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Involvement of fast-spiking cells in ictal
sequences during spontaneous seizures in rats
with chronic temporal lobe epilepsy
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Katarzyna Bzymek,1 Zaneta Navratilova,1,3 Lilia Mesina,1 Jeanne Xie,1 Valerie Lapointe,1
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Bruce L. McNaughton1,7 and Artur Luczak1,6
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See Lenck-Santini (doi:10.1093/awx205) for a scientific commentary on this article.

Epileptic seizures represent altered neuronal network dynamics, but the temporal evolution and cellular substrates of the neuronal

activity patterns associated with spontaneous seizures are not fully understood. We used simultaneous recordings from multiple

neurons in the hippocampus and neocortex of rats with chronic temporal lobe epilepsy to demonstrate that subsets of cells

discharge in a highly stereotypical sequential pattern during ictal events, and that these stereotypical patterns were reproducible

across consecutive seizures. In contrast to the canonical view that principal cell discharges dominate ictal events, the ictal sequences

were predominantly composed of fast-spiking, putative inhibitory neurons, which displayed unusually strong coupling to local field

potential even before seizures. The temporal evolution of activity was characterized by unique dynamics where the most correlated

neuronal pairs before seizure onset displayed the largest increases in correlation strength during the seizures. These results dem-

onstrate the selective involvement of fast spiking interneurons in structured temporal sequences during spontaneous ictal events in

hippocampal and neocortical circuits in experimental models of chronic temporal lobe epilepsy.
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Abbreviations: KA = kainic acid injection model; LFP = local field potential; PP = perforant path stimulation model; TLE =
temporal lobe epilepsy

Introduction
Epilepsy is one of the most prevalent neurological disorders

affecting over 1% of the general population (Thurman

et al., 2011). Among adult patients, temporal lobe epilepsy

(TLE) is the most common subtype of epilepsy (Wiebe,

2000). The treatment of TLE is often difficult, most likely

due to complexity of molecular, cellular and synaptic mech-

anisms causing microcircuit alterations at multiple levels.

To better understand the mechanisms responsible for

TLE, several animal models of this disorder have been de-

veloped (Kandratavicius et al., 2014; Lévesque et al.,

2016a), which have provided a number of important in-

sights into TLE. Aided by technological advancements

allowing continuous monitoring of the activity of large

sets of individual neurons in humans as well as in animals,

our understanding of complex neuronal dynamics involved

in epileptic networks has significantly improved. For ex-

ample, application of multi-electrode single-unit recordings

revealed that ictal events have a rather heterogeneous pat-

tern of activity (Truccolo et al., 2011, 2014; Bower et al.,

2012; Cymerblit-Sabba and Schiller, 2012), instead of the

seemingly homogeneous recurrent discharges suggested by

the synchronous EEG patterns during seizures. Further evi-

dence of heterogeneous ictal dynamics was also indicated

by two-photon calcium imaging in hippocampal slices from

chronically epileptic animals exhibiting spontaneous seiz-

ures (Muldoon et al., 2013), revealing that epileptic net-

works may be composed of multiple functional clusters of

spatially localized neurons. Interestingly, despite this het-

erogeneity of spiking patterns within seizures, neuronal ac-

tivity patterns were also found to be remarkably similar

across consecutive seizures (Truccolo et al., 2011). Taken

together, these results suggest that although neuronal dy-

namics during seizures is likely to be complex, it may have

consistent underlying mechanism.

Dynamics of neuronal patterns cannot be fully under-

stood without considering the role of inhibition. Indeed,

GABAergic cells are not only implicated in keeping cellular

and network excitation in check, but are also critically

involved in generating and coordinating behaviourally rele-

vant neuronal oscillations (e.g. hippocampal theta, gamma,

and ripple oscillations) across various temporal and spatial

scales (Cardin et al., 2009; Varga et al., 2012; Stark et al.,

2014). Given their functional importance in the normal

brain, it is not surprising that GABAergic neurons also

play key, albeit multifaceted, complex roles in epileptic net-

works. For example, GABAergic processes are likely to at

least partially keep the balance of excitation and inhibition

in check even in the epileptic brain (Prince, 1968;

Velazquez and Carlen, 1999; Cohen et al., 2002).

Moreover, inhibition adjacent to an active focus was re-

ported to exert a restraining role against the spread of

epileptiform discharges (Prince and Wilder, 1967) in both

human epilepsy and in seizure models (Trevelyan et al.,

2006; Sabolek et al., 2012; Schevon et al., 2012;

Trevelyan and Schevon, 2013). On the other hand, multiple

lines of evidence suggest more complex roles for

GABAergic processes beyond the dampening of epileptic

activity. For example, while some parameters of

GABAergic transmission appear to indicate a weakened

state of inhibition, numerous other reports show a para-

doxical strengthening of GABAergic synaptic and cellular

actions in case of epilepsy (Chen et al., 2001; Cossart et al.,

2001; Marchionni and Maccaferri, 2009). A particularly

striking example of the latter scenario has come from a

recent in vivo cellular resolution imaging study that

found GABAergic neurons, and not their glutamatergic

counterparts, to be preferentially recruited during spontan-

eous interictal activity in the CA1 region of the epileptic

mouse hippocampus in chronic experimental TLE

(Muldoon et al., 2015). Specifically, the latter in vivo

two-photon calcium imaging study showed that spontan-

eous interictal spikes in the CA1 network recruited subsets

of GABAergic neurons, which, in turn, appeared to syn-

chronously inhibit the excitatory pyramidal cells, reducing

their firing rate. However, it has not been studied in depth

if the counterintuitively enhanced inhibitory activity re-

ported to take place during interictal spikes in an experi-

mental model of TLE may also be present during ictal

spikes.

We used population recordings in two rat models for

chronic TLE to show that ictal spikes were accompanied

by characteristic, sequential patterns of neuronal activity,

which were highly conserved across seizures. Similar se-

quential relations between subsets of neurons were also

present before seizures. Moreover, during ictal spikes, char-

acteristic neuronal dynamics was observed, with close tem-

poral coupling preferentially emerging among a subset of

neurons that already had the strongest correlated activity

even before seizure. Importantly, neurons that were

strongly activated during ictal events were predominantly

the fast-spiking units, representing putative interneurons,

and not excitatory principal cells as previously thought.

Taken together, the results reported in this study reveal

repeating patterns of neuronal activity during ictal events

and, building on recent discoveries concerning the strong

involvement of interneurons in interictal spikes (Muldoon

et al., 2015), also demonstrate the strong involvement of

hippocampal and neocortical non-principal cells during

chronic seizure events in experimental models of TLE.
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Materials and methods
All experiments were carried out in accordance with protocols
approved by the Animal Welfare Committees of the University
of Lethbridge and Ghent University.

Hyperdrive implantation

In our experiments, two different rat models of chronic TLE
were used: the perforant path stimulation (PP) model, and the
intrahippocampal kainic acid (KA) model (see below for de-
tails). Starting 4 weeks after electrical (PP) or chemical (KA)
status epilepticus induction, all animals were monitored for the
presence of spontaneous seizures during 5 days of continuous
video-EEG monitoring sessions. Four male Sprague-Dawley
rats (three PP and one KA), which had the highest number
of behavioural seizures (stage 3 or higher on the Racine
Scale) (Racine, 1972; Raedt et al., 2009) were selected for
implantation of a multi-tetrode hyperdrive. Hyperdrives were
similar in design to those previously described (Gothard et al.,
1996; McNaughton, 1999). Tetrodes were made by twisting
four 13 mm wires together (Gray et al., 1995). Tetrodes with
short-circuited individual wires were used as a reference.

The rats were anaesthetized with isoflurane (1–1.5% and
1–2 l/min oxygen) and the dental cement was removed from
the region over the right hemisphere where the hyperdrive was
to be positioned. The exact location of the hyperdrive (3.8 mm
posterior and 2 mm right to bregma) was marked on the skull
using a drill bit during the first implantation surgery since
bregma was no longer visible due to the presence of a dental
acrylic head cap. A craniotomy was made at the marker loca-
tion, the dura mater was carefully removed and the hyperdrive
was positioned on the surface of the cortex. Immediately after
affixing the hyperdrive to the skull and the existing head-cap
using dental cement, all tetrodes were slowly lowered 1 mm
below cortical surface. A 14-tetrode hyperdrive was implanted
in one epileptic PP rat, and a 21-tetrode hyperdrive was im-
planted in two PP rats and one KA rat.

Epilepsy induction and monitoring

Perforant path stimulation model

Rats were anaesthetized with isoflurane (1–1.5% and 1–2 l/min
oxygen), and bipolar stimulation electrodes were implanted
bilaterally in perforant path (8.1 mm posterior and 4.4 mm
lateral from bregma), and a bipolar local field potential
(LFP) recording electrode was implanted with 0.9 mm tip sep-
aration in dentate gyrus (3.8 mm posterior, 2 mm left of
bregma). Recording and stimulation electrodes were made by
twisting two Teflon�-coated annealed stainless steel wires
(Medwire 316SS3T). Depth of recording and stimulation elec-
trodes was optimized using electrophysiological control aiming
at maximal dentate gyrus evoked potentials in response to
perforant path stimulation (McNaughton et al., 1978). Two
screw electrodes were used as ground and reference electrodes,
respectively. The reference and ground electrodes were placed
epidurally over the frontal cortex. Seven additional anchor
screws were placed (two in the frontal bone, two in the tem-
poral bone and three in the occipital bone) to ensure fixation
of the electrode assembly to the skull using dental cement. At
least 1 week after surgery, the animals were stimulated for 3 h

while awake, using a protocol consisting of 15–20 V paired-

pulse stimuli delivered at 2 Hz, with a 40-ms interpulse inter-
val, plus 10-s long, 20 Hz stimulus trains of single, 15–20 V

stimuli delivered once per minute for 3 h (Bumanglag and
Sloviter, 2008). Convulsive status epilepticus was terminated

by interaperitoneal injection of a combination of diazepam
(20 mg/kg) and ketamine (50 mg/kg) (Vermoesen et al., 2010).

Intrahippocampal kainic acid model

To determine the generalizability and model invariance of the
key findings obtained from the PP model, chronic seizures

were also recorded from one rat in the KA model. The KA
rat was anaesthetized with isoflurane (1–1.5% and 1–2 l/min

oxygen) and bilaterally implanted with a bipolar recording
electrode in the hippocampus (5.5 mm posterior and 4 mm lat-

eral from bregma; 3.8 mm ventral from dura). An injection
guide cannula was placed above the left hippocampus

(5.5 mm posterior and 4 mm left from bregma; 0.5 mm ventral
from dura). Two screw electrodes were used as ground and

reference electrodes. The reference and ground electrodes were
placed epidurally over the frontal cortex. Seven additional

anchor screws were placed (two in the frontal bone, two in
the temporal bone and three in the occipital bone) to ensure

fixation of the electrode assembly and cannula to the skull
using dental cement. At least 1 week after implantation surgery

the awake rat was injected with kainic acid (0.4mg in 0.2 ml
saline, 0.1 ml/min saline, Sigma Aldrich) in the left hippocam-

pus using a 1 ml Hamilton syringe. A 30-G needle, attached to
the Hamilton syringe, was lowered through the cannula until

the needle tip was positioned 5 mm below the cannula tip
(5.5 mm ventral from dura). Hyperdrive tetrodes were inserted

contralateral to the KA injection site.
For both models the status epilepticus was convulsive.

Histology

All rats were kept on a 12-h light/dark schedule and provided

food and water ad libitum. To maximize stability of the
recordings, tetrodes were left in place unless they lost units

during the recording. Tetrode location was verified using hist-
ology (Supplementary Fig. 1). Because some of the tetrodes

were moved during the recording period, their position
during a specific recording epoch sometimes had to be esti-

mated based on histology and the amount of movement per-
formed since the recording epoch.

When recording was finished, tetrode locations were marked

by making small lesions at the electrode tips with 10 mA of
anodal current for 10 s. Rats were injected with Euthansol

(sodium pentobarbital, intraperitoneally) and were transcar-
dially perfused with phosphate-buffered solution (PBS)

and paraformaldehyde (PFA). The brains were removed and
kept in PFA for 1–2 days and then placed in 30% sucrose

with sodium azide. After a few weeks, the brains were
sectioned into 40-mm thick sections during block-face imaging

on a custom vibratome to determine the relevant part of
the brain. All sections relevant to electrode placement were

triple immunostained with neuronal nuclear antigen (NeuN),
vimentin, and anti-CD11b/c antibody (Ox-42) (Supplementary

Fig. 1).
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Electrophysiological recordings

Electrical signals from tetrodes were continuously recorded
with a 128-channel Neuralynx Cheetah Acquisition System.
For unit recordings, signals were digitized at 32 kHz and band-
pass filtered between 600 Hz and 6 kHz. For LFP recordings,
signals were digitized at 2 kHz and bandpass filtered between 1
and 1000 Hz. The reference tetrode was positioned in superfi-
cial cortical areas. The remaining tetrodes were each turned in
the morning, �50 mm per day, keeping them as close to the
same depth as possible. When tetrodes reached cortical layers
5/6, about half of them were kept in place for recording of
neuronal activity in parietal cortex, and the remaining tetrodes
were advanced to the CA1 pyramidal cell layer—as noted by
multiple, single units and polarity reversals of sharp waves
(Buzsáki et al., 1990). Individual recording sessions lasted
�24 h. Animals were recorded 24/7, with a short break
every morning when tetrodes were adjusted and a new record-
ing session was started.

Seizure detection

Seizures were identified on the LFP signal recorded from tet-
rodes located in the hippocampus. A seizure was defined as a
paroxysmal occurrence of high frequency and/or high ampli-
tude rhythmic discharges with a clear evolution of signal com-
plexity and lasting at least 10 s. Seizure onset was manually
identified as the earliest appearance of a persistent change in
the signal that developed into clear seizure activity
(Supplementary Fig. 2) (Bragin et al., 1999). Frequently seizure
onset was accompanied by a characteristic LFP deflection, such
as an initial slow wave (Supplementary Fig. 2B). Note that, for
analyses of seizure long patterns (Fig. 1A–D), finding the exact
time of seizure onset with sub-second precision was not cru-
cial, as neuronal activity was smoothed with a Gaussian kernel
with standard deviations (SD) = 10 s. Across eight analysed
datasets, the mean number of seizures within the 24-h period
was 25.75 (min = 4, max = 56; KA rat had 10 and 56 seizures
in the 2 days analysed, respectively) with average seizure dur-
ation of 77.25 s (min = 23, max = 182 s). The median inter-
seizure interval was 82.7 min (min = 2.8, max = 537 min). If
the inter-seizure interval was 510 min, then those seizures
were excluded from analyses.

To detect peaks of ictal spikes, hippocampal LFP from the
tetrode with the highest amplitude of ictal spikes was chosen
and bandpass filtered between 5 and 150 Hz. Peaks were de-
tected with the findpeaks MATLAB function. If more than one
peak was detected within a 30-ms window, then only the peak
with the highest amplitude was kept. Peaks with amplitudes
51 mV were removed. Changing this threshold to 0.5 or
1.5 mV gave qualitatively similar results.

Spike sorting

Units were isolated by a semiautomatic algorithm (KlustaKwik
-1.6, available at http://klustakwik.sourceforge.net) (Harris
et al., 2000) followed by manual clustering (MClust 3.1;
Redish, 2002; Schjetnan and Luczak, 2011). Unit quality
was evaluated using an isolation distance measure (Harris
et al., 2000). For our analyses, we included putative single
unit clusters (isolation distance 420), as well as potential
multiunit clusters (�2–5 neurons) with low separation quality

(isolation distance 45). We used the latter approach because
putative multiunit clusters still showed cluster-specific activity
patterns before and during seizures, therefore improving detec-
tion of population patterns. Restricting analyses to only well
isolated units (isolation distance 420), gave qualitatively simi-
lar results. On average, we had 94.4 units (min = 21,
max = 177) across eight analysed datasets (two for each rat).
Because spike sorting of 24-h datasets can take weeks to finish,
only datasets with the largest number of seizures and with the
best recording quality were analysed. Although hyperdrives
can provide stable unit recordings for periods longer than
24 h (Schwindel et al., 2014), we restricted our analyses to
quantify similarity of spiking patterns only between consecu-
tive pairs of seizures to minimize effect of long-term ‘drift’ of
units (see ‘Results’ section).

Although spike sorting during seizures can be especially chal-
lenging and even problematic, there are multiple studies show-
ing that it can be done successfully (Truccolo et al., 2011;
Merricks et al., 2015). In addition, in the current study, we
provide additional evidence supporting the validity of our
spike sorting techniques. First, examination of spike wave-
forms before, during and after seizures showed consistent
spike shapes (Supplementary Figs 3 and 4). Similarly, spike
features in principal component space were consistent before
and during seizure (Supplementary Fig. 3B). However, the
strongest evidence for identifying the same units before and
during seizure is provided by our cross-correlogram analysis
(see ‘Results’ section), showing consistent functional relations
between pairs of neurons before and during seizures, which
would be unlikely to obtain without having the same units
in both time periods (see difference between original and
neuron shuffled data in Fig. 5C).

Neuronal entrainment to local field
potential and cross-correlogram
calculations

To quantify neuronal entrainment to LFP, for each neuron we
calculated its cross-correlogram with hippocampal LFP using
the MATLAB xcorr(..‘coef’) function. This normalizes the
autocorrelations at zero lag to 1, which enables convenient
expression of values of correlogram as correlation coefficients.
To account for the fact that neurons can have different time
lag to LFP modulation, we used the highest value of cross-
correlogram peak within �50 +50 ms as an entrainment
value (Fig. 3B, inset). For those analyses, the LFP from the
tetrode with the highest amplitude of ictal spikes was
chosen, but selecting different hippocampal channels gave
qualitatively similar results.

For cross-correlogram analyses between pairs of neurons, to
account for differences in firing rates, all cross-correlograms
were normalized using the formula: xcorr � L / (N1 � N2);
where xcorr is cross-correlogram, L is the number of time
bins within the analysed period, and N1 and N2 stand for
the sum of spikes of neuron 1 and 2, respectively. After this
normalization, the cross-correlation value expected by chance
is 1. To make our cross-correlation plots more intuitively
understandable, we subtracted 1 from all normalized cross-
correlograms, thus the level of cross-correlation expected by
chance was set to 0. For cross-correlogram analyses between

2358 | BRAIN 2017: 140; 2355–2369 A. R. Neumann et al.
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single neuron and multi-unit activity the same normalization
formula was used.

For all presented results, we report mean � standard error of
the mean (SEM), unless otherwise stated.

Discrimination of putative
interneurons and putative
pyramidal cells

Narrow-spike cells (putative fast spiking interneurons) and
wide-spike cells (putative pyramidal cells) can be characterized
by distinct extracellular spike waveform features. Although
spike width cannot always unequivocally discriminate between
interneurons and pyramidal cells, it is generally accepted that
for the vast majority of neurons it is a valid and useful indi-
cator of cell type (Fox and Ranck, 1975; Mizumori et al.,
1989a; Markus et al., 1994). We used spike duration (mea-
sured as trough-to-peak time in the spike waveform) and spike
half amplitude duration to determine the type of neuron as
described previously (Barthó et al., 2004; Luczak and

Barthó, 2012). The distribution of trough-to-peak durations
was approximately bimodal with a narrow border between

clusters �0.23 ms (Fig. 3A and Supplementary Fig. 5). The

discrimination based on spike width at half of its maximum
amplitude was less clear, although neurons with shortest half-

width also had shortest trough-to-peak durations.
For verification of the spike shape based classification, we

computed cross-correlograms (1 ms bin width) between all
pairs of recorded neurons to identify putative inhibitory con-

nections. Significant troughs within 3 ms of the centre bin were

considered as putative monosynaptic inhibition. A trough in
the cross-correlogram was defined as significant when at least

two neighbouring 1 ms bins were below 3 SD of the bin values

in the control period calculated between �30 to �10 ms and
between + 10 to + 30 ms (Fig. 3A inset).

In addition, to further verify spike width-based classification,
we also investigated auto-correlograms of putative inter-

neurons and putative pyramidal cells. Pyramidal cells typically

have a peak in the autocorrelogram either at �3–5 ms reflect-
ing bursting activity, or at much later time (450 ms); in con-

trast, fast spiking interneurons tend to have peak in the

Figure 1 Consistency of neuronal firing patterns on multiple time scales across seizures. (A and B) Example of neuronal activity in

hippocampus (HP) and parietal cortex (Par Ctx) for two consecutive seizures in the PP model. Neurons marked with the same colour were

recorded on the same tetrode. On the top is the LFP from the hippocampal electrode. The grey vertical line indicates seizure start. (C) The same

neuronal activity as in A and B but smoothed with a 10-s Gaussian kernel, z-score normalized and sorted by latency during seizure #1. Colour bar

on the left shows which tetrode the neuron was recorded according to colour scheme in A and B. Right panel shows the same activity as the

middle panel but with neuron order shuffled. Grey lines show position of sample neurons before and after shuffling. (D) Similarity of seizure-long

patterns across seizures for original and neuron order shuffled data. Each line represents data from a single 24 h recording period (2 days were

analysed for each of the four rats). Data for the rat in the KA model of epilepsy are marked in violet (Fig. 2). (E and F) Sample 500 ms windows of

activity from seizures 1 and 2. In both plots, strongly entrained neurons are sorted by average latency to ictal spikes during seizure 1. Colour

coding corresponds to colours in A and B. (G) Average ictal spike triggered neuronal activity for seizure 1 and 2. Neurons are sorted in the same

order as in E. (H) Similarity of ictal spike triggered patterns across seizures. Plot convention was the same as in D. In D and H, higher values of

correlation for all original datasets, as compared to shuffled data, show that seizure-long patterns as well as ictal-spike-triggered activity patterns

are consistent across seizures.
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autocorrelogram between about 7–40 ms (Fig. 3A inset)
(Mizumori et al., 1989b; Barthó et al., 2004). Of 755 cells
in our dataset, 129 cells had auto-correlogram peak between
7 and 40 ms. Finally we also used firing rate 415 Hz as an
additional feature to identify fast spiking putative interneurons
(66 of 755 cells passed the latter firing rate criterion).

Results
To investigate neuronal firing dynamics in relation to spon-

taneous chronic seizures in the chronic phase of epilepsy,

neuronal population activity in hippocampus and parietal

cortex was continuously recorded in two distinct rat

models of temporal lobe epilepsy (PP model: three rats;

KA model: one rat).

Reproducible patterns of neuronal
activity during seizures

First, we examined the overall neuronal activity patterns

during seizures. Spontaneous seizures were associated with

neuronal activity patterns, where some neurons were con-

sistently active at the start of the seizures, whereas other

neurons showed increased levels of discharges particularly

during the later phases of the seizure (Fig. 1A). Such tens of

seconds long neuronal activity patterns were highly repro-

ducible across seizures (PP model, Fig. 1A and B; KA

model, Fig. 2). To quantify the similarity of spiking patterns

across seizures, we smoothed and normalized the activity of

each neuron, and calculated the correlation coefficient be-

tween neuronal patterns of consecutive seizures (Fig. 1C and

Supplementary Fig. 6A). Correlations expected by chance

were estimated by repeating the same analysis after shuffling

the order of neurons for each seizure independently

(Fig. 1C) (note that shuffling the order of neurons is a

more stringent test than spike-time shuffling; for example,

if the majority of neurons are active at seizure start, the

neuron order shuffled patterns will also have most neurons

active at seizure start resulting in an above zero correlation

to the original pattern; therefore, shuffling the order of neu-

rons makes it more difficult to reject the null hypothesis as

compared to spike-time shuffling; see Supplementary Fig. 7).

The analysis showed that the correlations between the ori-

ginal activity patterns were significantly higher than correl-

ations between neuron order shuffled patterns for all

analysed datasets (rorig = 0.56 � 0.085, rshufl = 0.33 � 0.081,

P = 0.0011; paired t-test; Fig. 1D). Thus, consistent with

results found in epileptic patients (Truccolo et al., 2011),

we observed seizure-long, reproducible patterns of neuronal

activity conserved across seizures.

Consistent sequential activity
patterns during ictal spikes

Subsequently, we examined spiking patterns during seizures

at much shorter time scales (�50–100 ms). We found that

subsets of neurons were strongly entrained to ictal spikes,

forming sequential activity patterns even across brain areas

Figure 2 Model invariance. Reproducibility of long and short spiking patterns during seizures in the KA model. (A and B) Examples of long

neuronal activity patterns for two consecutive seizures. (C and D) Sample 500 ms windows of activity form seizures in A and B. Plots convention

is the same as in Fig. 1A, B, E and F. Note that both PP and KA models show clear long and short spiking patterns which are conserved across

seizures.
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(Fig. 1E, and F; see Fig. 2C, and D for the KA model).

Consistency of ictal patterns was evaluated by calculating

ictal spike-triggered neuronal activity for each seizure

(Fig. 1G) and computing the correlation coefficient between

patterns in two consecutive seizures, similarly as described

above. Correlation values for original data were signifi-

cantly higher compared to neuron order shuffled data for

all datasets (rorig = 0.53 � 0.074, rshufl = 0.24 � 0.085,

P = 0.0007, t-test; Fig. 1H and Supplementary Fig. 6B).

These results show that, similar to seizure-long patterns

that appeared on slower time scales of tens of seconds,

ictal spike-associated faster patterns were also strongly con-

served across seizures.

In such ictal sequences, hippocampal neurons were usu-

ally active before neocortical neurons [average lag from the

ictal spike peak: hippocampal (HP) neurons: 5.3 ms; par-

ietal cortex (ParCtx) neurons: 10.5 ms; P = 0.022, t-test;

note that for the latter analysis, hippocampal LFP

from the tetrode with the highest amplitude ictal spikes

was chosen]. In addition, the consistent sequential order

was also observed if analyses were done separately

for hippocampal neurons and neocortical neurons

Figure 3 Ictal spikes engage predominantly putative interneurons. (A) Discrimination of putative interneurons from putative pyramidal

cells based on spike shape (half spike width and trough-to-peak distance). Hippocampal and parietal cortex cells are marked in green and grey,

respectively. Blue circles denote cells that had in conjuncture three other typical features of interneurons (firing rate 415 Hz, short latency

inhibition to other cell, and most often inter-spike interval between 7 and 40 ms). Top left inset: Illustration or representative spike waveforms from

a putative interneuron (blue) and a pyramidal cell (olive). Top right inset: Sample cross-correlogram between a putative interneuron and a pyramidal

cell indicating short latency (monosynaptic) inhibition. Star denotes significantly lower coincidence of spikes as compared to baseline. Bottom right

inset: Representative auto-correlograms of putative interneurons (blue) and pyramidal cells (olive). Peaks around zero are due to bursting activity

characteristic of pyramidal neurons. (B) Relation between cell spike width and entrainment to ictal spikes (defined as height of cross-correlogram

with hippocampal LFP; inset). Note that negative correlation between spike width and LFP entrainment shows that narrow spike cells are more

strongly modulated by ictal spikes than wide spike cells. (C) Relation between spike trough-to-peak distance and entrainment to ictal spikes. For

clarity, in B and C only neurons with firing rate 45 Hz are shown.
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(rorigHP = 0.47 � 0.07, rshuflHP = 0.24 � 0.03; P = 0.006;

rorigParCtx = 0.25 � 0.09, rshuflParCtx = 0.1 � 0.05, P = 0.035;

t-test). Thus, consistent sequential patterns during ictal

spikes reflected both timing differences between brain struc-

tures and sequential activity within a local area.

Ictal spikes preferentially entrain fast
spiking cells

Next, we investigated the involvement of different cell types

in ictal activity. Because a key class of GABAergic inter-

neurons, the fast spiking cells, are known to have spike

waveforms that are narrower than pyramidal cells

(Barthó et al., 2004), we measured spike half-width and

trough-to-peak times for all recorded cells in order to dis-

tinguish interneurons (Fig. 3A). To provide additional sup-

port for the spike duration-based classification, we also

quantified other cell properties indicative of cell class,

including firing rate, shape of auto-correlogram and

cross-correlogram (Fig. 3A, insets). We found that the ma-

jority of neurons that had a combination of high firing rate,

cross-correlograms indicative of monosynaptic inhibition

and auto-correlograms with a peak between 7 and 40 ms,

also had narrow spikes with short trough-to-peak times

50.23 ms (Fig. 3A). This consistency between different

measures indicated the validity of the cell type classification

method.

Moreover, to determine the consistency of spike wave-

forms throughout the seizures for each cell type, we ana-

lysed the spike amplitude for all neurons. The data showed

that during seizures, the average spike amplitude did not

change significantly for the putative interneurons, and it

decreased by �2–5% for putative pyramidal cells

(Supplementary Fig. 4). These findings are consistent with

previous observations from human focal epilepsy, where

similarly small spike amplitude reduction was observed

(Truccolo et al., 2011). In vitro and in vivo studies

showed that decreases in spike amplitude could be caused

by depolarization block (Bragin et al., 1997; Bikson et al.,

2003; Ziburkus et al., 2006); however, the decrease in

spike amplitude that we observed was considerably smaller

than what would be expected from depolarization block.

Altogether, these data show that we could reliably record

from both types of neurons throughout the seizure and that

depolarization block was unlikely to play a key role in the

activity of the recorded neurons.

Subsequently, we quantified the entrainment of each

neuron to ictal spikes, by measuring the peak value of

normalized cross-correlograms between spiking activity

and hippocampal LFP (see ‘Materials and methods’ section

for details). We found that putative interneurons (spike

half-width 50.14 ms) had significantly higher entrainment

values than putative pyramidal cells (spike half-width

40.14 ms) for both hippocampal and neocortical cells

(Fig. 3B; P5 0.001 for both hippocampal and parietal

cortex cells; Kolmogorov-Smirnov test; changing the half-

width discrimination criteria by �0.02 ms gave similar re-

sults). Using trough-to-peak time values as discriminator

between putative pyramidal neurons and interneurons

gave similar results to the half-width measure [Fig. 3C;

P5 0.001 for both hippocampal and parietal cortex cells;

Kolmogorov-Smirnov test for putative interneurons

(trough-to-peak time 50.23 ms) and putative pyramidal

cells (40.23 ms); changing trough-to-peak distance criteria

by �0.02 ms gave similar results]. In addition, to avoid

assigning specific threshold values for discriminating puta-

tive interneurons and pyramidal cells, we repeated the

above analyses using a correlation coefficient measure.

We found significant negative correlation between entrain-

ment to ictal spikes and half-width of spikes for both hip-

pocampal and cortical cells (hippocampal: r = �0.63,

P5 0.001; cortical: r = 0.6, P50.001). Similar negative

correlation was found for entrainment and trough-to-peak

time as well (hippocampal: r = �0.58, P5 0.001; parietal

cortex: r = �0.64, P50.001). The preferential entrainment

of fast-spiking cells into ictal sequences was present both in

the initial as in the late phase of seizures but was most

evident at the later phases of seizure (Supplementary Fig.

8). These results showed that ictal spikes preferentially en-

trained fast spiking cells throughout the seizure.

Preferential strengthening of the
strongest neuronal couplings during
seizure

Next, we investigated if neuronal activity before seizures

could predict neuronal entrainment to ictal spikes. The ana-

lysis showed that the strength of entrainment to ictal spikes

was indeed dependent on the strength of neuronal coupling

to LFP before seizure. Figure 4 illustrates that neuronal

entrainment to hippocampal LFP before seizures (�5 min

to 0 min) and during seizures was highly correlated for

both hippocampal and parietal cells (hippocampal:

r = 0.48, P5 0.001; parietal cortex: r = 0.51, P5 0.001),

with putative interneurons having higher entrainment

values (Supplementary Fig. 5A). The correlation between

neuronal entrainment to LFP before and during the seizures

was significant both during the initial and late phase of the

seizure (Supplementary Fig. 9B). For putative pyramidal

cells, we found no significant correlation between firing

rate and LFP entrainment, suggesting that values of neur-

onal entrainment to LFP could not be simply explained by

neuronal excitability (Supplementary Fig. 9C). In summary,

these data indicate that neurons most modulated by hippo-

campal LFP before seizures were also most entrained to

ictal spikes.

To investigate further the relationship between preictal

and ictal neuronal activity patterns, we compared cross-

correlograms for each pair of individual neurons between

preictal (5 min to 0 min before seizure onset) and ictal

periods. All cross-correlograms were normalized for

firing rate and baseline subtracted, such that zero represented
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cross-correlation expected by chance (Fig. 5A). The largest

peaks in cross-correlograms were usually during seizure

periods (Fig. 5A). Interestingly, the peak height of cross-

correlogram during seizures correlated with peak height in

the preictal period (Fig. 5B). This shows that the cross-

correlogram peak during seizures depends on its magnitude

before a seizure. Thus strongly correlated neurons during

seizures are already (strongly) correlated during the preictal

phase. The distribution of correlation coefficients was signifi-

cantly different from what would be expected by chance

from shuffled data of the correlation coefficients of the

neuronal pairs [rorig = 0.22 � 0.04, rshufl = 0.003 � 0.007,

P50.0001; t-test; Fig. 5C and D; note that the shuffled

data here designate the correlation coefficients between neur-

onal pairs, which are different for preictal and ictal periods,

e.g. preictal cross-correlation peaks (n1-n2, n1-n3, n1-n4,

. . .) and ictal cross-correlation peaks (n1-n6, n1-n9, n1-n2,

. . .), where n1-n2, etc denote the peak of cross-correlogram

between neurons 1 and 2; note also that similar results were

obtained when spike-time shuffled data were used as con-

trol]. Correlation between preictal and ictal cross-correlo-

gram peaks was even higher when calculated between a

single neuron and multi-unit activity [r = 0.74 � 0.05,

P50.0001; t-test; mean slope = 2.6 � 0.48, Fig. 5F and G;

note that, for each cross-correlogram between a single

neuron and multi-unit activity, we calculated multi-unit

activity as the summed activity of all other simultaneously

recorded cells, thus the multi-unit activity did not include the

analysed neuron (Luczak et al., 2009; Bermudez Contreras

et al., 2013)]. Examining the pre-ictal period 5 min to

2.5 min before a seizure (excluding 2.5 min of activity imme-

diately before seizure) gave qualitatively similar results.

Therefore, a measure of neuronal coupling to multi-unit

activity or to LFP in the seizure-free period can provide a

reliable estimate of which particular neurons will be most

entrained to ictal spikes.

Next, we further analysed similarities in temporal structure

between pre-ictal and ictal patterns. We again used pairwise

cross-correlograms as in Fig. 5A, but each cross-correlogram

was normalized between 0 and 1 to compare its overall

shape. To reduce the effect of noise, only cross-correlograms

that had more than 300 spikes within �50 + 50 ms window

were analysed, and cross-correlograms were smoothed with

Gaussian kernel with 5 ms SD. Representative examples of

normalized pairwise cross-correlograms for pre-ictal and ictal

periods are shown in Fig. 6A and B, respectively. To compare

the structure of cross-correlograms, we used again the meth-

odology described in Supplementary Fig. 7. We found that

the correlations between pre-ictal and ictal cross-correlogram

patterns were higher as compared to order shuffled data for

all analysed datasets (rorig = 0.29 � 0.063, rshufl = 0.15 �

0.049, P = 0.0018; paired t-test, Fig. 6C and D).

Correlations between pre-ictal and ictal cross-correlogram

patterns were consistent for both the initial and the late

phase of seizure (Supplementary Fig. 10). We also applied

an alternative method to quantify cross-correlogram similari-

ties called ‘latency’ (Bermudez Contreras et al., 2013), which

gave qualitatively similar results (data not shown).

Altogether, these results show that fine scale temporal rela-

tions between neurons before and during seizures were

similar.

Discussion

Ictal sequences and fast spiking cells

The current study used tetrode recordings and rigorous

analytical methods to examine the functional organization

of large numbers of neurons in two brain areas in two rat

models of chronic TLE. A major finding of the study is that

neurons are often organized in temporal sequences during

chronic seizures, and that such ictal sequences of firing in-

volve a sizable population of fast spiking cells. While

GABAergic interneurons are known to play crucial roles

in epilepsy, their exact contribution to various seizure phe-

nomena are still incompletely understood. For example, it

is generally assumed that some form of functional imbal-

ance must take place between excitation and inhibition

in seizures, but precisely how such imbalance may be

generated in mechanistic terms is unclear. Indeed, while

there is an abundance of evidence indicating various

forms of compromised inhibitory systems in hyperexcitable

circuits, including GABAergic cell loss (Obenaus et al.,

1993; Cossart et al., 2001; Santhakumar et al., 2001;

Kobayashi and Buckmaster, 2003), the appearance of depo-

larizing GABA responses during heightened levels of

Figure 4 Relationship between the neuronal entrainment

to hippocampal LFP before and during seizures. Each dot

represents a single cell. Hippocampal and parietal cortex cells are

marked in green and black, respectively. Blue circles denote cells that

had in conjuncture three other typical features of interneurons (firing

rate 415 Hz, short latency inhibition to other cell, and most often

inter-spike interval between 7 and 40 ms). Note that distributions of

points along identity line shows that neurons more entrained to LFP

before seizure are more likely to participate in ictal spikes.
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activity (Kaila et al., 2014; Staley, 2015), a possible de-

polarization block of interneurons during ictal events

(Ahmed et al., 2014; Karlócai et al., 2014), and that

closed-loop optogenetic activation of fast spiking inter-

neurons can effectively curtail both electrographic and be-

havioural seizures in experimental TLE (Krook-Magnuson

et al., 2013); however, increased inhibitory activity during

seizure initiation has also been reported, which indicates a

more complex role for inhibition (Sessolo et al., 2015;

Shiri et al., 2015; Lévesque et al., 2016b; Khoshkhoo

et al., 2017).

Our data, demonstrating the presence of spontaneous

ictal sequences with significant participation by fast spiking

cells, are in agreement with a recent study showing that

interictal spikes are dominated by GABAergic neuronal ac-

tivity in chronic experimental TLE (Muldoon et al., 2015).

Fast spikes in cortical networks are characteristic of parval-

bumin-expressing interneurons that powerfully regulate

perisomatic and proximal dendritic inhibition in the

normal brain (Armstrong and Soltesz, 2012; Hu et al.,

2014). Interestingly, a key feature of such fast spiking inter-

neurons is that they receive large numbers of excitatory

inputs both from local principal cells as well as from affer-

ent sources (Szabadics and Soltesz, 2009; Isaacson and

Scanziani, 2011). Moreover, fast spiking interneurons

have lower spiking threshold, they are strongly entrained

to hippocampal theta (Fox and Ranck, 1975) and to other

hippocampal LFP rhythms (Varga et al., 2012), and are

readily activated by stimulation of afferents (Mizumori

et al., 1989b), consistent with the notion that due to their

broad selectivity they can be preferentially activated by a

variety of inputs. Therefore, it is conceivable that the prom-

inent presence of fast spiking unit activity in ictal sequences

observed in our recordings reflect the arrival of ictal wave-

fronts from areas adjacent to the electrodes (Smith et al.,

2016). In addition, synapses between fast spiking inter-

neurons (Freund and Buzsáki, 1996; Bartos et al., 2007),

and interactions with recurrently connected excitatory cells

(Tsodyks et al., 1997) may also play a role in shaping the

temporal sequence of unit firing in ictal events. Moreover,

Figure 5 Neuronal interactions before and during seizure are correlated. (A) Example of pair-wise cross-correlograms between two

neurons before and during seizure. (B) Size of cross-correlogram peak before and during seizure for an analysed sample neuron. Each dot

corresponds to a pair of neurons: the analysed neuron and one other neuron. Point labelled with (x1,y1) corresponds to peaks shown in

A. Dashed line represent regression lines (without offset term). (C) Distribution of correlation coefficient values between cross-correlogram

peaks before and during seizure for a representative dataset (original data: green bars; neuron-shuffled data: grey bars). (D) Average correlation

coefficient between cross-correlogram peaks before and during seizure for all datasets. Plot convention the same as in Fig. 1D. (E) Spatial

distribution of strong neuronal interactions before (blue), and during seizure (red) in a representative dataset. Each black dot represents a single

neuron, with hippocampal (HP) neurons plotted on left side and parietal neurons on right side (ParCtx). Lines denote which neuronal pairs had

large peak (40.5) in cross-correlogram. Note that most neurons with strong interactions before seizure were also highly correlated during

seizure (marked by dashed lines). (F) Size of peak in cross-correlograms between single neuron (SUA) and multiunit activity (MUA) for repre-

sentative dataset. (G) Correlation coefficient between SUA–MUA cross-correlogram peaks before and during seizure for all datasets. Plot

convention the same as in Fig. 1D. In D and G, higher values of correlation for all original datasets as compared to shuffled data, shows that

‘coupling’ between neurons during seizures, consistently emerged between neurons, which already had stronger correlations before the seizure.
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several studies have indicated the involvement of some

form of synchronized GABAergic activity in seizure gener-

ation (Avoli, 1996; Gnatkovsky et al., 2008; Fujiwara-

Tsukamoto et al., 2010; Ellender et al., 2014; Uva et al.,

2015; for review see Curtis and Avoli, 2016), and increased

synchronization of interneurons with LFP has been re-

ported to occur even minutes before seizure onset (Grasse

et al., 2013). It should be noted that future studies will be

needed to determine to what extent the action potential

discharges by the fast spiking, presumed GABAergic, inter-

neurons during ictal and interictal events translate to effect-

ive inhibition on principal cell excitability and shape seizure

characteristics such as duration and termination.

Relationship between interictal and
ictal sequences

Our results indicate that neurons that are highly coupled to

population activity before seizures are the ones that are

preferentially involved in ictal events. Thus, measures of

neuronal coupling to multi-unit activity or to LFP in inter-

ictal periods may help to identify and predict neurons most

involved in ictal activity. Our data indicating that correl-

ation patterns between neurons are similar before and

during a seizure provide insights into the nature of pre-ictal

and ictal activity patterns and show predominant role of

interneurons in seizure dynamics. Interestingly, subsets of

neurons strongly coupled to population activity were also

reported in sensory cortex of non-epileptic animals (Okun

et al., 2015), with the participating neurons being more

strongly activated by a variety of sensory stimuli, polysy-

naptic optogenetic stimulation, and top-down modulation.

Most of those neurons were putative interneurons, which is

consistent with properties of GABAergic cells described

above and with our results presented here. This suggests

that in epilepsy, such strongly correlated neurons could

form a strongly connected network, which may facilitate

propagation of epileptic activity.

Although similar correlations between neurons during

non-ictal and ictal patterns in some sense may not be en-

tirely unexpected, it should be noted that each neuron re-

ceives input from hundreds and even thousands of

presynaptic neurons that, at least in principle, could pro-

vide cortical circuits with the potential to generate a very

large number of different patterns, where small changes in

inputs or behavioural state may lead to the emergence of

distinct activity patterns. Thus, it was rather surprising

that studies in the normal brain have revealed similarities

Figure 6 Temporal activity patterns before and during seizure are similar. (A) Two thousand cross-correlograms between pairs of

neurons calculated during �5:0 min periods before seizures in a single experiment. (B) Cross-correlograms between the same pairs of neurons as

in A but during seizures. Cross-correlograms in A and B are sorted in the same order. Each cross-correlogram was smoothed with 5 ms Gaussian

kernel and normalized between 0 and 1. A and B represent average cross-correlograms across all preseizure and seizure periods respectively, in a

single 24 h recording. (C) Same as B but with shuffled order of cross-correlograms. (D) Correlation coefficients between cross-correlograms

calculated before and during seizures. For all datasets, the similarity between the original patterns was higher compared to the cross-correlogram

order shuffled data.
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between activity patterns across different conditions

(e.g. memory replay: Wilson and McNaughton, 1994;

spontaneous and stimulus evoked patterns: Kenet et al.,

2003; Luczak et al., 2015). Future experimental and theor-

etical investigations will be needed to understand how

normal neuronal sequences and epilepsy-related patterns

during non-ictal and ictal periods interrelate in mechanistic

terms.

Limitations

While the present study revealed novel insights into the

existence of ictal sequences with a strong participation by

fast spiking units in spontaneous chronic seizures, the ex-

perimental paradigm that was employed, naturally, also

came with significant caveats that should be taken into ac-

count. Among the major limitations of the approach is the

fact that, although high density neuronal recordings with

hyperdrives allows recordings with high spatial and tem-

poral resolution, the overall sampling coverage is low.

A closely related question is whether we recorded from

the seizure focus. Defining the seizure focus is not always

straightforward; indeed, to our knowledge, it has never

been demonstrated that a small group of neurons (the

focus) reliably initiates focal seizures in vivo. The latter

hypothesis concerning the focus is especially difficult to

test with hyperdrive recordings, because the onset of seiz-

ures could in principle always be far from the recording

electrode. Indeed, seizures may be associated with specific

interactions between nodes of widespread brain networks

(Nadler and Spencer, 2014; Kimchi and Cash, 2015) as

seen in combined EEG and functional MRI recordings

(Federico et al., 2005) and depth and cortical surface

EEG recordings (Perucca et al., 2013; Khambhati et al.,

2015), suggesting that the concept of focus as the origin

of a seizure may be more properly substituted by the con-

cept of networks. In addition, as seizures propagate

through cerebral networks, microcircuits in distal nodes

can be engaged, and subsets of neurons in seemingly

distal nodes, away from the de facto seizure focus, can

have surprisingly powerful control over the outcome of

the seizure (Krook-Magnuson et al., 2014; Paz and

Huguenard, 2015). Our recordings most likely did not

take place from within the seizure focus, since we mainly

sampled from parietal cortex and dorsal hippocampus, and

various studies suggested that while seizures in the intraper-

itoneal pilocarpine and kainate chemoconvulsant models of

TLE typically do not have a single focus for every seizure,

the ictal events predominantly originate from the ventral

hippocampus, subiculum, dentate gyrus and entorhinal

cortex (Bragin et al., 2005; Boido et al., 2012; Goldberg

and Coulter, 2013; Toyoda et al., 2015). Another argu-

ment supporting the notion that we were recording from

outside the seizure focus is that we were able to reliably

sort spikes throughout the seizures, while such reliable sort-

ing is reportedly extremely challenging in the case of

recordings from seizure foci due to hypersynchronous

neuronal activation and paroxysmal depolarization shifts

(Merricks et al., 2015). Indeed we did not observe hyper-

synchronous firing of all neurons, despite clear ictal dis-

charges on the LFP signal. This is in line with other

studies that recorded activity of individual neurons in rela-

tion to epileptic seizures (Bower and Buckmaster, 2008;

Truccolo et al., 2011; Bower et al., 2012; Ewell et al.,

2015). Therefore, our results most likely reflect neuronal

activity patterns as invading ictal wavefronts engage the

local dorsal hippocampal and neocortical microcircuits.

A second major technical limitation concerns the rela-

tively low number of animals from which our dataset ori-

ginates. Hyperdrive recordings are notoriously difficult and

time consuming; therefore, studies using this technique usu-

ally collect data from only two to four animals [e.g. two

rats (Euston et al., 2007); three rats (Wang et al., 2015);

two rats in each of two groups (Steiner and Redish, 2014);

three rats (Winter et al., 2015)]. We obtained high quality

recordings from three rats using the perforant path stimu-

lation (PP) model of chronic TLE, and from one rat in the

kainic acid (KA) model. Although it is often difficult to

compare across experimental models, our data from the

PP and KA models indicate surprisingly consistent and re-

producible results, which, together with the large number

of seizures recorded in both models, and the quantitative

analytical approaches supported by unbiased statistical

methods, increase the confidence in the conclusions.

Third, it should be noted that, in experiments with extra-

cellular tetrode recordings, correct assignment of spikes to

single neurons can be sometimes challenging, especially

during seizures. Although we have considerable experience

with extracellular recordings (McNaughton et al., 1983;

Luczak and Narayanan, 2005; Schjetnan and Luczak,

2011; Schwindel et al., 2014), and we worked with well-

isolated units with consistent waveforms throughout ictal

and pre-ictal periods (Supplementary Figs 3 and 4), we also

likely had a significant number of misclassified spikes.

Importantly, however, our results are highly unlikely to

be due to problems with spike sorting. Errors in spike

sorting would likely reduce significance of our findings,

rather than causing false-positive results. For example, it

is unlikely that narrow spike cell clusters would contain

significant number of spikes from principal cells, because

adding principal cell spikes would result in broadening (not

thinning) of the average spike waveform. Moreover, the

consistency of cross-correlograms before and during seiz-

ures strongly suggests that we isolated the same units in

both periods. Indeed, errors in spike sorting would be ex-

pected to result in a decreased probability of finding con-

sistent temporal relations between neurons in pre-ictal and

ictal periods. A similar reasoning would also apply to the

similarity of patterns across seizures (Figs 1 and 2), where

errors in assignments of spikes to clusters would reduce,

rather than enhance, the similarity of neuronal sequences

across seizures. Therefore, although errors in spike sorting

are unavoidable, such errors were unlikely to give rise to

the correlations that were observed.

2366 | BRAIN 2017: 140; 2355–2369 A. R. Neumann et al.



Outlook

In this study, we show similarities between ictal and pre-

ictal patterns of neuronal activity. Interestingly, the similar-

ity of ictal and pre-ictal patterns indicate that it may be

possible to study ictal-like sequences even during periods

between seizures. Spontaneous seizures often occur quite

rarely in both epileptic patients (Leidy et al., 1999) and

animal models of TLE (Gorter et al., 2001; Raedt et al.,

2009; Ewell et al., 2015). This relative infrequency of spon-

taneous seizures significantly limits the amount of data that

can be obtained to study epileptic networks in individual

subjects reliably. By showing that seizure-related patterns

are also present in activity between seizures, our results

indicate a potential opportunity to gather significantly

more data to examine epileptic circuits in order to assist

future individualized treatment modalities. For example,

one may speculate that by monitoring neurons most en-

trained to LFP during spontaneous sequential patterns out-

side of ictal events, it may be one day possible to reliably

predict propagation patterns of ictal activity even if actual

seizures are not observed in the epilepsy monitoring unit.

Although more research is needed to make such a vision a

reality, it is interesting to note that induced focal seizures in

the visual cortex have been observed to propagate along

functional connectivity that also underlies normal visual

processing (Rossi et al., 2016). Thus, investigation of net-

work activity during non-ictal periods may one day provide

clues about epileptic networks in cases when ictal data are

scarce.
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Luczak A, Barthó P, Harris KD. Spontaneous events outline the realm

of possible sensory responses in neocortical populations. Neuron

2009; 62: 413–25.

Luczak A, McNaughton BL, Harris KD. Packet-based communication

in the cortex. Nature Rev Neurosci 2015; 16: 745–55.
Luczak A, Narayanan NS. Spectral representation—analyzing single-

unit activity in extracellularly recorded neuronal data without spike

sorting. J Neurosci Methods 2005; 144: 53–61.
Marchionni I, Maccaferri G. Quantitative dynamics and spatial profile

of perisomatic GABAergic input during epileptiform synchronization

in the CA1 hippocampus. J Physiol 2009; 587: 5691–708.
Markus EJ, Barnes CA, McNaughton BL, Gladden VL, Skaggs WE.

Spatial information content and reliability of hippocampal CA1 neu-

rons: effects of visual input. Hippocampus 1994; 4: 410–21.
McNaughton BL. Implantable multi-electrode microdrive array. U.S.

Patent No. 5,928,143. Washington, DC: U.S. Patent and Trademark

Office. 1999.
McNaughton BL, Douglas R, Goddard GV. Synaptic enhancement in

fascia dentata: cooperativity among coactive afferents. Brain Res

1978; 157: 277–93.
McNaughton BL, O’Keefe J, Barnes CA. The stereotrode: a new tech-

nique for simultaneous isolation of several single units in the central

nervous system from multiple unit records. J Neurosci Methods

1983; 8: 391–7.
Merricks EM, Smith EH, McKhann GM, Goodman RR, Bateman LM,

Emerson RG, et al. Single unit action potentials in humans and the

effect of seizure activity. Brain 2015; 138 (Pt 10): 2891–906.
Mizumori S, Barnes CA, McNaughton B. Reversible inactivation of

the medial septum: selective effects on the spontaneous unit activity

of different hippocampal cell types. Brain Res 1989a; 500: 99–106.
Mizumori S, Mcnaughton BL, Barnes CA. A comparison of

supramammillary and medial septal influences on hippocampal

field potentials and single-unit activity. J Neurophysiol 1989b; 61:

15–31.
Muldoon SF, Soltesz I, Cossart R. Spatially clustered neuronal assem-

blies comprise the microstructure of synchrony in chronically epilep-

tic networks. Proc Natl Acad Sci USA 2013; 110: 3567–72.
Muldoon SF, Villette V, Tressard T, Malvache A, Reichinnek S,

Bartolomei F, et al. GABAergic inhibition shapes interictal dynamics

in awake epileptic mice. Brain 2015; 138: 2875–90.

2368 | BRAIN 2017: 140; 2355–2369 A. R. Neumann et al.



Nadler JV, Spencer DD. What is a seizure focus? Issues in clinical
epileptology: a view from the bench. The Netherlands: Springer;

2014. p. 55–62.

Obenaus A, Esclapez M, Houser C. Loss of glutamate decarboxylase

mRNA-containing neurons in the rat dentate gyrus following pilo-
carpine-induced seizures. J Neurosci 1993; 13: 4470–85.

Okun M, Steinmetz NA, Cossell L, Iacaruso MF, Ko H, Barthó P,
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