& frontiers

@ Check for updates

OPEN ACCESS

Fernando Cendes,
State University of Campinas, Brazil

Xiaofeng Yang,

Bioland Laboratory, China
Barbara Guerra Leal,
University of Porto, Portugal

Dezhi Cao
caodezhi888@aliyun.com

Yuan Cheng
chengyuan023@aliyun.com

This article was submitted to
Epilepsy,

a section of the journal
Frontiers in Neurology

27 October 2022
20 March 2023
17 April 2023

Zhu F, Wang H, Li L, Bragin A, Cao D and
Cheng Y (2023) Intracranial
electrophysiological recordings on a swine
model of mesial temporal lobe epilepsy.
Front. Neurol. 14:1077702.

doi: 10.3389/fneur.2023.1077702

© 2023 Zhu, Wang, Li, Bragin, Cao and Cheng.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Neurology

Frontiers in Neurology

Original Research
17 April 2023
10.3389/fneur.2023.1077702

Intracranial electrophysiological
recordings on a swine model of
mesial temporal lobe epilepsy

Fengjun Zhu'?3, Hanwen Wang?, Lin Li**, Anatol Bragin?,
Dezhi Cao™and Yuan Cheng?*

!Department of Neurosurgery, Shenzhen Children’s Hospital, Shenzhen, Guangdong, China,
2Department of Neurosurgery, Second Affiliated Hospital of Chongging Medical University, Chongqing,
China, *Department of Neurology, University of California Los Angeles, Los Angeles, CA, United States,
“Department of Biomedical Engineering, University of North Texas, Denton, TX, United States

Objective: To test the feasibility and reliability of intracranial electrophysiological
recordings in an acute status epilepticus model on laboratory swine.

Method: Intrahippocampal injection of kainic acid (KA) was performed on 17
male Bama pigs (Sus scrofa domestica) weighing between 25 and 35 kg. Two
stereoelectroencephalography (SEEG) electrodes with a total of 16 channels
were implanted bilaterally along the sensorimotor cortex to the hippocampus.
Brain electrical activity was recorded 2h daily for 9-28days. Three KA dosages
were tested to evaluate the quantities capable of evoking status epilepticus.
Local field potentials (LFPs) were recorded and compared before and after
the KA injection. We quantified the epileptic patterns, including the interictal
spikes, seizures, and high-frequency oscillations (HFOs), up to 4weeks after
the KA injection. Test-retest reliability using intraclass correlation coefficients
(ICCs) were performed on interictal HFO rates to evaluate the recording
stability of this model.

Results: The KA dosage test suggested that a 10pl (1.0pg/pl) intrahippocampal
injection could successfully evoke status epilepticus lasting from 4 to 12h. At
this dosage, eight pigs (50% of total) had prolonged epileptic events (tonic-
chronic seizures+interictal spikes n=5, interictal spikes alone n=3) in the
later 4weeks of the video-SEEG recording period. Four pigs (25% of total)
had no epileptic activities, and another four (25%) had lost the cap or did not
complete the experiments. Animals that showed epileptiform events were
grouped as E+ (n=8) and the four animals showing no signs of epileptic events
were grouped as E—- (n=4). A total of 46 electrophysiological seizures were
captured in the 4-week post-KA period from 4 E+ animals, with the earliest
onset on day 9. The seizure durations ranged from 12 to 45s. A significant
increase of hippocampal HFOs rate (num/min) was observed in the E+ group
during the post-KA period (weeks 1, 2,4, p<0.05) compared to the baseline.
But the E-showed no change or a decrease (in week 2, p=0.43) compared
to their baseline rate. The between-group comparison showed much higher
HFO rates in E+ vs. E - (F=35, p<0.01). The high ICC value [ICC (1, k)=0.81,
p<0.05] quantified from the HFO rate suggested that this model had a stable
measurement of HFOs during the four-week post-KA periods.

Significance: This study measured intracranial electrophysiological activity in
a swine model of KA-induced mesial temporal lobe epilepsy (MTLE). Using the
clinical SEEG electrode, we distinguished abnormal EEG patterns in the swine
brain. The high test—retest reliability of HFO rates in the post-KA period suggests
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the utility of this model for studying mechanisms of epileptogenesis. The use of
swine may provide satisfactory translational value for clinical epilepsy research.

status epilepticus, kainic acid, swine model, mesial temporal lobe epilepsy, high-

frequency oscillations

1. Introduction

Epilepsy is a chronic neurological disorder that affects 65 million
people worldwide, characterized by the spontaneous occurrence of
seizures (1). Current treatments fail to control epileptic seizures in
40% of patients and no preventative treatment is available (2). The
acute insulting, chemical induction to gene-knockout, animal models
of epilepsy provide an opportunity to study the latent period of this
disease (3).

Animal models, such as rodents, are used to investigate the
mechanisms and applications of epileptogenesis (4, 5). Rodents are
inexpensive, well-studied, and can be genetically modified to produce
a variety of genotypic backgrounds. However, the rodent brain greatly
differs from the human brain in size, architecture, and composition;
this limits the successful translation of information to human epilepsy
treatment (6). Better translational science is needed to aid the
development of therapies and improve the success rate of clinical
trials (7).

Pigs are large animals of particular interest in neurological
research. The porcine brain is a good alternative to the human brain
and it displays higher connectivity and complexity in the cerebral
cortex (8). The swine model now predominates in studies involving
the treatment of neurological diseases (6). Due to the high proportion
of white matter in the brain, the pig model is superior to small animals
in investigating the pathophysiology of injury progression in traumatic
brain injury (TBI), especially regarding the susceptibility of white
matter to both focal and diffuse TBI (9). The pig brain is also superior
to small animals for studying Huntington’s disease. Mice models do
not sufficiently recapitulate the pathology seen in humans. They lack
the overt and striking neurodegeneration pattern and have a poor
resemblance in pathologic regions and circuits (10, 11). However, few
studies have investigated pig epilepsy models. The most studied
epilepsy model in pigs is the chemical seizure induction with
penicillin-triggered epileptogenic activity (12-17). Penicillin injection
results in a focal reduction of GABA-dependent inhibition leading to
an increase in excitatory cortical afferents which triggers epileptiform
bursts (18). A more-widely accessed model, the kainic acid (KA) (19),
has not been tested in the porcine brain. Because of the more specific
expression of KA receptors in the hippocampal CA3 areas, this model
shows high efficiency in producing a region-specific seizure onset
zone and simulating mesial temporal lobe epilepsy (mTLE) (19).

Other benefits of studying the intrahippocampal KA-induced
mTLE include the similar lateral sizes of porcine and human brains
the of full-sized
stereoelectroencephalography (SEEG) electrode (20). Swine

and feasibility implanting  a
(30-35kg) were successfully implanted with subdural grid electrodes
and used as a model for epilepsy surgical planning (15, 21). Previous

studies have successfully measured epileptiform activity and
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seizures, but none have measured pathological high-frequency
oscillations (pHFOs). It should be noted that pHFOs are the most
prevalent biomarkers for evaluating epileptogenesis and potential
candidates for epilepsy surgery (22, 23). Pathological HFOs were
first discovered in the rodent model of mTLE (24-29) and their
existence was confirmed in human patients with the same disease
(24, 30, 31). Many studies have demonstrated that resection of the
areas with the onset of the pHFO fast band helps to improve the
surgical outcome in mTLE (30, 31). The study of pHFOs measured
by full-size clinical SEEG electrode in a porcine model provides
unique data on epileptogenesis, overcomes limitations in assessing
data from human subjects in the latent period, and may be valuable
in guiding the development of surgical techniques and
antiepileptogenic therapies.

In this study, we explored the proper dosage of kainic acid
required to induce status epilepticus and later development of mTLE
in 25-35kg laboratory swine. To achieve the translational value,
we implanted full-size clinical SEEG electrodes into the porcine brain
and studied the stability of neurophysiological patterns during status
epilepticus and epileptogenesis. Considering the similarity of the
porcine and human brains, our prediction was that signature
pathological patterns, such as acute epileptic seizures and interictal
epileptiform discharges (IEDs) would occur after KA injection (32—
34). HFOs are prominent biomarkers of epileptogenesis and will show
differences between the baseline period and epileptogenesis (24). To
our knowledge, this is the first study to use laboratory swine to
evaluate the latent period of epilepsy. We aim to provide a feasible
option for translation study and improve the success rate of future
clinical trials.

2. Materials and methods

2.1. Protocol

We used 2-to 3-month-old (n=16) male Bama pigs (Taihe
Biotechnology Co., Ltd.®) with weights ranging from 25 to 35 kg. The
pigs were screened to ensure that they passed animal quarantine
requirements and they were then housed in temperature-and
humidity-controlled rooms during the study. SEEG electrodes were
implanted under animal anesthesia followed by a confirmation of a
structure MRI scan for the electrode location. The baseline recordings
were conducted 2 days after implantation. KA doses were injected after
the completion of baseline recording. Video monitoring was
conducted 7/24 until the study was completed. EEG recordings were
performed 2h per day for 9-28 days, depending on the animal health
and electrode cap endurance. After the experiments were completed,
animals were euthanized. All of the experimental procedures followed

frontiersin.org


https://doi.org/10.3389/fneur.2023.1077702
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Zhu et al.

10.3389/fneur.2023.1077702

L 7.40mm

@ 26z
T
VMMJWWW sa ]
=) ch11 | -
g . i Implant
©
£ 2w " W e ch13 | -
E Y A Y \ oAl
g \,V,JM“‘W“/J L J{t\ _/“ "‘vm.fm Lol W Ay e vy M"/;f
o 1 M/
go ! ! ! ! ! ! Baseline
= 208 210 212 214 216 218
time (s)
ch14 ch11 ch10 ch13
10° 10°
o
°
2
% 10 2
> 10 2
L2
10° 102 10° 10 2 10° 10 2 10° 102
E log-frequency (Hz) log-frequency (Hz) log-frequency (Hz) log-frequency (Hz) F
FIGURE 1

The experimental setup. (A) Illustration of the SEEG macroelectrode: the contacts on the electrode are labeled by black color and numbers. The
contact is 2mm in length with a gap of 1.5mm between contacts and a dimension of 0.78mm. (B) Photo showing the electrode implantation surgery.
Hole marked by the letter "A" is preserved for KA injection. The other two dots connected with wires are electrodes. (C) Brain atlas of the electrode
implantation. The distance from the superficial layer is about 22mm, covering the sensorimotor cortex and hippocampus. Most of the time only the 6
contacts in the front are within the brain, with the corresponding channels 1-6 (left side) and 9—-14 (right side). The contacts within the hippocampus
area should be either from contacts 2—-3 in the left or 9-11 from the right hemisphere. (D) MRI scan of the pig brain. The MRI scan has been used to
verify the location of the SEEG electrode. (E) Examples of brain electrical activity (upper plots) and the results of multi-scale 1/f statistical behavioral
analysis in the randomly selected epochs. The data indicate a clear near-linear decrease of log power with increasing log frequency from 0.5 to 100Hz.
The 50Hz notch filter effect is visible in the channels that successfully reached the deep brain tissue. (F) The experimental protocols.

the regulations of the Institutional Animal Care and Use Committee
(TACUC) of Shenzhen Children’s Hospital.

2.2. Experimental procedure

2.2.1. Electrode implantation

Two MRI-compatible SEEG electrodes were used for the
implantation procedure. Each electrode contains 8 contacts from
channels 1-8. The tip of the electrode has a diameter of 0.78 mm. The
depth of each contact was 2.0 mm, with an interval of 1.5 mm between
two adjacent contacts (Figure 1A). The electrode contacts were made
of a smooth platinum-rhodium (Pt-Rh) alloy with platinum-iridium
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(Pt-Ir) wire soldered to the inner wall, with an impedance of 6-7
kOms. As guided by the atlas (35), electrodes were implanted
bilaterally to the coordinates: [AP]=—-5mm, [ML]=7mm,
[DV]=22mm. Glue was used to attach the electrodes to the skull.
After surgery, animals were returned to their cages to rest. An MRI
scan on the second day after implantation confirmed the precise
location of the electrodes.

2.2.2. Kainic acid injection and dosage testing

A KA injection was given on day 7 after electrode implantation
(Figure 1F). Before conducting the KA protocol, a brief dosage test
that lasted 24 h was performed to estimate the proper amount of KA
to inject. Since there is no reference to the KA-swine model,
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we referred to the KA-treatment guidance for rats (36). Three different
dosages: 5pl (1.0 pg/pl), 10l (1.0 pg/pl), and 15 pl (1.0 pug/pl) were
tested in three control pigs to find the effective dose for the induction
of status epilepticus while minimizing body impairment. A
craniotomy at [AP]=-3mm, [ML]=15mm, [DV]=25mm was
performed (Figure 1B). KA was injected into the hippocampus CA3
area within 10min with a sterilized microsyringe. The tip of the
microsyringe stayed within the brain for 2 min before being removed.

2.2.3. Electroencephalography recordings

LFPs, at the sampling rate of 4,000 Hz, were acquired by a clinical
EEG device (Nihon Kohden®). Recordings started on day 2, lasted for
4 days for the baseline and 7-23 days for the post-KA Period. The
16-channel recordings were performed at the same time from two
hemispheres, with channels 1-8 in the left brain and channels 9-16 on
the right side (Figure 1C). A mixed anesthetic protocol was applied.
At the beginning of the anesthesia, an intramuscular injection of
0.02mg/Kg atropine sulphate (AS) was performed. After 15min,
intramuscular injection of 2.5 mg/kg Zoletil®50 and 2 mg/kg xylazine
hydrochloride (XH) was performed. When the swine entered a state
of mild anesthesia (about 30 min) the EEG recording started and
lasted for 2-4h during each recording day. The local field potentials
(LFPs) were recorded for 2 days as a baseline period. Following the KA
injection, the pigs were returned to their holding cages and allowed to
recover for 4-6days. Then the post-KA recording started and was
performed for 2h daily for a total of 4weeks. Data quality was
reviewed by screening raw data combined with the results of multi-
scale 1/f statistical behavioral analysis in the randomly selected epochs
(Figure 1E). The data with a clear near-linear decrease of log power
with increasing log frequency from 0.5 to 100 Hz was considered as an
indication of good recording (37).

2.2.4. MRl scan

MRI scans were performed with the GE Discovery MR750 3.5T
MRI Scanner (GE Medical®) twice during the entire experiment. One
3D BRAVO T1 scan (512 x 512 x 116, TR=9.2ms, TE=3.7ms,
TI=450ms, 0.43 x 0.43 x 1 mm, FOV =220 x 220mm) and a T2 scan
(512 x 512 x 116, TR=2,500ms, TE=96.4ms, 0.47 x 0.47 x 0.8 mm,
FOV =240 x 240 mm) were performed. An MRI scan was performed
on each pig to confirm the electrode implantation site (Figure 1D). A
22mm length (from the tip of the electrode) was inserted into the
brain, which included channels 1-8 in the left hemisphere and
channels 9-16 in the right hemisphere. The Figure 1D also displayed
the contacts of the electrode with hippocampus areas in channels 1-3
and channels 9-11 for the left and right hippocampus, respectively.

2.3. Data analysis

2.3.1. Data review and preprocessing

The EEG data were first converted to the European Data Format
(EDF). The recordings were reviewed by two experts in EDFbrowser'
and EEG-Lab (38). Motion artifacts and bad channels were manually
removed from the recording.

1 https://www.teuniz.net/edfbrowser/
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2.3.2. Multi-taper analysis
A multi-taper spectral analysis (39) was used to distinguish the
sleep stage under mild anesthesia. The procedures of the multi-taper
technique had three sub-steps. The first step was to create time bins.
Since the high-frequency resolution was preferred in this experiment,
the length of the time window was set at 30 s and the step size was set
at 1s to achieve a high overlapping rate of two consecutive time bins.
The second step was to get the power vector at the ith time slot
1 m
P=— Zz. *Zz ,in which m denotes the number of different tapers,
mig
z= Z*ﬁt(di *Tj)/n and z is the complex conjugate of z.
Specifically, d; is the raw data of the corresponding ith time window,
T; is the jth normalized orthogonal taper vector, and 7 is the
number of points in each time window. The last step was to generate
the time-frequency matrix P . The vector P, is the ith column of P .

2.3.3. Interictal epileptiform discharges detection
Detection of interictal epileptiform discharges (IEDs) was
performed using the following steps: (i) band-pass filtering was
performed at 25-80 Hz to account for the wider waveforms of IEDs
observed; (ii) thresholds were adjusted to two times above baseline;
and (iii) IEDs occurring within 1s of another IED were excluded to
prevent over-correlation due to a run of IEDs. Detected IEDs had
waveforms consistent with typical interictal spikes and/or sharp waves.

2.3.4. Seizure detection

A combined approach was used for seizure detection. The
electrophysiological seizures were detected automatically by an
unsupervised, multi-threshold approach (40). Specifically, a
comprehensive method combined the complex wavelet transform
(CWT) with multi-layer thresholding and was implemented for both
noise reduction and seizure detection. The detected seizure epochs
were confirmed and manually marked by the experts. The behavioral
seizures were evaluated by the video recordings. The seizure detection
was performed by using a dynamic threshold method. The data were
first evaluated for a seizure band (1-25Hz) threshold. The seizure
activity energy was computed and a dynamic threshold of two
standard deviations was applied to detect the lower and upper
boundaries of seizure energy. Along with the threshold, the epileptic
event peaks were also detected and a frequency histogram was
computed (40).

2.3.5. High-frequency oscillation detection

EEG datasets were loaded into MATLAB which performed an
HFO auto detection algorithm. Details of this method were described
previously (41). HFO events were then extracted and false-positive
events were rejected artificially with Ripplelab (42). The automatic
HFO detections were performed in the RippleLab toolbox through
MATLAB 2016a. Specifically, EEG data were: (1) bandpass filtered
100-500 Hz to identify high-frequency EEG events; (2) calculated for
the root mean square (RMS; 3-ms window) of the band-pass signal;
and (3) evaluated by successive RMS values greater than 5 SD above
the overall mean RMS value and with a minimum of 6 ms in duration
between the onset and offset boundaries. HFO events were subjected
to the additional criterion of containing a minimum of 6 peaks that
are greater than 3 SD above the mean value of the rectified band-pass
signal. All of the automatically detected HFOs were visually examined
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and selected by two experienced investigators (Dr. Li and Dr. Bragin).
HFO data that were within the same animal group (E -, E+) were
combined into larger files and the HFO events were detected based on
the onset of the oscillations (43).

2.3.6. Statistics

Statistical analysis was performed using one-way analysis of
variance (ANOVA) for comparison of the total HFO rate among
channels. Two-sample t tests were performed to test the significance
of the difference between baseline recordings and KA-lesioned data.
Differences between groups were calculated using ANOVA
(Bonferroni correction). Error bars represent the standard error of the
mean (SEM). The significance level was p <0.05.

To validate the result stability, we quantified the test-retest
reliability using the HFO occurrence rate (num/min) during the four-
week post-KA period. We considered each week as one test so that
week 1-week 4 constituted four repeated measurements. The intraclass
correlation coefficient (ICC) was a common parameter used to
estimate measurement reliabilities (44-46). We applied the one-way
random effect model of ICC (1, k) for the HFO rates to assess the
reliability of the repeated measurement (44-46). We considered the
animals included more than one variable (animal groups and weeks),
which were fitted to the ICC (1, k) model (44, 47). For the evaluation,
we followed the guidance of clinical significance as the reliability and
considered poor, fair, good, and excellent when ICC<0.40,
0.40<ICC<0.59,0.60 <ICC<0.74, and 0.75 <ICC< 1.00, respectively
(47, 48).

3. Results

3.1. Successfully constructed KA-induced
status epilepticus in laboratory swine

Of the three pigs that underwent dosage testing (Table 1), all of
the quantities of KA triggered interictal spikes after 30min of
injection. For the 5 pl dose, the acute epileptic events only occurred in
the first 2h but there were no seizure activities for the first 24h. The
10 pl KA dose produced approximately 6 h of interictal spikes and 11
acute seizures within the first 24 h. The 20 pl dose showed similar
numbers of interictal spikes and triggered more than 50 acute seizures
within 24h. However, the pig exposed to a 20l dose died on the
second day. Based on this, we chose 10pl for the KA injection
experiment in consideration of the survival rate and the effectiveness
of the mTLE model.

For the 16 animals exposed to the 10 pl KA injection, 12 animals
successfully completed the 4-week experiments, two animals died in
the first week following injection and two animals lost their cap and
were excluded from the dataset. Chronic-tonic seizures were captured
in four pigs in weeks 2-4. Besides the four pigs with seizure

TABLE 1 Responses of three kainic acid (KA) doses in 0—24h after injection.

10.3389/fneur.2023.1077702

occurrence, interictal spikes or short bursts of seizure-like events were
observed in another four pigs. These eight animals were classified as
the epileptic group (E+, n=8) in this study. The remaining four
animals showed no epileptic-like activities during the experimental
period and were classified as the animals do not have epilepsy group
(E-, n=4).

3.2. Electrophysiological patterns in
baseline and epileptogenesis

Electrical activity was recorded under mild xylazine hydrochloride
anesthesia. Power spectrum density (PSD) analysis suggested a peak
frequency at 4 Hz and 10 Hz in baseline recording (Figure 2A), which
represents the delta wave and alpha wave in EEG. They are related to
the non-rapid eye movement (NREM) sleeping stage (49, 50).
Compared to the baseline, PSD analysis of 2h LFPs from the post-KA
period indicated a decrease of delta and alpha power and an
appearance of the 18-20 Hz peak in the hippocampus (Figure 2C). The
multi-taper analysis also revealed differences in time-frequency
patterns of the two experimental conditions (Figures 2B,D). The alpha
wave disappeared in the data after KA injection.

3.3. Epilepsy features identification

A total of 46 tonic-chronic electrophysiological seizures were
identified in the 4-week post-KA period from four pigs (Figure 3). The
earliest seizure onset was at day 9 (in subject 102) and the latest was
recorded at day 28 (the last day of measurement). The average seizure
onset day was (18 +5.96), and the number of onsets was 4, 13, 4, and
20 in each animal. The seizure duration ranged from 12 to 45s
(mean=27.21+5.20).

3.4. Occurrence of HFOs in the baseline
and post-KA period

We quantified 812 HFOs from the sensorimotor and hippocampal
channels. All HFO events were manually verified in the data with a
500ms LFP and time-frequency plot centered with HFO peaks after
computational detection (see Figures 4A,B and Supplementary Figure 1
for examples). HFO rates were calculated on each channel, with the
highest rate displayed in ipsilateral hippocampus (14.36 +6.76/min)
and contralateral hippocampus (11.47+7.06/min; Figures 4C,D).
Though the HFO rates were much larger in these two channels
(F=2.49, p=0.002) they were statistically similar to each other
(p=0.29). Peak frequencies ranged from 132 to 157 Hz, with an
average of 147.3 +20.45 Hz. We found no significant difference of peak
frequencies (F=1.30, p=0.20) between each channel (Figure 4E).

Animal ID KA dose Interictal spikes Number of acute seizures Survive
01 5ul (1.0 pg/pl) 30min after injection, total <1h w/24h. None w/24h Yes

02 10l (1.0 pg/pl) 30 min after injection, total 4h w/24h. 11 w/24h Yes

03 20 pl (1.0 pg/pl) 30 min after injection, total 5h w/24h. >30 w/24h None
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FIGURE 2
Assessment of the intracranial recordings before and after KA injection. (A) The analysis of power spectrum from the baseline recording. (B) An
illustration of multi-tapper analysis from the 2-h epoch of baseline data. A clear eye-closed alpha band occurs in both PSD and multi-tapper plots.
(C) Power spectrum plot from the animal after the KA-lesion (from weekl). (D) The multi-tapper analysis from the 2-h epoch of the data after KA-
lesion (from weekl). (E) (Top-bottom) Demonstration of the 60s local field potentials (LFPs) and the time-frequency decomposition (0-30Hz). Data
were obtained in the redbox shown in (B). (F) Similar plots as Figure E, but obtained from the data after KA injection (redbox in D). Compared to the
baseline, data from the post-KA period showed a suppression of the lower frequency band (delta wave, 0—-3Hz) and a decrease of the alpha band
(10Hz), but an increase of the spindle-like activity (see the bursts >20Hz).

We studied the within-and between-group differences of HFO
rates corresponding to different experimental periods (baseline vs.
post-KA). In the within-group comparison, there were significant
increases of HFO rates in the E+ group (F=10, p<0.001) in the
post-KA period compared to the baseline, specifically observed in
weekl (p=0.47) and week2 (p<0.001). However, there were no
significant differences in HFO rates in the E-group (F=2.8, p=0.065),
though there was a slight decrease in the HFO rate in week 1 (p=0.43).
For the between-group comparison, we found E+>E- in weekl
(p=0.005), week2 (p<0.001), and week4 (p=0.48). The HFO rates of
E+ and E - in the baseline were similar (p=0.93; Figure 5A).

The stability of the HFO measurements was assessed daily from
the 2h recordings. HFOs from both hippocampus and sensorimotor
cortex were compared between baseline and during epileptogenesis.
In total, the HFO rates were significantly larger in the post-KA
period compared to baseline (p=0.39). Among the time epochs,
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most of the epochs showed significantly larger HFO rates in
epileptogenesis than baseline (Figure 5A). There was no difference
in the HFO rates in total and in each epoch in the sensorimotor
cortex (except for some channels where no HFOs were detected).
Analysis of peak frequency revealed no differences between baseline
and in epileptogenesis except for channel 6 (p=0.011).

3.5. Test—retest reliability of the HFOs in
the 4-week post-KA recording period

The ICC (1, k)=0.81 [LB=0.54, UB=0.94, F=5.14, p<0.001] was
computed from the weekly HFO rate data, suggesting excellent
(ICC>0.8) test-retest reliability of results. These data were obtained
by grouping all of the subjects, including both E+ and E -
(Supplementary Table S1 and Figure 5B). We also studied the data by
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FIGURE 3
Seizure events in the KA-pig model of epilepsy. (A) Screenshot of a tonic—chonic electrophysiological seizures onset in an animal after KA injection.
9 Y y 9 J
The onset is located in channel 11, later confirmed to be the right hippocampus. A total of 46 electrophysiological seizures were captured in the
4-week post-KA period from 4 animals (25% of the total). (B) The analysis of the seizure onset day. The earliest chronic seizure onset was observed in
animal 111, on day 9 (shown in Figure A), and the last one was on day 27. The first seizure onset day is from 9-14 in these animals. (C) Seizure durations
from all recorded 46 seizures in 4 pigs. The seizure duration ranged from 22s to 35s.

separating the E+ and E - groups, and found fair reliability [ICC (1,
k)=0.49] in the E + group and fair reliability [ICC (1, k)=0.59] in the
E- group.

4. Discussion

We evaluated the KA-induced mTLE model on laboratory swine.
With two SEEG electrodes, we studied the ictal and interictal
electrophysiological patterns, including electrophysiological seizures,
interictal spikes, and HFOs, during a 4-week experimental period.
Using an optimal chemo-convulsant dosage, the model showed an
efficient initial precipitant injury afflicting the hippocampus, and then
a latent period followed by the occurrence of spontaneous seizures (in
25% of animals) and interictal spikes (in 56% of animals). For the
animals that developed chronic epileptic activities, a significant
increase of hippocampal HFO rates occurred in the post-KA period,
compared to the animals without epilepsy. This study introduces a
KA-induced model in swine. Swine brains are similar to human brains
in size and morphology; thus, they are appropriate for use in future
translational studies on epilepsy.

4.1. The swine model of mTLE

A limitation in the experimental design of this study was the lack
of prior knowledge, especially for the swine model of mTLE. Most
prior studies on pigs have used subcortical penicillin (PCN) injections,
which acted as a y -aminobutyric acid (GABA), antagonist. The
results demonstrated effective physiological changes in vital signs that
occurred during convulsive activities in the treated pigs (13, 51-54).
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Various dosages of penicillin were used ranging from low (10 p; (53))
to high (100 pl; (52)). However, even with the relatively larger size of
the pig brain, a lower dose of PCN (10 pl) is sufficient to produce focal
epileptiform activities and solid clinical seizure activities from grade
Mo IV (15).

Compared with the subcortical epilepsy model using PCN, the
KA-model in the pig hippocampus produces an efficient local lesion
with the chronic manifestation of spontaneous seizures that
histopathological results showed as mTLE (3). KA-injection is a
mature model in rodents. KA can preferentially destroy hippocampal
pyramidal cells and trigger neurodegeneration in the hippocampus,
but the affected region varies with dosage and the hippocampus is very
sensitive to the KA level. Intraventricular injection of KA (at 0.5 nmol)
in Sprague-Dawley rats caused pyramidal cell degeneration in CA3 at
the rostral pole of the hippocampus whereas higher doses (0.8 ug)
caused neuronal loss in more caudal regions of the hippocampus (19).
Doses higher than 0.8 pg induced neurodegeneration in CA1 and CA2
(19). In rats, intrahippocampal administration of KA at a dosage
between 0.4 and 2.0 pg is usually effective in inducing a convulsive
status epilepticus after 5-60 min following the injection. Considering
the PCN-swine model and the KA-model of rodents, we initially used
a relatively narrow dosage range of 5, 10, and 20 pl. Initial testing with
three doses indicated that 10 pl is close to the optimal concentration
for the KA-model in swine (Table 1). All three initial cases showed
epileptic activities but only case2 (10pl) and case3 (20ul) evoked
tonic—chronic seizures. Case3 exposed to a 20 pl KA injection had a
severe neuromuscular blockade and vigorous convulsions lasting
more than 5h and died within a short time. The remaining animals
tested with 10 pl had a high (87.5%, 14/16) survival rate. These data
were similar to results reported using the rodent model (with a
mortality rate of 12%) (55-57).

frontiersin.org


https://doi.org/10.3389/fneur.2023.1077702
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Zhu et al. 10.3389/fneur.2023.1077702
A
1min
[ T N A T R R A ||||\ 1l \ 1
I T T T
B
gsoo
gzoo
=
g
=100, 250 (ms)
Cc D E
channel-wise HFO Channel-wise Peak Frequency
R R _
Ch 16+ T ——] ch16
Ch 15+ L 7.40mm »—:_cms
Ch 14~ ————1 ch14
Ch 13- —[———] ch13
Ch 12+ —[——Tch12
Ch 114 r—1 Ch11
Ch 10+ o E— e R [
Ch 9 ————————tch9
ch 8- ) L ———f} cns
Ch 7+ EYhvii o —[————}-ch7
Ch 6+ —————1Ché
Ch 54 —[—] ch5
Ch 4+ —[———] ch4
Ch 3+ +—[——] ch3
Ch 2 ———] ch2
Ch 1+ —[————] ch1
| U B
T T T T
5 10 15 20 25
e RO IR
HFO rate (num/min)
Peak Frequency (Hz)
FIGURE 4
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signals. (B) Illustration of HFO events: local field potentials (upper) and time-frequency plots (bottom). (C) Channel-wise HFO rate analyzed from the
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FIGURE 5
High-frequency oscillation (HFO) occurrences before and after KA injection. (A) The HFO rates (num/min) quantified in the E+ animals (n=9) that
showed clear epileptic events (IEDs or seizure) and the E— animals (n=4) that did not show any signs of epileptiform events after the KA injection. The
E+ animals had an increase of HFO rates in the week1-4 post-KA period, compared to the baseline while the E- animals showed no or a small
decrease of the HFO rates (weekl vs. baseline, p=0.43). The E+ animals also showed much larger HFO rates in weekl, 2, and 4, compared to the E—
group. (B) Stability of the individuals weekly HFO rates. Each blob represents the HFO rate in 1week. Colors indicate the animal group: red=E+ and
blue=E —. *p<0.05; **p<0.001 between group comparison: E+ vs. E —; * p<0.05; ** p<0.001 within group comparison: baseline vs. week 1-4.
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4.2. Ictal and interictal electrophysiological
patterns

Interictal patterns during slow wave sleep have been widely
reported in animal epilepsy models. Similarly, an obvious change in
frequency components was observed pre- and post-KA injection.
There were 4 and 10 Hz frequency peaks on the power spectrum in
baseline recordings. However, the 10 Hz frequency peak vanished after
KA injection and a frequency peak of 20 Hz appeared within a short
period (Figure 2). While the power spectrum only displayed the
overall compositions of frequency, time-frequency analysis with the
multi-taper method were further involved to display the frequency
distribution along 2-h interval recordings. A 10Hz frequency
component, also known as sleep spindles, was usually seen in stage 2
of NREM sleep and plays an important role in memory consolidation
(58). The disappearance of sleep spindles after status epilepticus may
indicate the occurrence of pathological changes in cerebral areas, and
the post-epilepsy memory injury related to human patients. Sleep
disturbance is also a common sign in epilepsy patients (59, 60).

Despite the KA-evoked acute epileptic responses, we captured a
total of 46 electrographic seizures from four animals from 9 to 28 days.
As the first onset was more than 7 days after the KA injection, and each
animal had more than one onset, we considered these events to be tonic-
chronic seizures. Compared to the rodent intrahippocampal KA model,
we found the first onset of the chronic seizures was a 9 days, which is
later than rats (5days) (19). The majority (66%, 8/12) of the tested pigs
showed clear signs of epileptogenesis, and this rate was higher than a
previous study of the intrahippocampal KA rat model (54%) (41).

4.3. High-frequency oscillation occurrence
in the mTLE model of laboratory swine

The HFOs occur in various brain areas, in both normal and
pathological conditions (28, 61). In previous studies using a rodent
KA-model of mTLE, there was an increase of ripple, and an appearance
of fast ripple activities (41, 62, 63) during the latent period of
epileptogenesis. With two 16-channel SEEG electrodes, each with a
contact area of 2mm, we successfully detected HFO activities in the
swine hippocampus in the baseline and after KA injection. A noticeable
difference was the significant increase of the HFO rate after KA
injection, compared to the baseline period. Consistent with the rodent
model, the increase of HFO rates indicated changes in the local circuits
based on the formation in pathologically interconnected neuron
clusters (PIN-cluster) (64). We did not find any fast ripple activities; all
of the HFO events were in the 100-200 Hz frequency range of ripple.
This may be because the 2 mm contact area in the SEEG channels is too
large to collect the local activates yield with fast ripples.

The HFO events in baseline displayed an evenly distributed pattern,
while after KA injection, HFO distributions were mostly constrained
within interictal spikes. Previous studies found that the pathological high
frequency oscillations (pHFOs) often co-occur with interictal spikes (32,
65, 66). Interictal spikes (and co-occurring pHFOs) may disrupt memory
processing (67). Most studies have demonstrated that interictal events
disrupt memory consolidation processes, as interictal spikes have negative
impacts when they occur during retrieval versus encoding phases of
memory tasks (68). During sleep, interictal spikes inappropriately initiate
spindle activity in the cortex and disrupt memory consolidation processes
that engage cortical areas. The highest HFO rate was detected from the
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hippocampus area, which is similar to reports on mTLE patients (69). A
high test-retest reliability of HFO rates was observed in the post KA
period. The weekly stability suggested a reliable measurement of HFOs as
critical biomarkers of epileptogenesis (25, 27, 31). There was no change
or decrease of the HFO rates in the pigs do not have epilepsy (the E-
animals). This is different from findings using the rodent model (41),
where both E+ and E - rats showed an increase of HFOs in the post-KA
phase during the entire 5-week experimental period.

4 4. Pitfalls and future directions

The animal phenotyping for the E+ and E - groups was based on
the occurrence of recurrent seizures observed in the post-KA period
as well as the interictal spikes. Although interictal spikes normally
indicate epileptic events, they are not a consistent biomarker for the
development of chronic epilepsy. Other severe neurological
conditions, such as stroke also shared the similar patterns of interictal
spikes (70, 71). Our study duration was 4 weeks and omitted animals
that had only been observed with IEDs but not seizures. However, the
four animals classified as the E- group may have a chance to develop
spontaneous epilepsy. This pitfall could be addressed by increasing the
experimental period but doing so would increase the maintenance
issue as the pigs gained weight and increased in size. The daily
movement behavior of animals is also a challenge for the endurance
of the EEG caps. For simplicity, this study only used two SEEG
electrodes. The use of this model could be further investigated on a
large scale by planning the subdural EEG and more intracranial EEGs.
Overall, this study suggests that a KA-induced swine model is useful
for studying the mechanisms and translational applications of epilepsy.
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