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Abstract

Objective: The switch between nonseizure and seizure states involves profound
alterations in network excitability and synchrony. In this study, we aimed to
identify and compare features of neural excitability and dynamics across multiple
zebrafish seizure and epilepsy models.

Methods: Inspired by video-electroencephalographic recordings in patients, we
developed a framework to study spontaneous and photically evoked neural and
locomotor activity in zebrafish larvae, by combining high-throughput behavioral
tracking and whole-brain in vivo two-photon calcium imaging.

Results: Our setup allowed us to dissect behavioral and physiological features
that are divergent or convergent across multiple models. We observed that spon-
taneous locomotor and neural activity exhibit great diversity across models.
Nonetheless, during photic stimulation, hyperexcitability and rapid response dy-
namics were well conserved across multiple models, highlighting the reliability
of photically evoked activity for high-throughput assays. Intriguingly, in several
models, we observed that the initial elevated photic response is often followed by
rapid decay of neural activity and a prominent depressed state. Elevated photic re-
sponse and following depressed state in seizure-prone networks are significantly
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1 | INTRODUCTION

Epilepsy is one of the most dynamic brain disorders.
The switch between nonseizure and seizure states in-
volves profound alterations in network excitability
and synchrony. Increased excitability is often consid-
ered to be the main seizure generating mechanism,"?
and many antiseizure drugs act by preventing hyper-
excitable states.” Strikingly, decreased excitability is
also observed during seizure generation (ictogenesis).
For example, hypoactivity of cholinergic neurons in
brainstem nuclei and basal forebrain is proposed to
induce impaired consciousness in temporal lobe sei-
zures.*> Moreover, enhanced y-aminobutyric acidergic
(GABAergic) inhibition of thalamocortical neurons may
underlie absence seizures.® A widespread and transient
hypoactivity is the hallmark of post-tonic-clonic seizure
states.” Consequently, spreading of hypoexcitability
across local and global networks may explain important
seizure symptoms. Despite such intriguing observations
from animal studies and human patients, the interplay
between hyperexcitable and hypoexcitable states in icto-
genic networks remains poorly understood.

Clinical and fundamental applications of systems
neuroscience are currently boosting our understand-
ing of epilepsy as a network disorder.®!' Recording
whole-brain activity with high spatiotemporal res-
olution, however, is challenging in human patients
and rodent models due to anatomical and technical
constraints. Here, we performed in vivo two-photon
calcium imaging across the entire brain of small and
transparent zebrafish larvae, to explore the dynamics
of altered network excitability.'>** Inspired by video-
electroencephalography (video-EEG) and photic stim-
ulation protocols that are commonly used in human
patients, we performed complementary recordings of

reduced by the antiseizure medication valproic acid. Finally, rapid decay and de-
pression of neural activity following photic stimulation temporally overlap with
slow recruitment of astroglial calcium signals that are enhanced in seizure-prone

Significance: We argue that fast decay of neural activity and depressed states
following photic response are likely due to homeostatic mechanisms triggered by
excessive neural activity. An improved understanding of the interplay between el-
evated and depressed excitability states might suggest tailored epilepsy therapies.

astroglia, calcium imaging, depressed state, elevated state, epilepsy, high-throughput behavior,
hyperexcitability, photic stimulation, seizure, zebrafish

Key Points

 Features of spontaneous locomotor and neural
activity vary across zebrafish seizure and epi-
lepsy models

« We propose that photic stimulation may serve
as a useful tool to investigate behavioral and
neurophysiological phenotypes in zebrafish sei-
zure and epilepsy models

+ We observed elevated activity with faster dy-
namics in response to photic stimulation in all
tested zebrafish models

 Photically evoked neural responses were often
followed by a depressed state, which temporally
overlaps with slow recruitment of astroglial
calcium signals that are enhanced in seizure-
prone networks

animal behavior and whole-brain activity.'® We deliv-
ered photic stimulation to trigger neural responses,
because photosensitivity is an important physiological
trait in epilepsy.'®*° Spontaneous locomotor and neural
activity displayed a hypoactive or hyperactive pheno-
type depending on the seizure or epilepsy model.'>!7%
Photic stimulation evoked increased swim velocities
and change in swim angle, in line with tonic-clonic
seizure-like behavior observed in zebrafish larvae.*
Intriguingly, photic stimuli induced striking neural dy-
namics, where an elevated state often was followed by a
prominent depressed state. Both elevated and depressed
states are reduced by a common antiseizure drug, val-
proic acid (VPA). Pentylenetetrazole (PTZ), a proconvul-
sive GABA, antagonist,">*>** elicited dose-dependent
elevated-to-depressed network responses, which were
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not observed in control animals. The gabral knockout
model of the a1 subunit of GABA , receptor’ resembled
low-dose PTZ dynamics. A genetic model with a dissimi-
lar pathophysiology, the eaat2a knockout model lacking
the major astroglial glutamate transporter*’ exhibited
elevated photic responses followed by less pronounced
depressed states. To gain further insights into the mech-
anisms involved in the depressed states, we imaged
astroglial calcium activity in the pharmacological PTZ
model. We observed highly elevated astroglial calcium
signals, which were anticorrelated with neural activity
during depressed state, suggesting that astroglial net-
works are involved in this depression phase. Taken to-
gether, we show that the brain networks' adaptation to
photic stimulation involves dynamic and rapid switch-
ing between elevated and depressed states.

2 | MATERIALS AND METHODS
2.1 | Contact for reagent and resource
sharing

Further information and requests for reagents may be
directed to and will be fulfilled by the lead author Emre
Yaksi (emre.yaksi@ntnu.no).

2.2 | Experimental model and
subject details

2.2.1 | Fish maintenance

Fish were kept in 3.5-L tanks at a density of 15-20 fish
per tank in a Techniplast Multilinking system at tem-
perature 28°C, pH 7, O, 6.0 ppm, 700 pS, on a 14:10 hour
light/dark cycle. Fish received dry food (Zebrafeed,
Sparos I&D Nutrition in Aquaculture) two times per
day and Artemia nauplii once per day (Grade 0, Argent
Laboratories). Larvae were maintained in egg water
(1.2 g marine salt, 20L reverse osmosis [RO] water,
1:1000 .1% methylene blue) from fertilization to 3 days
postfertilization (dpf) and in artificial fish water (AFW;
1.2 g marine salt in 20L RO water) from 3 to 5 dpf.
The animal facilities were approved by the Norwegian
Food Safety Authority (NFSA). All experimental proce-
dures were performed on zebrafish larvae up to 5 dpf
and in accordance with the directive 2010/63/EU of the
European Parliament and the NFSA.

For experiments, the following fish lines were
used:  Tg(elavl3:GCaMP6s),">*®  Tg(GFAP:Gal4)nw7,"
Tg(UAS:GCaMPé6s),””  eaat2a,” gabral“d’"m,26 scn-
1lab®***! *' and wild-type.

Epilepsia-**

2.2.2 | Behavior tracking and
experimental design

Behavior tracking was performed on 5 dpf wild-type
(n = 216 for 3-h, n = 168 for 1-h PTZ experiments; n = 83
for 1-h PTZ + VPA experiments), gabral (n = 168), eaat2a
(n = 120), and scnllab (n = 264) larvae. We used a com-
mercially available automated tracking system (Zantiks),
which has built-in tracking software and control of light
stimuli. Animals were placed in a 24-well plate (VWR,
Avantor). For the PTZ experiments, wells were filled with
2 ml of PTZ or AFW. For the PTZ + VPA experiments, lar-
vae were preincubated with 5mmol-L™" VPA for 1 h** and
the VPA treatment was continued throughout the experi-
ment. For the other experiments, all wells were filled with
2 ml AFW. Fish were placed into the wells immediately
before the start of the experiments. After 1 h of acclimati-
zation, the lights were turned off for 10 min, followed by
“white” light stimulation of 10 s applied with interstimu-
lus intervals (ISIs) of 10, 5, 2, and 1 min, with five repeti-
tions for each ISI. Total recording duration was 3 h. In the
PTZ model, we additionally did 1-h recordings of 10-min
baseline (in darkness), followed by 10-s light stimuli with
ISIs of 5, 2, 1, .5, and .25 min, with five repetitions for each
ISIL.

2.2.3 | Two-photon calcium imaging

Two- photon calcium imaging was performed on 5
dpf Tg(elavi3:GCaMPé6s) (n = 41 for PTZ experiments,
n = 9 for PTZ+VPA experiments), Tg(GFAP:Gal4)
nw7;Tg(UAS:GCaMP6s) (n = 16 for PTZ experi-
ments), gabral;Tg(elavi3:GCaMP6s) (n = 31), and
eaat2a;Tg(elavl3:GCaMP6s) (n = 38) zebrafish larvae.
Animals were paralyzed upon injection of a-bungarotoxin
(Invitrogen BI601, 1 mg/ml)'>*! and embedded in 1.5% low
melting point agarose in recording chambers (Fluorodish,
World Precision Instruments). After 10 min of agarose so-
lidification, either .75ml (for PTZ experiments) or 1.5 ml
(for the genetic models) AFW was added on top of the
agarose. Immediately before the start of PTZ experiments,
PTZ solution was added for final concentrations of 1, 5,
or 15mmol-L%. For the PTZ+VPA experiments, larvae
were preincubated with 5mmol-L™" VPA for 1 h*® and
the treatment was continued throughout the experiment.
The recordings were performed in a two-photon micro-
scope (Scientifica) using a 16x water immersion objective
(Nikon, numerical aperture = .8, Long Working Distance
3.0, plan) and a Ti:Sapphire laser (MaiTai Spectra-Physics)
tuned at 920nm. Recordings of 1536 X650 pixels were
acquired at a rate of 2.43Hz. A subset of the recordings
were acquired at a rate of 24.3 Hz and downsampled to
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2.43 Hz before analysis. Spontaneous calcium activity was
recorded for 10 min in darkness, followed by stimuli of
10 s using a red light-emitting diode light (LZ1-00R105,
LedEngin; 625nm),* five repetitions each for ISIs of 5, 2,
1, .5, and .25min. Total recording duration was 60 min.
Animals without cerebral blood flow after the experi-
ments were excluded.

2.2.4 | Genotyping

For eaat2a and gabral lines, genotypes were determined
by real-time quantitative polymerase chain reaction
melt-curve analyses.”>*® For scnllab, KASP assay (LGC
Biosearch Technologies) was performed.*

2.2.5 | Data analysis
Behavioral data from the tracking system was retrieved
as position over time, and analyzed by custom-made
MATLAB scripts. Periods with extreme swim velocities
above the 99.96th percentile of the pooled velocities were
flagged as possible tracking errors. Subsequently, videos
of the experiments with flagged time periods were visually
assessed and fish with tracking errors were excluded.

Spontaneous behavioral activity was assessed as the mean
velocity over the baseline period (1 h). The velocities were
compared within subgroups of each model using Wilcoxon
rank-sum test. To calculate mean photically evoked swim
velocity, responses from 5-min ISIs were averaged. To com-
pute light-on and light-off peak amplitudes, we found the
maximum change in velocity during the first 5 s after lights
on and lights off, respectively. To calculate change in swim
angle, three subsequent points of the tracking were used to
define two vectors. The determinant and the scalar product
of the vectors were calculated. Subsequently, the angle was
determined as the absolute value of the arctangent of the
determinant and the dot product.

Two-photon microscopy images were aligned using
a previously reported algorithm.*"** Regions of interest
(ROIs) were manually drawn based on anatomical land-
marks. For Tg(elavi3:GCaMPé6s) fish, ROIs were drawn
around the telencephalon, thalamus, optic tectum,
cerebellum, and brainstem. For Tg(GFAP:Gal4)nw7;T-
8(UAS:GCaMPé6s) larvae, ROIs were drawn around the
medial regions surrounding the brain ventricles near the
cell bodies of astroglia. For each ROI, the relative change
in fluorescence was calculated.* For spontaneous activity,
the last 2 min of the 1-h recording was selected for calcu-
lation. The 5 s of fluorescence preceding the stimuli was
used as baseline for the calculations of photic responses.
Sixty seconds baseline was used for calculation of elevated

and depressed state. Elevated state was calculated as the
area under the curve (1-min period from light onset) >2
SD from this baseline, and depressed state as the area over
the curve (2 min from light offset) <2 SD from baseline.
These calculations were performed in MATLAB using the
“trapz” function. Linear regression of elevated versus de-
pressed state was calculated using the “fitlm” function.

2.3 | Quantification and
statistical analysis

Statistical analysis was done using MATLAB. Wilcoxon
rank-sum test was used for nonpaired analysis. Probability
of p <.05 was considered statistically significant.

2.4 | Data and code availability

The datasets and the codes supporting the current study
have not been deposited in a public repository but are
available from the corresponding author upon request.

3 | RESULTS

3.1 | Spontaneous locomotor and neural
activity display a hypoactive or hyperactive
phenotype depending on the seizure or
epilepsy model

To investigate excitability in seizure and epilepsy models,
we performed locomotor tracking and two-photon calcium
imaging in parallel experiments. A tonic—clonic-like sei-
zure phenotype in zebrafish larvae consists of high-speed
swirllike swimming followed by a period of immobility.*2
Application of the proconvulsant PTZ, a GABA, antagonist,
at high dosage (15mmol-L™") led to a significant increase
in mean swim speed (Figure 1A, left panel) and change in
swim angle (Figure S1, left panel). In gabral mutants with
knockout of GABA , receptor al subunits, swim activity and
change in swim angle were not altered (Figure 1A, Figure S1,
center panels). Strikingly, eaat2a mutants lacking the major
astroglial glutamate transporter were inactive at baseline,
measured by mean swim velocity and change in swim angle
(Figure 1A, Figure S1, right panels).” In the scnilab knock-
out model of al subunit of Nay1.1 receptors,***>® the
mean swim velocity and mean change in swim angle were
significantly lower compared to controls (Figure S2a,f).
Next, we examined the neural activity by two-photon
microscopy in Tg(elavi3:GCaMPé6s) zebrafish larvae ex-
pressing calcium indicator GCaMPé6s in all neurons. We
analyzed calcium fluctuations (SD) during baseline.” The
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FIGURE 1 Spontaneous locomotor and neural activity display a hypoactive or hyperactive model-dependent phenotype. (A)
Locomotor behavior was recorded in a 24-well plate. Mean swim velocity was calculated per 1-s time bin during 1-h baseline recordings

in the pentylenetetrazole (PTZ), gabral, and eaat2a models. (B) Neural activity fluctuation was calculated as the SD of relative change

in fluorescence (AF/F; %) during the last 2 min of 1-h recordings in 5-day-old Tg(elavi3:GCaMP6s) zebrafish larvae. Total sample size for
behavioral experiments for PTZ model: control, n = 48; 1 mmol-L™", n = 48; 5mmol-L™", n = 48; 15mmol-L™", n = 48; for gabral model:
wild-type (wt), n = 39; heterozygous (het), n = 81; homozygous (hom), n = 48; for eaat2a model: wt, n = 11; het, n = 41; hom, n = 42. Total
sample size for calcium recordings for PTZ model: control, n = 8; 1mmol-L™", n = 7; 5mmol-L™}, n = 9; 15mmol-L™", n = 10; for gabral

model: wt, n = 9; het, n = 13; hom, n = 9; for eaat2a model: wt, n = 7; het, n = 13; hom, n = 11. *p <.05, **p <.01 by Wilcoxon rank-sum

test. Boxplots represent median with interquartile ranges; whiskers extend to the most extreme data points that are not outliers

baseline neural activity resembled locomotor behavior
in the PTZ, gabral, and eaat2a models (Figure 1B). PTZ
application led to a dose-dependent increase in calcium
fluctuations (Figure 1B, left panel), in line with increased
mean swim velocities. In gabral homozygous larvae, base-
line neural activity was not changed (Figure 1B, center
panel), whereas homozygous eaat2a animals displayed a
significant decrease in baseline neural activity (Figure 1B,
right panel).”> Two-photon calcium imaging in the scnllab
mutants was not possible due to mutation-linked hyper-
pigmentation. Taken together, our findings reveal that the
spontaneous locomotor and neural activity of seizure and
epilepsy models may exhibit fundamentally different fea-
tures ranging from hypo- to hyperactivity. This underlines
that a simplistic readout of epilepsy phenotype purely
based on altered spontaneous activity or locomotion may
not encompass the whole pathophysiology of epilepsy.

3.2 | Photic stimulation leads to
model-dependent change in swim
velocity and angle

The occurrence of spontaneous seizures is unpredictable.
To assess neural hyperexcitability with a better tempo-
ral control, we used 10-s photic stimulation with 5-min
ISIs. Pharmacological perturbations with PTZ demon-
strated distinct locomotor signatures. We found that the

light-on responses were increased for all PTZ concentra-
tions compared to control, with the medium concentra-
tion (5mmol-L™") eliciting the strongest mean response
(Figure 2A-C, left panels). We also observed stronger
light-off responses in PTZ-treated animals (Figure 2D,
left panel). Because previous studies reported swirllike
zebrafish swim patterns during seizures,*” we next quan-
tified change in swim angle. Change in swim angle was
the largest at higher PTZ dosages (Figure 3A-D, left pan-
els). gabral homozygous mutants were similar to higher
dose PTZ. The amplitudes of light-on and light-off swim
velocity responses were higher (Figure 2A-D, center pan-
els), but the change in swim angle was not significantly
different from controls (Figure 3A-D, center panels). The
eaat2a homozygous larvae had lower amplitudes dur-
ing both light-on and light-off responses (Figure 2A-D,
right panels). Swim angle was not altered in eaat2a mu-
tants compared to controls (Figure 3A-D, right panels).
In the scnllab homozygous animals, we observed an in-
creased swim velocity and change in angle upon light-on
compared to wild-type, whereas light-off amplitudes were
unaltered (Figure S2b-e,g-j). Taken together, our results
using photic stimulation show that photically evoked swim
velocity and change in swim angle are model-dependent.

To test how antiseizure medications alter the behav-
ioral responses to photic stimulation, we compared pho-
tic responses of zebrafish larvae exposed to PTZ with
the responses to concomitant treatment with PTZ and
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FIGURE 2 Photic stimulation leads to model-dependent change in swim velocity. (A) Mean swim velocity in response to 10-s photic

stimulation with 5-min interstimulus interval. Each line in heatmaps represents the average across five trials for one fish. Dashed lines

indicate the start and end of photic stimulation. (B) Mean swim velocity per subgroup. Gray shaded area indicates photic stimulation.

(C) Light-on amplitude measured as maximum change in velocity during the first 5 s after light onset. (D) Light-off amplitude measured
as the maximum change in velocity during the first 5 s after light offset. Total sample size for pentylenetetrazole (PTZ) model: control,
n=42; 1mmol-L™}, n = 42; 5mmol-L™}, n = 41; 15mmol-L7}, n = 41; for gabral model: wild-type (wt), n = 39; heterozygous (het), n = 81;

homozygous (hom), n = 48; for eaat2a model: wt, n = 11; het, n = 41; hom, n = 42. *p <.05, **p <.01 by Wilcoxon rank-sum test. Shaded

regions associated with individual colors represent SEM of each group. Boxplots represent median with interquartile ranges; whiskers

extend to the most extreme data points that are not outliers

VPA. Compared to the PTZ group, the zebrafish larvae
treated with VPA +PTZ significantly reduced their pho-
tically evoked change in swim speed and swim angle
(Figure S3a-f). This finding further highlights the poten-
tial of photic stimulation as a discovery platform for an-
tiseizure drugs.

3.3 | Fastdynamics of neural activity and
prominent depressed network state are
observed following photic stimulation

Next, we studied the amplitude and dynamics of neural
responses across the brain upon 10-s photic stimulation

with various ISIs. We calculated the mean photically
evoked neural calcium signals across trials. For the 5-
min IST in the PTZ model, photic responses had signifi-
cantly shorter latency to peak (5 mmol-L7% Figure 4A,B,
left panel) and higher amplitude (1 and 15mmol-L™")
compared to controls (Figure 4C, left panel). Treatment
of zebrafish larvae with VPA reduced the amplitude of
neural responses to photic stimulation in PTZ-treated ze-
brafish (Figure S3g,h). In homozygous gabral mutants,
the latency of neural response to photic stimulation was
significantly shorter than controls, but the amplitude was
similar (Figure 4A-C, center panels). In homozygous
eaat2a larvae, latency was unaltered, but the amplitude
was higher (Figure 4A-C, right panels).
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FIGURE 3 Photic stimulation leads to model-dependent change in swim angle. (A) Mean change in swim angle in response to 10-s
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control, n = 42; 1mmol-L™", n = 42; 5mmol-L ™", n = 41; 15mmol-L ™", n = 41; for gabral model: wild-type (wt), n = 39; heterozygous (het),
n = 81; homozygous (hom), n = 48; for eaat2a model: wt, n = 11; het, n = 41; hom, n = 42. **p <.01 by Wilcoxon rank-sum test. Shaded
regions associated with individual colors represent SEM of each group. Boxplots represent median with interquartile ranges; whiskers
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When analyzing dynamics of photically evoked neu-
ral activity, we observed a striking phenomenon; the el-
evated state was followed by a fast decay and subsequent
depressed state (Figure 4A, Videos S1-S3). To quantify
how fast the elevated state decays into a depressed state,
we calculated the decay-time constant from the maximum
point of the light-off peak. We observed that this faster
decay of neural activity is a feature that was preserved
across PTZ concentrations, as well as gabral and eaat2a
models. For 5-min ISI, the differences between control
and 5 or 15mmol-L™" PTZ and for homozygous eaat2a
were significant, whereas it was not significant for gabra1l
homozygous mutants (Figure 4D). Differences were gen-
erally significant for shorter ISIs for PTZ, gabral, and

eaat2a models (Figure S4). This highlights the presence
of homeostatic mechanisms that are recruited in response
to elevated neural activity and rapidly reduce it to a less
excitable or depressed state.

Next, we quantified these elevated and depressed states
by calculating the area under the curve (1-min period from
light onset) and the area over the curve (2-min period from
light offset), respectively. In the 15-mmol-L™" PTZ model,
elevated and depressed states were correlated (Figure S5),
and significantly more prominent compared to controls
(Figure 4E,F, left panels). VPA treatment reduced both
the elevated and depressed states (Figure S3i,j). For the
gabral homozygous larvae, the elevated and depressed
states were comparable to controls (Figure 4E,F, center
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FIGURE 4 Photic stimulation elicits elevated neural responses with fast dynamics and prominent depressed state. (A) Mean neural
calcium response (relative change in fluorescence [AF/F; %]) to photic stimulation per subgroup averaged across five trials of 5-min
interstimulus interval. Gray shaded area indicates photic stimulation. (B) Latency to peak amplitude during 10-s photic stimulation.

(C) Peak amplitude during photic stimulation. (D) Time constant for 50% decay of calcium signal from light offset. (E) Elevated state as
measured by mean area under the curve above 2 SD from a 1-min baseline (1 min period after light onset). (F) Depressed state as measured
by mean area over the curve below 2 SD from a 1-min baseline (first 2 min after light turned off). Total sample size for pentylenetetrazole
(PTZ) model: control, n = 8; 1 mmol-L™}, n=7; 5mmol-L™, n = 9; 15mmol-L™Y, n = 10; for gabral model: wild-type (wt), n = 9;
heterozygous (het), n = 13; homozygous (hom), n = 9; for eaat2a model: wt, n = 7; het, n = 13; hom, n = 11. For eaat2a hom mutants, four
of 11 animals had only plateaulike events; hence, seven animals were included in the analyses for this figure. *p <.05, **p <.01 by Wilcoxon
rank-sum test. Shaded regions of individual colors represent SEM of each group. Boxplots represent median with interquartile ranges;
whiskers extend to the most extreme data points that are not outliers

panels). The homozygous eaat2a elevated state was more Occasionally, we observed photically evoked events
prominent compared to controls, but we did not observe a  leading to a prolonged elevated state without a following
significant depressed state on a group level (Figure 4E,F, depressed state. These responses, which displayed dynam-
right panels). ics with an elevated "plateau” phase clearly outlasting the
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photic stimulus, were analyzed separately from the briefer
"nonplateau” events (Figure Sé6a,b, S7, Video S4). For
the 15-mmol-L™" PTZ and gabral homozygous mutants,
"plateaulike” events were very few, seven of 246 and five
of 221 events, respectively (Figure S7). On the contrary,
eaat2a homozygous animals displayed many plateaulike
events (49/265), including more than half of the 5-min ISI
events (32/55). The plateau morphology events in eaat2a
mutants had distinct features, with significantly higher
amplitudes and slower dynamics compared to nonplateau
events (Figure Sé6c-f). This suggests that compensatory
mechanisms to balance hyperexcitability are not always
efficiently recruited during prolonged elevated states in
this model.

3.4 | Photically evoked state
dynamics are brain region-specific

Next, we asked how the activity of different brain regions
is recruited upon photic stimulation. We delineated five
brain regions (Figure 5A,F,K, Figure S8a)—the telen-
cephalon (homologous to mammalian cerebrum), thala-
mus, optic tectum (homologous to superior colliculus in
mammals), cerebellum, and brainstem—and analyzed re-
gionwise neural activity. Response dynamics of individual
fish (Figure 5B,G,L) and per subgroup (Figure 5C,H,M)
appeared to be brain region-dependent. To quantify this,
we first detected light-on response peak amplitudes to
study latency to maximum response of brain regions
(Figure 5D,IN). We plotted the cumulative proportion
of fish in each group that had reached half maximum re-
sponse across time. A steep rise in the cumulative propor-
tion plot means that the brain region had a short latency
to half maximum. Not surprisingly, the neural activity in
the optic tectum had the shortest response latency and
the strongest amplitude in the PTZ model (Figure 5C-
E). Region recruitment was significantly more rapid in
the optic tectum compared to all other brain regions ex-
cept from the thalamus in homozygous gabral animals
(Figure 5H-J). Recruitment of the optic tectum was not
significantly different from other regions in homozygous
eaat2a mutants (Figure SM-0).

We then explored the elevated and depressed states
across brain regions (Figure 5B,G,L,C,H,M) by calcu-
lating the area under the curve and area over the curve.
For the PTZ seizure model, the elevated state was signifi-
cantly higher for all brain regions except for thalamus
in the 15-mmol-L™" group (Figure S8b, upper panel).
The depressed state was significantly more pronounced
for all brain regions except for the telencephalon in
the 15-mmol-L™* group (Figure S8b, lower panel), and
this state was particularly strong in some individuals
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(Figure 5B). In gabral homozygous larvae, both elevated
and depressed states were less pronounced compared to
PTZ-treated larvae, and not significantly different from
controls (Figure S8c). In the eaat2a homozygous animals,
elevated state was significantly larger for the thalamus,
optic tectum, and cerebellum (Figure S8d, upper panel).
Although depressed state was similar across subgroups
(Figure S8d, lower panel), a few of the eaat2a homozy-
gous animals displayed a very distinct depressed state that
was seldom observed in controls (Figure 5L).

3.5 | Rapid decay and

depression of neural activity following
photic stimulation temporally overlaps
with slow recruitment of astroglial
calcium signals that are enhanced in
seizure-prone networks

Our results revealed that seizure-prone networks ex-
hibit an elevated response during the early phase of
photic stimulation. We also observed that this hyper-
excitable elevated state is often followed by a slow and
long-lasting depressed state, which is particularly prom-
inent in the PTZ model. We hypothesized that such
long-lasting depressed state might be due to recruitment
of astroglial networks that are shown to be important
for clearing excess glutamate.'>*>*’ To test this hypoth-
esis, we measured the astroglial calcium signals during
photic stimulation. Astroglial calcium signals displayed
strikingly different photic responses (Figure 6B) when
compared to the neurons (Figure 6A). The astroglial dy-
namics were slower in comparison, with a significantly
longer latency to maximum amplitude (Figure 6D),
and longer decay-time constant (Figure 6E). We also
observed that astroglial photic responses were sig-
nificantly elevated in seizure-prone networks in the
presence of PTZ (Figure 6C). Given that the elevated
astroglial photic responses are significantly slower and
longer lasting when compared to neurons (Figure 6D,E),
we asked whether the elevated astroglial responses in
seizure-prone networks might temporally correspond
to periods when neurons exhibit long-lasting depressed
state. To visualize this effect, we calculated the net effect
of PTZ on astroglial and neural networks by subtract-
ing the mean calcium response in control fish from the
mean response in PTZ-treated fish, and plotted the sub-
tracted signal for astroglial versus neural networks that
are temporally aligned thanks to precise photic stimu-
lation (Figure 6F). Strikingly, the subtracted astroglial
and neural signals mirrored each other; they were com-
pletely anticorrelated (average correlation coefficient
of astroglial vs. neural signal = —.5403). Interestingly,
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FIGURE 5 Brain regions are differentially recruited upon photic stimulation. (A, F, K) Representative examples of fish during periods
when light was turned on and off. Images show mean calcium signals (relative change in fluorescence [AF/F; %]) averaged across five
trials. Upper panels show a time period starting 5 s after light onset, lower panels from 30s after light offset. Both show the average activity
during a 1.68-s period. (B, G, L) Average calcium signals were extracted from five brain regions: telencephalon (TL), thalamus (TH), optic
tectum (OT), cerebellum (CB), and brainstem (BS). Each line in heatmaps represents AF/F of one fish averaged across five trials of 5-min
interstimulus interval. (C, H, M) Average activity per subgroup, AF/F. (D, I, N) Cumulative distribution of latency to half maxima during
photic stimulation. (E, J, O) Latency to half maxima for 15mmol-L™" pentylenetetrazole (PTZ; E), homozygous (hom) gabral mutants

(), and hom eaat2 mutants (O). Latency for optic tectum is compared with the four other brain regions. Total sample size for PTZ model:
control, n = 8; 1mmol-L™", n = 7; 5mmol-L™", n = 9; 15mmol-L ™", n = 10; for gabral model: wild-type (wt), n = 9; heterozygous (het),

n = 13; hom, n = 9; for eaat2a model: wt, n = 7; het, n = 13; hom, n = 11. For eaat2a hom mutants, four of 11 animals had only plateaulike
events; hence, seven animals were included in the analyses for this figure. Shaded regions of individual colors represent SEM of each group.

*p <.05, ¥*p <.01 by Wilcoxon rank-sum test. Boxplots represent median with interquartile ranges; whiskers extend to the most extreme

data points that are not outliers

depressed period of neural response coincided with a
strong elevation of astroglial activity in PTZ-treated
seizure-prone networks. These results suggest that el-
evated astroglial activity might contribute to the long-
lasting depressed state in neural networks.

4 | DISCUSSION

Seizure generation is a dynamic process consisting of both
elevated and depressed network states.*>>* We showed
that zebrafish is an efficient model to perform comparative
studies on these dynamics in seizure and epilepsy mod-
els. First, we demonstrated dose- and model-dependent
alterations of spontaneous locomotor and neural activity
in line with previous studies.*****>?® Exploration of spon-
taneous locomotion in multiwell assays is an excellent
tool for large-scale drug screens.”>** However, lack of an
unbiased metric for seizurelike activity and unpredict-
able occurrence of seizures complicate the interpretation
of such studies. We demonstrated how photic stimula-
tion, inspired by human EEG recording paradigms, can
enable detailed and comparative investigations of neu-
ral and locomotor dynamics of ictogenesis."® We showed
that our temporally precise photic stimulation approach
can enable serial and reliable visualization of neural and
astroglial activity. In future experiments, the release of
neurotransmitters such as glutamate or GABA may also
be examined with a similar approach. Given our results
with a confirmed antiseizure medication, VPA, we pro-
pose that our photic stimulation assay can be a reliable
method to identify the impact of novel antiseizure drug
candidates on neural and astroglial excitability and tem-
poral dynamics.

We analyzed photically evoked locomotion during al-
tered excitability states. GABA,-antagonizing perturba-
tions of PTZ and gabral models led to increased swim
velocities upon photic stimulation. eaat2a mutants ex-
hibit photically induced locomotor responses, but they

were mostly immobile during rest. In line with previous
studies, we observed increased photically induced swim-
ming in scnilab,'® which was accompanied by an overall
reduction of mean swim velocity in the absence of photic
stimulation. Previous studies reported an increase in the
number of high-speed swim events for scnllab homozy-
gotes compared to their wild-type siblings.** Nonetheless,
some of these studies also reported that mean swim dis-
tance (equivalent to swim velocity as we calculated here)
is reduced in scnllab mutants.>® Hence, our reduced
mean swim velocity measurements in scnllab mutants
are consistent with these previous studies. Moreover, the
photically evoked change in swim angle was significant
in PTZ-treated and scnllab larvae, but not in the gabral
and eaat2a mutants. This phenotype resembles tonic-
clonic-like semiology in zebrafish larvae, consisting of
high-speed, swirllike swimming followed by immobility.**

Photic stimulation elicited an elevated neural activ-
ity with larger responses at higher PTZ concentrations
and in homozygous gabral and eaat2a mutants. The el-
evated state was most pronounced and recruited fastest
in the sensory area optic tectum, which likely is due to
triggering of hyperexcitability through the retinal gan-
glion cell inputs to optic tectum. Nonetheless, we do not
see a significant temporal difference of recruitment in
eaat2a mutants, which may be due to slow and dysfunc-
tional astroglial networks in these animals. Propagation of
neural hyperexcitability across the entire brain occurred
more rapidly in ictogenic networks, especially in animals
treated with the GABA, antagonist PTZ, breaking down
inhibition and facilitating seizure spread.® Strikingly, we
demonstrated that this elevated state was often followed
by a rapid decay of neural activity and a depressed state.
Interestingly, the elevated neural activity correlated with
following depression, especially in the PTZ model. Our
results highlight a fast switch from elevated to depressed
state in ictogenic networks.

What mechanisms might underlie rapid switching
between elevated and depressed states? Our results on
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FIGURE 6 Astroglial photic response in seizure-prone networks is slow, elevated, and mirrors neural depressed state. (A) Mean

neural calcium response (relative change in fluorescence [AF/F; %]) to photic stimulation per subgroup averaged across five trials of 5-min
interstimulus interval. Gray shaded area indicates photic stimulation. The same dataset as in Figure 4A pentylenetetrazole (PTZ) trials is
replotted for comparison with astroglial signals. (B) Mean astroglial calcium response (AF/F) to photic stimulation per subgroup averaged
across five trials of 5-min interstimulus interval. Gray shaded area indicates photic stimulation. (C) Elevated astroglial signals as measured by
mean area under the curve from a 5-s baseline (5-min period after light onset). (D) Latency to peak amplitude of response during 10-s photic
stimulation. Left panel shows neural versus astroglial responses for control; right panel shows the responses for 15mmol-L™" PTZ. (E) Time
constant for 50% decay of calcium signal from light offset. Left panel shows neural versus astroglial responses for control; right panel shows
the responses for 15mmol-L™" PTZ. (F) Mean calcium response (AF/F) of control fish subtracted from mean response of 15mmol-L™" fish

for astroglia (dark gray) versus neuron (light gray). Pearson correlation coefficient between average astroglial and neural signal is —.5403,
calculated from time point of neural light-on response peak until next light stimulus. Gray shaded area indicates photic stimulation. Total
sample size for Tg(GFAP:Gal4); Tg(UAS:GCaMPé6s) "astroglial” recordings: control, n = 7; 15mmol-L ™", n = 9; for Tg(elavl3:GCaMPé6s) "neural”
recordings: control, n = 8; 15mmol-L™", n = 10. *p <.05, **p <.01 by Wilcoxon rank-sum test. Each data point in scatter plots represents an
individual fish. Error bars represent mean +SD per subgroup. Shaded regions of individual colors represent SEM of each group.

astroglial calcium signals might shed light on this ques-  signals, temporally overlapping with the period when
tion. We observed that upon photic stimulation, astroglia  neural calcium signals exhibit fast decay and strong de-
exhibit slow and long-lasting calcium signals compared to pression. Hence, our observations suggest that astroglial
neurons. Moreover, we showed that PTZ-treated seizure- networks are involved in this fast decay and depression
prone networks exhibit highly elevated astroglial calcium phase, likely through the action of astroglial glutamate
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transporters, which we have investigated in an earlier
study.” We would like to highlight that this observation
and temporal matching of neural and astroglial calcium
signals would not have been possible without photic
stimulation.

It is known that elevated (or hyperexcitable) and hy-
persynchronous brain activity arises during epileptic sei-
zures. Although depressed states are observed in epilepsy
patients and animal models, they are less understood.***°
Landmark studies in hippocampal and cortical slices re-
vealed the paroxysmal depolarizing shift (PDS) phenom-
enon.*™* These electrophysiological recordings were
performed in GABA,-antagonist models and demon-
strated remarkable dynamics. First, the membrane poten-
tial enters a plateau phase with a train of action potentials,
followed by an extended afterhyperpolarization aborting
the elevated state. The PDS is hypothesized as the cellu-
lar correlate of interictal spikes observed in EEG in pa-
tients.**™** The PDS dynamics are considered to be shaped
by ion fluxes through voltage-gated Na*, K*, and Ca**
channels.** Moreover, astroglia-neuron interactions'*
and effects of neuromodulators like acetylcholine* may
play important roles. It has been proposed that such long-
lasting plateau phases might be related to seizure propaga-
tion.* We observed elevated to depressed state transitions
upon photic stimulation in our models, resembling PDS.
Moreover, in some animals, we even observed long-lasting,
elevated plateaulike events outlasting the stimuli. The
roles of the depressed (or hyperpolarized) state are enig-
matic. PDS studies suggest that the depressed states may
protect against seizure propagation,”* and cell death
through glutamate excitotoxicity.*® Timing, location, and
degree of depressed states may play important roles. The
relevance of PDS for human EEG dynamics has yet mostly
been inferred from in vitro models. Zebrafish may serve as
an in vivo model to explore the mechanisms of this PDS-
like phenomenon across the entire brain.

Although several features of neural dynamics were
generalizable across zebrafish seizure and epilepsy mod-
els, we also demonstrated differences related to the under-
lying pathophysiology. Dose-dependent augmentation of
elevated state occurred upon treatment with the GABA,
antagonist PTZ. However, genetic perturbation of GABA ,
receptor in gabral mutants did, surprisingly, produce less
pronounced elevation. This weaker phenotype in gabral
mutants might be due to previously observed alterations
in expression levels of several other genes including the
GABA transporters, and machinery for GABA, receptor
trafficking, leading to genetic compensation in these mu-
tants.?® Importantly, a previous study reported photically
induced seizures in gabral mutant juvenile zebrafish,?
whereas we examined larval zebrafish, which are better
suited for high-throughputscreens. In humans, monogenic
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gabral disorders display a broad phenotypic spectrum
ranging from juvenile myoclonic epilepsy to severe epilep-
tic encephalopathies, where spontaneous and photic re-
flex seizures may develop already from early childhood.*’
In line with the human phenotype, we detect subtle signs
of altered brain excitability already in early stage zebrafish
larvae, using photic stimulation. Instead, eaat2a mutants
produced a different response. This model, with decreased
astroglial uptake of glutamate, showed particularly strong
“light-on” neural responses, as previously reported.”
Contrary to the strong photically evoked responses in ho-
mozygous eaat2a larvae, their spontaneous neural activity
was significantly less pronounced compared to wild-type.
One important mechanism underlying this hypoactive
state might be reduced glutamate availability due to de-
pletion of presynaptic glutamate pool after seizures and
impaired glutamate recycling in eaat2a mutants.*

Photic stimulation resulted in increased neural and lo-
comotor responses, in line with tonic-clonic seizure-like
behavior, in zebrafish larvae. This response may be com-
parable to photoparoxysmal responses (PPRs) on human
EEG. Intermittent photic stimulation (IPS) is performed
in routine diagnostic EEGs to detect epileptiform activ-
ity.!® PPRs are seen in several epilepsies including juvenile
myoclonic epilepsy.'®!** In some patients, epileptic sei-
zures are related to PPRs. EEG responses that outlast the
IPS trains are considered to have a strong association with
epilepsy.'® In our zebrafish seizure models, the frequently
observed short-lasting elevated photic responses may re-
late to self-limited PPRs in human patients, whereas the
long-lasting plateau type responses may be comparable to
self-sustaining PPRs.**

Photosensitivity has previously been studied in
both humans and several animal models of epilepsy
(Table 1). The two most extensively studied models are
the primate Papio papio baboon>*% and the Fayoumi
chicken. 60636 Recently, novel models of Rhodesian
ridgeback dog® and a nonvertebrate Drosophila®
model were introduced. In our zebrafish models, pho-
tic stimulation induced the earliest and strongest neu-
ral response in midbrain structures, which is in line
with a proposed mesencephalic seizure initiator in the
Fayoumi chicken.®® Intriguingly, elegant studies on
Fayoumi chimeras highlighted the importance of inter-
actions between cortical and subcortical structures in
nonmammalian species without a neocortex,®*® sim-
ilar to previous studies in zebrafish.">** Photic reflex
seizures were shown to be initiated most typically in
cortical areas in primates; in temporo-occipital regions
in humans,?>*>? whereas in the baboon a frontal origin
was suggested.’>>* The seizure semiology in the Papio
papio baboon, Fayoumi chicken, and our zebrafish mod-
els is considered to be generalized.>* >*0"%
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Typically, application of IPS is used in human pa-
tients and animal models (Table 1). We used 10-s-long
light stimuli in our zebrafish models, which elicited
the most reproducible locomotor response. In human
patients, flash frequencies between 15 and 20 Hz have
been shown to be the most ictogenic. Low-frequency
visual evoked potentials (VEPs) are mostly limited to
testing the functional integrity of the visual system,®’
and are less explored in epilepsy. Patients with photo-
sensitive occipital lobe epilepsy were reported to show
increased VEP amplitudes consistent with hypersyn-
chrony®®*®® and abnormal latencies.®® VEPs may be a
valuable tool to investigate brain excitability, especially
sub-seizure-threshold dynamics. We also propose that
photic stimulation could be explored more in rodent
epilepsy models, where invasive methods like electrical
stimulation are commonly used to induce seizures.'””°
Further studies on low-frequency photic stimulation
might reveal potential biomarkers in epilepsy and other
disorders of altered excitability.

Our findings on depressed network states and seizure
propagation may have clear relevance for clinical practice.
Traditionally, antiseizure medications are considered to
exert their effects by reducing hyperexcitability. More re-
cently, different drugs were shown to display differential
effects on seizure propagation.”’ We argue that investigat-
ing mechanisms underlying elevated and depressed states
in seizure models have great potential. Precise temporally
controlled photic stimulation is a powerful tool both as a
medium- to high-throughput screening tool, and for de-
tailed studies on underlying mechanisms. Our protocol
allowed us to study astroglial and neural networks in par-
allel experiments, and showed that both these networks
are highly involved especially during the depressed net-
work state.”> An improved understanding of the interplay
between elevated and depressed excitability states might
suggest tailored therapies targeting these states at the net-
work level and should be studied further.

5 | CONCLUSIONS

In a side-by-side comparison of seizure and epilepsy
models, we show that features of spontaneous locomo-
tor and neural activity vary across models. Instead, an
elevated photic response with faster dynamics is well pre-
served across all models. Intriguingly, we observed that
elevated photic response is often followed by a fast decay
and depressed state. Our findings highlight that both hy-
peractivity and hypoactivity are prominent features of
seizure-prone networks. We propose that photic stimula-
tion may be a useful tool to investigate altered brain ex-
citability and dynamics in vertebrate seizure and epilepsy

Epilepsia -

models. This powerful zebrafish platform enables efficient
evaluation of novel models, and may be well suited for
both testing novel therapeutical approaches and dissect-
ing the underlying physiology of seizure generation.
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