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Objective: Sleep is necessary for brain maturation in infants. Perinatal hypoxic-ischemic encephalopathy (HIE) is a major cause of
chronic neurological disease in infants. Although the developmental changes of electroencephalogram (EEG) in human newborns have
been described, little is known about the EEG normal maturation characteristics in rodents and the changes in sleep-awake states caused
by hypoxia-ischemia (HI). This study aimed to investigate the pathological response of sleep-wake states in neonatal rats with HIE.
Methods: We constructed HIE and sham models on postnatal day (P) 3 rats and continuously monitored them using electroence-
phalography and electromyography for up to P12. The distribution of sleep-wake states was analyzed to estimate the effects of HIE.
Results: Compared with the sham group, the HI group showed lower rapid eye movement (REM) sleep percentage, but wake
percentage and frequency was higher during P4-P12. The frequency of REM and non-rapid eye movement (NREM) sleep increased
and the duration of REM and NREM sleep decreased after HI induction. However, it gradually returned to the normal level with an
increase in daytime.
Conclusion: HI damage alters the sleep-wake patterns during early neural development. The findings provide a comprehensive
assessment of serial sleep-wake state recordings in neonatal rats from P4-P12.
Keywords: electroencephalography, EEG, hypoxia-ischemia, rapid eye movement, premature

Introduction
Hypoxic-ischemic encephalopathy (HIE) is one of the main causes of brain injury in preterm infants.1,2 The incidence of
HIE is higher in preterm infants (4–48 per 1000 preterm newborns) than in term infants (1–8 per 1000 live births),
indicating that hypoxia-ischemia (HI) is a primary contributor to pathophysiology of preterm brain injury.3–5 Focal or
diffuse brain damage caused by HI has significant effects on the network of the sleep-wake cycle and EEG changes.6 The
maintenance of the sleep-wake cycle involves multiple regions of the brain and reflects the maturation, integrity, and
stability of the neuronal circuit.7,8

The sleep-wake cycle includes wakefulness, rapid eye movement (REM) sleep, and non-rapid eye movement
(NREM) sleep, which is the physiological representations of the intricate interactions of brain structures, including the
basal forebrain, thalamic, hypothalamus.7,9 Electroencephalography (EEG) and electromyography (EMG) are excellent
assessment modalities of the sleep-wake cycle.9 EEG and amplitude-integrated EEG (aEEG) findings have good
prognostic value for neurodevelopmental outcomes in neonatal hypoxic-ischemic encephalopathy (HIE).10–12 However,
although the developmental changes of EEG in human newborns and the abnormalities of EEG caused by HIE have been
characterized in detail, and there are few studies on normal maturational features of rodent EEGs,13,14 the changes in
sleep-awake vigilance states caused by HI remain poorly understood.

Animal models are crucial for investigating the pathological and physiological mechanisms involved in neurological
disorders affecting the human neonates and infants. However, few studies of EEG and EMG studies have been conducted
in neonatal rats with HIE because of some technical limitations (eg, small head size, an unfixed skull, and the need for
neonatal rats to live with their mothers for breastfeeding support) and other factors. As rats represent the most commonly
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used species for translational research, the use of continuous recording techniques in rats to comprehensively assess EEG
characteristics and the sleep-wake cycle during neonatal development would be of great value in the study of normal
brain maturation and HIE during the acute stage. At postnatal day 3 (P3), rats are similar to very preterm infants with
respect to the stage of oligodendroglial maturation and axonal outgrowth, making them highly suitable for use in such
studies.15,16 Therefore, the objective of this study was to investigate the pathological response of sleep-wake states in
neonatal rats with HIE. Towards this goal, we assessed the EEG characteristics and vigilance state changes from
postnatal days 4 to 12 in a rat model of HIE and sham group by using serial EEG and EMG recordings.

Materials and Methods
Animals
All Sprague-Dawley rats used in this study were obtained from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. and were reared and housed under standardized conditions (22 ± 1°C, 55% relative humidity, 12-h light-dark cycle,
lights on at 8:00) with free access to water and food ad libitum. All animal experiments were carried out after approval by
the Local ethics committee (Beijing Friendship Hospital Ethics Committee, Capital Medical University) and in com-
pliance with the “Laboratory animals-General requirements for animal experiment” (GB/T 35823–2018, China).

Electrode Implantation
P2 rats (mean weight: 7.78 g; n=20) were surgically implanted with two EEG electrodes, two EMG electrodes, and one
reference electrode. Anesthesia was induced with 2% isoflurane and maintained with 1.5% isoflurane and 30% oxygen.
After a midline vertical incision to expose the skull, forceps were used to remove any connective tissue, and the skull was
cleaned and dried with 3% hydrogen peroxide for electrode placement. Two holes (0.5 mm) for EEG electrode
implantation were made 2 mm before the lambda and 2 mm lateral from midline sutures using a hand-held micro-
drill. In addition, a 1 mm hole was drilled 3 mm under the lambda to allow implantation of the reference electrode. Two
tungsten electrodes (0.003-inch outer diameter; A-M Systems, 131 Business Park Loop Sequim, WA, USA) were
implanted bilaterally in the parietal cortex with a small amount of dental cement added to secure the electrodes to the
skull. Two insulated stainless-steel wire electrodes were inserted into the nuchal muscles for EMG recordings, with the
wire bent to follow the curvature of the head and neck. The five electrodes were connected to a 6-pin electrode pedestal,
and the weight of the entire apparatus was approximately 220–230 mg. After the procedure, the 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
P3 neonatal rats (n=20) were allocated to the experimental (n=10) and sham control groups (n=10) using the random
Excel function. After induction of anesthesia with isoflurane, the neck area was prepared and draped in a sterile manner.
Next, 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 the ligations. All surgeries lasted for no longer than 10 minutes.
After completion of the surgical procedure, the pups housed in a warm cage (38 °C) until the return of spontaneous
movements, and then returned to their mothers for a total recovery time of 120 min. Thereafter, they were then placed in
an airtight jar with 8% oxygen and balanced with 92% nitrogen for 2 h at 37°C. In the sham control group, the left carotid
artery was isolated without ligation or hypoxic treatment.

Data Acquisition and Recording
Neonatal rats were separated from the dam and underwent video-EEG and EMGmonitoring between P4 and P12. All pups in
the HI and sham groups were separated from their mothers and underwent an hour of EEG and EMG monitoring at the same
time every morning between P4 and P12. After recording, the pups were immediately returned to their mothers. The detailed
workflow is shown in (Figure 1). Each monitored neonatal rat was provided a special self-made nest and the signals from
multiple receivers were collected at a sampling rate of 1000 Hz and stored on a PC hard disk (Figure 2). EEG signals were
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filtered with a band-pass between 0.5 Hz and 40 Hz. High-pass and low-pass filters were set at 0.5 Hz and 80 Hz for EMG
signals, respectively.

Statistical Analysis
NeuroExplorer 5.0 (Nex Technologies) was used to open the stored data file and analyze the EEG and EMG data.
Student’s t-test was used to compare the HI and sham group rats. Quantitative differences between ages were analyzed by
one-way repeated measures ANOVA followed by Tukey’s test. Statistical significance was defined as P < 0.05.

Results
Identification of Vigilance States with EEG and EMG Characterization of the
Developing Neonatal Rats
EEG and EMG were used to identify vigilance states during the development of neonatal rats from P4 to P12. In P4 rats
(Figure 3A), The features of REM sleep were characteristic of continuous low-amplitude and mixed-frequency EEG with
unobvious EMG activity. NREM sleep was characterized by discontinuous relatively higher amplitude activity with low
nuchal muscle tone. The awake state was characterized by discontinuous traces of low amplitude EEG related to active
EMG. By P6 (Figure 3B), the EEG and nuchal EMG displayed a low amplitude continuous EEG activity with inhibited
EMG during REM sleep. There were discontinuous relatively high amplitude bursts of slow wave EEG activity with
suppressed nuchal muscle tone among NREM. In addition, we noted relatively continuous low amplitude EEG activity
and relatively obvious EMG traces during wakefulness. In P8 rats (Figure 3C), further development of the EEG patterns
made the discrimination among REM sleep, NREM sleep, and wake states. The NREM sleep period demonstrates a more

Figure 1 Schematic illustration of the time course of the experimental design in HI group rats. P, postnatal day, hrs, hours.

Figure 2 Neonatal rats in sleep monitoring.
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Figure 3 Identification of vigilance states in the neonatal rats from P4 to P12. (A) Representative EEG and EMG activities of a neonatal rat on postnatal day 4 (P4) show a
discontinuous EEG activity pattern during periods of muscle atonia (upper traces) and high muscle tone (lower traces). (B) Representative P6 EEG and nuchal EMG display a
low-amplitude EEG activity with inhibited EMG during REM sleep, and relatively high-amplitude discontinuous traces of prominent slow wave activity on EEG and decrease
EMG traces during NREM, and low amplitude with relatively continuous EEG activity and obvious EMG activity among the awake state. (C) Representative P8 EEG, EMG
patterns display well-defined distinction among REM, NREM, and awake patterns. (D) Representative EEG, EMG traces obtained on P10 display a low amplitude continuous
EEG activity with oppressed EMG during REM sleep, and higher amplitude discontinuous activity on EEG during NREM sleep, and high amplitude continuous EEG traces and
obvious EMG traces during the awake period. (E) Representative P12 EEG and EMG traces display clear vigilance state patterns. V, volts, S, seconds, P, postnatal day.
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continuous and higher amplitude EEG than P4. In P10 rats (Figure 3D), EEG and EMG traces displayed continuous EEG
activity with or without short myoclonic jerks during REM sleep and relatively higher amplitude discontinuous bursts on
EEG during NREM sleep. The awake state was characterized by serial EEG activity and obvious EMG activity. By P12
(Figure 3E), EEG and EMG traces displayed clear vigilance state patterns. REM and NREM sleep demonstrated
increased amplitude continuous bursts on EEG. In general, the EEG patterns evolved from an unobvious low-amplitude
discontinuous pattern into an increasingly distinct vigilance state.

Developmental Changes in the Percentage of Time of Vigilance States in Neonatal Rats
of the Sham Groups and HI Groups
In the sham group, the percentage of REM sleep was the highest in P4 rats. However, the percentage of REM sleep
decreased gradually with an increase in the number of days of birth (Figure 4A). Meanwhile, NREM sleep showed the
opposite trend. The proportion of NREM sleep was the lowest at P4, and NREM sleep gradually became the main form
of sleep state with the development of the pups (Figure 4B). The proportion of wakefulness was low during P4-P10, but
increased at P12, and the difference was statistically significant (Figure 4C). This may indicate that neonatal rats spend a
significant proportion of their recorded sleep time before P10, while the proportion of awake increased gradually
after P10.

Compared with the sham group, the HI group demonstrated lower percentages in REM sleep percentages during P4-
P12, especially during P4-P8 (Figure 4A). The proportion of NREM sleep increased in P4, but decreased in P10 group
(Figure 4B). The proportion of awake time in neonatal rats increased significantly at P4, P6, P10 and P12 (Figure 4C). In
summary, the overall trend in the HI group was closer to that in the sham group with respect to the percentage of REM,
NREM, and WAKE with increasing day age.

Developmental Changes in the Frequencies of Vigilance States in Neonatal Rats in the
Sham and HI Groups
In the sham group, the serial frequencies of REM sleep and NREM sleep did not change significantly through P4-P12
during 1h of sleep (Figure 5A and B). In the HI group, the frequency of REM sleep decreased gradually with the increase
in day age. The NREM was lower in P12 than in P4, and the frequency of wake did not change significantly during
P4-P12.

Compared with the sham group, the HI group showed significantly higher occurrences of REM sleep and NREM
sleep in one hour during P4-P8, but there was no obvious difference in P10 and P12 (Figure 5A and B). Awakening
frequency was also higher than in the sham group between P4 and P12 (Figure 5C). In summary, the frequency of REM
and NREM events increased within 5 days after HI induction. However, it gradually returned to the normal level with an
increase in daytime, and the neonatal rats in the HI group showed frequent awakening for a long time after HI induction.

Developmental Changes in the Bout Duration of Vigilance States and Sleep-Wake (S-
W) Cycles in Neonatal Rats of the Sham Group and HI Groups
Bout lengths of REM sleep in the sham and HI groups did not change significantly with an increase in day age
(Figure 6A). However, the duration of REM sleep between P4 and P8 in the HI group was lower than that in the sham
group (Figure 6A). Compared with the sham group, the HI group showed higher lengths of NREM sleep at P12 and
lower at P6-P10 (Figure 6B). There was no significant change in the lengths of the awake between P4 and P10 in the
sham and HI groups, but the duration of wakefulness at P12 was higher than that at younger age. The bout lengths of
awake at P6 and P8 in the HI group were shorter than those in the sham group (Figure 6C). In summary, HI induction
contributed to a decline in the bout length in neonatal rats, but bout length gradually improved after P10.

There was no significant change in the duration of the sleep-wake cycles between P4 and P12 in the sham group. The
lengths of the sleep-wake cycle were similar during P4-P12 in the HI group. Compared with the sham group, the HI
group had relatively shorter lengths of the sleep-wake cycles at P8 and P10 (Figure 7).
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Figure 4 Developmental changes of the percentage of time in REM sleep (A), NREM (B), and wake (C) state on different postnatal days in the sham group and HI group. The y-axis
represents the percentage of time spent in REM sleep (A), NREM (B), and wake (C) per hour on different postnatal days (x-axis) in the sham and HI group neonatal rats. The
comparison between the HI group and the sham group is depicted in *; the comparison of P4 values with other postnatal days in each group is shown in #; the comparison of P8
values with P10 and P12 in each group is shown in◆; and the comparison of P10 values with P12 values in each group is shown in ●. *, #, ● P< 0.05; **, ##,▲▲, P< 0.01; ***, ###,
▲▲▲,◆◆◆, ●●● P< 0.001.
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Figure 5 Number of the episodes of REM sleep (A), NREM sleep (B) and wake (C) on different postnatal days in the sham group and HI group. The y-axis shows
frequencies of time spent during REM sleep (A), NREM (B), and wake (C) in an hour on different postnatal days (x-axis) in sham and HI group neonatal rats. The comparison
between the HI group and the sham group is depicted in *; the comparison of P4 values with other postnatal days in each group is shown in #; the comparison of P6 values
with P8, P10 and P12 in each group is shown in▲; the comparison of P8 values with P10 and P12 in each group is shown in ◆. *, #, ▲, P< 0.05; **, ##, P< 0.01; ***, ###,
▲▲▲,◆◆◆, P< 0.001.
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Figure 6 Bout duration of REM sleep (A), NREM sleep (B), and wake (C) in neonatal rats on different postnatal days in the sham group and HI group. The y-axis
demonstrates the bout duration in REM sleep (A), NREM (B), wake (C) on different postnatal days (x-axis). The comparison between the HI group and the sham group is
depicted in *; the comparison of P4 values with other postnatal days in each group is shown in #; the comparison of P6 values with P8, P10 and P12 in each group is shown in
▲; the comparison of P8 values with P10 and P12 in each group is shown in◆, the comparison of P10 values with P12 in each group is shown in ●. *, #,▲,◆, ●P< 0.05; **,
##, ▲▲P< 0.01; ***P<0.01.
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Discussion
The percentage of REM sleep at P4 was high in neonatal rats in the sham group, but it decreased gradually with an
increase in day age. The rats followed a pattern of with increased NREM sleep and corresponding decreased REM sleep
during the neonatal periods. This sleep pattern was quite similar to that observed in premature infants and neonates.17 To
our knowledge, this is the first study to perform continuous EEG and EMG monitoring in a rat model of HIE at P3 to
study sleep and wake states.

However, the REM sleep percentages in the rats from HI group were lower during P4-P12 and the wake time was
higher than in the sham group, suggesting that HI affected the normal sleep-wake structure. In the acute phase of HIE,
human neonatal sleep shows a decrease in the proportion of REM and an increase in the proportion of NREM and wake,6

and similar results were found in our HIE model of neonatal rats.
In our study, the duration of REM sleep between P4 and P8 was lower in the HI group than that in the sham group,

but the NREM bout lengths remained unchanged at P4. In infants, REM sleep bout lengths are shorter and NREM sleep
bout lengths remain unchanged in the asphyxia group during the first 3 days after birth.6 In neonatal animal models, the
development of neural activity sensorimotor depends more on REM sleep compared with wakefulness.18–20

Consequently, changes (sleep deprivation or suppression) in sleep patterns can impair synaptic plasticity and cortical
activity levels.21,22 In human infants, somatotopic cortical activity and learning are associated with sleep activity
induction.23,24 In human adults, the locus coeruleus activity plays a key role in promoting wakefulness, while inhibition
of its activity fosters REM sleep.25,26

In neonatal animals, this spontaneous firing is very low, which partly explains the dominance of REM sleep in human
premature and term infants. Developing neonatal rodents show a graduated increase in arousal and wake-bout duration.27–29

Increased locus coeruleus neuronal firing can promote wakefulness by pressing noradrenergic inhibition in the ventrolateral
preoptic area of the hypothalamus.25,30 Therefore, with the increase in age, the increased firing rate of the locus coeruleus
and the noradrenergic innervation of brain may be the reasons for the increase in wakefulness with maturation.31,32 This
may explain why the percentage and duration of wakefulness increased at P12.

Sleep-wake cycles in human infants have been related to cognitive performance and sensorimotor outcomes.33–35 The
development and length of sleep-wake cycles are also influenced by neurologic injuries in human preterm and term
infants.6,36 In animal models, it has been demonstrated that although the locus coeruleus neurons have low firing
frequency, these neurons can fire strongly following nociceptive stimuli.37–39 Reciprocal stimulation occurs between

Figure 7 Changes in duration of sleep–wake (S–W) cycles on different postnatal days in the sham group and HI group. The y-axis represents the duration of S-W cycles on
different postnatal days (x-axis) in sham and HI group neonatal rats. The comparison between the HI group and the sham group is depicted in *, * P< 0.05.
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corticotropin-releasing hormone (CRH) release and locus coeruleus neuronal firing and between CRH release and the
orexinergic neuronal activity, which increases locus coeruleus firing.40–43 This is consistent with results that wakefulness
can be triggered by nociception in human infants.17,44 In our study, the percentage of wake time in the pups in the HI
group was significantly increased after HI induction. This indicated that HI brain injury may prolong wakefulness by
influencing these positive feedback circuits.

Overall, our findings of the HIE model in neonatal rats correlate with most features of the EEG and sleep-wake
patterns of human preterm infants of previous studies. However, this study had some limitations. First, the recording
length was inadequate to acquire more sleep-wake cycles, as neonatal rat pups must live with their mothers for
breastfeeding support and cannot be separated from the dam for a long time. Although it has been studied that short-
period newborn neonatal sleep-wake recording can represent long-term recordings,45 future studies should aim to
develop smaller radio electrodes and record EEG data from multiple brain regions for 24 hours to ideally obtained
serial data and more detailed information. A second limitation is that recordings were only performed during the light
phase, which may result in secondary to circadian rhythms bias. However, previous studies have indicated that rats
mostly do not manifest consolidated circadian rhythms before P17.46,47 Studies of sleep-wake cycle can support a relative
accurate classification of neonatal encephalopathy that does not meet standards for HIE.6 Despite this limitation, our
technique for obtaining EEG and EMG data of neonatal rats allowed repetitive, longitudinal sleep-wake assessments
during the crucial period of brain development and the early period effects of HIE disease.

Abbreviations
EEG, electroencephalogram; EMG, electromyogram; HI, hypoxia-ischemia; HIE, hypoxic-ischemic encephalopathy;
NREM, non-rapid eye movement; REM, rapid eye movement.
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