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Abstract

One of the defining characteristics of adolescence in humans is a large shift in the timing and
structure of sleep. Some of these changes are easily observable at the behavioral level, such as a
shift in sleep patterns from a relatively morning to a relatively evening chronotype. However,
there are equally large changes in the underlying architecture of sleep, including a > 60% decrease
in slow brain wave activity, which may reflect cortical pruning. In this review we examine the
developmental forces driving adolescent sleep patterns using a cross-species comparison. We find
that behavioral and physiological sleep parameters change during adolescence in non-human
mammalian species, ranging from primates to rodents, in a manner that is often hormone-
dependent. However, the overt appearance of these changes is species-specific, with polyphasic
sleepers, such as rodents, showing a phase-advance in sleep timing and consolidation of daily
sleep/wake rhythms. Using the classic two-process model of sleep regulation, we demonstrate via
a series of simulations that many of the species-specific characteristics of adolescent sleep patterns
can be explained by a universal decrease in the build-up and dissipation of sleep pressure.
Moreover, and counterintuitively, we find that these changes do not necessitate a large decrease in
overall sleep need, fitting the adolescent sleep literature. We compare these results to our previous
review detailing evidence for adolescent changes in the regulation of sleep by the circadian
timekeeping system (Hagenauer and Lee, 2012), and suggest that both processes may be
responsible for adolescent sleep patterns.
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Introduction

Sleep is arguably the primary activity of the developing brain (Dahl, 1998). During infancy,
a time of rapid synaptogenesis and brain growth, individuals spend on average 13-16 h a
day asleep. This average does not drop below12 h until the age of four when cortical
synaptic density plateaus. At ten years of age children still sleep for 10 h a day (Jenni and
Carskadon, 2007). If sleep is critically tied to brain development, then characterizing sleep
during adolescence should be of particular interest. Adolescence is not only a time of
transition from a developing brain and body to adulthood, but also a complex and sensitive
period that includes large hormonal fluctuations, permanent brain reorganization, and rapid
growth (Sisk and Zehr, 2005; Spear, 2000). If the relationship between sleep and
development is not merely correlational but essentially linked, then sleep deprivation during
adolescence may permanently alter the developmental trajectory of the brain and behavior
(Shaffery et al., 2006). Despite this possibility, many modern social and technological
features compel teenagers in developed countries to be overwhelmingly and chronically
sleep deprived (Andrade and Menna-Barreto, 2002; Giannotti and Cortesi, 2002; Gradisar et
al., 2011; Thorleifsdottir et al., 2002; Yang et al., 2005).

For this reason, there has been growing scientific interest in the unique changes that
characterize adolescent sleep patterns, with an eye on public health applications. As there
have been several excellent recent reviews on this topic (Carskadon 2010; Colrain and
Baker, 2011; Feinberg and Campbell, 2010), we will focus on a less discussed topic:
similarities and differences in the manner that sleep patterns change during development
across species. If we presume that many of the physiological events associated with puberty
and adolescence are not events specific to humans but instead represent common changes
necessary for achieving sexual maturity and independent life across mammalian species
(Sisk and Zehr, 2005; Spear, 2000), many of the changes in sleep observed during
adolescence in humans should be observable in common laboratory species. Indeed, using
model species allows us to examine the hormonal and neural causes of adolescent sleep
patterns in greater depth, as well as to characterize their developmental trajectory when
isolated from social constraint and the influences of artificial lighting and modern
technology.

Puberty & adolescence: humans vs. laboratory species

Before comparing adolescent sleep patterns across species, it is important to understand that
the developmental progression of puberty and adolescence differs between humans and
traditional laboratory species. Colloquially the terms “puberty” and “adolescence” are used
interchangeably, but scientifically they refer to separate concepts (Sisk and Zehr, 2005).
Traditionally, puberty is defined as the process leading to the attainment of sexual
maturation (Spear, 2000), beginning with the activation of the hypothalamic-pituitary
gonadal axis and ending with reproductive competency (Plant, 1994; Sisk and Foster, 2004).
In humans, puberty is initiated following eight or more years of gonadal “quiescence”, and
includes both an increased secretion of hormones from the gonads (gonadarche), such as
estrogens and androgens, which drive genital and breast development (Plant, 1994), and an
increased secretion of androgens from the adrenals (adrenarche), which initiate the

Horm Behav. Author manuscript; available in PMC 2016 March 07.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hagenauer and Lee

Page 3

development of pubic hair (Campbell, 2006). Some mammalian species, such as non-human
primates, show a similar developmental sequence to humans (Plant, 1994), including
adrenarche and pre-pubertal gonadal quiescence, but rodents typically do not (Ojeda and
Urbanski, 1994), and external secondary sex characteristics are typically species-specific.
Thus, it is sometimes difficult to say with certainty how the progression of particular
pubertal events in laboratory species relates to standardized stages in humans. That said, the
general timing of puberty in laboratory species can still be delineated by secondary sex
characteristic development, including reproductive cyclicity and vaginal patency in females,
and penile and testicular development in males (Ojeda and Urbanski, 1994).

Defining equivalent stages of adolescence in rodents and humans is even more complicated.
Whereas puberty is defined by reproductive development, adolescence is defined as the
period of social, emotional and cognitive transition between childhood and adulthood (Sisk
and Zehr, 2005). Adolescence encompasses puberty, and in humans the definition frequently
spans the entire second decade of life, including 3-6 years beyond the attainment of full
sexual maturity. In animal studies, the term “adolescence” is traditionally used specifically
to refer to research focusing on the neural and behavioral changes accompanying the
transition from juvenile dependence into the relative independence of adulthood (Spear,
2000). This transition includes both the hormone-dependent and hormone-independent
remodeling of cortical and limbic circuitry necessary for adult decision-making, cognition
and social interaction (Sisk and Zehr, 2005). Since independent life in the laboratory begins
at artificial weaning, some researchers use weaning to define the beginning of adolescence,
allowing overlap with life events associated with young childhood in humans. Other
researchers assume adolescence begins with the initiation of puberty. The end of rodent
adolescence can be argued as anywhere between the time of attaining reproductive
competence to the attainment of adult body size and social interactions. With these
considerations in mind, we have presented a simplified diagram of human vs. rodent
development in relationship to some of the changes in sleep patterns observed in each
species (Fig. 1).

Sleep is regulated by homeostatic “sleep pressure” and a daily circadian

rhythm

Traditionally, sleep patterns are thought to derive from three primary components: an
internal (endogenous) daily circadian timekeeping system, a homeostatic drive for sleep
(“sleep pressure™) that builds up over the course of being awake and decreases during sleep,
and other external constraints (which are collectively referred to as “masking”). Both
internal components are known to be sensitive to sex (gonadal) hormones, such as estrogen
and testosterone (Hagenauer and Lee, 2012; Mong et al., 2011), and thus could be affected
by puberty.

While sleep is a “resting” behavior typified by reduced consciousness and response to
external stimuli, it is characterized in the laboratory by electroencephalographic (EEG,
“brain wave”) signatures with both slow and active properties (Dement and Kleitman,
1957). To examine sleep, electrodes are attached to the skin of the scalp and face to allow
for the measurement of EEG, eye movements, and muscle tone. The EEG recordings are
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then analyzed for the distribution and power of brain waves of particular frequencies (Hz),
ranging from slow to fast (delta: 0.5-4.5 Hz, theta: 4-8 Hz, alpha: 8-12 Hz, sigma: 12-15
Hz; beta: 15-30 Hz). Using these parameters, sleep is divided into two major states, “active”
rapid eye movement sleep (REMS) and “restorative” non-REM sleep (NREMS). REMS is
characterized by the low amplitude and mixed frequency waves typical of an active and
awake brain, and is accompanied by rapid eye movements and muscle atonia (Aserinsky and
Kleitman, 1953). NREM sleep is characterized by low muscle tone and low-frequency/high-
amplitude waveforms known as “slow waves”. Slow wave activity (SWA: EEG delta power/
min) and theta wave activity during NREM sleep correlate with sleep depth and are
responsive to homeostatic sleep pressure: they increase as a function of previous wake
duration, and dissipate across sleep episodes (Borbely et al., 1981; Daan et al., 1984;
Dement and Kleitman, 1957). For this reason, NREM sleep is considered restorative.

In humans, NREMS has been historically further subdivided into Stages 1-4 based on the
presence of increasing amounts of SWA, with Stages 3 and 4 now referred to collectively as
slow wave sleep (SWS or N3). Stage 2 sleep is distinguished by the presence of “sleep
spindles”, which are a stereotyped waveform in the sigma band (10-15 Hz; Dement and
Kleitman, 1957; Moser et al., 2009). In laboratory rodents, NREMS is typically discussed as
a single quantity without further subdivision, and the existence of sleep spindles is
considered debatable (although see Yasenkov and Deboer, 2010).

In adult humans, sleep progresses via cycles (~90 min), beginning the night in NREMS,
progressing deeper through Stage 2 to SWS, and finally initiating REMS. Depending on
sleep duration, an individual may have five or more of these cycles before waking, with each
successive cycle containing proportionally less SWS and proportionally more REMS
(Dement and Kleitman, 1957). The sleep cycles in laboratory rodents are much shorter and
take place on the order of minutes. In most species, sleep still predominantly occurs at a
particular time of day (day for nocturnal species, night for diurnal species) but it does so
stochastically, punctuated by episodes of wake (Kas and Edgar, 1999; Mistlberger, 2005;
Phillips et al., 2010; Tobler and Borbeley, 1986). Despite this “polyphasic” pattern of
sleeping, SWA still decreases during relatively consolidated periods of sleep, and builds up
at times of day characterized by high amounts of waking activity, reflecting sleep pressure
(Franken et al., 1991; Tobler and Borbeley, 1986; Tobler et al., 1992).

The daily rhythm in sleep is generated by the circadian timekeeping system, which
alternately promotes wake or sleep depending on the time of day (Fleshner et al., 2011;
Mistlberger, 2005; although see Edgar et al., 1993). In order for this system to tell time
accurately, internally-generated rhythms are “entrained” by environmental time cues such as
sunlight. Morning light shifts the circadian timekeeping system earlier (phase-advance) and
evening light shifts it later (phase-delay), whereas light exposure at midday has little effect
(Johnson, 1992; Roenneberg et al., 2003). Thus, the time at which the circadian system
promotes sleep or wake can be influenced by internal factors (endogenous rhythm period
and circadian light sensitivity) as well as external factors (artificial light exposure).

To better conceptualize how circadian timekeeping and the homeostatic drive for sleep
interact to generate sleep—wake cycles, researchers often use a model of sleep—wake
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regulation known as the 2-process model (Daan et al., 1984). In this model, the homeostatic
drive to sleep (Process S) is represented by a set of two exponential functions: a saturating
build up of sleep pressure during waking (with the time constant i), and a rapid decline
during sleep (with the time constant td), derived from measurements of SWA. The circadian
component (Process C) is represented by a sinusoidal lower “wake threshold” (L) and upper
“sleep threshold” (U, Fig. 2). In humans, it is theorized that the peaks for these two
processes are staggered, such that sleep at the beginning of the night is primarily driven by
homeostatic drive (S), and sleep at the end of the night is maintained by a circadian drive
(C). This staggered phase relationship produces a consolidated sleep episode (Dijk and
Czeisler, 1994). In contrast, in rodents, it is theorized that either a reduced threshold for
sleep onset (U), or accelerated time constant for homeostatic build up and dissipation (i and
wd) produces a polyphasic sleep pattern, with a higher density of sleep happening during the
peak circadian drive for sleep (Daan et al., 1984; Phillips et al., 2010; Tobler et al., 1992).

Sleep pattern development in adolescent humans

For the sake of concise interspecies comparison, we will focus this review on the strongest
insights provided from the human literature, as derived from extensive longitudinal
naturalistic studies and smaller well-controlled laboratory studies. More detailed reviews can
be found in Colrain and Baker (2011), Feinberg and Campbell (2010), and Carskadon
(2011).

Sleep timing
Perhaps the best known characteristic of teenage sleep patterns is the tendency to stay up
late. Teenagers maintain later (delayed) bedtimes than younger children, even when wake
times are constrained by school or work (Crowley et al., 2007; Gradisar et al., 2011;
Thorleifsdottir et al., 2002). This tendency has been attributed to many external influences,
ranging from evening work schedules and increased academic responsibilities to late night
television and social opportunities (Cain and Gradisar, 2010; Carskadon et al., 1989; Van
den Bulck, 2004). Current evidence, however, demonstrates that social factors do not
completely account for the adolescent shift towards delayed sleep patterns, otherwise known
as evening chronotype. Indeed, the observation that adolescents develop a tendency towards
evening-type behavior goes back as far as the early 20th century, when Terman and Hocking
(1913a) noticed that adolescent boys in boarding school developed an increasing need to be
woken by an alarm clock between the ages of 11-18 years in order to make it to their 9 a.m.
classes. Terman and Hocking (1913b) suggested that early school hours may cause
insufficient sleep in children.

Since then, researchers have found that a delay in the timing of sleep during adolescence,
accompanied by a decrease in total sleep time due to socially-constrained wake times, is
both a widespread and cross-cultural phenomenon. A delay in the timing of sleep during the
second decade of life has been observed in over 20 countries in 6 continents, in cultures
ranging from pre-industrial to modern (as reviewed in Carskadon, 2008; Gradisar et al.,
2011). A recent meta-analysis of 13 studies from 9 countries indicated that weekend
bedtimes are delayed by ~2.75 h between the ages of 11-18, even though overall bedtimes
and wake times varied by culture (Gradisar et al., 2011). Retrospective longitudinal
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measures confirm Terman's observations: later sleep times in adolescents are not merely a
modern phenomenon but existed before the advent of computers, internet, and cell phones
(Carskadon, 2008; Roenneberg et al., 2004).

The developmental timing of this transition parallels pubertal development (Crowley et al.,
2007; Russo et al., 2007; Thorleifsdottir et al., 2002; Yang et al., 2005). Home-based studies
of adolescents show that delayed sleep phase correlates with secondary-sex development
(Sadeh et al., 2009), and this correlation holds true for subjective ratings of chronotype and
puberty even when grade level in school is held constant (Carskadon et al., 1993). If we
assume that teenagers attending the same grade in school are exposed to a similar social
environment, this evidence suggests that a biological component drives adolescent sleep
patterns. Moreover, girls begin to show a delay in the timing of sleep one year earlier than
boys, mimicking their younger pubertal onset, and show maximum eveningness at a younger
age (15-19.5 years vs. 18-21 years in boys, (Fig. 1)). There is also a sex difference in the
magnitude of the delay, with boys showing more extreme changes in chronotype across the
adolescent period, leading to overall greater eveningness (Randler, 2011; Roenneberg et al.,
2004). Altogether, this evidence suggests that the adolescent transition into a more evening
chronotype is driven by pubertal hormones.

Sleep architecture

Dramatic changes in the architecture of sleep during adolescence have been noted since the
1970's (Feinberg et al., 1990). In particular, during adolescence there is a large decrease
(40%) in both the total amount of slow-wave sleep (SWS) obtained each day, as well as the
percentage of time spent in SWS during a nocturnal sleep episode (Baker et al., 2012;
Carskadon and Acebo, 2002; Carskadon et al., 1980; Gaudreau et al., 2001; Jenni and
Carskadon, 2004; Jenni et al., 2005; Kurth et al., 2010a,b; Tarokh et al., 2012). This
decrease in the amount of SWS is accompanied by an equally large decrease in SWA and
theta activity during both NREM and REM sleep (Baker et al., 2012; Buchmann et al., 2011,
Campbell and Feinberg, 2009; Campbell et al., 2011, 2012; Gaudreau et al., 2001; Jenni and
Carskadon, 2004; Jenni et al., 2005; Kurth et al., 2010a,b). During adolescence NREMS
delta and theta power plummet by > 60% (Campbell et al., 2011; Feinberg and Campbell,
2010). The decline in theta power precedes the decline in delta power by several years,
beginning in late childhood (between ages 6 and 9, Campbell and Feinberg, 2009) and
starting to plateau at age 16 (Campbell et al., 2012). Delta power falls between ages 11 and
18 (Campbell et al., 2012), strongly paralleling the timing of pubertal maturation. Girls show
an earlier decline in delta power than boys by 1.2 years, mirroring sex differences in the
timing of puberty. Even after controlling for these sex differences, the decline in delta power
strongly correlates with pubertal timing, especially with the development of pubic hair,
suggesting a possible role for androgens in adolescent sleep (Campbell et al., 2012).

As slow-wave sleep diminishes during adolescence, Stage 2 sleep becomes increasingly
prominent (Carskadon et al., 1980; Gaudreau et al., 2001; Jenni and Carskadon, 2004; Jenni
et al., 2005; Kurth et al., 2010b; Tarokh et al., 2012). This growth in Stage 2 sleep is
accompanied by an increase in the peak frequency for sleep spindles (Jenni and Carskadon,
2004; Kurth et al., 2010b) and a shift in the relative power associated with these frequencies
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(Buchmann et al., 2011; Gaudreau et al., 2001; Jenni and Carskadon, 2004; Kurth et al.,
2010b). The power of waves in faster EEG frequency ranges also decreases during
adolescence (beta waves: 15-30 Hz; Buchmann et al., 2011; Gaudreau et al., 2001; Jenni
and Carskadon, 2004; Jenni et al., 2005; Kurth et al., 2010b), suggesting that the decline in
delta and theta power during adolescence may represent a general change in the mechanisms
underlying brain wave generation (Feinberg and Campbell, 2010; Feinberg et al., 1990).
Whether these changes in Stage 2 sleep and faster EEG frequencies are as clearly associated
with pubertal maturation as the decline in delta power remains to be discovered.

Sleep homeostasis

Although daytime sleepiness in adolescence is epidemic, the cause of this sleepiness is
likely to derive primarily from social factors rather than an increased homeostatic drive for
sleep. Many adolescents maintain schedules during the school year that result in insufficient
and ill-timed sleep. Unlike adults, growing adolescents require on average as much as 9-10
h of sleep per night (Carskadon, 2011; Carskadon et al., 1980), but 45% report obtaining less
than 8 h on school nights (National Sleep Foundation Sleep and Teens Task Force, 2000).
Similar trends have been observed in multiple modern societies, including Korea, Brazil,
and Italy (Andrade and Menna-Barreto, 2002; Giannotti and Cortesi, 2002; Gradisar et al.,
2011; Yang et al., 2005). This chronic sleep deprivation is accompanied by 15-70% of
adolescents reporting excessive sleepiness, including oversleeping, inadvertent napping, and
sleeping during class (Gradisar et al., 2011; Thorleifsdottir et al., 2002). In one study it was
found that 10th grade students on average could fall asleep within 5 min during a sleep
latency test administered during the morning (8:30 a.m.), and 48% of these subjects showed
at least one episode of immediate onset REMS, implying a level of daytime sleepiness akin
to narcolepsy (Carskadon et al., 1998). Adolescent sleepiness is further reflected in multiple
markers of sleep efficiency, including an increase in the percentage of time in bed spent
sleeping and a decrease in night-time sleep latency and the number of awakenings after
sleep onset (Feinberg et al., 2012; Gaudreau et al., 2001; Kurth et al., 2010b).

Whether a change in sleepiness develops naturally during adolescence under conditions free
of sleep restriction is debatable. Controlled laboratory studies indicate that following a week
or more of regular, sufficient sleep (10 h), adolescents are fully awake in the morning but
exhibit a midday dip in their ability to stay awake (Carskadon et al., 1980; Carskadon and
Acebo, 2002). Despite this dip, their wakefulness recovers, and by evening late adolescents
are significantly more able to stay awake than well-rested pre-pubertal children (Taylor et
al., 2005).

This adolescent evening vigor has been interpreted as potentially reflecting a decrease in the
build-up of the homeostatic drive for sleep across the day. This conclusion seems to fit well
with the large decrease in SWA observed during this developmental period. As discussed
earlier, SWA is homeostatically regulated, with levels during the first NREM period of a
sleep episode reflecting the duration of prior waking. In that sense, the higher levels of SWA
in pre-pubertal children might indicate that more intense sleep need is reached by bedtime,
and the progress of SWA dissipation across the night towards plateau levels could suggest a
biological imperative for longer sleep time (Gaudreau et al., 2001). However, the fact that a
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decrease in EEG activity occurs during adolescence across all frequencies (delta, theta,
alpha, beta) and in multiple states, including REMS and waking (Baker et al., 2012;
Buchmann et al., 2011; Gaudreau et al., 2001; Jenni and Carskadon, 2004), suggests that the
adolescent decrease in SWA may more broadly reflect the process by which EEG waves are
generated.

A popular theory put forward by Feinberg and Campbell (2010) and Feinberg et al. (1990) is
that the decline in delta power during adolescence reflects cortical synaptic pruning, as EEG
slow waves reflect synchronized synaptic activity centered in the frontal lobe. A hallmark of
human brain development is a rapid proliferation of synaptic connections in early childhood,
followed by a large overall decrease until maturation. This synaptic pruning, along with
parallel increases in axon myelination, is believed to increase the efficiency of cortical
networks, and is largely credited for many of the cognitive improvements gained during
adolescence (Giedd et al., 2012). Feinberg et al. (1990) pointed out that the decline in delta
power during adolescence closely parallels the time course of synaptic pruning and
diminishing cerebral metabolic rate. This theory has held up well, with recent studies
showing that the adolescent decline in delta power progresses from the occipital to frontal
regions, paralleling the caudal to frontal progression of cortical development (Baker et al.,
2012; Kurth et al., 2010b). A loss of synaptic strength during adolescence is also suggested
by a decrease in the slope of EEG slow-waves (Kurth et al., 2010a). However, perhaps the
most convincing evidence comes from a recent study that found a strong correlation between
SWA and cortical grey matter volume measured by magnetic resonance imaging during
adolescence (Buchmann et al., 2011). It is worth noting that sex differences in the
developmental timing of delta power decline (Campbell et al., 2012) mimic sex differences
in the decline in grey matter volume during adolescence (Giedd et al., 2012). Interestingly,
the adolescent decline in delta power tightly correlates with pubertal development driven by
androgens (Campbell et al., 2012), and recent studies link androgen receptor polymorphisms
and adolescent cortical pruning (Raznahan et al., 2010), further suggesting a connection
between the two phenomena, although it remains unclear whether the relevant androgens are
of gonadal or adrenal origin (as theorized by Campbell, 2006, 2011).

Since adolescent decreases in EEG activity seem readily explainable by general cortical
development, several authors have attempted to address the topic of adolescent homeostatic
drive by instead examining the relative increase of delta and theta power across waking and
decrease during sleep. The results from these studies have been inconsistent but suggestive.
Methodologically, it is challenging to directly compare the studies' results because measures
of relative change are highly sensitive to normalization procedures, especially since age-
related differences in SWA are greater at sleep onset than at the end of the night. For
example, children have a greater build-up of SWA across the day than older adolescents
(Gaudreau et al., 2001) in comparison to levels at the end of the last sleep episode (Tobler et
al., 1992). Since the build-up of homeostatic sleep pressure (Process S) follows a saturating
exponential curve, further sleep deprivation in young children produces either a relatively
smaller or equivalent slow wave response to that of older adolescents (Jenni et al., 2005;
Kurth et al., 2010a). Using an exponential fit based on the 2-process model, Jenni et al.
(2005) modeled these results as a lengthening of the time constant for SWA build-up across
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waking (i) during adolescence, allowing SWA to plateau at a relatively higher upper
asymptote (UA), but the results could also be interpreted as a lack of adolescent changes in
the response to sleep deprivation (Kurth et al., 2010a).

Several laboratories have examined adolescent changes in the dissipation of Process S
across the night. In these studies SWA or theta power was normalized using general means
(either over the entire night or across the first 5 sleep episodes), which causes the
exponential model fits to be mathematically constrained. Thus, a change in one variable
(such as projected SWA at sleep onset) must theoretically be balanced by a change in the
other variables (td or the lower asymptote for SWA). In that sensg, it is extremely
suggestive that several studies imply adolescent changes in at least one parameter
characterizing sleep homeostasis as modeled using SWA (Campbell et al., 2011; Gaudreau
et al., 2001; trend in Tarokh et al., 2012; but see Jenni and Carskadon, 2004). Changes in the
homeostatic regulation of theta power during adolescence are particularly clear (Campbell et
al., 2011; Gaudreau et al., 2001), with older adolescents showing relatively less theta power
at the beginning of the night, a slower exponential decline (td), and higher lower asymptote
(LA) at the end of the night. Collectively, these results suggest that the dynamics of
homeostatic sleep pressure build-up and dissipation may change across adolescence. As will
be explained later, these results do not necessarily imply a large decrease in the daily need
for sleep, but may drive later sleep timing.

Sleep pattern development in laboratory animals

Sleep pattern development during adolescence in laboratory animals is less well-studied, but
supports the assertion that other species show adolescent changes in sleep timing,
architecture, and homeostasis, although these changes may not take the same form that they
do in adolescent humans.

Sleep timing

A delay in the timing of rest and activity occurs during puberty in rhesus macaques
resembling that of human adolescents (Golub et al., 1996, 2002). In contrast, in species with
polyphasic sleep, puberty appears to be accompanied by a phase-advance in the timing of
rest and activity and the development of more consolidated patterns of sleep and
wakefulness (rat: Cambras and Diez-Noguera, 1988; Castro and Andrade, 2005; Diez-
Noguera and Cambras, 1990; Hagenauer et al., 2011a; Ibuka, 1984; Joutsiniemi et al., 1991,
Sieck et al., 1978: degu: Hagenauer et al., 2011b; Hummer et al., 2007; mice: Weinert and
Waterhouse, 1999; marmoset: Melo et al., 2010). For example, in our laboratory, the daily
rest/activity rhythms of juveniles and early pubertal rodents (rats, degus) are characterized
by a crepuscular (bimodal “twilight™) pattern, with the majority of activity occurring near
the end of the typical active phase for the species. As puberty progresses, daily activity shifts
earlier (phase-advances), so that by adulthood most activities have consolidated at the
beginning of the active phase for the species (Hagenauer et al., 2011a,b; McGinnis et al.,
2007). A similar consolidation or phase advance of daily/rest activity rhythms during
puberty may also occur in mice (Weinert and Waterhouse, 1999) and marmosets (Melo et
al., 2010). Overall, these results indicate that a shift in the timing of rest and activity during
puberty is likely to be a common phenomenon in mammals.
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This shift in timing is related to pubertal hormones. Similar to humans, there is a large sex
difference in the magnitude of the chronotype shift during puberty in rodents, with males
showing a greater shift than females (Hagenauer et al., 2011a,b; although see Hummer et al.,
2007), and the developmental timing of the shift parallels sex differences in the progression
through puberty (Hagenauer et al., 2011a). A similar correlation with pubertal timing was
found in rhesus macaques in a study comparing the activity rhythms of rhesus macaques
with normal or delayed pubertal development (Golub et al., 2002). We recently found that
prepubertally gonadectomized animals either completely lacked a shift in chronotype during
the normal pubertal period (degus: Hagenauer et al., 2011b; Hummer et al., 2007) or showed
a much diminished shift in chronotype (rats: Hagenauer et al., 2011a) which could be
rescued by pubertal hormone replacement with either androgens or estrogens (M.H.
Hagenauer, C.L. Fournier, A.M. Wehner, J. Eisman, B. Ajegba, and T.M. Lee, unpublished
data). Rhythm consolidation is similarly related to increasing hormone levels, as
consolidation is prevented by prepubertal gonadectomy (Hagenauer et al., 2011a,b), and
mimicked by the induction of precocious puberty (Sieck et al., 1978).

Sleep architecture

Several studies in rodents have reported an increase in wakefulness during puberty, which is
complemented by a decrease in NREM and REM sleep (Ibuka, 1984; Mirmiran et al., 1982;
Sieck et al., 1976). These results may be due to hormonal increases, as they are observed
following the induction of precocious puberty (Sieck et al., 1976), and activity levels are
decreased by pre-pubertal gonadectomy (Hagenauer et al., 2011a) and increased by pubertal
hormone treatment (M.H. Hagenauer, C.L. Fournier, A.M. Wehner, J. Eisman, B. Ajegba,
and T.M. Lee, unpublished data). However, these changes may only be true for animals
maintained in impoverished laboratory housing environments, as rats maintained under
enriched conditions actually show an increase in NREM and REM sleep during puberty
(Mirmiran et al., 1982).

Another highly replicated finding is the emergence of a daily rhythm in REM sleep during
puberty in rodents. Prior to puberty, NREM sleep exhibits a rhythm typical of adults, but the
rhythm in REM sleep is either low-amplitude, non-existent, or phase-reversed from that
typical of adults (Alfoldi et al., 1990; Gvilia et al., 2011; Ibuka, 1984; Perryman, 2010;
Sieck et al., 1976; but see Frank and Heller, 1997). The emergence of a daily rhythm in
REMS appears to be independent of pubertal hormones, as the induction of precocious
puberty is insufficient to induce a daily REMS rhythm in rats (Sieck et al., 1976). As REMS
is highly circadian modulated (Dijk and Czeisler, 1994), the development of a REMS
rhythm during puberty in rats may indicate an overall increase in circadian output to sleep
systems.

It is unclear whether other species show a decline in SWA during puberty similar to humans.
Several studies indicate that delta power is still increasing following weaning in rodents
(Gvilia et al., 2011; Jouvet-Mounier et al., 1970; but see Bronzino et al., 1987; Frank and
Heller, 1997), and then either decreases or holds steady during puberty (Ahnaou et al., 2007;
Bronzino et al., 1987). Complementing the human results, developmental trends in delta
power appear somewhat similar to changes observed in frontal grey matter volume (Van
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Eden and Uylings, 1985), but overall the results remain weak and relatively uncharacterized.
Since there is evidence that cortical development during adolescence is sensitive to
environmental enrichment (Bock et al., 2008), it is possible that full cortical pruning and a
decline in delta power akin to human adolescents may only consistently emerge in
laboratory animals living in and interacting with more natural environments. In this case,
more detailed studies of delta power during NREM sleep in rodents could help pinpoint
developmental stages with robust cortical plasticity (and potential vulnerability) analogous
to human adolescence.

Sleep homeostasis

Following weaning, rodents develop more resistance to sleep deprivation, both in terms of
SWA build-up and observable behavior (Alfoldi et al., 1990). An informal comparison of
data from pre-pubertal animals with published data from adults suggests that this trend
continues during adolescence (Alfoldi et al., 1990). Recently, we confirmed that a resistance
to sleep deprivation develops during adolescence in a slow-developing species of rodent
(Perryman, 2010), indicating that these previous findings from rodents were not simply a
product of rapid growth. Whether this reduced homeostatic sleep drive is caused by pubertal
hormones remains unknown, but gonadal hormones have been shown to alter sleep
homeostasis in studies of adult rodents (Mong et al., 2011).

Discussion

Both humans and laboratory animals undergo large changes in sleep patterns during
adolescence, including changes in sleep timing, sleep architecture, and sleep homeostasis. In
our previous review, we discussed in detail how these changes might relate to hormonally-
driven development of the circadian timekeeping system (Hagenauer and Lee, 2012). There
are several pieces of evidence that suggest that the phasing of circadian output shifts during
adolescence, paralleling the shift in sleep timing. The strongest evidence comes from an
examination of adolescent rhythms in the “night hormone” melatonin, which tightly reflects
the phasing of output from the brain's master circadian regulator, the suprachiasmatic
nucleus (Lewy and Sack, 1989). Daily melatonin rhythms reveal that adolescent humans
continue to show a delayed circadian rhythm phase after several weeks of regulated
schedules that allow for sufficient sleep, even under controlled laboratory conditions in
which there is limited possibility for social influence (Carskadon et al., 1997, 2004). Since
the circadian system possesses a bi-directional relationship with the hypothalamic-pituitary-
gonadal axis (Kennaway, 2005; Sellix and Menaker, 2010; Turek and VVan Cauter, 1994),
and circadian physiology and rhythmic behavior are known to be highly sensitive to gonadal
hormone exposure during adulthood and early development in laboratory rodents
(Karatsoreos and Silver, 2007; Mong et al., 2011), we theorized that circadian physiology
was likely to be affected by pubertal hormones. This theory was supported by growing
evidence that multiple properties of the circadian system change during the time of
adolescence in humans and animals, including the period of internally-generated rhythms
(Carskadon, 2008; Carskadon et al., 1999; Hagenauer et al., 2011a; Hummer, 2006;
Hummer et al., 2007; McGinnis et al., 2007) and sensitivity to environmental time cues
(Borisenkov, 2011; Crowley and Carskadon, 2010; Hagenauer et al., 2009; Sharkey et al.,
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2011; Weinert and Kompauerova, 1998; Weinert et al., 1994). This evidence led us to
conclude that the changes in sleep timing that occur during adolescence may represent the
influence of pubertal hormones on the circadian system, potentially providing an
evolutionary benefit of allowing young animals to occupy a distinct temporal niche from
that of older, dominant individuals (Hagenauer and Lee, 2012).

In this review, we present a complementary hypothesis rooted in the sleep literature. Using
the original two-process model (Daan et al., 1984), we have run a set of simulations that
indicate that many of the species-specific characteristics of adolescent sleep patterns can be
recreated by a universal decrease in the homeostatic drive to sleep (i, td). In species with
monophasic sleep, such as humans and macaques, our model predicts that a lengthening of
the time constants for the build-up and dissipation of sleep pressure (~45% increase in i,
td) could produce a large (3—4 h) phase delay in sleep timing accompanied by a small
decrease in overall sleep time (0.7-1 h; Fig. 3A & B). These changes in sleep homeostasis
(wi, vd) would produce a relative decrease in sleep pressure (Process S: SWA and theta
power) at sleep onset and a relative increase in sleep pressure at sleep offset (Fig. 3C).
Moreover, if the circadian fluctuation in the model is more broadly interpreted to not only
influence thresholds for waking and sleeping (U & L), but generate daily fluctuation in
arousal levels, the model also may predict a paradoxical increase in daytime sleepiness (as
originally proposed by Carskadon and Acebo, 2002) because it increases the desynchrony
between sleep timing and the circadian drive to sleep. Overall, these predictions fit the
human literature, which shows a clear phase delay in sleep timing, and a decrease in sleep
pressure at sleep onset in adolescents as measured by percent time in SWS or SWA. A
lengthening of the homeostatic time constants during adolescence has also been consistently
observed (9-43%), but often has not reached statistical significance (Campbell et al., 2011;
Gaudreau et al., 2001; Jenni et al., 2005; Tarokh et al., 2012). A similar model, in which
only the time constant for the homeostatic build-up of sleep (vi) is lengthened (as proposed
by Jenni et al., 2005), also produces a delay in sleep timing but at the cost of a large
decrease in overall sleep time in a manner that does not fit adolescent sleep patterns (Fig.
3D).

For polyphasic species, such as laboratory rodents and marmosets, our model predicts an
increased consolidation of sleep and wake episodes, accompanied by a small phase advance
in the sleep/wake cycle (Fig. 4), similar to what has been observed in laboratory studies. A
parallel increase in the amplitude of circadian output to sleep systems or in the sensitivity of
the sleep system to circadian signals might allow for the emergence of daily rhythms in
REM sleep and the further consolidation of daily rhythms in sleeping and waking, although
the model still cannot fully explain the presence of juvenile crepuscularity.

In total, we ran over 3400 simulated days of data but the results for our model should still be
considered preliminary, as we have not determined whether the conclusions can be
generalized to other models of polyphasic sleep, or whether they hold true when we only
consider a physiological amount of variation in the sleep variables for each of the respective
species. Despite these weaknesses, recently we found evidence that a shift in the timing of
melatonin secretion and circadian gene expression in the suprachiasmatic nucleus does not
occur in laboratory rodents during puberty, despite clear shifts in the timing of rest and
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activity (Liu T., Wehner A.M., Borjigin J., Hagenauer M.H., Lee T.M., unpublished data;
Hagenauer M.H., Altshuler D.B., Wang S.S., Mossner J.M., Lee T.M., unpublished data).
Although these data certainly do not rule out pubertal influences on the circadian system,
which are strongly indicated by a variety of evidence (Hagenauer and Lee, 2012), they do
support our homeostatic model, and raise the question of whether the delayed melatonin
rhythms in human adolescents may represent an interaction between adolescent circadian
development and human usage of artificial lighting, instead of a simple hormonally-driven
circadian shift. Growing evidence suggests that adolescents may be relatively more sensitive
to the circadian phase-shifting effects of evening light (for a full review see Hagenauer and
Lee, 2012), and several studies have indicated that evening chronotype in adolescents is less
severe in rural locations where there is less exposure to artificial light at night (Peixoto et al.,
2009; Vollmer et al., 2012). In this case, it may be that a propensity towards evening
chronotype develops in humans during adolescence due to hormonally-driven changes in
sleep homeostasis, but this propensity is then aggravated by a further shift in circadian
timekeeping due to a heightened sensitivity to evening light exposure.

In conclusion, we have demonstrated that the basic features of adolescent sleep patterns in a
variety of species can be recreated in a model based on a decrease in the homeostatic drive
to sleep (=i, td). We hope that this model demonstrates the usefulness of cross-species
comparisons, and will inspire further investigation into adolescent sleep in non-human
species. Also, although many questions remain regarding the source of adolescent sleep
patterns, it is clear that interventions that address either homeostatic drive or circadian phase
are likely to help adolescents shift their sleep earlier to better adjust to societal needs. In
particular, the homeostatic drive to sleep could be enhanced by the incorporation of greater
physical activity into the school day, and the phase of circadian output could be shifted
earlier by parental restrictions on screen time in the evenings (Cain and Gradisar, 2010) and
a reduction of evening light exposure (Peixoto et al., 2009; Vollmer et al., 2012).
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Fig. 1.

A timeline illustrating the relationship between sleep variables, puberty, and brain
development in humans and laboratory rats. (Top) An adaptation of a figure from Feinberg
and Campbell (2010) and Feinberg et al. (1990) illustrating that the developmental timing of
changes in delta power during slow wave sleep (dark blue) correlates with changes in frontal
grey matter (synaptic density, light blue) and cerebral metabolic rate (red) in humans (x-axis
= years, y-axis = the relative increase in each variable representing the developmental
pattern of change). Adolescent changes in chronotype have been added to the model using
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data from Roenneberg et al. (2004, green = female, purple = male), progressing from
morning-type (lower values) to evening-type (higher values). (Bottom) An illustration of the
approximate developmental changes for the same variables in rats (x-axis = days, based on
Bronzino et al., 1987; Gvilia et al., 2011; Hagenauer et al., 2011a; Jouvet-Mounier et al.,
1970; Van Eden and Uylings, 1985). Note that delta power and frontal grey matter volume
seem to peak at a similar age, followed by a change in chronotype, but unlike in humans
chronotype shifts earlier instead of later. These trends should be considered tentative
compared to the high degree of replicability supporting the human data.
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Sleep  Sleep
Onset Offset

The 2-process model illustrates interactions between the circadian and homeostatic
regulation of sleep. In this model, the homeostatic drive to sleep (Process S, green) is
represented by a set of two exponential functions: a saturating build up of sleep pressure
during waking (St+1=1- (1 - Sy * e AT with a time constant of i = 18.18 h and an
instantaneous build up rate of 0.055/h) and a rapid decline during sleep (S + 1 = S; * e AU,
with a time constant of td = 4.2 h and an instantaneous break down rate of 0.238/h). These
time constants were originally derived from observations of a physiological correlate of
sleep pressure during human sleep deprivation experiments: the build-up and dissipation of
slow wave activity (SWA; Daan et al., 1984). Thus, the y-axis of this figure, which spans
from 0 to 1, ultimately represents the theoretical upper and lower asymptotes for SWA
generation. In this figure, three days of simulated data are presented, with time (t, hrs)
indicated by the x-axis. Using parameters optimized to fit the sleep patterns of young adults
(Daan et al., 1984), Process S in the model is allowed to fluctuate between a sinusoidal
lower “wake threshold” (L, blue, average value of 0.17) and upper “sleep threshold” (U, red,
average value of 0.67), representing the circadian regulation of sleep (Process C) with a
rhythm amplitude of A = 0.12. Thus, time awake is denoted by the rising slope of S, and
time of sleep is denoted by the falling slope. In general, this model will progress towards a
stable (ideal) timing of sleep and wake, even when initial levels of sleep pressure differ (S,
orange and lavender lines).
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Fig. 3.

Modeling adolescent sleep in humans using the two-process model. To examine the
theoretical effect of an adolescent change in each of the sleep parameters, we varied them
around the initial values derived from young adults in Daan et al., 1984 (illustrated in Fig.
2). Slowing the homeostatic time constants (zi, td) reliably produced a delay in the timing of
sleep. To come to this conclusion, i and td were varied between 56% and 133% of their
original values and only values that produced stable, monophasic sleep were seriously

considered. Similar to Daan et al. (1984), we also explored the effect of varying other
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parameters on sleep patterns, including varying circadian amplitude by 67%-133% (between
0.08 and 0.16), and sleep threshold (U) by 50% of amplitude (data not shown). For all
variable combinations, 16 simulations were constructed containing five days of data (1440
min/day). To examine the robustness of the relationship between sleep phasing and time of
day, each of the 16 simulations began with one of eight possible initial levels of sleep
pressure (Process S, varying from the lower wake threshold (L) to upper sleep threshold (U))
as well as a tendency for S to increase (awake) or decrease (asleep). As shown in Fig. 2,
despite these varying starting points, invariably a stable sleep phase (with a 24 h period)
developed in the human data (as indicated by a standard deviation of <0.3% in any 2 hour
block), so sleep phasing was determined by examining the fifth day of the data set. A)
Examples of modeled human sleep/wake data, following the conventions of Fig. 2. B) The
time of sleep onset is relatively more advanced (positive) when sleep pressure builds up and
dissipates quickly (smaller =i, ©d compared to young adults in Daan et al., 1984), and
relatively phase-delayed (negative) when sleep pressure builds up and dissipates slowly
(larger =i, td compared to young adults). We found that these changes were accompanied by
age-appropriate sleep durations when the circadian rhythm in the wake and sleep threshold
had an amplitude that was higher (A = 0.16, “High Amp”) than that previously identified for
young adults (Daan et al., 1984, A = 0.12, “Med Amp”), whereas an amplitude similar to
that of young adults allowed sleep timing to change in response to variation in the
homeostatic time constants (i, td) while maintaining a relatively stable sleep duration of
7.5-8.3 h. Therefore, we would theorize that simulations that include a medium amplitude
circadian rhythm might better predict changes in sleep timing in response to altered sleep
homeostasis in adults. C) When homeostatic time constants are faster (i, td), the amount of
sleep pressure (Process S) is higher at sleep onset and lower at sleep offset than when
homeostatic time constants are slower (i, td). D) Models that only include changes in the
homeostatic build-up (but not dissipation) of sleep pressure (as suggested by Jenni and
Carskadon, 2005) produce large changes in both sleep onset time and sleep duration, and
thus do not closely mimic adolescent sleep patterns.
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Fig. 4.

M%deling adolescent sleep in rodents using the two-process model. A) To model adolescent
changes in the sleep patterns of polyphasic species, such as laboratory rodents, we increased
the speed of homeostatic sleep pressure build up and dissipation (Phillips et al., 2010), and
then ran a similar set of simulations as humans, but varying the time constants between 50%
and 400% of i = 0.215 h (an instantaneous build up rate of 1.65/h) and ©d = 0.606 h (an
instantaneous break down rate of 4.65/h). It should be noted that although the time constants
for sleep pressure build up and dissipation have not been well-studied in developing rodents,
models predict that a 160-200% increase in t might occur in these small, fast-developing
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species simply due to brain growth (Phillips et al., 2010) and observations of behavioral and
SWA suggest that the ability to tolerate sleep deprivation may increase by 3 to 12-fold (!) in
rats between weaning and adulthood (Alfoldi et al., 1990). We found that a higher amplitude
circadian rhythm in the sleep and wake threshold and slower time constants produced an
obvious consolidation of sleep and wake. B) Slower time constants produced a small phase
advance in the timing of sleep. Sleep data from the simulations was averaged over three
days to produce estimates of daily rhythms in percentage time spent asleep, with data from
the slowest time constants illustrated in red, and the fastest illustrated in blue. The phase
advance in response to slower time constants is indicated by the leftward shift in the curves,
as indicated by the rainbow appearance. C) These trends were more obvious in models that
included a higher amplitude circadian rhythm in the sleep and wake threshold (A = 0.16).
These models also showed a higher amplitude daily rhythm in sleep and wake, typical of
mature rodents.
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