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Objective: The objective of the study was to quantify effective connectivity from the piriform cortex to
mediodorsal thalamus, in Genetic Absence Epilepsy Rats from Strasbourg (GAERS).
Methods: Local field potentials (LFPs) were recorded using microelectrode arrays implanted in the mediodorsal
thalamus and piriform cortex, in three urethane anesthetized GAERS and three control rats. Screw electrodes
were placed in the primarymotor cortex to identify epileptiform discharges.Weused transfer entropy tomeasure
effective connectivity frompiriform cortex tomediodorsal thalamus prior to and during generalized epileptiform
discharges.
Results:We observed increased theta band effective connectivity from piriform cortex to mediodorsal thalamus,
prior to and during epileptiform discharges in GAERS compared with controls. Increased effective connectivity
was also observed in beta and gamma bands from the piriform cortex to mediodorsal thalamus, but only during
epileptiform discharges.
Conclusions: This preliminary study suggests that increased effective theta connectivity from the piriform cortex
to themediodorsal thalamusmay be a feature of the ‘epileptic network’ associatedwith genetic absence epilepsy.
Our findings indicate an underlying predisposition of this direct pathway to propagate epileptiform discharges in
genetic absence epilepsy.
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1. Introduction

Genetic absence epilepsy is a common form of childhood epilepsy
[1] associated with absence seizures that are generalized epileptic
events that cause a brief loss of consciousness [2]. Absence seizures
are characterized by generalized spike–wave discharges (SWDs) (5–
9 Hz in animal models, 3–5 Hz in humans) detected with electroen-
cephalography (EEG) recordings. Animal studies have shown that the
layer 5/6 of perioral somatosensory cortex likely generates absence sei-
zure activity [3–5] that can be readily propagated via cortico-thalamic-
cortico pathways [6,7]. While there has been a strong focus on
corticothalamic mechanisms of absence epilepsy, there has been less
Genetic Absence Epilepsy Rats
pileptic controls; SWD, spike–
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focus on the role of limbic structures in absence epilepsy. Recent studies
have shown abnormalities in mesial temporal regions such as the hip-
pocampus, amygdala, and piriform cortex in both animal models of ab-
sence epilepsy [8–12] and human patients with absence epilepsy [13,
14]. The piriform cortex is highly susceptible to hyperexcitable neuronal
activity [15]. It also exhibits increased blood flow inGenetic Absence Ep-
ilepsy Rats from Strasbourg (GAERS), a well-established model of ab-
sence epilepsy [16–18], compared with nonepileptic controls (NECs)
[8]. Increased blood flow was observed in the somatosensory cortex
and ventrobasal thalamus as well as amygdala, entorhinal cortex, and
hippocampus (CA2). This suggests that there may be a relationship be-
tween thalamocortical and limbic structures in absence epilepsy [12].
There is also clinical evidence of bilateral activation of the piriform cor-
tex occurring synchronously with generalized SWDs in patients with
absence epilepsy [13], however, it is unknown if there is any subtle
changes in activity prior to the onset of seizures. Furthermore, the
piriform cortex displays several anatomical pathways that link it to
key regions associated with the absence epilepsy network [19] includ-
ing unidirectional excitatory projections to the mediodorsal thalamus
[20–24]. The mediodorsal thalamus is a higher-order thalamic nucleus
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that displays excitatory cortico-thalamocortical connections with the
prefrontal cortex, supports it in cognition [25], andmay play a potential
role in absence epilepsy. The mediodorsal thalamus has demonstrated
local pathological changes in the GAERS rat model [26] as well as in-
crease in neuronal firing at the peak of SWDs in the Wistar Albino
Glaxo from Rijswijk (WAG/Rij) rat model [27], another well-
established animal model of absence epilepsy [28]. Therefore, the
piriform cortex to mediodorsal thalamus pathway may contribute to
or form part of the absence epilepsy network. In order to investigate
whether this pathway is part of the absence epilepsy network, it is nec-
essary to apply a brain connectivity measure.

Brain connectivity measures such as correlation and coherence de-
scribe whether two brain regions display similar neuronal firing or os-
cillatory activity with each other but do not inform whether one brain
region is driving activity in the other [29,30]. In this study, we use an-
other form of connectivity named ‘effective connectivity’. Effective con-
nectivity is defined as “…the influence one neural system exerts over
another” [29] and can be applied to EEG and local field potential (LFP)
data [31,32]. Transfer entropy is a novelmeasure accounting for ‘effective
connectivity’ and is considered to be equivalent to Granger causality,
another effective connectivity measure [33], however, transfer entropy
is capable of handling non-Gaussian distributed variables commonly
seen in biological data. Transfer entropy has been used to quantify effec-
tive connectivity between neurons, and it has also been applied to LFPs
to detect changes in connectivity between brain regions in different
brain states [34,35]. We used transfer entropy to establish a unidirec-
tional estimate of effective connectivity to evaluate neural oscillatory
communication between the piriform cortex to the mediodorsal thala-
mus. This pathway is a well-defined and validated pathway in the neu-
roanatomical literature, and we define this pathway as a strongly direct
causal interaction. We implanted multichannel microelectrode arrays
into the piriform cortex and mediodorsal thalamus to record LFPs in
GAERS and NEC strains. Our frequency bands of interest were “wide”
theta (2–12 Hz), beta (15–35 Hz), and gamma (36–80 Hz) as described
in [36] and “narrow” theta (4–8 Hz) because of its reported early
changes prior to absence seizure onset [37]. Across frequency bands,
we hypothesize that the GAERS strain will exhibit increased effective
connectivity, before and during generalized epileptogenic discharges,
in the well-characterized neural pathway from piriform cortex to
mediodorsal thalamus, compared with the NEC strain.
2. Material and methods

2.1. Experimental setup

Experiments were performed on adult male rats (aged 4–6 months)
from the GAERS strain and a NEC strain that were anesthetized using
systemic Intraperitoneal (I.P.) injections of urethane (20% vol/vol) until
the rats were unconscious. Urethane is considered to be an unbiased an-
esthetic that affects both excitatory and inhibitory systems [38]. The 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 primarymotor cortex (left and right) (coordinates: Anterior-Poste-
rior (AP): 10.44 mm, Medial-Lateral (ML): ±3.5 mm, Dorsal-Ventral
(DV): 0 mm (dura), angle: 0°) for insertion of stainless steel screw elec-
trodes (Plastics One) for EEG recordings. Imaging demonstrated that
Fig. 1. Electrode implantation sites. A)Mediodorsal Thalamus Electrode Placement from Corona
and photomicrograph of placement sites fromone subject. B) PiriformCortex Electrode Placeme
Watson [40]) and photomicrograph of placement sites from on subject. C) Electrode Placemen
blue arrow— landmarks granule dentate gyrus (A) and rhinal fissure (B), red dots— represent
(central), mediodorsal thalamus (medial), PC1 — piriform cortex layer I, PC2 — piriform cortex
endopiriform cortex.
screw electrodeswere predominantly placed over primarymotor cortex
with some overlap at the adjacent somatosensory cortex. Screw elec-
trodes have been previously used to verify the cortical manifestation of
absence seizure in awake freelymovingGAERS [39]. Thirty-two-channel
microelectrode arrays (2 shanks with 16 electrodes per shank, distance
between electrodes along shank — 100 μm, distance between shank —
500 μm) (Neuronexus) were inserted into the left mediodorsal nucleus
of the thalamus (AP: 9.0 mm, ML: −0.6 mm, DV: 6.5 mm, angle:
32.5°) and piriform cortex (AP: 8.2 mm, ML: −4.9 mm, DV: 7.6 mm,
angle: 32.5°). Once surgical procedureswere completed, rats underwent
electrophysiological recordings for approximately 7 h. Following elec-
trophysiological recordings, all animals were put down with an
80mg/kg dose of sodiumpentobarbitone followedby transcardial perfu-
sion with 10% formalin. Rat brains were preserved in 10% formalin. Tis-
sue was sectioned at 10–20 μm and Nissl stained to confirm placement
of electrodes (Fig. 1). The placement of microelectrode arrays in the
mediodorsal thalamus and piriform cortex was confirmed using land-
marks delineated fromPaxinos andWatson [40] under a confocalmicro-
scope (Nikon, Australia) in 3 subjects while screw electrodes were
confirmed via visual inspection. The bottom 16-electrode contacts of
both the piriform cortex and mediodorsal thalamus were used for anal-
ysis as they were consistently located in the correct position.

A Tucker-Davis Technologies systemwas utilized in the recording of
EEG and LFPs. Recordings were amplified by a PZ2 PreAmp and were
preprocessed on a RZ2 BioAmp Processor. Electroencephalography
and LFP recordings were sampled at 4069 Hz. All data were stored
onto an RS4 Data Streamer for analysis. MATLAB 2017 was used for all
postexperimental analysis of EEG and LFP data. All procedures 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.
2.2. Detection of generalized epileptiform discharges

We observed high amplitude generalized periodic epileptiform dis-
charges from EEG data recorded from screw electrodes in primary
motor cortex. Their spectral content localizes in the 5–9-Hz range.
They do not display the typical spike–wave waveform pattern of
SWDs observed in conscious GAERS. These epileptiform discharges are
not observed in control rats. The left screw electrode in primary motor
cortex was used for discharge event detection while the right screw
electrodewas used to verify that the discharge events were generalized
across both hemispheres of the brain. Discharge event detection was
conducted using the left screw electrode in primary motor cortex be-
cause of the placement of themicroelectrode arrays in mediodorsal nu-
cleus of the thalamus and piriform cortex in the left hemisphere of the
brain.

The EEG signal recorded from the left primary motor cortex was fil-
tered using a third-order zero-phase Butterworth bandpass filter be-
tween frequencies of 5 and 9 Hz, in accordance with their expected
spectral localization. The signal was further filteredwith amoving aver-
age–root mean square filter with awindow size of 3 samples. This mov-
ing root mean square signal produces distinct peaks where the
discharges occur and has been previously applied in the detection of
electrophysiological events [41].
l Slices— representations of placements (left, image adapted from Paxinos &Watson [40])
nt from Coronal Slice— representations of placements (left, image adapted from Paxinos &
t from Sagittal View Reconstruction. Legend: red arrow/line —microelectrode array track,
electrode track line, MDL—mediodorsal thalamus (lateral), MDC—mediodorsal thalamus
layer II, PC3 — piriform cortex layer III, DEn — dorsal endopiriform cortex, VEn — ventral
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The time of onset can be determined by finding the intersection be-
tween the moving root mean square signal and a given threshold. The
value of this threshold was derived from the empirical cumulative dis-
tribution function of 5 s of baseline signal. This baseline periodwas cho-
sen at the center of an interictal period lasting a minute with no
generalized epileptiform discharges present. The 95th percentile of
the empirical cumulative distribution function was chosen as the final
threshold. The benefit of this method is that it does not assume normal-
ity of the energy distribution and has been previously used in high-fre-
quency oscillation detection [42]. For analysis, we used 100 epileptiform
discharges from each GAERS and from each NEC rat. We randomly se-
lected 100 recording epochs of one second in duration, which demon-
strated no generalized discharge activity.

2.3. Transfer entropy: a measure of effective connectivity

Transfer entropy is a nonparametric statistical measure that quan-
tifies the amount of information that is transferred between two pro-
cesses (here denoted as X → Y) [43]. It is a measure of effective
connectivity or ‘causality connectivity’ as it predicts the past informa-
tion of variable, or time-series, X by accounting for the past and future
information of variable, or time-series, Y [31].

In accordance with our hypothesis outlined at the end of the
Introduction, we calculate transfer entropy between the piriform cortex
and the mediodorsal thalamus (see black arrows in Fig. 2). We assume
that there is a strong causal interaction between these two brain regions
(Piriform Cortex=X andMediodorsal Thalamus=Y). A single transfer
entropy estimate from region X to region Y requires three inputs;: a
sample time series (LFPs) from brain region X, a sample time series
(LFPs) from region Y, and an estimated time lag from regions X to Y,
here using the Darbellay–Vajda adaptive partitioning algorithm [44].
High transfer entropy values indicate strong effective connectivity
Fig. 2. Schematic of data collection and definitions of brain states and variables. M1— primary
entropy from piriform cortex to mediodorsal thalamus for a time lag τ. Bilaterally implanted s
whereas low transfer entropy values indicate weak effective
connectivity.
2.3.1. Global time lag estimation for transfer entropy
A challenging, and important, aspect of transfer entropy is the estima-

tion of a ‘time lag’. In otherwords, how far dowe space X and Y from each
other (in milliseconds). Transfer entropy with varying time lag estimates
may reflect changes in time lag rather than effective connectivity as trans-
fer entropy increases in a logarithmic fashionwith an increase in the time
lag estimate (see Supplementarymaterial— Fig. 1). It is, therefore, neces-
sary to determine global time lag estimate between X and Y for all con-
nectivity pairs.

A time lag estimate for the pathway from brain regions X to Y can be
calculated by performing the cross-correlation of a 1-second sample
from brain regions X to Y in a control rat. The number of time lag esti-
mates for each pathway depends on the number of electrode sites in
brain regions X and Y. For the pathway of piriform cortex to thalamus,
there are a total of 16 electrode sites in each brain regions and, there-
fore, a total of 256 possible combinations. From 100 sampled seconds
from 3 controls, a combined total of 76,800 time lag estimates can be
performed for this pathway. The time lag estimates are shown in Fig. 3.

Themedian value of time lag estimates between5 and 50mswas se-
lected as the global time lag estimate between brain regions (red arrow
in Fig. 3). Previously estimated time lags between brain sites applying a
cross-correlation to LFPs have shown to be below 50 ms [45,46]
whereas short lag estimates of less than 5 ms are considered to repre-
sent synchronous, and not effective, connectivity and produces a trans-
fer entropy estimate close to 0. The global time lag estimate computed
with these assumptions was 20.9ms for piriform cortex tomediodorsal
thalamus.
motor cortex, MDT — mediodorsal thalamus, PC— piriform cortex. TPC→MDT(τ) — transfer
crew electrodes in motor cortex were used to reliably delineate epileptogenic discharges.



Fig. 3. Histogram of estimated time lags for piriform cortex to mediodorsal thalamus pathway with global time lag estimate (red arrow). Time lag estimates produces by cross-
correlograms of piriform cortex and mediodorsal thalamus LFP signals for the control rats (76,800 estimates in total).
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2.3.2. Transfer entropy construction
For each global time lag estimate, transfer entropy can be calculated as

follows. From two evenly sized sampled time series, X = {x1,x2, … ,xN}
and Y={y1,y2, … ,yN}, the transfer entropy from X to Y (TX→Y) can be de-
rived from conditional entropies as shown below in Eqs. (1) and (2) [44].

TX→Y ¼ H yijy nð Þ
i−t

� �
−H yijy nð Þ

i−t ; x
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ð1Þ
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where τ and t are the time lags in X and Y, respectively, andm and n are
the block lengths of previous values in X and Y, respectively. i indicates
a given point in time. xi−t

(m) and yi−t
(n) are the past values in the conditional

probabilities are defined as follows in Eqs. (3) and (4) [44].

x mð Þ
i−τ ¼ xi−τ−lþ1; xi−τ−lþ2;…; xi−τf g ð3Þ
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i−t ¼ yi−t−lþ1; yi−t−lþ2;…; yi−t
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Eqs. (1) and (2) infer that transfer entropymeasures the decrease in
uncertainty in yi given xi−t

(m) and yi−t
(n) in comparison with given only yi−t

(n)

and is themost commonly applied definition of transfer entropy. Trans-
fer entropy cannot be less than zero as H(yi |yi−t

(n)) ≥ H(yi |yi−t
(n) , xi−τ

(m)).
To simplify Eq. (2), the values of m and n are set to 1 to account for

computing short time series lengths, and t can also be set to 1 assuming
that the maximum auto-transfer of information occurs from the time
point preceding the target value in Y. These assumptions allow for
transfer entropy to be simplified as a function of time delay τ as
shown Eq. (5).

TX→Y τð Þ ¼ ∑yi ;yi−1 ;xi−τ
p yi; yi−1; xi−τð Þ logp yi; yi−1; xi−τð Þp yi−1ð Þ

p yi−1; xi−τð Þp yi; yi−1ð Þ ð5Þ

The joint probabilities of the transfer entropy can be calculated
using different methods of probability density function estimation.
The Darbellay–Vajda adaptive partitioning algorithm extended to
three dimensions has shown to be sensitive to fixed-binning with
ranking and has a fast computational time. The main strength of
the Darbellay–Vajda adaptive partitioning algorithm is that it needs
fewer parameters compared with other methods such as kernel den-
sity estimation [44] — it only requires two signals (X and Y) and a
time lag estimate (τ).

Darbellay–Vajda algorithm utilizes a three-dimensional space for
transfer entropy estimation through recursive partitioning [44]. This
three-dimensional space can be defined by vi, vi−1 and ui−τ into cubes
of differing sizes. The initial space is segmented into 8 cubes with the
boundaries being the mid-points in the three dimensions. The chi-
square statistic is calculated to test the null hypothesis that the data
points are evenly distributed across the 8 cubes.

sX2 ¼
X8

i¼1

Mi−μMð Þ2 ð6Þ

M1, M2 … M8 are the numbers of data points contained in the 8
cubes, and μM is the average of the data points over the 8 cubes. If sX2 N

X95%
2 (greater than 95% confidence), then the null hypothesis is rejected,

and each of the 8 cubes is further partitioned into 8 smaller cubes. This
recursive process will continue as such until the null hypothesis is not
rejected. When the null hypothesis is not rejected, the partitions in
the present iteration are disregarded, and the current 8 cubes being an-
alyzed are taken as a single partition. If cubes contain no data points,
they have no influence on the transfer entropy.

Partitioning results in a fixed number of cubes, L, containing data
points not equal to 0. TX→Y can now be estimated using L partitions as
follows:

TX→Y τð Þ ≈
XL

k¼1

nk
P

log
nknk

yi−1
� �

nk
yi−1;xi−τnk

yi ;yi−1ð Þ ð7Þ

P is the total number of data triplets (yi, yi−1, xi−τ), and nk is the
number of data points in the kth partition. nk

vi−1 ; nk
yi−1;xi−τ ;nk

yi ;yi−1

are the number of data points that lie between the lower and upper
bounds of the kth partition in the total data set.



Table 1
Summary of parameters and variables for transfer entropy application.

Parameters Definition Abbreviations

Pathway Pathway of effective information.
PC to MDT

X → Y where X = PC and Y = MDT
PC → MDT

Range Spectral range for third order Butterworth bandpass filtering of signals from X and Y. “Wide” theta (2–12 Hz)
“Narrow” theta (4–8 Hz)
Beta (15–35 Hz)
Gamma (36–80 Hz)

State 1 s prior to the onset of a discharge
First second of discharge onset
1 random second sample from control

Pre-onset
Onset
Control

Strain Animal strain GAERS
NEC

Variables Values

τ Global time lag estimate for a given pathway 20.9 ms for PC → MDT
k Combination number of signals Xa and Yb as defined in Global Time Lag Estimation Section k = 1, 2, 3 … 256 for PC → MDT
s Sample number of either discharges or randomly second samples from control s = 1, 2, 3 … 100
r Subject number of either GAERS or NEC r = 1, 2, 3

PC— piriform cortex, MDT — mediodorsal thalamus.
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2.3.3. Transfer entropy application
The application of transfer entropy estimations is conducted in a

similar fashion to the estimation of time lags. Transfer entropy can be
estimated for each combination of electrodes k over 100 brain state
samples s for 3 rats of each strain r. These variables along with a time
lag estimate τ along with input signal type parameters can be written
as shown in Eq. (8) below and is summarized in Table 1.

TX→Y τð Þ ¼ TPathway;Range;State;Strain τ; k; s; rð Þ ð8Þ

2.4. Statistical analysis

For each frequency, the median transfer entropy score for each sub-
ject and brain state was used for group level analysis. We perform two
unpaired t-tests: i) between pre-onset (GAERS) and control states
(NEC) and ii) between onset (GAERS) and control states (NEC). Because
of the small sample size, we reported t-values and uncorrected proba-
bility values at p b 0.05. Bonferroni-corrected threshold for three multi-
ple comparisons in each frequency band is p b 0.0167.

3. Results

3.1. Transfer entropy — theta effective connectivity

There was greater effective connectivity of pre-onset states versus
the control states for “wide” theta band transfer entropy (t(4) =
2.4604, p b 0.05). Therewere no changes betweenpre-onset and control
(t(2) = 1.921, p = 0.097) or onset and control (t(2) = 2.729, p =
0.056) for the piriform cortex and mediodorsal thalamus pathway. In
the “narrow” theta band, there was greater effective connectivity in
the pre-onset versus control states (t(2) = 3.313, p b 0.05) while
there were trending changes between onset and control states (t(2)
= 2.920, p = 0.050) and no changes between pre-onset and onset
states (t(4) = 0.582, p = 0.296). These results are displayed in Fig. 4.

3.2. Transfer entropy — beta and gamma effective connectivity

In the beta band, there was greater effective connectivity in onset
versus pre-onset states (t(4) = 11.018, p b 0.0167) and also a trend in-
crease in effective connectivity in the onset versus control states (t(2)
=2.684, p=0.058), between thepiriform cortex andmediodorsal thal-
amus. However, therewas no difference between pre-onset and control
states (t(2) = 0.609, p = 0.302). Similarly, the gamma band demon-
strated increased effective connectivity in onset states compared with
the pre-onset states (t(4)=9.216, p b 0.0167) and also greater effective
connectivity in onset states versus the control states (t(2) = 3.927, p b

0.05). There was no difference between pre-onset and control states (t
(2) = 1.812, p = 0.106) (Fig. 5).

4. Discussion

In line with our hypothesis, we observed increased theta, beta, and
gamma effective connectivity from the piriform cortex to the
mediodorsal thalamus, during the onset of epileptic brain states. We
also observed trending increase in theta effective connectivity during
pre-onset brain states in this pathway. These findings suggest that this
well-characterized neural pathway between piriform cortex and
mediodorsal thalamusmay be recruited as part of the ‘absence epilepsy
network’.

4.1. Theta effective connectivity

Increased “narrow” theta effective connectivity from piriform
cortex to mediodorsal thalamusmay suggest that olfactory networks
are also a part of the wider ‘epileptic network’ in genetic absence ep-
ilepsy. This may be due to the localization of generalized epilepti-
form discharges within this low frequency spectral band,
suggesting that this pathway may be predisposed to propagate this
epileptogenic activity in GAERS. Piriform cortex is the critical node
of the olfactory network. This network is thought to be mediated
by glomerular layer interneurons in the olfactory bulb [47].
Periglomerular cells have shown to be coupled with respiration
rhythm, and their feedforward inhibition is considered to be an un-
derlying mechanism of the phase delay of mitral cells that may be
used to project olfactory bulb activity to the piriform cortex. This
may be due to changes in respiration prior to and during the onset
of absence seizures as has been previously reported in animal and
human studies [48,49]. Recordings of cardiac and respiratory rate
are needed to verify whether theta effective connectivity is corre-
lated with changes in the autonomic system. Furthermore, theta os-
cillations have also shown to convey odor-specific content in the
piriform cortex [50]. Increases in theta band power have been ob-
served in the thalamus in response to an odor [36]. While discharges
localize in a narrow band of these “wide” theta oscillations, there are
no reported cases of olfactory dysfunction or auras in absence epi-
lepsy. This may explain why there is a minimal impact on the olfac-
tory function of patients with absence epilepsy, in contrast to the
findings in focal epilepsy cases. Impaired consciousness during ab-
sence seizures may result in patients not remembering olfactory



Fig. 4.Results for Theta effective connectivity of thepiriformcortex tomediodorsal thalamus pathway. A) Results for “wide” theta band. B) Results for “narrow” theta band. The left column
displays the kernel density estimate of the raw transfer entropy estimates with mean values;. The right column displays the bar plots of the brain states with error bars (standard
deviation).
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hallucinations prior to seizure onset. Furthermore, seizures have
shown to involve the piriform cortex without the presence of olfac-
tory hallucination [51]. Therefore, this pathway may be recruited
without having a significant impact on olfactory function, or olfac-
tory hallucinations may not be recalled.

4.2. Beta and gamma effective connectivity

The increase in effective connectivity during discharge onset for the
beta band indicates hyperexcitability within the piriform–thalamic
pathway. Piriform cortex projections to the mediodorsal thalamus are
predominantly glutamatergic and excitatory [52]. Given that there is
no observable change between pre-onset and control brain states, we
postulate that beta-mediated communication between piriform cortex
and mediodorsal thalamus is unchanged. Beta oscillations are known
to be generated in both piriform cortex and mediodorsal thalamus
after application of an odor stimulus, with 67% ofmediodorsal thalamus
single units phase-locked to piriform cortex beta oscillations [36]. The
information transfer of beta oscillations is also thought to extend to
the orbitofrontal cortex's connections to both piriform cortex and
mediodorsal thalamus [53]. The orbitofrontal cortex receives direct sen-
sory inputs from the somatosensory cortex [54], whichmay result in re-
mote modulation of beta oscillatory communication between the
piriform cortex and mediodorsal thalamus during epileptiform
discharges.

The increase in gamma band effective connectivity was shown to be
trending from pre-onset to onset similar to the trending increase in beta
band effective connectivity. The olfactory bulb has shown to display
gamma oscillations that are either elicited by olfactory stimuli or are
spontaneously evoked [55]. Olfactory receptor neurons in the olfactory
bulb are glutamatergic and generate action potentials that travel along
theolfactory nervefiber ontomitral and tuft cells. Inhibition of gammaac-
tivity is caused by granule cells that cause gamma oscillations to occur
[47]. Thepiriformcortex is known to receive verydense inputs fromolfac-
tory bulbmitral and tuft cells in its anterior section,which in turn projects
strongly to the mediodorsal thalamus resulting in the observation of
gamma oscillations in these regions [36,56]. Discharge propagation via
excitatory pyramidal neurons in cortical regions such as the orbitofrontal
cortex may, in turn, excite the highly interconnected pyramidal neurons
in the piriform cortex.



Fig. 5.Results for beta and gamma effective connectivity for piriform cortex tomediodorsal thalamus pathway. A) Results for “wide” theta band. B) Results for “narrow” theta band. The left
column displays the kernel density estimate of the raw transfer entropy estimates withmean values;. The right column displays the bar plots of the brain states with error bars (standard
deviation).

226 J.C. Young et al. / Epilepsy & Behavior 97 (2019) 219–228
4.3. Clinical implications

The piriform cortex and mediodorsal thalamus are more commonly
associated with temporal lobe epilepsies compared with absence epi-
lepsy [57,58]. A recent paper by Galovic et al. demonstrated resection
of at least half the piriform cortex increased the odds of seizure freedom
comparedwith other limbic structures resected [59]. This highlights the
involvement of the piriform cortex in temporal lobe epilepsy, and there
is also preliminary evidence to suggest that it may be a desirable target
for deep brain stimulation (DBS) for treatment of epilepsy [60,61]. We
previously discussed how the piriform cortex may be connected with
the absence epilepsy network and how it may serve as a DBS target
for absence epilepsy [19]. Preliminary evidence suggests that
mediodorsal thalamus may be a suboptimal DBS target for the treat-
ment of mesial temporal lobe seizures [62], but it has been proposed
as the optimal target for DBS in patients with Lennox–Gastaut syn-
drome who often display EEG spike and slow wave discharges [63].
Future studies should investigate the local changes within the piriform
cortex andmediodorsal thalamus in absence epilepsy aswell as their re-
lationship with other regions involved in the absence epilepsy network
prior to testing intervention strategies such as DBS.

4.4. Limitations

The main challenge for transfer entropy estimation is its global time
lag estimate — i.e., how far apart we space signals from brain regions X
and Y (in time) to estimate their transfer of information. One of our key ob-
servations in determining the global time lag estimate was the distribu-
tion of time lag estimations for each of the pathways under
investigation. We observed sporadic estimations of time lag for the pri-
marymotor to piriform cortex pathway in comparisonwith the clustering
around the median estimates for the other pathways. This indicates that
transfer entropy is best suited to directly connected pathways with reli-
able time lag estimations. Alternative methods of time lag estimation
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compared with cross correlation could be applied, however, large varia-
tions in time lag estimation will still strongly influence transfer entropy
estimations.

The generalized epileptiformdischargeswedetectedwere shorter in
duration and did not display the typical spike and wave characteristics
as commonly observed in awake freelymovingGAERS [39]. This is likely
the result of urethane's suppressive effect on thalamic relay neurons
[64]. Future studies should endeavor to conduct chronic recordings to
observe these effective connectivity changes in conscious GAERS.

In this study, we tested exploratory hypotheses regarding the role of
the piriform cortex and mediodorsal thalamus in generalized epileptic
discharges, andwe, therefore, decided to only use three GAERS and con-
trol rats to avoid needless waste of animals and resources. Although
similar animal numbers are found in multielectrode studies [65,66],
our results should be treated as preliminary, and further research is
needed to validate the generalizability and reproducibility of these find-
ings. Finally, itwould be of interest to studywhether there are patholog-
ical network differences between GAERS or NECs by comparing
interictal brain states with control brain states in future studies.

5. Conclusions

The application of transfer entropy to determine the effective con-
nectivity between subcortical structures that are directly connected in
an epileptic animalmodel is a novel endeavor.With a global time lag es-
timate, it is simple to implement and can provide insight into how com-
munication from one brain region to another occurs via functional
spectral bands. From our preliminary findings, this method of investi-
gating effective connectivity could be applied to the study of other epi-
leptic networks and neurological disorders.
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