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Objective: Perinatal hypoxic—ischemic encephalopathy (HIE) is a major cause of
epilepsy and chronic neurologic morbidity in premature infants. This study aimed to
investigate the characteristics of acute seizures and the pattern of background activity
on amplitude-integrated electroencephalography (@EEG) in neonatal rats with HIE.

Methods: Hypoxia—ischemia (HI) was induced in postnatal day (P) 3 neonatal rats
(n =12) by ligation of the left carotid artery and exposure to airtight hypoxia for 2 h. Data
regarding seizure type, frequency, and duration and those related to neurobehavioral
development were collected, and the integrated power of background EEG was
analyzed to evaluate the effect of HI.

Results: All neonatal rats in the HI group experienced frequent seizures during hypoxia,
and 83.3% of rats (10/12) experienced seizures immediately after hypoxia. Seizure
frequency and duration gradually decreased with increasing age. The mortality rate of
the HI group was 8.33% (1/12); 120 h after HI induction, only 27.3% (3/11) of pups had
low-frequency and short-duration electrographic seizures, respectively. HI rats, which
presented seizure activities 96 h after HI insult, exhibited an increase in righting reflex
time and a decrease in forelimb grip reflex time. Background EEG was significantly
inhibited during HI induction and immediately after hypoxia and gradually recovered
72 h after hypoxia.

Conclusion: Seizures caused by HI brain damage in premature infants can be
simulated in the P3 neonatal rat model.

Keywords: seizures, electroencephalography (EEG), hypoxia, ischemia, premature, electrode

INTRODUCTION

Hypoxic-ischemic encephalopathy (HIE) is one of the most important causes of brain injury
in preterm infants (1). HIE incidence is higher in preterm infants (4-48 per 1,000 preterm
newborns) than in term infants (1-8 per 1,000 live births), indicating that hypoxia-ischemia
(HI) plays an important role in the pathophysiology of preterm brain injury (2-4). HI brain
injury mainly damages the thalamus, basal ganglia, cortex, and white matter in full-term neonates
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(5). In preterm infants, HI influences oligodendrocyte progenitor
cell maturation, disrupts the myelination process, and leads to
neuronal loss and diffuse damage to the periventricular white
matter (6-8). Immature brains have been reported to show a
different damage phenotype than mature brains (9, 10).

The Rice-Vannucci model of HI is the most widely well-
established rodent model of neonatal HI since it was first
established in P7 rats (10, 11). The Rice-Vannucci model has been
modified to re-create different types and severities based on the
age of injury, duration of hypoxia, and oxygen saturation (12).
At postnatal day 3 (P3), rats are similar to very preterm infants
regarding the stage of oligodendroglial maturation and axonal
outgrowth, making them highly suitable for use in such studies

(13, 14).
Effective  tools  for  seizure  detection  include
electroencephalography (EEG) and amplitude-integrated

EEG (aEEG), in which data are derived from the raw EEG data
after processing. The study and development of techniques that
allow for the serial evaluation of aEEG data will help elucidate
the effect of HIE on brain function and the risk of adverse
neurological outcomes (15, 16). Due to technical limitations
(e.g., small head size, unfixed skull, and the need for neonatal rats
to live with their mothers for breastfeeding support) and other
factors, a full description of EEG in a premature HIE model is
also lacking. Video-EEG is the gold standard to identify seizures
and to confirm clinical and subclinical seizures. However, video-
EEG may lead to a missed diagnosis of clinical seizures without
obvious physical signs in neonatal rats. Therefore, in addition to
video, we also installed electromyography (EMG) electrodes in
the neck muscles of neonatal rats to confirm whether there were
behavioral seizures.

Animal models of HIE are critical to better understand the
underlying mechanisms and pathogenesis of premature neonatal
seizures and HI. Therefore, in this study, we aimed to describe the
characteristics of acute seizures and background aEEG pattern
from postnatal days 3 to 8 in a rat model of HIE using video-EEG
and EMG recordings.

MATERIAL AND RESULTS

Animals

All Sprague-Dawley rats used in this study were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China) and were housed under controlled conditions
(22°C £ 1°C, 55% relative humidity, 12-h light/dark cycle, and
lights on at 8 a.m.) with access to water and food ad libitum. After
the end of the daily recording, rats were returned to their home
cages. All animal experiments were conducted after approval by
the local ethics committee (Beijing Friendship Hospital Ethics
Committee, Capital Medical University) and in compliance
with the “Laboratory animals-General requirements for animal
experiment” (GB/T 35823-2018, China).

Electrode Implantation

P2 rats (mean weight, 7.76 g; n = 20) were surgically implanted
with two EEG electrodes, two EMG electrodes, and one reference
electrode (Figure 1). Anesthesia was induced with 2% isoflurane

and maintained with 1.5% isoflurane and 30% oxygen. After a
midline vertical incision was made to expose the skull, forceps
were used to remove any connective tissue, and the skull
was dried for electrode placement. Electrodes were implanted
bilaterally 2 mm before the lambda and 2 mm lateral from the
midline sutures using a hand-held micro-drill. Moreover, a 1-
mm hole was drilled 3 mm under the lambda to allow reference
electrode implantation. Two insulated silver electrodes (0.008-
inch outer diameter; A-M Systems, 131 Business Park Loop
Sequim, WA, United States) were implanted bilaterally in the
parietal cortex with a small amount of dental cement added to
secure the electrodes to the skull. The depth of the EEG electrode
from the surface of the skull to the cortex was 1 mm. This
depth ensured that electrodes were located on the surface of the
cortex to obtain a clear and good-quality signal. Two insulated
stainless-steel wire electrodes were inserted into the neck muscle
for nuchal EMG recordings, with the coated portion of the wire
bent to follow the contour of the head. The five electrodes were
connected to a 6-pin electrode pedestal, and the weight of the
entire apparatus was approximately 220-230 mg. The bloodstains
on the surface of the skull were cleaned, and the connection
between the electrode and the skull was stabilized by dental
cement. Figure 2A presents a schematic of electrode locations.
After the procedure, pups were allowed to recover until the return
of spontaneous movements, following which they were reunited
with their mothers.

Neonatal Rat Model of Hypoxic-Ischemic
Brain Injury

After a 24-h recovery following electrode implantation, P3
neonatal rats (n = 20) were allocated to the HI (n = 12) and
sham-control groups (n = 8) using the random Excel function.
Thirty minutes of baseline activity was recorded preoperatively
in both the HI and sham-control groups. After the induction
of anesthesia with isoflurane, the neck was prepared and draped
using standard sterile techniques. Subsequently, a small midline
incision was made on the anterior neck, and the left carotid artery
was isolated and double-ligated with a surgical suture. The artery
was severed between ligations. All surgeries lasted no longer than
10 min. After the surgical procedure was completed, the pups
remained with the dam in a warm cage to wake and recover
for 90 min. Thereafter, the pups were separated and monitored
for 30 min using video-EEG and EMG. They were subsequently
placed in an airtight jar with 8% oxygen and balanced with 92%
nitrogen for 2 h at 37°C. Video-EEG and EMG were continuously
monitored during hypoxia (2 h) and recorded immediately for
30 min after hypoxia. In the sham-control group, the left carotid
artery was isolated without ligation or hypoxic treatment. See
Figure 1 for further details.

Data Acquisition and Recording

Neonatal rats were separated from the dam and underwent
video-EEG and EMG monitoring between P3 and P8. At P3,
30 min of baseline activity was recorded preoperatively in both
the experimental and sham-control groups. Following ligation
and before hypoxia, the experimental groups underwent 30 min
of video-EEG and EMG monitoring and were continuously
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FIGURE 1 | Schematic representation of the experimental design in HI and sham-control group rats. P, postnatal day; hrs, hours; HI, hypoxia—ischemia.

Left EEG electrode Right EEG electrode
Reference electrode

Left EMG electrod 2 . Right EMG electrode

FIGURE 2 | Location of electrodes placement and electroencephalography (EEG) monitoring. (A) Two silver electrodes were implanted bilaterally in the parietal
cortex for EEG recording. The black dots are the location of the EEG electrodes. Two insulated stainless-steel wire electrodes were inserted bilaterally into the neck
muscle for nuchal electromyography (EMG) recordings. The right dots are the location of the EEG electrodes. The blue-circled dots denote the location of reference
electrode. (B) The signals from muiltiple receivers were collected and stored at a sampling rate of 1,000 Hz.

monitored during hypoxia for 2 h. The recording was continued
for 30 min after hypoxia. All pups in the experimental and sham-
control groups were separated from the dam and underwent 2 h
of video-EEG and EMG monitoring every day between P4 and
P8. After the recording, the pups were immediately returned to
their mothers. A detailed workflow is shown in Figure 1. EEG and
EMG signals were recorded by the Digital Headstage Processor
(PLEXON, Dallas, TX, United States). The signals from multiple
receivers (1 per animal) were collected at a sampling rate of
1,000 Hz and stored on a PC hard disk (Figure 2B).

Seizure Definition

Electroclinical seizures were defined based on the presence of the
following for at least 10 s: 1) an EEG pattern that differed from
the background in either amplitude, frequency, or both; and 2) an
EMG pattern with a higher magnitude than the background EMG
(Figure 3A). Rats were monitored for repetitive movements, such
as extensor or flexor spasms of the body musculature, which are

sometimes accompanied by forelimb pawing movements on the
video. These spasms can be symmetrical or asymmetrical and are
correlated with seizures on EEG and movement on EMG.

Electrographic seizures (EGS) were defined as seizures
confirmed by EEG results that lasted at least 10 s and with an
EMG pattern exhibiting the same magnitude as the background
EMG (Figure 3B). Such seizures were not visibly correlated with
behavioral movements on video and EMG.

EEG records were inspected by two independent observers
(JW and YL) and analyzed by the first author (XS). All seizures
were identified and checked by a professional electrophysiologist
with extensive experience in animal EEG (FX).

Assessment of Neurobehavioral

Development

HI rats were divided into non-EGS and EGS groups according to
whether EGS occurred 72 h following HI induction. Rats in the
sham group were 6 days old. In the righting reflex test, pups were
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FIGURE 3 | Representative electroencephalography (EEG) of electroclinical
and electrographic seizures. (A) EEG and electromyography (EMG) in the left
and right panels show electroclinical seizure activities. Electroclinical seizures
were defined as typical events that met electrographic and behavioral criteria.
The EEG trace showing the seizure with high-frequency, large-amplitude spike
activity during tonic phase of seizure (A1,2) accompanied by high-amplitude
EMG recordings (A3,4). (B) EEG and EMG in the left and right panels show
electrographic seizure activities. Electrographic seizures were defined as
seizures observed in the EEG with high-frequency, large-amplitude spikes
(B1,2), and with an EMG pattern exhibiting a low magnitude (B3,4). EEG-L,
EEG in the left cortex; EEG-R, EEG in the right cortex; EMG-L, EMG in the left
neck muscle; EMG-R, EMG in the right neck muscle.

placed on a flat surface in the supine position, and the expected
response was to turn over on the ventral surface, resting in the
normal position with four feet on the ground, and the time was
recorded as the average of three consecutive trials. In the forelimb
grip strength test, the forelimbs were touched with a thin rod, and
the time was recorded as the average of three consecutive trials.

Statistical Analysis

NeuroExplorer version 5.0 (Nex Technologies) was used to open
the stored data file and analyze the EEG and EMG data. Discrete
Fourier transforms (DFTs) were performed to analyze EEG data
in the frequency domain of between 0.5 and 40 Hz. Power
spectral densities (PSDs) were obtained using 512 Hanning-
window segments and normalized by 10 x log;o(PSD). The
actual power was normalized to investigate the integrated power.
A one-way ANOVA was performed to evaluate the baseline
integrated EEG power of the HI group in P3 after left carotid
ligation, but before hypoxia, during hypoxia, and immediately
after HI. The integrated power of background EEG of P4-P8

was compared between the sham and HI groups using the t-test.
Data are presented as mean £+ SEM. p < 0.05 was considered
significant (*p < 0.05; **p < 0.01; ***p < 0.001).

RESULTS

Effect of Hypoxia-Ischemia on
Electroencephalography Activity in

Neonatal Rats

One rat died between 48 and 72 h after HI induction. The
mortality rate of the HI experimental group was 8.3% (1/12).
The mortality was 0 in the sham-control group. The rats of
the sham group did not show any signs of seizure during any
EEG recording. No seizure activity was detected on baseline
EEG recordings in P3 rats subjected to HI (n = 12). Five of
12 pups (41.7%) developed short-duration EGS, and one pup
(8.3%) experienced electroclinical seizures five times after left
carotid artery ligation and before hypoxia. The electroclinical
seizures consisted of head shaking as well as clonic and tonic
limb movements. All pups (n = 12) experienced frequent EGS,
and 10 of 12 rats (83.3%) developed frequent and long-duration
electroclinical seizures during hypoxia. Within 30 min of the
end of hypoxia, 10 of 12 (83.3%) rats experienced EGS, and
some rats (66.7%; 8/12) also developed electroclinical seizures.
Most pups (75%; 9/12) continued to have EGS 24 h after
HI induction. Although the number of seizures was lower at
24 h than during HI induction, the seizures were still long.
Half of the rats (6/12) also experienced low-frequency, long-
duration electroclinical seizures. Five and seven of the 12 pups
experienced electrographic and electroclinical seizures 48 h after
HI induction, respectively. Seventy-two hours after the initial
insult, 54.5% of pups (6/11) continued to exhibit EGS, and 45.5%
(5/11) experienced electroclinical seizures. The seizure frequency
and total seizure duration of these rats during the 72 h following
HI induction were lower than those during and immediately
following the hypoxic period. At 96 and 120 h after HI induction,
no pups had electroclinical seizures, and only a few pups had low-
frequency and short-duration EGS. More detailed information is
presented in Table 1.

Assessment of Neurobehavioral

Development

Rats in the HI (EGS) group after 72 h of HI induction
exhibited significantly increased righting reflex time (Figure 4A)
and significantly decreased forelimb grip time (Figure 4B) as
compared with P6 rats aged the same in the sham group.

Background Electroencephalography
Activity

In very immature brain rats (P3), baseline EEG activity was
discontinuous, with bursts of higher amplitude activity and long
intermittent periods of voltage attenuation. After the removal
of movement artifacts, some spikes and sharp waves were
also observed (Figure 5A1). In the P3 rats of the HI group,
there was a trend toward voltage suppression following left
carotid artery ligation and before hypoxia (Figure 5A2). To
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TABLE 1 | Effects of hypoxia-ischemia on seizures in neonatal rats.

No. pups total No. pups EGS No. EGS Total duration No. pups ECS No. ECS Total duration
seizure of EGS (min) of ECS (min)

Baseline (30 min) 0/12 0/12 - — 0/12 - —
After carotid ligation before hypoxia (30 min) 5/12 5/12 22+13 3.0+22 112 5 13.1
During HI (120 min) 12/12 12/12 102+ 125 40+35 10/12 82+6.7 8.2+92
Immediately after HI (30 min) 10/12 10/12 29+32 1.56+20 8/12 1.3+1.4 1.2+21
24 h after HI (120 min) 9/12 9/12 7.44+8.0 8.0+ 10.0 6/12 25+1.6 9.0+ 11.7
48 h after HI (120 min) 7/12 5/12 43+15 71+17 712 42420 52427
72 h after HI (120 min) 6/11 6/11 20+14 33+24 5/11 23+10 82+ 13.1
96 h after HI (120 min) 4/11 4/11 1.3+06 0.8+0.5 0/11 — -
120 h after HI (120 min) 3/11 3/11 1.0+0 0.5+0.3 0/11 — —

“No. pups total seizure” refers to the total number of seizures (including EGS and ECS) in rats recorded over a period of time. One rat died between 48 and 72 h after H,
and no other rat among 12 pups prepared died in this experiment. Data are shown as the mean values + SD, n = 12.

HI, hypoxia—ischemia; EGS, electrographic seizure;, ECS, electroclinical seizure.

further analyze the integrated EEG power of the background
EEG activity, the left cortex integrated value after carotid
artery ligation decreased compared with the baseline values
(Figure 6A). During HI induction (Figure 5A3) and immediately
after hypoxia (Figure 5A4), the upper and lower EEG margins
in both cortices were significantly lower than those observed at
baseline. Quantitative analyses revealed a significant reduction in
the integrated EEG power during and immediately after hypoxia
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FIGURE 4 | Neurobehavioral development evaluation of rats.
Hypoxia—ischemia (HI) rats were divided into HI (Non-EGS) and HI (EGS),
according to whether the electrographic seizures (EGS) occurred at 72 h
following HI induction. The day age of the sham group rats is postnatal day 6.
(A) Righting reflex test. (B) Forelimb grip strength test. *p < 0.05.

in both cortices as compared to baseline values (Figure 6A).
However, no significant differences were observed between the
left and right cortices (Figure 6A).

In the P4 of the sham group, EEG features were characteristic
of discontinuous low-amplitude waves (Figure 5B). The EEG
became more continuous with increased voltage as the age
increased. The EEG of the HI groups still exhibited depressed
voltage and less continuous values than did the sham group
24 h and 48 h after HI induction (Figures 5B,C). A quantitative
integrated EEG power analysis showed that the voltage in the HI
group of P4 and P5 was significantly lower than that in the sham
group (Figure 6B). At 72 h, 96 h and 120 h after HI induction, the
EEG voltage gradually returned to the level of sham group and the
EEG wave was more continuous (Figures 5D-F). There were no
significant differences in the integrated EEG power between P6
and P8 in both groups (Figure 6B).

DISCUSSION

In this study, electroclinical seizures and EGS that were related
to changes in EEG and EMG activity were observed following
HI induction in immature rats. Seizures in human neonates are
characterized by brief, repeated, and subtle episodes (17-19).
Although continuous video-EEG is the gold standard for seizure
monitoring in human neonates with HIE (20), only one-third
of neonatal EEG seizures display clinical signs on simultaneous
video recordings (21). According to a previous study (22), EMG
can be used to attain some level of discrimination between
behaviors associated with seizure-like events in neonatal rats
used to model HIE. Therefore, in this study, using video-
EEG combined with EMG monitoring allowed us to accurately
associate EEG waveforms with rat behavior and distinguish non-
obvious electroclinical seizures.

Previous studies also reported tonic, clonic, and tonic-clonic
seizures during hypoxia in P7 rats whose right carotid arteries
had been ligated (23). The same authors demonstrated that,
following HI induction, electroclinical seizures and EGS occurred
spontaneously for 24 h in most rats, and no EGS were observed
48 h after HI (23). In our study, all pups experienced frequent

Frontiers in Pediatrics | www.frontiersin.org

5 April 2022 | Volume 10 | Article 837909


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pediatrics#articles

Sun et al.

EEG in HI Neonatal Rats

A P3 Baseline

1 Loncorox o] o

Right Cortox

After Carotid Ligation Before Hypoxia
2 Loncortex 1o | APt Aot rimpmaioin

Right Cortex

3 During Hypoxia

Left Cortex 104V | =~

Right Cortex I PSR! PN RSP Y J
Immediately After HI

Laft Cortex  10WV | At e Aot Aranr

Right Cortex A e A A At~ e e

B

1 Lotcortex Towv]

Right Cortox

2 Lettcortex 10WV]

Right Cortex
[ P5 SHAM

q temcorex 1o ¥ it fod; W',‘w‘,i,v,q,r,wm.‘,w,.._ Achopaed s

Right Cortex
" T WLy e

2 Lo o] 0

Right Cortox

FIGURE 5 | Representative electroencephalography (EEG) of hypoxia—ischemia (HI) group and sham control group. All representative EEG epochs were acquired in
the neonatal rats during quiet state to minimize the artifact. The overall voltage of EEG after left carotid artery ligation and before hypoxia (A2) showed a decreasing
trend compared to the P3 baseline (A1). During the HI induction (A3) and immediately after hypoxia (A4), the voltage of EEG were significantly lower than baseline
(A1). The voltage gradually recovered at 24 h and 48 h after HI induction, but was still lower than that of P4 and P5 in the sham group, respectively (B,C). The EEG
voltage at 72 h, 96 h and 120 h after HI induction gradually returned to the level of the sham group at P6, P7 and P8, respectively, and the EEG wave was more
continuous (D-F). EEG was acquired in a P3 rat in the HI group during the baseline (A1), after left carotid ligation, but before hypoxia (A2), during hypoxia (A3),
immediately after HI (A4), 24 h after HI (B2), 48 h after HI (C2), 72 h after HI (D2), 96 h after HI (E2), and 120 h after HI (F2). In the sham group, EEG was acquired

from P4 (B1), P5 (C1), P6 (D1), P7 (E1), and P8 (F1). V, volts, S, seconds.

P6 SHAM
4 LorCorox 10V | v Al A AP e N tpl) S S A IS A i satrm A
s
Right Cortex evnrtAmsioh s . .
72h After HI
R i J
2 LettCortex 10wV | et ffdredfenmwnptims ol ety bbby
Right Cortex AR A A it S —~ -
E P7 SHAM
1 LeftCortox 100V | Miwimnviineowvaim At AR, S A
1s
Right Cortex WA A At At 20 N
96h After HI
2 Lot Cortex 108V | sl hons st ettt M
s
Right Cortex A Y
F P8 SHAM

1 LomCortex 1OV | Mt

1

TN R
120h After HI

2 Lot cortex 104 ] —«v:-‘v”fvl.l“\mr\'-ywmv)n‘}‘ﬂldv}’,;\'w‘m‘r\-'“W'»“r"—‘W’«’”*’"‘y““" Ardobbiny
™

Right Cortex

AP S " -—
P iy g o

EGS, and most of them developed frequent and long-duration
electroclinical seizures during hypoxia. In human neonatal HIE,
the first seizure has been observed 6-20 h after birth (24, 25).
However, for some practical reasons, human EEG is usually
performed many hours after birth; therefore, the actual onset
of epilepsy may be earlier. Doctors often need to deal with life-
threatening symptoms, such as dyspnea and acidosis, in very
premature infants with perinatal hypoxia; therefore, they are
unable to monitor EEG in the early postnatal period. In a study
on human perinatal arterial ischemic stroke by Low et al., most
seizure events were electrographic-only seizures 72 h after birth
(26). In our study, half of the pups still experienced seizures 48
and 72 h after HI induction, and subclinical seizures continued
to occur 120 h or more after birth, suggesting that even if there
are no observable electroclinical seizures in the early stages of HI
induction, EGS will still occur in rats in the following period. In
the animal model of full-term neonatal HIE (P7), no seizures were
found 72 h after hypoxic-ischemic injury (23). This is possible
because more severe brain damage is seen in lesser-age HIE
models. Consistent with our study, human preterm newborns are
more prone to seizures, and outcomes are worse in preterm than
in term newborns (27).

The current study emphasizes the significance of
developmental assessment in neonatal rats as short-term
neurofunctional outcomes have been shown to correlate with
long-term functional deficits (28). Indeed, in human neonatal
infants, the absence or persistence of neonatal reflexes is
predictive of the extent of later functional impairments in
patients with brain injury (29, 30). This is the first time that

behavior is associated with EEG in the neonatal rat model
of HI. In our study, we also confirmed the presence of poor
neurofunctional outcomes in behavioral tests in rats with
frequent seizures in the early stage.

In addition to seizures, the background voltage suppression
of EEG was observed in HI neonatal rats. Background EEG was
dominated by low-amplitude, mixed-frequency activity in the
early developmental period (P3). In P4-P8 rats, longer periods
of higher amplitude activity were observed with increasing age.
A previous study reported that the EEG voltage in the cortex
ipsilateral to the ligated carotid artery was lower than that in the
contralateral cortex in HI rats (23). In human infants with HIE,
a severely depressed EEG background is a reliable predictor of
severe brain injury and abnormal long-term neurologic outcomes
(16, 31). In our research, we also found that the left cortex
integrated value after carotid artery ligation decreased compared
with the baseline value. There was a visually obvious decrease in
interictal EEG voltage during and immediately after hypoxia in
both cortices. Similar results were also found in our neonatal rat
model to simulate premature human infants with HIE. According
to a study on neonatal HIE, an EEG amplitude still showing
suppression and discontinuity 48 h after birth indicates a poor
prognosis (31). In our animal model, the EEG of the HI groups
still exhibited depressed voltage and was less continuous 24 and
48 h after HI induction, but it gradually recovered after 72 h.

In this study, we investigated the characteristics and evolution
of clinical and subclinical seizures over a 120-h period in neonatal
rats with HI. Due to technical limitations (e.g., small head size,
unfixed skull, and the need for neonatal rats to live with their
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FIGURE 6 | Integrated power of background electroencephalography (EEG).
The integrated power analysis in the P3 rats of the hypoxia—ischemia (HI)
group during the baseline, after left carotid ligation, but before hypoxia, during
hypoxia, and immediately after HI (A). The integrated power of the left cortex
decreased compared with the baseline after the ligation of the left carotid
artery. The power decreased significantly during hypoxia and immediately after
hypoxia in both sides of the cortex. Integrated power value analysis from rat
pups every day between P4 and P8 in HI and sham group (B). The integrated
power value returned to normal with the increase of time after hypoxia in the
HI group compared with the sham group. All EEG epochs were acquired in
the neonatal rats during quiet state to minimize the artifact. *p < 0.05;

**p < 0.01; **p < 0.001.

mothers for breastfeeding support) associated with recording
from immature rodents, most electrophysiological studies on
epileptiform activity in neonatal animals have been performed
in vitro using brain slices (32), and only a few studies have
used behavioral measures and older animals to evaluate neonatal
seizures (22, 33). Overall, our findings on the HIE model in
neonatal rats correlate with some features of epileptic seizures
and EEG characteristics as compared with older rodent models
and human infants in previous studies. However, this study has
some limitations. The recording length was inadequate to acquire
more details on epileptic seizures, as neonatal rat pups must
live with their mothers for breastfeeding support and cannot be
separated from the dam for a long time. We elected to record
data once per day for each pup (P4-P8) to reduce the damage
caused by inserting and unplugging electrodes. In a previous
study involving P6 rat models (34), the authors used a novel
wireless telemetry system that theoretically allows for continuous
monitoring for up to 2 years without surgical reimplantation.

In this way, EEG data can be recorded without inserting and
unplugging electrodes in each recording session, and rats are
allowed to move freely. However, the electrodes used in that study
were still too large for the P2 rats used in the current study. The
head circumference of neonatal rats increases faster, and long-
term electrode embedding recording may limit the development
of the head. Therefore, future studies should aim to develop
smaller radio electrodes and record EEG data from multiple other
brain regions to obtain more detailed information.

CONCLUSION

This study is the first to report that aEEG and EMG activities
can be recorded continuously for 5 days after hypoxic-ischemic
induction in 3-day-old neonatal rats. This method replicates most
seizure characteristics observed in preterm infants with perinatal
arterial ischemic stroke and allows aEEG data to be examined in
relation to short-term neurofunctional outcomes.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by
Beijing Friendship Hospital Ethics Committee, Capital
Medical University.

AUTHOR CONTRIBUTIONS

XS contributed to the project conception and design, preformed
laboratory work, data analysis, and wrote the manuscript. FX
performed data analysis and supervision. JW and LG assisted
with laboratory work. YL and QJ assisted with statistical and data
analysis. LY and HC revised and approved the final manuscript.
All authors contributed to the article and approved the submitted
version.

FUNDING

This work was supported by a grant from the National Natural
Science Foundation of China (Nos. 81771622 and 82171693 to
HC) and the Natural Science Foundation of Beijing Municipality
(No. 7202035 to LY).

ACKNOWLEDGMENTS

We would like to thank the in vivo Electrophysiology Laboratory
of Core Facility Center (Capital Medical University, Beijing,
China) for their help with electrode fabrication and data analysis.
We would like to thank Editage (www.editage.cn) for English-
language editing.

Frontiers in Pediatrics | www.frontiersin.org

April 2022 | Volume 10 | Article 837909


http://www.editage.cn
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pediatrics#articles

Sun et al.

EEG in HI Neonatal Rats

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Opbhelders D, Gussenhoven R, Klein L, Jellema RK, Westerlaken RJJ, Hutten
MC, et al. Preterm brain injury, antenatal triggers, and therapeutics: timing is
key. Cells. (2020) 9:1871. doi: 10.3390/cells9081871

. Manuck TA, Rice MM, Bailit JL, Grobman WA, Reddy UM, Wapner RJ, et al.

Preterm neonatal morbidity and mortality by gestational age: a contemporary
cohort. Am J Obstet Gynecol. (2016) 215:e1-103. doi: 10.1016/j.2j0g.2016.01.
004

. Graham EM, Ruis KA, Hartman AL, Northington FJ, Fox HE. A systematic

review of the role of intrapartum hypoxia-ischemia in the causation of
neonatal encephalopathy. Am J Obstet Gynecol. (2008) 199:587-95. doi: 10.
1016/j.2j0g.2008.06.094

. Douglas-Escobar M, Weiss MD. Hypoxic-ischemic encephalopathy: a

review for the clinician. JAMA Pediatr. (2015) 169:397-403. doi: 10.1001/
jamapediatrics.2014.3269

. Cowan F Rutherford M, Groenendaal F, Eken P, Mercuri E, Bydder GM,

et al. Origin and timing of brain lesions in term infants with neonatal
encephalopathy. Lancet. (2003) 361:736-42. doi: 10.1016/S0140-6736(03)
12658-X

. Yildiz EP, Ekici B, Tatli B. Neonatal hypoxic ischemic encephalopathy: an

update on disease pathogenesis and treatment. Expert Rev Neurother. (2017)
17:449-59. doi: 10.1080/14737175.2017.1259567

. Back SA, Riddle A, McClure MM. Maturation-dependent vulnerability of

perinatal white matter in premature birth. Stroke. (2007) 38(Suppl. 2):724-30.
doi: 10.1161/01.STR.0000254729.27386.05

. Webber DJ, van Blitterswijk M, Chandran S. Neuroprotective effect of

oligodendrocyte precursor cell transplantation in a long-term model of
periventricular leukomalacia. Am ] Pathol. (2009) 175:2332-42. doi: 10.2353/
ajpath.2009.090051

. Lafemina M]J, Sheldon RA, Ferriero DM. Acute hypoxia-ischemia results in

hydrogen peroxide accumulation in neonatal but not adult mouse brain.
Pediatr Res. (2006) 59:680-3. doi: 10.1203/01.pdr.0000214891.35363.6a
Millar LJ, Shi L, Hoerder-Suabedissen A, Molnar Z. Neonatal hypoxia
ischaemia: mechanisms, models, and therapeutic challenges. Front Cell
Neurosci. (2017) 11:78. doi: 10.3389/fncel.2017.00078

Vannucci RC, Vannucci SJ. A model of perinatal hypoxic-ischemic brain
damage. Ann N'Y Acad Sci. (1997) 835:234-49. doi: 10.1111/.1749-6632.1997.
tb48634.x

Faustino-Mendes T, Machado-Pereira M, Castelo-Branco M, Ferreira R. The
ischemic immature brain: views on current experimental models. Front Cell
Neurosci. (2018) 12:277. doi: 10.3389/fncel.2018.00277

Sizonenko SV, Sirimanne E, Mayall Y, Gluckman PD, Inder T, Williams C.
Selective cortical alteration after hypoxic-ischemic injury in the very immature
rat brain. Pediatr Res. (2003) 54:263-9. doi: 10.1203/01.PDR.0000072517.
01207.87

Stadlin A, James A, Fiscus R, Wong YF, Rogers M, Haines C. Development of
a postnatal 3-day-old rat model of mild hypoxic-ischemic brain injury. Brain
Res. (2003) 993:101-10. doi: 10.1016/j.brainres.2003.08.058

Srinivasakumar P, Zempel ], Wallendorf M, Lawrence R, Inder T, Mathur
A. Therapeutic hypothermia in neonatal hypoxic ischemic encephalopathy:
electrographic seizures and magnetic resonance imaging evidence of injury.
J Pediatr. (2013) 163:465-70. doi: 10.1016/j.jpeds.2013.01.041

Skranes JH, Lohaugen G, Schumacher EM, Osredkar D, Server A, Cowan
FM, et al. Amplitude-integrated electroencephalography improves the
identification of infants with encephalopathy for therapeutic hypothermia and
predicts neurodevelopmental outcomes at 2 years of age. | Pediatr. (2017)
187:34-42. doi: 10.1016/j.jpeds.2017.04.041

Volp JJ. Neonatal seizures: current concepts and revised classification.
Pediatrics. (1989) 84:422-8. doi: 10.1542/peds.84.3.422

Silverstein FS, Jensen FE. Neonatal seizures. Ann Neurol. (2007) 62:112-20.
doi: 10.1002/ana.21167

Mizrahi EM, Kellaway P. Characterization and classification of neonatal
seizures. Neurology. (1987) 37::1837-44. doi: 10.1212/wnl.37.12.1837

Shah DK, Boylan GB, Rennie JM. Monitoring of seizures in the newborn. Arch
Dis Child Fetal Neonatal Ed. (2012) 97:F65-9. doi: 10.1136/adc.2009.169508

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Murray DM, Boylan GB, Ali I, Ryan CA, Ryan CA, Connolly S. Defining
the gap between electrographic seizure burden, clinical expression and staff
recognition of neonatal seizures. Arch Dis Child Fetal Neonatal Ed. (2008)
93:F187-91. doi: 10.1136/adc.2005.086314

Cuaycong M, Engel M, Weinstein SL, Salmon E, Perlman JM, Sunderam S,
et al. A novel approach to the study of hypoxia-ischemia-induced clinical
and subclinical seizures in the neonatal rat. Dev Neurosci. (2011) 33:241-50.
doi: 10.1159/000331646

Sampath D, White AM, Raol YH. Characterization of neonatal seizures in an
animal model of hypoxic-ischemic encephalopathy. Epilepsia. (2014) 55:985—
93. doi: 10.1111/epi.12646

Ahn MO, Korst LM, Phelan JP, Martin GI. Does the onset of neonatal seizures
correlate with the timing of fetal neurologic injury? Clin Pediatr (Phila). (1998)
37:673-6. doi: 10.1177/000992289803701105

Filan P, Boylan GB, Chorley G, Davies A, Fox GF Pressler R, et al. The
relationship between the onset of electrographic seizure activity after birth and
the time of cerebral injury in utero. BJOG. (2005) 112:504-7. doi: 10.1111/j.
1471-0528.2004.00476.x

Low E, Mathieson SR, Stevenson NJ, Livingstone V, Ryan CA, Bogue CO,
et al. Early postnatal EEG features of perinatal arterial ischaemic stroke
with seizures. PLoS One. (2014) 9:¢100973. doi: 10.1371/journal.pone.010
0973

Pisani F, Spagnoli C. Acute symptomatic neonatal seizures in preterm
neonates: etiologies and treatments. Semin Fetal Neonatal Med. (2018) 23:191—
6. doi: 10.1016/j.siny.2017.12.003

Ten VS, Bradley-Moore M, Gingrich JA, Stark RI, Pinsky DJ. Brain
injury and neurofunctional deficit in neonatal mice with hypoxic-ischemic
encephalopathy. Behav Brain Res. (2003) 145:209-19. doi: 10.1016/s0166-
4328(03)00146-3

Zafeiriou DI.  Primitive reflexes and postural
neurodevelopmental examination.  Pediatr
doi: 10.1016/j.pediatrneurol.2004.01.012
Bonnier C. Evaluation of early stimulation programs for enhancing brain
development. Acta Paediatr. (2008.) 97:853-8. doi: 10.1111/j.1651-2227.2008.
00834.x

Murray DM, Boylan GB, Ryan CA, Connolly S. Early EEG findings in hypoxic-
ischemic encephalopathy predict outcomes at 2 years. Pediatrics. (2009)
124:e459-67. doi: 10.1542/peds.2008-2190

Dzhala VI, Talos DM, Sdrulla DA, Brumback AC, Mathews GC, Benke TA,
et al. NKCCI transporter facilitates seizures in the developing brain. Nat Med.
(2005) 11:1205-13. doi: 10.1038/nm1301

Sampath D, Shmueli D, White AM, Raol YH. Flupirtine effectively prevents
development of acute neonatal seizures in an animal model of global
hypoxia. Neurosci Lett. (2015) 607:46-51. doi: 10.1016/j.neulet.2015.09
.005

Zayachkivsky A, Lehmkuhle M]J, Fisher JH, Ekstrand JJ, Dudek FE. Recording
EEG in immature rats with a novel miniature telemetry system. ] Neurophysiol.
(2013) 109:900-11. doi: 10.1152/jn.00593.2012

reactions in the

Neurol.  (2004) 31:1-8.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Sun, Xue, Wen, Gao, Li, Jiang, Yang and Cui. 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 Pediatrics | www.frontiersin.org

April 2022 | Volume 10 | Article 837909


https://doi.org/10.3390/cells9081871
https://doi.org/10.1016/j.ajog.2016.01.004
https://doi.org/10.1016/j.ajog.2016.01.004
https://doi.org/10.1016/j.ajog.2008.06.094
https://doi.org/10.1016/j.ajog.2008.06.094
https://doi.org/10.1001/jamapediatrics.2014.3269
https://doi.org/10.1001/jamapediatrics.2014.3269
https://doi.org/10.1016/S0140-6736(03)12658-X
https://doi.org/10.1016/S0140-6736(03)12658-X
https://doi.org/10.1080/14737175.2017.1259567
https://doi.org/10.1161/01.STR.0000254729.27386.05
https://doi.org/10.2353/ajpath.2009.090051
https://doi.org/10.2353/ajpath.2009.090051
https://doi.org/10.1203/01.pdr.0000214891.35363.6a
https://doi.org/10.3389/fncel.2017.00078
https://doi.org/10.1111/j.1749-6632.1997.tb48634.x
https://doi.org/10.1111/j.1749-6632.1997.tb48634.x
https://doi.org/10.3389/fncel.2018.00277
https://doi.org/10.1203/01.PDR.0000072517.01207.87
https://doi.org/10.1203/01.PDR.0000072517.01207.87
https://doi.org/10.1016/j.brainres.2003.08.058
https://doi.org/10.1016/j.jpeds.2013.01.041
https://doi.org/10.1016/j.jpeds.2017.04.041
https://doi.org/10.1542/peds.84.3.422
https://doi.org/10.1002/ana.21167
https://doi.org/10.1212/wnl.37.12.1837
https://doi.org/10.1136/adc.2009.169508
https://doi.org/10.1136/adc.2005.086314
https://doi.org/10.1159/000331646
https://doi.org/10.1111/epi.12646
https://doi.org/10.1177/000992289803701105
https://doi.org/10.1111/j.1471-0528.2004.00476.x
https://doi.org/10.1111/j.1471-0528.2004.00476.x
https://doi.org/10.1371/journal.pone.0100973
https://doi.org/10.1371/journal.pone.0100973
https://doi.org/10.1016/j.siny.2017.12.003
https://doi.org/10.1016/s0166-4328(03)00146-3
https://doi.org/10.1016/s0166-4328(03)00146-3
https://doi.org/10.1016/j.pediatrneurol.2004.01.012
https://doi.org/10.1111/j.1651-2227.2008.00834.x
https://doi.org/10.1111/j.1651-2227.2008.00834.x
https://doi.org/10.1542/peds.2008-2190
https://doi.org/10.1038/nm1301
https://doi.org/10.1016/j.neulet.2015.09.005
https://doi.org/10.1016/j.neulet.2015.09.005
https://doi.org/10.1152/jn.00593.2012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pediatrics#articles

	Seizure Characteristics and Background Amplitude-Integrated Electroencephalography Activity in Neonatal Rats Subjected to Hypoxia–Ischemia
	Introduction
	Material and Results
	Animals
	Electrode Implantation
	Neonatal Rat Model of Hypoxic–Ischemic Brain Injury
	Data Acquisition and Recording
	Seizure Definition
	Assessment of Neurobehavioral Development
	Statistical Analysis

	Results
	Effect of Hypoxia–Ischemia on Electroencephalography Activity in Neonatal Rats
	Assessment of Neurobehavioral Development
	Background Electroencephalography Activity

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


