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The epileptic brain is distinguished by spontaneous seizures and interictal epileptiform discharges (IEDs). Basic patterns of
mesoscale brain activity outside of seizures and IEDs are also frequently disrupted in the epileptic brain and likely influence
disease symptoms, but are poorly understood. We aimed to quantify how interictal brain activity differs from that in healthy
individuals, and identify what features of interictal activity influence seizure occurrence in a genetic mouse model of child-
hood epilepsy. Neural activity across the majority of the dorsal cortex was monitored with widefield Ca21 imaging in mice of
both sexes expressing a human Kcnt1 variant (Kcnt1m/m) and wild-type controls (WT). Ca21 signals during seizures and inter-
ictal periods were classified according to their spatiotemporal features. We identified 52 spontaneous seizures, which emerged
and propagated within a consistent set of susceptible cortical areas, and were predicted by a concentration of total cortical ac-
tivity within the emergence zone. Outside of seizures and IEDs, similar events were detected in Kcnt1m/m and WT mice, sug-
gesting that the spatial structure of interictal activity is similar. However, the rate of events whose spatial profile overlapped
with where seizures and IEDs emerged was increased, and the characteristic global intensity of cortical activity in individual
Kcnt1m/m mice predicted their epileptic activity burden. This suggests that cortical areas with excessive interictal activity are
vulnerable to seizures, but epilepsy is not an inevitable outcome. Global scaling of the intensity of cortical activity below lev-
els found in the healthy brain may provide a natural mechanism of seizure protection.
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Significance Statement

Defining the scope and structure of an epilepsy-causing gene variant’s effects on mesoscale brain activity constitutes a major
contribution to our understanding of how epileptic brains differ from healthy brains, and informs the development of preci-
sion epilepsy therapies. We provide a clear roadmap for measuring how severely brain activity deviates from normal, not only
in pathologically active areas, but across large portions of the brain and outside of epileptic activity. This will indicate where
and how activity needs to be modulated to holistically restore normal function. It also has the potential to reveal unintended
off-target treatment effects and facilitate therapy optimization to deliver maximal benefit with minimal side-effect potential.

Introduction
Many neurologic disorders are defined by the symptoms they
produce, while the ways in which brain activity is disrupted in
the disease state remain mysterious. This is particularly true for
genetic epilepsies, which are often caused by variants in genes
that encode common neuronal components (McTague et al.,
2016). Because the neurophysiological role of these molecules
depends on many factors, the effects of variants are potentially
varied and widespread (Noebels, 2017). But, beyond the fact that
they cause seizures and interictal spikes, little is known about
how and where they reshape brain activity, and how this relates
to disease symptoms. This is a critical knowledge gap for several
reasons: (1) the subclinical effects of epileptogenic variants on
neural activity may directly contribute to the occurrence of

Received Nov. 22, 2022; revised May 24, 2023; accepted June 5, 2023.
Author contributions: W.F.T. and M.C.W. designed research; W.F.T. performed research; W.F.T. analyzed

data; W.F.T. and M.C.W. wrote the paper.
This work was supported by an American Epilepsy Society fellowship (W.F.T.) and National Institutes of

Health Grants R01 NS110945 and NS130042 (to M.C.W.). We thank Todd Clason for his assistance with
imaging equipment; Dr. Matt Mahoney for assistance with statistics, data analysis, and coding; Dr. Amy Shore
for help with genotyping and manuscript editing; the Vermont Advanced Computing Center; members of the
Weston lab and ECD group at the Univeristy of Vermont for their feedback; and Wayne Frankel and his group
at Colombia for the Kcnt1 Y777H mouse line.
The authors declare no competing financial interests.
Correspondence should be addressed to Matthew C. Weston at mcweston7c@vtc.vt.edu.
https://doi.org/10.1523/JNEUROSCI.2205-22.2023

Copyright © 2023 the authors

5076 • The Journal of Neuroscience, July 5, 2023 • 43(27):5076–5091

https://orcid.org/0000-0001-5558-7070
mailto:mcweston7c@vtc.vt.edu


seizures and interictal spikes, (2) many epileptic patients suffer
from neurologic co-morbidities that likely result from effects of
the variant on brain activity outside of seizure epochs, and (3)
the ideal therapeutic intervention would restore normal function
in the diseased brain, not just stop seizures. However, without a
comprehensive understanding of how disease alters brain activ-
ity, we cannot effectively design and evaluate treatments.

The KCNT1 gene encodes a high conductance Na1-activated
K1 channel, and KCNT1 variants cause a spectrum of childhood
epilepsies and neurodevelopmental disorders (Yuan et al., 2003;
Heron et al., 2012; Møller et al., 2015; Ohba et al., 2015; Barcia et
al., 2019). The KCNT1 channel is widely expressed in the brain
and mediates a large, delayed, noninactivating, outward current
that is engaged by Na1 influx and depolarization (Bhattacharjee
et al., 2002; Budelli et al., 2009; Rizzi et al., 2016; Saunders et al.,
2018; Zeisel et al., 2018). In humans, the Y796H variant causes
sleep-related hypermotor epilepsy [SHE; formerly autosomal
dominant nocturnal frontal lobe epilepsy (ADFNLE); Plazzi et
al., 1995; Heron et al., 2012; Mikati et al., 2015]. Aside from noc-
turnal seizures, patients carrying this variant exhibit a range of
symptom severity, from nonambulatory and nonverbal to neuro-
logically normal. Previously, we generated a mouse model in
which the ortholog of the human Y796H variant (Y777H, or
YH) replaced the wild-type (WT) allele (Shore et al., 2020). Mice
homozygous for the YH allele show frequent spontaneous seiz-
ures, but normal lifespan and general health, making it an ideal
model in which to monitor seizures and IEDs alongside interictal
cortical activity.

Mesoscale Ca21 imaging allows measurement of bulk neural
activity at centimeter scale with high spatial resolution (;25 mm)
across the entire dorsal cortex of awake and behaving mice
(Wekselblatt et al., 2016). It has been used in healthy mice to
identify neural correlates of sensory stimulation, movement, and
learning and memory (Makino et al., 2017; Gilad et al., 2018;
Musall et al., 2019; Pinto et al., 2019; Jacobs et al., 2020; Salkoff et
al., 2020; Zatka-Haas et al., 2021). It is also well-suited to the
study of epileptic pathology, which may involve brain-wide net-
works of connected areas, because it offers superior spatial reso-
lution and a more linear relationship to neuronal activity relative
to alternatives at this scale (e.g., EEG, fMRI; Rossi et al., 2018).
Previous studies used this approach to image pharmacologically-
induced focal seizures and IEDs in WT rodents (Daniel et al.,
2015; Baird-Daniel et al., 2017; Rossi et al., 2017; Liou et al.,
2018), and epileptic activity caused by glioma (Hatcher et al.,
2020; Montgomery et al., 2020), and provided key insights into
seizure propagation.

Genetic epilepsy models, however, offer the opportunity not
only to study spontaneous seizures, which may significantly differ
from those induced by acute chemoconvulsants, but also the natural
interictal brain activity from which seizures arise. Here, we imaged
both of these activity regimes at the mesoscale using GCaMP6 fluo-
rescence. Categorizing interictal cortical events by their spatial pro-
file allowed us to compare equivalent types of activity across
genotypes, revealing a surprising degree of variety and divergence
in the variant’s effects across both cortical areas and individuals.
Importantly, this variation was systematically related to patterns of
epileptic pathology inmutant mice, demonstrating previously unap-
preciated links between ictal and interictal activity.

Materials and Methods
Mice
The animals included in this study were housed and used in compliance
with the National Institutes of Health Guidelines for the Care and Use of

Laboratory Animals and approved by the Institutional Animal Care and
Use Committee at the University of Vermont. Experimental mice of ei-
ther sex were generated by first mating the Kcnt1Y777H knock-in line
(Shore et al., 2020) to the Snap25-GCaMP6s line (The Jackson
Laboratory stock #025111; Madisen et al., 2015). Double heterozygous
offspring were then mated to generate mice carrying the Snap25-
GCaMP6s construct that were either homozygous Y777H or WT at the
Kcnt1 locus. Kcnt1Y777H genotyping was performed as previously
reported (Shore et al., 2020), and Snap25-GCaMP6s was genotyped fol-
lowing the protocol supplied by Jackson Labs.

Surgery
All surgical procedures were performed on mice under 1–2% isofluorane
anesthesia. The mouse’s eyes were coated with protective ophthalmic
ointment (Paralube, Dechra Pharmaceuticals) and scalp hair removed,
before fixing the head in a stereotaxic frame (Stoelting, Mouse and
Neonates Adaptor, item #51625) and placing a homeothermically con-
trolled heating pad under the body (PhysioSuite, Kent Scientific, item
#PS-02). Before removing the scalp skin with fine surgical scissors (FST
item no. 14058-09), it was scrubbed with 10% povidone-iodine followed
by 70% ethanol, three times. Once the skull was exposed and overlying
fascia removed, neck muscles were retracted, bilaterally, at their anterior
most attachment point on the interparietal bone. Marginal, cut skin was
glued in place with tissue adhesive (3M Vetbond). For one animal, the
dorsal cranium was replaced with a large glass window (Crystal Skull,
Labmaker) following the protocol detailed previously (Kim et al., 2016).
Next, an aluminum head plate, fabricated following a design previously
shown (Goldey et al., 2014), was fixed to the skull using UV curing cya-
noacrylate (Loctite 4305). To minimize the escape of excitation light
from the implant during imaging, powdered black tempera paint (Jack
Richeson & Co SKU #101508) was mixed into the glue before curing.
For transcranial imaging, a thin layer of UV curing cyanoacrylate was
applied to the surface of the skull. After surgery, the head plate was filled
with silicone elastomer (Kwik-Sil, WPI) for protection during recovery.
Dual antibiotic and anesthetic cream (Neosporin Plus) and ketoprofen
(5mg/kg, i.p.) were administered.

Data acquisition
We used a custom tandem-lens epifluorescent macroscope (Ratzlaff and
Grinvald, 1991) with 50- and 105-mm focal length objective and image
forming lenses, respectively (Nikon Nikkor 50 mm f/1.4 and 105 mm f/
1.8), and a broadband LED (X-Cite 120 LED) with a GFP filter set
(Chroma 49002) in 50-mm circular glass, mounted in Thorlabs SM2
hardware in the configuration illustrated in Figure 1A. In most sessions,
a 530-nm LED (Thorlabs, M530F2, LEDD1B) coupled to an optical fiber
was pointed obliquely at the cortical surface to illuminate every other
frame to correct for hemodynamic artifacts. We included seizure data
from sessions lacking reflectance images in the study but excluded these
sessions from analyses involving comparison of interictal events across
mice, as a fair comparison of event duration and intensity was not possi-
ble between imaging conditions. All images were captured at 20Hz (re-
flectance and GCaMP) with an Andor Zyla 5.5 sCMOS camera (Camera
Link 10-tap) controlled by mManager software (Edelstein et al., 2014;
version 1.4) within MATLAB. Mice were secured under the objective
lens and supported by a treadwheel made from a Styrofoam cylinder;
wheel position was recorded with an optical shaft encoder (US Digital)
and a PCIe DAQ system (National Instruments). Video of the mouse’s
body was collected under infrared illumination (Camera: Allied Vision
GC750). No habituation process was employed; data collection began
the first time each mouse was placed on the treadwheel and typically
consisted of 30min imaging sessions, once a day. The six Kcnt1m/m mice
in the study were imaged individual mice for 11, 1, 11, 9, 4, and 3 d,
respectively, typically during 30-min sessions each day. The four WT
mice in the study were imaged for 10, 9, 4, and 4 d, respectively, also
over 30-min sessions.

Image processing
All data processing was performed using MATLAB, either on the acqui-
sition PC or through the Vermont Advanced Computing Center. Raw
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images were saved as TIFF files. Image processing was performed in the fol-
lowing steps. (1) A dark frame was subtracted from all illuminated frames
before we deinterleaved reflectance and epifluorescence images. (2) Raw
GCaMP6s fluorescence values from each pixel in the epifluorescence images
were transformed into DF/F values, using the pixel’s average value over the
bottom 20% of raw values as an estimate of baseline fluorescence. (3) To cor-
rect for hemodynamic artifacts, we calculated the fractional change in
reflected fluorescence collected under 530-nm LED illumination on each
pixel as (Ref-Refo)/Refo, using the pixels average value as Refo. This was then
subtracted fromGCaMP6sDF/F. (4) As a final denoising and data compres-
sion step, we performed singular value decomposition (SVD) on DF/F
stacks, using code adapted previously published work (Steinmetz and Peters,
2019). The resulting right singular vectors were detrended and filtered.
Detrending was performed with the MATLAB built-in function detrend
(‘linear’), a second order Butterworth band stop with 7- and 14-Hz cutoffs
was applied to suppress the heartbeat artifact, as well as a second order high
pass Butterworth with 0.01-Hz cutoff to remove slow fluorescence fluctua-
tions. (5) A rank-50 reconstruction of frames was produced and used for all
analyses. In three imaging sessions, seizure activity transitioned to cortical
spreading depression (CSD); CSD activity was removed before performing
SVD because it distorted the resulting singular vectors/values.

Seizure identification
To identify seizures, periods in which cortical activity was high and
changing rapidly were detected using two vectors: (1) the fraction of

pixels above 20% DF/F in each frame and (2) the average pixel-wise DF/
F difference between successive frames. After smoothing both with a 10-
s moving average filter, we detected coincident peaks (within 15 s) in the
envelope of vector (1) and vector (2) using the MATLAB built-in func-
tion findpeaks(). Potential seizures were then screened for behavioral
symptoms by comparing body videos and cortical DF/F. Borders of sei-
zure activity were determined using a per-animal DF/F threshold set to
the 99th percentile of nonseizure, non-IED, interictal cortical activity
event peaks (see below). For each seizure, we recorded the first frame in
which at least 1% of pixels were above threshold (seizure start), the first
frame in which the number of pixels above threshold was maximal (end
of seizure growth phase), and the first trailing frame in which,1% of pixels
was above threshold (seizure termination). Because IEDs sometimes
occurred close to seizures and involved above-threshold activity, any “seiz-
ures” that met our IED criteria were eliminated. To ensure that spatial maps
of seizure onset and spread were not overly influenced by light scattering
through tissue or skull, spatial patterns in seizure recruitment were also cal-
culated by scaling seizure thresholds by F0 on each pixel. Spatial patterns of
seizure recruitment calculated in this manner were similar to unscaled pat-
terns. Recruitment patterns in the one mouse with a glass window were also
similar to those with intact skulls (Fig. 4), suggesting that these patterns
were not compromised by light scattering.

Image alignment and registration
A nonreflective similarity transformation based on manually placed con-
trol points was used to register images from each session to the Allen

Figure 1. Widefield imaging of dorsal cortex in Kcnt1m/m and WT mice. A, A schematic of the tandem-lens, epifluorescent macroscope used for in vivo, awake widefield Ca21 imaging. Every other
frame was illuminated with a 530-nm LED pointed obliquely at the skull surface; the resulting reflectance images were used to correct our GCaMP6s signal for hemodynamic artifacts. B, The breeding
scheme used to generate experimental mice. C, An example tonic seizure train. The trace shows average DF/F signal calculated across all pixels involved in at least one of the three seizures shown. Red
lines demarcate seizure boundaries. Images below show still frames of mouse body video and simultaneous DF/F frames of the dorsal cortex, with black lines marking the Allen Mouse CCF area borders.
Time relative to seizure start is indicated above each pair of frames. D, Most seizures were brief and clustered in time. The scatter plot on the left shows the duration of all seizures. The plot on the right
displays an empirical cumulative distribution function of interseizure interval generated from all sessions containing more than one seizure. The inset shows a zoom to the foot of the plot.
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Mouse Common Coordinate Framework (CCF) v3 (Allen et al., 2017;
Musall et al., 2019). Images from all sessions were co-registered with a
three-step process. For step 1, we performed a within-animal affine
transformation based on histogram equalized session average GCaMP6s
images. For step 2, we performed an across-animal registration based on
the functional topography revealed by seed pixel correlation maps
(SPCMs; code adapted from Steinmetz and Peters, 2019). For each ses-
sion, we generated SPCMs using a 50-by-50 grid of seed pixels, calcu-
lated the average map from seed pixels in primary visual cortex (VISp),
and took the grand average across all sessions from a given mouse. We
used these to identify a similarity transformation to align images across
mice. For step 3, the cross-animal registration was refined by calculating
another similarity transformation based on each mouse’s grand average
VISp SPCM and an average VISp SPCM taken across mice following the
second step.

Long-range seizure jump identification
To identify long-range jumps in seizure propagation, we used the
MATLAB built-in function imextendedmin() on seizure recruitment
rank maps after preprocessing with the following steps: (1) Set the value
of all pixels outside the brain to the average value of brain pixels, (2)
Interpolate over gaps corresponding to surface vasculature using the
built-in MATLAB function regionfill(), and (3) Filter the image with a
Gaussian smoothing kernel with a SD of 4.

Preseizure image template matching
To generate preseizure activity templates, we processed each preseizure
frame using the same three steps described in the previous section. The
template was a binary mask covering the top 5% of pixel values in the
resulting image. We created equivalent templates using the single frame
in which activity was most widespread during each detected interictal
event and calculated a “match score” between each preseizure template
and all interictal event frame templates. This score was the number of
overlapping template pixels divided by the total number of pixels in the
smaller mask. To generate the null distribution of interictal event tem-
plate overlap scores, we repeated this process using templates derived
from interictal events belonging to one of the 10 major event types (Fig.
4) in place of preseizure activity patterns.

To compare peak activity localization preceding seizure onset to
interictal occurrences of similar activity, we calculated a template match
score between each preseizure activity pattern and all other frames cap-
tured during seizure, IED, and running-free periods in the mouse that
produced the preseizure activity pattern (source mouse). To construct
the null distribution of match scores preceding top interictal matches
(Fig. 6E,F), we randomly selected an interictal match from among its top
50 best matches, averaged individual match score traces 20 s before each
interictal match frame, and repeated this process 500 times to estimate
95% confidence interval (CI). To control for the fact that preseizure
match scores come from templates derived from preseizure frames, not
interictal match frames, we used templates derived from each interictal
match frame in constructing our null.

Event detection, peak intensity, and duration measurement
We performed event detection in two steps. (1) For each session, we cal-
culated average DF/F within regions of interest (ROIs) covering the FOV
in a 50-by-50 grid and detected peaks in these signals using the
MATLAB built-in function findpeaks() with a 7.5% prominence thresh-
old. Events in separate ROIs occurring within 250ms of each other were
considered parts of the same event. (2) We reconstructed pixels and
frames encompassing each event at full resolution and repeated find-
peaks() using the same threshold on each pixel’s DF/F values.

We measured event peak intensity (Fig. 8) from images in which
each pixel was assigned its DF/F peak prominence value. After smooth-
ing with a 2D Gaussian filter (s = 1) we identified 2D peaks (Natan,
2021) and used the highest value. To measure event duration, we used
images in which each pixel was assigned its width-at-half-max value and
smoothed with the same filter as intensity images. Event duration was
taken as the value in this image at the same location as event peak
intensity

Clustering
Hierarchical clustering was performed on the CCF area average peak
DF/F vectors. All interictal events, from both genotypes, were pooled
before calculating a cluster tree with the MATLAB built-in function link-
age() based on the average correlation distance between clusters. To
decide how many clusters to consider, we used a silhouette analysis. In
the case of IEDs, a two-cluster solution produced the highest silhouette
value, so the highest local maximum was used, which was found at nine
clusters. In the case of non-IED events, a global maximum was identified
at 20 clusters.

Statistical analyses
The permutation test we used to establish significance of results in
Figure 5 is described in the figure legend. The confidence intervals used
to establish significance of results in Figure 6 are described above in the
section Preseizure image template matching. To test for group differ-
ences in interictal activity event rate and duration (Fig. 7), we shuffled
and re-drew session event rates or durations for each cluster
1,000,000 times. We then calculated a p-value as the fraction of shuf-
fles generating a group difference more extreme than that seen in the
true arrangement. These p-values were corrected for multiple com-
parisons using the Holm–Bonferroni method (Groppe, 2023; n = 10
tests).

Results
Widefield imaging of the dorsal cortex in Kcnt1m/m andWT
mice
To understand how a KCNT1 variant alters brain activity at the
mesoscopic scale, we performed widefield Ca21 imaging of the
dorsal cortex in Kcnt1m/m and WT mice (Fig. 1A,B). We meas-
ured seizures, IEDs, and interictal cortical activity (all activity
outside of seizures and IEDs in both Kcnt1m/m and WT mice).
Experimental mice were generated by crossing a line carrying the
Y777H KCNT1 variant (corresponding to human Y796H) to the
Snap25-2A-GCaMP6s knock-in line, in which GCaMP6s is
expressed in all neurons (Fig. 1B; Madisen et al., 2015). To gain
optical access to the cortex, we either removed the dorsal skull,
implanting a glass cranial window (n=1 Kcnt1m/m), or rendered
the bone semi-transparent with a layer of cyanoacrylate (n=4
WT, n=5 Kcnt1m/m; Kim et al., 2016; Shore et al., 2020). We
then imaged cortical GCaMP6s fluorescence with a custom tan-
dem-lens epifluorescent macroscope (Ratzlaff and Grinvald,
1991; Wekselblatt et al., 2016) while mice were awake and free to
run on a Styrofoam treadwheel (Fig. 1A). In addition to cortical
imaging, we recorded treadwheel motion and body video during
each session. In total, we collected 34.5 h of imaging data, 21 h
from six Kcnt1m/mmice and 13.5 h from four WTmice.

Spontaneous seizure mapping identifies seizure susceptible
cortical areas
Previously, using video-EEG monitoring, we showed that
Kcnt1m/m mice have two types of spontaneous seizures: general-
ized tonic-clonic (lasting 30–60 s), and tonic (�5 s, often occurs
in trains; Shore et al., 2020). In the widefield imaging data, seiz-
ures were identified as abnormally high GCaMP6s fluorescence
occurring simultaneously with behavioral seizure correlates, such
as Straub tail, back arching, and convulsions (Fig. 1C; Movie 1).
We identified 52 seizures in four of six Kcnt1m/m mice. Most
were brief (median duration 4.525 s) and occurred in trains (me-
dian interseizure interval 13.825 s; Fig. 1D), suggesting that they
corresponded to the tonic seizures identified by video-EEG.

To map seizure emergence and propagation, we determined
the time at which signals on each pixel first crossed seizure
threshold (see Seizure Identification). We then defined the
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seizure “emergence zone” as the group of pixels above threshold
in the first frame of each seizure (Fig. 2A,B). These areas ranged
in size from 0.0026 to 0.93 mm2 (mean 6 SEM, 0.28 6 0.0287
mm2), were mostly (65%) bilaterally symmetrical (Fig. 2A) and
only rarely (17%) involved discontinuous patches, separated by
.300mm in the same hemisphere.

We localized emergence zones to cortical areas by align-
ing our images to the Allen Mouse Common Coordinate
Framework v3 (CCF) and measuring the fraction of each
emergence zone in each area in our field of view (FOV; Fig.
2A–C; Wang et al., 2020). Seizures most often emerged in a
region where the anterior visual [VISa; a constituent of pos-
terior parietal cortex (PTLp)], retrosplenial (RSP), and
anteromedial visual (VISam) area borders converge, which
we call the posterior emergence zone (PEZ). This location is
illustrated by the example emergence zone in Figure 2A,
peak values in the Figure 2B heatmap, and as seizures 1–13
in the Figure 2C heatmap. The second most common emer-
gence zone was medial secondary motor cortex (MOs), as
illustrated in seizures 36–52 in Figure 2C.

Following emergence, seizures expanded in the cortex fol-
lowing a roughly sigmoidal growth curve (Fig. 2D), reaching
maximum sizes of ;9–24 mm2 (upper limit reflects the size
of our FOV). Growth rate was variable across seizures, and
some of this variation was systematic; seizures that emerged
shortly after another seizure ended grew much more rapidly
than others.

To visualize seizure propagation, we ranked the time at which
pixels entered each seizure and created rank maps (Fig. 2E,F).
These showed that seizures followed a predictable pattern in
their spread; the earliest recruited areas were those that served as
emergence zones during other seizures. This is illustrated by
comparing the example emergence and recruitment rank maps
(Fig. 2A,E); following emergence at the PEZ, distant medial MOs
was recruited before much closer areas such as the primary visual
(VISp) and barrel (SSp-bfd) cortices. Collectively, the areas prone
to both seizure emergence and early recruitment included medial
MOs, lateral RSP, PTLp (comprised of VISa and rostrolateral vis-
ual area, VISrl), VISam, SSp-tr, and the most posteromedial cor-
ner of MOp, which links the anterior and posterior portions of
this set (Fig. 2F). These areas also showed the most intense sei-
zure-related activity (Fig. 2G) and the longest seizure durations
(Fig. 2H). Taken together, these data argue that not all cortical
areas in Kcnt1m/m mice are equally susceptible to seizures; a con-
sistent subset is most likely to host emergence, get recruited
early, and show the most intense and longest duration activity
during seizures.

Cortical areas susceptible to seizures and IEDs show partial
overlap
In addition to seizures, interictal epileptiform discharges (IEDs),
or interictal spikes, are another signature form of pathologic neu-
ral activity observed in the epileptic brain. We next investigated
whether these events also localized to specific cortical areas, and
how their localization compared with seizures. In mesoscale
Ca21 imaging data, IEDs are distinguished by their abnormally
high intensity and brief duration (Rossi et al., 2017; Steinmetz et
al., 2017; Shore et al., 2020). To map IEDs, we first identified
events in Kcnt1m/m and WT cortical activity during seizure-free,
nonrunning periods by detecting DF/F peaks that exceeded a
prominence threshold of 7.5% (see Event detection, peak inten-
sity, and duration measurement). All brief events (,0.875 s
mean width at half peak) with unusually high peak intensity
(.99th percentile for WT event prominence) were categorized
as IEDs (Steinmetz et al., 2017). We detected many IEDs in
Kcnt1m/m mice that appeared in a scatter plot of event intensity
versus duration as a lobe of points not seen in WTmice (Fig. 3A,
B, magenta points). The frequency of IEDs in individual Kcnt1m/

m mice varied greatly (range: 0.42� 10�3 to 113.8� 10�3Hz),
with the two mice with lowest IED frequency being the same two
in which we did not observe seizures. Interestingly, IEDs did not
appear as a distinct cluster of points in the Kcnt1m/m plot, but
rather a continuous extension of the point cloud (Fig. 3A), sug-
gesting that the IED/non-IED distinction may not correspond to
any natural division among cortical events, and that Kcnt1m/m

interictal activity may occur along a gradient spanning normal
and pathologic.

To localize Kcnt1m/m IEDs, we measured the average peak
DF/F in each cortical area for every IED, and then grouped IEDs
with similar spatial profiles using hierarchical clustering (Fig. 3C;
see Clustering). Most Kcnt1m/m IEDs had peak activity in MOs;
however, they also variably involved lower levels of activation in
primary motor cortex (MOp), adjacent primary somatosensory
(SSp) regions, and PTLp (Fig. 3C, first, third, and fourth largest
clusters). Another large population of IEDs showed peak activity in
posterior retrosplenial cortex (RSP), extending into adjacent higher
visual areas and posterior MOs (Fig. 3C, second largest cluster).
Together, these four clusters represent almost 90% of IEDs.

As in the case of seizures, these data show strong biases in
IED vulnerability among cortical areas in Kcnt1m/m mice. The
most susceptible region was MOs, which was also highly suscep-
tible to seizure. However, as can be seen by comparing maps of
seizure recruitment to the average IED rate in each individual
animal (Fig. 4), even these areas within MOs are not completely
overlapping. Apart from MOs, seizure and IED-susceptible
regions were largely nonoverlapping. For instance, although RSP
was prone to both, the subregions involved in each appeared dis-
tinct (Figs. 2B, 3C). Importantly, we did not find an IED cluster
with peak activity at the most frequent seizure emergence site,
the PEZ (Figs. 2B, 3C), suggesting that the neural population
most likely to host seizure emergence is not notably susceptible
to IEDs.

Mesoscale interictal activity is comprised of event types with
equivalent spatial structure in Kcnt1m/m andWTmice
Having mapped spontaneous seizures and IEDs, we next mapped
interictal activity in Kcnt1m/m and compared it to that of WT
mice. To do this, we calculated the average event-related peak in-
tensity by cortical area for each event outside of seizure, IED,
and treadmill movement (event detection described above; see
Event detection, peak intensity, and duration measurement). As

Movie 1. Example video of simultaneous widefield Ca21 signal and mouse body move-
ments. The video shows the simultaneous widefield fluorescence signal (left) and mouse
body (right). The video contains three tonic seizures, the first of which begins at �17 s.
There is a buildup of the Ca21 signal in the impending emergence zone over the �10 s
prior to seizure onset. [View online]
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in our IED analysis, we then grouped events with similar spatial
profiles using hierarchical clustering. To quantify the spatial profile
of each cluster, we calculated the average peak intensity in each cort-
ical area across all events in the cluster, first within individual
mice and then within Kcnt1m/m and WT groups (Fig. 5, line
plots). Additionally, we generated average event peak intensity
images for each cluster and genotype (Fig. 5, images).

Two features of these data indicate that clusters represent
event types that occur commonly, and are equivalent, in both
WT and Kcnt1m/m mice. First, although events from both groups
were first pooled and clustered without respect to genotype, each
cluster contained many events from both WT and Kcnt1m/m

mice (Fig. 5, line plot text insets). If the spatial organization of
events in Kcnt1m/m mice differed significantly, and systemati-
cally, from WT, we would expect clusters comprised mainly of
one genotype or the other. Second, events from both genotypes
in a cluster showed similar spatial profiles, as evidenced by their
average peak intensity images and the high positive correlation
coefficient between the peak intensity traces (significant at 0.005
for all clusters, median= 0.97, std = 0.05). This does not mean
events in the same cluster were identical in WT and Kcnt1m/m

mice; some clusters showed variation in average intensity in
some cortical areas. However, even in these cases, the spatial dis-
tribution of activity was highly correlated across groups. Thus,
the major types of cortical activity observed in WT mice were
preserved in Kcnt1m/m mice, and there was no evidence of novel

event types in Kcnt1m/m mice during interictal cortical activity.
These data suggest that large scale disruption of cortical arealiza-
tion and connectivity are not necessary to support frequent
spontaneous seizures and IEDs and, conversely, that seizures and
IEDs do not necessarily cause such disruptions.

Long-range seizure propagation follows normal
corticocortical synaptic connections
The lack of novel event types in Kcnt1m/mmice suggests that con-
nections between cortical areas are grossly normal. However,
seizures have the potential to re-wire the neural circuits in which
they occur, and the correspondence between cortical subnet-
works engaged by interictal and epileptic activity is unclear. To
investigate whether seizure activity, like interictal activity, also
occurs within a cortical network common to both Kcnt1m/m and
normal mice, we identified instances when seizures made long-
range jumps to tissue that was noncontiguous with the emer-
gence zone (Fig. 6A–C). We then tested whether these jumps
occurred between areas that were synaptically connected in nor-
mal mice and, if so, how strongly, by comparing them to a previ-
ously published model of corticocortical connectivity based on
the Allen Connectivity Atlas (Fig. 6D; Oh et al., 2014). We found
that areas between which seizures jumped had a 0.86 connection
probability, which was higher than any observed after randomly
repositioning primary and secondary seizure locations (10,000
repetitions; Fig. 6E). Likewise, connection strength between areas

Figure 2. Spontaneous seizure mapping identifies seizure susceptible cortical areas. A, An example seizure emergence zone map. Red pixels are those above seizure threshold in the first
frame containing seizure activity. Black lines mark the borders of the Allen Mouse CCF areas. Scale bar is 1 mm. B, A heatmap of seizure emergence zones summed over all 52 seizures. The
value of each pixel indicates the number of seizures in which that pixel was a part of the emergence zone. C, A heatmap showing the fraction of each emergence zone located within each of
the 16 CCF areas imaged in all sessions. D, A plot showing the area of seizing tissue as a function of time, covering the period between the first seizure frame and maximal seizure area. Black
traces represent the first seizure in seizure trains or seizures that occurred singly, and red traces the seizures that occurred after the first in seizure trains. Asterisk marks a single trace that
extended beyond the limit of the x-axis. E, An example seizure recruitment rank heatmap (same seizure as panel A). The value of each pixel is its recruitment time rank. F, A grand average sei-
zure recruitment rank heatmap, taken across all individual mouse average maps after co-registration. G, A grand average seizure peak DF/F rank heatmap, taken across individual mouse aver-
ages. H, A grand average heatmap of ranked seizure duration at each pixel, taken across individual mouse averages.
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that spanned a jump was 0.39, a value greater than any observed
after randomly re-drawing strengths (10,000 repetitions; Fig. 6F),
likely because true primary-to-secondary seizure area pairs con-
tains far fewer weak connections than the model at large. These
analyses showed that seizure activity jumps between synaptically
connected cortical areas at much greater than chance frequency
and that the connections are, on average, unusually strong. This
argues that seizure activity, like interictal activity, in these
chronically epileptic brains is supported by grossly normal pat-
terns of corticocortical synaptic connectivity.

However, connection strength was not the sole determinant
of seizure propagation patterns. For example, the model predicts
that primary visual cortex (VISp) receives strong input from the
area most likely to host seizure emergence (PTLp), yet it was
remarkably resistant to Kcnt1m/m seizures (Figs. 2, 3C,D).
Additionally, Kcnt1m/m seizures that began in MOs jumped most
often to PTLp, although several other regions in our FOV are pre-
dicted to receive stronger inputs from this area (Fig. 6C,D). Thus,
seizures seem to propagate along normal synaptic connections

with a bias toward downstream areas that show features of seizure
susceptibility beyond early recruitment (i.e., host emergence,
intense and prolonged seizure involvement).

Seizures emerge from cortical activity patterns that also
occur during the interictal period
Our results, thus far, indicate that the mesoscale structure of
cortical networks supporting interictal activity in Kcnt1m/m mice
is largely normal and that seizures use these networks for long-
range propagation. However, they do not address whether these
normal networks also support seizure generation or are simply
coopted after a seizure has begun. Given the importance of sei-
zure initiation as a therapeutic target, characterizing the network
involved in seizure onset and early growth is critical. We thus
asked the question of whether activity patterns immediately pre-
ceding seizures were unique to this period. To accomplish this,
we first identified cortical events that immediately preceded seiz-
ures, which largely showed peak activity concentrated in the
impending emergence zone (Fig. 7A). We then compared the

Figure 3. Mapping IEDs reveals partial overlap with seizure susceptible regions. A, B, Scatter plots of event intensity versus duration for events detected in Kcnt1m/m (A) and WT (B) mice. Event inten-
sity was measured as the 99th percentile of DF/F peak prominences on all event pixels and duration was measured as the mean with at half peak prominence calculated over all event pixels. Horizontal
lines mark IED intensity threshold (0.20), and vertical lines mark IED duration threshold (0.875 s). Plots were cropped to highlight region relevant to IED detection. C, Images show the averageDF/F frame
taken across all the IEDs within clusters produced by hierarchical clustering. The value of pixels outside the IED were set to zero in frames contributing to these averages. Above each image, the percentage
of all Kcnt1m/m IEDs contained in the cluster is given. Three small clusters collectively representing 1.9% of IEDs are not shown. Below, Individual heatmaps show average DF/F in each cortical area for all
IEDs in the cluster. Color bar applies to images and heatmaps. See Clustering section for discussion of cluster number selection.
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peak activity (top 5% DF/F) of these preseizure events to those of
all interictal events in the dataset and gave each event a match
score (0–1; see Experimental methods). Interictal events were di-
vided into three groups: events from the animal that produced
the preseizure pattern (source mouse), other Kcnt1m/m mice, and
WT mice (Fig. 7B), to determine whether preseizure activity pat-
terns were unique to any of these categories. To quantify the
overall degree of similarity, we used the same matching approach
to measure how similar interictal events of the same cluster (Fig.
5) were to each other and generated a null distribution of match
scores. This showed that the highest match scores of preseizure
patterns to interictal events typically fell within the null distribu-
tion 95% CI across all groups (Fig. 7C), indicating that the differ-
ence between preseizure and normal interictal patterns is no
greater than between the most similar interictal events, and that
event types similar to preseizure events are found even in WT
mice. Top match scores for a few preseizure patterns fell below
the 95% CI, likely because of the fact that preseizure patterns
came from the last frame before seizure onset, when activity was
typically already elevated across much of the FOV. This analysis
demonstrates that most seizures emerge from cortical activity
patterns that also occur interictally, supporting the hypothesis
that normal cortical networks support seizure generation.

Abnormally persistent activity in the seizure emergence zone
precedes seizure onset
The finding that the spatial profile of cortical activity is not abnor-
mal leading up to seizure led us to search for alternative features of
activity that may distinguish the preseizure phase. In analyzing cal-
cium imaging frames just before individual seizures, we observed

that preseizure activity patterns appeared to repeat many times and
persist for prolonged periods in the lead up to seizure. Because pre-
seizure events encompass emergence zones, this suggests that a pro-
gressively larger fraction of cortical activity in the preseizure period
localizes to the future site of seizure emergence. To assess this more
quantitatively, we calculated the match score between each presei-
zure event and every other frame collected during the 20 s before
seizure onset (Fig. 7D). This analysis showed that the lead up to sei-
zure was characterized by a ramping increase in the match score
(Fig. 7D,F, heavy black line). To determine whether this increase
was a statistically significant result, we calculated match scores in
the lead up to interictal occurrences of events similar to the presei-
zure pattern (see Preseizure image template matching; Fig. 7E), and
created a null distribution using the top 50 matches (Fig. 7F, ma-
genta lines.) A comparison of preseizure match scores to the null
distribution showed that, starting 9.4 s before seizure onset, cortical
activity is significantly more concentrated in the impending seizure
emergence zone than would be expected in the lead up to a similar
activity pattern outside of seizures and IEDs (Fig. 7F). This is true
even before the preseizure peak activity level exceeds that of interic-
tal frame matches (period between�9.4 and�2.4 s; Fig. 7G). Thus,
while the mesoscale spatial pattern of activity in the preperiod is not
abnormal, its temporal dynamics are, and importantly, these data
further indicate that a persistent concentration of activity in the
impending emergence zone predicts seizure onset.

Excessive interictal activity predicts epileptic vulnerability
among cortical areas
The above data indicate that epileptic activity occurs within the
same cortical networks that support interictal activity in both

Figure 4. Comparison of seizure recruitment and IED maps in individual Kcnt1m/m mice. A, Average seizure recruitment rank heatmaps for each Kcnt1m/m mouse that experienced seizures
during imaging. The value of each pixel is its recruitment time rank. B, Average IED rate map for each animal in A. The value of each pixel is the average rate of IEDs taken over all sessions
where event detection was performed. Red boxes identify data from the mouse that was implanted with a glass cranial window.
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Kcnt1m/m and WTmice, but that the magnitude and dynamics of
this activity may be altered in such a way as to predispose it to
seizures. To more systematically measure how these features of
interictal activity in the Kcnt1m/m brain differ from WT, we cal-
culated the rate and duration for each interictal event type in
both groups (Fig. 5). Because the number of sessions per animal
differed, Kcnt1m/m and WT group averages were weighted by the
number of sessions from each mouse. Figure 8A shows an exam-
ple of this approach in measuring rate in the cluster with peak ac-
tivity in the PEZ.

The rate of events was significantly altered in five of the 10
event types (Fig. 8B). Four showed increased rates in Kcnt1m/m

mice, and one decreased, relative to those of WT. Notably, each
event type with an elevated rate in Kcnt1m/m mice showed peak
activity in cortical areas susceptible to seizures and IEDs (Fig.
8B). The cluster that showed a decrease localized to SSp-ul, an
area not notably susceptible to seizures or IEDs (Fig. 8B). These
results indicate that a distinguishing feature of tissue prone to ep-
ileptic pathology is the presence of excessively frequent events
during interictal periods.

Event duration was reduced in five of the 10 event types and
increased in none (Fig. 8C). Three of five event types were the
same ones that showed increased rate and involved seizure and
IED susceptible areas. The largest duration reduction was in the
event type centered on MOs, and the next two largest were also
in event types centered on vulnerable areas (Fig. 8C, asterisks).
Events centered on the PEZ, the most common seizure emer-
gence zone, showed a decrease in duration that failed to achieve
statistical significance; however, statistical power was limited by
the low rate of occurrence of these events in WT mice coupled
with the relatively large number of events we needed to attain a

stable duration estimate (n=15; see Materials and Methods). We
also found smaller, but significant, reductions among events with
peak activity in VISp and SSp-ul, seizure resistant areas in which
rate was unchanged and decreased in Kcnt1m/m mice, respec-
tively. Thus, event duration was reduced in several cortical areas,
especially those that were seizure susceptible.

The intensity of cortical events across clusters predicts
epileptic activity burden
We analyzed event intensity in the same manner as rate and du-
ration and found that only the cluster including MOs was signifi-
cantly higher, whereas none were significantly lower. However,
inspection of the data showed that the most striking feature of
intensity was its variability in Kcnt1m/m mice, regardless of
event cluster. Although WT mice showed relatively consistent
intensity values across individuals and sessions, Kcnt1m/m mice
had high individual variability in event intensities; some indi-
viduals showed characteristically lower intensity than WT, and
others higher (Fig. 9A). This effect was consistent across ses-
sions from the same mouse and was most evident in the grand
average intensity taken across event types, indicating that it was
a global effect distributed throughout the cortex. This variation
in event intensity among mutant mice suggests the YH variant
can produce divergent outcomes in different individuals, and
led us to investigate how global intensity of cortical activity
relates to the occurrence of epileptic activity.

To quantitatively compare global event intensity and epileptic
activity burden in individual mice, we first created a matrix con-
taining median peak intensity for each event type (Fig. 9B, col-
umns) by mouse (rows). We then estimated each mouse’s global
intensity scaling factor by performing SVD. The resulting first

Figure 5. Mesoscale interictal activity is comprised of event types with equivalent spatial structure in Kcnt1m/m and WT mice. Line plots show the average peak intensity of neural activity
within each Allen Mouse CCF area imaged. These values were constructed by taking the average DF/F peak value across all pixels involved in an event in each area. Pixels not involved in the
event were set to zero. Lines represent grand averages for each group, taken across session averages for each mouse. Error bars show SEM across mouse averages. Text above each plot gives
the total number of events in the cluster from each group and the Kcnt1m/m to WT Pearsons correlation coefficient. Images to the right of each line plot show the average event peak intensity
at all pixels for each genotype and cluster. These were calculated using event frames in which each pixel was assigned its DF/F peak intensity value, and pixels not involved in the event were
set to zero. The color bar in the top left applies to all images in the figure except for those where another color bar is present.
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singular vectors and value model the ma-
trix as a common intensity-by-event-type
curve (Fig. 9B1) multiplied by a global in-
tensity scaling factor for each individual
(Fig. 9B2). This step was necessary to
ensure that the increase in the average in-
tensity was truly global and not driven by
a few high intensity events or clusters. We
next quantified epileptic activity burden
for each Kcnt1m/m mouse by averaging the
normalized total seizure time and average
IED rate for each mouse, and then plotted
epileptic activity burden as a function of
global intensity scaling (Fig. 9C). This
revealed a strong, positive correlation,
mice with high intensity scaling factors
suffered high epileptic activity burdens,
while those with small scaling factors suf-
fered less. The shape of the relationship
between epileptic activity burden and in-
tensity scaling factor was sigmoidal and
well fit by a logistic function (Fig. 9C1).
We then plotted a hypothetical epileptic
activity burden for WT mice based on
their global intensity scale factor and the fit
calculated from Kcnt1m/m mice. Comparing
these hypothetical values to actual values
from Kcnt1m/m mice on the curve showed
that the two Kcnt1m/m mice in which no
seizures were observed and had the lowest
IED rates had event intensities below any
WT mouse (Fig. 9C2). This indicates that
the global intensity of cortical activity needs
to be scaled well belowWT levels to prevent
the occurrence of epileptic activity.

These data reveal a strong relationship
between disease burden and a specific fea-
ture of interictal cortical activity, its peak
intensity. It is interesting that variation in
event intensity was not mirrored by similar
variation in event rate at the level of individ-
ual mice. Thus, YH-driven cortical hyperac-
tivity manifests in several distinct forms,
subject to independent modulation, and
showing specific, yet distinct, relationships
to epileptic pathology. While elevated event
rates predicted the localization of seizures
and IEDs, the characteristic intensity of an
individual’s cortical intensity predicted its
disease burden.

Discussion
The chronically epileptic network in
Kcnt1m/mmice coopts the existing
mesoscale cortical network
Comparing Kcnt1m/m with WT mouse
cortical activity via widefield calcium
imaging suggests that KCNT1-related seiz-
ures operate within the constraints of a
normal mesoscale network and do not
result in the formation of novel networks
during epileptogenesis (Beenhakker and

Figure 6. Long-range seizure propagation follows normal corticocortical synaptic connections. A, An example
seizure rank recruitment heatmap showing a long-range jump in seizure propagation. The magenta border
indicates the extent of seizing tissue in the primary location at the time the seizure emerged at the secondary
location, marked by a magenta dot in MOs. B, A diagram indicating synaptic connections potentially mediating
propagation between each of the areas in the primary and secondary seizure locations. C, A heat-map indicat-
ing the number of times each pair of cortical areas was found in primary and secondary seizure locations fol-
lowing a long-range jump. D, A heatmap showing area-to-area connection strength in the interarea
connectivity model adapted from Oh et al. (2014), cropped to include only areas in our FOV. E, Results of a
simulation to test primary to secondary area connection probability against a random draw from the model in
D. Simulated averages are shown by the histogram and the true average by the red line. F, Results of a shuffle
analysis to compare the connection strength between primary and secondary seizure locations to a random
draw from the connectivity model in D. Histogram shows simulated averages, and the red line marks the true
average connection weight.
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Figure 7. Abnormally persistent activity in the seizure emergence zone precedes seizure onset. A, Heatmap showing Allen Mouse CCF area scaled average DF/F values in the last frame
before seizure emergence, ordered according to optimal leaf order after hierarchical clustering. At right are two example preseizure patterns with CCF area boundaries overlaid. The top image
shows boundaries of the preseizure peak activity (black outline). B, Average images and match score distributions for the best interictal event matches from the source mouse (top), other
Kcnt1m/m mice (middle), and WT mice (bottom) to the uppermost example preseizure activity pattern in A. C, Summary data of the average top match scores for each preseizure activity pattern
(black lines indicate mice imaged through an intact skull, blue lines, indicate data from the mouse with a glass cranial window) compared with all interictal events from the source mouse,
other Kcnt1m/m, and WT mice. Magenta lines show 95% confidence interval (CI) of the null distribution. D, An example preseizure template match score trace in the 20 s lead up to seizure
onset with representative frames, with template boundaries overlaid, shown below. E, An example interictal template match score trace in the lead up to a top 50 interictal frame match to
the preseizure activity pattern shown in panel D. F, A comparison of template match scores in the 20 s lead up to seizures, and interictal match frames. Gray traces show individual preseizure
template match scores, and the black trace shows the average across all preseizure traces. Magenta lines show the 95% CI for a match score average calculated over a random selection of top
50 interictal match frames for each preseizure template. Blue lines indicate data from the mouse implanted with a glass cranial window. G, A comparison of frame peak DF/F in the lead up to
seizures, and interictal match frames. Gray traces show frame peak DF/F in the lead up to each seizure, and the black trace is the average across all preseizure traces. Magenta lines show the
95% CI for a frame peak DF/F average calculated over a random selection from the top 50 interictal matches to each preseizure template. Blue lines indicate data from the mouse implanted
with a glass cranial window.

5086 • J. Neurosci., July 5, 2023 • 43(27):5076–5091 Tobin andWeston · Mesoscale Ca21 Imaging of Murine Epilepsy



Huguenard, 2009; Kramer and Cash, 2012; Smith and Schevon,
2016; Zaveri et al., 2020). First, the spatial profile of interictal
events was similar between Kcnt1m/m and WT mice (Fig. 5), sug-
gesting that, interictally at least, there are not functional, de novo,
long-range connections in the chronically epileptic Kcnt1m/m

brain. Our analyses do not rule out increases in local hypercon-
nectivity, however, of which there is clear evidence for in the lit-
erature in several epilepsy models (Lynch and Sutula, 2000;
Scharfman et al., 2003; Shao and Dudek, 2004; Chu et al., 2010;

Barrows et al., 2017), including the Kcnt1 model (Shore et al.,
2020). Second, most seizures arose out of activity patterns that
also occurred during the interictal period (Fig. 7), suggesting
that, even immediately before seizure, when the overall intensity
of cortical activity is high, the cortex still respects the spatial
boundaries of normal brain activity. Finally, long-range seizure
propagation preferentially occurred along synaptic connections
found in the normal brain (Fig. 6). These findings in our genetic
model are consistent with recent studies of chemically and

Figure 8. Excessive interictal activity predicts epileptic vulnerability of cortical areas. A, Illustration of the approach to measuring interictal event rate differences between genotypes for an
example event type. Event peak intensity images from WT and Kcnt1m/m mice are shown on the left. The upper scatter plot shows event rates of all sessions in each mouse. Each row on the y-
axis represents all session from one mouse and each dot represents the mean event rate from one imaging session. Lower plot shows the same data after a random shuffle in which the event
rate, calculated in each session from each mouse, was pooled, shuffled, and then redrawn such that each mouse had the same number of sessions before and after the shuffle. Short lines are
animal medians and long lines are group means weighted by session number. Histogram to the right shows the distribution of weighted group average differences obtained from 1 million
shuffles, the red line indicates the true group difference (.99.96% of shuffled group differences). B, Heatmap on the left indicates clusters in which event rate is significantly different in
Kcnt1m/m mice (permutation test, p, 0.05 Bonferroni–Holm corrected). Patch color indicates the fractional change in event rate and the borders demarcate peak activity in the cluster event
mean image. To highlight the correspondence between seizure and IED susceptibility and increased rate of interictal activity, the grand average seizure recruitment rank map (Fig. 2F) and the
average image for the largest IED cluster (Fig. 5C) are shown with the peak activity borders for clusters with increased event rates in Kcnt1m/m mice overlaid. C, Heatmap indicating clusters in
which event duration, measured as event width-at-half-max, is significantly decreased in Kcnt1m/m mice (permutation test, p, 0.05 Bonferroni–Holm corrected). Patch color indicates the
absolute change in event duration and the borders demarcate peak activity in the cluster event mean image. Asterisks indicate seizure or IED susceptible regions. Data from the mouse
implanted with a glass cranial window is marked by red triangles.
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optogenetically induced seizures in WT mice (Rossi et al.,
2017; Choy et al., 2022). Additionally, our finding that
long-range seizure propagation was biased toward synapti-
cally downstream areas that are, themselves, seizure suscep-
tible, is similar to previous findings that long-range seizure
jumps occur preferentially to distant, pharmacologically
disinhibited areas (Liou et al., 2018). This parallel suggests
that seizure susceptibility in Kcnt1m/m mice may coincide
with where inhibition is most severely compromised, which
we previously showed was a direct effect of the Kcnt1 YH
variant (Shore et al., 2020). Future studies that compare the
cellular, circuit, or genetic factors that make some areas vul-
nerable, and others resistant to, seizures in this model and
others will be valuable.

We cannot rule out the possibility that our approach is not
sensitive enough to detect the formation of novel networks or
event types in the Kcnt1m/m brain that mediate epileptogenesis,
or that we have failed to identify the true site of seizure initiation.
The method we used to identify interictal event types yielded
broad categories of spatial activity patterns at a resolution con-
strained by the Allen CCF cortical area map. Novel event types
that occur infrequently or differ in the fine details of their spatial
profile could be missed. Furthermore, the Y796H mouse models
a sleep-associated epilepsy, and we did not monitor sleep state in
this study. Our observations of these mice lead us to believe that
they rarely sleep during imaging sessions, thus, we may have

missed abnormal brain activity that is associated with nonrapid
eye movement (NREM) sleep.

A limitation of widefield imaging is that, although we
monitored a large fraction of the cortex, we were unable to
monitor activity in the entire brain, including several subcort-
ical structures known to play important roles in seizure gener-
ation. Although it is almost certain that areas outside our FOV
are playing a role, and we may have not captured the genera-
tive network, several aspects of our data are inconsistent with
exclusively remote seizure and IED initiation. Our core find-
ing of excessive interictal activity in susceptible areas argues
that they are at least a portion of the generative network. Such
correlations in space and time between interictal abnormal-
ities and epileptiform activity are hard to reconcile with a
purely remote seizure and IED origin. For example, abnor-
mally persistent activity in the seizure emergence zone begins
over 9 s before seizure onset and becomes more pronounced
as seizure approaches. During this period, we are unable to see
any behavioral indication of seizure, although these signs
commence simultaneously with cortical seizure onset.

A single gene variant in an inbred mouse strain has diverse
effects on interictal neural activity
One of the most surprising findings of our study is the diversity
of effects on cortical activity caused by a single gene variant. This
variation manifests itself at the level of both cortical area and

Figure 9. Global scaling of cortical event intensity predicts epileptic activity burden. A, Boxplots of session average event peak intensities for all sessions in which event detection was per-
formed in each mouse, numbered as in Figure 8. Asterisks mark Kcnt1m/m mice that differed significantly from the WT distribution (permutation test, p, 0.05). B, Heatmap showing event
peak intensity for each event type in each mouse. Values are medians taken over session averages mapped by the color bar in the lower left of the figure. Mouse identify from panel A is pre-
served along rows. Performing SVD on this matrix yields a first left singular vector (B1) representing the pattern of intensity variation across event types, and a first right singular vector (B2)
representing how this pattern is scaled in each individual. C, Epileptic activity burden plotted as a function of individual event intensity scaling factors (right singular vector values from B1). C1
shows values for Kcnt1m/m mice (red dots), their Spearman’s correlation coefficient, and associated p value. C2 shows a logistic fit to Kcnt1

m/m data y = 0.79/(11eª(�98.9(x� 0.3))), and hy-
pothetical WT epileptic activity burdens predicted by this fit. Data from the mouse implanted with a glass cranial window is marked by red triangles.
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individual mice, and has implications for basic and preclinical
research. For instance, despite widespread expression of KCNT1
in the cortex (Bhattacharjee et al., 2002; Martinez-Espinosa et al.,
2015; Rizzi et al., 2016), the variant caused excessive interictal ac-
tivity in some areas, but reduced activity or altered temporal dy-
namics in others. First, the fact that the variant had opposite
effects on neural activity in different cortical areas speaks to the
importance of localizing pathology in animal models before per-
forming targeted experiments such as patch clamp electrophysi-
ology or gene expression studies. If the effect of a genetic change
is not known a priori, as in the majority of genetic mouse models
carrying human disease-causing variants, then studying an area
that shows reduced activity and is seizure resistant will likely lead
to different experimental results than studying an area with
increased activity that is seizure-vulnerable (Rakhade et al.,
2007; Kullmann et al., 2012; Debanne et al., 2019). Comparing
such areas could lead to better understanding of the factors
underlying region susceptibility and robustness to epileptic ac-
tivity. Previously, we showed that nonfast spiking interneurons
neurons from M2 showed strong reductions in membrane
excitability in this model. Thus, future experiments testing
whether this neuron type is also affected in other seizure sus-
ceptible areas (PTLp) and seizure resistant areas (S1) could an-
swer the question of whether certain cell types or circuit
architectures confer regional susceptibility.

Second, the observation that the same variant caused oppo-
site effects in different cortical regions, which are comprised of
broadly similar cell types and circuits (Harris and Shepherd,
2015), suggests that the altered brain functions that subserve
epileptic pathology are several steps removed from the cellular
roles of the molecules that underly them. One explanation for
this is that we imaged adult mice, well after the onset of epilepsy
in this model. Future studies performing longitudinal imaging
throughout key developmental timepoints (Domínguez et al.,
2021) could inform whether the rate and intensity changes that
we observed evolve through development, and how these devel-
opmental alterations might relate to the ultimate expression of
overt pathology. Furthermore, our results showing qualitatively
different effects on activity in different cortical areas strongly
argues that interventions targeted to specific brain areas are
needed to maximize treatment and minimize side effects, even
when the therapy is gene-based (Epi, 2015; Turner et al., 2021).
For instance, therapies designed to broadly restrict excitability
may reduce seizures and IEDs by bringing the activity of some
regions into a normal range, but may simultaneously reduce
the activity of other regions below key thresholds, thus, risking
collateral disruption of brain functions uninvolved in disease.

Excess frequency of events identifies seizure susceptible
cortical regions
Despite the diversity of effects of the variant in different cortical
areas, a logic to the changes emerged when we compared them
to the areas that were vulnerable to seizures and IEDs, suggesting
cortical area is a strong determinant of pathologic outcome. The
variant predictably drove epileptic activity, and excessive interic-
tal activity, in a restricted subset of areas. Elsewhere, it reduced
activity and altered its temporal dynamics without generating
seizures and IEDs. Previous studies have indicated that epileptic
tissue is hyperexcitable (Valentín et al., 2002; Polack et al., 2007;
Brigo et al., 2013; Williams et al., 2016), thus, it is not surprising
that areas vulnerable to seizure and IED show activity profiles
that suggest underlying hyperexcitable circuits, such as increased
event rate or intensity. A more salient question then, is whether

area-specific increases in interictal activity cause seizures, are a
consequence, or both arise from the same underlying circuit
change. Although this is a difficult question to answer defini-
tively, the fact that Kcnt1m/m animals that showed few or no seiz-
ures still showed elevated rate and intensity in seizure-prone
areas suggests that elevated interictal activity is not a conse-
quence of seizures.

Global intensity scaling in individuals suggest compensatory
plasticity can protect against epilepsy
The finding that some Kcnt1m/m mice had no observed seizures
and reduced intensity, whereas others had many seizures and
increased intensity, suggests that seizure burden is proportional
to the global intensity of interictal cortical activity, at least in this
model. That some mice had lower than WT intensity suggests
that seizures themselves are not the cause of intensity differences,
but that there is a mechanistic link between altered intensity and
the seizure burden. Thus, the lowering of intensity may be a
homeostatic response to compensate for the proexcitatory effect
of the variant and prevent seizures, while the raised intensity
may reflect a failure of this mechanism.

The cortex-wide nature of this scaling is surprising, as is the
large variation in individual Kcnt1m/m mice. In humans, geno-
type/phenotype correlations from the same variant are often
poor, an observation that has been attributed to background
genetic variation or experience (Helbig and Tayoun, 2016). Our
mice, however, are all highly genetically similar and housed in
similar conditions. Some were littermates. This suggests an
unappreciated stochasticity in the development of mesoscale
activity in the epileptic brain. Alternatively, a period of reduced
cortical activity may be a disease stage that occurs in all mutant
mice. However, because we followed most individual mice over
a period of weeks at roughly the same age, during which time
cortical activity levels were stable, this interpretation requires a
high degree of interindividual variability in disease progression.
In either case, these results suggest that, although it may protect
from seizures, compensatory intensity downscaling comes at
the cost of pushing some features of interictal activity further
away fromWT levels.

These findings have direct implications for the development
of precision epilepsy therapies. The large variation between
Kcnt1m/m mice suggest that even individuals with the same dis-
ease-causing genetic variant may need to be treated differently,
depending on their disease progression. We provide a clear
roadmap for measuring how severely brain activity deviates
from normal, not only in pathologically active areas, but across
large portions of the brain and outside of epileptic activity. This
information can potentially be used to determine where and
how brain activity needs to be modulated to holistically restore
normal function. It also has the potential to reveal unintended
off-target treatment effects, facilitating therapy optimization to
deliver maximal benefit with minimal side-effect potential.
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