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Abstract

Epilepsy is a severe neurological disorder defined by spontaneous seizures. Current treatment
options fail in a large proportion of patients, while questions as to the basic mechanisms of seizure
initiation and propagation remain. Advances in imaging of seizures in experimental model systems
could lead to a better understanding of mechanisms of seizures and epilepsy. Recent studies have
used two-photon calcium imaging (2P imaging) in awake, behaving mice in head-fixed
preparations to image seizures /in vivo at high speed and cellular-level resolution to identify key
seizure-related cell classes. Here, we discuss such advances and present 2P imaging data of
excitatory neurons and defined subsets of cerebral cortex GABAergic inhibitory interneurons
during naturalistic seizures in a mouse model of Dravet syndrome (Scnla+/— mice) along with
other behavioral measures. Results demonstrate differential recruitment of discrete interneuron
subclasses, which could inform mechanisms of seizure generation and propagation in Dravet
syndrome and other epilepsies.
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1. Introduction

Epilepsy is a neurological disorder defined by spontaneous unprovoked seizures and affects
approximately 4% of the population at some point in their lifetime. The mechanistic basis of
seizure initiation and propagation remains unknown despite decades of investigation but is
thought to involve episodes of hypersynchronous neural activity across brain networks.
However, epilepsy is not a singular disease but rather is composed of multiple syndromes of
various etiologies that are linked by the presence of seizures. Broadly speaking, epilepsies
can be acquired (secondary to, for example, traumatic brain injury or infection) or genetic
(due to a highly penetrant dominantly acting pathogenic variant leading to epileptic
encephalopathy, or due to complex polygenetic inheritance as in the more mild familial
epilepsies). That seizures remain resistant to treatment in 30-40% of cases may relate to
ongoing lack of understanding of basic mechanisms of seizure initiation and propagation,
which may prove critical to inform the development of improved therapies or cure.

Prior work investigating mechanisms of seizures has focused on the role of defined neuronal
classes — including excitatory and inhibitory neurons — in seizure initiation and propagation.
Cerebral cortex neurons are divided into excitatory principal cells (PCs; including pyramidal
cells and spiny stellate cells) and interneurons (INs); INs release the neurotransmitter GABA
and mediate synaptic inhibition in the brain. Such neurons exhibit extensive within-class
diversity [1,2], and are broadly divided into the following subclasses: parvalbumin (PV)
immunoreactive fast-spiking basket cell INs (PV-INs) which form perisomatic and axo-
axonic synapses and regulate action potential generation by target cells; somatostatin (SST)
expressing dendrite-targeting Ins (SST-INs) that impinge on dendrites and regulate synaptic
integration by target principal cells; and INs expressing vasoactive intestinal peptide (VIP-
INs) which preferentially target SST-INs and are thought to subserve a largely disinhibitory
role in cerebral cortex circuits [3-6]. In particular, PV-INs, the activity of which are known
to regulate oscillations and rhythmogenesis [7-9], are thought to be critically important for
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stabilizing cerebral cortex circuits, while disruption of PV-IN function leads to seizures and
epilepsy [10]. An extensive literature including studies employing the /n vitro acute brain
slice technique [11-15] or work from intact experimental animals /n vivo [16-19] supports
the concept that seizure initiation involves dynamic imbalances between synaptic excitation
and inhibition, which, while likely an oversimplification, has been a useful conceptual
paradigm to model how circuit disruption can lead to seizures and epilepsy.

The standard tool used for recording and classifying seizures has been
electroencephalography (EEG). But EEG lacks spatial resolution and cannot easily
disentangle the relative contributions of neuron subclasses (or even neurons vs. glia) and
instead is thought to reflect summated synaptic potentials involving thousands or millions of
neurons [20]. Microelectrode arrays can resolve individual cell activity [21-23] but also lack
the ability to readily identify cell type and cannot record a high density of neurons within a
given brain area (although this field is also advancing rapidly; [24,25]).

Hence a role for two-photon (2P) laser scanning microscopic calcium imaging (2P imaging)
which has emerged as a powerful tool for the potential study of seizures and epilepsy, based
on the capacity of this technique for large-scale recording of neural activity /n vivo and
ready applicability to the study of local and global mechanisms of cerebral cortex circuit
operations in experimental model systems, thereby bridging the gap between neuron-level
and whole-brain activity in preclinical models of epilepsy [26]. In recent studies, 2P imaging
and electrophysiology were combined to record chemically-induced seizure-like events and
naturalistic seizures in anesthetized [16,17,27] and awake [19,27] mice.

Wenzel et al. (2017, 2019) [16,17] used 2P imaging along with LFP recording to study the
dynamic progression of seizure-like events initiated using focal application of the
chemoconvulsants 4-aminopyridine (4-AP) or picrotoxin in normal (hon-epileptic) mice, and
imaged the recruitment patterns of cell classes — including PCs and PV-INs — across layers.
One advantage of this approach is that the putative seizure onset zone can be experimentally
controlled. This approach also generates a focal event that does not progress to a generalized
convulsive tonic-clonic seizure as is typical of many models of epilepsy in rodents, such as
models of chronic acquired temporal lobe epilepsy after chemoconvulsant-induced status
epilepticus. It is difficult or impossible to maintain a stable imaging plane during the
sometimes violent movements associated with such seizures; Muldoon et al. (2015) [28]
focused on interictal discharges (that are not associated with motor movement) for this
reason. By controlling the site of the seizure initiation site, Wenzel et al. (2017, 2019)
[16,17] showed that events start as hypersynchronous activation of local excitatory neuronal
ensembles at the initiation site and invade smoothly into neighboring neocortex. In contrast,
PV-INs show spatially non-uniform activity during initiation and propagation. Similar
results were obtained in awake animals and anesthetized animals. However, questions
remain as to how these findings might generalize to the mechanism of spontaneous seizure
initiation and propagation in an epileptic animal [29].

Aeed et al. (2020) [18] studied the network mechanisms of chemically-induced seizure-like
events provoked by focal application of 4-AP using 2P imaging along with
electrophysiology in anesthetized and awake mice. The group used various IN-specific Cre
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driver lines to study major subclasses of neocortical INs (PV and SST) along with PCs.
Implementation of a prism [30] facilitated the simultaneous imaging of defined cell
subclasses along the depth of the neocortex from layer 2/3 to 5. This study found that the
activity of PCs and PV-INs in layer 2/3 and 4 was synchronous during spikes and seizure-
like events; in contrast, layer 5 PCs and SST-INs were recruited gradually during seizure.
While the activity of PCs and INs was shown to be balanced during spikes, there was an
imbalance between activity of PCs and INs in layer 2/3 at seizure onset. These findings
suggest a potential mechanistic relationship between spikes and seizures, with synchronous
activation of layer 2/3 PCs in the context of PC:IN imbalance leading to or allowing
transition from spike to seizure.

Genetic models of epilepsy have certain advantages for the study of seizures and epilepsy in
experimental animals in a head-fixed preparation /7 vivo. Such models may yield
spontaneous seizures or seizures that can be readily induced by physiologically relevant
triggers, without the need for a chemoconvulsant agent that produces a seizure-like event
typically via excitotoxicity, a block of GABA receptors, blockade of potassium channels,
or related mechanism that compromise or alter the normal physiology of cerebral cortex
neurons. Spontaneously epileptic mice can be generated via breeding, rather than via
induction protocols that can be laborious and ineffcient. Finally, genetic models may have
absence seizures (characterized by arrest of activity; such as the stargazer mouse, or
myoclonic (rapid jerks), or hemiclonic seizures (unilateral clonic activity) as in the Dravet
syndrome (Scnlat+/-) mouse (see below), and such seizure types are more amenable to
stable long-term 2P recording versus generalized convulsive tonic-clonic seizures.

Yet, few studies have employed 2P imaging towards the study of spontaneous or naturalistic
seizures in epileptic mice /n vivo. Meyer et al. (2018) [27] used 2P imaging along with
electrophysiology to record absence seizures from awake stargazer mice (which have a
spontaneously-occurring disruption in the calcium channel subunit Cacng). This genetic
mouse model of absence epilepsy replicates key features of this common pediatric epilepsy
syndrome. Individual visual neocortex (V1) neurons and surrounding neuropil showed
reduced activity during seizures, while lower pairwise correlation between individual
neurons implied decreased synchrony during seizures. These results suggest asynchronous
suppression of neural activity in V1 during absence seizures, which was unexpected and
illustrated the potential power of /n vivo 2P imaging to reveal previously unknown features
of seizures. This basic imaging approach was not applied to other brain regions to determine
if the result obtains across neocortical areas beyond V1, as might be expected for a
generalized epilepsy. This question could be approached using larger-scale imaging
approaches (see Discussion).

In a previous paper from our group [19], we employed 2P imaging to record the activity of
putative PCs and PV-INs during temperature-induced seizures in awake, behaving, head-
fixed Scniat+/- mice, a well-validated mouse model of a genetic epileptic encephalopathy
known as Dravet syndrome (DS). DS is a neurodevelopmental disorder defined by
treatment-resistant epilepsy with onset in the first year of life, temperature-sensitive seizures,
moderate to severe developmental delay and intellectual impairment, and features of autism
spectrum disorder, along with a high rate of seizure-related death, and is due to heterozygous
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pathogenic loss-of-function variants in the gene SCN1A encoding the neuronal voltage-
gated sodium channel subunit Nav1.1. As the most common type of so-called epileptic
encephalopathy (severe epilepsy associated with developmental delay), DS affects 1 in
15,700 live births [31].

Accumulated evidence indicates that Nav1.1 is preferentially expressed in cerebral cortex
INs and, in particular, in PV-INs, dysfunction of which has previously been idenfied in
various experimental models of DS [32-37]. However, no data existed as to the activity of
defined subsets of neurons in awake Scrnlat/- mice in vivo. We were particularly interested
in the activity of these PV-INs along with putative PCs at transition to seizure. Such a study
was facilitated by the fact that ScnZa+/— mice, much like human patients with Dravet
syndrome, exhibit temperature-sensitive seizures, which can be readily induced in the
laboratory. We generated a custom laser-cut temperature-controlled enclosure for
manipulation of core body temperature that was compatible with a spherical treadmill
apparatus upon which the experimental animal was able to rest or run during /n vivo 2P
imaging [19]. Cells were imaged using a genetically encoded calcium indicator, GCamp6f,
introduced via stereotaxic injection of adeno-associated viral vectors, while PV-INs were
labeled with tdTomato in ScniaPV-Cre.tdTomato mice.

We imaged PV-INs and putative PCs at baseline during quiet wakefulness and then during
the preictal period leading up to seizure. Synchronization, bursting, and deconvolved relative
firing rates were extracted from the individual cell-specific 2P imaging data. During quiet
wakefulness at baseline, the activity of putative PCs and PV-INs was found to be higher in
Scnlat/- mice relative to wild-type. In the pre-ictal stage, PV-INs exhibited a gradual
decrease in synchronization in Scnlat/- mice. In WT mice, the same increase in core body
temperature produced an increase in synchronization between PV-INs as well as between
PV-INs and excitatory cells. These findings point to a preictal failure of PV-IN
synchronization pre-seizure that may normally act to stabilize cerebral cortex circuits. A key
feature of this study was the investigation of a naturalistic seizure (induced by an increase in
body temperature, which in this case is a physiologically-relevant and model-specific seizure
trigger) in the brain of an awake, behaving epileptic animal /in vivo.

Here, we extend our prevous findings to study the activity of the three key subclasses of
GABAergic INs, investigating the recruitment dynamics of PV-INs along with SST-INs and
VIP-INs as well as putative PCs during temperature-induced seizures in Scnla+/— mice.
This study was further motivated by the finding that the electrical excitability of VIP-INs is
also prominently impaired in Scnlat/- mice in vitro [38]. Results presented here
demonstrate differential recruitment of INs subclasses that may relate to the mechanisms of
seizure generation and propagation.

2. Materials and methods

2.1. Experimental animals:

Three groups of mice (ScniaPV-Cre, SST-Cre, and VIP-Cre) were tested. All the
procedures were approved by the Institutional Animal Care and Use Committee at The
Children’s Hospital of Philadelphia. All mice were heterozygous Scnlat+/— on a 50:50
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C57BL/6J:129S6 mixed background as previously detailed [19,37,38], which is known to
recapitulate the core features of Dravet syndrome as observed in humans. Mouse strains
used included: Scnlat+/- mice on a 129S6.SvEvTac background (RRID:MMRRC_037107-
JAX) generated by a targeted deletion of exon 1 of the Scnlagene; PV-Cre mice (B6;129P2-
Pvalbtm1(cre)Arbr/J; RRID:IMSR_JAX:008069); SST-IRES-Cre mice
(RRID:IMSR_JAX:013044); VIP-IRES-Cre mice (IMSR_JAX:010908); wild-type
129S6.SvEvTac (Taconic Biosciences model #129SVE; RRID:IMSR_TAC: 129sve);
tdTomato reporter Ail4 mice (Rosa- CAG-LSL-tdTomato; RRID:IMSR_JAX:007914; on a
C57BL/6J background); and wild-type C57BL/6J (RRID:IMSR_JAX:000664).
Heterozygous IN-Cre mice were crossed with homozygous Ail4 mice to generate double
heterozygous IN-Cre. TdTomato mice, which were then crossed to Scrnla+/- mice to
generate triple heterozygous ScnialN-Cre mice and age-matched WT.IN-Cre littermate
controls. Data from six ScnlaPV-Cre.TdT, 4 Scnia.VIP-Cre. TdT and 2 Scn1a.SST-

Cre. Tdtomato mice were included for analysis.

2.2. Animal surgery:

Surgery was performed on mice age 6—10 weeks in the chronic phase of the disorder.
Dexamethasone (5 mg/kg) was administered via intraperitoneal injection 4—6 hours prior to
surgery. Mice were anesthetized by inhalation of isoflurane in oxygen (4-5% for induction,
0.8-2% for maintenance, in 0.5 L/min oxygen). Buprenorphine-SR (0.5-1.0 mg/kg) was
injected (subcutaneously) immediately before surgery to reduce pain; cefazolin 500 mg/kg
was injected subcutaneously for anti-bacterial prophylaxis. A three mm craniotomy was
performed at the identified target area with a hand-held drill, and a bone flap was removed to
expose the dura, which was removed using a microprobe. AAV9.hSyn.GCaMP6f.WPRE or
AAV9.hSyn.GCaMP7s.WPRE was injected (20-40 nL) at 2—4 sites separated by 300-500
pum. A three mm diameter glass coverslip attached to a 5 mm glass coverslip via optical glue
to create a “plug” that was inserted into the craniotomy and cemented to the skull along with
a stainless steel head plate using cyanoacrylate glue covered with dental cement (Metabond).

2.3. Imaging:

2P imaging was performed on head-fixed awake mice using a customized Bruker 2P laser
scanning microscope equipped with a mode-locked pulsed infrared laser (InSight,
SpectraPhysics) controlled by a Pockels cell (Conoptics). Images were acquired at 30 Hz
with a resonant scanner (Cambridge Technology), 16X/0.8-NA water immersion objective
(Nikon), gallium arsenide phosphide (GaAsP) photodetector (H7422-40; Hamamatsu), and
multi-alkali detector (R3896; Hamamatsu). Running speed and video of facial features
(including pupil size and whiskers) were simultaneously recorded.

2.4. Data Analysis:

The collected 2P imaging data was analyzed using the Suite2p package in Python [39] to
detect individual cells, extract fluorescence traces, and remove neuropil contamination of the
signal. After subtracting the neuropil from these raw traces, the relative change in
fluorescence d A Ay was computed for each cell. Ictal recruitment lags were calculated using
the first derivative (slope) of the dA A traces [17]. The slope (i.e., rate of change in d A FO)
was estimated using sliding window regression and the time point at which the d A AQ trace
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for an individual cell reached a maximum slope was considered as the recruitment time point
for that cell. The 20-second window around seizure onset was retrieved for all seizures and
grouped together for analysis. The differences in the recruitment were investigated by 1)
comparing individual recruitment lags with seizure onset and 2) comparing the recruitment
strength that is maximum dF/Fq values in between the PCs and INs.

To analyze the behavioral data, we integrated running speed, pupil diameter, and whisker
position. Points of interest around the pupil and on whiskers were recorded (Point Grey) and
tracked using the DeepLabCut package [40]. A circle was fitted with the tracked pupil
coordinates to derive pupil diameter. From the derived points of interest on the whiskers, the
whisker movement was gated as “on” and “off” based on thresholding.

Group statistics were derived using linear mixed modeling by considering seizure number
and mouse as random factors. Group means standard errors and significance (p-values) were
derived from this mixed model. All the post-processing programs and statistics codes were
written in MATLAB.

3. Results

3.1. Behavioral activity during temperature-induced seizures in Scnla+/- mice:

We recorded core body temperature, locomotion, pupillometry, and whisking, simultaneous
with 2P imaging of identified IN subtypes and putative PCs in a head-fixed preparation,
during temperature-induced seizures in ScrnZalN-Cre mice. An example of an imaging
session depicting the various monitored parameters is shown in Fig. 1. We employed this
paradigm to determine IN-specific activity and correlate it with various behavioral measures
during the preictal period.

3.2. Recruitment dynamics of INs during a temperature-induced seizure:

Our prior work [19] investigated the activity of PV-INs and PCs during the pre-ictal phase
and demonstrated preictal failure of PV-INs synchronization. We were interested in the
activity of the other two major subclasses of cerebral cortex INs, SST- and VIP-INs, which
was achieved by crossing Scnla+/- mice to SST-Cre.tdTomato and VIP-Cre.tdTomato
double transgenic mice.

We examined the raw d A A traces (Panels A and C in Fig. 2, Fig. 3, and Fig. 4) and slope of
the dA AO traces (Panels B and D in Fig. 2, Fig. 3, and Fig. 4) at seizure onset to visualize
recruitment dynamics. PV-INs showed similar temporal recruitment patterns compared to
PCs during seizures in ScnlaPV-Cre mice (Fig. 2, Panel D). Similarly, VIP-INs showed a
similar recruitment pattern compared to PCs during seizures in ScrnZa.VIP-Cre mice (Fig. 4,
Panel D). However, we found that SST-INs exhibit a distinct and early recruitment pattern in
the preictal period compared to PCs as shown in Scnia.SST-Cre mice (Fig. 3, Panel D). We
further investigated recruitment dynamics by deriving the recruitment lags relative to seizure
onset.

We compared the recruitment lags between each IN class (Fig. 5A). Linear mixed modeling
with seizure number as a random factor was performed to calculate the mean, standard error,
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and p-value of the lags of each IN subclass relative to seizure onset. The recruitment lags of
each IN subclass were compared with seizure onset, which demonstrated no significant
differences for PV-INs (-0.247 £ 0.879 s, p> 0.05) and VIP-INs (-1.895 + 1.711 s, p>
0.05) but a significant difference for SST-INs (-3.237 £ 1.156 s, p < 0.01) when compared
with seizure onset (at 0 s). The results confirm significant early recruitment of SST-INs
relative to other cell types during temperature-induced seizures in Scnlat+/— mice.

We derived recruitment as the maximum dA A value of each cell during seizure onset and
compared this between the neuronal classes (Fig. 5B). Linear mixed modeling with seizure
number as a random factor was performed to calculate group means, standard error, and o
value for the experiment. For the PV-IN dataset, the mean d A Fy of non-PV cells was 6.77 £
0.40, and for PV-INs was 6.79 + 1.20, which was not significantly different from each other
(o> 0.05). For the SST-IN dataset, the mean dA/ / of non-SST cells was 5.32 £+ 0.41, and
for SST-INs was 4.97 + 0.63, which was also not significantly different from each other (o>
0.05). However, for the VIP-IN dataset, the mean dA Ay of non-VIP cells was 4.69 + 0.33,
while for VIP-INs it was 2.89 + 0.51 (p < 0.001). These results confirm that the magnitude
of recruitment of PV-INs and SST-INs in response to seizures was similar to PCs as reported
by 2P calcium imaging with GCaMP6f, while VIP-INs do not exhibit a similar maximal
increase in dH .

The cellular resolution afforded by 2P imaging combined with the ability to label genetically
defined subsets of cells facilitates unprecedented investigation into the cellular architecture
of seizures. An example field of view (with cells color-coded based on lag relative to seizure
onset) is shown in Fig. 6. The general observed pattern of seizure propagation is across the
cortical surface, and, in general, INs are recruited along with neighboring putative excitatory
PCs. However, this analysis revealed a prominent subset of SST-INs which are recruited
independently, irrespective of what appears to be a traveling wave across the neocortex
(highlighted in Fig. 6B).

4. Discussion

Here we discuss an experimental approach that facilitates /n vivo 2P imaging of naturalistic
seizures in an awake head-fixed preparation of an experimental mouse model of a prominent
genetic epilepsy syndrome /n vivo. This approach is combined with measures of behavior
including running speed and pupilopmetry. Many experimental mouse models of genetic
epilepsy may be challenging to study using /n7 vivo 2P imaging either due to rare seizures
(rendering it unlikely to capture a seizure during a standard recording session) or, on the
other end of the spectrum, due to a severe epilepsy phenotype associated with early-onset
seizures and mortality. Mouse models of acquired epilepsy such as the systemic pilocarpine
or intrahippocampal kainate model of chronic acquired temporal lobe epilepsy after
chemoconvulsant-induced status epilepticus may produce convulsive generalized tonic-
clonic seizures. These are not compatible with prolonged stable imaging sessions in the
head-fixed preparation. However, our approach could be applied towards imaging
spontaneous seizures in Scnlat+/— mice (i.e., not provoked by temperature, although these
occur on average once every 2 days [41]), temperature-induced seizures in other mouse
models, or of spontaneous non-convulsive seizures — such as absence, myoclonic, or
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infantile spasms — in other genetic models of epilepsy. As 2P imaging yields cellular-
resolution and cell type-specific neural data, it can facilitate the investigation of cellular and
circuit mechanisms of seizure generation, propagation, and termination [16,17,27], which
remain central unresolved issues in the epilepsy field.

INs are hypothesized to play a central role in the pathophysiology of epilepsy. Data
presented in this study shows a differential IN type-specific recruitment relative to seizure
onset, with a prominent subset of SST-INs recruited seconds prior to seizure onset. This
subset of SST-INs are also recruited in a spatiotemporal pattern that appears separate from
the hypersynchronous traveling wave that generally characterizes seizure propagation across
neocortex in this model.

However, the implications of this differential temporal recruitment for seizure initiation and
propagation are not clear and require further investigation. Furthermore, the mechanism
whereby SST-INs are seemingly recruited earlier than PCs and other IN subclasses is also
unclear. It is possible that such early recruitment reflects impaired inhibition by VIP-INs,
which themselves are known to prominently inhibit SST-INs and thereby subserve a
“disinhibitory” role in cerebral cortex circuits. Prior work showed that the cellular
dysfunction of PV-INs in Scnlat+/— mice was in fact transient, being restricted to early
developmental time points [37]; the electrical activity of PV-INs was shown to be normal in
Scnlat/- mice in vivo using juxtacellular recordings in an anesthetized preparation [42],
and our 2P imaging study showed normal activity levels of PV-INs in Scnia+/- mice during
quiet wakefulness /n vivo [19]. However, VIP-INs also express Navl1.1 and exhibit impaired
action potential generation in acute brain slices prepared from Scnla+/— mice in vitro, yet
this dysfunction persists at later developmental time points (as opposed to PV-INs) [38]. We
also identified a marked decrease in VIP-IN maximal d A/ Fy here which could reflect cell
subclass-specific differences in operation of the GCaMP6 reporter but could also be due to
differences in cellular excitability. Future work combining manipulation of SST and VIP-
INs in the preictal period and targeted electrophysiological recordings from these defined IN
subclasses could further clarify these important issues.

The limitations of this approach are as follows. A main concern is that calcium indicators
cannot distinguish between prolonged tonic firing vs. depolarization block. Most of the cells
recruited by seizure continued to be active for an extended period (on the order of 10
seconds) beyond the time of seizure onset. This could be due to prolonged
hypersynchronous discharge, transition to depolarization block, and/or could represent an
artifact of the slow kinetics of the calcium indicators or some other source of intracellular
calcium. We scrutinized the dA Ay traces and did find fluctuations in many putative
excitatory PCs suggesting ongoing spiking, but generally did not observe this in INs, which
could suggest depolarization block, or saturation of the calcium indicator. Other approaches
such as combined imaging and /n vivo patch-clamp recording, or /n vivo voltage imaging
[43], could potentially be used to address this issue.

Seizures are large-scale network phenomena, and our approach is limited to imaging of
seizure propagation across a small (approximately 500 x 500 pm) area of the superficial
neocortex rather than the region of seizure generation. Large-scale/’mesoscopic” imaging
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approaches and advanced optics (such as lateral scanning, beam multiplexing, and objectives
engineered to facilitate a large field of view) can capture a 2 x 2 or 3 x 3 cm region or more,
including hundreds of thousands of neurons [18,37,38]. Modifications to the cranial window
preparation, such as replacing the entire dorsal aspect of the skull with a transparent window
[44,45], also facilitate large-scale imaging [46]. A combination of such approaches could
achieve cellular-resolution imaging of excitatory and inhibitory INs across extended brain
areas and at depth to potentially achieve simultaneous recording of seizure focus and
propagation to provide truly novel views of the dynamic cellular and network architecture of
seizures to fully capitalize on and apply the power and latest advances of 2P imaging to the
study of seizures and epilepsy.
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Highlights
We review recent work applying two-photon calcium imaging to study

mechanisms of seizure generation and propagation in awake, head-fixed mice.

Highlighted are recent findings in an experimental mouse model of Dravet
syndrome (Scnlat/- mice).

We present new data demonstrating differential recruitment of cerebral cortex
GABAergic interneurons during seizure showing early recruitment of
somatostatin interneurons (SST-INS).
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Fig. 1.
Acquisition of multimodal behavioral and 2P imaging data during seizures in awake,

behaving, head-fixed experimental mouse models of epilepsy.

Shown is an example of behavioral and neural traces recorded in one session while the body
temperature is elevated continuously. (A) Body temperature in degrees C. (B) Running speed
in mm/s. (C) Pupil diameter in pixels. (D) Whisking (upward deflection, on; downward
deflection, off). (E) Heatmap showing the change in fluorescence of each cell (y-axis) over
time (x-axis). The dotted white line shows seizure onset.
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The activity of PV-INs prior to seizure onset.
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Shown is the seizure onset window for all seizures in ScrniaPV-Cre mice (n=6). (A)
Heatmap of change in fluorescence (d A /) traces of non-PV cells. (B) Slope, calculated as
the difference between adjacent fluorescence values for each non-PV cell. (C) dA A traces
of PV-IN. (D) Slopes of dF/FO traces in PV cells. All the cells are sorted in the order of

recruitment lags.
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Fig. 3.

The activity of SST-INs prior to seizure onset.

Shown is the seizure onset window for all seizures in 5¢n1a.SST-Cre mice (n=2). (A
Heatmap of change in fluorescence (d A fy) traces of non-SST cells, similar to Fig. 2A. (B)
Slope for each non-SST cell, as in Fig. 2B. (C) dA Fy traces of SST-INs. (C) Slopes of dF/FO
traces in SST-INs. All the cells are sorted in the order of recruitment lags.
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Fig. 4.

Tr?e activity of VIP-INs prior to seizure onset.

Shown is the seizure onset window for all seizures in ScnZaVIP-Cre mice (n=4). (A)
Heatmap of change in fluorescence (d A /) traces of non-VIP cells as in Fig. 2A, 3A. (B)
Slope for each non-VIP cell as in Fig. 2B, 3B. (C) dA A traces of VIP-INs. (D) Slopes of
dF/FO0 traces in VIP-INs. All the cells are sorted in the order of recruitment lags.
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Fig. 5:

Recruitment lags and response of distinct subclasses of interneurons during seizure.

(A) Individual points shows the lag of each cell corresponding to the seizure onset. SST INs
alone have shown a significant difference compared to seizure onset (p < 0.01). (B)
Individual points shows maximum fluorescence (dA Fy) of each cell. A significant difference
is shown for VIP cells alone (p < 0.001). The horizontal line depicts the mean, and the error
bar reports the standard error. Significance is tested with mixed modeling considering each
seizure as a random factor.
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Depiction of spatiotemporal recruitment of defined subclasses of cells during seizure

propagation.

Cells are color coded on the scale of recruitment lags. (A) An example field of view of a
seizure in an ScnlaPV-Cre mouse. (B) An example field of view of a seizure in an
Scnia.SST-Cre mouse. (C) An example field of view of a seizure in an ScrnZaVIP-Cre
mouse. Interneurons are indicated by larger cells with dotted outlines, while all other circles
are putative pyramidal cells. Dotted cells surrounded by squares show the SST-INs that are
recruited early (not as a part of the travelling wave). Heat maps indicate early (b/ue) to late
(rea) recruitment during seizure.
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