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Abstract
We investigated sleep ontogenesis in the ferret—a placental mammal that is highly altricial compared
to other mammalian species. Because altriciality is linked with elevated REM sleep amounts during
infancy, it was expected that ferret kits would display very high levels of this state. Longitudinal
polysomnographic measurements were made from 8 ferret kits from approximately eye-opening
(postnatal day [P]30)-P50 using an experimental routine that minimized the effects of maternal
separation. These data were compared to values from 8 adult ferrets (>3 months of age) and 6 neonatal
cats (mean age: P31.7). We find that the polygraphic features of rapid-eye-movement (REM) and
non-REM (NREM) sleep are present by at least P30. Over the next 2 weeks, REM sleep amounts
slightly declined while wakefulness and NREM sleep amounts increased. However, a comparison
to published values from developing cats and rats showed that the ferret did not exhibit a
disproportionate amount of REM sleep at similar postnatal ages or relative to a common
developmental milestone (eye-opening).

1. Introduction
The ferret Mustela putorius furo is a member of the family mustelidae which evolved
approximately 10 – 20 million years before the appearance of modern mammals like the cat
and monkey [6,11,23,28,40,43,52,57]. Sleep and sleep regulation have recently been
characterized in this species [26,38]. Ferrets display the typical mammalian stages of rapid-
eye-movement (REM) and non-REM (NREM) sleep and show compensatory changes in sleep
amounts and sleep intensity following sleep deprivation. These findings show that ferret sleep
is similar in most respects to sleep in other mammals. There are, however, two interesting
oddities about ferret sleep. First, REM sleep amounts in adult ferrets are greater than in any
other placental mammal—occupying approximately 35% of total sleep time. Second, ferrets
exhibit a second REM-like state (termed “REM-2”[26,38]) that bears a striking resemblance
to certain REM-sleep states reported in the egg-laying monotrematous platypus [26,51].

The high amount of REM sleep in the ferret may be linked to its phylogenetic status and level
of altriciality. REM sleep amounts in the platypus and certain marsupial mammals, like the
opossum, are much higher than in modern placental species [26,50,60]. In addition, mammals
that are born with very immature nervous systems at birth (i.e. altricial species) have more
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REM sleep during infancy and as adults than species that complete much of their neural
development in utero (i.e. precocial species) [60]. Ferrets are in fact among the most altricial
of placental mammals based on comparative measures of gestation [9] and neural development
[9,25,37].

In order to better characterize sleep in this species we performed a preliminary investigation
of sleep ontogenesis in 8 ferret kits. We incorporated techniques previously used in studies of
infant rats that permit longitudinal electroencephalograph (EEG) and electromyograph (EMG)
recordings while minimizing the effects of maternal separation [17,18]. This allowed us to
measure ontogenetic changes in sleep and wakefulness and vigilance state EEGs across
postnatal development spanning the pre-weaning and post-weaning periods. These data were
compared to measurements made in neonatal cats and adult ferrets and published values in
other developing mammals to provide additional phylogenetic and ontogenetic comparisons.

2. Materials and methods
2.1. Subjects

Subjects were five male and three female ferret kits obtained from 4 time-plugged Jills
(Marshall Farms). Prior to surgery and during post-operative recovery, they remained with
their siblings and Jill in our colony room and were maintained on a 12:12 light-dark (L: D)
cycle (lights on at 7 am) at 26–27° C ambient. The Jills and weaned kits were provided food
and water ad lib. All procedures were approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania.

2.2 Surgical Procedures
At postnatal (P) day P18–20 (n=2) or at P25 (n=6), ferret kits were surgically prepared for
polysomnographic recordings using techniques previously used in infant rats and cats [18,
20]. Anesthesia was maintained with isoflorane gas via a face mask and the head was fixed in
a mouse stereotaxic device. Heart rate, respiratory rate and body temperature were monitored
at regular intervals during surgery. Four stainless steel screw electrodes were bilaterally
implanted in the skull 1–2mm rostral to Bregma, and between Bregma and Lambda
(approximately 2–3 mm from midline). Two additional anchor screws were placed just anterior
to the rostral EEG electrodes. Three stainless steel wire electrodes were implanted in the neck
muscles for recording the nuchal bipolar electromyogram (EMG). In some kits, two stainless
steel wire electrodes were also implanted in the muscles near the infraorbital ridge for
electroocculogram (EOG) recording. Leads from these recording electrodes were routed to a
12 pin miniature electrical socket. Post-operative pain and potential infection were controlled
with buprenex (0.01 mg/kg wt, i.m.) and baytril (5 mg/kg wt, i.m.). Animals were allowed to
recover from surgery for a minimum of 4–5 days prior to initiation of the recording procedure.

2.3 Recording Procedures
After recovery from surgery, ferret kits were weighed and connected to a lightweight, electrical
cable which was attached to a commutator. They were then individually placed in a custom-
made incubator [18” × 8” × 10”] that was partially filled with nest material and warmed by a
self-enclosed water pad. This was necessary because like other brood animals [18], ferret kits
keep warm by huddling together and by staying close to the Jill. The incubators were warmed
by a heating pad to maintain a temperature gradient that varied from approximately 35°–36°
C to 30° C on different portions of the incubator floor. The freely-moving kits could then self-
select temperatures during each recording session. The oldest ferrets (P50) were maintained at
colony temperatures (i.e. at ages when huddling was not observed). Pre-weaned and weaning
(>P40) kits were hand-fed KMR milk formula (2–3cc’s) and were habituated to these
conditions for 3–4 hours prior to the initiation of baseline sleep recording. They were also
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groomed with a moistened cotton ball to stimulate micturition and defecation according to
schedules previously used to control for maternal separation in infant rats [18]. Weaned kits
(P40+) were placed in the incubators the night before a scheduled recording session and were
provided food and water ad lib.

Polysomnographic recordings were made in each animal (10/11am–4pm) beginning at P25 (2
kits) or P30 (6 kits) and then every five days thereafter until P50 (female ferrets reach sexual
maturity between 7–11 months depending on photoperiod [46]). At the end of each scheduled
recording session, the kits were returned to their home nests. At the end of the last recording
session in a series, the animals were euthanized with an overdose of Nembutal (150 mg/kg wt).

2.4 Signal Processing and Data Analysis
Polysomnographic recordings were amplified with a Grass Model 15 LT physiodata 8 channel
amplifier system and recorded on a PC with commercial sleep acquisition/analysis software
(Kissei Comtec America, INC). Polygraphic signals were processed with a high-pass (EEG:
0.3 Hz; EOG, EMG : 10 Hz) and low-pass (100 Hz) filter and digitized at 200 Hz.

Computerized polysomnographic records were visually displayed, divided into 4 second
epochs and manually scored using commercial software employing criteria similar to those
previously used in the adult ferret [26] and neonatal rats [18] and cats [20]. Epochs with low
voltage and high frequency EEG waves associated with increased motor activity were
identified as wakefulness. Epochs with high voltage and low frequency EEG waves (0.5 – 4
Hz) and decreased motor activity were characterized as NREM sleep. Epochs with low voltage
and high frequency EEG waves and EMG minima sometimes accompanied by bursts of
myoclonia were identified as REM sleep. REMs were also observed in this state; however we
were not always able to record stable EOGs in all cases as the EOG electrodes tended to move
out of position during the course of postnatal development. We also carefully screened the
EEG/EMG data for signs of ‘REM-2’; a type of REM-sleep found in adult ferrets characterized
by a mixture of high voltage and fast EEG activity [26,38]. After state assignments, we
conducted the following analyses at each developmental time-point.

Sleep-wake architecture—The mean percentage of each vigilance state was expressed as
a % of total recording time (TRT). Sleep amounts were also expressed as a % of total sleep
time (TST). We also calculated the average durations of individual episodes of REM sleep,
NREM sleep and wakefulness. For statistical comparisons to adult ferret data and data in the
neonatal cat (see below), the minimum bout length was set at 8 seconds [26]. We then calculated
the number of sleep-onset REM sleep periods (SOREMs) and latencies to REM sleep.
SOREMs were scored when a sustained REM sleep episode of at least 1 minute in duration
occurred immediately following (i.e. within 8 seconds) a period of sustained waking (of at least
1 minute in duration). REM latencies were calculated in two ways. First, we employed a latency
rule adopted from an earlier study in neonatal rats, which are also highly polyphasic with
respect to sleep and wakefulness and therefore do not exhibit sustained arousal periods as
observed in humans and primates [21]. REM latency was defined as the amount of time elapsed
between sustained REM sleep episodes of at least 1 minute in duration. The second measure
of sleep latency was similar to that used in adult ferrets [26]; in this case, we identified the
longest waking period in each recording and then calculated the latency to the first sustained
REM sleep episode immediately following that period.

Sleep cycle analyses—We tabulated the length and number (per hour) of sleep cycles
across development. This was accomplished using procedures adopted from studies of sleep
cycles in adult animals (see [3,4]). A sleep cycle was scored when a period of sustained REM
sleep (of at least 1 minute in duration) was followed by at least 1 minute of sustained NREM
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sleep (intervening wake episodes were excluded). The onset of the next REM sleep or waking
episode (of at least 1 minute in duration) was considered the end point of the preceding cycle.
This is essentially the same analysis previously used in the rat [3] with the exception that a 1
minute rule instead of a 30-second rule is used. This is because this better approximates episode
durations previously used in the neonatal cat [8,39] and reflects the fact the most episodes of
REM and NREM are ≥ 1 minute in the developing ferret (see Supplementary Figure 1).

A consistent finding in adult humans, rodents, monkeys and cats is that REM sleep duration
is positively correlated with the length of subsequent ‘non’ REM sleep intervals (NREM sleep
or combined NREM & wake intervals) [2,5,34,55,56,58]. It has been suggested that this reflects
a feed-forward regulatory mechanism that controls the timing of REM sleep [58]. To determine
if similar regulatory mechanisms are present in developing ferrets, we adopted rules used by
Vivaldi et al., in their study of this process in adult rats [58].

Individual REM sleep episodes of at least 1 minute in duration were identified and the durations
of succeeding NREM bouts of at least 1 minute in duration were tabulated. Spearman Rank
Order correlations were computed between REM bout lengths and succeeding NREM bout
lengths. This procedure is similar to smoothing rules used by Vivaldi et al., [58] and is
consistent with bout lengths used previously in neonatal cats [8,39].

EEG analyses—Maturational changes in vigilance state EEGs were quantified by spectral
analysis and the following normalization procedures. To asses the overall emergence of state-
specific EEG patterns at each time-point, Fourier transformed EEGs (using a 0.25 Hz bin width)
were normalized to the mean power across all EEG frequencies and across all states [19,22].
Briefly, we first calculated the power spectrum across all frequencies for each vigilance state.
We then averaged the power values from 0.5–40 Hz across all states. This gives a single
normalization value that we then divide the original power spectrum frequencies for each state
by. This normalization corrects for differences in absolute power between EEG recordings in
different animals. These normalized EEGs were used to generate mean spectral profiles of
EEGs in each vigilance state as described previously [22,26]. To determine the relative changes
in different EEG frequency bands across development [18], EEG profiles in REM sleep, NREM
sleep and wakefulness were also expressed as a % of their respective P30 values. These latter
two analyses were restricted to those kits where we were able to record EEGs from the same
electrodes throughout postnatal development (n=5). We also measured developmental changes
in NREM delta (0.5–4.0 Hz) and REM sleep theta (4.25–9.0 Hz) EEG energies using a
normalization procedure originally used in the developing rat and cat [18,20] (NREM delta/
REM delta; REM theta/REM delta).

2.5 Adult Comparison Data
Sleep and waking normative values from 8 adult ferrets (>3 months of age) from a previous
study were partially reproduced here to provide comparison data (reproduced with permission
from Jha. et al., 2006). These adult ferrets were housed under identical conditions as the Jills
and recorded under similar conditions as described previously [26]. To approximate the
recording times used in this study, only data from the light phase (in baseline periods: 7am–
7pm) were used. For sleep cycle and bout duration analyses, transitions between states were
excluded and ‘REM-2’ was combined with REM sleep [26].

2.6 Neonatal Cat Comparison Data
To provide a cross-species comparison with the neonatal ferret, we also measured sleep-wake
expression in P30–P32 neonatal cats (n=6; mean age at recording ± SEM, P31.7 ± 0.76). At
P25–P28, cats were anesthetized and prepared for chronic implant surgery according to
previously described methods (Frank et al. 2001) and as described above for the neonatal ferret.
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Four stainless steel screw electrodes were bilaterally implanted in the skull 1–2mm rostral to
Bregma, and between Bregma and Lambda (approximately 2–3 mm from midline). Four
additional anchor screws were placed just anterior to the rostral EEG electrodes and lateral to
the caudal EEG electrodes. Three stainless steel wire electrodes were implanted in the neck
muscles for recording the nuchal bipolar electromyogram (EMG). Following 4–5 days of post-
operative recovery the cats were placed in an illuminated sleep-recording chamber (22°–24°
C). The cats (which are weaned at this age) were provided food and water ad lib for the duration
of the acclimation (3–4 hours) and recording period (6 hours). All data collection began at
approximately 10:00–11:00 am (three hours from lights-on). The animals were left undisturbed
during the recording period. The data were then analyzed as described for the neonatal ferret
with the exception that 8 second epochs were used as described previously [27].

2.7 Statistical Analysis
Developmental changes in sleep architecture data were first tested for normality using the
Kolmogorov-Smirnov and equal variance tests (unless indicated otherwise, data are presented
as means ± SEMs). Data sets that passed these tests were then assessed with parametric statistics
(Student’s t-tests for planned, single comparisons, ANOVAs followed by Student-Newman-
Keuls (SNK) tests in all other cases); otherwise, Kruskall-Wallis ANOVAs followed by Mann-
Whitney-U (MWU) tests were used. For correlation analyses, a Spearman Rank Order
correlation was used as REM and NREM episode durations were not normally distributed
based on measures of skewness and kurtosis. For spectral EEG analyses, Fourier transformed
EEGs in NREM, REM and wakefulness (0–40 Hz) from P35–P50 were compared to state-
matched EEGs from P30 using a 2 factor ANOVA (EEG frequency and age as levels) followed
by Holm-Sidek post-hoc tests. All statistics were calculated using SigmaStat software (Systat,
Richmond, CA).

2.8 Meta-analyses of sleep ontogeny in cats, rats and ferrets
To provide additional phylogenetic/ontogenetic comparisons we compared our data with
previous findings in the adult and developing rat, cat and ferret [1,3,18,26,29,35,36,39,49,
54]. Because different recording times, epoch lengths and cycle calculations were often used
across studies, we restricted our analyses to total REM and NREM sleep time (as a % of total
sleep time). Adult data from baseline 24-hour recordings were averaged across studies to
provide a single value each for the adult cat, rat and ferret. All developmental data were
extrapolated and averaged from previous studies and aligned using the approximate age of eye-
opening as a common developmental marker. This allowed us to present data from the
developing cat, rat and ferret side by side in approximately 5 day intervals.

3. Results
3.1 Behavioral Observations

Of the 8 ferret kits, all had good polygraphic signals from P30 to P50. As shown in Table 1,
all kits gained weight across postnatal development and all showed normal maturation (i.e.
eye-opening between P30–P35, weaning by P35–P40). Ferret kits readily adapted to the
incubators and within 30–40 minutes (in the youngest kits) and within 1 hour (in the weaned
kits) rapidly fell asleep. P25–P40 kits generally self-selected the warmest areas of the incubator,
whereas weaned kits (P45+) either showed no preference or chose the cooler areas. In 2 kits
we were occasionally able to record EEG and EMG activity beginning at P25 (data not shown).
We could not, however, quantify these observations as the EEG recordings were frequently
contaminated with movement artifacts—thus the total amount of each state during each
recording session could not be accurately tabulated. This was due to the very soft skull in ferrets
of this age. Therefore we restricted our analyses to P30 and later dates.
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3.2 Maturation of Vigilance-State EEGs: P30–P50
As shown in Figure 1, the states of NREM sleep, REM sleep and wakefulness were evident
by P30. We did not see clear signs of ‘REM-2’, indicating that this type of REM sleep appears
relatively late in development.

EEG patterns typical of all three states became more distinct during the course of postnatal
development (see Figures 2). Statistical analyses of the Fourier transformed waveforms (Figure
3) showed that in NREM sleep there was a progressive increase in the amplitude of slow EEG
waves (approximately 0–2 Hz) relative to P30 (ANOVA vs. P35, F= 5.7, p<0.001; vs. P40,
F=10.8, p<0.001, P45 F=27.6, p<0.001, P50 F= 13.9, p<0.001). There was also an elevation
in higher frequency bands across development (approximately 30–40 Hz), but this did not reach
significance. In REM sleep, there were two significant changes. First, there was a progressive
reduction of energy in the slow (0–2.5 Hz) EEG bands (ANOVA vs. P35 5.131, p<0.001; vs.
P40 F= 4.8, p<0.001; vs. P45 F= 10.11, p<0.001; vs. P50 F= 12.2, p<0.001) and an increase
in theta bands (3.9–4.7Hz) which became significant by P50 (Holm-Sidek, p<0.05). We
observed a similar progressive decrease in energy in EEG slow bands (0–3.5 Hz) during
wakefulness (ANOVA vs. P35, F= 2.5, p <0.01; vs. P40, F= 3.2, p<0.001; vs. P45, F=3.5; vs.
P50 F=3.3, p<0.001).

When normalized NREM delta power (0.5–4.0 Hz) and REM theta power (5.0–8.0 Hz) were
analyzed separately (Figure 4) we observed that the former did not significantly differ from
adult values by P45 (Kruskall-Wallis H=35.6, p<0.001; MWU p<0.05, P30 & P35 vs. adult,
P45+ vs. adult, ns.). When compared to the P30–32 cats, however, NREM delta in the ferret
was significantly lower until P40 (relative power units, P30 delta: 1.98 ± 0.07, P35 delta: 3.6
± 0.2, P30–32 cat delta: 5.82 ± .5; MWU p<0.05); thus with respect to this aspect of NREM
sleep, the ferret is approximately 10 days developmentally delayed relative to the cat. In
contrast, REM sleep theta remained low throughout postnatal development relative to adult
values (Kruskall-Wallis H=25.06, p<0.001; MWU p<0.05 adult vs. P30–P50) and did not
significantly differ at any age to REM theta in the cat (MWU p<0.05).

3.3 Maturation of Sleep/Wake Architecture: Changes in state amounts
There were several changes in sleep and wake amounts during postnatal development. REM
sleep amounts slightly declined both as a % of total recording time (TRT: Figure 5A–C) and
as a % of total sleep time (Figure 6). This was most apparent after P35 as REM sleep amounts
(as a % of TRT) dropped from 42% ± 1.4% to 30.2 % ± 1.9 % from P35 to P50 (ANOVA F=
19.1, p<0.001). There was also a significant decline in REM sleep from P30–P50 as a % of
total sleep time (TST), from 54.2% ± 1.6% to 40.4% (ANOVA F= 12.7, p<0.001). However,
the P50 REM values remained significantly higher than values in adult ferrets (20.3% ± 1.9%
TRT; 31.2 % ± 2.8% TST, SNK p<0.001). Interestingly, the amount of REM sleep as a % of
TRT and TST in P30–P35 ferrets did not significantly differ from amounts in P30–P32 cats
(TRT: P30 44.9 % ± 1.2%, P35 42% ± 1.4%, P30–32 cat 38.9% ± 2.4%; TST: P30 54.2% ±
1.6%, P35 50.5% ± 1.03%, P30–32 cat 47.5% ± 1.7%; SNK ns); although REM sleep amounts
in P30–32 cats were higher than those in adult ferrets (SNK, p<0.05). Thus in contrast to
developmental changes in NREM EEG delta power, REM sleep amounts were similar in cats
and ferrets at comparable postnatal ages.

In contrast to REM sleep, NREM sleep amounts either as a % of TRT or TST exhibited more
modest changes during postnatal development. For example, there were no significant changes
in NREM sleep as a % of TRT from P30 to P50, and no differences between any time point
and values from adult ferrets or P30–P32 cats (ANOVA F=0.774, p=0.6). When expressed as
a % of TST, however, NREM time significantly increased (ANOVA F=9.16, p<0.001) from
P30 to P40 (45.8% ± 1.6% to 55.3% ± 2.2%, SNK p<0.05), but remained below adult values
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at all other time points (adult: 66.7% ± 2.6% SNK p<0.05). As was true for REM sleep, the
amount of NREM sleep as a % of TST in P30–P32 cats was comparable to age-matched ferrets
(P30–32 cat 52.5% ± 1.7%, ferret P30 45.8% ± 1.6%, P35 49.5% ± 1.03%; SNK ns), but lower
than values in adult ferrets (SNK, p<0.05).

There were no significant changes in wakefulness amounts as a % of TRT until P40 (Kruskal-
Wallis H=21.5, p<0.002, P30 16.7 % ± 2.8%, P40 28.9 % ± 5.5%; MWU p<0.05). However,
waking amounts in P30–P35 ferrets did not differ from values in P30–32 cats and both were
significantly lower than values from adult ferrets (P30–32 cat 18.4% ± 3.6%, adult ferrets 35.1
% ± 2.0 %, MWU p<0.05).

3.4 Maturation of Sleep/Wake Architecture: Changes in State Durations
As shown in Figures 5D–F there was an overall lengthening of vigilance state episodes across
postnatal development. In the case of REM sleep, this appeared to plateau at P35, after which
there no further significant changes in REM sleep episode duration (Kruskal-Wallis H= 25.8,
p<0.001; P30 2.5 ± 0.2 [minutes], P35 3.84 ± 0.4, MWU p<0.05; P35 to adult values, ns.).
There was, however, a striking difference in REM sleep durations when ferrets and cats were
compared (kitten 7.4 ± 1.6 vs. P30-adult ferrets, MWU p<0.05).

There was also a significant increase in NREM sleep episode duration from P30–P35 (Kruskal-
Wallis H= 35. 8, p<0.001; P30 1 ± 0.1 [minutes], P35 1.82 ± 0.2; MWU p<0.05), but no further
significant increases from P35–P50 (MWU ns). Ferret kit NREM duration values at all ages
remained lower than those in adult ferrets and P30–32 cats (adult ferret 4.32 ± 0.5, P30–32 cat
5.9 ± 0.5; MWU p<0.05). Waking episodes were also initially very brief in duration and
lengthened from P30–P35 (Kruskal-Wallis H=26.99, p<0.001; P30 0.69 ± 0.14 [minutes], P35
1.1 ± 0.1, MWU p<0.05). They then remained below adult values from P30–P50 (adult 8.97
± 2.3 MWU, p<0.05). Waking episodes in ferret kits and age-matched cats were significantly
different—as kitten wake episodes were 2–3 times as long as those in P30–P35 ferrets (kitten
3.3 ± 0.8 vs. P30 & P35 kits, MWU p<0.05). The lengthening of vigilance state episodes was
accompanied by a significant decline in episode number (Figure 5G–I) which was most evident
between P30 and P35 (NREM sleep, Kruskal-Wallis H=29.8, p<0.001; REM sleep H=25.6
p<0.001; Wakefulness, ANOVA F=10, p<0.001). In addition, episode frequencies in all states
were significantly higher in P30 ferrets compared to similarly aged cats (MWU and SNK,
p<0.05).

3.4 Maturation of Sleep/Wake Architecture: SOREMS, REM latencies and Sleep cycle
analyses

Two measures of REM sleep latency showed that latencies increased across development
(Figure 7). For example, the total time elapsed between REM sleep episodes increased from
4.1 ± 0.3 minutes at P30 to 11.5 ± 1 minutes at P50 (Kruskal-Wallis H=36.0, p<0.001; MWU,
p<0.05), and latencies to REM sleep from the longest waking period in each recording also
increased from P30 (24 ± 6.9 seconds) to P50 (6.4 ± 1 minutes) (Kruskal-Wallis H=27, p<0.001;
MWU, p<0.05). Both measures showed that REM latencies remained significantly shorter than
adult ferret values (adult ferret, total time elapsed between REM periods: 21.6 ± 3.7 minutes;
from longest wake period: 38.3 ± 6.5 minutes vs. P30–P50, MWU p<0.05). When compared
to data from P30–32 cats, REM latencies were also significantly shorter at similar ages. For
example, based on elapsed time between REM sleep episodes, ferret kits did not exhibit
latencies comparable to the kitten until P40 (ferret kits, P30 4.1 ± 0.3 minutes, P35 6.9 ± 1.5,
P40 10.1 ± 0.7; P30–32 cat 12.3 ± 1.6 MWU vs. P30–P35 p<0.05). Based on time elapsed after
the longest waking period at each time point, ferret kit latencies remained significantly shorter
than latencies in the P30–32 cat at all ages (P30–32 cat, 17.2 ± 2.9 minutes, MWU vs. P30–
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P50 ferret kits, p<0.05). A small number of SOREMs were also observed in the P30 ferret kits
(only 5 instances in all kits), but were absent after P30.

We also examined several properties of sleep cycles across development (Figure 8). First, we
found that the average length of sleep cycles increased from P30–P35 (P30 9.2 ± 0.7, P35 14.4
± 1.5 minutes) and then reached a plateau by P40 (13.5 ± 1.6 minutes), at which time cycle
lengths did not significantly differ from adult values (16.2 ± 1.3 minutes) (ANOVA F= 6.2,
p<0.001, P30 vs. P35, SNK p<0.05; P35–P50 vs. adult, ns). Interestingly, cycle lengths in the
P30–32 cat were significantly higher than the ferret at all time points (P30–32 cat, 20.6 ± 1.8
minutes; SNK vs. P30-adult, p<0.05). Second, we observed that the % of REM sleep in each
cycle steadily decreased across development from 50.5% ± 2% at P30 to 39.4% ± 2% by P50
(ANOVA F=6.7, p<0.001) and did not significantly differ from adult values by P45 (P45: 39.7
% ± 2.9%, adult: 32.2% ± 3.4%; SNK ns). The % of REM sleep in P30–32 cat cycles, however,
only differed from adult ferret values (51.6% ± 2.5%; SNK vs. adult ferret, p<0.05, vs. P30–
P50 ferret kits, ns). Lastly, the frequency of sleep cycles also declined from P30–P40 (Kruskal-
Wallis H=21.1 p<0.002) and did not differ from adult values thereafter (P30: 6.7 ± 0.6 cycles/
hour, P35: 4.7 ± 0.6, P40: 4.1 ± 0.43, adult 3.6 ± 0.6; P30 vs. P40, MWU p<0.05, P40–P50 vs.
adult MWU ns). Sleep cycle frequency in P30–32 cats, however, was significantly lower than
in P30–P50 ferret kits, but not in adult ferrets (P30–32 cat 2.64 ± 0.2; MWU cat vs. P30–50,
p<0.05).

The relatively stable cycle-lengths suggested that short-term ultradian regulation of NREM
and REM sleep develops relatively early in the ferret. This was confirmed when we examined
short-term homeostatic interactions between REM sleep and subsequent NREM sleep
durations. As shown in Figure 9, the duration of each REM sleep episode was positively
correlated with the duration of subsequent NREM sleep episodes, as has been reported in adult
animals [2,5,34,55,56,58]. Significant Spearman correlations were detected as early as P30
(Figure 9A) and were comparable in P30–32 neonatal cats (Figure 9G).

4. Discussion
We characterized sleep ontogenesis in the ferret using polysomnographic techniques adapted
for use in the developing animal. We find that clearly defined states of REM sleep and NREM
sleep are detected near the time of eye-opening and the general pattern of sleep development
reported in other altricial species is also present in the ferret. These include a lengthening of
vigilance state episodes combined with a reduction in bout frequency, a loss of SOREMS and
an increase in REM sleep latency. REM sleep amounts also declined (but see below) and
NREM sleep amounts tended to rise; although on most measures, NREM sleep appeared to
mature very rapidly. As previously reported in the neonatal rat, these changes in sleep
architecture were accompanied by a progressive rise in the amplitude of EEG energies typical
of adult REM and NREM sleep [18].

4.1 Sleep Ontogenesis in the Ferret: Comparison to Other Altricial Mammals
Ferrets are considered among the most altricial of placental mammals. In contrast to other
carnivores, the ferret gestation period is relatively short (approximately 40 days, compared to
60–70 days for cats)[10] and ferrets exhibit fetal stages of development ex utero. For example,
based on cortical cell birthdates, laminar development of the LGN, and formation of
thalamocortical and intracortical circuitry, a P21 ferret is (approximately) equivalent to a fetal
kitten (embryonic day 63) [25].

Considering that altriciality is linked with greater amounts of REM sleep in infancy, one might
predict that REM sleep amounts in the neonatal ferret would exceed values previously reported
in other altricial species. However, as shown in Figure 5–Figure 6, the amount of REM sleep
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in P30 ferrets is not significantly higher than in cats of similar age (P30–P32). In addition,
when one compares sleep ontogenesis in the ferret, rat and cat using a common developmental
landmark as a reference point (i.e. eye-opening)—the ferret appears slightly precocial relative
to the cat and rat. For example, as shown in Figure 10, the amount of REM sleep at eye-opening
in the cat and rat is approximately 75% TST, whereas in the ferret REM sleep is 55% TST. On
other measures, the ferret appears to be intermediate between the cat and rat. This is apparent
when one examines the age at which NREM sleep and REM sleep exchange positions in the
sleep record in terms of % time. This ‘crossing’ point (see Figure 10) occurs 10 days after eye-
opening in the cat, but within 5 days for the ferret and rat.

With respect to developmental changes in the EEG, two interesting observations were made.
First, we found that the maturation of REM sleep EEGs appeared to lag behind the maturation
of NREM EEGs. A similar phenomenon was previously reported in the neonatal rat [18].
However, it is not clear if the ‘lag’ in theta development in the ferret reflects purely ontogenetic
processes. It may also reflect the fact REM sleep theta in cortical EEGs is detected via volume
conductance. Thus direct hippocampal recordings might have revealed more rapid
development in theta rhythms as has been reported in neonatal rats [30]. Secondly, we find that
when compared to similarly aged cats, the amount of NREM delta power was significantly
lower in neonatal ferrets. This suggests that in contrast to REM sleep mechanisms, the neural
mechanisms underlying slow-wave activity are less developed in P30–P35 ferrets. This
interpretation is consistent with the fact that thalamocortical and intracortical circuitry are more
immature in ferrets relative to cats of the same postnatal age [25].

4.2 Short-term regulation of NREM-REM in neonatal mammals
A consistent finding in adult mammals is that REM sleep duration is positively correlated with
the length of subsequent ‘non’ REM sleep intervals (NREM sleep or combined NREM & wake
intervals) [2,3,5,34,55,56,58]. It has been suggested that this reflects a feed-forward regulatory
mechanism that controls the timing of REM sleep. For example, it is possible that longer REM
sleep episodes discharge more REM sleep propensity, thus allowing greater periods of time
without REM sleep) [58]. Thus, according to this hypothesis, REM sleep propensity simply
accumulates in the absence of REM sleep. An alternative view is that REM sleep in some way
counterbalances neural changes triggered by prolonged NREM sleep; therefore longer REM
sleep periods permit longer NREM sleep periods [5].

A striking observation is that this relationship appears to be relatively constant across
mammalian species. For example correlations between REM sleep duration and subsequent
(deep) slow-wave sleep duration in adult cats range from 0.25–0.49 [55,56]. In rats, these values
range from 0.33–0.39 [58], and in rhesus monkeys and humans from 0.23–0.31 and 0.22–0.41,
respectively [2,34]. This finding combined with the fact that REM sleep amounts (as a % of
total sleep time) are also conserved across most placental mammals [60] suggests the presence
of common cellular mechanisms governing the accumulation and discharge of REM propensity
—and that these mechanisms operate within a narrow range.

Much less is known about the regulatory mechanisms governing sleep interactions in neonates.
Sleep cycle lengths in developing humans and animals are generally shorter and more variable
than those in adults [14,24]. This is also true in the ferret, as cycle lengths were significantly
shorter at P30 than at P35. This suggests that the dynamics between the two sleep states may
be quite different in neonates. A handful of studies have investigated correlational relationships
between the amounts of different states in early development [15,53], however these measures
may be insensitive to short-term interactions between REM and NREM sleep episode duration.
More recently, little evidence was found for short-term interactions in sleep and wake episode
durations in the developing rat, but REM and NREM sleep were not considered separately in
this particular study [7].
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We find that close inspection of REM and NREM sleep duration reveals that short-term
regulation of NREM & REM is detectable by eye-opening in the neonatal ferret and by 30–32
days in neonatal cats. As shown in Figure 9, longer REM episodes are followed by longer
NREM sleep episodes. This process was also detectable in adult ferrets. Thus it would appear
that these mechanisms appear quite early ontogenetically and change very little with
subsequent development. This is consistent with recent findings that brainstem and
hypothalamic REM and NREM sleep mechanisms may be in place soon after parturition [31,
33].

4.3 A Functional Role for Sleep in Early Brain Development?
The ferret provides a new animal model for studies of sleep function in early life. As first
proposed by Roffwarg and colleagues [44], the large amounts of sleep during infancy may
contribute to brain development. Evidence for this theory has accumulated over the years,
particularly in studies of the developing visual system. For example, brainstem lesions that
eliminate REM sleep pontine-geniculate-occipital (PGO) waves in the neonatal cat reduce the
size (nucleus and soma) of the lateral geniculate nucleus (LGN), reduce LGN responsiveness
to stimulation of the optic chiasm and increase the number of cells with “mixed” ON-OFF
responses (as opposed to pure ‘ON’ or ‘OFF’ responses to an annulus of light centered in the
receptive field) [12,13]. These morphological and functional changes in LGN cells are
consistent with a delayed maturation of the LGN [12,13,59] and suggest that REM sleep
neuronal activity may provide a source of endogenous neuronal activity necessary for normal
LGN development. Sleep also plays an important role in later occurring, critical periods for
visual development. Total sleep deprivation, or selective REM sleep deprivation is reported to
augment the effects of monocular deprivation on LGN cell morphology [41,42]. Similar results
are obtained following lesions that remove PGO waves [47]. A role for sleep has also been
reported in a developmentally regulated form of in vitro long-term potentiation [32,48], and
ocular dominance plasticity in vivo [20,27]. Because many of these developmental processes
occur ex utero and/or at later postnatal dates in the ferret, this species is particularly amenable
to future tests of the “ontogenetic hypothesis”[45] and similar theories relating sleep to brain
maturation [16].
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Maturation of vigilance state EEGs in the ferret
Data are representative EEG and EMG traces from the same kit shown in Figure 1 obtained at
P30 (A) through P45 (D). Note the increase in EEG amplitude in NREM (N) sleep, REM (R)
sleep and wakefulness (W) across postnatal development. Amplification and filtering was held
constant across recording sessions (1000x see Materials and Methods).
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Figure 2. EEG spectral profiles of vigilance state EEGs
Data are mean (normalized) Fourier transformed EEGs from REM sleep, NREM sleep and
wakefulness (P30–P45 n=8, P50 n=6, P55 n=4). Note that NREM slow-wave activity increases
sharply between P30 (A) and P35 (B) and that a peak in the theta frequencies is first evident
at P40 (C).
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Figure 3. Relative changes in EEG spectra
Data are Fourier transformed EEGs shown in Figure 3 normalized to P30 spectra. The colored
lines indicate regions of the spectrum that were significantly different in power (p<0.05; see
Results) relative to P30 values (shown as a reference line at 100%).
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Figure 4. Normalized NREM delta and REM theta power across development
Data are normalized (mean ± SEM) NREM sleep delta and theta EEG power values from P30–
P50 with adult normative values and P30–32 cat (mean age=P31.7) values provided for
comparison. P30 delta < P35-AD & K31; P30 theta vs. AD, p<0.05. Adult comparison data
are indicated by “Ad”, P30–32 cat data by “K31”.
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Figure 5. Changes in sleep/wake architecture across postnatal development
(A–C) Mean ± SEM vigilance state amounts as a % of total recording time (TRT) [P30
REM>P40-AD, AD vs. K31: p<0.05; NREM, all comparisons: ns; P30 wake < P40 & AD,
K31 vs. AD: p<0.05]. (D–F) Mean ± SEM vigilance state durations in minutes [P30 REM <
P35-AD & K31, K31 vs. AD; P30 NREM < P35-AD & K31, K31 vs. AD; P30 wake < P40 &
AD: p<0.05]. (G–I) Mean ± SEM frequency of vigilance state episodes [P30 REM > P35-AD
& K31; P30 NREM > all; P30 wake frequency > all: p<0.05]. Adult comparison data are
indicated by “Ad”, P30–32 cat data by “K31”.
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Figure 6. Changes in REM and NREM sleep as a % of total sleep time (TST) across development
Data are mean ± SEM REM sleep and NREM sleep amounts in P30–50 ferret kits and adult
ferrets (AD) and P30–32 cats (K31). P30 NREM < P40-AD, AD vs. K31; P30 REM > P40-
AD, AD vs. K31; p<0.05. Adult comparison data are indicated by “Ad”, P30–32 cat data by
“K31”.
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Figure 7. REM sleep latencies across postnatal development in the ferret
Mean (± SEM) REM latency was calculated as (A) the time elapsed (in minutes) between REM
sleep episodes or (B) time elapsed from the longest waking period to the first REM sleep
episode. A: P30< P35-AD & K31, AD vs. K31 p<0.05; B: P30< P35-AD, AD vs. K31 p<0.05.
Adult comparison data are indicated by “Ad”, P30–32 cat data by “K31”.
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Figure 8. Sleep cycles in the developing ferret
(A) Mean ± SEM sleep cycle lengths in minutes [P30 < P35-AD & K31, p<0.05] (B) Mean ±
SEM REM amounts as a % of each cycle [P30 > P40-AD, AD vs. K31, p<0.05] (C) Mean ±
SEM number of sleep cycles per hour [P30 > P45-AD & K31, p<0.05]. Adult comparison data
are indicated by “Ad”, P30–32 cat data by “K31”.
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Figure 9. Spearman Rank Order correlations between REM sleep duration and NREM sleep
duration across development
Data represent linear regressions and corresponding Spearman r values between REM sleep
duration and subsequent NREM sleep duration (in minutes) from P30–P50 in developing 33
kits, the adult ferret (AD) and P30–32 cats (K31). There were significant positive correlations
at all ages in the ferret and in P30–32 cats (H). All other correlations between NREM sleep
and REM sleep duration (or with wakefulness) were not significant.
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Figure 10. Cross-species comparisons of sleep ontogenesis: sleep time analyses
Panels A–C show REM and NREM sleep amounts as a % total sleep time in the cat, ferret and
rat vs. time in days from species-specific eye-opening. The age near eye-opening is set at “0”,
and data extrapolated from previous studies in the cat [8,29,39,49] and rat [18] and ferret
(present study) are shown in approximately 5 day intervals. The actual postnatal age at time
“0” is shown in parentheses in the X axis for each species. The inset values in (A) are mean ±
SEM data from P30–32 cats in the present study. The arrows indicate the ‘crossing’ point where
NREM sleep begins to equal REM sleep in amounts. Panels D–F and G–H show REM sleep
and NREM the ratio of postnatal sleep amounts to corresponding adult values (extrapolated
from previous studies in the cat [35,54–56], ferret [26] and rat [3,4]. The reference line in D–
F indicates 100% of adult values. The reference line in G–I indicates the time at which
approximately 80% of the adult value is reached.
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Table 1
Body Mass Across Development

Postnatal Age (days) grams (mean ± SEM)
P30 129.75 ± 2.3
P35 156.57 ± 4.0
P40* 183.57 ± 4.0
P45* 208.43 ± 6.9
P50* 268.25 ± 13
*
weaned kits
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