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Abstract
Study Objectives:  In this study, we (1) describe sleep behavior and architecture, and (2) explore how sleep is regulated in 
dusky antechinus (Antechinus swainsonii), a small insectivorous marsupial. Our aim is to provide the first investigation into 
sleep homeostasis in a marsupial.

Methods:  Wild-caught male dusky antechinus (n = 4) were individually housed in large indoor cages under a natural 
photoperiod of 10.5 h light/13.5 h dark. Continuous recordings of EEG, EMG, and tri-axial accelerometry were performed 
under baseline conditions and following 4-h of extended wakefulness.

Results:  Antechinus engage in SWS and REM sleep. Some aspects of these states are mammal-like, including a high 
amount (23%) of REM sleep, but other features are reminiscent of birds, notably, hundreds of short sleep episodes (SWS 
mean: 34 s; REM sleep: 10 s). Antechinus are cathemeral and sleep equally during the night and day. Immediately after the 
sleep deprivation ended, the animals engaged in more SWS, longer SWS episodes, and greater SWS SWA. The animals did 
not recover lost REM sleep.

Conclusions:  Sleep architecture in dusky antechinus was broadly similar to that observed in eutherian and marsupial 
mammals, but with interesting peculiarities. We also provided the first evidence of SWS homeostasis in a marsupial 
mammal.
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Statement of Significance
Few studies exist on sleep, and none on sleep regulation, in marsupials. Here, we describe sleep architecture and homeo-
stasis in a small, Australian marsupial, the dusky antechinus. SWS and REM sleep in antechinus resemble the sleep states 
of eutherian and marsupial mammals, while other features, such as the presence of hundreds of short sleep bouts, more 
closely resemble sleep in birds. Antechinus are cathemeral with great between-individual variation in the timing, but not 
amount, of sleep. Following 4-h of sleep deprivation, antechinus engaged in more SWS, longer SWS episodes, and greater 
SWS SWA; however, they did not show any REM sleep rebound. Future studies should investigate whether REM sleep in-
creases following longer periods of sleep loss in marsupials.
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Introduction
Sleep is an essential animal behavior characterized by restful-
ness and reduced responsiveness. All animals studied thus far, 
from mammals and other vertebrates to the simplest inverte-
brates, have been shown to spend part (or even most) of their life 
asleep [1–4]. This grand evolutionary persistence suggests that 
sleep serves an important physiological function, or perhaps 
different functions in different species [5, 6].

Comparative studies can be a powerful approach to first 
capture the diversity of sleep behavior and physiology across 
animals, and then relate that diversity to sleep function. For in-
stance, mammals and birds have two kinds of sleep, slow-wave 
sleep (SWS) and rapid-eye movement (REM) sleep. Although 
much of what is known about sleep has been gleaned from the 
study of rodents and primates [1, 7, 8], studies of other mam-
mals and birds have revealed striking differences in sleep. For 
example, ruminants and other large mammals can sleep while 
standing [9–11], marine mammals can sleep while swimming 
[12, 13], some seabirds can sleep while flying [14], and mono-
tremes and ostriches exhibit a mixed SWS-REM sleep state 
[15–18]. In this way, the study of “nontraditional” animals has re-
sulted in new insight into conserved, and evolutionarily derived, 
features and phenotypes of sleep [19, 20].

One prominent feature of sleep thought to be tied to its func-
tion is sleep homeostasis. The daily amount of SWS and REM 
sleep is regulated, such that prolonged wakefulness results in an 
animal sleeping more, and, in the case of mammalian and avian 
SWS, sleeping more intensely. The intensity of SWS is measured 
by the incidence and/or amplitude of slow electroencephalo-
gram (EEG) waves, and quantified as EEG power density below 
4.5 Hz, called slow-wave activity (SWA). Under baseline (undis-
turbed) conditions, both nocturnal (e.g. rat [Rattus norvegicus], 
hamster [Mesocricetus auratus]) [7, 21, 22] and diurnal (e.g. chip-
munk [Eutamias sibiricus], humans) [23, 24] mammals show high 
SWA at the beginning of the main sleep period, which declines as 
sleep need dissipates. Conversely, in species with no preference 
to sleep during the day or night, such as the rabbit (Oryctolagus 
cuniculus) [25], guinea pig (Cavia porcellus) [26], and blind mole 
rat (Spalax ehrenbergi) [27], the decline of SWS-related SWA is 
less clear. Nonetheless, following experimental increases in the 
duration of wakefulness, SWA is highest at sleep onset and de-
clines as SWA-rich SWS accrues. Such SWS homeostasis has 
been demonstrated in eutherian mammals, including mice (Mus 
musculus) [28], rats [29, 30], cats (Felis catus domesticus) [31–33], 
ferrets (Mustela putorius furo) [34], rabbits [25], tree shrews (Tupaia 
belangeri) [35], and squirrel monkeys (Saimiri sciureus) [36]. While 
eutherian-like SWS homeostasis has also been shown in birds 
[14, 37–43], no studies have examined sleep regulation in marsu-
pials or monotremes.

REM sleep homeostasis has also been demonstrated in many 
[25, 44–46], but not all [47], eutherian mammals and birds [37, 38, 
48, 49]. Following sleep loss, the amount of REM sleep has been 
shown to increase while the animal recovers REM sleep lost 
during the deprivation procedure. However, unlike SWS, there 
does not appear to be an intensity dimension to REM sleep [7].

To the best of our knowledge, no study has yet investigated 
sleep homeostasis in marsupials. Some (but few) studies have 
investigated (1) the behavior and/or electrophysiology of SWS 
and REM sleep in marsupials, notably the red kangaroo (Megaleia 
rufa) [50], common opossum (Didelphis marsupialis) [51, 52], 

little water opossum (Lutreolina crassicaudata) [53], and brush-
tail possum (Trichosurus vulpecula) [54]; (2) the influence of food 
distribution on sleep and circadian rhythm of the long-nosed 
potoroo (Potorous tridactylus) [55]; and (3) the ontogenesis of sleep 
states in the North American opossum (D. virginiana) [56]. Here, 
we provide the first data on sleep behavior and physiology in 
antechinus, and we manipulate prior sleep/wake history to ex-
plore how SWS and REM sleep are regulated in these Australian 
marsupials.

Methods

Animals and housing conditions

Four male dusky antechinus (Antechinus swainsonii) were 
wild-caught at two different localities in the Otway National 
Park in south-east Australia (38°45�S, 143°32�E) in March 2019 
and transported to La Trobe University in Melbourne. All animals 
were approximately 6 months old. Age was estimated based on 
the life-history of antechinus, in which males have a lifespan of 
11 months and die at the end of an intense breeding season to-
wards the end of August; conversely, some females produce one 
litter every year until the age of 2 or 3. Mean body mass at the 
time of study was 67.3 ± 2.8 g.

Animals were housed individually in rectangular enclosures 
(129 × 85 × 43 cm high) with a mesh-covered roof to allow illu-
mination and ventilation, and were elevated 1 m off the ground. 
The floor of each enclosure was covered with sawdust, leaf 
litter, and natural debris, and enriched with a wooden nest box 
(30 ×  19 ×  22 cm high) along with dry eucalypt leaves as bed-
ding material. Structural complexity was added using thick tree 
branches and bark to create a more natural environment. Each 
enclosure was equipped with two infrared video cameras, one 
facing the nestbox and the other inside the nestbox. Clean water 
was provided ad libitum and food (Wombaroo Small Carnivore 
Mix, Wombaroo Food Products, Australia) was prepared daily. 
The quantity of food provided was based on each individual’s 
body mass and adjusted to ensure that excess food was al-
ways available. Live mealworms and crickets were provided 
every second day for additional enrichment. Feeding and spot 
cleaning were performed in the morning between 0900 h and 
1000 h. Antechinus were maintained on a natural photoperiod 
with lights-on at 0700 h and off at 1730 h; a window on one side 
of the room provided natural light (sunrise at 0705 h; sunset at 
1725 h). During the daylight hours, a quiet recording of native 
forest sounds was played to provide acoustic enrichment. The 
temperature in the room was set at 18 ± 5°C, similar to the out-
door temperature at the time of the experiment.

Electrodes implantation

We characterized sleep and wake using a combination of be-
havior (via video recordings) and physiology (electrographically). 
To record the latter, we performed a surgery using standard 
stereotaxic techniques to implant epidurally-seated cortical 
electrodes. Briefly, each antechinus was placed on a temperature-
controlled heating pad set at 36°C. The animal was anesthetized 
with isoflurane administered first in an induction chamber and 
then via facemask (4% for induction; 2% for maintenance in 1 
LPM O2). The cranium, exposed by a midline incision (circa 1 cm 
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length), was cleaned and dried using 3% hydrogen peroxide. 
Seven holes were drilled through the exposed cranium to the 
level of the dura. Four holes (0.45 mm diameter) were positioned 
symmetrically over the left and right hemisphere for recording 
the electroencephalogram (EEG). In three of the four animals, 
the anterior row was 2.5  mm caudal to bregma and the pos-
terior row was 2.0 mm rostral to lambda; owing to space con-
straints arising from a more pronounced temporalis muscle in 
one individual, the anterior row was 1.0 mm rostral to bregma 
and the posterior row was 3.0 mm rostral to lambda. These four 
holes were 1.2 mm, laterally, on either side of the midline. An 
additional hole was drilled over the right hemisphere for the 
ground. All electrodes were made of gold-plated, round-tipped 
pins connected to medical-grade electrode wire (AS633, Cooner 
Wire, USA). One stainless steel wire electrode was laid upon the 
nuchal (neck) muscle for the electromyogram (EMG), referenced 
to the posterior electrode over the right hemisphere. Two larger 
holes (1.6 mm diameter) were drilled near the center of the rect-
angular arrangement of EEG electrodes into which stainless-
steel bone anchor screws were inserted. All six wires were held 
in place with a small amount of super glue and soldered to a 
small (6 mm) connector fixed to the top of the head with dental 
acrylic (Paladur, Heraeus Kulzer, Germany). The incision site was 
then closed (to the extent possible) and secured using non-toxic 
skin glue (Histoacryl, B.  Braun, Germany). Post-operative pain 
and inflammation were managed with meloxicam (0.2  mg/
kg, s.c.) administered before the surgery. Animals were given 
at least 8  days to recover from surgery prior to attaching a 
“dummy” logger to the headplug. The nonfunctional dummy 
logger matched the size and mass of the real data logger, which 
was 2.6 g (less than 5% of total body mass).

All procedures were approved by the: (1) La Trobe University 
Animal Ethics Committee (AEC 18067), (2) Department of 
Environment, Land, Water and Planning, and (3) National Parks 
(permit no. 10007988).

Experimental procedure

A survey of wild populations of antechinus suggests that they 
are cathemeral. Specifically, a multi-year trapping study found 
that dusky antechinus were equally likely to be captured during 
the day as during the night, suggesting that the animals can be 
active around-the-clock [57]. To determine the most appropriate 
time (if any) for a sleep deprivation, we recorded baseline pat-
terns after one-week of habituation to the dummy logger. In 
doing so, we identified a great deal of between-individual vari-
ation in the timing of sleep and wakefulness (e.g., Supplementary 
Figure S1). Owing to this large variation, we opted for a daytime 
sleep deprivation between 1200 and 1600 h. The full experiment 
commenced at least two weeks after the dummy logger had 
been in place.

It is noteworthy that owing to the light weight of ante-
chinus, we had to use the lightest battery available for 
the head-mounted data logger (Neurologger 2A, Evolocus, 
Tarrytown, NY, USA; www.vyssotski.ch/neurologger2.html). 
The data loggers were powered by two 100 mAh zinc-air bat-
teries (P10, Power One), which enabled a maximum recording 
duration of circa 27 h. Consequently, with a 48-h experimental 
design, we had to retrieve the data logger, substitute the real 
logger for a dummy, download the data, and re-attach the 
original logger with new batteries to each animal halfway 

through the study. This meant we had an unavoidable 1.5  h 
gap in our recordings between 1130 and 1300  h. Therefore, 
the EEG/EMG recordings were obtained during two consecu-
tive 22.5-h periods starting at 1300 h. The first 22.5-h served 
as a baseline. On the second day, the animals were kept awake 
from 1200 to 1600 h via a combination of acoustic stimuli, pro-
viding live food, and gentle handling. At the end of this 4-h 
protocol, the antechinus were left undisturbed until the end of 
the experiment at 1130 h the following day. Note that animals 
were made accustomed to daily handling, at the correct times, 
one week prior to starting the experiment so that handling 
during the experiment would not be unusual.

EEG recordings and sleep scoring

EEG/EMG recordings were made by the Neurologger 2A. The 
Neurologger has an inbuilt tri-axial accelerometer to record 
head accelerations in three dimensions. All bioelectric sig-
nals were sampled at 100 Hz. Recordings were manually 
scored by the same observer (E.Z.) using RemLogic (RemLogic 
v.  3.4.4, Natus Neuro, USA). Brain state (wake, SWS, REM 
sleep) was determined for each 4-s epoch using the EEG, EMG, 
and accelerometry data with the aid of video recordings. 
Wakefulness was characterized by coordinated body move-
ments, elevated muscle tone, and, when free from movement-
related artefacts, relatively low-amplitude, high-frequency EEG 
activity. Epochs were scored as SWS when more than half of 
an epoch showed low-frequency activity with an amplitude at 
least twice that of quiet wakefulness; the emergence of SWS 
was typically preceded by behavioral signs of sleep, such as 
immobility and a curled sleep posture, and associated stable, 
reduced muscle tone. REM sleep was characterized by wake-
like EEG activity, but often occurring with reduced muscle tone 
from the preceding SWS level.

Spectral and statistical analyses

Fast Fourier Transforms were performed on all 4-s epochs of 
the right hemisphere EEG data to calculate SWS SWA (0.78–4.30 
Hz) and spectral power density for quiet wakefulness, SWS, 
and REM sleep in 0.39 Hz bins between 0.78 and 25 Hz. Epochs 
containing artefacts, and transitional epochs, were visually de-
tected and excluded from all spectral analyses. Artefacts were 
few in the sleep EEG data, typically limited to a twitch or subtle 
movement causing a solitary high-voltage spike. Conversely, 
artefacts were prevalent during wakefulness. Periods of active 
wakefulness were characterized by modulating accelerom-
eter signals, supported by high and variable muscle tone, and 
the EEG showed blasts of high-voltage activity. Consequently, 
in awake antechinus, 90% of the EEG signal was not suitable 
for spectral analysis (range 82%–95%). The 5%–18% remnant of 
clean signal constituted quiet wakefulness arising from pauses 
in locomotion or immediately prior to sleep onset.

SWA and spectral power density were analyzed by averaging 
the 4-s epochs over 1.5-h and 4.5-h time bins, respectively. Power 
was expressed as a percentage of the 22.5-h baseline SWS mean 
(for SWA) and as the SWS mean per frequency bin (for spec-
tral power density). All statistical analyses were performed in R 
Statistical Environment (R Development Core Team 2013) using 
either one-way analysis of variance (ANOVA) followed by post 
hoc t-tests, or paired t-tests, as specified below.
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Results
Few recordings of sleep behavior and physiology have been 
made on marsupials [1]. Therefore, we begin by describing sleep 
states in antechinus under baseline conditions. We then quan-
tify the efficacy of our sleep deprivation protocol, and detail the 
response of the animals. Specifically, we report on the amount 
of each state, the duration and number of state bouts, changes 
in SWS-related SWA, and comment on spectral power density 
patterns.

Sleep architecture

Similar to other mammals, awake antechinus were typically 
characterized by opened eyes and a high amount of activity 
as animals walked, jumped, climbed, groomed, and fed, as ob-
served in the video and accelerometry recordings (Figure 1). This 
exertion was supported by the highest and most variable muscle 
tone (Figure 2a). During such times, the EEG was often contam-
inated by high neck muscle activity; however, when the animal 
stopped moving, the EEG was characterized by low voltage, high 
frequency waves. Prior to sleep onset, antechinus would care-
fully organize leaves in the nesting site, and groom. They would 
then assume a curled-up posture, tucking the head under the 
body. After a short period of immobility (ap. 15 s), the animals 
would enter SWS. During SWS, the animal could be motionless 
or show shivering-like activity, as reflected in the accelerometer. 
Shivering-like activity occurred during the day and night, in all 
four antechinus, and during most, but not all, SWS episodes. 
In either case, the EEG was characterized by high amplitude 
slow-waves and sleep spindles (7–13 Hz). SWS would most often 
give way to REM sleep, characterized by wake-like brain waves, 
neck muscle hypotonia, intermittent twitching (visible only on 
the ear and leg), and a cessation of shivering-like movements 
(Figure 2b). Indeed, shivering did not occur during any REM sleep 
episode longer than 4 s. Muscle tone varied by state (F = 8.39, 
df  =  2.9, p  =  .009) with the highest tone during wakefulness, 
and the lowest tone during REM sleep (Figure 2c); EMG activity 
during REM sleep was lower than that during SWS (t  =  −6.55, 
df = 3, p = .007) and wakefulness (t = −3.53, df = 3, p = .039).

Under baseline conditions antechinus spent 47% of the 
22.5-h day asleep, of which 77% and 23% was SWS and REM 

sleep, respectively. The sleep pattern appeared to be cathemeral 
in that there was no significant difference between night and 
day in the proportion of time spent in each state, nor in the 
number and duration of state bouts (Figure 2d, Table 1). We ob-
served great between-individual variation in the timing, but not 
amount, of sleep and wakefulness (Supplementary Figure S1).

SWS and REM sleep episodes were short (34  ±  10  s and 
10 ± 1 s, respectively). Nonetheless, sleep bouts could last up-
wards of 10.3 (±3.2) min for SWS and 3.9 (±0.5) min for REM sleep. 
Long REM sleep bouts occurred after long periods of frequent 
switching between SWS and REM sleep, giving the subjective 
impression that the animal was struggling against entering REM 
sleep. In contrast, bouts of wakefulness were longer with an 
average duration of 10.2 (±4.8) min and maximum duration of 
83.7 (±3.6) min.

Effects of sleep deprivation/sleep homeostasis

We were successful at reducing sleep, shortening sleep episodes, 
and reducing the number of sleep bouts (Figure 3). REM sleep did 
not occur during the sleep deprivation procedure. When allowed 
to behave freely, the animals engaged in significantly more SWS. 
The increase in SWS was largely due to an increase in the dur-
ation of SWS episodes. The number of SWS bouts was intermit-
tently higher in the middle of the recovery night, and again after 
lights-on the following morning. Conversely, the amount of REM 
sleep, and the duration and number of REM sleep episodes, was 
unaffected by 4-h of enforced wakefulness.

Under baseline and recovery conditions, quiet wakefulness 
and REM sleep showed similar power spectra; during SWS, low-
frequency power spectra was highest (Figure 4, Supplementary 
Figure S2). We did not detect a theta rhythm during quiet wake-
fulness or REM sleep. When averaged over the baseline and re-
covery days, no effect of sleep deprivation was evident on the 
power spectra for any state. This interpretation changes, how-
ever, when looking at finer timescales.

SWS-related SWA under baseline conditions showed a daily 
fluctuation around the mean, with SWA higher during the day. 
During the sleep deprivation procedure, SWA reached its highest 
levels, but owing to between-individual variability in the mag-
nitude of the increase, the mean increase was not significant 

Figure 1.  State-dependent postures in dusky antechinus. Typical exploratory behavior during wakefulness (left) and species-specific sleep posture (right). In captivity, 

sleep occurred either in a leaf-litter nest they made themselves, or in the nestbox provided. Prior to falling asleep, each animal would organize the leaves and curl into 

a ball hiding the head under the body, or with only the nose hidden (behind the leg) and the closed eye visible. In general, the tail followed the round shape of the body 

and the tip was tucked under the head. Artwork by Damond Kyllo.

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/45/8/zsac114/6585950 by Sw

iss Archive (Tem
p) user on 15 Septem

ber 2022



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/45/8/zsac114/6585950 by Sw

iss Archive (Tem
p) user on 15 Septem

ber 2022



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/45/8/zsac114/6585950 by Sw

iss Archive (Tem
p) user on 15 Septem

ber 2022



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/45/8/zsac114/6585950 by Sw

iss Archive (Tem
p) user on 15 Septem

ber 2022



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/45/8/zsac114/6585950 by Sw

iss Archive (Tem
p) user on 15 Septem

ber 2022



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/45/8/zsac114/6585950 by Sw

iss Archive (Tem
p) user on 15 Septem

ber 2022



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/45/8/zsac114/6585950 by Sw

iss Archive (Tem
p) user on 15 Septem

ber 2022



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/45/8/zsac114/6585950 by Sw

iss Archive (Tem
p) user on 15 Septem

ber 2022


	Introduction

