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Control of in vivo ictogenesis via
endogenous synaptic pathways
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The random nature of seizures poses difficult challenges for epilepsy research. There is great need
. forareliable method to control the pathway to seizure onset, which would allow investigation of the
Accepted: 29 March 2017 © mechanisms of ictogenesis and optimization of treatments. Our hypothesis is that increased random
Published online: 02 May 2017 . afferent synaptic activity (i.e. synaptic noise) within the epileptic focus is one endogenous method of

. ictogenesis. Building upon previous theoretical and in vitro work showing that synaptic noise can induce
seizures, we developed a novel in vivo model of ictogenesis. By increasing the excitability of afferent
connections to the hippocampus, we control the risk of temporal lobe seizures during a specific time
period. The afferent synaptic activity in the hippocampus was modulated by focal microinjections of
potassium chloride into the nucleus reuniens, during which the risk of seizure occurrence increased
substantially. The induced seizures were qualitatively and quantitatively indistinguishable from
spontaneous ones. This model thus allows direct control of the temporal lobe seizure threshold via
endogenous pathways, providing a novel tool in which to investigate the mechanisms and biomarkers
of ictogenesis, test for seizure threshold, and rapidly tune antiseizure treatments.
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Epilepsy is one of the world’s most prevalent and debilitating diseases, affecting 1% of the population and severely
affecting quality of life for patients and caregivers. Decades of research have improved our understanding of some
of the physiological changes that lead to epilepsy and have led to several antiseizure medications. Recent techno-
logical advances have begun to examine seizures in more detail, uncovering some of their dynamical properties'?,
and describing behavior of individual cells to help understand how those dynamics are formed**. Yet despite this
research, we still have a very limited understanding of the basic mechanisms of ictogenesis—the process by which
an individual seizure begins. Without this understanding, epilepsy research depends upon waiting for seizures to
occur randomly, an uncontrolled and time-consuming process. Developing a rigorous, physiological method to
control seizure threshold would open many new avenues of research.

There are currently two basic strategies to account for the random nature of seizures in epilepsy research. The
first requires monitoring over long periods of time to capture multiple seizures. Most epilepsy research follows
this method, as it assures the seizures are naturally-occurring and spontaneous. However, this method is very
inefficient and affords no control over seizure onset time nor the processes that induce seizures. The second strat-
egy is to induce seizures artificially using either proconvulsant drugs® or kindling with electrical stimulation®.
These induction methods allow direct control of seizure onset time, but unfortunately they have limited applica-
bility to endogenous seizures because they function via different mechanisms and are known to behave differently
than spontaneous seizures®®. While these strategies have been the foundation for decades of epilepsy research,
neither provides direct experimental control of endogenous seizures or seizure threshold, which greatly limits the
ability to investigate the mechanisms and biomarkers of ictogenesis.

In this work, we present a novel method of controlling ictogenesis in an in vivo model of temporal lobe epi-
lepsy in rats. Our hypothesis is that a seizure focus can be triggered via random afferent synaptic activity, or
“synaptic noise”, without any direct manipulation of the neurons within the focus itself. This hypothesis is based
upon the physical properties of noise within a coupled neural network, which under certain conditions can cause
the network to activate, synchronize, and generate coherent oscillations. This phenomenon, known as stochastic
coherence or coherence resonance, was first identified in simulated neural networks®!3, and later shown to be
likely within the brain due to the vast number of inputs and noise'*~'®. However, it has been challenging to design
experiments to test this phenomenon'. There are several methods to modulate synaptic noise—e.g. mechano-
receptors®, AC currents?, DC currents?, and visual stimuli*® —but they have not been used to induce seizures.
However, one recent experiment triggered seizure-like activity by controlling afferent synaptic noise within an
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in vitro model of intact mouse septo-hippocampal formation?. That experiment used a dual chamber in which
the bath for the septum could be isolated from the hippocampal bath solution, while maintaining the synaptic
connectivity. Potassium chloride (KCI) added to the septum chamber slightly depolarized cells within the septum,
which increased their random firing and triggered seizures downstream in the hippocampus. That experiment
effectively proved that synaptic noise can induce seizures in vitro.

The goal of the current work is to utilize a similar strategy to modulate hippocampal seizure onset in vivo, i.e.
a model that allows control of seizure risk. Unlike that in vitro work, it is impossible to isolate the septum from
the hippocampus in vivo. Our strategy is to use the same chemical stimulus (KCI) to modulate a different, more
distant afferent connection to the hippocampus. To choose a suitable target, we considered brain regions that are
far away from the hippocampus and provide excitatory synaptic drive. Our primary candidate was the nucleus
reuniens of the midline thalamus. The nucleus reuniens and the supramammillary nucleus are the two major
external inputs from the diencephalon to the hippocampus?. These and other midline thalamic nuclei have been
implicated in a number of important functions associated with the limbic system, including learning and mem-
ory*-28, but also have been shown to have direct modulatory effects on seizure activity in the limbic system?*,
However, the exact role of these connections is not known. We chose the reuniens for three main reasons: (1) its
bilateral excitatory synaptic connections to CA1 of the dorsal and ventral hippocampus®, (2) published proce-
dures for microinjection that produce synaptic activity in the hippocampus??, and (3) its deep midline location
is far enough from the hippocampi to minimize potential diffusion of the microinjection into the hippocampus.
We test the success of this method and by quantifying how much this method increases the risk of seizures above
baseline levels and by rigorously comparing the induced seizures with spontaneous ones. Our results demonstrate
that our method is capable of significantly increasing the risk of seizures during the injection times, and that the
induced seizures are indistinguishable from spontaneous ones. This method provides a reliable in vivo method to
modulate seizure threshold, allowing experimental control of timing of seizure onset and directed research into
the mechanisms and effects of ictogenesis.

Methods

Animals.  Adult male Sprague-Dawley rats were purchased from Charles River and kept individually housed
under constant environmentally controlled conditions (12/12h light-dark cycle, 22 °C) with access to food and
water ad libitum. All animal procedures were performed in accordance with the University of Michigan animal
care committee’s regulations, and we confirm that the entire procedure was approved by that committee.

Pilocarpine-induced status epilepticus. Epileptic animals (n = 16) and sham controls (n = 12) were
generated using a partially modified intraperitoneal pilocarpine model, similar to previous studies*>**. Briefly,
56-days-old rats were pretreated with atropine methylbromide (5 mg/kg ip; Sigma-Aldrich, St. Louis, MO) 20 min
prior to pilocarpine hydrochloride (340 mg/kg IP; Sigma-Aldrich) for epileptic animals, or an equivalent volume
of 0.9% saline for age-matched sham control animals. If seizure activity was not observed within 40 min after the
initial pilocarpine dose, an additional dose of 170 mg/kg was given. Seizures were behaviorally monitored and
after 90 min of status epilepticus, seizures were terminated with diazepam (10 mg/kg ip; Hospira, Lake Forest, IL).
Sham controls were treated with diazepam 2 h after the saline injection. Spontaneous seizures were monitored for
14 days using a video-EEG recording system.

Surgery. Epileptic and control rats were anesthetized with a ketamine/xylazine mixture (70 mg/kg ip and
10 mg/kg ip, respectively) and placed in a stereotactic frame (David Kopf Instrument, Tujunga, CA) two weeks
after the pilocarpine injection. Using sterile surgical techniques, an incision was made midline on the scalp and
the skull exposed. Four holes were made into the skull using a high-speed drill. Electrodes were positioned and
fastened (left and right frontal, one cerebellar, and one reference over the sinus cavity) using mounting screws
(E363/20; PlasticsOne, Roanoke, VA). Then, for the acquisition of local field potentials, two single channel depth
electrodes (PlasticsOne, Roanoke, VA) were stereotactically implanted, one in the left hippocampus (AP —4.1,
ML 2.3, DV —2.23) and one in the right hippocampus (AP —4.1, ML —2.3, DV —2.23). In two epileptic ani-
mals, a 26-gauge guide cannula (C315GA/SPC; PlasticsOne) was coupled to the depth electrode (PlasticsOne,
Roanoke, VA) and stereotactically implanted in the left hippocampus (AP —4.1, ML 2.3, DV —2.23) to guide a
33-gauge injecting cannula (C315IA/SPC; PlasticsOne). In all cases, the sockets were fitted into a 6-pin electrode
pedestal (MS363; PlasticsOne) and the entire apparatus was secured with dental cement. For local drug injection
into the nucleus reuniens, we followed a previously described procedure that demonstrated that focal injection
into the reuniens generated synaptic excitation in the hippocampi®. In short, the tip of a 26-gauge guiding can-
nula (C315GA/SPC; PlasticsOne) was painted with Dil (Molecular Probes by Life Technologies, Eugene, OR)
and stereotactically implanted (AP —1.8, ML —1, DV —7.2, with a 15° arm angle from vertical axis) to guide a
33-gauge injecting cannula (C315IA/SPC; PlasticsOne). Once in place, the assembly was cemented to the skull
(Fig. 1A). All animals received buprenorphine hydrochloride (0.05 mg/kg; Reckitt Benckiser Pharmaceuticals
Inc., Richmond, VA) subcutaneously every 12 h for two days.

Only rats with confirmed placement in the hippocampus and the nucleus reuniens (Fig. 1B-E) were consid-
ered in the final analysis.

Video/EEG monitoring and infusion procedures. During the two weeks of recovery from stereotactic
surgery, no video/EEG monitoring was done. On day 13 post-surgery, epileptic and control animals were moni-
tored for up to 48 h by continuous video/EEG recording (Ceegraph Vision; Bio-logic System Corporation). Fifteen
days after the surgery, the experiment starts with “day 1” (see Table 1). Then, KCI (120 mM; Sigma-Aldrich, St.
Louis, MO) was injected (0.1 pl/min over 5min) into the nucleus reuniens of freely moving rats via the injecting
cannula connected with polyethylene tubing to a micro syringe (Hamilton Co., Reno, NV). This injection was
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Figure 1. Verification of deep electrode and injection sites. (A) Photograph showing location of guide cannula
(here with injection cannula inserted) and EEG headcap. (B) Low magnification Nissl stain with fluorescent Dil,
showing relative location of the reuniens. The defining landmark is the dark, winged shape of the paraventricular
hypothalamic nucleus (PaV), sitting astride the third ventricle. The nucleus reuniens is a loosely grouped nucleus
just above the ventricle. Box: area shown in (E). Red stain is fluorescent Dil showing location of cannula. (C-E)
Three rats show successful targeting of the reuniens, here marked by Dil fluorescent staining ending just atop
the reuniens nucleus. All rats included in this study also had the placement of hippocampal depth electrodes
verified in similar manner with Dil.

repeated 8 more times, with 15 minutes between injections, comprising 180 minutes (i.e. 9 periods of 5+ 15 min-
utes). Once the ninth administration was completed, the injection cannula was removed from the guide cannula
but the animal remained connected to the video/EEG recording. The rationale for making 9 separate injections
into nucleus reuniens over a 3-hour period was based on (1) the need to inject sufficient KCl to produce the effect,
while minimizing the rate of administration to avoid volume expansion and (2) allowing time for the animal to
recover between seizures, and (3) to eliminate the volume from the previous injection. In five animals, control
injections with phosphate buffered saline (PBS) 1X solution (Fisher Scientific, Fair Lawn, NJ) were performed
on a separate day using a new injection cannula under the same experimental protocol, randomly done either
before or after the KCl experiments. Due to various technical and scheduling concerns, not all animals had iden-
tical experimental schedules. It is important to highlight that all experiments began at 10 AM and used the same
protocol, and that there was always only a single experiment per 24-hour period (see Table 1). Recordings were
sampled at 256 Hz and concurrent time-synched video was analyzed offline. Seizures were identified manually by
an observer blinded to the groups assisted by EEG viewing software (Insight 12, Persyst Corp., San Diego, CA).

Preliminary testing. 'The KCl concentration was selected based upon preliminary acute dose-response exper-
iments in 20 rats that were not included in this analysis. In these experiments, 0.2-1 uL of KCI was injected
over 1 minute at varying concentrations (20, 40, 80, 120, 160 mM). We determined that 120 mM was the mini-
mum concentration that induced seizures in at least 25% of the experiments (data not shown). In addition, two
epileptic animals were implanted with a special reuniens guide cannula that contained a pair of single channel
depth electrodes (C315G-MS303/2/SPC; PlasticsOne) in order to record from within the reuniens. Both of these
animals had seizures successfully induced by reuniens injection. Comparison of the reuniens recording with the
hippocampal recordings revealed that the seizures did not arise within nor spread to the reuniens: the only ictal
activity seen was far field propagation from the hippocampus (data not shown).

Alternative protocols.  Several days after the KCl experiments, two animals were monitored again for up to 1 h
with continuous video EEG, during which time we induced seizures by applying an electrical stimulus directly to
the hippocampus, using a bipolar stimulus between the recording electrode and the frontal reference electrode
(40 Hz square wave spike trains at 75pA, 10s duration, 2 ms pulse width, similar to our previous work?!). One
week later, the same animals were monitored again for up to 1 h by continuous video/EEG recording in order to
assess the response to a direct chemoconvulsant application. Using the same equipment as before, kainic acid
(0.41g/0.2 ul saline; Sigma-Aldrich, St. Louis, MO) was injected (0.1 ul/min over 1 min) into the left hippocampus
of freely moving rats via the injecting cannula connected with polyethylene tubing to a micro syringe (Hamilton
Co., Reno, NV). Note that these injection cannulas were inserted directly into the hippocampus via a separate
guide cannula implanted into the hippocampus (i.e. independent of the guide cannula placed into the reuniens),
as described above. This injection was done only once in order to induce seizure(s) via a direct chemoconvulsant.
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d1/KCl 3 6 3
Epileptic 1 d12/KCl 2 2 0
d21/KCl 1 1 0
Epileptic 2 d1/KCl 0 0 0
d1/KCl 0 0 0
Epileptic 3 d12/KCl 0 0 0
d30/KCl 1 4 3
d1/KCl 1 4 3
Epileptic 4 d20/KCl 1 7 6
d31/KCl 1 0 0
d1/KCl 1 2 1
Epileptic 5 d22/KCl 1 2 1
d30/KCl1 1 2 1
d1/KCl 0 2 2
Epileptic 6
d21/PBS 0 0 0
d1/PBS 0 0 0
Epileptic 7
d21/KCl 0 0 0
d1/KCl 0 2 2
Epileptic 8
d5/PBS 0 0 0
d1/KCl 4 3 -1
Epileptic 9
d2/PBS 3 3 0
d1/KCl 0 1 1
Epileptic 10
d2/PBS 0 0 0
Epileptic 11 d1/KCl 0 2 2
Epileptic 12 d1/KCl 0 1 1
Epileptic 13 d1/KCl 0 0 0
Epileptic 14 d1/KCl 1 3 2
d1/KCl 1 3 2
Epileptic 15 d4/electrical stimulation 0 0 0
d12/Kainic acid 0 4 4
d1/KCl 1 1 0
Epileptic 16 d7/electrical stimulation 0 4 4
d15/Kainic acid 0 4 4

Table 1. Experimental design. Detailed schedule of KCl or PBS injections into each epileptic animal. ‘D1 is

15 days after implantation. All the animals were monitored for up to 48 h by continuous video/EEG recording
before the experimental day, starting 13 days after the surgery. Once the ninth administration was completed
and the injection cannula was removed from the guide cannula, the animals remained connected to the video/
EEG recording one more day. All the experiments were performed under the same experimental protocol
design. 13/16 epileptic animals had seizures during the KCI (120 mM) microinjections into nucleus reuniens. In
total, seizures were observed in 18/24 individual KCl injections. The last column shows the individual changes
(# of seizures) during the 3-h experimental time. No seizures were induced in the twelve control animals
evaluated (data not shown).

The goal of these two experiments was to compare these other methods of seizure induction (chemoconvulsant or
electrical stimulation to the hippocampus) with the KCl/reuniens ictogenesis model described herein.

Histology. At the completion of the experiments, rats were deeply anesthetized using isoflurane (Vet One,
Boise, ID) inhalation and overdosed using an intraperitoneal injection of pentobarbital (Vortech Pharmaceuticals,
Dearborn, MI). Following the loss of the righting reflex and lack of reflex withdrawal responses to toe-pad
pressure, animals were transcardially perfused with 0.9% saline solution followed by a 4% paraformaldehyde
(Sigma-Aldrich, St. Louis, MO) solution. Brains were then extracted and stored at 4 °C in a 4% paraformaldehyde
solution for a minimum of 24 h. Then, the brains were washed four times with PBS 1X solution and stored at 4°C
in a 30% sucrose solution for 5 days. Brains were frozen with dry ice and sliced into 40-um-thick coronal slices
using a cryostat. The coronal sections were stained with cresyl violet for histological examination. Each electrode
and cannula tip placement was verified to be in hippocampus or nucleus reuniens, respectively. The animals with
unsuccessful placement were excluded from the study.
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Statistical analysis. Quantification of seizure risk: mean seizure rate. We determined the mean seizure
rates for the three hours before (basal) and during the experiment. Seizure rates were defined as the mean number
of seizures per hour, averaged over multiple experiments and animals. Assuming seizure initiation is a Poisson
process®, the variance on the number of seizures is equal to the number of seizures. The significance of the
change between basal and experimental seizure rates can thus be computed using a X ? statistic with one degree
of freedom. Rarely, some animals had a very high basal seizure rate (>1 seizure/hour) prior to the experiment.
With such a high rate, these animals were likely already at or near the seizure threshold (no animal ever had a rate
over 2/hour), making it difficult to show an increase in seizure rate. Nevertheless, to be robust these animals were
included in the analysis. A separate analysis redacting these experiments (Epileptic 9 and Epileptic 1 day 1) had
similar results (data not shown).

Quantification of seizure risk: time-dependent hazard rate. With dynamic processes such as seizures, another
useful measurement is to determine how risk changes with time. In order to investigate the time-dependence,
a kernel-smoothed Nelson-Aalan estimate of the seizure hazard as a function of time was computed from three
hours before until five hours after the start of each experiment, as performed previously to assess seizure risk®*-.
This estimate requires definition of the number of experiments in which an animal is at risk of seizing as a func-
tion of time; we defined this as the number of experiments in which there was not a seizure in the 5 minutes
preceding each given point in time. The Epanechnikov kernel was used for smoothing, with a bandwidth of 5/
(sqrt (N)) hours, with N being the total number of seizures used to compute the hazard function. The hazard
estimator uncertainty was computed using standard statistical methods®. We additionally computed the time
where the experimental seizure hazard rate was most significantly different than the baseline rate, again using a
x? statistic.

Seizure selection.  For the analysis below, the first two hippocampal seizures induced by KCl injection into the
reuniens, and up to ten consecutive spontaneous seizures that were at least 3 hours before or 6 hours after the
experiment were selected. All seizures were recorded on the same hippocampal depth electrode. No other selec-
tion criteria were used (e.g. seizures with different semiology or characteristics were all included). Five of the
animals had fewer than 10 spontaneous seizures recorded (Epileptic 3, 6, 11, 14, and 16 had 9, 6, 6, 6 and 7 sei-
zures respectively), so in those cases all spontaneous seizures were used. Epileptic 12 and 16 only had one seizure
induced by KCL.

Qualitative visual seizure comparison. It is critical in a true model of ictogenesis that the induced seizures be
analogous to the spontaneous ones. However, determining the similarity between two seizures is a difficult task.
We first used standard clinical interpretation, which is based upon qualitative visual features of the video and
EEG. We measured the clinical semiology of each seizure using the Racine scale’” by observing the video-EEG
recording. A clinical epileptologist then compared the location, timing, and visual features of each induced
seizure with several spontaneous seizures from each animal individually. EEG appearance was also compared
using spectrograms: one channel (hippocampal depth) was used to create a Morlet plot demonstrating the spec-
tral power versus time during each seizure, utilizing a scaled ‘continuous wavelet transform using FFT’ (cwtft)
function in Matlab (Mathworks). Each Morlet plot was visually inspected and compared. Any clear differences
between the induced and spontaneous seizures were noted; seizures that appeared to be different morphologically
were considered to be distinct from the spontaneous events. The plots are shown from the beginning (t=0) to the
end of each seizure, which allows analysis of the entire seizure.

Quantitative seizure comparison. In addition to those visual measurements, we compared the seizure charac-
teristics using a battery of quantitative tools. The goal was to classify whether any given seizure was similar to a
specific set of spontaneous seizures.

We calculated the following features on each seizure independently, with separate measurements for the entire
seizure, first 10 seconds, and last 10 seconds: delta (0.5-4 Hz), alpha (8.5-13 Hz), beta (13-30 Hz) and gamma
(30-128 Hz) band power; alpha-delta ratio; peak frequency; line length; number, median interval, median ampli-
tude of spikes (positive and negative); mean and standard deviation of Teager-Kaiser Energy; and seizure length.
Delta power was only evaluated in the first 10 seconds as it is dominated by movement artifact afterwards, and
seizure length only for the entire seizure. This created a vector of 44 features that described each seizure. We then
reduced these features in each animal individually using a standard principal components analysis (PCA, (Matlab
‘pca’ function), after first normalizing the features using the mean and standard deviation of the features from all
of that animal’s seizures. We then used a one-class support vector machine (SVM) to characterize the distribution
of only the spontaneous seizures of each animal (Matlab ‘fitcsvm’ function, with outlier fraction of 0.05, radial
basis kernel with scale = 50), using the first two principle components. We then classified each individual seizure
whether it was a member of this “spontaneous class” using the normalization and PCA coefficients and trained
SVM (Matlab ‘predict’ function) of that given animal.

In summary, this process requires four steps: calculate features for each seizure, reduce the dimensionality
of the features, train an algorithm (one-class SVM) to identify spontaneous-like seizures of a given animal, and
then classify all seizures regarding whether they are similar to those spontaneous seizures. This method allowed
us to compare the KCl-reuniens seizures with the spontaneous seizures, as well as seizures from different animals
with each other. We tabulated how many seizures of each type were classified as similar to the spontaneous dis-
tribution, and calculated the uncertainty based upon Poisson statistics (uncertainty = sqrt(number of seizures
classified as similar)/(total number)). Significance was calculated using x? statistic.
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Results

KCl microinjection to the nucleus reuniens induces hippocampal seizures. Table 1 shows in detail
the schedule of KCl or PBS injections into each epileptic animal. On the first attempt of focal microinjections of
KCl (120mM) in the epileptic group, 75% of the subjects (12/16) had seizures (Table 1). Including injections on
subsequent days, 13/16 animals (81%) had seizures at least in one trial. In total, seizures were observed in 18/24
individual KCl-reuniens injections (75%).

No control animals had seizures during the injections or at any other time (data not shown). Seizures only
occurred in one epileptic animal during PBS injection, though this animal had the same rate of seizures (1/hour)
even before the injection (Epileptic 9). The other epileptic animals with PBS injections (Epileptic 6, 7, 8, and 10)
did indeed have spontaneous seizures, but there were none in the 3 hours prior or during that injection. Note that
all animals were recorded for 24-48 hours prior to the injections. As is expected for the pilocarpine model, the
seizure rates on different days were quite variable in many animals, which did not allow identification of a stable
baseline over long periods. The three hours prior to seizure onset were chosen as the baseline in order to assure
comparison with similar brain states.

Quantifying similarity between induced and spontaneous seizures. The preceding results suggest
that this method increases the likelihood of a seizure occurring during the injections. It is then crucial to verify
whether the seizures occurring during the injections are analogous to spontaneous ones. Doing so will demon-
strate that this model recapitulates spontaneous seizures, which is distinct from the currently-existing methods of
seizure induction (chemoconvulsants, kindling). We first verified in all animals that the seizures occurring during
the injections had similar EEG appearance (Fig. 2). Additional detailed analysis on seizure comparisons from all
animals are included in the supplementary material. All seizures identified were validated to have clear behavio-
ral and electrographic evidence of seizures. We validated that the induced seizures produced ictal behaviors that
were identical to those of the spontaneous seizures based upon the Racine scale (e.g. behavioral arrest, rearing,
falling)*”. After viewing the raw EEG and video of all seizures, there was no appreciable difference in the EEG
appearance or semiology between the seizures occurring during the injections and spontaneous seizures, beyond
the typical variability seen within spontaneous seizures (e.g. different types of seizures seen in the same animal,
such as occasional behavioral arrest interspersed with rearing and convulsions). For a more objective visual com-
parison, we also conducted a time-frequency analysis using Morlet plots and compared the seizures occurring
during the injections and spontaneous seizures (Fig. 3 and Supplementary Material). These plots provide a visual
demonstration of the frequency content over time; brighter colors indicate stronger power. Analysis of these plots
typically focuses on comparing the visual differences and similarities that correspond to the distribution and tem-
poral evolution of spectral power. In Fig. 3, Epileptic 3 begins the seizure with high spectral power up to 30 Hz,
which diminishes during the seizure, whereas Epileptic 8 starts with very little spectral power but towards the end
has high power up to 10 Hz. With these additional data, we found that only in three animals (Epileptic 5, 6, 16)
was there any appreciable difference between the seizures occurring during the injections and spontaneous sei-
zures, and the differences were subtle. We found that animals have some variability in their spontaneous seizures,
and that the seizures occurring during the injections appear to be very similar to that group. Of note, some of the
animals (e.g. Epileptic 4) had spontaneous seizures with a wide range of morphologies, some of which appeared
to be outliers from the rest of the spontaneous group. In addition, it is clear that different animals have distinct
types of seizures from each other: both the raw EEG and the Morlet plots show that the seizures from subject to
subject are quite different across animals. These results were true across all Epileptic animals: the seizures occur-
ring during the injections from a given subject were qualitatively indistinguishable from its own spontaneous
ones, but different from other animals’ seizures. These results suggest that the events occurring during the injec-
tions are indeed recapitulating spontaneous seizures within a given animal.

For a more robust comparison, we evaluated the quantitative characteristics of the EEG recordings. This type
of strategy was recently used to compare induced versus spontaneous generalized seizures using microelecrodes®®.
We calculated a battery of features for each seizure, then trained a machine learning algorithm (one-class SVM),
using spontaneous seizures of a given animal, to classify whether each seizure (from all animals) was similar to
those spontaneous seizures (Fig. 4). The range of cases expected in a set of spontaneous seizures is observable in
this figure: in some animals the seizures were very stereotyped and the features tightly clustered, quite distinct
from the seizures in other animals (e.g. Epileptic 1 and 5). In contrast, some animals have a broader distribution
that encompasses seizures from many other animals (Epileptic 15), though sometimes the broad classification
was due to single spontaneous seizures that were very different from the rest (Epileptic 4, 16).

After delineating the range of spontaneous events with the one-class SVM, we can compare all other seizures
by determining whether they lie within the SVM boundary for each individual animal. We compared all combi-
nations of seizures across all animals: in other words, we plotted all the seizures occurring during the injections
and the spontaneous seizures from all 13 animals onto the distribution and SVM for each animal. As seen in
Table 2, 68% of the seizures occurring during the KCl-reuniens injections were similar to each animal’s own spon-
taneous seizures (n=25). While this value was not ideal, it is important to note that some spontaneous seizures
are outliers themselves, as only 91% of them were successfully classified using the same analysis. In addition,
we compared all permutations to determine how similar the animals were to each other: 25% of spontaneous
(n=1368) and 24% of the seizures occurring during the KCl-reuniens injections (n = 300) were similar to the
spontaneous seizures in different animals. Using the 91% as the gold standard, the seizures occurring during the
KCl injections were statistically indistinguishable from the spontaneous seizures in a given animal (X2, p =0.22),
while across different animals both KCl and spontaneous seizures were different (p < 0.01). This latter compar-
ison shows not only that the seizures occurring during the KCl injections are similar to a given animal’s own
seizures, but also that different animals have different seizures and this method can identify those differences. As
a negative control, we also compared the features of seizures induced by direct kainic acid injection and electrical
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Figure 2. Seizures occurring during the KCl injections versus spontaneous seizures, raw data. Four separate
seizures are shown for Epileptic 3 (A and left inset) and Epileptic 8 (B and right inset). Note each tracing is
from the same hippocampal depth electrode during a different seizure. In each animal, both seizures occurring
during the KCl microinjection (KCl 1, 2) into the nucleus reuniens (top, red) have very similar morphology

to the spontaneous seizures (spont 1, 2) recorded on other days in the same animal (black). Note that in both
animals there were no spontaneous seizures in the 3 hours prior to the experiment; these spontaneous seizures
occurred in the 1-2 days previous. Scale bars: 500 1V, 1s. The time scale was chosen to optimize the ability

to evaluate the dynamical behavior of the individual spikes within the seizure. Note that seizures in each rat
have distinct features such as initial deflection, amplitude, frequency, etc, which are preserved in the seizures
occurring during the KCl injections. Supplementary material shows more data and detailed explanations for all
animals, including these.

stimulation to the hippocampus. Electrographically and semiologically, the seizures were obviously distinct from
spontaneous seizures—kainic acid induced long, repeated seizures with different semiology and EEG morphol-
ogy, and electrical stimulation induced low voltage fast activity without the typical spike waves, and subtle clinical
findings. The feature analysis corroborated this: only 43% (p=0.07) of kainic acid and 0% (p < 0.01) of electrical
seizures were similar to the spontaneous ones (Table 2). In summary, in a given animal the KCl-reuniens method
induced seizures that were similar to that animal’s own spontaneous seizures. Visual analysis of the EEG, video,
and spectrograms suggested the seizures were identical, and a quantitative analysis found that most seizures
induced by this method are statistically indistinguishable from spontaneous seizures. In addition, previous meth-
ods of inducing seizures (direct application of chemoconvulsants or electrical stimulation) are unsuccessful in
producing similar seizures. In contrast, seizures in different animals are usually easy to distinguish from each
other. Although in general most of the seizures were characterized by similar fast spiking activity, each animal
tended to have seizures with a stereotypical, fairly unique appearance. These differences are typical for the vari-
ability between subjects, and could be the result of individual anatomy, specific pathology, electrode placement,
etc. Based upon these qualitative and quantitative analyses, we conclude that the induced seizures are indeed
representative of each animal’s typical seizures.

Nucleus reuniens KCl injections increase hippocampal seizure risk.  As seen in Table 1, the majority
of epileptic animals had seizures during the KCl injections, but it is important to assess the baseline seizure rate to
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Figure 3. Seizures occurring during the KCl injections versus spontaneous seizures, frequency data. Seizures
from Epileptic 3 (A) and Epileptic 8 (B) were converted into Morlet plots, which show the change in spectral
power over time. The plots show data from each seizure. In each animal, there are two seizures occurring during
the KCl injections and six spontaneous seizures shown; the first two columns correspond to the raw data in

Fig. 2. Each rat has a distinct spectral pattern during their seizures, with some variability between different
events. It is clear that the seizures occurring during the KCl injections in each rat are similar to their own
spontaneous seizures, but different from the other animal’s seizures. X-axes show duration of each seizure, also
including 10s of EEG before and after the seizure. All plots have the same y-axis (0 to 60 Hz) and color scale.
Additional data from these and all other Epileptic animals are included in the Supplement.

determine whether the injection is truly increasing the risk of seizures. We evaluated the efficacy of this ictogen-
esis model in two ways: comparing mean seizure rate and comparing seizure hazard rate.

Table 3 shows the mean estimated basal and experimental seizure rates and the significance of the difference
between them (x?), demonstrating that KCI injections significantly increased the mean seizure rate, while PBS
did not. In the PBS injections, no seizures were induced in any of the four animals analyzed. Epileptic 9 did
have three seizures during the PBS injections, but that was unchanged from its high baseline rate. The control
(non-epileptic) animals never seized during the experiments nor during the basal periods.

Given the dynamic nature of seizures, we also evaluated the time-dependent hazard rates during the exper-
iments (Fig. 5). During the KCl injection, there is a clear increase in the risk of seizures, starting immediately
after the injections start and steadily increasing throughout the 3-hour experiment. This change is significantly
different from the pre-experiment baseline (p < 0.01). These results suggest that there is an additive effect of the
microinjections over time.

In summary, this ictogenesis method significantly increases the risk of seizures during a defined experimental
period. The induced seizures are indistinguishable from the spontaneous ones. Thus this model successfully mod-
ulates seizure threshold and provides a controlled means of controlling ictogenesis.
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Figure 4. Comparison of feature distributions. A set of 44 features was calculated for each seizure, then
reduced to two dimensions with principal components analysis. Plots show the location of each seizure’s

first two components. The set of spontaneous seizures in a given animal was used to determine the one-class
SVM (black line). Each seizure was then compared with this threshold to determine if it belonged within the
spontaneous seizures’ classification. We compared all seizures from the same animal (dark blue) and other
animals (light blue). Seizures occurring during the KCl-reuniens injections (dark blue *) were indistinguishable
from spontaneous seizures of the same animal (Dark blue circle) in most animals (top row). A small number of
seizures occurring during the KCl injections were distinct from their spontaneous groups (bottom row). Most
kainic acid-induced seizures (red stars) and all electrical-induced seizures (red triangles) were distinct from
spontaneous seizures, as were the majority of induced and spontaneous seizures from other animals (light blue
*and circles).

Spontaneous 0.91:£0.09 (114) 1.00 0.25:£0.01 (1368) 0.00
KCl-reuniens 0.68£0.17 (25) 022 0.24-£0.03 (300) 0.00
Kainic acid (hippoc) 0.43 +0.25 (7) 0.07 0.21:£0.05 (84) 0.00
Electrical (hippoc) 0.00 +0(3) 0.00 0.14:£0.106 (36) 0.00

Table 2. Comparison of seizure features Tabulated results for quantitative seizure comparison. After
determining the distribution of each animal’s spontaneous seizures (see Fig. 4), every seizure from every animal
was compared to that distribution. Column A: seizures occurring during the KCl-reuniens injection method
were not significantly different from the spontaneous seizures, while those induced by both kainic acid and
electrical stimulation were different (x?). Column B: when comparing seizures across different animals, other
animals’ seizures were very different each animal’s own spontaneous seizures. These results prove that seizures
are different across different animals and that the seizures occurring during the KCl-reuniens method are
similar to a given animal’s own seizures.

Discussion

Clinically, the primary goal of managing seizures is to lower the risk that they occur. However, in order to test
antiseizure therapies and investigate biomarkers of epilepsy, it is prudent to have a method to increase the risk of
seizures. It is well known that certain conditions increase seizure risk (e.g. sleep deprivation, medication with-
drawal, etc), creating “pro-ictal” epochs during which seizures are more likely to occur, but still with paroxysmal
onset times. These pro-ictal states, which may or may not result in a seizure, pose a significant challenge in the
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Epileptic KCl 24 0.28£0.06 0.67+£0.10 0.0007
(n=16)
Epileptic PBS 5 0.2+0.12 0.2+0.12 1

Table 3. Seizure rate. Mean seizure rate for each experiment (in seizures/hour), for 3-hour intervals during and
before the experiment. The potassium chloride (KCI) injections induced an increased seizure rate, while there
was no effect from PBS injections.

Experiment duration ,
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Figure 5. Time-dependent seizure hazard rates. The KCl solution injection significantly increases the seizure
hazard rate immediately after the first injection was administered (time 0), more than doubling the risk of
seizures during the experiment. In contrast, PBS injections had no effect on seizure risk. Dotted lines indicate
the average risk across all animals before and during the injections.

search for seizure biomarkers: how does one assess the biomarker with a “near miss” when a seizure does not
occur? It is impossible to know whether a biomarker correctly identified a true pro-ictal state that resolved (true
positive) or did not have a reliable correlation with seizure precursors (false positive). Thus, in order to model
and investigate physiological ictogenesis, it is important to be able to modulate the risk of seizures in a controlled
fashion. An expected outcome of such a method is that, depending on the strength of the stimulus and the state
of the subject, it may not produce seizures every time. A method capable of modulating the risk of endogenous
seizures would provide a tremendous opportunity to investigate the mechanisms and biomarkers of ictogenesis.
This is in contrast to kindling and chemoconvulsants, which are applied at suprathreshold levels to induce sei-
zures immediately. Those methods reliably induce seizures at precise times, but they produce non-physiological
seizures, and they fail to recapitulate the natural progression of ictogenesis. The goal of our model was to increase
the risk of seizures but not force them to occur, which means that seizures might not be produced every time.
Our model excites a seizure focus (the hippocampus) via physiological pathways (afferent synaptic activity from
the reuniens) and makes seizures more likely over a set period of time, simulating epochs of a pro-ictal state. The
seizures occurring during the KCl injections are indistinguishable from a subject’s specific spontaneous seizures.
Our data show that this new method increases seizure risk, providing controlled conditions in which to test many
potential new avenues of research into ictogenesis and seizure control.

How a seizure begins has been a longstanding question for clinicians and researchers. Given current tech-
nological limitations and the vast spatiotemporal scale that seizures embody, it is impossible to characterize the
mechanisms of ictogenesis fully —thus the pressing need for experimental models. The question of whether
a given experimental mechanism “causes” ictogenesis remains profoundly difficult to prove—especially since
we still have little understanding of naturally occurring seizures. Likewise, it is difficult to prove that any given
seizure is “the same” as another—the best we can do is assess whether the seizure looks and acts the same. Most
prior seizure research has relied upon qualitative comparisons for that task: visual interpretation of EEG and
Racine scale. Unfortunately, those measurements are very coarse. For this reason, we and others® have taken a
quantitative approach to analyze EEG features, but these are still limited. One of the primary goals of this model
is to provide a controlled environment in which to test more detailed questions of the mechanisms of ictogenesis,
once higher resolution technology becomes available.

There are compelling reasons to believe synaptic noise is a major player in ictogenesis. Most seizures appear to
arise at random without any clear instigation, with the uncommon exceptions such as photosensitive and reflex
epilepsies. But those rare exceptions provide an important insight into ictogenesis: it is clear that afferent sensory
input into the cortical neurons is capable of inducing seizures. It is not hard to conceive of a host of conditions
in which an epileptic focus will receive paroxysms of increased afferent activity, whether it be activity from other
brain regions, changes in synaptic plasticity, amplification via axonal sprouting, etc. At times that input may
arrive as a synchronous, deterministic barrage, such as with photic stimulation. But given the high degree of con-
vergence and divergence of synaptic connections in the brain, it is more likely that afferent input is disorganized
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and asynchronous. From the point of view of a single cortical neuron, the sum of all its inputs can be described
as synaptic noise. It is likely not coincidental that conditions that increase synaptic noise, such as the barrages
of synaptic activity comprising the “UP state” during non-REM sleep**!, or disrupted inhibition due to sleep
deprivation*?, are also known to increase the risk of seizures. However, in these conditions synaptic inputs do
not necessarily arrive asynchronously. Any spatial or temporal synchrony of the inputs (i.e. gap junctions, recur-
rent synapses, or divergent connections from individual axons) will make it even more likely that the receiving
neurons will cross threshold when subjected to this more correlated input. This effect was shown previously in
normal signal detection?, high frequency oscillations'’, and seizures®.

We hypothesize that increased synaptic noise is one of the many potential mechanisms by which an epileptic
focus is driven beyond the seizure threshold. This hypothesis is based upon a broad spectrum of computational
and experimental data. Within dynamical systems, noise is an effective method to push a neural network into dif-
ferent states®®. Noise also is known to improve detection of subthreshold signals via Stochastic Resonance**, and
to induce emergent coherent oscillations via Coherence Resonance®*. Experimentally, synaptic noise improves
signal detection in many types of peripheral and central neurons*"***-%, Many computational simulations have
shown that synaptic noise synchronizes coupled neurons to form emergent oscillations!>!%1%17224549-51 "Thoge
oscillations arise suddenly when noise pushes the system across a threshold, in a manner very similar to the
transition from resting state into seizures. Using this same concept in the intact septo-hippocampal formation,
recent work showed that increased synaptic noise was present prior to spontaneous seizures and also that it was
sufficient to induce seizures when experimentally modulated®*. However, that work also demonstrated the sei-
zures could be triggered without synaptic noise. Thus, it is likely that synaptic noise is just one of many potential
triggers of ictogenesis. However, it is very difficult to evaluate the role of noise in in vivo ictogenesis due to tech-
nological limitations as well as the previous lack of an appropriate model. Our model provides a means for such
experiments, but will require prolonged in vivo whole cell recordings of pyramidal cells, as synaptic noise is not
reliably recorded by local field potentials or cell-attached recordings, even in brain slices?®. When such recordings
are available, future work could utilize this technique to monitor synaptic connectivity between the reuniens
and hippocampus. It could also be adapted to many different brain regions: different levels of KCI will vary the
synaptic drive from any afferent connection, providing a means to test the magnitude and role of synaptic con-
nectivity. Thus, this method can be used to explore the physiological range of synaptic connectivity in addition
to the thresholds needed for phenomena such as Stochastic Resonance, Coherence Resonance, and ictogenesis.

A viable model of in vivo ictogenesis must allow experimental modulation of the timing of seizures, and the
seizures should be identical to the spontaneous ones. We believe the most appropriate method of doing so is to
control an endogenous process that is likely to trigger seizures. Our paradigm to trigger ictogenesis is to control
synaptic activity by modulating a region of brain upstream of the seizure focus. One method to do this is to
force all upstream neurons to fire synchronously, such as with electrical stimulation or optogenetic triggering.
However, this instantaneous barrage is unlikely to be the most common physiological mechanism for spontane-
ous seizures. A more general and physiological case is for synaptic noise to increase, such as when an upstream
region becomes more active. Producing this effect experimentally is challenging. One technique is to apply a DC
current to the upstream region, slightly depolarizing the cells and increasing their propensity to fire randomly, as
it has been shown previously in hippocampal slices*, but this is difficult to perform in vivo due to tissue damage
and electrode properties. Another method is focal drug injection to an upstream region, but must assure that the
drug does not diffuse into the seizure focus itself. The in vitro preparation in Jirsa et al. (2014) used a specialized
chamber to isolate the septum from the hippocampus. As isolating the septum is not possible in vivo, we targeted
the nucleus reuniens, a midline structure that sends extensive excitatory synaptic contacts to the hippocampi®. It
is ideal for this experiment because it is distant from the seizure focus, lying anterior, inferior, and medial to the
hippocampi®?, which minimizes the risk of diffusion from the injection site.

This experiment utilized the pilocarpine model, while Jirsa et al. (2014) in vitro work used low magnesium.
However, our ictogenesis method is not specific to any particular model. In the hippocampus, we expect other
upstream regions such as the septum and endopiriform nucleus would have similar results. Similarly, other focal
seizure models could be adapted with this same strategy. We expect that any strategy to modulate upstream syn-
aptic noise has the capacity of increasing the risk of focal seizures, allowing experimental control of ictogenesis.
There were some challenges and drawbacks to this model. Placing the guide cannula is difficult and there is risk
of bleeding, though it follows typical stereotactic protocols. Inserting the injection cannula and performing the
experiment requires constant supervision, and the limits on the injected volume also limit the efficacy of the KCL
Future work will explore other methods of inducing noise, such as sub-maximal optogenetic triggering or DC
current, that might require less technical supervision. This work serves as a proof of principle that seizures can be
modulated in this fashion, opening the door for many other potential ictogenesis models.

In conclusion, it is critical to develop reliable models of ictogenesis, but to date they have been elusive. This
work demonstrates a novel model that is capable of increasing the risk of seizures in temporal lobe epilepsy,
providing experimental control of seizure threshold via endogenous pathways that mirror normal brain activity.
With this method we can explore the basic mechanisms of ictogenesis, search for biomarkers associated with that
risk in a controlled fashion, and potentially develop and optimize more effective antiseizure therapies.

References

1. Kramer, M. A. et al. Human seizures self-terminate across spatial scales via a critical transition. Proc Natl Acad Sci USA 109,
21116-21121, doi:10.1073/pnas.1210047110 (2012).

2. Truccolo, W. et al. Neuronal ensemble synchrony during human focal seizures. ] Neurosci 34, 9927-9944, doi:10.1523/
JNEUROSCI.4567-13.2014 (2014).

3. Truccolo, W. et al. Single-neuron dynamics in human focal epilepsy. Nat Neurosci 14, 635-641, doi:10.1038/nn.2782 (2011).

4. Schevon, C. A. et al. Evidence of an inhibitory restraint of seizure activity in humans. Nat Commun 3, 1060, doi:10.1038/
ncomms2056 (2012).

SCIENTIFICREPORTS|7:1317 | DOI:10.1038/541598-017-01450-8 11


http://dx.doi.org/10.1073/pnas.1210047110
http://dx.doi.org/10.1523/JNEUROSCI.4567-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.4567-13.2014
http://dx.doi.org/10.1038/nn.2782
http://dx.doi.org/10.1038/ncomms2056
http://dx.doi.org/10.1038/ncomms2056

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

. Loscher, W. & Schmidt, D. Modern antiepileptic drug development has failed to deliver: ways out of the current dilemma. Epilepsia

52,657-678, doi:10.1111/j.1528-1167.2011.03024.x (2011).

. Bertram, E. The relevance of kindling for human epilepsy. Epilepsia 48(Suppl 2), 65-74, doi:10.1111/epi.2007.48.issue-s2 (2007).
. Loscher, W. Critical review of current animal models of seizures and epilepsy used in the discovery and development of new

antiepileptic drugs. Seizure 20, 359-368, doi:10.1016/j.seizure.2011.01.003 (2011).

. Raol, Y. H. & Brooks-Kayal, A. R. Experimental models of seizures and epilepsies. Prog Mol Biol Transl Sci 105, 57-82, doi:10.1016/

B978-0-12-394596-9.00003-2 (2012).

. Rappel, W. J. & Karma, A. Noise-induced coherence in neural networks. Phys Rev Lett 77, 3256-3259, do0i:10.1103/

PhysRevLett.77.3256 (1996).

Pradines, J. R., Osipov, G. V. & Collins, J. J. Coherence resonance in excitable and oscillatory systems: the essential role of slow and
fast dynamics. Physical review 60, 6407-6410, doi:10.1103/PhysRevE.60.6407 (1999).

Hu, B. & Zhou, C. Phase synchronization in coupled nonidentical excitable systems and array-enhanced coherence resonance.
Physical review 61, R1001-4 (2000).

Wang, Y., Chik, D. T. & Wang, Z. D. Coherence resonance and noise-induced synchronization in globally coupled Hodgkin-Huxley
neurons. Phys Rev E Stat Phys Plasmas Fluids Relat Interdiscip Topics 61, 740-746, doi:10.1103/PhysRevE.61.740 (2000).

Lindner, B., Garcia-Ojalvo, J., Neiman, A. & Schimansky-Geier, L. Effects of noise in excitable systems. Physics Reports 392, 321-424,
doi:10.1016/j.physrep.2003.10.015 (2004).

Fellous, J. M., Rudolph, M., Destexhe, A. & Sejnowski, T. J. Synaptic background noise controls the input/output characteristics of
single cells in an in vitro model of in vivo activity. Neuroscience 122, 811-829, doi:10.1016/j.neuroscience.2003.08.027 (2003).
Chiu, A. W. & Bardakjian, B. L. Stochastic and coherence resonance in an in silico neural model. Ann Biomed Eng 32, 732-743,
doi:10.1023/B:ABME.0000030238.50895.f0 (2004).

Balenzuela, P. & Garcia-Ojalvo, J. Role of chemical synapses in coupled neurons with noise. Phys Rev E Stat Nonlin Soft Matter Phys
72(2 Pt 1), 021901, doi:10.1103/PhysRevE.72.021901 (2005).

Stacey, W. C., Lazarewicz, M. T. & Litt, B. Synaptic Noise and Physiological Coupling Generate High Frequency Oscillations in a
Hippocampal Computational Model. ] Neurophysiol 102, 2342-2357, doi:10.1152/jn.00397.2009 (2009).

Sanchristdbal, B., Rebollo, B., Boada, P., Sanchez-Vives, M. V. & Garcia-Ojalvo, J. Collective stochastic coherence in recurrent
neuronal networks. Nature Physics 12, 881-887, doi:10.1038/nphys3739 (2016).

McDonell, M. D. & Ward, L. M. The benefits of noise in neural systems: bridging theory and experiment. Nat Rev Neurosci 12,
415-426, doi:10.1038/nrn3061 (2011).

Douglass, J. K., Wilkens, L., Pantazelou, E. & Moss, F. Noise enhancement of information transfer in crayfish mechanoreceptors by
stochastic resonance. Nature 365, 337-340, doi:10.1038/365337a0 (1993).

Gluckman, B. J. et al. Stochastic Resonance in a Neuronal Network from Mammalian Brain. Phys Rev Lett 77, 4098-4101,
doi:10.1103/PhysRevLett.77.4098 (1996).

Stacey, W. C. & Durand, D. M. Noise and coupling affect signal detection and bursting in a simulated physiological neural network.
J Neurophysiol 88, 2598-2611, doi:10.1152/jn.00223.2002 (2002).

Funke, K., Kerscher, N. J. & Worgotter, F. Noise-improved signal detection in cat primary visual cortex via a well-balanced stochastic
resonance-like procedure. Eur ] Neurosci 26, 1322-1332, d0i:10.1111/j.1460-9568.2007.05735.x (2007).

Jirsa, V. K., Stacey, W. C., Quilichini, P. P, Ivanov, A. I. & Bernard, C. On the nature of seizure dynamics. Brain 137, 2210-2230,
doi:10.1093/brain/awul33 (2014).

Vertes, R. P. Major diencephalic inputs to the hippocampus: supramammillary nucleus and nucleus reuniens. Circuitry and
function. Prog Brain Res 219, 121-144, doi:10.1016/bs.pbr.2015.03.008 (2015).

Powell, D. A. & Churchwell, J. Mediodorsal thalamic lesions impair trace eyeblink conditioning in the rabbit. Learn Mem 9(1),
10-17, d0i:10.1101/1m.45302 (2002).

Mitchell, A. S., Baxter, M. G. & Gaffan, D. Dissociable performance on scene learning and strategy implementation after lesions to
magnocellular mediodorsal thalamic nucleus. ] Neurosci 27(44), 11888-11895, doi:10.1523/JNEUROSCI.1835-07.2007 (2007).
Cheng, H., Tian, Y., Hu, P., Wang, J. & Wang, K. Time-based prospective memory impairment in patients with thalamic stroke.
Behav Neurosci 124(1), 152-158, do0i:10.1037/a0018306 (2010).

Bertram, E. H., Mangan, P. S., Zhang, D., Scott, C. A. & Williamson, J. M. The midline thalamus: alterations and a potential role in
limbic epilepsy. Epilepsia 42(8), 967-978, doi:10.1046/j.1528-1157.2001.042008967 x (2001).

Bertram, E. H., Zhang, D. & Williamson, J. M. Multiple roles of midline dorsal thalamic nuclei in induction and spread of limbic
seizures. Epilepsia 49(2), 256-268, doi:10.1111/j.1528-1167.2007.01408.x (2008).

Zhang, Y., Yoshida, T., Katz, D. B. & Lisman, ]J. E. NMDAR antagonist action in thalamus imposes delta oscillations on the
hippocampus. ] Neurophysiol 107, 3181-3189, doi:10.1152/jn.00072.2012 (2012).

Parent, J. M., Elliott, R. C., Pleasure, S. J., Barbaro, N. M. & Lowenstein, D. H. Aberrant seizure-induced neurogenesis in
experimental temporal lobe epilepsy. Ann Neurol 59, 81-91, doi:10.1002/ana.20699 (2006).

Kron, M. M., Zhang, H. & Parent, J. M. The developmental stage of dentate granule cells dictates their contribution to seizure-
induced plasticity. ] Neurosci 30, 2051-2059, doi:10.1523/J]NEUROSCI.5655-09.2010 (2010).

Suffczynski, P. et al. Dynamics of epileptic phenomena determined from statistics of ictal transitions. IEEE Trans Biomed Eng 53,
524-532, doi:10.1109/TBME.2005.869800 (2006).

Aalen, O., Borgan, O., Gjessing, H. Survival and event history analysis. Springer (2008).

Sedigh-Sarvestani, M. et al. Rapid eye movement sleep and hippocampal theta oscillations precede seizure onset in the tetanus toxin
model of temporal lobe epilepsy. ] Neurosci 34, 1105-1114, doi:10.1523/J]NEUROSCI.3103-13.2014 (2014).

Racine, R. J. Modification of seizure activity by electrical stimulation. II. Motor seizure. Electroencephalogr Clin Neurophysiol 32,
281-294, doi:10.1016/0013-4694(72)90177-0 (1972).

Wagner, E B., Truccolo, W., Wang, J. & Nurmikko, A. V. Spatiotemporal dynamics of optogenetically induced and spontaneous
seizure transitions in primary generalized epilepsy. ] Neurophysiol 113, 2321-2341, doi:10.1152/jn.01040.2014 (2015).

Wilson, C. J. & Kawaguchi, Y. The origins of two-state spontaneous membrane potential fluctuations of neostriatal spiny neurons.
Neurosci 16,2397-2410 (1996).

Destexhe, A., Rudolph, M. & Pare, D. The high-conductance state of neocortical neurons in vivo. Nat Rev Neurosci 4, 739-751,
doi:10.1038/nrn1198 (2003).

Rudolph, M., Pelletier, J. G., Pare, D. & Destexhe, A. Characterization of synaptic conductances and integrative properties during
electrically induced EEG-activated states in neocortical neurons in vivo. ] Neurophysiol 94, 2805-2821, doi:10.1152/jn.01313.2004
(2005).

Shaffery, J. P, Lopez, J., Bissette, G. & Roffwarg, H. P. Rapid eye movement sleep deprivation in post-critical period, adolescent rats
alters the balance between inhibitory and excitatory mechanisms in visual cortex. Neurosci Lett 393, 131-135, doi:10.1016/j.
neulet.2005.09.051 (2006).

Ghosh, A., Rho, Y., McIntosh, A. R., Kétter, R. & Jirsa, V. K. Noise during rest enables the exploration of the brain’s dynamic
repertoire. PLoS Comput Biol 4(10), 1000196, doi:10.1371/journal.pcbi.1000196 (2008).

Moss, E, Ward, L. M. & Sannita, W. G. Stochastic resonance and sensory information processing: a tutorial and review of application.
Clin Neurophysiol 115, 267-281, d0i:10.1016/j.clinph.2003.09.014 (2004).

SCIENTIFICREPORTS|7:1317 | DOI:10.1038/541598-017-01450-8 12


http://dx.doi.org/10.1111/j.1528-1167.2011.03024.x
http://dx.doi.org/10.1111/epi.2007.48.issue-s2
http://dx.doi.org/10.1016/j.seizure.2011.01.003
http://dx.doi.org/10.1016/B978-0-12-394596-9.00003-2
http://dx.doi.org/10.1016/B978-0-12-394596-9.00003-2
http://dx.doi.org/10.1103/PhysRevLett.77.3256
http://dx.doi.org/10.1103/PhysRevLett.77.3256
http://dx.doi.org/10.1103/PhysRevE.60.6407
http://dx.doi.org/10.1103/PhysRevE.61.740
http://dx.doi.org/10.1016/j.physrep.2003.10.015
http://dx.doi.org/10.1016/j.neuroscience.2003.08.027
http://dx.doi.org/10.1023/B:ABME.0000030238.50895.f0
http://dx.doi.org/10.1103/PhysRevE.72.021901
http://dx.doi.org/10.1152/jn.00397.2009
http://dx.doi.org/10.1038/nphys3739
http://dx.doi.org/10.1038/nrn3061
http://dx.doi.org/10.1038/365337a0
http://dx.doi.org/10.1103/PhysRevLett.77.4098
http://dx.doi.org/10.1152/jn.00223.2002
http://dx.doi.org/10.1111/j.1460-9568.2007.05735.x
http://dx.doi.org/10.1093/brain/awu133
http://dx.doi.org/10.1016/bs.pbr.2015.03.008
http://dx.doi.org/10.1101/lm.45302
http://dx.doi.org/10.1523/JNEUROSCI.1835-07.2007
http://dx.doi.org/10.1037/a0018306
http://dx.doi.org/10.1046/j.1528-1157.2001.042008967.x
http://dx.doi.org/10.1111/j.1528-1167.2007.01408.x
http://dx.doi.org/10.1152/jn.00072.2012
http://dx.doi.org/10.1002/ana.20699
http://dx.doi.org/10.1523/JNEUROSCI.5655-09.2010
http://dx.doi.org/10.1109/TBME.2005.869800
http://dx.doi.org/10.1523/JNEUROSCI.3103-13.2014
http://dx.doi.org/10.1016/0013-4694(72)90177-0
http://dx.doi.org/10.1152/jn.01040.2014
http://dx.doi.org/10.1038/nrn1198
http://dx.doi.org/10.1152/jn.01313.2004
http://dx.doi.org/10.1016/j.neulet.2005.09.051
http://dx.doi.org/10.1016/j.neulet.2005.09.051
http://dx.doi.org/10.1371/journal.pcbi.1000196
http://dx.doi.org/10.1016/j.clinph.2003.09.014

www.nature.com/scientificreports/

45. Pikovsky, A. & Kurths, J. Coherence Resonance in a Noise-Driven Excitable System. Phys Rev Lett 78, 775-778, d0i:10.1103/
PhysRevLett.78.775 (1997).

46. Stacey, W. C. & Durand, D. M. Synaptic noise improves detection of subthreshold signals in hippocampal CA1 neurons. J
Neurophysiol 86,1104-1112 (2001).

47. Fallon, J. B., Carr, R. W. & Morgan, D. L. Stochastic resonance in muscle receptors. ] Neurophysiol 91, 2429-2436, doi:10.1152/
jn.00928.2003 (2004).

48. Lindner, J. F, Bennett, M. & Wiesenfeld, K. Stochastic resonance in the mechanoelectrical transduction of hair cells. Phys Rev E Stat
Nonlin Soft Matter Phys 72, 051911, doi:10.1103/PhysRevE.72.051911 (2005).

49. Neiman, A., Saparin, P. I. & Stone, L. Coherence resonance at noisy precursors of bifurcations in nonlinear dynamical systems. Phys
Rev E Stat Nonlin Soft Matter Phys 56, 270-273, doi:10.1103/PhysRevE.56.270 (1997).

50. Gu, H., Yang, M., Li, L., Liu, Z. & Ren, W. Experimental observation of the stochastic bursting caused by coherence resonance in a
neural pacemaker. Neuroreport 13, 1657-1660, doi:10.1097/00001756-200209160-00018 (2002).

51. Brunel, N. & Wang, X. ]. What determines the frequency of fast network oscillations with irregular neural discharges? I. Synaptic
dynamics and excitation-inhibition balance. ] Neurophysiol 90, 415-430, doi:10.1152/jn.01095.2002 (2003).

52. Cassel, J. C. et al. The reuniens and rhomboid nuclei: neuroanatomy, electrophysiological characteristics and behavioral implications.
Prog Neurobiol 111, 34-52, doi:10.1016/j.pneurobio.2013.08.006 (2013).

Acknowledgements

The authors would like to thank B. Gluckman for his helpful discussion. Funding for this work was provided
by NIH 1K08NS069783, IR01INS094399, the Michigan Brain Initiative Working Group (all to W.S.) and
1K01ES026839 (o S.G.).

Author Contributions
H.LM.,, PS., W.C,, and W.C.S. designed research; H.L.M., P.S., W.C., and W.C.S. performed research; H.L.M., P.S,,
W.C., S.G., and W.C.S. analyzed data; H.L.M. and W.C.S. wrote the paper.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01450-8

Competing Interests: The authors declare that they have no competing interests.

Change History: A correction to this article has been published and is linked from the HTML version of this
paper. The error has been fixed in the paper.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:1317 | DOI:10.1038/541598-017-01450-8 13


http://dx.doi.org/10.1103/PhysRevLett.78.775
http://dx.doi.org/10.1103/PhysRevLett.78.775
http://dx.doi.org/10.1152/jn.00928.2003
http://dx.doi.org/10.1152/jn.00928.2003
http://dx.doi.org/10.1103/PhysRevE.72.051911
http://dx.doi.org/10.1103/PhysRevE.56.270
http://dx.doi.org/10.1097/00001756-200209160-00018
http://dx.doi.org/10.1152/jn.01095.2002
http://dx.doi.org/10.1016/j.pneurobio.2013.08.006
http://dx.doi.org/10.1038/s41598-017-01450-8
http://creativecommons.org/licenses/by/4.0/

	Control of in vivo ictogenesis via endogenous synaptic pathways

	Methods

	Animals. 
	Pilocarpine-induced status epilepticus. 
	Surgery. 
	Video/EEG monitoring and infusion procedures. 
	Preliminary testing. 
	Alternative protocols. 

	Histology. 
	Statistical analysis. 
	Quantification of seizure risk: mean seizure rate. 
	Quantification of seizure risk: time-dependent hazard rate. 
	Seizure selection. 
	Qualitative visual seizure comparison. 
	Quantitative seizure comparison. 


	Results

	KCl microinjection to the nucleus reuniens induces hippocampal seizures. 
	Quantifying similarity between induced and spontaneous seizures. 
	Nucleus reuniens KCl injections increase hippocampal seizure risk. 

	Discussion

	Acknowledgements

	Figure 1 Verification of deep electrode and injection sites.
	Figure 2 Seizures occurring during the KCl injections versus spontaneous seizures, raw data.
	Figure 3 Seizures occurring during the KCl injections versus spontaneous seizures, frequency data.
	Figure 4 Comparison of feature distributions.
	Figure 5 Time-dependent seizure hazard rates.
	Table 1 Experimental design.
	Table 2 Comparison of seizure features.
	Table 3 Seizure rate.




