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Seizure initiation is the least understood and most disabling element of epilepsy. Studies of ictogenesis require
high speed recordings at cellular resolution in the area of seizure onset. However, in vivo seizure onset areas can-
not be determined at the level of resolution necessary to enable such studies.
To circumvent these challenges, we used novel GCaMP7-based calcium imaging in the organotypic hippocampal
slice culture model of post-traumatic epilepsy in mice. Organotypic hippocampal slice cultures generate spontan-
eous, recurrent seizures in a preparation in which it is feasible to image the activity of the entire network (with no
unseen inputs existing). Chronic calcium imaging of the entire hippocampal network, with paired electrophysi-
ology, revealed three patterns of seizure onset: (i) low amplitude fast activity; (ii) sentinel spike; and (iii) spike burst
and low amplitude fast activity onset. These patterns recapitulate common features of human seizure onset,
including low voltage fast activity and spike discharges. Weeks-long imaging of seizure activity showed a charac-
teristic evolution in onset type and a refinement of the seizure onset zone. Longitudinal tracking of individual neu-
rons revealed that seizure onset is stochastic at the single neuron level, suggesting that seizure initiation activates
neurons in non-stereotyped sequences seizure to seizure.
This study demonstrates for the first time that transitions to seizure are not initiated by a small number of neur-
onal ‘bad actors’ (such as overly connected hub cells), but rather by network changes which enable the onset of
pathology among large populations of neurons.
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Introduction
Epilepsy, which affects �1% of the population,1 is defined as a pro-
pensity for spontaneous seizures. Seizures in turn are defined as the
‘transient occurrence of signs and/or symptoms due to abnormal

excessive or synchronous neuronal activity in the brain’.2 The un-
predictable nature of these events is both the basis of the term ‘seiz-
ure’ as well as one of the most disabling features of the disorder.3

Understanding seizure initiation, or ictogenesis, is critical for devel-
oping prediction schemes4 as well as mechanistically based
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treatments for the large fraction of patients who remain medically
refractory.5 Investigating ictogenesis at cellular resolution is the
focus of this study.

Unfortunately, ictogenesis is difficult to study. First, seizures
occur spontaneously and often unpredictably so that infeasibly
long recordings are required to capture them. Many studies have
relied on pharmacological manipulations to trigger seizures to
gain temporal control; however, the mechanistic relevance of
these provoked-seizure models to the mechanisms of spontan-
eous seizures remains questionable. Second, parsing seizure onset
from propagation in vivo is impossible with finite recording arrays.
Finally, in vivo recording methods provide poor spatial sampling,
either capturing only population activity (large volume, but low
resolution) or the activity of a small number of cells (high reso-
lution, but small volume). To overcome these challenges, we
coupled continuous field-potential recordings with chronic, cellu-
lar-resolution calcium imaging of an entire neuronal network: hip-
pocampal organotypic slice cultures.6 This represents a first-of-its-
kind study of the activity of a whole epileptic network at cellular
resolution. This preparation retains the cytological, anatomical
and developmental features of the in vivo hippocampus.7 After
1 week in vitro, hippocampal slice cultures generate well-character-
ized spontaneous seizure-like events8 that correspond closely to
experimental and human epilepsy, including electrographic semi-
ology8–10 and response to anticonvulsants.11 Critically, there are no
non-recorded inputs to this preparation, as exist in vivo. Thus, it is
feasible to image the entirety of network activity, ensuring that
the earliest pathological activity is captured. In undisturbed slice
cultures recorded in the incubator, the calcium activity of hun-
dreds of individual neurons, for dozens of seizures, was followed
over several weeks. We used this preparation to address funda-
mental but previously unanswerable questions regarding ictogen-
esis, including whether a distinct subpopulation of neurons
consistently initiates seizure activity.

Interneurons may comprise one such subpopulation.
Interneuron pathologies in epilepsy include interneuron loss,12,13

failure of inhibitory constraint,14,15 post-inhibitory rebound spiking16

and positive shifts in the GABAA reversal potential.17–20 Consistent
with this last finding, early activation in putative interneurons from
unit recordings has been observed in animal models of spontaneous
seizures21,22 and patients with temporal epilepsy,23 and from opto-
genetically identified interneurons in chemoconvulsant-induced
seizures24 (although acute chemoconvulsant-induced activity may
differ from spontaneous epileptic activity25). Here we find that inter-
neurons activate earlier during ictogenesis compared to principal
cells, consistent with a possible pro-ictal effect of interneurons dur-
ing seizure onset.

Finally, we used our unique ability to track the activity of indi-
vidual neurons across multiple seizures to test whether a subpo-
pulation of neurons consistently activates earliest. Super-
connected hub cells are one such possibility. These GABAergic
interneurons have been observed in the developing hippocampus
and show high levels of functional connectivity, with extensive,
long-range arborizations, which are maintained into adult-
hood.26,27 Modelling studies have suggested a role for hub cells in
generating ictal events.28–30 If hub cells were responsible for driv-
ing the transition to seizure onset, they should consistently be
among the earliest ictal activators. Indeed, multiunit recordings
have suggested repeatable patterns of seizure propagation
in vivo.31,32 Alternatively, it has been proposed that ictogenesis
may result from re-entrant activity in networks with small-world
connectivity, where all neurons primarily have local connections,
with a smaller number of long-range projections.6,33 This model
would predict non-stereotyped seizure onsets. Here, we found that
consecutive seizures begin with highly variable neuronal

activation sequences indicating that ictogenesis is not necessarily
driven by hub cells. Re-entrant activity cannot be studied directly
with the current calcium imaging approach, but our findings are
consistent with a prediction of transitions to seizure being charac-
terized by stochastic onset sequences at cellular resolution. This
finding centres the requirement to view and treat seizure onset as
a network phenomenon.

Materials and methods
Study design

This study was designed to capture spontaneous seizure activity,
across an entire epileptic network at neuronal resolution. A
recording paradigm was designed to balance the need to capture
high-resolution, spontaneous activity, with the limitations in
acquiring, storing and processing very large datasets, see the
Supplementary material for full details.

Here, 85-s long, high-resolution ‘movies’ of calcium activity
were obtained, once every 6 h. Activity was sampled from the
same slices for over 3 weeks. Slice health was confirmed by robust
calcium activity, and stability of fluorescently labelled neurons. In
total, 10 slice cultures were included in the analysis, which came
from four animals (one to four slices were used per animal). Data
were obtained from three independent imaging cohorts. For the
single cell analysis, there was no significant difference in the intra-
versus inter-animal variability, confirming the validity of treating
each slice culture as an independent data-point (Supplementary
Fig. 8C).

Animals

All animal protocols were approved by the Massachusetts General
Hospital Institutional Animal Care and Use Committee. DLX-cre
mice (Jackson Laboratory, stock number 008199) of either sex were
used for this study. Mouse pups remained in the home cage with
the dam under standard husbandry conditions until postnatal Day
(P) 6–8 when organotypic slice cultures were prepared (see below).

Virus delivery by intracerebroventicular injection

Intracerebroventicular (ICV) injections were performed as
described by Glascock et al.34 Viral solutions of 10 ml each of AAV9-
hSyn-GCaMP7f and AAV9-FLEX-CAG-tdTomato (Addgene; #104488
and #28306, respectively) were prepared with 0.05% trypan blue for
visualization of the injection site. Newborn DLX-cre mouse pups
(P1–2) were anaesthetized via hypothermia and viruses were deliv-
ered into the ventricles (one virus per hemisphere) using a glass
pipette, see full details in the Supplementary material.

Preparation of organotypic slice cultures

Organotypic slice cultures were prepared from P6-P8 DLX-cre mice
of either sex using the membrane insert technique35 for imaging,
see the Supplementary material for full details.

Chronic calcium imaging

On the day of slice culture preparation, slices were transferred to
the custom imaging system, an inverted microscope constructed
inside of a CO2 incubator,6 see the Supplementary material for full
details. Slices were imaged every 6 h, and each recording included
a z-stack of red fluorescence (15 10-mm steps) to record the ana-
tomical distribution of interneurons and an 85-s time series of
green fluorescence at 35 Hz from a single, central, z-plane to record
the spatiotemporal dynamics of calcium activity.
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Electrophysiology

In some experiments, imaging was paired with electrical record-
ings of the extracellular field potential, see the Supplementary
material for full details.

Calcium imaging data analysis
Preprocessing of calcium imaging

Active, GCaMP + cells were identified from the frame-to-frame
standard deviation projection (STD) of the high-resolution calcium
recordings. The STD projection highlights pixels with dynamic sig-
nal. The Fiji plugin TrackMate36 was used to automatically select
40 mm2 regions of interest corresponding to the soma of active cells
from the STD projection (Supplementary Fig. 4A), and calcium sig-
nal was extracted as the mean pixel intensity of each region of
interest. GCaMP7f is expressed in both the soma and neuropil of
neurons, which can create challenges when trying to separate the
calcium signal from an individual neuron versus the surrounding
neuropil. Calcium traces were corrected for neuropil contamin-
ation by subtracting the mean intensity of an annulus region of
interest of the local neuropil fluorescence surrounding the neuron-
al region of interest. Empirically, we found that the optimal re-
moval of contaminating signal, without overcorrection was
achieved by: Fraw – 0.9 � Fneuropil to provide the neuropil corrected
F-value (Fnp-corrected). Without neuropil subtraction, the diffuse and
large neuropil fluorescence can give a false impression of extreme
synchrony across all neurons (Supplementary Fig. 4B–E). Calcium
traces were normalized on a frame-by-frame basis as DF/F, see the
Supplementary material.

Activation threshold

The threshold for being considered in the active state was deter-
mined on a cell-by-cell basis, as mean + 3 standard deviations
(SD) from a baseline period of 100 frames (�3 s) without ictal or epi-
leptiform activity. Threshold values were used to determine the
onset time (first threshold crossing) and percentage of time spent
in the active state (total time above threshold in a predefined win-
dow). We compared threshold to onset time, to ensure that the
timing of ictal onset was not correlated with a cell’s threshold
value (Supplementary Fig. 3E and F).

Random, shuffled and early activator surrogate analyses

To test the hypothesis that seizure onset is stochastic, three con-
trol analyses were performed to compare to the experimentally
obtained mean minimum onset. The first was to compare the ex-
perimentally obtained mean minimum onset, to the mean min-
imum obtained from a paired number of randomly generated
sequences. For example, the mean in Fig. 6A is obtained from the
mean normalized onset rank of 1100 neurons across six seizures.
A uniformly distributed random sequence of 1100 numbers was
generated and then peak normalized. This was done six times and
the peak normalized sequences were averaged (so each of the 1100
positions had six values that were averaged). The minimum from
this set of means is therefore the minimum value you would ex-
pect from a set of sequences with a random distribution of values
sequence to sequence. This analysis was repeated for 50 iterations
and the minimums were averaged to produce the final mean min-
imum onset of random sequences. Each slice has one such ‘mean
minimum onset of random sequences’ per seizure onset type.

The experimental data were also compared to activity shuffled
data. Here the experimental data were shuffled in a sliding win-
dow of 500 ms. The activity thresholded data were used for the
shuffling, such that each cell had a binary above or below

threshold value at each time point. Within each 500 ms window,
the exact time above threshold would be randomized, but the total
amount of time above threshold would be kept the same. Each cell
was shuffled independently. The shuffled data were then used to
calculate onset ranks for each cell, and the mean minimum onset
was calculated as before (with 50 iterations to calculate the mean
minimum onset of activity shuffled data; one per slice per onset
type).

Finally, the experimental data were compared to a sequence of
onsets where a set of early activators was artificially added into
the sequence. Here for a set of seizures (where a set of seizures =
all the seizures of the same onset type in a slice), 50 cells are
chosen at random to be ‘early activators’. In each seizure within
the set, the same 50 cells were given a new onset time that was
within the first 200 ms (exact onset time was randomized) and
new sequences of onset ranks was generated. These sequences
were then averaged to calculate the mean minimum onset across
all the seizures. This was done for a new set of 50 cells in each of
the 50 iterations, which was used to calculate the mean minimum
onset that would be predicted with a subset of consistently early
activating cells.

Immunohistochemistry

Hippocampal organotypic slice cultures were prepared and stained
as described by Gogolla et al.,37 see the Supplementary material for
full details. Cell counting was performed in ImageJ and Cell
Profiler.38

Data presentation and statistics

All data means from n410 are presented as box and whisker
plots. When n5 10, data are presented as a bar chart of mean ±

SEM with dots for individual points. Bee-swarm plots were also
used to allow for visualization of overlapping data points (adapted
from Stevenson39). Two-tailed t-tests were used to compare
means, with Holm–Bonferroni correction applied for multiple com-
parisons where appropriate. The variability in onset sequences
from seizure to seizure was assessed by the Kendall rank coeffi-
cient, see the Supplementary material. All analyses were per-
formed in ImageJ (Fiji) and MATLAB.

Data availability

Data generated from this study is available on reasonable request
from the corresponding author.

Results
Ictogenesis at cellular resolution

To investigate the activity of individual neurons during ictogene-
sis, we used our newly developed continuous single-photon imag-
ing system to chronically record GCaMP7-based neuronal calcium
activity. Slice cultures were maintained undisturbed in the imag-
ing system for the duration of these month-long experiments.
GCaMP7f was expressed across all neuronal subtypes and loca-
tions (Supplementary Fig. 2A and B), by in vivo ICV injection of
AAV9-hSyn-GCaMP7f, paired with interneuron labelling by ICV in-
jection of AAV9-FLEX-CAG-Tdt in DLX-cre mice at P1–2. Using this
approach, we were able to resolve �800–1200 GCaMP + neurons
per slice culture (Supplementary Fig. 2A). Organotypic hippocam-
pal slice cultures contain �10 000 NeuN + neurons per slice culture
(9863 ± 910 NeuN + neurons per slice; n = 3 organotypic slice cul-
tures at DIV7; Supplementary Fig. 2H), of which 6119 ±856 are
Phospho S6+. If we consider the NeuN/Phospho S6+ neurons as
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the total healthy, transcriptionally active population, this strategy
results in GCaMP expression in �23% of active neurons. This rela-
tively sparse expression was purposeful to allow for single cell de-
tection with single-photon imaging. Conversely, FLEX-cre driven
tdTomato expression under a CAG promoter was used to robustly
label interneurons. In total 2000–4000 tdTomato + interneurons
were identified per slice, 26.4% (± 2.1, n = 10) of which were also
GCaMP + (the remaining tdTomato + interneurons were not
assigned a region of interest). 35.7% (± 4.1%, n = 10) of GCaMP +
neurons were identified as interneurons by co-localization of
tdTomato (Fig. 1A), where all GCaMP + /tdTomato + cells were con-
sidered to be interneurons and GCaMP + /tdTomato– cells were
considered to be principal cells. Post hoc staining of GAD67 in DLX-
cre slices with FLEX-tdTomato expression revealed that 93.5% ± 0.5
of tdTomato + cells were also positive for GAD67 (n = 8 organotypic
slices; Supplementary Fig. 2E and F). Most tdTomato + /GAD67–
cells were in the hilus, which is known to contain a small popula-
tion of GAD65 + /GAD67– interneurons,40,41 suggesting that DLX-
tdTomato expression was highly specific for interneurons. We also
found that 83.8% ± 1.7 of GAD67 + cells were also tdTomato + (n = 8
organotypic slices, Supplementary Fig. 2E). Therefore, a small per-
centage of interneurons may have been falsely identified as princi-
pal cells due to lack of tdTomato expression.

We recorded 85-s long series of high-resolution images at 35 Hz
to capture the spatiotemporal dynamics of calcium activity. These

‘movies’ were obtained from each slice culture once every 6 h, be-
ginning on the day of culture preparation [day in vitro (DIV) 0] and
continuing for 43 weeks (Supplementary Fig. 1A). Cellular-reso-
lution calcium activity (Supplementary Fig. 4) was extracted from
individual neurons (Fig. 1A–C), with the goal of parsing the cellular
activity leading up to seizure initiation. Seizure-like events (hence-
forth referred to as ‘seizures’) were easily identifiable from the
mean Df/f of neuronal calcium activity, as large amplitude (42�
baseline) calcium transients lasting for 45 s. Seizure onset was
defined as the period beginning from the earliest detectable rise in
mean Df/f, until the local maxima of the Df/f slope that marks the
transition to frank seizure. An activation threshold was deter-
mined on a cell-by-cell basis (as mean + 3 SD of baseline activity;
see Methods) to translate the Df/f calcium signal to a binary above/
below threshold signal (Fig. 1D).

Ictal onset patterns

Seizure onset type is often defined by the EEG signature in patient
populations. A diverse catalogue of ictal onsets has been charac-
terized from patient EEG42–46 and computational approaches.47–49

Here we defined three onset types based on calcium imaging: low
amplitude fast activity onset (LAF); sentinel spike (SS); and spike
burst and low amplitude fast activity (SB + LAF). LAF onset seizures
were characterized by several seconds of low amplitude calcium
activity, which preceded high-amplitude, hypersynchronous ictal

Figure 1 Ictogenesis at cellular resolution. (A) Representative images of Syn-driven expression of GCaMP7 (STD projection of GCaMP7 activity) and
DLX-cre driven tdTomato labelling of interneurons. Scale bar on merge image = 500 mm. Scale bar on zoom in = 50 mm. Laplacian-of-Gaussian Filter is
applied to GCaMP images before automatic region of interest selection (pink circles). All tdTomato + /GCaMP + cells were considered interneurons (IN)
and tdTomato–/GCaMP + cells as principal cells (PC). (B) Example traces from nine individual neurons (black = principal cells, red = interneurons)
during a seizure event. Scale bar = 0.1 Df/f and 10 s. (C) Raster plot of Df/f for all detected neurons from same seizure as B. Red bar indicates inter-
neurons. (D) Raster plot of same neurons as C, where yellow = frames above active threshold. Tdt/tdt = tdTomato.
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calcium activity (i.e. the transition to frank seizure). In paired elec-
trical field-potential recordings, LAF onset seizures displayed char-
acteristic low voltage fast activity23,42,50 (Fig. 2A). SS onset was
defined by a brief period of spikes (51.5 s) before the transition to
ictal activity (Fig. 2B). SS onset is reminiscent of the brief pre-ictal
discharges, which can be observed from intracranial recordings in
some patients with mesial temporal lobe epilepsy.51 All slice cul-
tures recorded for 43 weeks had both LAF and SS onset type seiz-
ures. Finally, �60% of slice cultures also displayed SB + LAF onset
seizures, which were characterized by one or more high-ampli-
tude spikes, followed by several seconds of low amplitude activ-
ity during the onset period (Fig. 2C). Often SB + LAF onset seizures
presented with a bi-phasic onset (a single high-amplitude burst
of calcium activity followed by several seconds of low amplitude
activity). In paired field-potential recordings, this single, high-
amplitude calcium spike was revealed to be composed of a brief
burst of electrical spiking activity. A similar pattern of SB (fol-
lowed by low voltage fast activity) onset was occasionally
observed from intracranial EEG recordings in patients with tem-
poral lobe epilepsy.50,52

Ictal onset: evolution during epileptogenesis

All slice cultures displayed similar evolutions in ictal onset type,
where LAF onset was consistently the earliest observed seizure
type, followed by SS and SB + LAF (Fig. 3A and Supplementary Fig.

5A). Individual slice cultures alternated among the onset types, i.e.
onset types could alternate from one seizure to the next, so that
seizure onset did not evolve from one type to the next in an abso-
lute manner. We observed a general trend towards increased peak
Df/f and seizure duration over time, but did not find an independ-
ent relationship between onset type and ictal amplitude or dur-
ation (Supplementary Fig. 5B and C). The inter-ictal interval
decreased with days in vitro (Fig. 3C), consistent with the idea that
the severity of epilepsy increased over time in organotypic slice
cultures. The mean inter-ictal interval during days when only LAF
onset seizures were observed was 301.8 s ± 34.1 s (Fig. 3D;
n = 32 days from 10 slices, from four animals). This was significant-
ly longer than days with mixed seizure onset (198.6 s ± 14.9 s,
n = 40 days; P5 0.05 t-test with Holm–Bonferroni correction for
multiple comparisons) or with SS/SB + LAF onset only (148.2 s ±

15.1 s, n = 14 days; P5 0.05 t-test with Holm–Bonferroni correction
for multiple comparisons). These results indicate a correlation be-
tween the more mature forms of ictal onset (SS and SB + LAF) and
more frequent seizures.

Seizure onset zone

Early during epileptogenesis, seizure onset did not initiate in a re-
gionally defined manner. However, all slice cultures developed re-
gionally specific seizure onset zones by the second week in vitro

(Fig. 4A and B). We consistently observed that later seizures began

Figure 2 Ictal onset type. (A) Representative trace of paired mean Df/f GCaMP7f calcium activity and local field potential activity (LFP) during a low
amplitude fast activity onset seizure, with phases of activity labelled. Bottom panels show expanded resolution of regions a–c. (B) Representative
traces of paired mean Df/f and LFP activity for an SS onset seizure. Bottom panel shows expanded resolution around ictal onset. (C) Same as in B, but
for an SB + LAF onset seizure.
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with the earliest activity in the CA1, and often included early activ-
ity in dentate gyrus and hilus as well (Fig 4C; 21.7% ± 9.2 CA1, 8.8%
± 6.0 CA1 and dentate gyrus, 69.4% ± 12.7 CA1, dentate gyrus and
hilus, n = 99 seizures from nine slice cultures). Although most slice
cultures displayed a single seizure onset zone (Fig. 4D; 62.5% of sli-
ces had a single seizure onset zone), 25.0% of slice cultures had
two and 12.5% had three seizure onset zones.

Does a specific subpopulation of neurons drive
seizure onset?

We first considered if there was a cell type difference in onset time
for interneurons versus principal cells during ictal onset. In time
windows distant from ictal events (430 s before the next seizure),
both principal cells and interneurons showed low levels of activity,
with no significant difference between the two populations
[Supplementary Fig. 6A; 0.26% and 0.26% ± 0.003, time above
threshold in a 5-s window, 95% CI (0.256, 0.268) and (0.254, 0.270),
n = 46 inter-ictal windows, t(45) = 0.0313, P = 0.48]. To test the hy-
pothesis that interneurons activate earlier in ictogenesis, an onset
time was calculated for all neurons during each seizure, where
onset time was the first threshold crossing during onset or frank
seizure. On average, interneurons were found to activate earlier
than principal cells (Supplementary Figs 6B, C and 7B and C),but to
a relatively modest degree [mean onset time: 1.70 and 1.62 s ± 0.01,
for principal cells versus interneurons, respectively; 95% CI (1.68,
1.72) and (1.59, 1.64), n = 138 seizures, t(137) = 3.676, P5 0.001,
paired t-test]. When mean onset time was calculated per region,
we found that interneurons preceded principal cells specifically in
CA3 [mean onset time: 2.30 and 2.19 s ± 0.02; 95% CI (2.28, 2.33) and

(2.17, 2.21), n = 125 seizures, t(124) = 3.392, P50.001, paired t-test]
and CA1 [mean onset time: 1.47 and 1.40 s ± 0.01; 95% CI (1.45, 1.48)
and (1.38, 1.41), n = 125 seizures, t(124) = 3.038, P5 0.001, paired t-
test]. This finding is consistent with the prediction of early inter-
neuron activation during ictogenesis53; however, the subtlety of
this difference argues for a more careful dissection of possible cel-
lular initiators of seizure onset as follows.

To determine whether a subpopulation of neurons, such as a
subclass of interneurons or hub cells, are critical to ictogenesis, we
next took advantage of our longitudinal tacking of neurons and
considered the onset sequence of neurons across multiple seiz-
ures. For each seizure, neurons were ranked from 1 to N – 1 accord-
ing to the order of first activation during ictal onset, where
neurons that first activated in the same frame (of �28 ms) were
assigned the same rank. All neurons that remained inactive during
ictal onset were ranked ‘N’ (i.e. inactive neurons were given the
highest rank). As the value of N differed across seizures, onset
rank was peak normalized by N to allow for comparisons in activa-
tion sequence across seizures. Despite finding repeatable regions
of seizure onset (Fig. 4), the activation sequence of individual neu-
rons was found to be highly variable across seizures (Fig. 5A). We
quantified the Kendall rank correlation of neuronal onset sequen-
ces and found a weak correlation in the sequence of activation
seizure to seizure for all types of ictal onset (Fig. 5B and C; mean
correlation between seizures per slice culture: 0.20 ± 0.02,
0.14 ±0.05 and 0.18 ± 0.03; n = 8, 5 and 6 slice cultures for LAF, SS
and SB + LAF onset). Low sequence correlation was also found
when comparing onsets for interneurons or principal cells
[Supplementary Fig. 7B; 0.17 ± 0.02 and 0.17 ±0.07 (principal cells
versus interneurons for LAF onset), 0.13 ± 0.04 and 0.19 ± 0.07 (SS

Figure 3 Evolution of ictal onset type. (A) Proportion of each seizure onset type by days in vitro [n = 150 seizures, from 12 slice cultures (from four ani-
mals)]. Blue = low amplitude fast activity onset (LAF), red = sentinel spike onset (SS) and grey = spike burst + low amplitude fast onset (SB + LAF). (B)
Representative DF/F calcium traces of each ictal onset type, all from the same slice culture. Scale bar = 5 s and 0.1 DF/F. (C) Mean inter-ictal interval by
days in vitro, n = 12 slice cultures. (D) Mean inter-ictal interval during days when only LAF onset seizures were present, days with mixed seizure
onsets, or days with only SS and/or SB + LAF onset. Box = inner-quartile range (IQR); line = median; X = mean; dots = outliers, 41.5 of the IQR. n = 32,
40 and 14 days, from nine slices and four animals; *P5 0.05 Student’s t-test, with Holm–Bonferroni correction for multiple comparisons.
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onset), and 0.21 ± 0.02 and 0.18 ± 0.03 (SB + LAF onset)], and when
separating neurons based on region (Supplementary Fig. 7C; hilus:
0.03 ± 0.05, dentate gyrus: 0.01 ± 0.06, CA3: 0.13 ±0.03 and CA1:
0.09 ± 0.04 for LAF onset seizures; hilus: 0.10 ± 0.04, dentate gyrus:
0.06 ± 0.04, CA3: 0.10 ± 0.03 and CA1: 0.06 ± 0.03 for SS onset seizures;
hilus: 0.07 ± 0.04, dentate gyrus: 0.14 ± 0.06, CA3: 0.11 ±0.01 and CA1:
0.10 ± 0.03 for SB + LAF onset seizures). Low sequence correlation
was similarly robust to alternate methods of defining the onset of
activity, including determining onset based on exceeding a con-
stant threshold of calcium activity for all cells (Supplementary Fig.
7D; Kendall rank correlation: 0.23 ± 0.03, 0.06 ± 0.09 and 0.23 ± 0.03)
and onset determined using lowpass filtered calcium traces to de-
termine when the activity threshold was exceeded
(Supplementary Fig. 7E; 0.18 ±0.02, 0.05 ± 0.10 and 0.19 ± 0.03). To
test whether synaptic or dendritic activity might be more stereo-
typed from seizure to seizure, we also compared the seizure-to-
seizure activation rank for non-neuropil subtracted data
(Supplementary Fig. 7F; 0.33 ±0.03, 0.23 ± 0.05 and 0.30 ± 0.04), and
within the neuropil alone (Supplementary Fig. 7G, –0.11 ± 0.20,
0.16 ± 0.04 and –0.003 ± 0.08, n = 3, 14 and 16 seizures). The non-sub-
tracted and neuropil only data shows a trend towards higher se-
quence correlation, probably due to our inability to resolve the
activity of individual cellular elements in the neuropil, so that ac-
tivity in the neuropil appeared more synchronous.

As another test for a subpopulation of neurons whose activa-
tion consistently initiated seizure onset, we calculated the cumu-
lative distribution function (CDF) of the normalized onset time for
single seizures and for the mean normalized onset of neurons
across multiple seizures (Fig. 6A). CDFs were also computed from
the mean of a paired number of randomly generated series and
from sequences with shuffled activity, where activity was shuffled
within a sliding window of 500 ms, but mean activity was kept the
same (Fig. 6B, see the ‘Materials and methods’ section). In CDFs
generated from single seizures, the minimum onset value will al-
ways be zero for the earliest activators. If these same neurons
were the earliest activators for multiple seizures, then the min-
imum onset value of the mean CDF would also be zero or nearly
zero. Instead, we found that the minimum normalized onset from

the mean onsets across multiple seizures was significantly higher
than zero (0.06 ±0.01, 0.27 ± 0.08 and 0.05 ± 0.01; n = 8, 5 and 6 slices
for LAF, SS, and SB + LAF onset seizures, respectively) and was not
significantly different than the mean minimum values obtained
from randomly generated sequences (0.06 ± 0.001, 0.12 ±0.06 and
0.04 ±0.001) or from activity shuffled data (0.05 ± 0.001, 0.12 ± 0.02
and 0.03 ±0.01). A mean minimum onset was also calculated from
a random subselection of 100 cells, repeated across 50 iterations
(Supplementary Fig 8B; 0.13 ±0.01, 0.34 ± 0.05 and 0.13 ±0.01, for
LAF, SS and SB + LAF, respectively). This subset analysis revealed
an even higher mean minimum onset compared to the full experi-
mental dataset for LAF (P50.001) and SB + LAF onset seizures
(P50.001, t-test). This highlights the need for a large sample size
to capture the true early activity.

We also performed a surrogate analysis to approximate a CDF
with a population of early activators. To do so, 50 cells were
chosen at random to have an onset time within the first 200 ms
(exact onset time was randomized) in every seizure in which that
cell was detected (Fig. 6B, see the ’Materials and methods’ section).
The onset data for the remaining cells was unchanged. The mean
minimum onset for this ‘early activator’ data was 0.01 ± 0.004,
0.02 ±0.003 and 0.01 ± 0.003 (Fig. 6C), and was significantly less than
experimental data (P5 0.01, P5 0.05 and P50.01; paired t-test,
with Holm–Bonferroni correction for multiple comparisons). This
value did not change significantly when varying the total number
of ‘early activators’ from 1 to 100 (Supplementary Fig 8A).
Together, these data indicate that the mean minimum onset (i.e.
average earliest activation during seizure onset) is later than
would be predicted if there were a subpopulation of neurons that
consistently activated at the beginning of seizure onset.

Finally, we examined the period immediately before seizure
onset, to determine whether there were any neurons that were
consistently active preceding the population-level changes that
mark the beginning of ictal onset. While there were many neurons
that were consistently silent in the seconds preceding ictal onset
(across all cell types and regions, Supplementary Fig. 8D), no neu-
rons were found that were reliably active in this pre-ictal time
period (Fig. 6D). Taken together, these results reveal that different

Figure 4 Evolution of seizure onset zone. (A) Left image shows the overall anatomy of an example slice with DLX-cre driven tdTomato labelling of
interneurons. Scale bar = 100 mm. Other panels show the onset time of individual neurons within the example slice over four different seizures span-
ning DIV5 to DIV10. (B) Plot of the proportion of seizures with an undefined seizure onset zone over time. n = 6 slice cultures (all slices with early seiz-
ures captured by high-resolution imaging). (C) Bee-swarm plot of percentage of seizures from each slice with each seizure onset zone: CA1, CA1 and
dentate gyrus (DG), or CA1, DG and hilus (Hil). Red cross = mean; n = 9 slices; colour of dot indicates slices from the same animal. (D) Percentage of sli-
ces with one, two or three observed seizure onset zones (SOZ); n = 9 slices.
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sets of neurons are active during early ictogenesis across multiple
seizures and argues against the presence of a subpopulation of
neurons, either hub cells or interneurons, that consistently drive
seizure initiation.

Discussion
In the current study, we used cellular calcium imaging to analyse
how spontaneous seizure activity begins in an in vitro preparation in
which the entire epileptic network was visualized, and to which
there were no other inputs. No convulsants were used in these stud-
ies. Our chief findings are: (i) we observed three unique patterns of
spontaneous ictal onset in our preparation, defined by calcium
imaging and electrophysiology: LAF, SS and SB + LAF; (ii) seizure
onset evolves in a characteristic manner during epileptogenesis
in vitro. This includes both a refinement of the seizure onset zone
and an evolution in the predominant pattern of seizure onset; and
(iii) seizure onset is stochastic at the level of individual neurons.

Seizure onset evolves slowly and predictably

The onset patterns observed here recapitulate features of ictal onsets
seen in patient populations. LAF and SB + LAF resemble the common-
ly observed pattern of low voltage fast activity. Sentinel spike onset
closely mimics the brief, pre-ictal discharges that are recorded intra-
cranially from patients with medial temporal lobe epilepsy.51 Early in
epileptogenesis seizures initiated with activity in all subfields of the
hippocampus, without a well-defined seizure onset zone. Later in
epileptogenesis, preparations demonstrated repeatable anatomical
patterns of seizure onset, with the same hippocampal subfields acti-
vating in a consistent temporal sequence. Across all hippocampal

slices, the earliest activity was observed in CA1 and commonly
included early activation of CA1, hilus and dentate gyrus. Nearly all
neurons within the slice culture increased activity during ictal onset,
suggesting that the entire organotypic slice culture can be viewed as
the seizure focus. The activity patterns of ictal onset also evolved in a
predictable manner. Early in epileptogenesis, all seizures were of the
LAF onset type. Later in epileptogenesis, SS and SB onset were more
prevalent. While early seizures were more likely to be both LAF onset
type and lack an anatomically defined seizure onset zone, the matur-
ation of onset type and seizure onset zone was on different time
scales. Slice cultures continued to generate a high number of LAF
onset seizures, even after the development of a clear seizure onset
zone. These findings underscore the ongoing nature of epileptogene-
sis even after the emergence of seizures post-injury.

It is interesting that a small network, such as a single hippo-
campal slices culture, generates multiple types of seizure onset. It
has been proposed that different onset types come from involve-
ment of different brain regions.54 However, we see here that the
same focus can generate multiple onset types, even alternating
among different types in a short time span. This suggests that
relatively fast acting modulations (on a timescale of minutes to
hours) may underlie which onset is generated and that observing
multiple ictal onset patterns in a patient may not necessarily indi-
cate multi-focal epilepsy. The overall progression in predominant
seizure onset type during epileptogenesis in vitro may be most con-
sistent with the findings that clinical seizure onset type varies
with degree of hippocampal sclerosis.55 The evolution of onset
type suggests that clinically useful information may be derived
from seizure onset type, such as the duration of epilepsy or the
maturity of the epileptic focus, and perhaps even the probability of
responsiveness to anticonvulsant therapy.10

Figure 5 Variable ictal onset sequences seizure to seizure. (A) Raster plot of normalized seizure onset rank of individual neurons for six LAF onset
seizures. Cells were ordered by onset rank in seizure #1, and subsequent rows indicate the onset time of the same neurons (in the same order) for the
following five LAF seizures captured. Colour bar = normalized onset rank; black = neurons not tracked in a given seizure. (B) Kendall rank coefficient
for seizures in A. (Kendall rank coefficient can span –1 to 1, where 1 = perfect positive correlation and 0 = no correlation). (C) Mean Kendall rank coeffi-
cient by seizure onset type. n = 8, 7 and 5 slices for LAF, SS and SB + LAF onset, respectively. Average correlation was calculated for each slice from
2–13 seizures of the same onset type.
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Cellular participation in ictal onset is stochastic

When comparing sequences of activity across multiple seizures, we
found that cellular participation in ictal onset is stochastic. If icto-
genesis were driven by highly connected hub neurons or other types
of ‘grandfather cells’, we would expect to see the same neurons
repeatably leading seizure activity. However, we instead see highly
variable neuronal participation at ictal onset. These findings are
consistent with our previous modelling suggesting that seizure
onsets are stochastic activations of networks that exhibit small-
world topology, in which most synaptic connections are local, but
some synaptic connections are long-range.6 Computational studies
have proposed a role for hub cells in seizure initiation,28,29 including
recent work identifying ‘superhub’ cells in imaging-based computa-
tional models30 [which relied on slow (2 Hz) whole brain calcium
imaging in zebrafish during seizure induced by GABAA receptor
blockade, which substantially alters the propagation of epileptiform
activity;25 or in 4 Hz imaging restricted to the dentate gyrus of chron-
ically epileptic mice]. Superhubs were suggested to play a role in dic-
tating network stability; however, so far there is no computational
or experimental evidence that such hubs are directly involved in
ictogenesis. In contrast, the current study follows the calcium activ-
ity of individual neurons across the entire hippocampus, at high
speed (35 Hz), across many spontaneous seizure events to directly
demonstrate a pattern of stochastic onset.

If neuronal connectivity patterns are stable relative to the in-
ter-seizure intervals, and there are no external inputs, how can we
explain the heterogeneity in cellular seizure onset in this prepar-
ation? It is useful to consider factors which can push an epileptic
network from normal activity into seizure activity on relatively
short timescales. Previous work from our laboratory suggests re-
entrant seizure activity can be stochastically engendered in a par-
tially refractory small-world network.6 Other mechanisms that are
consistent with this idea include local increased extracellular po-
tassium or changes in metabolism. Any of these changes may
drive an epileptic network into a pro-ictal state, where it becomes
possible to trigger a seizure along non-deterministic pathways.
The exact conditions at the time when ictal onset is triggered may
also underly which onset pattern is manifested.

Conclusions and considerations for the
pre-ictal state
We examine here in cellular detail the ictal onset period, a time of
unequivocal change that will result in seizure. Our findings are
probably not generalizable to all epilepsies. Organotypic hippo-
campal slice culture is considered a model for post-traumatic epi-
lepsy (PTE), and our findings are probably most applicable to
seizures in PTE. Further, we recognize the limitation of the in vitro

Figure 6 Seizure onset is stochastic at the single cell level. (A) Cumulative distribution of normalized onset rank for the six seizures of 5A and the
mean onset rank per cell from seizures 1–6 (black). (B) Cumulative distribution of mean onset rank per cell from A (black), with the activity shuffled
(blue), from randomly generated sequences (blue) and from data with early activators added (red). Asterisk indicates the minimum mean onset (i.e.
the average rank of the earliest activator across seizures). (C) Mean minimum normalized onset rank from eight, seven and five slices for LAF, SS and
SB + LAF onset, respectively, (experimental data), and paired shuffled data, random sequences and added early activators. Minimum onset was sig-
nificantly later for experimental data compared to early activator data; **P5 0.01 and *P5 0.05, paired t-test, with Holm–Bonferroni correction for
multiple comparisons. Experimental data compared to random sequences, or activity shuffled data were not significantly different. (D) Histograms of
mean normalized activity in the 5 s before ictal onset for LAF, SS and SB + LAF onset seizures.
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nature of the investigation. Technologies for large-scale, high-
resolution sampling of cellular activity in vivo will need to be devel-
oped before the current findings can be confirmed in vivo. It is pos-
sible that the seizure activity within the hippocampal organotypic
slice represents a ‘microseizure’. Microseizures have been sug-
gested to localize to the seizure initiation site, and to potentially
reflect pre-ictal activity.56,57 Larger scale networks would be
needed to confirm if the activity described here reliably propagates
or remains focal. However, even if these findings prove to extrapo-
late primarily to microseizures, they provide a detailed under-
standing of the earliest transitions to pathological activity within
the seizure focus. It remains possible that in vivo, hub cells may in-
fluence seizure activity; however, we demonstrate that they are
not necessary for the generation of spontaneous, recurrent seiz-
ures. This study is also not optimized for investigating the contri-
bution of newborn granule cells to seizure onset (as these cells
would not express syn-GCaMP). They probably do not drive icto-

genesis in our model as the maturation of newborn granule
cells58,59 is slower than the timeline of epileptogenesis; however,
this may not hold true in vivo where epileptogensis occurs over a
longer period of time.

Another limitation is the frequency with which seizures are ini-
tiated in hippocampal organotypic slice cultures. This activity is
reminiscent of a seizure cluster, and it has been proposed that no
true pre-ictal state exists in seizure clusters.60 Future studies
focused on the pre-ictal period could use a model with less fre-
quent seizures. A third limitation is the post-conceptual age of this
preparation, which can only reliably be prepared in the first post-
natal week. Thus, the stereotyped evolution of seizure onsets in
our study could result from epileptogenesis, as well as normal de-
velopmental processes. To the extent that normal development
versus ongoing epileptogenesis drives the observed changes, we
may expect either the age of a patient or the age of the epileptic
focus to correlate with the predominate type of seizure onset;
these questions can be addressed by clinical studies. The answers
could have important clinical implications, including planning
surgical resections and predicting successful surgeries as well as
later recrudescence.61

Our results are consistent with connectivity patterns that can

promote seizure activity along multiple pathways at the single
neuron level. We suggest that changes during the development of
epilepsy in this model may predispose the network towards differ-
ent modes of ictal onset. Layered on top of these evolutionary
changes, we propose that the network enters transient pro-ictal
states where it become possible to trigger seizure activity via non-
unique patterns of neuronal activity. An important next question
is, what are these state changes? Can we identify the critical fea-
tures of the pre-ictal period to guide seizure prediction and epi-
lepsy surgery? Answering these questions will require a multi-
scale approach, where both the network phenomena and underly-
ing cellular mechanisms can be parsed and understood.
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