — Electrodes (single or paired 75 pm platinum (Pt)/iridium
(Ir), PT6718; Advent Research Materials, Oxford, UK) were stereotaxi-
cally implanted under isoflurane anesthesia (induction 4%; maintenance
1.5% in oxygen-enriched air) at the following coordinates (mm to
bregma): in the right hemisphere 1.0 anterior/1.5 lateral/0.7 depth
(right motor cortex, M1; Pt/Ir); 3.5 posterior/2.0 lateral/0.4 depth
(right visual cortex, V1; Pt/Ir); in the left hemisphere 1 Pt/Ir electrode
was placed in either M1 or V1 at the same coordinates as for the right
hemisphere. In case of neuronal multi-unit activity (MUA) recordings,
paired electrodes were used. Two silver (Ag) ball-tip electrodes (75 pm,
AG5493; Advent Research Materials) were placed above the cerebellum
and served as reference and ground. Electrodes were connected to a 7-
channel pedestal (E363/0 socket contacts and MS373 pedestal, Plas-
tics One, Roanoke, VA, USA) and secured to the skull using dental
cement (DiaDent Europe, Almere, the Netherlands). Carprofen (5 mg/
kg, s.c.) was administered for post-operative pain relief.

Electrophysiological recordings — One week after surgery, electrocor-
ticogram (ECoG) and synchronized video recordings were started in a
shielded electrophysiological set-up for freely behaving mice, as previ-
ously described (Houben et al., 2017). Electrophysiological signals were
3x pre-amplified and fed into separate amplifiers for direct current
(DC)-potential (500 Hz low-pass; 10x gain) and alternating current
(AC)-potential (0.05-500 Hz; 800x gain), respectively. Signals were
digitized (Power 1401 and Spike2 software, CED, Cambridge, UK) at a
sampling rate of 1000 Hz (DC-potential) or 5000 Hz (AC-potential).
Differential signals from paired cortical electrodes were used to detect
neuronal MUA signals (500-5000 Hz; 36,000 x amplification; 25,000 Hz
sampling rate). MUA signals were processed offline for quantification of
spike rate using Spike2 software. Behavioural activity was recorded on
video (acA1300-60gmNIR camera, 30 frames/s, Basler, Ahrensburg,
Germany) and with custom-built infrared locomotion and drinking
Sensors.

2.3. Optogenetically induced CSD in freely behaving mice

Surgery — Electrodes (single or paired 75 pm Pt/Ir) were implanted as
described in section 2.2., but at the following coordinates (mm to
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bregma): 3.0 posterior/2.0 lateral/0.6 depth (right V1); 1.0 anterior/2.0
lateral/0.8 depth (right M1); 3.0 posterior/2.0 lateral/0.6 depth (left
V1); two Pt/Ir electrodes (with 1-mm uninsulated tips) in the cerebellum
served as reference and ground. In a subset of mice, subcortical DC-
potential recordings were obtained from Pt/Ir electrodes implanted at
the following coordinates in left and/or right hemispheres: 0.5 anterior/
2.0 lateral/3.0 depth (striatum); 1.8 posterior/1.2 lateral/1.2 depth
(hippocampal CA1 region). Optic fiber cannulas (400 pm, Thorlabs,
Newton, NJ, USA) for photo-stimulation were placed on the skull bone
over the left and/or right M1 (1.5 mm anterior and 2.0 mm lateral to
bregma) and left and/or right V1 (3.5 mm posterior and 2.0 mm lateral
to bregma); locations were similar as for optogenetic CSD inductions in
WT mice (Chung et al., 2019). Electrodes (connected to a 7-channel
pedestal as described for the spontaneous recordings) and optic fibers
were attached to the skull using dental cement (Simplex Rapid Powder;
Kemdent, Swindon, UK) mixed with cyanoacrylate glue (KG385; Elmer’s
Products, Westerville, OH, USA). Carprofen (5 mg/kg, s.c.) was
administered for post-operative pain relief.

Optogenetic photo-stimulation for induction of CSD and transcallosal
evoked potentials — One week after surgery, mice were placed in the
recording set-up and electrophysiological signals were acquired in freely
behaving mice, as described for spontaneous CSD detection in section
2.2. Optogenetic stimulation experiments were started after 1 to 7 days
of baseline ECoG and MUA recording. CSD threshold assessment was
followed by additional optogenetics experiments described below, on
separate days in random order, up to 1 month after surgery. A 460-nm
LED light source (UHP-T-LED-460; Prizmatix, Givat-Shmuel, Israel)
was connected to the optic fiber for blue light stimulation in the elec-
trophysiology set-up (Houben et al., 2017). Delivered power at the optic
cannula tip was calibrated to 4 mW before the experimental series
(PM100A with S121C photodiode; Thorlabs). For assessing the CSD
threshold, single 4-mW blue light pulses were applied to the right V1 at
5-min intervals with increasing pulse duration (in s: 0.01, 1, 2, 3, 4, 5, 6,
7,8,9,10,11,12,13,14, 15,16, 17, 18, 20, 30) and (on a different day)
to the right M1 (ins: 0.3,0.6,0.9,1.2,1.5,1.8,2.1,2.4,2.7,3,4,5,6, 7,
8,9, 10, 12, 15, 20, 30) until CSD was observed. If 4-mW pulses were
unable to induce CSD, 30-s pulses with increasing intensity (up to 12
mW) were used. For comparison of CSD thresholds while mice were
awake or in non-REM sleep, continuous blue light pulses were applied to
the M1 cortex, once mice were in a certain vigilance state, until CSD
occurred. This method was repeated on separate days with two days in-
between recordings. Mice were randomly assigned to groups that started
with CSD threshold recordings either during the awake or non-REM
state. To assess effects of CSD on neuronal activity, as measured by
changes in transcallosal evoked potential (TCEP) amplitude, TCEPs were
recorded from the right M1 in response to optogenetic stimulation (at
0.1 Hz; 2-ms pulse duration) of the left M1 cortex. First, the half-
maximal TCEP response amplitude was determined by increasing light
intensity every 10 pulses, starting from 1.5 mW to a maximum of 22.5
mW. The stimulation intensity yielding a half-maximal response
amplitude was used during a 1-h TCEP paradigm of 0.1-Hz single-pulse
stimulation of the left M1, in combination with optogenetic CSD in-
duction in the right V1 by a light pulse at threshold intensity with a
duration of ~125% of the threshold duration, 10 min after the start of
transcallosal stimulation. With the short photostimulations used for
evoking TCEPs (with transcallosal stimulation of left M1, that is in the
hemisphere contralateral to the right hemisphere in which CSD was
induced in V1), no effects were observed on the propensity or shape of
the CSD events induced in the right V1 for either WT or mutant mice.

2.4. Electrophysiological data analysis

Data were analysed off-line using Spike2 software and custom-
written MATLAB® scripts (Mathworks, Natick, MA, USA). CSD was
defined as a transient negative DC-shift with amplitude >5 mV
measured with a delay at two recording locations and (in case of MUA
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recordings) accompanied by a depression of local MUA. For assessment
of spontaneous CSD events, 7 days of recording were analysed starting
24 h after connecting the mouse to the electrophysiology set-up.

ECoG spectral power — Twenty four-h ECoG epochs were selected to be
at least 24 h after the start of the recording (to avoid novelty or stress
induced changes related to connection of the mouse to the set-up), not
containing a spontaneous CSD, nor one in the 12 h prior to the selected
24-h epoch. V1 AC-ECoG signals were low-pass filtered at 100 Hz and
down-sampled to 200 Hz. Power spectra were computed using a Fast
Fourier Transform routine (Hanning window, 0.25-Hz resolution) per 4-
s epoch. Total power was calculated for five defined spectral bands, i.e.,
delta (0.75-5 Hz), theta (5-10 Hz), alpha (10-15 Hz), beta (15-30 Hz),
and gamma (30-45 Hz). Vigilance states (active waking, REM, and non-
REM sleep) were determined by applying an automated algorithm based
on recorded movements (assessed by the infra-red motion sensor, licking
sensor, and video) and ECoG spectral composition. In the algorithm,
epochs with locomotor or drinking activity were classified as active
waking. The first 10 epochs following cessation of behavioural activity
were classified as passive waking (Fisher et al., 2012) and were not used
for spectral comparisons. Remaining epochs were classified as sleeping
and further subdivided into REM (high-theta, i.e., > average theta
power) and low-delta (< average delta power), and non-REM sleep
(strong delta activity, i.e., > 2x average delta power) based on the V1
ECoG power spectrum. Sleep epochs not fulfilling the above criteria
were left unclassified.

Vigilance state determined for the 10-min period prior to a sponta-
neous CSD event was assessed by visual inspection of V1 power spectra
and analysis of behavioural activity assessed from video and the PIR
movement sensor, categorized as active awake (high-theta and low-delta
activity, during periods of movement), non-REM sleep (high-delta ac-
tivity, no movements) or REM sleep (high-theta and low-delta activity
following a period of non-REM sleep, no movements). For optogenetic
CSD induction during active awake or non-REM sleep, this method of
vigilance state detection was implemented real-time while monitoring
mice in the recording cage. CSD was induced optogenetically when mice
were actively awake or in non-REM sleep for a 5-min period.

Transcallosal evoked responses — M1 AC-ECoG recordings containing
0.1-Hz TCEPs in relation to optogenetic CSD were high-pass filtered at
0.1 Hz (3th order Butterworth, zero-phase shift). N1 peak amplitude and
latency were detected between 3 and 15 ms after stimulation, and P1
peak amplitude and latency between the N1 peak latency and 40 ms.
TCEP recovery following CSD was assessed by calculating N1-P1 am-
plitudes, normalized with respect to the averaged values prior to CSD
from an individual mouse.

2.5. Behavioural analyses

Behaviour was analysed off-line using a software-based scoring sys-
tem (The Observer 12.5; Noldus Information Technology, Wageningen,
the Netherlands) starting 20 min before until 40 min after CSD. Start and
end times of each type of behaviour were scored at 1-s precision. For the
analysis, behaviours were grouped into active behaviour (e.g., walking,
grooming, eating, scratching, stretching, being alert, exploratory activ-
ity) and inactive behaviour (e.g., sitting motionless, lying on the cage
floor, sleeping). Total active behaviour was calculated for each 1-min
bin from the summed duration of all types of behaviour, except
inactivity.

Spontaneous behaviour of non-operated Cacnala mice was
analysed using video-tracking of animals placed in a Phenotyper® cage
(Noldus Information Technology) equipped with a top view camera.
Behaviour was tracked based on automatic detection of the body centre-
point, nose-point, and tail-base (Ethovision XT 11.5; Noldus Information
Technology) allowing for detection of general movements through the
cage, body posture, and specific behaviours, including body stretching
and head turning. Full body stretches were detected from the tracked
data by setting the threshold for body elongation at 70% of the maximal

S218L
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body length. Video inspection of behaviour was used for confirmation
and to determine the complete behaviour before and after identified full
body stretches.

2.6. Wire grip test

After optogenetically induced CSD, while still in the electrophysio-
logical recording set-up, mice were lifted by the tail and allowed to grab
onto a horizontal wire to assess grip performance, as described before
(Houben et al., 2017). Lifting was repeated every 10 s, starting 1 min
before CSD induction and lasting for 12 min. Videos were analysed by
two observers (IL and MS) blinded for genotype; results were averaged.
Successful wire grabbing was scored for both forepaws at 0.5-s precision
to obtain a total grab duration over a 10-s bin. If a mouse grabbed the
wire for a subset of the 0.5-s time window, this bin was scored under
‘grabbing’. Simultaneously, recorded DC-potential and MUA were used
to determine the time point of CSD reaching the M1 cortex.

2.7. Histology

After completion of the electrophysiological and behavioural ex-
periments, mice were euthanized by CO, and transcardially perfused
(0.1 M phosphate-buffered saline followed by 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer). Brains were isolated, post-fixed in 4%
PFA for 2.5 h at room temperature and sucrose-processed. Sagittal 40-
pm sections were obtained with a freeze sliding microtome and Nissl-
stained to verify electrode placement.

2.8. Statistical analysis

Data visualization and statistical testing were performed using
Graphpad Prism (GraphPad Software). Data were presented as mean +
standard error of the mean (SEM) and analysed using 2-tailed paired or
unpaired t-tests, Kruskal-Wallis test, repeated measures one-way or two-
way ANOVA, or mixed-effects analysis, as appropriate. A p-value <0.05
was considered significant.
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3. Results
3.1. Rare spontaneous CSD events in FHM1 mutant mice

During a period of 7 days of continuous ECoG and neuronal activity
recording following 1 week recovery from surgery, rare spontaneous
CSD events were detected in freely behaving FHM1 mutant mice, but
never in WT mice (n = 10 per genotype): four events were observed in 3
out of 10 recorded Cacnala®'*?Q mice and two events in 2 out of 10
recorded Cacnala®?*'®" mice (example traces in Fig. 1A, B). CSDs in all
three Cacnala®®?? mice consisted of a single CSD wave, whereas in the
two Cacnala?'®" mice multiple consecutive CSD waves were observed
per event (1 animal showing 2 waves, 1 animal showing 3 waves). All
CSDs were characterized by a pronounced DC-potential shift that coin-
cided with a peak in neuronal MUA, followed by suppression of cortical
neuronal activity. The mean CSD amplitude was 12.5 &+ 4.3 mV for the
four events in Cacnala®!?2? mice and 12.8 and 16.4 mV, respectively,
for the two events in Cacnala®?!%" mice, with a mean half-width of 49.5
+ 11.1 s in Cacnala®'??Q mice and 41.1 and 50.5 s for the events in
Cacnala®*'®" mice (analysed at the electrode location where CSD was
first detected). The right hemisphere provided information on the path
that CSD followed in the cortex, as it contained electrodes in both M1
and V1. For one event in Cacnala®'®?Q mice and for both events in
Cacnala®?'®" mice, CSDs were first observed in V1 and subsequently in
M1 cortex. CSDs in the other two Cacnala® %22 mice were first detected
in M1 or near-simultaneously in right M1 and V1 cortex, suggesting an
origin with similar proximity to the V1 and M1 electrodes in the latter. In
the left hemisphere, that contained a single electrode, a contralateral
CSD wave was observed for all events in the Cacnala®!*2° mice, but not
for the events in CacnalaS*'® mice.

3.2. FHM1 mutant mice display enhanced ECoG gamma activity
indicative of cortical hyperexcitability

To assess whether changes in cortical network activity may underlie
the susceptibility to spontaneous CSD events, we compared the spectral
composition of ECoG from V1 cortex for Cacnal a®192Q Cacna1d5®,

and WT mice. ECoG power was calculated for a 24-h period (without a
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Fig. 1. Neurophysiological characteristics of spontaneous CSD events occasionally observed in freely behaving FHM1 mutant mice. Example DC-potential and MUA
traces of spontaneously occurring CSD events (* indicating the >5 mV negative DC-potential shift reflecting a single wave) recorded in a subset of Cacnala®!?? (A)
and a Cacnala®*'®" (B) mice. CSD waves were associated with an initial peak in cortical MUA, followed by MUA suppression indicating inhibition of neuronal
activity. Dotted lines indicate the MUA peak coinciding with the start of the corresponding DC-shift at the same cortical location. Note that in the example of the
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CSD event) across vigilance states, i,e., separated for active waking,
REM, and non-REM sleep (Fig. 2A). As a divergence in power was
observed towards the higher end of the frequency spectrum, spectral
power in the gamma (y, 30-45 Hz) frequency band was compared across
genotypes and found to be higher in Cacnala®?? compared to WT mice
across all vigilance states (p < 0.001 for active waking and non-REM and
p = 0.016 for REM sleep). In CacnalaS?'®" mice, only a mild increase in
y-band power was observed during active waking compared to WT (p =
0.026) and not for the other vigilance states. The enhancement of y-band
power did not cluster with respect to the mice displaying spontaneous
CSD events. Compared to Cacnala®'?? mice, y-band power was lower
in Cacnala®?'8" for active waking (p < 0.001) and REM sleep (p = 0.002;
Fig. 2B). Vigilance state distribution in the 24-h periods did not differ
between Cacnala®!?2Q and WT mice, while Cacnala’?'8" mice displayed
reduced periods of active waking and increased periods of REM sleep in
comparison to WT mice (p = 0.0005 for waking, p < 0.0001 for REM)
and slightly reduced periods of active waking and increased periods of
REM sleep in comparison to Cacnala®™®*? mice (p = 0.047 and p <
0.0001, respectively).

3.3. FHM1 mutant mice show enhanced susceptibility to optogenetically
induced CSD

Given the rare occurrence of spontaneous CSD events in FHM1
mutant mice, which makes their investigation not practical, we next
performed optogenetic photo-stimulation over the intact skull to induce
CSD in a controlled minimally invasive manner (schematic representa-
tion in Fig. 3A). Thus, we characterized in detail CSD features in freely
behaving Cacnala®°??, Cacnala®?'®" and WT mice that also expressed
channelrhodopsin-2 in cortical neurons. CSD could be reliably induced
in all genotypes by providing blue light pulses of increasing intensity
(range: 4-12 mW) and duration (range: 1-30 s) over the right V1 cortex.
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Fig. 2. Enhanced ECoG y-band power in CSD-free periods in freely behaving
FHM1 mutant transgenic mice. (A) Averaged power spectra (1-45 Hz) of V1
cortex ECoG during active waking (top), REM sleep (middle), and non-REM
sleep (bottom) in WT (n = 10), Cacnala®'?? (n = 10) and Cacnala®?'®" (n
= 10) mice. (B) Cacnald®*®?? and Cacnala®*'®" mice displayed enhanced
power in the lower y-band (30-45 Hz) compared to WT (p < 0.001). Whiskers
show minimum-to-maximum values, + sign indicates the mean. * corrected p <
0.05, ** corrected p < 0.01, *** corrected p < 0.001 (false discovery rate
corrected multiple comparisons test).
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Following optogenetic stimulation, all CSD events in Cacnala®°2? mice

(6 males, 6 females) and WT mice (8 males, 6 females) consisted of a
single wave (example trace from a Cacnala®°?? mouse in Fig. 3B).
Multiple-wave CSD events were recorded in all but one CacnalaS*'8"
mice (6 males, 5 females; example trace in Fig. 3C) for the first opto-
genetically induced CSD. For optogenetically induced CSD events on
later days, CacnalaS*'®" mice showed both single- and multiple-wave
events, with the % of multiple-wave events ranging from about
30-40%. Of note, induced CSD events did not spread to the contralateral
hemisphere in any of the genotypes. CSD propagation speed, measured
between the right V1 and M1 location, was faster in both Cacnala®!92?
and CacnalaS*'®" mice compared to WT (p = 0.003 and p < 0.0001,
respectively; Fig. 3D). CSD propagation speed was higher in females
compared to males for Cacnal a5218 mice (p = 0.001), whereas no sex
difference was noted for Cacnala®°*? and WT mice (p-values of 0.13
and 0.23, respectively; Fig. 3D). CSD amplitude and half-width duration
(assessed from the M1 CSD event) were not different across genotypes
(amplitude: p > 0.99 for WT vs. Cacnala®®*? and CacnalaS*'®"

0.51 for Cacnala®'*?? and CacnalaS?'®L, half-width duration: p > 0.99
for comparison of all genotypes). Hence, for further optogenetic exper-
imentation, only male mice were used.

To compare the threshold for CSD initiation across genotypes, 4-mW
pulses with increasing pulse durations were first applied to V1 cortex,
but as described before (Chung et al., 2019), thresholds in V1 were
variable. CSD could be induced in V1 using a 4-mW power only in a
subset of mice, i.e., in 4 out of 7 WT, 6 out of 8 Cacnal angzQ, and 5 out
of 7 Cacnala®?'® mice, with a threshold pulse duration ranging from 6
to 8 s in WT, 3-8 s in Cacnal a®1%2Q and 3-13 s in Cacnala®®'®" mice
(Fig. 3E). However, with photo-stimulation in M1 cortex, again as shown
earlier (Chung et al., 2019), the threshold was less variable and lower,
yielding a 100% success rate when stimulating with 4 mW for all ge-
notypes. The M1 CSD threshold pulse duration was lower for Cac-
nala®®?Q and Cacna1a5?'®" mice compared to WT mice (p-values 0,044
and 0.008, respectively; Fig. 3E).

Next, we assessed whether the CSD induction threshold in FHM1
mutant mice remained stable over time, as we had demonstrated over a
1-week period in WT animals (Houben et al., 2017). To this end, CSD
was repeatedly induced via photo-stimulation of the M1 cortex in Cac-
nala®?'®" (n = 4) and WT mice (n = 6), two times per week over a period
of about three weeks (i.e., 23 days), starting 1 week (i.e., 7 days) after
surgery. For all time points, Cacnala?'®" mice showed a lower CSD
induction threshold and higher CSD propagation speed compared to WT
mice (all below p < 0.05; Fig. 3F). CSD induction threshold and prop-
agation speed appeared stable over time for both Cacnala®?'®" and WT
mice, with induction threshold and propagation speed at 30 days not
differing from those at day 7 after surgery (WT: p-values 0.35 and >
0.99, respectively; for Cacnala®®'®: p-values 0.74 and 0.2,
respectively).

3.4. Recovery of cortical activity following optogenetically induced CSD

Previously, optogenetically induced CSD was found to strongly
suppress cortical neuronal activity for at least 40 min in freely behaving
WT mice (Houben et al., 2017). To assess whether the presence of an
FHM1 mutation influences cortical recovery after CSD, cortical MUA
following optogenetically induced CSD was compared between Cac-
nala®'®" and WT mice. After V1 CSD induction, in both genotypes, M1
cortical neuronal MUA levels were strongly suppressed in the 20-min
period following the start of the detected CSD in M1, to a level of 32
+11% in WT and 30 + 12% in Cacnala®?'®" mice with respect to MUA
levels in the 20-min period preceding CSD (n = 5 per group; example
traces in Fig. 4A). Cortical MUA was still not fully recovered within 1 h
following CSD, but recovery was faster in CacnalaS?'®" than WT mice: in
the 40- to 60-min window post-CSD, Cacnal aS?18 mice showed 81 +
6% recovery of cortical MUA, compared to 50 + 17% in WT mice
(Fig. 4B; p = 0.029).
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Fig. 3. Optogenetic CSD characteristics in FHM1 mutant and WT mice. (A) Schematic representation of recording electrode and optic fiber stimulation locations.
Example DC-potential and MUA traces of CSD induced by optogenetic photo-stimulation of the right V1 cortex, recorded in a Cacnala®'°?? (B) and a Cacnala®?'®" (C)
mouse. Note that in the Cacnala?'®" mouse, as observed for the cases of spontaneously occurring CSDs, the CSD consisted of multiple waves (asterisks indicating
individual CSD waves). Each start of the CSD wave was associated with a peak in cortical MUA followed by a reduction indicating suppression of neuronal activity.
(D) CSD propagation speed was increased in FHM1 mutant compared to WT mice (Kruskal-Wallis test correcting for multiple comparisons), with Cacnala5*'®" mice
showing a higher propagation rate in females compared to males (unpaired t-test; WT: n = 8 males, 6 females; Cacnala®°?% n = 6 males, 6 females; CacnalaS*'%"
mice: n = 6 males, 6 females). (E) Photo-stimulation with 4-mW blue light pulses on the V1 cortex evoked CSD in all cases for Cacnala mutant (n = 7 CacnaZangzQ,
n = 7 Cacnala®*'®) but not in WT mice (n = 7) while photo-stimulation of the M1 cortex in the same mice resulted in a 100% success rate in all genotypes while
revealing lower threshold pulse durations for CSD induction in FHM1 mutant mice (one-way ANOVA correcting for multiple comparisons). (F) Repeated optogenetic
CSD induction at 2- to 4-days interval shows stable CSD propagation rates over the course of the 23-day period, with Cacnala®?'®" mice showing higher CSD
propagation rates at all time points (two-way ANOVA correcting for multiple comparisons). Optogenetic CSD induction thresholds showed a slight but non-significant
reduction towards the end of the 30-day testing period for both mutant Cacnal a8 (n = 4) and WT (n = 6) mice (two-way ANOVA correcting for multiple
comparisons). At all time points, Cacnala®?'®" mice showed lower CSD induction thresholds (two-way ANOVA correcting for multiple comparisons). *p < 0.05; **p

< 0.01; ***p < 0.001; ****p < 0.0001.

Additionally, we determined cortical neuronal MUA recovery were compared between WT (n = 7) and Cacnala®?'®" mice, subdivided
following the few spontaneous CSD events that were observed in Cac- for Cacnala®?'®" mice displaying single-wave (n = 7) and multiple-wave
nala®®?? and Cacnala®'®" mice. In the 40- to 60-min-period following (n = 3) CSD events. Cortical recovery was determined from TCEP N1-P1
the start of CSD, cortical MUA in the two Cacnala?'®" mice recovered to amplitude changes following CSD. Fig. 4C shows example traces of TCEP
64% and 92% of pre-CSD levels, whereas for the four CSD events in three and the corresponding DC-potential recordings for a single- and
Cacnala™°*? mice recovery was only 48 + 10%, suggesting a, perhaps multiple-wave CSD in two Cacnala®?!'®" mice. TCEP recovery did not

unexpected, faster MUA recovery for the more severely affected Cac- differ between WT and CacnalaS?'8" mice with single-wave CSDs.
nala®?"®" mice. The rare occurrence of spontaneous CSDs did not allow a Multiple-wave CSDs in Cacnald®'®" mice, however, were associated
genotypic difference in recovery to be statistically tested. with a longer TCEP recovery when compared to WT and CacnalaS?'®"

Next, we determined recovery of evoked cortical network activity mice with single-wave CSDs, as evident from the 3rd min following the

following CSD by recording transcallosal evoked responses (TCEPs) in start of CSD in M1 where TCEP amplitude only recovered to 39 + 4% vs
the right M1 cortex (i.e., the hemisphere in which CSD was induced). For 73 + 8% and 77 + 8% in WT and Cacnala®?'®" mice with single-wave
this, TCEPs were evoked by 0.1-Hz transcallosal stimulation of the left CSD, respectively (Fig. 4D; p-values 0.014 and 0.009, respectively).

M1 cortex (i.e., the hemisphere contralateral to the hemisphere in which Notably, a full recovery of TCEP amplitude following single- and
CSD was induced in the V1 cortex) while local field potential and MUA multiple-wave CSDs was observed within 5 min following CSD initia-
were recorded in the right M1 cortex before, during and after opto- tion, which was faster than the recovery of MUA, which did not even

genetic CSD induction in the right V1 cortex (Fig. 4C). TCEP features recover in the 60 min following CSD.
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Fig. 4. Post-CSD recovery of cortical neuronal multi-unit activity (MUA) and transcallosal evoked potentials in WT and Cacnala®*'®" mice. (A) Example DC-potential

and MUA traces of WT and Cacnala®?'®" mice showing suppression and recovery of neuronal activity following optogenetic CSD induced by V1 photo-stimulation
(asterisks indicating individual M1 CSD waves). Note that the CSD event in the Cacnal 5218 mice consisted of a dual wave. (B) Cacnala®?*®" mice (that all displayed
multiple wave CSDs in the experiments) showed faster recovery of neuronal activity following optogenetic CSD, as reflected by higher MUA levels in the 40-60-min
period after CSD compared to WT mice (two-way ANOVA correcting for multiple comparisons; n = 5 per genotype). (C) Left: schematic representation of the
transcallosal stimulation paradigm combined with V1 optogenetic CSD induction. Transcallosal evoked potentials (TCEP) were obtained by 0.1-Hz transcallosal
stimulation using an optic fiber placed on the left M1 cortex, while recording DC- and field-potentials in the right M1 cortex. CSD was optogenetically induced in the
right V1 cortex 10 min after start of transcallosal stimulation. Example traces of TCEP values (normalized to the averaged pre-CSD amplitude) and DC-potential are
shown from two Cacnala®?'®" mice with, respectively, a single- and multiple-wave CSD. Individual TCEP responses shown at the right top correspond to the
numbered arrows in the single CSD example, showing recovery of N1-P1 amplitude within 2 min following optogenetic CSD in M1. N1-P1 TCEP values and DC-
potential overlays indicate that multiple wave CSDs are associated with a longer TCEP recovery period. (D) Relative TCEP N1-P1 amplitudes averaged for WT,
Cacnala®*'®" with a single-wave CSD, and Cacnala®*'®" with multiple-wave CSDs (n = 7, n = 7, and n = 3, respectively), plotted in 1-min time bins, show that TCEP
recovery takes longer following multiple-wave CSDs, as evident from a significantly more reduced N1-P1 amplitude in the 2-min window following the start of M1

CSD (two-way ANOVA correcting for multiple comparisons). *p < 0.05.

3.5. Multiple-wave CSDs in Cacnal aS218t

prolonged recovery of motor grip function

Cacnala®*8" (n = 4) mice (one-way ANOVA, correcting for multiple
comparisons). Cacnal a®?18L mice with multiple-wave CSD events (n = 3)
showed a significantly longer recovery time of the left forepaw’s grab

mice are associated with a

In WT mice, optogenetic CSD had previously been shown to impair
contralateral motor function, as assessed by wire grip testing, between
30 and 300 s following CSD reaching the M1 cortex (Houben et al.,
2017). Using the same approach, upon CSD induction in the right V1
cortex, we compared the impact of optogenetic CSD on motor function
between FHM1 mutant and WT mice. Relative grab durations for the left
and right forepaw were assessed over a period of 7.5 min starting after
the end of the last CSD wave reaching the right M1 cortex, yielding a
measure of motor impairment from the difference in grab duration of the
left and right forepaw. Following CSD in the right hemisphere, mice of
all genotypes showed impairment of left forepaw grip function
compared to the right side (Fig. 5A), lasting up to 3 min after a single-
wave CSD in WT mice (n = 6), Cacnal 192 (n = 6) and

duration compared to both WT and Cacnala®'*?? mice, which only had
single-wave CSDs (Fig. 5B; all p-values <0.05 for the period between 4
and 6 min following the end of the last CSD wave reaching M1 cortex),
and to single-wave CSDs in CacnalaS?'®" mice (p = 0.008, for the period
between 5 and 6 min following the end of the last CSD wave reaching M1
cortex; two-way ANOVA correcting for multiple comparisons).

3.6. Optogenetically induced CSDs in FHM1 mutant mice are
accompanied by specific behaviour

Behavioural characteristics associated with optogenetic CSD events
in Cacnald®®%Q (n =5), Cacnal a8t (n = 6) and WT mice (n = 5) were
determined from locomotor activity and video recordings. In all mice,
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Fig. 5. Multiple-wave CSDs in Cacnala®?'®" mice are associated with a pro-

longed motor function impairment. Grab duration of the left and right forepaw,
as assessed by wire grip testing, in relation to the end of a single CSD wave
detected in the right M1 cortex (A) in WT (n = 5), Cacnald®®?? (n = 5), and
Cacnala®?'®" mice (n = 4) or multiple-wave CSD (B) in Cacnala®®'®" mice (n =
3), shows transient impairment of left forepaw motor function following CSD,
that is more pronounced for Cacnala®?'®" mice with multiple-wave CSD events.
Grey area in the graphs indicating the time period in which more pronounced
impairment of left forepaw grab duration is observed in Cacnala®*'®" mice with
multiple wave CSDs. For the comparison to the single-wave events in WT and
Cacnala®™°*? mice this concerned the time period between 4 and 6 min
following the end of CSD, and for the comparison to Cacnala®?'®" mice with a
single wave CSD the period between 5 and 6 min. *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.

CSD (induced at threshold pulse duration with 4 mW in V1) led to an
initial short increase in locomotor activity in the first 1-3 min following
detection of CSD in M1, followed by a period of inactivity that could last
up to 15 min before mice started moving again (Fig. 6A), as observed
before in WT mice (Houben et al., 2017). Cacnala®?'®" mice started
becoming active sooner (from about 10 min) after CSD compared to
Cacnala®®2Q mice (p = 0.016), whereas the period of inactivity was not
different between Cacnala®°?? and WT animals (p = 1.0) in which
locomotor activity returned to normal after ~15 min following CSD.
Detailed analyses of video data from optogenetic CSD events in these
mice revealed the occurrence of three types of CSD-associated behaviour
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that were observed within the 2-min period surrounding arrival of a CSD
event in the M1 cortex. Of these, full body stretches and head turning
were observed with all genotypes (Fig. 6B), whereas one-directional
rotating body movements were only observed in FHM1 mutant mice
(in 4 out of 5 Cacnala®®?Q and 5 out of 6 Cacnala*'8" mice; see
example in Supplementary Video 1). A combination of the behavioural
features was seen in 3 out of 5 WT mice, 4 out of 5 Cacnala®'??, and 5
out of 6 Cacnala®®'®" mice (Fig. 6B). One Cacnal a®%2Q and one Cac-
nala®?'8" mouse kept their head in a turned position for a prolonged
period that could last up to 20 min following CSD. Such behaviour was
not observed in WT mice.

The fact that rotating body movements were only seen in FHM1
mutant mice may suggest the involvement of subcortical SD, as
described previously for these mice (Eikermann-Haerter et al., 2009;
Eikermann-Haerter et al., 2011). We therefore assessed the occurrence
of rotating body movements in more detail in CacnalaS?'®" and WT mice
by placing additional recording electrodes in the striatum (caudate pu-
tamen region; n = 6 per genotype) and, in a subset, also in the hippo-
campus (CA1 region; n = 4 per genotype) to determine whether the CSD-
related rotating body movements in mutants correlated to SD occur-
rence in subcortical brain structures. CSDs induced in the left or right V1
cortex were always associated with unilateral rotating body movements
in CacnalaS*'®" mice, directed contralaterally to the side of CSD in-
duction (Fig. 6C and D and see Supplementary Video 2). The far majority
of CSD events in both the WT (11/12 events) and Cacnala®*'8" (11/12
events) mice was followed by SD in the striatum (example in Fig. 6C
showing SD spreading through the striatum). All Cacnala®?'®" mice with
a hippocampal electrode showed SD events in this region (example in
Fig. 6D), whereas a hippocampal SD was never observed in WT mice.
With respect to the time delay between the cortical and subcortical SDs
in Cacnala®*'®" mice, striatal SD was observed 42.1 + 17.3 s after SD
detection in M1, followed by hippocampal SD observed 72.7 + 26.7 s
after SD detection in M1. Based on timing, rotating body movements
were observed shortly before SDs reached the electrode in the striatum
(2.2-0.5 s prior to the start of striatal SD).

3.7. Spontaneous CSD shows similar behaviour as optogenetically induced
CSD

Considering the behavioural features observed with FHM1 mutant
mice following optogenetically induced CSD, we next assessed CSD-
related behaviour from video for the six spontaneous CSD events in
Cacnala®'®2Q and CacnalaS?'®" mice for a 1-h period starting 20 min
prior to until 40 min after CSD. The spontaneous CSD events were
associated with one or more of the three behaviours, i.e., full body
stretches, head turning and unilateral rotating body movements, seen
with optogenetically induced CSD. The behaviours started in the period
between 1 min prior to 1 min after the first detected CSD wave, lasted up
to maximally 4 min following that wave, and were not present during
the remaining observed time period (see example in Supplementary
Video 3). Full body stretches were observed for all except one of the
spontaneous CSD events, occurring immediately prior to or during the
detected CSD wave. Within the 1-h observation period these stretches
only occurred within the minutes surrounding the CSD event. Slow head
turning movements were observed for 5 out of 6 CSD events, which often
continued into an very pronounced turned head position of ~90 degrees
that could persist for minutes. In 4 out of the 6 CSD events the initial
head turning was followed by a unilateral rotating body movement
resembling ‘circling’. All except one CSD event were accompanied by a
combination of the three mentioned CSD-associated behaviours:
stretching, head turning, and rotating body movements were observed
with three CSD events; the combination of only stretching and head
turning was observed with one event; head turning combined with a
rotating body movement was also observed with one event. Previously
reported CSD-associated behaviours, such as freezing (Tepe et al., 2015)
and wet-dog shakes (Akcali et al., 2010), were not observed.
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Fig. 6. Behavioural characteristics of optogenetically induced CSD in FHM1 mutant and WT mice. (A) Locomotor activity surrounding optogenetic CSD (induced
here by V1 photo-stimulation), averaged for WT (n = 5), Cacnal a?192Q (n = 5), and Cacnala®®'®" (n = 6) mice, depicted as active s per min. In WT and Cacnald®®?@
mice, locomotor activity was reduced for a ~ 15-min period following CSD whereas in Cacnal a®*18L mice active behaviour returned after ~10 min. (B) Opto-
genetically induced CSD was associated with specific behaviours, i.e., full body stretches, slow one-directional head turning, and rotating body movements in the
period surrounding CSD (1 min prior and 5 min following the detected CSD in M1) for the different mice tested for each genotype (indicated by numbers 1-5 or 1-6).
Rotating body movements were only observed in FHM1 mutant mice (see also Supplementary Video 1 showing an example of CSD-associated behaviour for another
CSD event, evoked on a different day by M1 stimulation in one of the Cacnala5*'®" mice). In some FHM1 mutant mice, head turning was observed as long as up to 20
min following CSD (indicated by open star symbols on the right site of the plot for the 2nd Cacnala®°?? mouse and the 6th Cacnala®*'®" mouse). Stretches and
rotating body movements were observed in the 1-min pre-GSD to 5-min post-CSD period. (C) Example DC-potential traces of a Cacnala®*'®" mouse with subcortical
electrodes in two striatal locations showing that SD propagated through the striatum (asterisks indicate individual SD waves), accompanied by SD-related behaviours
(indicated below traces, in colours matching those of panel B) stretching, slow head turning, and rotating body movements contralateral to the side of stimulation.

(D) Example DC-potential traces of a Cacnal 5218k
rotating body movements contralateral to the side of stimulation.

In an attempt to assess the possible occurrence of a spontaneous CSD
in unoperated, naive, mice, solely based on behavioural tracking, video-
recordings of Cacnal a8 mice (n = 7) were scored for the occurrence
of full body stretches, slow head turning, and/or unilateral rotating body
movements, as indication for a spontaneous CSD event. In the first full
daylight period (6 a.m. - 6 p.m.) after placement of the mouse in the
Phenotyper® home cage, in total 80 full body stretches were observed
with a range of 4 to 16 per mouse. Subsequently, all stretching events
were visually inspected for co-occurrence of slow head turning or uni-
lateral body movement rotations, from 3 min before up to 3 min after the
full body stretch. Only 1 out of 80 full body stretches was preceded by
unilateral body rotation with slow head turning after the full body
stretch. Hence a combination of the three behaviours within a limited
time frame may possibly reflect a spontaneous CSD in a naive mouse, but

mouse showing that SD propagated from cortex to striatum and hippocampus, accompanied by head turning and

the claim, as no electrodes are present, cannot be further substantiated.

3.8. CSD susceptibility is higher during non-REM sleep compared to
waking

Spontaneous CSDs are associated with a peak in active behaviour
starting either within the 1-min period before CSD or immediately
following the start of CSD (Fig. 7A). Notably, all spontaneous CSDs were
observed during the day, i.e., in the light period. To assess whether mice
were awake or asleep prior to CSD, vigilance states were determined in
the 10 min prior to CSD onset. In this period, all mice were predomi-
nantly in non-REM sleep (77 + 2% of the 10-min period) intervened
with short periods of waking (17 + 2%) and/or REM sleep (6 + 1%)
(Fig. 7B). For 2 events, only non-REM and waking were observed.
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Fig. 7. Enhanced CSD susceptibility during non-REM sleep. (A) Directly before or after spontaneous CSD events observed in a subset of Cacnala®®*? and Cac-

nalaS*'8" mice (n = 6 events), mice showed a peak in locomotor activity, preceded by a period of inactive behaviour. (B) Vigilance state distribution in the 10-min
period preceding spontaneous CSD events. During the 10-min period preceding a spontaneous CSD event, Cacnala®'?? and Cacnala%*'®" mice were predominantly
(77% of the time) in non-REM sleep. Shortly before CSD was first detected, in all except one case the animal woke up. (C) Example traces showing M1 photo-
stimulation for optogenetic CSD induction (asterisk indicates individual CSD wave) in a WT mouse that was awake (upper panel) and, on a different day, in non-
REM sleep (lower panel) for at least 5 min prior to stimulation. Continuous light stimulation was given until CSD was observed. (D) Graph showing threshold
photo-stimulation pulse duration for optogenetic CSD induction in WT (n = 6) and Cacnal a8 mice (n = 6) during waking and non-REM sleep in individual mice.
CSD threshold pulse durations are indicated as % of the average threshold obtained during the awake state, for WT and Cacnala®**®" mice. For both genotypes, the
threshold for inducing a CSD by optogenetics was lower during non-REM sleep than during waking (Paired t-test; *p < 0.05; **p < 0.01), with no genotypic dif-
ferences for the threshold ratio between the non-REM and awake state.

Notably, in all cases, except for one CSD event in a Cacnala®™®?? mouse, state.

animals woke up shortly (56-87 s) before the first detected CSD wave.

To assess whether CSD susceptibility may be enhanced during non- 4. Discussion

REM sleep, as indicated for sleep vs waking by a recent study also

using optogenetics in mice (Yousef Yengej et al., 2022), the M1 Here we investigated neurophysiological and behavioural features of
threshold for optogenetic CSD was assessed either during the active spontaneous CSD events in FHM1 mutant Cacnala®°?? and Cac-
awake state or when mice were in non-REM sleep (in random order, with nala®*'®" mice. In addition, we compared features of spontaneous CSDs
optogenetic stimulation within the same animal performed on a with those evoked in a minimally invasive manner by using optogenetics
different day). Starting 3 min after the detected initiation of non-REM through the intact skull. In total, five spontaneous CSD events (three in
sleep or active waking, 4-mW blue light pulses to the M1 cortex were Cacna1a®™°*? and two in Cacnala®*'®" mice) were observed in 7 days of
given continuously in WT (n = 6) and Cacnala®*'®" (n = 6), until CSD recording of 10 mice per genotype, whereas no such events were
was detected (example traces from a WT mouse in Fig. 7C). This observed in WT mice. In CSD-free periods, FHM1 mutants had an
approach revealed a higher CSD susceptibility, indicated by a shorter increased ECoG y-power compared to WT mice, indicative of a state of
light pulse duration required for CSD induction — thus lower CSD cortical hyperexcitability that can explain why the mutant mice may be
threshold — in non-REM sleep compared to the awake state. The opto- prone to spontaneous CSD events. Several similarities were observed

genetic CSD threshold in non-REM sleep was reduced to 80 + 7% of the between spontaneous and optogenetically induced CSD events: (1)

threshold level during waking in WT and to 85 =+ 8% in CacnalaS*'8" multiple-wave events were only observed in CacnalaS?*®" mice; (2) re-
mice (Fig. 7D; p = 0.017 and p = 0.006, respectively), with no genotypic covery of post-CSD cortical MUA was faster in Cacnala?'®" mice; (3)
differences for the threshold ratio between the non-REM and awake CSD events were accompanied by a combination of behaviours, such as
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full body stretching, slow head turning, and rotating body movements,
with the latter occurring only with CSD events in mutant mice; and (4)
CSD susceptibility was higher during non-REM sleep compared to
waking. Furthermore, CSD optogenetically induced in the M1 cortex in
FHM1 mutant mice showed a lower induction threshold and a higher
propagation rate compared to WT mice, confirming the higher suscep-
tibility for CSD in mutant mice that is also evident from the observation
that spontaneous CSD events were never observed in WT mice. Multiple-
wave optogenetically induced CSD events, exclusive to CacnalaS?'8:
mice, were associated with a longer time to recovery of TCEPs compared
to that of single-wave CSDs. In addition, multi-wave events resulted in a
longer impairment of forepaw grab function that persisted up to 6 min
after the end of the last CSD wave in M1 cortex.

This study is the first to report spontaneous CSD events in FHM1
mutant mice in which CSD had previously always been induced via
chemical, mechanical or electrical activation of cortical neurons (Chen
et al., 2016). The only other FHM1 mouse strain for which spontaneous
CSDs had been reported are in-house developed FHM3 mutants that
express Nayl.1 channels containing mutated al subunits that harbour
the human SCN1A“%3V mutation (Jansen et al., 2020). Spontaneous
occurrence of CSD events in FHM1 mutant mice appears to be rarer than
seen with heterozygous FHM3 mutant mice in which in one out of three
mice multiple spontaneous CSDs per animals were recorded in the first
days following surgery (Jansen et al., 2020). In contrast, in FHM1
mutant mice, on average, only one event was observed during a 1-week
period in about one-third of animals. Whereas in heterozygous FHM3
mutant mice all observed spontaneous CSDs travelled from the visual
cortex to the anterior part of the cortex (Jansen et al., 2020), in FHM1
mutant mice spontaneous CSDs were first detected in either the visual or
the motor cortex and in some animals appeared even simultaneously at
both locations suggesting a different, likely subcortical, location of
origin. Given the different paths of propagation, a direct comparison of
the speed of the spontaneous CSD events in FHM1 and FHM3 mice is
challenging. For evoked CSDs, however, such comparison is feasible,
which revealed that the propagation rate of optogenetically induced
CSD events in FHM1 Cacnala®™®*? and Cacnala®*'®" mice ranged be-
tween 6 and 8 mm/min (with WT values between 4 and 6 mm/min),
whereas the rate of electrically evoked CSDs in FHM3 mutant mice was
not different from that in WT mice, hence also between 4 and 6 mm/min
(Jansen et al., 2020).

Analyses of long-term recordings in freely behaving mice revealed an
increased power in the ECoG y-band frequency for both V1 and M1
cortex in Cacnala®!?2Q compared to WT mice, whereas the power in the
8-band was reduced in the mutant M1 cortex during REM and non-REM
sleep. These findings indicate that the Cacnala R192Q mutation results
in measurable alterations in cortical network activity patterns under
freely behaving conditions in both V1 and M1 cortex that may
contribute to the occurrence of spontaneous CSD events. Notably, the
presence of increased y-power at the cortical network level suggests an
elevated baseline cortical network excitability in the migraine suscep-
tible brain. On top of such baseline hyperexcitability, likely physiolog-
ical cycles in neuronal activity (as they occur during sleep) together with
effects of external stimuli (trigger factors) may occasionally create a
condition in which the threshold for initiation of CSD is exceeded in the
mutant brain. Neuronal hyperexcitability has indeed been proposed as
an underlying mechanism for the increased susceptibility to migraine
attacks (Welch et al., 1990; Aurora and Wilkinson, 2007; Vikelis and
Mitsikostas, 2007). In agreement with this, gain-of-function FHM1
mutations result in increased calcium entry into pre-synaptic terminals
with concomitant increased glutamate release into the synaptic cleft
(Van den Maagdenberg et al., 2004; Tottene et al., 2009; Van den
Maagdenberg et al., 2010), with apparent little effect on inhibitory
neurotransmission (Tottene et al., 2009; Vecchia et al., 2014; Vecchia
et al., 2015). Our data indicate that these synaptic changes seem to infer
significant changes in network activity patterns and predispose the
cortex for occurrence of spontaneous CSD events, adding translational
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value to the FHM1 mutant mouse model. To further investigate in FHM1
mutant mice cortical network changes underlying the initiation and
origin of spontaneous CSD events, as well as the propagation path
through the brain, broader electrophysiological mapping using flexible
surface or depth arrays of graphene solution-gated field-effect transis-
tors (gSGFETs) (Masvidal-Codina et al., 2021) could provide more
insight. Also, combining neurophysiology with novel neurovascular
imaging (Bourgeais-Rambur et al., 2022) or monitoring technology
(Yousefetal., 2021; Yousef Yengej et al., 2022) in freely behaving FHM1
mutant animals may provide novel opportunities to increase insight in
mechanisms underlying the spontaneous initiation of CSDs, as a step
towards understanding initiation of spontaneous attacks of migraine
with aura in patients.

We and others have shown that optogenetics is a successful CSD
induction method that is relatively non-invasive and can easily be used
in freely behaving animals (Houben et al., 2017; Chung et al., 2019;
Tang et al., 2020; Harriott et al., 2021; Masvidal-Codina et al., 2021;
Yousef et al., 2021; Yousef Yengej et al., 2022; Pi et al., 2022; Dehghani
et al., 2023). Here, optogenetics was used to assess the threshold and
propagation rate of CSD and showed that induction of CSD in Cac-
nala®?'8" mice often triggered multiple-wave CSDs that were never
observed in Cacnala®®?? or WT mice. The fact that also some of the
spontaneous CSDs in Cacnala®?'®" mice showed multiple-wave CSDs
shows that this is a genuine finding. Combined with the prolonged motor
function impairment seen with multiple-wave events by the wire grab
test in our present work, these observations testify of a more profound
behavioural impact of CSD events in case of the S218L missense muta-
tion. Our data from freely behaving heterozygous CacnalaS?'®" mice
complement earlier observations from anesthetized mice that under-
score a more pronounced CSD susceptibility phenotype in heterozygous
Cacnala®?'8" compared to homozygous Cacnal a®192Q mice. Heterozy-
gous Cacnala®?'®" mice were shown to display a slightly higher CSD
frequency and propagation rate for KCl-induced CSDs (Eikermann-
Haerter et al., 2009), and showed a higher propensity of multiple-wave
events following a single electrical stimulation (Van den Maagdenberg
et al., 2010). The multiple-wave CSD events in Cacnald®®®" mutants
appear to reflect a high sensitivity of the S218L brain to even mild
stimuli, that may also underlie the severe and clinically broad phenotype
of S218L patients with prolonged hemiplegic attacks, compared to the
pure hemiplegic migraine symptoms in R192Q carriers.

To gain better insight in the impact of CSD on cortical network ac-
tivity, we next compared the recovery of cortical neuronal multi-unit
activity (MUA) after spontaneous and optogenetically induced CSD.
For the optogenetic CSD events we also assessed the recovery of trans-
callosal optogenetically evoked potential (TCEP) responses. Although
MUA recovered slowly after CSD — and did not even return to 100% in 1
h -, we found a more complete recovery after optogenetic CSD in Cac-
nala’?'8" compared to WT mice during the last 20 min of the 1-h post-
CSD recording period. For the spontaneous CSDs, a similar faster MUA
recovery was observed for the events in Cacnala®?'®" compared to those
in Cacnala®™®?? mice in the 40- to 60-min window after CSD. Where
recovery of cortical MUA after CSD was rather slow — taking up to 60
min or longer — recovery of TCEP amplitude after optogenetically
induced CSD showed full recovery already within minutes. Compared to
single-wave CSDs, multiple-wave CSDs in Cacnala®*'®" mice were
associated with a slightly prolonged impairment of TCEP amplitude, in
line with the longer forepaw grab duration observed for multiple-wave
events, but both readouts recovered within 6 min after CSD. Timewise,
the recovery of cortical evoked responses within minutes following CSD
in our study is similar to previously reported recovery of evoked po-
tential amplitudes induced by optogenetic stimulation of the barrel
cortex following optogenetically induced CSD (Bohm et al., 2019),
however, the reported overshoot of N1 amplitude was not visible in our
TCEP recordings. The much longer recovery of MUA — compared to that
of TECPs — might be linked to the prolonged reduction of cerebral blood
flow observed after CSD in our earlier optogenetic CSD study (Houben
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et al., 2017), although the time to recovery was not assessed in detail in
the present study. Under anesthesia, cortical blood flow was found to not
fully recover within 60 min following optogenetic CSD induction (Bohm
et al., 2019), and under freely behaving conditions was described to
recover within 30-40 min in the awake state and just under 60 min in
mice that were asleep (Yousef Yengej et al., 2022). The observed much
faster recovery of evoked responses and motor function after CSD,
compared to a prolonged suppression of local MUA and vascular
changes, in both WT and mutant mice, indicates that CSD has distinct
effects at the local neuronal and vascular level, compared to its effects on
the broader brain network function. At a translational level, this seems
in line with clinical observations from common migraine with aura, that
during the migraine aura phase patients typically only experience mild
sensory disturbances instead of a complete suppression of cortical
function (Charles, 2018).

Our approach of comparing spontaneous and optogenetically
induced CSD allowed us to obtain an in-depth characterization of CSD-
related behaviour. The fact that CSD-related behaviours were much
alike for both spontaneous and induced CSD, more than anything un-
derscores the value of our optogenetic CSD-induction approach, which
has the great advantage that the timing of events is well controlled. The
observation of a combination of three identified CSD-associated be-
haviours, i.e., full body stretching, slow head turning, and one-
directional rotating body movements in one unoperated mutant mouse
possibly reflects the occurrence of a spontaneously occurring CSD in that
animal. Minimally-invasive neurovascular monitoring techniques, such
as laser doppler flowmetry (Houben et al., 2017) or microchips for
measuring cortical optical intrinsic signals (Yousef et al., 2021), provide
useful tools for exploring this further in mutant mouse models display-
ing spontaneous CSD events.

Previously, chemically or pinprick induced CSD was associated in
rats with anxiety and pain-related acute behaviours, such as freezing
(defined as a sudden interruption of any behaviour, accompanied by a
blank stare), head-shaking, and wet-dog shakes (Akcali et al., 2010;
Tepe et al., 2015; Filiz et al., 2019). Such transient freezing behaviour
was also observed using optogenetic CSD induction in WT mice, but only
when triggered in the awake state, whereas CSD events triggered during
sleep seemed accompanied by head rubbing and in a few cases charac-
teristic elongation (likely similar to the stretching observed in our ani-
mals) of the body (Yousef Yengej et al., 2022). Hence, the absence of
freezing behaviour in relation to the spontaneous CSDs in our FHM1
mutant mice may be due to the predominant occurrence of the observed
spontaneous events during sleep, although this does not provide a
satisfactorily explanation why we did not observe freezing after opto-
genetically triggered CSDs in awake mice. Whereas the possibility al-
ways remains that some freezing episodes may have been missed due to
suboptimal video recording conditions (e.g. eyes not visible), we
consider the absence of such behaviour being a genuine finding in our
study more likely. Alternatively, experimental conditions, such as dif-
ferences in animal strains (mice vs rats) or the method of CSD induction
(KCl, pinprick, or optogenetic induction) may lead to a difference in the
prominence of freezing as CSD-associated behaviour. It is noteworthy
though that with respect to optogenetically induced CSD, a longer
duration and higher intensity of stimulation, i.e., between 5 and 60 s at a
25-mW LED output, was used to induce CSD in awake mice over the
posterior cortex in the study by Yousef Yengej and co-workers (Yousef
Yengej et al., 2022), whereas in our study CSD for the behavioural
analysis was induced in the V1 cortex using 4-mW pulses that were all
below 15 s in duration.

In our earlier study, FHM1 mutant, and not WT, mice after KCl
induced CSD showed unilateral motor deficits reflected by local circling
movements and leaning behaviour that were interpreted as signs of
hemiplegia that occurred within minutes after CSD — other behavioural
features were not reported, although admittedly not carefully looked at
given the challenges related to recovery from anesthesia (Eikermann-
Haerter et al., 2009). Our recent study, in which three CSDs were

12

Neurobiology of Disease 192 (2024) 106405

induced by optogenetics, revealed that FHM1 mutant and WT mice
exhibit pain-related behaviours (i.e., increased mouse grimace scale
scores, oculotemporal strokes and reduced nest building performance) —
some more pronounced in the mutant mice (Dehghani et al., 2023) —, but
again no freezing, head-shaking, nor wet-dog shakes.

A compelling explanation as to why FHM1 mutant mice showed
characteristic one-directional rotating body movements (combined with
full body stretching and/or slow head turning) is difficult to provide.
Circular movements have been observed before in species other than
mice. Electrical stimulation of striatum induced contralateral head
turning and circling behaviour in cats (Buchwald and Ervin, 1957) and
rats (Hansing et al., 1968). Moreover, SD elicited in the rat striatum was
able to induce contralateral circling (Weiss and Fifkova, 1956; Stille and
Sayers, 1969; Jakobartl and Huston, 1977). Motivated by observations
of subcortical spread of SD to striatum in a minority of events in WT and
almost all events in FHM1 mutant mice — with SDs spreading even
further to hippocampus and thalamus in a subset of Cacnala?'®" mutant
mice — we could demonstrate contralateral rotating body movements,
that occurred at the same time as striatal SD, in FHM1 mutant mice.
Unfortunately, the relationship between contralateral body rotations
and striatal SD occurrence does not appear straightforward since WT
mice, which do not show CSD-associated body rotations also show
striatal SD events.

A marked similarity between the spontaneous and optogenetically
induced CSD events was the apparent enhanced CSD susceptibility
during sleep. Not only were the majority of spontaneous CSDs in FHM1
mutants initiated during sleep, but also optogenetical induction of CSD
was more easy when mice were in non-REM sleep. The latter is in line
with a reduced CSD threshold during sleep compared to waking in mice
without an FHM mutation (Yousef Yengej et al., 2022). It is not known
whether attacks in patients with hemiplegic migraine occur more often
during sleep although one-third report that sleeping ‘too much’ or ‘too
little’ is a trigger for their attacks in a Danish survey (Hansen et al.,
2011). Observations in common migraine, including migraine with
aura, seem to suggest that attacks more frequently occur in the early
morning, i.e., in the context of awakening from sleep, possibly triggered
by sleep disturbances (Poulsen et al., 2021). Such clinical observations
may be interpreted as a build-up of attack susceptibility during sleep,
that would be in line with the enhanced CSD susceptibility during sleep
observed in the mouse experiments. Still a direct comparison between
species is compromised by the fact that, unlike in humans, in mice, who
are nocturnal animals, sleep is fragmented and occurs not only in the
light but also in the dark period when mice are active.

Although the ease to induce CSD may vary across vigilance states, we
could show that the CSD threshold and propagation rate seems stable
(and consequently higher in Cacnala’?'®" mutant than WT mice) over a
number of days. The stability in CSD features over time we observed,
contradicts findings of a reduction in propagation rate and duration over
time following daily CSD induction (Sukhotinsky et al., 2011). Likely the
conventional CSD induction methods used, which entail re-
anesthetizing animals for each CSD and reopening burr holes in the
skull in case of chemical stimulation (Sukhotinsky et al., 2011) or
attaching tubing to craniotomies that are sealed and reopened during
freely behaving experiments (Tepe et al., 2015), contribute to this
discrepancy. In line with our findings, in a more recent study using
microchips glued to the skull for CSD detection optogenetic CSD
thresholds were found to be consistent for weeks (Yousef Yengej et al.,
2022). Notably, repeated CSD induction, every other day over a 2-week
period, in WT mice led to a transient reduction in facial allodynia and
increased mouse grimace scale scores (Harriott et al., 2021). Future
studies have to show whether induction of repetitive CSDs might have
effects on spontaneous CSD events, allodynia, and mouse grimace scale
scores in FHM1 mutants.

In conclusion, our study demonstrates that rare spontaneous CSD
events in FHM1 mutant mice occur and that optogenetically induced
CSDs in the animals show similar behavioural characteristics consisting



L.C.M. Loonen et al.

of full body stretching, one-directional slow head turning and rotating
body movements. Where the majority of spontaneous CSDs occurred
during sleep, we were able to demonstrate that optogenetic CSD
thresholds were lower during non-REM sleep compared to the awake
state as well. The more severe phenotype of the CacnalaS?'®" mice was
associated with the occurrence of multiple-wave CSDs, that were never
recorded in Cacnala®'?? and WT mice that only exhibited single-wave
CSDs. Multiple-wave CSDs resulted in a more profound CSD-related
dysfunction evident as longer suppression of cortical evoked responses
and impaired forepaw grip performance. Taken together, our data pro-
vide novel insight into mechanisms and features of the spontaneous
initiation of CSD that we feel is of value for understanding mechanisms
of the migraine aura, as well as for understanding mechanisms of SD in
the context of other neurological disorders. In addition, our data provide
evidence for the use of optogenetics as a reliable and minimally invasive
CSD induction method that induces CSDs with similar characteristics as
spontaneously occurring CSDs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nbd.2024.106405.
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