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Abstract: During the transition from neonate to adulthood, brain maturation establishes coherence
between behavioral states —wakefulness, non-rapid eye movement, and rapid eye movement sleep.
Few studies have characterized and analyzed cerebral rhythms and the sleep-wake cycle in early
ages, in relation to adulthood. Since the analysis of sleep in early ages can be used as a predictive
model of brain development and the subsequent emergence of neural disturbances in adults, we
performed a study on late neonatal and adult wild-type C57BL/6 mice. We acquired longitudinal
24 h electroencephalogram and electromyogram recordings and performed time and spectral anal-
yses. We compared both age groups and found that late neonates: (i) spent more time in wakeful-
ness and less time in non-rapid eye movement sleep, (ii) showed an increased relative band power
in delta, which, however, reduced in theta during each behavioral state, (iii) showed a reduced rel-
ative band power in beta during wakefulness and non-rapid eye movement sleep, and (iv) mani-
fested an increased total power over all frequencies. Given the mice-human age equivalence, the
data presented here might have implications for the clinical context in the analysis of electroenceph-
alogram and sleep-based early and late diagnosis after injury or neurodegeneration.

Keywords: brain; sleep disorders; electroencephalogram; biomarkers; neurodegeneration; Alz-
heimer’s disease; Parkinson’s disease

1. Introduction

Sleep is a state of cerebral activity that is regulated by different brain structures, in-
cluding the hypothalamus, brain stem, and basal ganglia. The time and depth of sleep is
influenced by the circadian rhythm and the duration of previous wakefulness. The sleep—
wake cycle is controlled by the suprachiasmatic nuclei (SCN) of the hypothalamus, which
aligns a central circadian clock with the light/dark cycle [1]. Sleep plays an important role
in neonatal development by promoting learning and memory consolidation [2,3]. Studies
in rodents have shown that sleep facilitates neural maturation and prevents apoptosis in
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developing brains [4,5]. Brain maturation establishes coherence between behavioral
states—wakefulness, non-rapid eye movement (NREM), and rapid eye movement (REM)
sleep. During development, the time spent in REM sleep slowly decreases, while time
spent in wakefulness and NREM sleep increases [2,6,7].

The involvement of NREM and REM sleep in human brain physiology can be in-
ferred by the comorbidity of sleep disorders (SDs) in a great majority of cerebrovascular
and neurodegenerative disorders (NDs). Similarly, NREM and REM impairment have
been shown to precede the subsequent development of many brain disorders [8-10]. For
example, in Alzheimer’s disease (AD), the most common cause of dementia in older
adults, sleep is highly fragmented, with a circadian disruption leading to daytime hyper-
somnia and nighttime insomnia. In Parkinson’s disease (PD), it is known that neuronal
death in the substantia nigra pars compacta (SNpc) is linked to a reduced amount of time
spent in REM sleep [11], which is accepted to be a supportive diagnostic criterion, and
increased sleep fragmentation has also been reported [8,9,11].

Changes in the sleep—wake cycle are identifiable by dynamic variations in the elec-
troencephalogram (EEG) band powers. An increase in the low-frequency bands, such as
delta () and theta (0), has been linked to sleep. Specifically, an increase in d corresponds
to NREM sleep, while an increase in both 6 and 0 corresponds to REM sleep [12]. High-
frequency bands, such as alpha («), beta (3), and gamma (), are associated with wakeful-
ness and cognitive function [12]. Abnormal cerebral rhythms have been also found in a
variety of NDs. For example, AD mouse models exhibit a decrease in low band frequen-
cies (0 and 0) and an increase in high band frequencies (a and ) [13]. A recent longitudi-
nal study on PD patients suggests increased 0 band power and decreased dominant
(peak) frequency as biomarkers for disease progression, given their correlation with cog-
nitive decline. PD features an EEG shift to low band frequencies [14].

Sleep disorders might predict the functional outcome in several pathologies, but
early EEG/sleep abnormalities might be associated with the initial impairment of neural
networks before clinical signs manifest [8,10]. In a pioneer study, poor linguistic ability in
early life was translated into poor cognitive function and dementia six decades later [15].
This was hypothetically related to the appearance of subtle neuropathologic changes in
early life that conditioned the brain’s evolution towards dementia and AD. Thus, features
extracted from brain activity and sleep-wake cycles in rodent models might be relevant
as diagnostic biomarkers for neurodegeneration. However, very few studies have charac-
terized and analyzed these features in the neonatal stage, in relation to adult age. Better
knowledge concerning the homeostatic EEG rhythms and light/dark-induced sleep-wake
cycle in healthy rodents might provide clues during the neonatal-adult transition and
help us to understand how specific brain pathologies might impair these homeostatic sig-
nals at a very early age before abnormal sensorimotor and cognitive dysfunctions take
place under injury and neurodegeneration.

2. Materials and Methods

Animals. Male C57BL/6 mice were housed under 12-h light/dark phases with food
and water ad libitum. Mice were manipulated by male and female experimenters. All ex-
periments were conducted with the approval of the Research Ethics Committee at the
Universidad Politécnica de Madrid, Madrid, Spain, and complied with local and national
ethical and legal regulations regarding the use of mice in research.

Surgery. Neonatal mice received surgery for placement of EEG electrodes at the age
of 30 days, and adult mice at the age of 3 months. Starting from the day of surgery, each
animal was housed in a separate cage. Surgery was performed under anesthesia (keta-
mine, an NMDA receptor antagonist; Imalgene, Merial, Lyon, France, 80 mg/kg, i.p.) and
tranquilizer (xylazine, alpha-2 adrenergic receptor agonist; Rompun, Bayer, Leverkusen,
Germany, 10 mg/kg, i.p.). Once pedal withdraw reflex ceased, the skin was prepared with
iodopovidone (Betadine, Avrio Health L.P., Stamford, CT) and alcohol wipes. After a
small midline vertical incision to expose the skull was made, small craniotomies were
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performed at electrode locations (specified below) using a dental drill (NSK, Tokyo, Japan,
MIO-230). In total, five electrodes were implanted. Two stainless steel screw electrodes
(Plastics One Inc., Roanoke, VA, USA) were implanted into the skull over the left and right
frontal cortex (AP +0.5 mm; L +2.0 mm from bregma) as surface EEG recording electrodes.
One stainless steel screw electrode was implanted in the neck muscle as an EMG recording
electrode. Two additional stainless steel screw electrodes were placed over the left and
right parietal cortex (AP -3.0 mm; L +2.0 mm from bregma) as ground and reference elec-
trodes, respectively. Once the skull dried, the coated portion of the wires was secured to
the skull using gel glue (Henkel, Diisseldorf, Germany, Loctite 454) and was covered with
dental cement (DuraLay, Lancashire, United Kingdom, Inlay Pattern Resin Powder and
Liquid). The wires were connected to the header (Plastics One Inc., Roanoke, VA, USA,
MS363), which was angled towards the ceiling. Mice received buprenorphine (0.05 mg/kg)
and recovered in a warmed chamber for one hour prior to returning to a standard housing
environment.

EEG and EMG recordings. Longitudinal EEG and EMG recordings were acquired in
24 h sessions and split into 12 h light/dark phases. Mice were transferred to the recording
room one week prior to recording sessions to allow for recovery and habituation. Freely
moving mice were placed in a circular cage with a standard housing environment with
food and water ad libitum. A flexible cable was attached to the header (Plastics One Inc.,
Roanoke, VA, USA) on the head and connected to single-channel AC amplifiers (Grass,
West Warwick, RI, USA, 78D) that included 50 Hz. notch filter for power line frequency
removal. Bilateral cortical EEG signals and EMG signal were acquired using the right pa-
rietal electrode as a reference and the signals amplified at 8.000X with 0.3-100 Hz. (EEG)
and 30-100 Hz. (EMG) band-pass filters (CyberAmp, Axon Instruments, San Jose, CA,
USA, 380). Signals were analog-to-digital converted (National Instruments, Austin, TX,
USA, BNC-2090A) at a sampling frequency of 500 Hz. and recorded with LabVIEW Bio-
medical Toolkit software (National Instruments, Austin, TX, USA).

Sleep—-wake analysis. Behavioral states (wakefulness, NREM, and REM sleep) were
determined by the analysis of EEG and EMG recordings with AccuSleep [16], a mouse-
specific, semi-automated sleep-wake scoring algorithm written in MATLAB (The Math-
Works, Natick, MA, USA, R2018b). The epoch length was set to 2.5 s. First, 24 h signal
integrity and cleanliness (lack of noise) was confirmed. Second, some epochs of each state
were scored manually by an expert scorer according to standard criteria. Third, these
epochs were used for subject-specific calibration, namely the computation of mixture z-
scoring parameters. Fourth, we performed the automated classification of behavioral
states with the neural network provided with the package, which was trained and vali-
dated on data scored at the same epoch length. Fifth, we revised manually the classifica-
tion. For spectral analysis, we calculated the power within the 0-250 Hz. frequencies with
375 bin size (the frequency resolution of each spectral line equals 0.666 Hz.).

3. Results

In this work, we analyzed the sleep—wake cycle and characterized the patterns of
electrical activity in late neonatal and adult mice [17].We used C57BL/6 mice, a preclinical
strain very often used in neurobiology to model several neuropathological conditions, in-
cluding NDs. For this, we acquired longitudinal EEG and EMG recordings in 24 h ses-
sions, split into 12 h-light and 12 h-dark phases, during two consecutive days per week,
for two weeks (Figure 1A). Behavioral states (wakefulness and NREM and REM sleep)
were determined by spectral analysis of EEG and EMG recordings in neonatal (Figure 1B)
and adult (Figure 1C) mice. Note that neonatal mice showed signal amplitudes that were
2.5 times greater than adult mice, which translated into higher EEG total powers (Figure
1D). In addition, neonatal mice showed increased power in the 12 h-dark phase, compared
to the 12 h-light phase. In adult mice, the total power remained constant throughout the
recording sessions in both the 12 h-light and 12 h-dark phases.
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Figure 1. Electroencephalogram (EEG) and electromyogram (EMG) recordings in neonatal and adult mice. (A) Experi-
mental design for EEG and EMG longitudinal recordings in mice. Following electrode implantation and a post-surgical
recovery period, mice were recorded during two consecutive weeks in continuous 48 h recording sessions per week. (B,C)
Representative 5 s EEG and EMG traces of behavioral states (wakefulness, non-rapid eye movement (NREM), and rapid
eye movement (REM) sleep in neonatal (left) and adult (right) mice. (D) Bars represent the total power within the 0-100
Hz. frequencies in neonatal (left panel) and adult (right panel) mice. White or gray backgrounds represent 12 h-light or 12
h-dark phase, respectively. The graphs below show the total power as a function of the recording time in a 24 h period.
Data shown as mean + SEM of either 18 or 27 recordings retrieved from 6 neonatal or 11 adult mice, respectively.

This difference in total power between adult and neonatal mice might be explained
by the greater activity that neonatal mice undergo at night and by their developing brain.
In order to prove so, we performed a time analysis of the sleep—wake cycle. We confirmed
that the percentage of time spent in wakefulness was higher in neonatal than in adult
mice, and the opposite occurred in NREM sleep. We found that neonatal mice spent more
time in wakefulness than in NREM sleep during the 12 h-light phase, while adult mice
did not (Figure 2A vs. Figure 3A). Remarkably, we found no significant differences, be-
tween age groups, in the percentage of time spent in REM sleep, which was independent
of the light/dark cycle (Figure 2A vs. Figure 3A).
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Figure 2. Sleep—wake characterization in neonatal mice. (A) Percentage of time spent, (B) total number of epochs, and (C)
epoch length. White, black, and gray bars represent wakefulness, NREM, and REM sleep states, respectively. Parameters
in A, B, and C are calculated during a total of 12 h-light (white background) or 12 h-dark (gray background) phases (left
panels) or across the recording time within the 24 h period (right panels). (D) Probability of behavioral state transitions
for every hour during the recording session (1-24 h). Left panel: From wakefulness into NREM and REM sleep. Middle
panel: From NREM sleep into wakefulness and REM sleep. Right panel: From REM sleep into wakefulness and NREM
sleep. White, black, and gray circles represent wakefulness, NREM, and REM sleep states, respectively. Data shown as

mean + SEM of 18 recordings retrieved from 6 neonatal mice.
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Figure 3. Sleep-wake characterization in adult mice. (A) Percentage of time spent, (B) total number of epochs, and (C)
epoch length. White, black, and gray bars represent wakefulness, NREM, and REM sleep states, respectively. Parameters
in A, B, and C are calculated during a total of 12 h-light (white background) or 12 h-dark (gray background) phases (left
panels) or across the recording time within the 24 h period (right panels). (D) Probability of behavioral state transitions
for every hour during the recording session (1-24 h). Left panel: From wakefulness into NREM and REM sleep. Middle
panel: From NREM sleep into wakefulness and REM sleep. Right panel: from REM sleep into wakefulness and NREM
sleep. White, black, and gray circles represent wakefulness, NREM, and REM sleep states, respectively. Data shown as

mean + SEM of 27 recordings retrieved from 11 adult mice.

Hourly data trends during the recording session confirmed that both neonatal and
adult mice, overall, (i) spent more time sleeping during the 12 h-light phase, and (ii) spent
more time awake during the 12 h-dark phase (Figure 2A vs. Figure 3A). This behavior is
expected due to rodents being prey and avoiding diurnal predators. Note that the trends
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slightly shift a few hours before the phase transitions, meaning that the circadian cycle is
synchronized with the external conditions. In order to understand these results, we com-
puted the number of epochs and the epoch lengths that corresponded to each behavioral
state. In neonates (Figure 2B,C), the number of epochs for each behavioral state, especially
for wakefulness, decreased during the 12 h-dark phase. Wakefulness epochs were longer
at nighttime than they were at daytime, while those of NREM and REM sleep remained
steady. In adults, the number of epochs for each behavioral state tended to reduce during
the recording session, showing slightly higher values at daytime than those at nighttime
(Figure 3B,C). Wakefulness epochs were longer at nighttime than they were at daytime,
contrary to NREM sleep epochs. Note that NREM sleep epochs were prolonged at day-
time and were only slightly shorter at nighttime. Collectively, comparing neonatal and
adult mice, we noticed that neonatal mice showed longer wakefulness epochs, especially
at nighttime, and shorter REM sleep epochs, overall (Figure 2C and Figure 3C). As for the
number of epochs, neonatal mice showed a slight reduction for each behavioral state, es-
pecially at nighttime, correlating with the phase transition (Figure 2B and Figure 3B).

The probability of transitions in behavioral states was similar in both neonatal and
adult mice (Figure 2D and Figure 3D). Hourly data trends during the recording session
showed mid-phase (6 hours elapsed time) shifts, which confirmed the higher probability
of transitions from NREM sleep to wakefulness than from NREM to REM sleep (86% vs
14%, for neonates), from wakefulness to NREM sleep than from wakefulness to REM sleep
(88% vs. 12%), and from REM sleep to wakefulness than from REM to NREM sleep (91%
vs. 9%). That is, transitions between behavioral states in mice shift in periods of 6 hours
from the start or end of the light phases, reaching mid-phase plateaus. Thus, the sleep-
wake cycle slowly adapts to the external changes and prepares for the next state.

Next, we performed a spectral analysis of the sleep-wake cycle in order to examine
the behavior of neonatal and adult mice with respect to the patterns of brain rhythmicity.
We found brain maturation signs associated with the EEG relative power within the 0-35
Hz. frequencies for each behavioral state during the 12 h-light and 12 h-dark phases (Fig-
ure 4A). While intragroup (comparing a single age group) behavior did not differ, inter-
group (comparing both age groups) behavior did. Adult mice showed the expected trends
for relative power (Figure 4A): wakefulness was predominantly characterized by d
rhythms and a smaller  component, NREM sleep showed a predominant & component,
and REM sleep featured a strong O component. The differences between neonatal and
adult mice were the following (Figure 4A): in neonatal age, each behavioral state showed
(i) a stronger d component, especially during wakefulness and NREM sleep, and (ii) a
reduced 6 component, especially during wakefulness and REM sleep. In order to evaluate
these differences more closely, we computed the behavioral-state-dependent relative
band power for neonatal and adult mice (Figure 4B). There were no remarkable differ-
ences in the relative band power between both light phases for any frequency band within
either age group. Within the delta (d) frequency band, neonates were characterized by a
greater relative power than adults for each behavioral state. Wakefulness showed the
greatest relative power, followed closely by that of NREM sleep. Within the theta (0) fre-
quency band, we found the opposite pattern: adults were characterized by a higher rela-
tive power than neonates for each behavioral state. REM sleep showed the greatest rela-
tive power. Within a (and {3, during wakefulness and NREM sleep) frequency bands, we
concluded the same as for the 0 frequency band upon the neonate—adult pattern, but with
overall smaller relative band powers for each behavioral state (Figure 4B and Figure Al).
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Figure 4. Sleep-wake EEG spectra during behavioral states in neonatal and adult mice. (A) Influence of light/dark cycle
in the relative power of EEG during behavioral states in neonatal (top panels) and adult (bottom panels) mice. (B) Relative
band power of EEG in delta (), theta (0), and beta (3) during behavioral states. Data shown as mean + SEM of either 18
or 27 recordings retrieved from 6 neonatal or 11 adult mice, respectively.

Although the contribution of sigma (o) and vy frequency bands was very small, no-
ticeable intergroup differences were that adults showed a stronger o component during
NREM, and a stronger y component during wakefulness (Figure Al). Overall, we con-
cluded that neonatal mice showed an increased relative d band power, and a decreased
relative O (and 3, during wakefulness and NREM sleep) band power, in comparison to
adult mice.

4. Discussion

A deeper understanding of sleep during the transition from early to adult ages might
help us to better understand brain development and even to identify biomarkers that can
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be studied in ND models with relevance in a clinical context. In this sense, only a few
studies have analyzed sleep in neonatal mice. A pioneer study in 1985 compared the
sleep-wake cycle of early neonatal C57BL/6 and BALBc mice aged 5-28 days [4]. More
recently, in 2018, a study compared the sleep—wake cycle of early neonatal C57BL/6 and
CD-1 mice aged 7 and 14 days [2] and another research compared mice with mixed genetic
background (SV129/CDA/C57), aged 9-21 days [18], and revealed their sleep—wake cycle
neonatal evolution through a spectral analysis of EEG and EMG, reporting that behavioral
states were not reflected in EEG until the 12th postnatal day. In 2013, the sleep-wake cycle
of adult and old C57BL/6 mice aged 2—4 and 22-24 months was compared, concluding an
increased sleep fragmentation with aging [19]. A more recent, similar study of C57BL/6
mice aged 3 and 12 months confirmed this conclusion and, more importantly, added it to
the statement that adult mice show several common features with human sleep with ag-
ing, such as an increased time spent sleeping and increased time spent awake during the
active and inactive phases, respectively [20]. Nevertheless, and to our knowledge, no spe-
cific EEG analysis regarding the late neonatal-adult transition (equivalent to pediatric—
adult human ages) has been performed in the C57BL/6 strain, a genetic background that
has been extensively introduced into wild-type and genetically modified mice to mimic
cerebrovascular diseases and NDs [21-23]. Therefore, in this study, we characterized the
sleep-wake cycle and electrical brain activity of mice in two different age groups: (i) neo-
natal mice aged 30 days, equivalent to human infants aged 8 years, and (ii) mice aged 3
months, because of their correlation with human adults aged 22 years [17].

Neonatal mammals spend more time in REM sleep, a fact that is probably linked to
the development of neuronal circuitry [2,6,7,24]. Early neonatal humans spend 50% of
their time in REM sleep at birth, but 40% at 3-5 months and 30% between 1 and 2 years
[25]. However, in our case, we did not detect differences in the time spent in REM sleep
between neonatal and adult mice. This fact is probably ascribed to the time of the EEG
recording in late neonatal mice (30 days), a time point that probably reflects maturity suf-
ficiently for REM sleep to not be as dominant as in early neonatal mice.

By contrast, our results showed a behavioral-state-independent reduction in 6 band
frequencies in late neonatal mice with respect to adult mice. While the EEG analysis dif-
fered, our results are in agreement with [18,19] for neonates and adults, respectively, and
are consistent with the hypothesis that 6 band components develop at a later, juvenile
stage, which is similar to humans [25].

It has been previously described that total power increases with maturation in early
neonatal mice, but this was not compared to adult mice [18]. Our results point to a greater
total power in late neonatal mice than in adult mice. That is, total power would be very
low in infant mice. In early neonatal mice, it would steadily increase up to the late neonatal
stage. At this time, the total power would be very high. Eventually, at a later, juvenile
stage, the total power would drop to typical adult amplitudes. We hypothesize that aging
would also have an effect on total power so that the amplitudes shown in elderly mice
might differ to those in adults. This is supported by [26], carried out in healthy humans,
which found age-dependent changes in EEG complexity, and band powers. Namely, they
showed a parabolic evolution of fractal dimension (and therefore, band powers) with ag-
ing.

Four main experimental findings can be extracted from our study (Figure 5). Late
neonatal mice (i) spent more time in wakefulness and less time in NREM sleep than adult
mice, (ii) showed a reduced relative 6 band power compared to adult mice, as well as an
increased relative 6 band power in neonatal mice compared to adult mice, (iii) showed a
reduced relative band power in 3 during wakefulness and NREM sleep, and (iv) showed
a higher total power over all frequencies.

Our conclusions agree with those presented by [18], regarding the relative d and 0
band power, and by [26], regarding the relative 3 band power, and provide additional
insights into late neonatal development and a comparison with adult features, also in
agreement with [19,20]. Our methodology is confirmed with the results on adult C57BL/6,
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and provides novel data regarding late neonatal C57BL/6. Conceptually, these sleep—wake
cycle differences are linked to brain maturation, since, overall, the brain shifts to higher
frequencies through the neonatal-adult transition [7,18,27].
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Figure 5. Main findings on the sleep-wake cycle patterns during neonate to adult transition. Data shown from the 12 h-
light phase, whose trends are representative of those from the 12 h-dark phase. (A) Late neonatal mice spent more time in
wakefulness and less time in NREM sleep. (B) Late neonatal mice showed an increased relative d band power, and a
reduced relative 0 band power—and 3 band power during wakefulness and NREM sleep —compared to adult mice. Data
shown as mean + SEM of either 18 or 27 recordings retrieved from 6 neonatal or 11 adult mice, respectively.
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In advanced phases of ND, EEG and sleep abnormalities might serve as diagnostic
features, and may aid in predicting functional outcomes of disease progression. Two re-
cent epidemiologic studies, one longitudinal and the other cross-sectional, found that (i)
midlife insomnia is associated with a higher risk of late-life dementia [28], and (ii) insom-
nia in individuals at risk of AD is associated with both cognitive and brain structural pat-
terns, respectively [29]. It remains to be studied whether these brain structural differences
are caused by sleep disturbance itself or whether they are due to a higher vulnerability
resulting from other traits.

Moreover, early-life EEG analysis might constitute an under-explored biomarker
with the potential for preclinical and prodromal diagnosis in NDs. A study in children
aged 2-8 years with a follow-up of 3 years found that NREM sleep is a necessary compo-
nent to brain maturation; namely, the ratio of frontal/occipital slow wave activity is an
EEG biomarker that predicts myelin content [30]. Another study in Tg2576 transgenic
mice aged 1.5 months, a prodromal asymptomatic age, found that neurogenesis is altered
as an early event in AD prior to A3 accumulation and neurodegeneration [31]. These stud-
ies support the idea that EEG biomarkers in neonates might be of interest as predictors of
abnormal brain development that might end up in neural impairments and symptoms of
NDs in adulthood. For this purpose, it is necessary to understand the development of
EEG-based biomarkers and sleep—wake cycle in healthy. In future studies, we propose to
use the methodology presented in this study for comparison of these biomarkers in ND
models with the C57BL/6 background.
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Figure A1. Relative band power of EEG during behavioral states in neonatal and adult mice. Relative band power of EEG
in alpha (a), sigma (o), and gamma (y) during behavioral states. Data shown as mean + SEM of either 18 or 27 recordings
retrieved from 6 neonatal or 11 adult mice, respectively.
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