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Abstract

Migraine patients often report (inter)ictal hypersensitivity to light, but the
underlying mechanisms remain an enigma. Both hypo- and hyperresponsivity of the
visual network have been reported, which may reflect either intra-individual
dynamics of the network or large inter-individual variation in the measurement of

human visual evoked potential data.

We studied visual system responsivity in freely behaving mice using combined
epidural electroencephalography and intracortical multi-unit activity to reduce
variation in recordings and gain insight into visual cortex dynamics. For better
clinical translation, we investigated transgenic mice that carry the human
pathogenic R192Q missense mutation in the cua subunit of voltage-gated Cay2.1
Ca*" channels leading to enhanced neurotransmission and familial hemiplegic
migraine type 1 in patients. Visual evoked potentials were studied in response to

visual stimulation paradigms with flashes of light.

Following intensity-dependent visual stimulation, FHM1 mutant mice displayed
faster visual evoked potential responses, with lower initial amplitude, followed by
less pronounced neuronal suppression compared to wild-type mice. Similar to what
was reported for migraine patients, frequency-dependent stimulation in mutant

mice revealed enhanced photic drive in the EEG beta-gamma band.

The frequency-dependent increases in visual network responses in mutant mice may
reflect the context-dependent enhancement of visual cortex excitability, which could

contribute to our understanding of sensory hypersensitivity in migraine.
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Introduction

Migraine is a common episodic brain disorder characterized by severe recurrent
attacks of headache, associated with phono- and photophobia and other autonomic
and neurological symptoms.! Many patients report abnormal sensitivity or
intolerance to light, not only during but also outside attacks, and show abnormal
cortical activation in response to visual stimulation in imaging studies.>? Enhanced
visual sensitivity before the onset of headache has been regarded a sign that an attack
has started.* The light sensitivity may result from cortical ‘hyper-responsivity’,’ that
is not restricted to the visual cortex as it was also reported for other brain structures

implicated in migraine pathophysiology.®”

It remains unresolved whether findings of altered visual responsivity in migraine
patients translate to increased or decreased excitability of the visual cortex®!° as
unaltered, reduced,'*!* and enhanced'*" visual evoked potential (VEP) responses
in between attacks have been reported. Apart from transient visual stimulation
paradigms, visual processing in migraine has also been studied using steady-state
stimulation resulting in ‘photic driving’ responses. Photic drive (also known as
entrainment) is the frequency-following EEG response of the visual cortex to various
stimulation frequencies, resulting in a dominant EEG frequency.'® In migraineurs,
an enhanced photic drive response between 10 and 20 Hz was observed that could
reflect plasticity changes involving the visual cortex.”1”-!® A shortened photic driving
paradigm (‘chirp’ stimulation) showed enhanced responses in the beta band (18 to
26 Hz) in between migraine attacks.” Using this paradigm, we recently observed a
similar enhanced photic drive response that was evident in the harmonics of the
beta-gamma band (22-32 Hz) in migraineurs, albeit not in between attacks but
toward an impending attack.?’ These observations support the view that enhanced

visual network excitability contributes to attack initiation.

Contradictory findings of cortical hyper- or hyporesponsivity in migraine may be
explained by the dynamics of the network and, even more likely, can be due to
differences in stimulation procedures and readout parameters in clinical studies.’
Also, large inter-individual variation may be caused by the low signal-to-noise ratio
of scalp EEG in humans, which hampers the interpretation of human VEP findings.

Performing VEP measurements in animals can circumvent most of the issues, as
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VEPs with an improved signal-to-noise ratio can be obtained (i) when intracortical
or epidural electrodes are used, and (ii) by controlling the influence of genetic

background by using inbred strains.

Visual stimulation by flashes of light has been widely used to elicit VEP responses
in anaesthetized,”**> head-fixed,® and freely behaving mice.?*?¢ To investigate
changes in visual network responsivity, we here examined flash VEP responses in
freely behaving mice. To better capture dynamical changes in visual system
responsivity, as reported in migraineurs for stimulation at varying
frequencies,'?-2#7:28 both steady state responses and transitions between stimulation
frequencies were investigated. We studied both wild-type mice and FHM1 mutant
mice that carry the R192Q missense mutation in the a;a subunit of neuronal Cav2.1
calcium channels,” known to cause familial hemiplegic migraine type 1 (FHM1), a
subtype of migraine with aura.®3° The mutant mice display a gain of Cay2.1 channel
function with enhanced glutamatergic neurotransmission in the cortex,*'** and are
considered a relevant model for studying mechanisms by which neuronal
hyperexcitability contributes to migraine pathophysiology.®* Our mouse model is
also relevant given that triggers of attacks, including bright light, reported by FHM1
patients are similar to triggers reported by patients suffering from migraine with
aura.** In addition, in line with clinical reports of photophobia symptoms in
migraineurs during and sometimes also outside attacks,?-** FHM1 mutant mice
displayed behavioural signs of photophobia®” that may reflect enhanced visual
system responsivity. Hence, insight in altered responses to visual stimulation in the
transgenic migraine mice may help understand how visual system alterations are

brought about in a migraine context.

Materials and Methods

Animals

Male homozygous FHM1 R192Q knock-in (‘FHM1 mutant’) and wild-type (‘WT’)
mice of 3-6 months were used. The mutant mice were generated by introducing the
human pathogenic FHM1 R192Q missense mutation in the orthologous mouse
Cacnala gene using a gene-targeting approach.” Mice, backcrossed for 20

generations to C57BL/6J, were maintained on a normal 12:12 light-dark cycle with
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water and food available ad libitum. All experiments were approved by the Animal
Experiment Ethics Committee of Leiden University Medical Center and were
carried out in accordance with ARRIVE guidelines and EU Directive 2010/63/EU

for animal experiments. All efforts were made to minimize the suffering of the mice.

EEG recordings and visual stimulation in freely behaving mice

Under isoflurane anaesthesia (1.5%, in oxygen-enriched air), seven electrodes were
stereotaxically implanted at the following coordinates (in mm relative to bregma): a
pair of platinum (Pt) electrodes 3.5 posterior/2.0 lateral/0.8 ventral from dura (right
visual cortex); a pair of Pt electrodes 1.5 anterior/1.5 lateral/0.8 ventral from dura
(right motor cortex); a silver (Ag) ball-tip electrode 3.5 posterior/2.0 lateral on the
dura (left visual cortex); an Ag ball-tip electrode and Ag-AgCl ball-tip electrode were
placed above cerebellum to serve as reference and ground electrodes, respectively
(Figure 1A-top). Electrodes were attached to the skull using light-activated bonding
primer and dental cement (Kerr optibond / premise flowable, DiaDent Europe,
Almere, the Netherlands). Carprofen (5 mg/kg, s.c.) was administered for post-

operative pain relief.

After a recovery period of 7 days, animals were placed in a shielded recording cage
and connected to the recording hardware through a counterbalanced, low-torque
custom-built electrical commutator. Epidural EEG and intracortical local field
potential signals were pre-amplified 3X and fed into separate amplifiers for
EEG/local field potential and neuronal multi-unit activity (MUA) recordings.
EEG/local field potential signals were band-pass filtered (0.05 to 500 Hz) and
amplified 1,200X, and digitized (Power 1401, CED, Cambridge, UK) at a rate of
5,000 Hz. In addition, differential signals from paired intracortical Pt electrodes
were used for MUA recordings by 36,000X amplification, band-pass filtering (500 to
5,000 Hz) and digitizing at 25,000 Hz. For VEP measurements, the tethered mouse
was placed inside a computer-controlled custom-built light-emitting diode (LED)
illuminated sphere in which it was able to move freely (van Diepen et al., 2013;
Figure 1A-bottom). The wavelength of blue light and irradiance were measured
using a calibrated spectrometer (AvaSpec2048; Avantes, Apeldoorn, The
Netherlands). The sphere was 30 cm in diameter, with the inside coated with high-

reflectance paint. On top of the sphere, around an opening for the swivel,
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monochromatic blue (wavelength: 469 nm) 1-ms light flashes were presented at 1-V
stimulator output voltage, corresponding to a light intensity of ~2.2 log cd/m?,
unless mentioned otherwise. A baffle prevented mice from looking directly at the

LEDs. Water and food were provided inside the sphere during the experiment.

EEG/local field potential data were down-sampled offline to 1,000 Hz. MUA was
reduced in complexity by calculating the root mean square amplitude per 25
samples (1 ms), as the root mean square correlates to spiking rate using template
matching,** and next down-sampled to 1,000 Hz. Stimulation sequence, data
processing and analysis using custom-written scripts in Matlab (version R2013b; The
Mathworks, Natick, MA) varied per paradigm. Resting periods in between different
stimulation paradigms were at least 1 minute for both WT and FHM1 mutant

groups.

Single-VEP paradigm

To assess whether light flashes evoked responses in the visual cortex, 100 flashes were
presented at 1 Hz. Single-VEP responses were high-pass filtered at 1 Hz and low-pass
filtered at 35 Hz (4th order Butterworth, zero-phase shift) and averaged between 100
ms prior and 500 ms after stimulation. N1 peak amplitude and latency were detected
between 20 and 80 ms after stimulation, P1 peak amplitude and latency between the
N1 latency and 120 ms, and N2 peak amplitude and latency between P1 latency and
250 ms. MUA activation was defined as the area-under-curve (AUC) between 20 and
80 ms after stimulation, the subsequent suppression phase was defined as AUC
between 90 and 300 ms. EEG or MUA data per animal were excluded from further
analyses in case of an absent response to the single-VEP paradigm in the averaged

traces.

Input-output paradigm

To assess the intensity dependency of VEP responses, 60 flashes of increasing light
intensity between 0.01 V and 0.1 V stimulator output (~0.4 to 1.1 log cd/m?) were
presented at 2 Hz, and five flashes of increasing intensity between 0.2 and 1 V
stimulator output (~1.4 to 2.2 log cd/m?) at 0.5 Hz (Figure 2A-top). The paradigm
was repeated 50 times with 20 s rest in-between blocks. Input-output (IO) curves
were averaged over 50 repeats and N1 and P1 amplitude were determined as for

single-VEP analysis. P1-N1 amplitudes between 0.01 V and 0.1 V light intensity
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were fitted with the Naka-Rushton equation,” providing Vi, the maximum
saturated amplitude, k, the semi-saturation intensity, and 7, the slope of the fitted
line. P1-N1 amplitudes between 0.2 V and 1 V light intensity were fitted using least-

squares linear regression, providing slope and intercept (amplitude) parameters.
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Figure 1. Approach and validation of single-flash visual evoked potential measurements in
freely behaving wild-type mice. (A) Top: Electrode locations used for EEG (single epidural
electrode in left V1; grey dot), or local field potential/neuronal multi-unit activity (bipolar
intracortical electrodes in right V1 and M1; black dots) recordings. Bottom: Home cage with
light sphere (cf. van Diepen et al, (2013) for details) for housing a mouse during VEP
recordings. (B-F) Individual (dashed lines) and group-averaged (thick line) responses to 100
single flashes (presented at 1 Hz, 1 V) in visual and motor cortex. (B) EEG network responses
recorded epidurally over the left visual cortex (n = 8) showing N1, P1, and N2 responses. (C)
Local field potential (n = 6) and (E) baseline normalized multi-unit activity (n = 6) recorded in
the right visual cortex with activation between 20 and 80 ms, and transient suppression of
activity between 90 and 300 ms. (D) local field potential and (F) normalized multi-unit activity
in the right motor cortex. Note the absence of time-locked neuronal (multi-unit) activity in
relation to light stimulation in the motor cortex. MUA: multi-unit activity; r = right; | = left;
GND = ground; REF = reference

Paired-pulse paradigm
To determine the recovery after evoked potentials, double light flashes at 13 inter-

stimulus intervals between the conditioning and the test stimulus (ISI; 1000, 750,
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500, 400, 350, 300, 250, 225, 200, 175, 150, 100, and 50 ms) were presented at 0.5 Hz
and repeated 50 times per ISI (Figure 2C-top). The paradigm was presented at two
light intensities corresponding to 0.1 V and 1 V stimulator output. Paired-pulse
responses were averaged over the 50 repeats per ISI, and P1-N1 amplitude of the
conditioning (Pc-Nc) and test stimuli (Pt-Nt) were determined. Recovery of the
response amplitudes to the test stimuli was determined by calculating a paired-pulse
response curve. Test stimuli responses were normalized to responses to the
conditioning stimulus, where a ratio of 1 indicates return of the test response
amplitude to the amplitude of the conditioning response. Possible habituation
effects of the long duration of the paradigm on paired-pulse responses were assessed
by comparing the first 100 and the last 100 conditioning responses at the 1 V

stimulator output.

Habituation VEP paradigm

To assess habituation to repeated light flashes, 600 flashes were presented at 3.1 Hz.
Six consecutive blocks of 100 responses were filtered (see “Single-VEP paradigm”)
and averaged between 50 ms prior and 250 ms after stimulation. N1 and P1 peaks
were extracted, and the ratio between the P1-N1 amplitude of the 6th block and the
P1-N1 amplitude of the 1st block was calculated (cf. Omland et al., 2013). A ratio
below 1 indicates habituation of the 600 pulses, whereas a ratio above 1 indicates

potentiation.

Frequency-chirp paradigm

To assess frequency-dependent entrainment, ‘chirp’ stimulation consisting of four
flashes per frequency between 10 and 40 Hz with 1-Hz increments (Figure SA-top;
cf. Gantenbein et al., 2014) was repeated 25 times with 15 s rest in-between blocks.
Chirp responses between 2 s prior to 8 s after the start of stimulation were subjected
to Morlet wavelet analyses between $ and 125 Hz, in 1-Hz frequency steps. Wavelet
scales increased logarithmically between 3 and 10 cycles (from lowest to highest
frequency). The averaged response power over all repetitions was baseline-corrected
by calculating the decibel (dB) change in power relative to the mean power between
1.6 and 0.1 s prior to the start of stimulation. For each stimulation frequency, the
total response power was calculated as average power between 5 and 125 Hz in the

time window between the four flashes in the particular frequency plus 50 ms (cf.
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Gantenbein et al., 2014). In the same time windows, we also extracted the response
power at driving frequencies (EEG responses between 10 and 40 Hz) and 2nd and
3rd harmonic frequencies (responses between 20 and 80 Hz and between 30 and 120
Hz, respectively) by averaging the time-frequency response power at the frequencies
between —0.5 and +0.5 Hz of each particular stimulation frequency (i.e., for driving
frequencies), the stimulation frequency times two (for 2nd harmonic frequencies )
or times three (3rd harmonic frequencies) (cf. Perenboom et al., 2020). Next, the
mean of the total response power and the mean response power at driving
frequencies and 2nd and 3rd harmonic frequencies were calculated within three
frequency bands: 10-15 Hz (alpha band), 16-30 Hz (beta band), and 31-40 Hz

(gamma band).

Frequency-shift paradigm

To investigate transitions between two stimulation frequencies, stimulation
consisting of two blocks of flashes at 8 Hz (24 flashes) and 14 Hz (42 flashes) was
repeated 50 times without rest (Figure 6A-top). Frequency-shift transition responses
were subjected to Morlet wavelet analyses between 3 and 45 Hz in 0.5-Hz frequency
steps. Wavelet scales increased logarithmically between 3 and 10 (from lowest to
highest frequency). Time-frequency power per response was averaged over all
repetitions, and the mean frequency of the response was calculated for each time
point. For each stimulation frequency the averaged power in the EEG and MUA
signals was determined for a -0.5- to +0.5-Hz window around stimulation
frequencies and 2nd and 3rd harmonic frequencies (i.e., 7.5-8.5 Hz, 15.5-16.5 Hz
and 23.5-24.5 Hz for 8-Hz stimulation; 13.5-14.5 Hz, 27.5-28.5 Hz and 41.5-42.5
Hz for 14-Hz stimulation). In addition, the average EEG power over time was
normalized for each stimulation frequency (8 Hz, resp. 14 Hz) to the EEG power
during stimulation at the other frequency (14 Hz, resp. 8 Hz). As an outcome, the
multiplicative effect of the photic drive on EEG power for both stimulation
frequencies is presented (Figure 6B). The responsivity of the visual cortex to each
stimulation frequency was calculated as a difference in normalized power during
stimulation at that frequency (average of 1 to 2 s after stimulation frequency onset)

compared to stimulation at the other frequency (1 to 2 s after frequency switch).
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Statistical analysis

Non-parametric two-sided Wilcoxon rank-sum tests were used to determine whether
differences between two or multiple groups were significant. Test-retest
reproducibility of 10 curve readouts were compared using intraclass correlation
coefficients. Intensity-specific effects of IO responses on peak amplitude and latency
were tested using two-way Analysis of Variance (ANOVA) using intensity (0.01 to
1.0 V) and group (WT and mutant) as factors. Paired-pulse response recovery was
tested using a two-tailed one-sample #test per group using the ratio of conditioning
and test stimulus amplitude versus a ratio of 1. Presence of chirp responses (mean
dB change from 0) was tested as indicated for paired-pulse recovery. Multiple
comparisons were corrected for with false discovery rate (FDR) using the Benjamini-
Hochberg procedure. All statistical tests parameters were tested with Graphpad
Prism 7 software (GraphPad Software, La Jolla, CA). P-values < 0.05 were considered

significant.

Results

Visual evoked potentials induced by blue light specifically activate the visual
cortex in freely behaving wild-type mice

Visual evoked potentials (VEPs) in response to single-flash blue light pulses,
presented at suprathreshold intensity at 1 Hz, were clearly recognizable in the EEG
recorded with an epidural electrode over the visual cortex of all (n = 8) freely
behaving wild-type (WT) mice (Figure 1B). Averaged N1 amplitude and latency
were —0.10 = 0.03 mV at 45 + 15 ms; P1 amplitude was 0.09 + 0.04 mV at latency 80
+ 26 ms (in line with literature), whereas N2 amplitude and latency were —0.05 +
0.04 mV at 197 + 40 ms. Combining neuronal MUA and local field potential data
from intracortical electrodes in the visual and motor cortex (n = 6 animals; Figure
1C-F) revealed that blue light stimulation specifically activated the visual cortex
(Figure 1C, E) and not the motor cortex, as no time-locked multi-unit neuronal
activity was observed in the motor cortex (Figure 1F). The time-locked local field
potential activity in the motor cortex (Figure 1D) was later than the light-evoked
activity in the visual cortex and likely the result of volume conduction. Visual cortex

neuronal activity showed an activation phase between 20 and 80 ms (AUC: 14.6 +
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10.1 mVms followed by a suppression below baseline between 90 and 300 ms (AUC:
-17.3 + 5.6 mVms). For subsequent VEP analyses, we used the less invasive
epidurally recorded EEG signals from the primary visual cortex to assess overall
visual network activity changes in response to light without confounding effects of
varying electrode depth. Moreover, recording epidural VEP responses may allow for
a more direct comparison with human studies that use scalp EEG. Additional visual
cortex measures of intracortically recorded neuronal MUA were used to provide

information on cortical neuronal network changes underlying VEP features.

Visual cortex responses in wild-type mice are intensity-dependent and show
paired-pulse suppression

The intensity-dependence of VEP responses and time to recover to baseline
following stimulation were tested in WT mice by assessing IO and paired-pulse
responses, respectively. IO responses were clearly visible in the averaged EEG data
in response to light intensities ranging between 0.01 and 1 V (Figure 2A-bottom)
and comparable between animals (Figure 2B). Naka-Rushton fitting of the first 60
pulses (Figure 2B-top; between 0.01 and 0.1 V) indicated a Vi 0f 0.19 £ 0.07 mV, a
slope 7 of 2.0 + 0.3 mV/V, and a semi-saturation intensity £ of 0.02 + 0.008 mV.
Linear regression over the 5 pulses with highest intensity (Figure 2B-bottom;
between 0.2 and 1 V) showed a Vi 0f 0.20 = 0.07 mV and slope of 0.05 + 0.07 mV/V.
The amplitude parameters of IO curves were reproducible when comparing two
measurements separated by ~3 hr; test-retest reliability was good for amplitude
(Naka-Rushton amplitude: ICC of 0.81; linear amplitude: ICC 0.80) but poor to
medium for slope (Naka-Rushton slope: ICC 0.53 and linear slope: ICC 0.37), and
poor to medium for semi-saturation intensity (Naka-Rushton semi-saturation
intensity: ICC 0.53). In subsequent IO curve analyses, therefore, only amplitude

parameters were investigated.

Recovery from flash light stimulation at low (0.1 V) and high (1 V) intensity in WT
mice was tested using a paired-pulse paradigm with interstimulus intervals between
50 and 1000 ms (Figure 2C-bottom). Test responses at intervals 50 and 100 ms
overlapped with the response to the conditioning pulse and were omitted from
further analyses. The total duration of the paired-pulse paradigm did not affect the
responses, as the ratio of the conditioning responses of the last 100 pulses to the first

100 pulses was neither reduced nor enhanced (P1-N1 amplitude ratio: 0.96 + 0.34),
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indicating that habituation to repeated stimulation did not occur. Therefore, the
averaged response per interval was calculated over all stimulation blocks. For a low
stimulation intensity of 0.1 V, paired-pulse suppression was observed for intervals
of 225 ms and shorter, with the response amplitude to the test pulse recovering to
that of the conditioning amplitude (i.e., reaching a ratio of 1) at intervals longer
than 225 ms (Figure 2D-top). At the high-intensity stimulation of 1 V, the test
response amplitude showed later recovery, i.e. after 500 ms (Figure 2D-bottom).
When using a VEP habituation paradigm consisting of 6 blocks of 100 repeated
single-VEP stimuli at 3.1 Hz, also no habituation of P1-N1 responses was observed
(block 6 to block 1 ratio: 0.83 + 0.30), in line with the absence of habituation to

conditioning stimuli observed in the paired-pulse paradigm.
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Familial hemiplegic migraine type 1 mutant mice show aberrant intensity-
dependent visual responses to single-pulse stimulation

To assess migraine-relevant network changes in the visual cortex, we next compared
responses to the above-described paradigms between FHM1 mutant and WT mice
(n = 8 per genotype) (Figure 3A). Averaged single-VEP N1 peak responses to
suprathreshold stimulation at 1 Hz in mutant compared to WT mice were reduced
in amplitude (WT vs FHM1: -0.10 + 0.03 mV vs. —-0.06 + 0.08 mV; p = 0.04; Figure
3B) and faster (45 + 15 ms vs. 28 £ 5 ms; p = 0.01; Figure 3D), but did not differ for
P1 peak amplitude (0.09 + 0.04 mV vs. 0.08 + 0.06 mV; p = 0.88; Figure 3C) and
latency (80 + 26 ms vs. 75 = 15 ms; p = 0.70; Figure 3E) nor for N2 peak amplitude
(—0.05 + 0.04 mV vs. —0.05 = 0.04 mV; p = 0.88; Figure 3G) and latency (197 + 40 ms
vs. 184 + 53 ms; p = 0.49; Figure 3H). Neuronal activity in the visual cortex of FHM1
mutant and WT mice (example MUA traces in Figure 3F) showed similar initial
activation between 20 and 80 ms (AUC: 14.6 + 10.1 mVms vs. 13.1 + 11.2 mVms, p
=0.81; Figure 31) but less neuronal suppression between 90 and 300 ms (AUC: -17.3
+ 5.6 mVms vs. =5.0 = 5.0 mVms; p = 0.01; Figure 3]) in mutant mice. These data

indicate a faster recovery of visual cortex activity following flash light stimulation in

Figure 2. Visual evoked potential responses in freely behaving wild-type mice show light
intensity dependency with a plateau that is stable across animals, and show light-intensity
dependent recovery in a paired-pulse paradigm after 225 or 500 ms. (A) Top: Light flash
stimulation protocol used for generating input-output curves, consisting of 60 flashes
between 0.01 and 0.1 V at 2 Hz and five flashes between 0.2 and 1 V at 0.5 Hz. Bottom:
Example EEG trace showing VEP responses to increasing stimulation intensity, illustrating
increasing N1-P1 peaks up to 0.1-V stimulation intensity, reaching a plateau between 0.2-
and 1-V intensity. (B) Individual (dashed black line) and averaged (thick black line) P1-N1 peak
amplitudes for each light intensity. Top: For stimulation between 0.01- and 0.1-V stimulation
intensity; bottom: for stimulation between 0.2 and 1V, with fitted Naka- Rushton (top; dashed
red line) and least-squares linear regression lines (bottom). (C) Top: Paired light flashes were
presented at 13 intervals after the conditioning stimulus (black), from blue to red: 50, 100,
150, 175, 200, 225, 250, 300, 350, 400, 500, 750, and 1,000 ms. Bottom: Example EEG traces
per interval using the same color coding. (D) Top: For 0.1-V stimulation voltage, individual
(dashed black) and averaged (thick black line) ratio of P1- N1 peak amplitudes in response to
a test (Pt-Nt) and conditioning stimulus (Pc-Nc). Red line indicates a ratio of 1 at which the
test stimulus amplitude equals that of the conditioning stimulus. Recovery of responses is
present after 225 ms (difference not significant from 1). Bottom: Similar paired-pulse response
ratios shown for stimulation at 1V, showing full recovery of the test response to that of the
conditioning response at 500 ms.
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mutant mice. Paired-pulse conditioning and test responses, including their ratio and
effect of the duration of the paired-pulse paradigm with respect to the observed
suppression and recovery, did not differ between mutant and WT mice. In mutant
mice, responses to the test pulse showed recovery to the conditioning amplitude for
low (0.1 V) and high intensity (1 V) stimulation after about 225 and 500 ms,
respectively (Figure 4A, B), similar to WT mice. The repeated conditioning
stimulations in the paired-pulse paradigm did not result in habituation of the VEP
responses in FHM1 mice (P1-N1 amplitude ratio WT vs. FHM1: 0.96 + 0.34 vs. 0.98
+0.55; p = 0.96). Also for the stimulation paradigm of six blocks of 100 pulses at 3.1
Hz, in FHM1 mice no habituation was observed, similar as was observed for WT
mice (block 6 to block 1 ratio, WT vs. FHM1: 0.83 + 0.30 vs. 1.53 + 1.25; p = 0.23).
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Figure 3. Single-flash VEP responses differ between familial hemiplegic migraine type 1
(FHM1) mutant and wild-type (WT) mice. (A) Average traces (mean with the shaded standard
error of the mean) of epidural recordings over the visual cortex in WT (black) and FHM1 (red)
mice. (B-E) Individual and mean amplitude and latency for N1 and P1 peaks (n = 8 mice per
group). (B) N1 amplitude is smaller in FHM1 (significance indicated: *p = 0.04). (C) P1
amplitude is similar. (D) N1 latency is shorter in FHM1 (**p = 0.01). (E) P1 latency is similar.
(F) Average traces of intracortical neuronal MUA recordings over the visual cortex of WT
(black) and FHM1 (red) mice. (G, H) Individual and mean amplitude and latency for N2 peak
(n = 8 mice per group). (G) N2 amplitude is similar. (H) N2 latency is similar. (I, J) Individual
and mean area-under-curve (AUC) for two phases of the neuronal response to visual
stimulation (n = 6 mice per group). (I) AUC for initial activation (between 20 and 80 ms) is
similar between groups. (J) AUC for suppression (between 90 and 300 ms) is smaller in FHM1
mice (**p = 0.01). Error bars in B-E and G-J show standard deviation.
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With respect to 1O responses, the maximum P1-N1 amplitude was reduced in
FHM1 mutant compared to WT mice for low (0.19 = 0.07 mV vs. 0.11 = 0.03 mV; p
= 0.0002; Figure 4C), as well as higher stimulation intensities (0.20 = 0.07 mV vs.
0.14 + 0.05 mV; p = 0.03; Figure 4C). Also, N1 peaks were of smaller amplitude and
had a shorter latency in mutant mice, as was also the case for the P1 peaks (all p <
0.001 for group effects between WT and mutants). Intensity-specificity of the effect
was observed for N1 peak amplitude, and P1 peak amplitude and latency (intensity
effect: all p < 0.001). Only for N1 amplitude, an interaction effect was present
between group and intensity (p = 0.003), with post hoc tests showing differences
between WT and mutants for stimulation intensities of 0.02 V and higher (all p <
0.01 with post hoc FDR correction). Such interaction effects per intensity level were
not observed for N1 latency nor for P1 peak amplitude and latency (interaction
group and intensity: all p > 0.88). Mutant mice, compared to WT mice, showed
similar local visual cortex neuronal activity levels during the N1 peak during
activation (not shown; p = 0.27), albeit with less suppression afterwards (p < 0.001).
The intensity-dependence of the MUA data was similar for mutants compared to
WT mice (interaction effects: p > 0.99). Our findings reveal that FHM1 mutant mice
displayed lower VEP amplitude and a shorter latency, with reduced neuronal
suppression, following single-flash stimulation over a range of stimulation

intensities.
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Figure 4. Decreased visual evoked potential input-output (I0) responses, but similar paired-
pulse responses, in familial hemiplegic migraine type 1 (FHM1) mutant compared to wildtype
(WT) mice. (A) Averaged mutant (red; n = 8) and WT mice (black; n = 8) responses to paired-
pulse stimulation at low intensity (0.1 V) reveal recovery in both genotypes after 225 ms.
Dashed line indicates recovery to baseline, at a ratio of 1. (B) Paired-pulse responses at high
intensity (1 V) show recovery at 500 ms, for both mutant and WT mice. (C) 10 curves show
lower VEP amplitude in mutant compared to WT mice in response to stimulation between
0.01- and 0.1-V (significance indicated: **p = 0.005) and between 0.2- and 0.1-V (*p = 0.028)
stimulation. Dashed lines indicate averaged Naka-Rushton fit for lower stimulation intensities
and averaged least-squares fit for higher intensities. All plots: mean and standard error of the
mean (patched).
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Familial hemiplegic migraine type 1 mutant mice show enhanced beta-gamma
band power during chirp stimulation

To assess changes in frequency dependency of VEP responses in FHM1 mutant mice,
photic driving of visual cortex responses was tested using chirp stimulation (Figure
SA). Validation of this paradigm in WT mice revealed that the averaged EEG
response showed frequency-following between 10 and 25 Hz (Figure 5A-middle),
indicating a photic drive phenomenon. Higher-order responses at multiples of the
stimulation frequencies were also present (Figure 5B). The mutant mice showed
photic drive in response to chirp stimulation between 10 and 40 Hz (Figure 5A-
bottom). Non-baseline-corrected EEG response power did not differ between
mutant and WT mice (Figure 5C), indicating that differences in chirp responses are
not due to altered EEG spectra. Mutant mice showed an increased overall EEG
power during stimulation in the 31-40 Hz gamma band (Figure 5D; p = 0.028) but
not in the 10-15 Hz alpha (p = 0.80) or 16-30 Hz beta (p = 0.10) bands, compared to
WT mice. Analysis of the separate EEG response power at the driving and harmonic
frequencies revealed an increased response power in mutant mice in the gamma
band for driving (p = 0.021) and 2nd harmonic (p = 0.038) frequencies, but not for
3rd harmonic frequencies (p = 0.16). In addition, EEG response power was enhanced
in the beta frequency range for the driving (p = 0.028), but not 2nd harmonic (p =
0.083) or 3rd harmonic (p = 0.57) frequencies. Local visual cortex neuronal MUA
did not display a clear driving or harmonic response above 15 Hz; for the alpha band
MUA response no group difference was observed (p = 0.10). Enhanced photic drive
in the EEG beta and gamma band in response to chirp stimulation in mutant mice
is in line with findings in migraine patients,"” and suggestive of hyperresponsivity

of the visual system.
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Figure 5. Chirp-stimulation-induced “photic drive” is more pronounced in the EEG beta-
gamma bands of the visual cortex in familial hemiplegic migraine type 1 (FHM1) mutant
compared to wild-type (WT) mice. (A) Top: Stimulation at increasing frequencies between 10
and 40 Hz in 1-Hz steps, with four light flashes per frequency, is used to generate a chirp
stimulation of ~6 s. Example traces of the averaged EEG response to the chirp stimulation
paradigm of a WT (middle) and a mutant (bottom) animal. (B) Time-frequency domain
representation of averaged and baseline-corrected EEG responses of the WT example trace.
Baseline correction was performed over the averaged trials by calculating the log10 decibel
(dB) change with respect to EEG activity 160 to 10 ms prior to stimulation onset. Note the
presence of higher-order responses, especially the second harmonic (20 to 80 Hz), up to
halfway the chirp stimulation at 3 s. (C) Power spectral density of the non-baseline-normalized
EEG response power, showing similar EEG spectra for WT and mutant mice. (D) Averaged EEG
response power between 5 and 125 Hz for each stimulation frequency is enhanced in mutant
mice in the gamma band (30-40 Hz) compared to WT mice but not in the alpha (10-15 Hz)
and beta (15-30 Hz) bands (significance indicated: **p = 0.028). EEG response power at the
driving frequencies in the beta band is enhanced for mutant mice in the beta band (*p =
0.028), whereas response power at driving and 2nd harmonic frequencies is increased in the
gamma band (driving: p = 0.021; 2nd harmonics: p = 0.038; see text for details).

Familial hemiplegic migraine type 1 mutant mice show enhanced VEP
amplitude during 14-Hz stimulation in a frequency-shift paradigm

We next assessed the visual system dynamics in FHM1 mutant and WT mice using
a novel frequency-shift paradigm with alternating frequencies of 8 and 14 Hz (i.e.,

below and in the alpha band range). The frequency-shifted transition between 8 and
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14 Hz in WT mice (Figure 6A-bottom) was parameterized by two amplitude shifts
in the normalized EEG-following response (drop in 8-Hz power upon transition
from 8 to 14 Hz: 1.50 + 0.85; drop in 14-Hz power upon transition from 14 to 8 Hz:
0.16 + 0.31. Mutant mice showed an enhanced response power to 14-Hz stimulation
compared to WT mice (drop in 14-Hz power: 0.77 = 0.44; p = 0.005; Figure 6B-
bottom), while the response to 8 Hz was similar between genotypes (drop in 8-Hz
power: 0.91 + 0.55; p = 0.19; Figure 6B-top). Amplitude drops in the normalized
visual cortex MUA were not different between genotypes (8 Hz: p = 0.94; 14 Hz: p =

0.13; data not shown).
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Figure 6. Stronger response to 14-Hz stimulation in the frequency-shifted paradigm in
familial hemiplegic migraine type 1 (FHM1) mutant compared to wild-type (WT) mice. (A) Top:
Frequency-shifted stimulation paradigm consisting of alternating blocks of 24 flashes at 8 Hz
(duration: 3 s) and blocks of 42 flashes at 14 Hz (duration: 3 s). Bottom: Example trace of the
averaged EEG response to the frequency-shifted stimulation paradigm. (B) Top: Normalized
EEG power at 8 Hz in response to the frequency-shifted paradigm shows a similar response
and rest pattern in WT and mutant mice. Bottom: Normalized EEG power at 14 Hz shows
increased response to 14 Hz stimulation in mutant mice compared to WT (significance
indicated: **p = 0.005).
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Discussion

Here we investigated visual system responsivity to existing and novel flash-VEP
paradigms in freely behaving mice to gain insight in mechanisms underlying visual
sensitivity, particularly in the context of migraine. VEP responses were first assessed
in WT mice, which showed time-locked neuronal activation — as indicated by local
multi-unit activity (MUA) responses — in the visual cortex and intensity-dependence.
Compared to WT animals, FHM1 mutant mice carrying the R192Q missense
mutation in the aia subunit of Cay2.1 channels displayed: (i) shorter latency of the
VEP N1, as well as lower VEP N1 amplitude followed by less pronounced neuronal
suppression, in response to single-flash stimulation over a range of light intensities,
(ii) enhanced EEG photic drive for the beta (15-30 Hz) and gamma (31-40 Hz)
frequency bands in response to visual ‘chirp’ stimulation, and (iii) enhanced power
in the EEG response to 14-Hz stimulation. Together these findings indicate
frequency-dependent enhancement of visual system responsivity in FHM1 mutant
mice. The findings are in line with observations that functional effects of the FHM1-
related gain of Cav2.1 channel function across cortical (and other) regions may be
context-dependent, due to dynamic disturbances in the balance between neuronal

excitation and inhibition.33#!

By combining EEG and local field potential with intracortical neuronal MUA
recordings, we could obtain direct information on visual cortex neuronal activity,
thus complementing standard VEP approaches using only EEG or local field
potentials. We could thereby distinguish between local (based on MUA responses)
and global (based on EEG responses) cortical network interactions in response to
the different visual stimulation paradigms. A previous study in anaesthetized mice
indicated that VEPs largely reflect visual cortex activity and thus can be used as
measure of visual cortex responsivity to light.?> The time-locked MUA confined to
the visual cortex during local field responses in our study demonstrates specificity
of the flash stimulations to activate the visual cortex, in accordance with MUA data
from anaesthetized mice.** While we used blue light flashes, the shape, and
characteristics of our single-pulse flash VEPs in WT mice had similar intensity-
dependent peak amplitudes and latencies as reported studies in freely behaving mice

in which white light flashes were used.?*2¢ Blue light flashes have been used earlier
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for VEP studies in anaesthetized rats,*** and mice,? as well as in freely behaving
mice in which effects of light-dark shifts on neuronal activity in the suprachiasmatic
nucleus were investigated.”® Paired-pulse VEP responses showed intensity-
dependent suppression, at low-intensity stimulation for intervals up to 225 ms (i.e.,
above 4.4 Hz) and at high-intensity stimulation up to 500 ms (i.e., 2 Hz). Differences
with paired-pulse VEP data from anaesthetized mice, for which suppression
occurred for intervals up to 1,000 ms (i.e., 1 Hz)?! are likely due to slowing down of

visual evoked potential components by anaesthesia.?®

In migraine patients, lack of habituation to visual pattern stimulation is an often
(e.g., de Tomasso et al.”) but not always (e.g., Omland et al.¥*), reported feature
distinguishing patients from controls. A paired-pulse paradigm in migraine patients
showed lack of paired-pulse suppression in the 80-130 ms interval range,'* but longer
intervals, as we presented in mice, were not studied. In our mouse experiments, we
observed paired-pulse suppression for both the WT and FHM1 mutant groups for
intervals between 75 and 150 ms, as well as for longer time intervals. Both lack of
habituation and lack of paired-pulse suppression have been attributed to cortical
hyperexcitability or ‘hyper-responsitivity’,>"3 but to our knowledge a possible
mechanistic link between the two experimental observations has not been studied
directly. Contradictory findings supporting hyper- or hyporesponsivity across
patient studies might be due to various factors: (i) in which phase of the attack the
patient is when being investigated, (ii) features of the stimulation paradigm such as
the (spatial) frequency, and (iii) differences in readout parameters.'®* In our study,
the clinically used habituation paradigm (consisting of 600 flashes at 3.1 Hz) did not
result in habituation of the P1-N1 component in WT or FHM1 mutant mice;
neither did the longer paired-pulse paradigm involving 650 paired flashes at 0.5 Hz.
In awake restrained rats, using five blocks of 50 repeated single-pulse light flashes at
1 Hz, for N1 and P1 components no habituation but potentiation was observed, that
was influenced by dark- or light-adaptation; habituation was evident though for the
later P2 VEP component.*® In anaesthetized mice, local post-synaptic potentials in
the visual cortex showed rapid habituation to 4 Hz light flashes after the first of 10
pulses, that where stable for later pulses.*” To allow comparison to the clinical
studies, we averaged over blocks of 100 pulses without investigating possible short-

term habituation changes to single light flashes. To further study habituation to
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visual stimuli in freely behaving (mutant) mice, it will be useful to test other
paradigms including effects of prior dark- or light adaptation and investigate both

short-term and longer term changes.

To better capture dynamic changes in cortical excitability two frequency-dependent
visual stimulation paradigms (i.e., chirp and frequency-shift) were used, for the first
time in mice. Visual chirp stimulation has been used to discriminate between
migraine patients and controls.””?° We showed the applicability of this paradigm to
freely behaving mice by the presence of EEG-following and higher harmonic
responses for stimulations between 10 and 25 Hz. The frequency-shift paradigm
around the alpha band (with a shift between 8 and 14 Hz) revealed entrainment of
the lower (8 Hz) but not the higher (14 Hz) frequency in WT mice. Lower
responsivity to 14-Hz stimulation in WT mice was also evident in the chirp response,
which showed a dip around 14-15 Hz. This frequency-dependency might relate to
the “critical flicker frequency”, i.e., the maximum stimulation frequency at which
EEG-following responses can be measured.*® For mice, this maximum was estimated
between 7 and 9 Hz for flash VEPs,?* and around 12 Hz for pattern VEPs.*’ Visual
frequency-following responses up to 15 Hz have been related to thalamo-cortical
interactions.’® The EEG-following response above 14-15 Hz, i.e., up to 25 Hz with
even higher harmonics, in our experiments, likely reflects global (including
thalamic interactions) rather than local cortical network activity.'® This is further
supported by the observation that local visual cortex neuronal activity did not follow

chirp stimulation above ~15 Hz.

The shorter N1 latency observed for single-VEP and input-output paradigms in
FHM1 mutant mice suggests hyperresponsivity of the visual system in mutants,
likely as the result of genetically enhanced neuronal glutamatergic transmission.
Earlier studies showed effects on enhancing excitability of the R192Q mutation in
cortical neuronal cultures,?> sensorimotor cortex brain slices in vitro,>' and
hippocampus in anesthetized mice in vivo.’! The reduced suppression of neuronal
activity following single-VEP N1 responses suggests faster recovery of visual cortex
activity following stimulation. Faster recovery of neuronal activity following
stimulus-related synaptic depression was also observed in brainstem slices of FHM1
mutant mice, which was hypothesized to be linked with enhanced presynaptic

residual calcium levels.’?
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VEP P1-N1 amplitude responses were highly repeatable in both WT and mutant
mice, as shown by input-output curve retests, whereas, in humans, VEP features can
show profound temporal fluctuations.** The reduction of N1 VEP amplitude in
mutant mice was accompanied by levels of local neuronal MUA that did not differ
from that in WT animals. While VEPs are local field potentials reflecting activity
within a brain region spanning at least hundreds of micrometers, the underlying
MUA reflects extracellular spike activity of groups of neurons directly surrounding
the tip of the electrode, dominated by activity from large (pyramidal) excitatory
neurons.*>>5 This suggests that the reduced VEP N1 response in mutant mice is
likely caused by stronger recruitment of inhibitory neurons, also of more distantly
located neurons. Enhanced inhibitory recruitment was previously implicated for the
somatosensory cortex in brain slices of FHM1 mutant mice.*?> The apparent
conflicting observation of reduced neuronal suppression following N1 suggests that
inhibitory networks contributing to this suppression phase are distinct from those

impacting the initial N1 response.

For the VEP N2 component, amplitude and latency did not differ between FHM1
and WT mice. In migraine patients, using pattern-VEP stimulation, N2 amplitude
was reported to be enhanced,’® and latency prolonged,’” which may explain aversive
responses of migraineurs to specific patterns and frequencies of light.*7 Since early
and late N2 components are proposed to reflect distinct visual system responsivity
to contour and luminescence,’*>® respectively, pattern stimulation may reveal

whether similar N2 changes exist for FHM1 mice.

Given the complexity of the neuronal networks involved in sensory evoked
responses, it is not surprising that effects of mutated Cay2.1 channels on VEP
responses are not identical for the different VEP features and paradigms. For
instance, possible brain region-specific effects of the R192Q mutation may also
explain the absence of a difference between FHM1 and WT mice for evoked
response features following somatosensory stimulation.” Hence, network-specific
changes in excitability may contribute to variable reports on hypo- versus
hyperresponsivity in patient studies with different experimental designs.!
Regardless, extrapolation of findings from mouse studies to the human situation

needs to be done with great caution, not only because of species differences, but also
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because findings from hemiplegic migraine may not extend to the common forms

of migraine.

We observed a clear effect of the FHM1 mutation on frequency-following responses
using visual chirp stimulation, whereby mutant mice were able to follow the chirp
frequency stimulation up to 40 Hz, compared to a maximum of 25 Hz in WT mice.
The increased EEG response power in the beta-band (15-30 Hz) and lower gamma-
band (30-40 Hz) following chirp stimulation is in line with an enhanced beta-
gamma band response (18-26 Hz) reported interictally in migraine patients.”” For
patients, enhanced gamma-power reported for pattern VEP responses was proposed
to reflect dysfunctional thalamocortical connectivity.®® Cay2.1 Ca** channels were
shown to play a key role in thalamocortical gamma-oscillatory activity in mice, as
evidenced from in vitro and in vivo experiments in mice lacking Cay2.1 channels,
for which EEG data showed strongly reduced gamma-band power.¢! This suggests
that the enhanced beta-gamma power for FHM1 mutant mice in the chirp
experiments may reflect enhanced thalamocortical excitability. A role of network
interactions outside the visual cortex is reinforced by the absence of local neuronal
activity above 15 Hz during chirp stimulation while EEG photic drive remained
present. Mutant mice also showed stronger responses to 14-Hz stimulation in the
frequency-shift paradigm (with shifts between 8 and 14 Hz). Together, these
findings indicate more pronounced frequency-following features in response to
light flashes in FHM1 mutant compared to WT mice, that may reflect visual system

hyperexcitability in the mutant mice.

Transgenic FHM1 mutant mice can be used to unravel mechanisms underlying
migraine susceptibility that are difficult to study in humans, whereby we consider
VEPs a powerful translational tool to assess migraine-related changes in visual
network responsivity. The paradigm-specific alterations in visual network
responsivity we observed in the present study indicate frequency-dependent
enhancement of visual system excitability in FHM1 mutant mice. This may help
understand how sensory hypersensitivity is brought about in migraine patients. The
possibility to use VEPs in longitudinal studies, in freely behaving animals, thereby
yields novel opportunities for translational studies on mechanisms and effects of

attack-modulatory triggers or migraine drugs.
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