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Objective: The objective of the study were to investigate patterns of multiunit cluster firing in the piriform cortex
(PC) and mediodorsal thalamus (MDT) in a rat model of genetic generalized epilepsy (GGE) with absence sei-
zures and to assess whether these regions contribute to the initiation or spread of generalized epileptiform dis-
charges.
Methods: Multiunit clusters and their corresponding local field potentials (LFPs) were recorded from microelec-
trode arrays implanted in the PC and MDT in urethane anesthetized Genetic Absence Epilepsy Rats from Stras-
bourg (GAERS) and nonepileptic control (NEC) rats. Peristimulus time histograms (PSTHs) and cross-
correlograms were used to observe transient changes in both the rate of firing and synchrony over time. The
phase locking of multiunit clusters to LFP signals (spike-LFP phase locking) was calculated for frequency bands
associated with olfactory communication between the two brain regions.
Results: There were significant increases in both rate of firing and synchronous activity at the onset of generalized
epileptiform discharges in both PC and MDT. Prior to and following these increases in synchronous activity, there
were periods of suppression. Significant increases in spike-LFP phase locking were observed within the PC prior
to the onset of epileptiform discharges across all spectral bands. There were also significant increases in spike-LFP
phase locking within the theta band of the MDT prior to onset. Between the two brain regions, there was a sig-
nificant decrease in spike-LFP phase locking — 0.5 s prior to onset in the theta band which coincided with a sig-
nificant elevation in spike-LFP phase locking in the gamma band.
Conclusions: Both the PC and MDT are engaged in the absence epilepsy network. Early spike-LFP phase locking
between these two brain regions suggests potential involvement in the initiation of seizure activity.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

process with little focus on the role of other brain regions. There is
emerging evidence of mesial temporal structures playing a role in ab-

In the study of the pathophysiology of absence seizures in patients
with genetic generalized epilepsy (GGE), there has been an intense
focus on the role of corticothalamic networks in the epileptogenic

Abbreviations: BOLD, blood oxygen-level dependent; EEG, electroencephalography;
fMRI, functional magnetic resonance imaging; GAERS, Genetic Absence Epilepsy Rats
from Strasbourg; GGE, genetic generalized epilepsy; LFP, local field potential; MDT,
mediodorsal thalamus; MUA, multiunit activity; NEC, nonepileptic control; PC, piriform
cortex; PSTH, peristimulus time histogram.
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sence epilepsy including the piriform cortex (PC), a brain region respon-
sible for olfactory processing [1-3]. Typically, mesial temporal lobe
damage is associated with mesial temporal lobe epilepsy that manifests
through epileptic dysfunction of the hippocampus, amygdala, entorhi-
nal cortex, and the PC [3-6]. Mesial temporal lobe volume reduction
has also been observed in patients with juvenile absence epilepsy [1]
while preclinical studies have shown dysfunction in the hippocampus
[7] and amygdala [8]. The Genetic Absence Epilepsy Rats from Stras-
bourg (GAERS) rat model during kindling has demonstrated increased
blood flow in the somatosensory cortex and ventrobasal thalamus as
well as the PC, amygdala, entorhinal cortex, and hippocampus (CA2)
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[9], suggesting relationship between thalamocortical and limbic struc-
tures in absence epilepsy [10]. There is also clinical evidence of bilateral
activation of the PC occurring synchronously with generalized spike-
wave discharges that are the electroencephalography (EEG) hallmark
of absence seizures [3]. However, the PC's neuronal firing properties
and engagement with other limbic structures involved in absence epi-
lepsy are unknown.

The PC is known to be prone to hyperexcitable activity and displays
notable connections to limbic structures as well as regions associated
with absence epilepsy [11]. It displays strong excitatory projections to-
wards the mediodorsal thalamus (MDT) [12-16], and olfactory commu-
nication between the two brain regions is thought to be achieved
through neural oscillations in the theta (4-8 Hz), beta (13-30 Hz),
and gamma (30-80 Hz) bands from field potential recordings [17-19].
Epileptic events in absence epilepsy are considered to be cortically
driven [20,21], however, there is evidence to suggest that there is
early involvement of subcortical structures such as the MDT [22,23].
The MDT is a higher-order thalamic relay, in contrast to the somatosen-
sory cortex (first-order thalamic relay), that relays information between
cortical regions which is essential for conscious operations and may be
disrupted in absence epilepsy [24]. Higher-order thalamic relays typi-
cally fire after first-order thalamic relays [25] with the exception of
the MDT, which has shown to fire prior to the peak of spike-wave dis-
charges along with first-order thalamic nuclei and the reticular thalamic
nuclei in an absence epilepsy rat model [22]. Furthermore, early activa-
tion of this region has also been demonstrated in humans with absence
epilepsy in an EEG/functional magnetic resonance imaging (fMRI) study
[26] and was found to be a key subregion of the thalamus that drove cor-
tical activity to produce spike-wave discharges. The MDT has also dem-
onstrated a significant increase in glutamatergic positive neurons in the
GAERS [27], a well-established animal model of absence epilepsy [28,
29], while lesions have also been reported in the MDT in patients with
spike-wave discharges [30]. Finally, the MDT's connections with the re-
ticular thalamic nuclei [31] may allow it to contribute to the absence ep-
ilepsy network [10].

The PC and MDT also display reciprocal connections with the
orbitofrontal cortex forming a local circuit of physiological and poten-
tially epileptic importance [32-34]. The orbitofrontal cortex has
shown to locally generated absence seizures [35-37] and also receives
sensory inputs from the somatosensory cortex [38], another critical re-
gion that cortically drives absence seizures [24,39-41]. Therefore, the PC
and MDT may contribute to the generation of absence seizure activity
via their connections to the orbitofrontal cortex and downstream pro-
jections to other prefrontal regions.

In order to confirm the involvement of the PC in absence epilepsy, it
is necessary to study its multiunit firing patterns along with those of
MDT because of its association with absence epilepsy and its strong in-
puts from the PC. Utilizing multichannel microelectrode arrays to record
multiunit activity (MUA), we investigated the transient changes in ex-
citability of the two regions and patterns of synchronous neuronal firing
around the onset of epileptic events. Furthermore, by recording local
field potentials (LFPs), we can also determine the degree of phase
locking between multiunit clusters and the frequency bands (spike-
LFP phase locking) associated with olfactory communication between
the PC and the MDT. Changes in spike-LFP phase locking prior to the
onset of absence seizures may be indicative of involvement of the PC-
MDT pathway in absence epilepsy.

2. Material and methods
2.1. Experimental design and data collection

Experiments were conducted on adult rats (aged 4-6 months) from
the GAERS strain and a nonepileptic controls (NECs) strain. All proce-

dures were approved by Animal Ethics Committee at the Florey Institute
of Neuroscience and Mental Health (FINMH-17005) in adherence to the

Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes. Rats were housed on a 12-hour light/dark cycle with lights on
at 9 am and were acclimatized for 1 week prior to any experiments
commencing. All rats had free access to food and water. These rats
were anesthetized with systemic Intraperitoneal (LP.) injections of ure-
thane (20% vol/vol) until the rats were unconscious. Rats were then
placed in a stereotaxic frame with a thermoregulatory head pad to
maintain body temperature at 37 °C. Burr holes were drilled over pri-
mary motor cortex (left and right) (coordinates Anterior-Posterior
(AP): 10.44 mm, Medial-Lateral (ML): + 3.5 mm, Dorsal-Ventral (DV):
0 mm (from dura), angle: 0°) for insertion of stainless-steel screw elec-
trodes (Plastics One) for EEG recordings. These coordinates are based on
approximations from Paxinos and Watson [42]. The screw electrodes
were mostly placed over primary motor cortex with some overlap at
the neighboring somatosensory cortex. A 32-channel microelectrode
arrays (Neuronexus) were inserted into the left PC (AP: 8.2 mm, ML:
—4.9 mm, DV: 7.6 mm, angle: 0°) and left mediodorsal nucleus of the
thalamus (AP: 9.0 mm, ML: — 0.6 mm, DV: 6.5 mm, angle: 32.5°). Fol-
lowing completion of surgical procedures, rats underwent electrophys-
iological recordings for approximately 7 h. At the end of
electrophysiological recordings, all animals were terminated with an
80-mg/kg dose of sodium pentobarbitone followed by transcardial per-
fusion. Rat brains were then preserved in 10% formalin. Tissue was sec-
tioned at 10-20 pm and Nissl stained to verify placement of electrodes
(Fig. 1). The placement of microelectrode arrays in the PC and MDT
was verified using landmarks described in Paxinos and Watson [42]
under a confocal microscope (Nikon, Australia) in 3 subjects while
screw electrodes in motor cortex were confirmed via visual inspection.
The bottom 16 electrode contacts of both the PC and MDT were used for
analysis as they were consistently located in the correct position.

A Tucker-Davis Technologies system was utilized in the recording of
multiunit cluster spikes, EEG, and LFPs. Recordings were amplified by a
PZ2 PreAmp and were preprocessed on a RZ2 BioAmp Processor. Elec-
troencephalography and LFP recordings were sampled at 4069 Hz. Mul-
tiunit activity was recorded between 300 and 5000 Hz of a field potential
signal sampled at 24,414.14 Hz. Spike detection was performed by an
online spike discriminator which would record 31 samples (1.2 ms) of
the signal waveform that represents a single multiunit cluster spike.
However, this results in the recording system not accurately tracking
all spikes, since another spike could not be triggered for 31 samples.
This online detection method, therefore, does not include spikes within
close proximity (<31 samples) of one another. A rethresholding ap-
proach was applied offline to accurately detect potential missing spikes
[43]. This was achieved by taking the 31 samples of multiunit cluster
spikes and counting the number of samples that exceeded 1.5 standard
deviations above the mean of the multiunit cluster. Data were stored
onto an RS4 Data Streamer for analysis. MATLAB 2018 was used for
postexperimental analysis of multiunit clusters, EEG and LFPs data.

For the awake freely moving GAERS recordings shown in Fig. 2, a
different experiment protocol was performed. This procedure was
approved by The Florey Animal Ethics committee (Ethics Number 14-
053-UM). The animal was individually housed alternating 12-hour
cycles of light and dark. Food and water were provided ad libitum for
the whole duration of the study. At 20 weeks of age, the GAERS was
anesthetized using isofluorane at 5% (Ceva isofluorane, Piramal Enter-
prises Limited, India) to start the surgery. The surgical procedure was
done using an aseptic technique. Once the animal was anesthetized,
Polyvisc (Frenchs Forest NSW, Australia) was applied to the eyes to pre-
vent eye damage. The fur was shaved from the rat skull and thoracic-
abdominal regions followed by cleaning of the skin using iodine
(Riodine, Orion Laboratories, Balcatta, Australia), sterile water, and
chlorhexidine (Johnson and Johnson, North Ryde, Australia). Then, a
single midline incision was made on the scalp posterior to the eyes be-
tween the ears. Six burr holes were drilled through the skull without
penetrating the dura, one on each side anterior to the bregma, two to
each side anterior to lambda, and two to each side in the parietal
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bones. Subdural recording electrodes were placed screwed into each
hole. Each recording electrode comprised a 1.3-mm gold connector
soldered onto a nickel alloy jeweler screw (Farnell Components,
Chester Hill, Australia). The recording electrodes were fixed in posi-
tion by applying Vertex dental cement around the electrodes and
over the skull. The incision was then sutured using nylon (4/0, Surgi-
cal Specialties Australia). Immediately after surgery, each rat re-
ceived an intraperitoneal injection of 1 ml/kg analgesic solution
containing intraperitoneal carprofen. One week after surgery, the
rat underwent two sessions of 24 h of continuous video-EEG record-
ing per week. The rat was connected to the EEG recording with cables
that allowed it free movement within the cage. The rat was habitu-
ated to the EEG recording setup for at least 1 h before the recordings.
Electroencephalography recordings were obtained using Profusion 3
software (Compumedics, Australia), unfiltered and digitized at
512 Hz.

2.2. Generalized epileptiform discharge detection

Epileptic high amplitude 5-9 Hz generalized epileptiform discharges
were observed on the EEG data recorded from screw electrodes. Fig. 2
demonstrates the typical spike-wave discharges in EEG recordings
from an awake freely moving GAERS. The left screw electrode in the pri-
mary motor cortex was used for generalized discharge detection while
the right screw electrode was used to confirm the discharges spread
across both hemispheres of the brain. This is due to the PC and MDT mi-
croelectrode arrays being placed in the left hemisphere.

The EEG signal recorded from screw electrodes was bandpass fil-
tered using a third-order Butterworth bandpass zero-phase filter within
the 5 to 9 Hz frequency range. Following bandpass filtering, a moving
average root mean square filter with a window size of 3 samples was
applied to the filtered signal to detect the occurrence of generalized ep-
ileptiform discharges. This method has been previously utilized in elec-
trophysiology event detection [44]. The onset time of generalized
epileptiform discharges can be deduced by observing the intersection
of the moving average root mean square signal with a threshold derived
from the empirical cumulative distribution function of 5 s of baseline
signal. This baseline signal was defined as a 5-second period at the cen-
ter of an interictal period of at least 1 min in duration where no epileptic
activity was observed. The 95th percentile of the empirical cumulative
distribution function was used as the threshold value as this has been
previously used in detection of high-frequency oscillations (HFOs)
[45]. Following detection of generalized epileptiform discharges, we
randomly selected 100 generalized epileptiform discharges from each
GAERS, and 100 random second samples were selected from each NEC
rat.

3. Multiunit cluster analysis
3.1. Spike rate

The rate of multiunit cluster firing is the temporal average of spik-
ing obtained by counting the number of spikes for a given time bin.
Changes in the spike rate can be visually represented by peristimulus
time histograms (PSTHs) as shown in Fig. 3B. The spike rate can be
determined over a single trial however at the expense of losing tem-
poral resolution with regard to variations in neural response for a
time course. Therefore, 100 trials were taken across 100 generalized
epileptiform discharges and 100 randomly sampled 5-second pe-
riods of controls to construct PSTHs with bin sizes of 0.1 ms for indi-
vidual multiunit clusters. Furthermore, the overall PSTH of a brain
region can be constructed by counting the total number of spikes
per bin for all multiunit clusters and trials and dividing by the total
duration of recording.

3.2. Neural synchrony

Neural synchrony is an important measure of long range and local
connectivity within brain regions and can be determined through the
application of cross-correlograms to multiunit cluster pairs. Sensory
and cognitive processes typically rely on the intensive activity of a
large population of neurons, hence, why quantifying the neural syn-
chrony of multiunit clusters can aid our understanding or predict the
mechanisms of such processes [46]. The onset of epileptic events is
well-known to be associated with hypersynchronous activity [47]. The
application of neural synchrony is, therefore, important in determining
not only the occurrence of epileptic events but also whether specific
brain regions contribute to their initiation through patterns of either
synchronous or asynchronous activity during a preonset state. Con-
struction of neural synchrony profiles can be achieved by segmenting
the analysis of neural synchrony into sliding windows, allowing us to
observe temporal changes in both local and long-range connectivity.
This process is detailed in Fig. 4 and the following sections.

3.2.1. Cross-correlogram construction and analysis

The cross-correlogram Rap(T) is defined as binning the distances in
time between two multiunit clusters where T represents the lag time.
It is assumed that the spike trains analyzed are independent with a
Poisson distribution of bin counts as has been previously conducted
[48]. The expected values (E) and standard deviations (o) of each
cross-correlogram were computed (Egs. (1) and (2)).

E = NoNgA/T (1)
o=vE )

where N4 and Np are the number of spikes in the multiunit clusters A
and B, A is the bin width (1 ms), and T (100 events = 50 ms) is the dura-
tion of the recording for a single window. The peaks of the raw cross-
correlograms were deemed significant if their Z-scores crossed a level
of 4 times the standard deviation above the expected value [48]. The Z
score is calculated as shown in Eq. (3).

Zpp(T) = [Rap(T)—E]/O 3)

To avoid errors where peaks cross 4 times the standard deviation
threshold, only peaks where three consecutive bins cross the threshold
at the center of the cross-correlogram are taken into account. These
cross-correlograms are classified as significantly synchronous. The
percentage of significant multiunit cluster pairs can then be determined
by simply dividing the number of significant by the total number of
multiunit cluster pairs. If a sliding window approach is applied to the
multiunit cluster pairs, changes in the percentage of significantly syn-
chronous pairs can be shown to change over time.

3.2.2. Quantifying neural synchrony

From the Z-score of the cross-correlograms, the correlation coeffi-
cient can be calculated as shown in Eq. (4) for any lag time that crosses
the significantly synchronous threshold [48].

p(T) = Zap(T)A/T (4)

p is the correlation coefficient, Z,p(7) is the Z-score for multiunit
clusters A and B for lag time 7, A is the bin width, and T is the duration.
This correlation has previously been termed neural synchrony [43],
however, it does not provide a single value for neural synchrony of a
given cross-correlogram. The area A of the Z-score of the cross-
correlogram which exceeds 4 (Eq. (5)) was instead utilized as an overall
measure of neural synchrony. This is analogous to the area above the red
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Fig. 2. Cortical EEG recordings of generalized spike-wave discharges recorded from an awake freely moving adult GAERS. Ten seconds window, bandpass filtered 1-100 Hz. F1 — left
primary somatosensory cortex; F3 — right primary somatosensory cortex; O1 — left primary visual cortex; O3 — right primary visual cortex.

line in Fig. 4B.

A= [ zup(r)—4dr 5)

 Tmin

A profile of neural synchrony over time can now be constructed by
assembling the overall neural synchrony estimates A for each sliding
window (10 ms steps) of the time series as shown in Fig. 4C.

3.3. Spike-LFP phase locking

Spike-LFP phase locking is used to determine the relationship a sin-
gle or MUA has with specific field potential frequency bands. This can be
applied as a measure of short-range connectivity by observing changes
in phase angle difference of multiunit cluster spikes and field potentials
recorded from the same brain region using a microelectrode array. Al-
ternatively, it can be used as a measure of long-range connectivity by
observing changes in phase angle difference between MUA in one
brain region and the LFPs in another.

3.3.1. Preprocessing

In order to determine the relationship between multiunit cluster
spikes and field potentials, both data sets need to be transformed into
a phase-based time series. Local field potentials initially undergo zero-
phase third-order Butterworth bandpass filtering of the frequency
band of interest (e.g., 4-8 Hz for theta). The filtered LFPs then undergo
a Hilbert transform followed by a conversion to radians to extract
their temporal phase information. Multiunit cluster spikes are assumed
to be instantaneous events and, therefore, can be assumed to be equal to
 at the time they occur while all other time points are equal to 0. These
preprocessing steps are shown in Fig. 5B for a single multiunit cluster
spike.

3.3.2. Phase locking value

The phase locking value (PLV) is a commonly used statistic measure
of neural synchronization with 0 indicating no synchronization and 1
for indicating complete synchronization [49]. It is also known as
intersite phase clustering [50] or mean phase coherence [51]. The PLV
determines the degree of clustering in the polar space of phase angle
differences. It is symmetric in nature and, therefore, there is no direc-
tional information provided. When this method is applied to two
phase angle signals from two electrode sites over 16 trials, the PLV can
calculate the average of phase angle differences between electrodes
over time [52].

n
-1 Z el(da—dy)

t=1

PLV, = (6)

N is the number of trials, fis the frequency range, t is trial number
(1-16), x and y are the two electrode sites, and ¢ and ¢, are the
phase angles of the multiunit spike train and the filtered LFP signal
at a specific time point. Because of the instantaneous nature of mul-
tiunit spikes, we can assume ¢y is equal to m for all spikes and 0 oth-
erwise. For a single multiunit spike, 16 estimates of the PLV can be
obtained from the corresponding LFP signals. Hence, the spike-LFP
phase locking for a single multiunit cluster spike can be written as
follows:

SPL; = : (7)

n
n1 Z ei(n—¢y,)
t=1

It is important to note that spike-LFP phase locking can only be
calculated for phase angle differences, which display statistically sig-
nificantly nonuniformity. The Ajne's Test for Nonuniformity is ap-
plied to determine whether the 16 phase angle differences satisfy

Fig. 1. Electrode implantation sites. A) Mediodorsal Thalamus Electrode Placement from Coronal Slices — representations of placements (left, image adapted from Paxinos & Watson [42])
and 10x photomicrographs of placement sites from a representative subject. B) Piriform Cortex Electrode Placement from Coronal Slice — representations of placements (left, image
adapted from Paxinos & Watson [42]) and photomicrograph of placement sites from a representative subject (left, 4 compiled images taken at 4x; right, image taken at 10x).
C) Electrode Placement from Sagittal View Reconstruction. Legend: red arrow/line — microelectrode array track, blue arrow — landmarks granule dentate gyrus (A) and rhinal fissure
(B), red dots — represent electrode track line, MDL — mediodorsal thalamus (lateral), MDC — mediodorsal thalamus (central), mediodorsal thalamus (medial), PC1 — piriform cortex
layer I, PC2 — piriform cortex layer II, PC3 — piriform cortex layer IIl, DEn — dorsal endopiriform cortex, VEn — ventral endopiriform cortex.

(From Young JC, Paolini AG, Pedersen M, Jackson GD. Genetic Absence Epilepsy: Effective connectivity of the thalamus, piriform cortex and motor cortex. Currently under review in

Epilepsy & Behavior).
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EEG/LFP and Multiunit Data around
Generalized Epileptiform Discharges
A) EEG/LFP Recordings B) Construction of Peristimulus Time Histogram
Mediodorsal Thalamus Multiunit Cluster
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Fig. 3. Raw EEG/LFP and multiunit spike data. A) Generalized epileptiform discharge example across all recording sites. Red dotted line indicates the onset of the generalized epileptiform
discharge. B) Construction of peristimulus time histogram from mediodorsal thalamus multiunit cluster. Trial 1 spike train coincides with the left mediodorsal thalamus LFP recording in
A). Over 100 trials of the same multiunit cluster, the peristimulus time histogram can be constructed.

this condition (see Section 3.4.2). If the phase angle differences are
uniform, then, the multiunit spike is disregarded from the analysis.

3.3.3. Construction of time series

In a similar fashion to the spike rate and neural synchrony analy-
sis, 100 trials of epileptic and control states are utilized for each mul-
tiunit cluster in the spike-LFP phase locking analysis. To capture

transient changes in the phase locking strength of multiunits to
field potentials, a sliding window approach was applied. This time
series was constructed with windows of 500 ms duration, 100 ms in-
tervals over 2.5 s (2.5 s prior to discharge onset until point of onset).
The longer duration in window size is necessary to capture a suffi-
cient number of multiunit cluster spikes.
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Neural Synchrony Method
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Fig. 4. Neural synchrony method. A) Cross-correlograms for 3 sample 50 ms windows (i, i, iii). i) Multiunit cluster pair is significantly synchronous with 28.3 ms window of synchronous
activity; ii) Multiunit cluster pair is highly synchronous with 48.4 ms window of synchronous activity; iii) Multiunit cluster pair is not significantly synchronous. B) Peristimulus time
histograms (PSTH) of a two multiunit clusters around a generalized epileptiform discharge with corresponding cross-correlogram windows i, ii, and iii. C) Constructed neural
synchrony time series utilizing the area under the curve of the Z-score of significantly synchronous cross-correlograms.

3.4. Statistics

3.4.1. Spike rate and neural synchrony time series

The Wilcoxon Rank Sum Test was applied to each bin of the overall
PSTHs of the PC and MDT, comparing between strains. The Wilcoxon

Rank Sum Test was used instead of a paired t-test because of the non-
normal distribution of spike rate results. The Wilcoxon Rank Sum Test
was also conducted on the neural synchrony time series profiles of the
epileptic and control multiunit clusters in a similar fashion. This was
conducted for synchrony within the MDT, within the PC, and between
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the two regions. Z-statistics for all Wilcoxon Rank Sum tests are in-
cluded in the Supplementary material. The time point of maximum
rate or synchronization for each multiunit cluster pair is termed the
“peak rate time” and “peak synchronization time”, respectively. A
Kruskal-Wallis Test was applied to analyze differences in peak rate
time for the two brain regions and peak synchronization times for mul-
tiunit cluster pairs within the MDT, within the PC, and between the two
brain regions followed by a Dunn-Sidak correction (nonparametric post
hoc analysis).

3.4.2. Ajne’s test for nonuniformity

Prior to the calculation of PLV, it is important to determine that the
16 phase angle difference estimates are significantly nonuniformly dis-
tributed. Previous multiunit spike and LFP analyses have utilized the
Rayleigh test to test for nonuniformity [18]. However, the Rayleigh
test assumes that the distribution of both real and imaginary parts of
the phase angle differences are Gaussian distributed. In this study, we
have utilized the Ajne's Test, which is nonparametrically equivalent to
the Rayleigh Test [53]. For the Rayleigh Test, a minimum of 10 phase
angle samples is required [54]. We therefore assume that 16 phase
angle samples are sufficient for the Ajne's Test, which is typically ap-
plied to sample size less than 50. Multiunit cluster spikes with corre-
sponding phase angle differences that are significantly nonuniform
can proceed to have their PLV calculated while nonsignificant multiunit
cluster spikes are disregarded.

3.4.3. Spike-field phase locking time series

The spike-LFP phase locking analysis was conducted for PC multiunit
phase locking to PC LFPs and MDT multiunit phase locking to MDT field
potentials to understand local changes. For observing changes in com-
munication between the two brain regions, MDT multiunit phase
locking to PC LFPs was also analyzed. A Wilcoxon Rank Sum Test was
conducted separately between the 48 multiunit pairs of the epileptic
compared with the controls over the 2.5-second time series to deter-
mine if there was a significant difference between the two strains
prior to the onset of epileptiform discharges.

For the analysis of the spike-LFP phase locking within the
preonset period of —2.5 to 0 s, the Friedman's test of variance was
applied because of the results being non-normally distributed. This
was done for all 48 multiunit clusters over the 26 segments of the
time series (500 ms duration, 100 ms intervals over 2.5 s) followed
by a Dunn-Sidak correction (nonparametric post hoc analysis) be-
tween the different time series segments. The purpose of this statis-
tical method was to determine if there were significant changes
between time points in the spike-LFP phase locking time series
prior to the onset of generalized epileptiform discharges.

4. Results
4.1. Peristimulus time histogram

There are distinct patterns of excitation and suppression of MUA
prior to and during the onset of generalized epileptiform discharges
on the cortical EEG, as displayed in Fig. 6. There are significant increases
in the number of spikes/bin at onset for both MDT and PC multiunit
clusters (p < 0.05, Z values displayed in Fig. 1 in the Supplementary ma-
terial, Wilcoxon Rank Sum Test). This is followed by a period of inhibi-
tion. There is a significant suppression of MUA at several time points
prior to the onset of the generalized epileptiform discharge in the PC,
however, this is not the case for the MDT (p < 0.05, Z-statistic values

displayed in Fig. 1 in the Supplementary material, Wilcoxon Rank Sum
Test). The median peak spike rate in the MDT occurs at 145.5 ms
while the median peak spike rate in the PC occurs at 148 ms for the
48 multiunit clusters. There was no significant difference between the
peak spike rate times of the MDT and PC (p = 0.5047, Z = 0.5047,
Wilcoxon Rank Sum Test).

4.2. Patterns of synchronous firing

The transient changes in the strength of neural synchrony are
displayed in Fig. 7A. There are significant increases in the strength of neu-
ral synchrony (p < 0.05, Z-statistic values are displayed in Fig. 2 in the Sup-
plementary material, Wilcoxon Rank Sum Test) during the onset of
generalized epileptiform discharge for MDT multiunit cluster pairs, PC
multiunit cluster pairs as well as for multiunit cluster pairs between the
two brain regions. The median peak synchronization in the MDT occurs
at 170 ms, in the PC at 240 ms, and between the two regions at 220 ms.
These peaks in synchronization are significantly different from one an-
other (F(2/905) = 1.192e06, p < 0.001, Kruskal-Wallis Test). Peak syn-
chronization in the MDT is significantly earlier than peak
synchronization in the PC (p < 0.0001, Dunn-Sidak post hoc test), and
peak synchronization between the two regions is also significantly earlier
than the PC (p = 0.0257, Dunn-Sidak post hoc test). However, the peak
synchronization in the MDT is not significantly earlier than the peak syn-
chronization between both regions (p = 0.0721). These periods of syn-
chronization are followed by a decrease in the strength of neural
synchrony. The fraction of significantly synchronous multiunit cluster
pairs over time is displayed in Supplementary material Fig. 3.

4.3. Spike-LFP phase locking

The transient changes in spike-LFP phase locking for each of the differ-
ent frequency bands and spike-LFP combinations are shown in Fig. 8A for
GAERS and NEC strains. This is for the preonset period of — 2.5 to 0 s, with
circles and error bars indicating the median estimate and interquartile
ranges, respectively. All asterisks indicate p < 0.001 for pairwise compar-
isons using Wilcoxon Rank Sum Test over the sliding window time series.
Z-statistic values are included in Fig. 4 of Supplementary material.

The changes in spike-LFP phase locking between sliding windows of
the preonset time series are displayed in Fig. 8A. There was a significant
effect of time on MDT multiunit phase locking to MDT LFPs in the theta
band (y?(25) = 163.82, p < 0.0001) with a significant increase occurring
between —2 and —0.5 s. There was no significant effect of time in the
beta or gamma band. For PC multiunit phase locking to PC LFPs, there
was a significant effect of time for theta ( ¥*(25) = 91.84, p < 0.0001),
beta (%(25) = 192.98, p < 0.0001), and gamma ( ¥*(25) = 19845, p <
0.0001). In beta and gamma bands, there is a prominent increase in
phase locking in the second prior to the generalized epileptiform dis-
charge. There was a significant effect of time on the MDT multiunit
phase locking to PC LFPs for the theta ( y*(25) = 55.90, p < 0.0001) and
gamma bands (¥?(25) = 74.70, p < 0.0001) with an increase in phase
locking occurring prior to the onset of the generalized epileptiform
discharge.

5. Discussion
5.1. Suppression-excitation-suppression pattern

We found a dramatic increase in multiunit cluster firing in the MDT
during absence seizures. This increase in firing rate after seizure onset

Fig. 5. Spike-LFP methods. A) A multiunit cluster spike train (MUA 1) from the mediodorsal thalamus displays multiunit firing around a generalized epileptiform discharge. B) Field
potential signals from the piriform cortex, LFP 1, LFP 2, LFP 3 ... LFP 16. The shade gray rectangle overlapping MUA 1 and LFP 1 to LFP 16 is a sample time window of 10 ms around a
single spike in MUA 1. C) Signal processing steps. The phase angle difference between the LFP signals and MUA 1 can be determined by bandpass filtering (theta (4-8 Hz) is this
example) followed by a Hilbert transform to produce an instantaneous phase time series allowing for the calculation of phase angle differences. The relevant phase angle differences
for each MUA-LFP pair can be displayed in their polar coordinates and can be substituted into Eq. (7) to calculate the spike-LFP phase locking value.
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was expected as this is typical of higher-order thalamic nuclei [25]. A
similar pattern of firing also occurred in the PC. Prior to this excitation,
there are several instances of significantly suppressed neuronal activity
in both the MDT and PC (Figs. 6A and 5B). Following the excitation,
there is a sustained period of suppression. This pattern of neuronal firing
suggests dysfunction in excitatory and inhibitory systems within the PC
and MDT in this model of absence epilepsy.

Absence epilepsy is thought to be driven by an imbalance inhibition
and excitation in thalamocortical microcircuitry [55,56] resulting in in-
stances of hypersynchronized activity which may explain the observa-
tions of multiunit cluster firing at epileptiform discharge onset [24].
The MDT has previously exhibited a higher population glutamate posi-
tive neurons in GAERS compared with controls [27]. The increased num-
ber of glutamate positive neurons may therefore cause corticothalamic
hyperexcitability in GAERS. Corticothalamic hyperexcitability is consid-
ered to be one of the key forms of neuronal dysfunction in absence ep-
ilepsy along with enhanced tonic gamma-Aminobutyric acid (GABA4)
inhibition and rhythmical cycling of activity in T-type calcium channels
that characterize the oscillatory behavior of absence seizures [57,58].

The MDT and PC may contribute to absence seizure generation be-
cause of alterations in their GABA, inhibition. Gamma-Aminobutyric
acid signaling in absence epilepsy is abnormal [59] and involves consis-
tent enhancement of extrasynaptic tonic GABA, inhibition in the
ventrobasal thalamus [60,61]. Interestingly, GABA, inhibition within
the MDT and PC has been previously observed in kindling models of
temporal lobe epilepsy [62-64]. This is due to hyperexcitability induced
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in thalamocortical circuits following kindling of limbic structures and al-
ludes to the possibility of both the MDT and PC displaying abnormal
GABA, inhibition in absence epilepsy. Furthermore, the hyperexcitability
of thalamocortical circuits may also have downstream effects via projec-
tions of the orbitofrontal cortex to deep pyramidal cells on layer III of the
PC [34]. This, in turn, may result in increased glutamatergic communica-
tion from the PC to the MDT, further contributing to the manifestation of
seizure activity in absence epilepsy via another hyperexcitable circuit.
Furthermore, our results demonstrate a noticeably greater suppression
of activity in the PC (55.56% of preonset period) compared with the
MDT (11.8% of preonset period). This may be the result of tonic inhibi-
tion in thalamocortical circuits causing downstream inhibition in the
PC. This suppressive effect in the MDT may be less pronounced because
of the higher population of glutamatergic positive neurons.

5.2. Synchronization of multiunit activity

Accompanied with increases in excitation at the onset of generalized
epileptiform discharges, there is also a significant increase in neural syn-
chrony. This occurred within the PC and MDT as well as between the
two regions, demonstrating hypersynchronous activity. Peaks of syn-
chronous activity are shown to occur after the onset of the generalized
epileptiform discharges in line with the Meeren et al. hypothesis of a
cortical focus driving absence seizures [20,41,65]. The earliest peak of
synchronous activity observed in our study was in the MDT. The PC is
more delayed in its synchronous firing of multiunit clusters, suggesting
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Fig. 6. Peristimulus time histogram (PSTH) of GAERS and NEC multiunit cluster. A) Total PSTH of mediodorsal thalamus. B) Total PSTH of piriform cortex. Asterisks above PSTHs represent
instances of significant difference between the PSTHs of GAERS and NEC strains. The corresponding Z-statistics plots are in Supplementary Fig. 1.
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Neural Synchrony Results
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Fig. 7. Neural synchrony results. Neural synchrony time series profile based on area under the curve of the cross-correlogram Z-score and Z = 4. A) Neural synchrony within mediodorsal
thalamus. B) Neural synchrony within piriform cortex. C) Neural synchrony between the mediodorsal thalamus and piriform cortex. Significant changes in neural synchrony profile
indicated by asterisks (p < 0.001, Z-statistics in Fig. 2 of Supplementary material, Wilcoxon Rank Sum Test).

that it is later involved in the spread of the discharges compared with
the MDT. Peak synchronous firing between the two brain regions occurs
later than the MDT but earlier than the PC. This suggests that the en-
gagement of communication between the PC and MDT is driven by
the MDT's downstream relationship with cortical structures such as
the orbitofrontal cortex, rather than the PC dictating the flow of infor-
mation. Therefore, synchronous activity in the PC may be the result of
recruitment of the PC to MDT pathway.

Prior to the onset of generalized epileptiform discharges, there is
significantly less synchronous activity during large portions of the
preonset period for synchrony within PC and between the two re-
gions, and is less so for the MDT. This decrease in PC synchrony
may be the result of increased inhibition because of cortical influ-
ences as observed in the PSTHs. Communication between the PC
and MDT is typically excitatory, therefore, a reduction in synchro-
nous firing between these regions may also reflect an inhibitory pro-
cess occurring [16].

5.3. Spike-LFP phase locking

Evidence to support the hypothesis of an imbalance in excitation
and inhibition in the pathophysiology of absence seizures is
displayed in the spike-LFP phase locking within the PC and MDT as
well as between the two regions. There is a distinct pattern of oscil-
latory activity in the theta band for the MDT resulting in a decrease in
spike-LFP phase locking at —0.5 s. This decrease corresponds to
peaks across all PC spike-LFP phase locking frequency bands as well
as a decrease and increase in the phase locking of MDT multiunits
to PC field potentials for theta and gamma bands, respectively.

5.3.1. Theta

There are notable fluctuations in the spike-LFP phase locking in the
theta band of the MDT with a distinct decrease at —0.5 s. This effect
may be due to the functionality of T-type calcium channels in the MDT
changes prior to discharge onset. T-type calcium channels are known to
play a key role in the generation and maintenance of absence seizures
[66]. An increase in bursting activity in the MDT during theta frequency
interactions has shown to depend on T-type calcium channels [67]. This
was found to occur following hypoxic-like damage to the prefrontal cor-
tex as a model of frontal lobe epilepsy. Kim et al. proposed that inhibitory
mechanisms resulting in the deactivation of T-type calcium channels in
the MDT may be achieved via feedback mechanisms between the reticu-
lar thalamic nuclei and the prefrontal cortex [68,69]. The reticular tha-
lamic nuclei can produce absence seizures via the slow kinetics of
inhibitory GABAg receptors [70,71] and have also been utilized a deep
brain stimulation target in the treatment of absence seizures [72]. There-
fore, abnormal interactions between these two thalamic nuclei may mod-
ulate T-type calcium channels in the MDT resulting in fluctuations in the
spike-LFP phase locking in the theta band and suppression of neuronal fir-
ing prior to the onset of generalized epileptiform discharges. Alterna-
tively, the MDT could also be influenced by the orbitofrontal cortex or
dorsolateral prefrontal cortex inputs because of their involvement in the
absence epilepsy network [73,74]. The dorsolateral prefrontal cortex has
previously displayed peaks in blood oxygen-level dependent (BOLD) re-
sponse from EEG/fMRI approximately 2 s prior to absence seizures
onset, suggesting an early involvement in their generation [75].

The sharp decrease in the phase locking MDT multiunits to PC field
potentials illustrates dysfunction within theta oscillatory communica-
tion from the PC to the MDT. Prior to this decrease, the spike-LFP
phase locking is relatively stable, suggesting that this decrease is the



240 J.C. Young et al. / Epilepsy & Behavior 97 (2019) 229-243

Spike-LFP Phase Locking Results
A) Preonset vs. Control Time Series with Wilcoxon Rank Sum Test
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Fig. 8. Spike-LFP phase locking results. A) Comparison of preonset time series (2.5 s prior to onset of epileptiform discharge) and control time series of spike-LFP phase locking using
Wilcoxon Rank Sum Test (*p < 0.001, sig diff = significant difference). Error bars are interquartile ranges due to non-normal distribution of results. Left column is the spike-LFP phase
locking of mediodorsal thalamus multiunits to mediodorsal thalamus field potentials (MDT(MUA)-MDT(LFP)), middle column is the spike-LFP phase locking of piriform cortex
multiunits to piriform cortex field potentials (PC(MUA)-PC(LFP)), and right column is the spike-LFP phase locking of mediodorsal thalamus multiunits to piriform cortex field
potentials (MDT(MUA)-PC(LFP)). Top row is spike-LFP phase locking in theta band (4-8 Hz), middle row is spike-LFP phase locking in beta band (13-30 Hz), and bottom row is spike-
LFP phase locking in gamma band (30-80 Hz). Corresponding Z-statistics in Supplementary Fig. 4. B) Comparison between time points of preonset time series using Friedman's test.
Asterisks indicate p < 0.001 for Friedman's test, and error bars are pairwise intervals calculated from Dunn-Sidak procedure that indicates p < 0.05 for pairwise comparisons. Red
arrows indicate important temporal changes at —0.5 s across multiple MUA-LFP plots prior to the onset of the generalized epileptiform discharge.

result of local changes in the MDT, such as dysfunction of T-type calcium 5.3.2. Beta
channels, resulting in a destabilization of the communication in this Beta band spike-LFP phase locking in the PC is shown to peak at ap-
neural pathway. proximately —0.5 s coinciding with the respective increases and
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decreases in spike-LFP phase locking in PC and MDT theta bands. The
degree of spike-LFP phase locking is significantly greater compared
with controls after — 2.3 s. Beta oscillations are considered to be gener-
ated as a result of a feedback system between the olfactory bulb and PC
[76,77], however, there is also evidence to suggest that this activity is
critical in long range communication between the orbitofrontal cortex,
MDT, and PC[78,79]. Therefore, changes in beta spike-LFP phase locking
in the PC may be cortically driven by the wider absence epilepsy net-
work rather than changes in the olfactory bulb-PC functionality. There
is no noticeable transient change in the spike-LFP phase locking of
MDT multiunits to PC field potentials, however, the degree of spike-
LFP phase locking in beta is significantly higher compared with controls.
Mediodorsal thalamus multiunits and PC field potentials have previ-
ously shown to increase in phase locking in response to odor stimuli
[18]. While this previous finding is likely due to modulation of the olfac-
tory bulb and PC feedback circuit, our results allude to recruitment of
the PC-MDT pathway as part of the absence epilepsy network.

5.3.3. Gamma

There is a similar increase in gamma band spike-LFP phase locking in
the PC compared with the beta band. This builds on previous work by
our group, which demonstrated on LFP recordings in the somatosensory
cortex short-lasting HFOs prior to the spike in each cycle of the spike-
wave discharges in GAERS [41]. These local increases in gamma band
spike-LFP phase locking may affect the local feedback inhibitory circuits
generated by GABAergic basket cells receiving associational axon inputs
from pyramidal cells in the PC[19]. An imbalance in excitation and inhi-
bition within the PC may result in dysfunctional gamma oscillatory ac-
tivity. Because of the pyramidal cells in layer III of the PC projecting
directly to the orbitofrontal cortex and downstream to the dorsolateral
prefrontal cortex, these local changes in the PC may modulate cortical
regions associated with the generation of absence seizures.

Following the increase of spike-LFP phase locking in the PC gamma
band at approximately — 0.5 s, there is a subsequent rise in spike-LFP
phase locking between MDT multiunits and PC field potentials. This
also occurs at the same time as the decrease in MDT multiunits phase
locking to PC field potentials in the theta band. The spike-LFP phase
locking in the gamma band is also significantly higher in the GAERS
compared with the NEC following — 2.4 s. It can be hypothesized that
this rapid increase reflects an excitatory process commencing, due to
the excitatory nature of axonal terminals between the two regions
[16], potentially contributing to the onset of the absence seizures. This
process may be driven by glutamatergic excitation within the PC as
well as possible dysfunction of T-type calcium channels in the MDT
resulting in a possible positive feedback system aided by cortical regions.

5.4. Limitations

It has been reported that LFPs spread over approximately 250 um
[80], which can be further extended in the presence of stimuli or an
event such as a generalized seizure [81], therefore, it is important to ac-
knowledge that the spike-LFP phase locking findings for within the MDT
may be influenced by other thalamic nuclei that contribute absence ep-
ilepsy such as ventrobasal thalamus or the reticular thalamic nuclei [42].
This is unlikely the case for the within PC spike-LFP phase locking results
as it is anatomically distal (>5 mm) from cortical regions critically in-
volved in absence epilepsy [42]. Furthermore, this issue is not applicable
to the spike-LFP phase locking of MDT multiunits with PC field poten-
tials because of their anatomical distance (>5 mm) [42].

6. Conclusions

The subcortical influences on seizure onset in absence epilepsy re-
main a mystery and are typically disregarded because of the cortical
driven hypothesis of absence epilepsy. However, our findings have
demonstrated that there are distinct early changes in spike-LFP phase

locking within neural oscillatory bands associated with communication
between the PC and MDT prior to the onset of epileptic activity. This
neural pathway may therefore contribute to absence seizure initiation,
however, it is unclear whether it plays an active role like the somatosen-
sory cortex-ventrobasal thalamus pathway. Future studies should en-
deavor to investigate the interactions between PC and MDT with other
structures such as the somatosensory cortex, ventrobasal thalamus,
orbitofrontal cortex, or dorsolateral prefrontal cortex to determine
whether they are involved in large-scale brain networks associated
with absence epilepsy.
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