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Abstract
Adolescence is a critical developmental period. An important change that occurs in adolescence
is the neurological maturation for adult-type cognitive abilities. Research has linked adequate
sleep quantity to successful learning and memory capabilities. However, due to a shift in sleep
timing drive in adolescence, in combination with early awakening for school, the adolescent
population is experiencing chronic sleep restriction (CSR). What repercussions to long-term
memory capabilities could CSR in adolescence have immediately and are the consequences long-
lasting? The present study modeled human adolescent CSR in rats through four hours of sleep
deprivation for five days, followed by two days of unrestricted sleep, and five more days of four
hours of sleep deprivation; thus the rats were exposed to CSR throughout the two-week rat
adolescent period. Long-term hippocampal dependent and non-hippocampal dependent memory
were tested through the object location task and the object recognition task, respectively. Testing
occurred in adolescence and after a four-week delay during which the rats slept freely and
matured to adulthood. The results showed that, given the appropriate conditions for successful
long-term memory, the rats exposed to CSR in adolescence showed impaired hippocampal
dependent memory in adolescence and this impairment was also evident in adulthood. These
findings were not the case for non-hippocampal dependent memory, for which a significant
effect of sleep was not found. Given the findings of the hippocampal dependent task, these
results suggest that CSR in adolescence may influence less than optimal memory performance
among adolescents. Further, the pattern in adulthood suggests that even after undisturbed sleep in
the period from adolescence to adult maturation, the consequences of adolescent CSR are
relentless. The findings in this study inform the research as the first rodent model of adolescent

CSR and indicate practical implications for the health of adolescents.
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Introduction

Humans spend a third of their lives sleeping. Based on recommendations from the
National Sleep Foundation, a person who lives an average life expectancy and gets the
appropriate amount of sleep for his or her age across the lifespan will average approximately 8.6
hours of sleep per night — over a third of our 24-hour days (Global Burden of Disease 2015
Mortality and Cause of Death Collaborators, 2016; Hirshkowitz et al., 2015). The considerable
time that humans spend sleeping implies that it must serve an imperative function. Research
asserts that sleep is primarily for the brain with a demonstrated necessity in optimal cognitive
functioning and neurological maturation (Frank, 2006; McCoy & Strecker, 2011; Poe, 2017;
Sara, 2017). One population to which this function is of particular concern is adolescents, who
are in a critical developmental period for the establishment of ideal adult-type neurology and
cognition (Lenroot & Giedd, 2006; Sisk & Zehr, 2005). Therefore, optimal sleep quantity is vital
in the adolescent period. Unfortunately, optimal sleep quantity is precisely the opposite of the
pattern seen among today’s adolescents.

Despite evidence of the importance of sleep, too few people are getting the recommended
amount (Bonnet & Arand, 1995; Schoenborn & Adams, 2010) with the adolescent population
falling most drastically into this category (Carskadon, 2011). Naturally, adolescent sleep
schedules are constrained by a biological shift from morning to evening chronotype (staying up
later due to the combination of changes in circadian timing and a delay in homeostatic build-up)
and morning social demands, such as school (Hagenauer & Lee, 2013). Further, additional
factors such as late night phone use and caffeine consumption may intensify the natural delay
(Crowley et al., 2014; Owens, 2014). The repetitive nature of the insufficient sleep (i.e., limited

sleep for multiple days in a row on weekdays) indicates that adolescents are experiencing chronic
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sleep restriction (CSR; e.g., Beebe, Rose, & Amin, 2010; Carskadon, 2011; Jiang et al., 2011). In
fact, while about 65% of adults are getting their recommended 7-8 hours of sleep, only 20% of
teens are getting the optimal 8-10 hours of sleep on school nights, attesting to the issue’s
prevalence in today’s society (Hirshkowitz et al., 2015; Lui et al., 2016; National Sleep
Foundation, 2006; Owens, Belon, & Moss, 2010).

In addition to the demonstrated health-related consequences of insufficient sleep quantity
(e.g., increased risk for obesity, type 2 diabetes, and cardiovascular complications; Nagai,
Hoshide, & Kario, 2010; Spiegel, Knutson, Leproult, Tasail, & Van Cauter, 2005), research
asserts that sleep is primarily for the brain, implicating it in cognitive function and mental health
(Frank, 2006; Owens, 2014). In particular, there is substantial evidence of sleep’s role in learning
and memory (for reviews see Poe, 2017 and Sara, 2017). Studies in which learning is either
preceded or followed by a period of sleep deprivation consistently show impaired acquisition of
the task and memory for the task, respectively (see McCoy & Strecker, 2011 for review). The
pattern of impairment caused by sleep deprivation implicates sleep in learning and memory, with
cognitive deficits independent of the decreased alertness that inevitably accompanies extended
wakefulness (Smith & Smith, 2003).

The present understanding is that sleep is important to the memory consolidation process;
that is, sleep secures memories through transferring them to long-term memory and making them
less susceptible to interference (McCoy & Strecker, 2011). Furthermore, sleep seems to be
involved in forgetting as well. During sleep, information undergoes a targeted eliminating
process involving the weakening of specific synaptic connections, so as to not crowd the brain
and its synapses with irrelevant, incorrect, or conflicting information (Poe, 2017). Consequently,

it appears that sleep is important across the learning and memory spectrum, from initial
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acquisition and encoding to recollection and long-term stabilization to freeing of synapses so that
new learning may occur.

The importance of sleep to learning and memory processes, in collaboration with how it
changes across the lifespan, hints towards developmental implications. The recommended
quantity of sleep for optimal functioning varies across the lifespan: an average of 14-17 hours
per day are recommended for newborns, 10-13 hours for preschoolers, 8-10 hours for
adolescents, and 7-8 hours for adults, to give some examples (Hirshkowitz et al., 2015). The
differential hours based on ages asserts more sleep necessity during development than at
maturation. Additionally, minutes spent in the stages of sleep that are important to learning and
memory are greatest throughout childhood and adolescence and do not stabilize to adult levels
until early adulthood, corresponding to the brain maturation that occurs through childhood and
adolescence and into early adulthood (Carskadon & Dement, 2011; Capellini et al., 2008; Spear,
2013; Stickgold, James, & Hobson, 2000; Ohayon, Carskadon, Guilleminault, & Vitiello, 2004).
Once the brain is more fully developed in adulthood, both recommended hours of sleep and time
spent in these crucial stages lessen. Given the elevated recommended number of hours of sleep
and time spent in stages that are concurrent with learning and memory processes, it follows that
sleep corresponds to cortical growth and connectivity associated with neurological development.

Adolescence is a particularly critical developmental period for the establishment of ideal
adult-type neurology and cognition. Adolescence is a period of physical, hormonal, and
neurological changes as the body makes the transition from childhood to adulthood (Sisk &
Zehr, 2005). While some neurological maturation has reached peak growth or volume in
childhood (e.g., total cerebral volume reaches 95% of its peak volume around age six and the

amount of gray matter for the frontal and parietal lobes peaks around 10-12 years), the crucial
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refinement — reduction, in some cases — of such areas and preparation of adult-type patterns
occurs in adolescence (Lenroot & Giedd, 2006; Sisk & Zehr, 2005). Essential changes in
adolescence include specialized pruning to refine connections, the establishment of more
efficient synapses, and an increase in the production of myelin for speedier processing (Spear,
2013). The increase in the production of myelin corresponds to an increase in white matter in
areas specialized for adult cognition (Bava & Tapert, 2010; Lenroot & Giedd, 2006).
Furthermore, areas that mature later in the process, such as frontal regions and the prefrontal
cortex, continue to develop during adolescence (Spear, 2013). As such areas have been
implicated in inhibitory control and the ability to manage emotional situations, their continued
development in adolescence accounts for the impulsivity that is seen in this period, while also
indicative of progression toward adult-type patterns and eventual behavior.

With sleep’s importance in neurological maturation and these crucial preparations for an
adult brain system that occur in adolescence, optimal sleep quantity is vital in the adolescent
period. However, later sleep onset in adolescence and continued early awakening leaves fewer
hours for sleep. That is, morning social demands may be hindering a natural disposition to sleep
later into the day (Crowley et al., 2014). For example, a child in early middle school may go to
bed at 9:00-10:00pm and wake up at 6:00-7:00am, generating an average of about 8-9 hours of
sleep; an adolescent in high school may not go to bed until 11:00pm-midnight, while still having
to wake up at 6:00-7:00am, generating an average of only about 6-7 hours of sleep (National
Sleep Foundation, 2006). These 6-7 hours are in contrast to the 8-10 hours that are recommended
for this crucial developmental stage (Hirshkowitz et al., 2015). What cognitive repercussions is
society generating on the dynamic and vulnerable adolescent brain, both immediately and in a

long-term sense, with this CSR?
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Experimental Sleep Deprivation with Rodent Models

A substantial amount of literature has examined the immediate consequences of CSR in
humans, such as impaired sustained attention, daytime sleepiness, and lower quiz scores (e.g.,
Agostini, Carskadon, Dorrian, Coussens, & Short, 2016; Beebe et al., 2010). Additionally,
studies have shown that insufficient sleep during development can predict long-lasting
difficulties, such as increased incidence of mental illness and addiction (see Beebe, 2011 for
review). However, the nature of experimentation makes such questions difficult to answer with
human subjects. That is, a researcher may lack full control of the sleep manipulation or the
ability to use a comparative control group with random assignment to groups, thus opening the
study to a lack of internal validity. Thus, while both immediate and longitudinal studies with
humans exist, they are unable to make causal statements and tend to focus on resulting mood
disorders and substance abuse, rather than on strictly cognitive abilities.

With such limitations in mind, sleep researchers have pushed for the use of rodent models
to study the cognitive consequences of sleep disturbance (McCoy & Strecker, 2011). In addition
to appeasing these limitations, rat models boast the benefit of providing insight into neurological
mechanisms and investigating long-lasting effects is more feasible, as the change from
adolescence to adulthood in rodents occurs over the course of weeks, as opposed to years. Given
such benefits, laboratory manipulations with rats have been developed to model sleep disorders.
For instance, sleep fragmentation (the periodic awakening of the rat) has been used to model
sleep apnea (Ward et al., 2009). On the other hand, while researchers have modeled CSR with
rats to examine the sleep architecture and neurobiological changes that result from CSR (e.g.,

Kim, Laposky, Bergmann, & Turek, 2007; Leemburg et al., 2010), its application as a potential
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model of adolescent sleep schedules and the cognitive consequences of such constraint has
received little attention.

Sleep research with rodents comes with it the obvious problem of generalizing findings
from a non-human species to humans. Some researchers argue that results with rodents cannot be
generalized in this manner (e.g., Shanks, Greek, & Greek, 2009). However, in this case of
investigating changes in adolescence, Spear (2000) reviews a number of similarities between
rodents and humans that make the case for rodents as an acceptable human model. For example,
adolescent rats show the phase delay in the onset of sleep that is evident in human adolescents,
suggesting that both species have the natural tendency to stay up later that is contributing to the
CSR experienced by human adolescents. Additionally, neurological alterations evident in
adolescent humans, such as myelination, synaptic pruning, and maturation of the prefrontal
cortex that contribute to cognitive and behavioral changes, are also seen in rats (Bellesi et al.,
2018; Spear, 2000; Spear, 2013; Brenhouse & Andersen, 2011). While Spear (2000) admits that
animals cannot perfectly model humans, adolescent developmental changes, in particular, seem
remarkably similar across species (see Brenhouse & Anderson, 2011 for review).

Learning and memory. The impairment in cognitive abilities as a result of sleep
disturbances in rodents has been extensively examined among researchers. Learning and memory
have received the most consideration. The consideration is likely due to the wide variety of
forms of memory (e.g., working memory, reference memory, motor memory, recognition
memory, spatial memory, long-term memory, etc.) and the intrigue generated by how these
systems are impaired in diverse ways by employment of alternative tasks, inducing different
types of sleep impairments, or altering the timing of sleep impairment. For example, total sleep

deprivation and sleep fragmentation (periodic awakening throughout a sleep phase) following
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training of a maze task may impair spatial memory in an adult rat; however, these impairments
may be in contrast to those produced by deprivation of only the rapid eye movement (REM)
stage of sleep which may leave spatial memory intact, while debilitating reference memory and
emotional memories (e.g., Guan, Peng, & Fang, 2004; Smith, Conway, & Rose, 1998; Walsh,
Booth, Poe, 2011; Walker, 2010; Ward et al., 2009).

The forms of information that are learned and stored in memory can be broadly classified
as hippocampal dependent and non-hippocampal dependent. The hippocampus is known for its
role in tasks that require spatial or contextual skill (D’Hooge & De Deyn, 2001; O’Brien,
Lehmann, Lecluse, & Mumby, 2006). To give an example of this distinction, the role in spatial
skills is demonstrated through lesion-induced impairment in performance on spatial tasks, such
as the popular Morris water maze (MWM; Morris, 1984), in which animals are required to learn
the location of a hidden platform. The rat can be placed into the apparatus at various start
locations, thus requiring the hippocampus for memory of the location of the platform and use of
external cues to navigate towards it. By contrast, the MWM can also be set up to not require the
hippocampus, by placing the rat into the apparatus at the same location each time and requiring a
learned motor pattern, rather than spatial memory (Carlson, 2013). Further, a number of
neuroimaging studies implicate a variety of non-hippocampal brain regions in different types of
memory. For example, working memory maintenance has been linked to frontoparietal activity
and episodic memory encoding to prefrontal structures, thereby illustrating memory that is not
primarily linked to the hippocampus (Eriksson, Vogel, Lansner, Bergstrom, & Nyberg, 2015;
Tulving & Markowitsch, 1997). With the hippocampal/non-hippocampal dependent
classification in mind, researchers may choose and alter experimental tasks based the form of

learning and memory of interest.
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The object location task and object recognition task. The object location task (OLT; Dix
& Aggleton, 1999) and object recognition task (ORT; Ennaceur & Delacour, 1988) tap into
distinct types of learning and memory. The OLT is a spatial task requiring the subject to
differentiate between two object locations, while the ORT is a recognition task requiring the
subject to differentiate between a novel object and a familiar object. The OLT’s reliance on the
hippocampus is indicated in a study by Ennaceur, Neave, and Aggleton (1997) in which lesions
to pathways to the hippocampus impaired task performance. On the other hand, the ORT is a
recognition task that appears reliant on alternative areas, such as the perirhinal cortex, the insular
cortex, and the ventromedial prefrontal cortex (Akirav & Maroun, 2006; Balderas et al., 2008;
Ennaceur et al., 1997; O’Brien, Lehmann, Lecluse, & Membuy, 2006; Winters, Forwood,
Cowell, Saksida, & Bussey, 2004). The OLT and ORT demonstrate the distinction between
hippocampal dependent and non-hippocampal dependent memory.

Despite tapping into different mechanisms, the OLT and ORT utilize similar
methodology that is reliant on rodents’ instinctual novelty preference (Dix & Aggleton, 1999). In
the OLT, one object is in the same spot as in a previous exposure to the objects and one object
has been moved to a new location within the apparatus. By comparison, in the ORT, the two
objects remain in the same location, but one of the objects is different from the object in the
previous exposure (Ennaceur & Delacour, 1988). The subjects’ learning and memory from the
first exposure (the study phase) to the test phase is quantified based on rodents’ innate behavior
to display more attention towards a novel object or an object in a novel position. That is,
successful spatial and recognition learning and memory in these two tasks manifests in
preference for the object in the novel location and the novel object, respectively (Strecker,

Drinkenburg, Sahgal, & Aggleton, 1998).
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As rodents innately show exploratory preference for novelty over familiarity, the OLT
and ORT do not require lengthy shaping or training procedures (Ennaceur & Delacour, 1988).
The lack of training provides an advantage over a number of other tests of cognitive abilities,
such as the 6-day pre-training phase of the delayed non-matching-to-sample task (Mumby, Pinel,
& Wood, 1990) or the 3-5 month training period of the 5-choice serial reaction time task
(Cordova et al., 2006). The OLT and ORT can be accomplished in a relatively short timeframe
and offer a snapshot of memory abilities at a precise time point during development.
Additionally, they require no external motivation or potentially stress-inducing procedures
(Ennaceur & Delacour, 1988; Silvers, Harrod, Mactutus, & Booze, 2007). The lack of these
potentially confounding variables boasts comparability to learning and memory studies with
humans who can be told or read instructions for a task without training or motivation through
food or water deprivation and rewards. Therefore, the OLT and ORT allow the researcher to
investigate hippocampal dependent memory and an example of non-hippocampal dependent
memory, recognition memory, through instinctual rat behaviors.

The necessity to investigate both hippocampal dependent memory and non-hippocampal
memory is evident in the sleep literature, as sleep deprivation may differentially impair tasks
based on the tasks’ reliance on the hippocampus. Palchykova, Crestani, Meerlo, and Tobler
(2006) deprived hamsters of four hours of sleep, through gentle handling, after ORT training.
Palchykova, Winsky-Sommerer, Meerlo, Diirr, and Tobler (2006) extended this study to mice,
depriving them of six hours of sleep after learning the ORT, as four hours for a hamster is
comparable to six hours for a mouse (Palchykova, Crestani et al., 2006). In both studies, sleep-
deprived animals failed to exhibit a distinction between novel and familiar objects at test, 24

hours later, in the non-hippocampal dependent ORT. In addition, sleep-deprived hamsters failed
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to differentiate between the object in the familiar location and the object in the novel location in
the hippocampal-dependent OLT (Palchykova, Crestani et al., 2006). This impairment provides
evidence that a single instance of sleep deprivation impairs both spatial and non-spatial memory
in rodents. However, in Palchykova, Winsky-Sommerer, and colleagues (2006), even the control
mice failed to distinguish between an object at a novel location and an object at its prior location.
Therefore, in this case, the OLT was not sensitive enough to pick up differentiation between
novelty and familiarity, unrelated to any sleep manipulation. While the ORT was sensitive to
sleep deprivation in both studies, the results of Palchykova, Winsky-Sommerer, and colleagues
with mice leave questions regarding the effect of sleep deprivation on the OLT.

The inconclusiveness of the studies by Palchykova and colleagues for the OLT is in
contrast to a study by Binder and colleagues (2012). Binder and colleagues found that successful
differentiation between novel location and familiar location was demonstrated only in the
morning (inactive phase, when rats will presumably sleep) timeframe without sleep deprivation.
This finding implies that sleep following acquisition is important to hippocampal dependent
learning and memory and, therefore, future performance on the task. These findings provide
evidence that sleep is essential to performance on the OLT, as well.

Ngo, Lloyd, and Hunter (2013) used an alternative form of sleep deprivation, selectively
depriving rats of REM for six hours. The results showed that REM-deprived rats had less
preference for novel objects (ORT impairment) than control rats. On the other hand, the results
for the OLT were less straightforward because the within-subjects design resulted in evidence of
a carryover effect. That is, while rats that first learned the OLT and were subsequently deprived
of REM did not show an effect of REM deprivation on the OLT, rats that were REM deprived

first for the ORT, prior to the acquisition of the OLT did show impairment. Thus, these findings
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contribute the consequences of REM deprivation to the literature on impairment of the ORT,
while, as was the case with the mice in the study by Palchykova, Winsky-Sommerer, and
colleagues, sleep disruption’s effect on the OLT was inconclusive.

Chronic sleep restriction. While the OLT and ORT have not yet been used to study the
effects of CSR, Hairston et al. (2005) and McCoy et al. (2013) have investigated cognitive
impairment in response to CSR with the MWM. McCoy and colleagues applied a severe CSR
sleep manipulation of 18 hours per day for five days (only 6 hours of sleep opportunity per day).
The results showed that CSR rats demonstrated impairment in memory for platform location.
Hairston and colleagues induced a comparatively mild sleep manipulation of 6 hours per day for
four days. The results were similar to those of McCoy and colleagues, in that the CSR group
took longer to find the platform than undisturbed rats, suggesting hippocampal dependent
memory impairment. In a non-hippocampal dependent version of the task, the platform was
raised above the water such that it was visible. Therefore, swimming to the platform did not
require the use of spatial cues. In contrast to the results of the hippocampal dependent test, the
CSR rats showed improvement in this version of the task. The authors concluded that the
positive performance on this task for the CSR group is an indication of CSR altering the type of
memory strategy employed by the rats. As a conclusion, there is evidence that CSR produces
spatial memory deficits in adult rats and lack of evidence that CSR shows that same effect in
non-spatial tasks.

Summary. Given the studies discussed thus far, we see that researchers have explored the
effects of sleep disturbances of varying types on cognitive abilities in rat models. However, CSR
has less often been the deprivation type of choice in experimental contexts than alternative sleep

deprivation methods (McCoy et al., 2013) and it has yet to be analyzed with the OLT and ORT.
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Therefore, while there is substantial literature on cognitive impairments from sleep disturbance,
there are still questions about what skills are affected by CSR, specifically. For example, varied
findings are demonstrated in impairment to hippocampal dependent memory as a result of CSR
in the MWM, but a lack of impairment to non-hippocampal dependent memory (Hairston et al.,
2005; McCoy et al., 2013). Investigating the effects of CSR on the OLT and ORT may provide
useful information about whether CSR in adolescence affects both hippocampal dependent and
non-hippocampal dependent learning and memory.

Adolescence. A significant question among adolescent studies with laboratory animals is
what ages in rodents corresponds to human adolescence? Vetter-O’Hagen and Spear (2012)
measured physiological and hormonal markers of puberty in Sprague-Dawley rats (e.g., genital
development, weight gain, hormone levels) and surmised a wide timeframe for adolescence of
post-natal days (PND) 25-55. The proposed timeframe can be divided into comparative
subgroups: PNDs 25-27 correspond to ages 10-12 in humans, PNDs 28-42 correspond to ages
12-18 in humans, and PNDs 43-65 correspond to 18-25 years of age (late adolescence and
emerging adulthood) (Spear, 2000; Spear, 2015; Vetter-O’Hagen & Spear, 2012). While these
definitions may differ from the period put forward by other rat adolescent studies, it is also
important to note that differences may exist between various strains of rats and, for the present
study, literature that used Sprague-Dawley rats was prioritized when determining logistical
factors of the experiment (Harker & Whishaw, 2002; McCoy et al., 2013).

Regarding the timing of adulthood, the above studies for operationally defining
adolescence in rats signified PND 65 as the end of the emerging adulthood period, suggesting
that adulthood would subsequently begin. The proposed timing corresponds to additional studies

that have examined the long-lasting effects of an adolescent manipulation on characteristics of
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adulthood. For example, recently Sar¢, Levine, Hildreith, Picchioni, and Smith (2016) and Billeh
and colleagues (2016) identified approximately 4-5 weeks post-adolescent manipulation as their
adulthood period (31 days later at PND 73 and 35 days at PND 65, respectively). While Saré and
colleagues and Billeh and colleagues used mice for their experiments, a study with Sprague-
Dawley rats (Yang, Sun, Huang, Yao, & Qu, 2012) utilized a similar timeframe, operationally
defining adulthood as within PND 60-85. Again, these studies are in agreement with the
aforementioned studies regarding late adolescence and emerging adulthood (PND 43-65); thus,
the literature suggests that after PND 65 is an agreeable estimate to ensure that, on average, rats
can be considered adults.

Chronic sleep restriction. While the cognitive repercussions of sleep disturbance have
been investigated, those studies were performed with adult rats and few studies have looked to
answer questions regarding impairments in adolescent rats. In fact, to our knowledge, only one
study has done so. Yang and colleagues (2012) deprived both adolescent and adult rats of four
hours of sleep for seven days, using gentle handling, to investigate the effects on hippocampal-
dependent memory using the MWM. The adolescent manipulation was implemented for PND
29-34 and a separate group of rats underwent the adult manipulation at PND 72-79. Results
showed that CSR impaired the performance of adolescent rats who, compared to undisturbed
controls, travelled further to find the platform, spent less time in the platform quadrant, and made
fewer platform crossings. This finding is in opposition to the adult rats for which the authors did
not find impairment in any of these measures. The lack of impairment in adults is in contrast to
studies demonstrating in impairment in the MWM as a consequence of CSR in adult rats
(Hairston et al., 2005; McCoy et al., 2013). However, studies that found deficits using the MWM

employed longer periods of CSR, suggesting that an extended period of CSR may be necessary
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to produce MWM impairment. While cross-sectional in nature, this study of Yang and
colleagues does provide preliminary evidence for impairment to cognition (namely, spatial
memory), revealing the potential for immediate deficits from CSR in adolescence, but did not
investigate possible long-lasting effects.

Immediate and long-lasting effects. Despite the lack of research into cognitive deficits
with adolescent rodents, research with laboratory animals has delved into the vulnerability of the
adolescent brain to issues other than cognitive impairments after sleep deprivation. CSR studies,
specifically, have noted both neurological and behavioral changes or deficits and, in some cases,
have demonstrated changes in adulthood stemming from CSR manipulation in adolescence.

Sar¢ and colleagues (2016) linked CSR during development with behavioral
abnormalities. Saré and colleagues deprived mice of three hours of sleep per day through gentle
handling. The sleep manipulation was employed for 38 days, from childhood through
adolescence (PND 5-42). Differences between the sleep deprived mice and a group of controls
were examined on a number of factors: sociability, anxiety, motor function, and repetitive
behaviors (marble burying). The CSR group showed less exploratory behavior two days after the
completion of deprivation procedures, indicated by less distance traveled in the open field; an
increase in sociability one day after sleep deprivation, indicated by a task that looked at
preference for a stranger mouse over an object; and a decrease in repetitive behaviors
immediately following deprivation, indicated by less marble burying. These findings indicate the
immediate effects of CSR on these behavioral measures.

Long-lasting effects of CSR were also exhibited, as Saré and colleagues also examined
these factors at PND 73 after four weeks of sleep recovery. As was observed two days after

deprivation, the CSR group showed less exploratory behavior in the open field. Sociability and
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repetitive behaviors, on the other hand, showed sleep and sex differences that were not apparent
earlier. In the sociability task, sleep-deprived male rats preferred to sniff an object over social
novelty in the form of a stranger mouse. However, sleep-deprived females retained an increased
preference for the stranger mouse. In a second measure of sociability, preference for a novel
stranger mouse, an effect of the sleep manipulation was not observed. Finally, sleep-deprived
females showed less repetitive behaviors than controls. Regardless of differences in the exact
pattern of change, this study provides evidence of long-lasting behavioral change as a result of
CSR during development.

Additionally, a study by Billeh et al. (2016) implemented a CSR manipulation in early
adolescence (PND 25-29) with mice and investigated long-lasting effects by looking at
abnormalities in brain connectivity in adulthood (imaged between PND 65 and 68). The
experimental group was deprived of 50-60% of sleep for five days through exposure to novel
objects, environments, or social interaction, in combination with forced locomotion. The
objective was to view projections from the secondary motor cortex, but they were only able to
find “subtle and heterogeneous” variation as an effect of adolescent CSR on adult brain
connectivity (Billeh et al., 2016, p.13). That is, differences tended towards less projections in the
CSR group, but the degree of the effect resulted in a non-significant difference overall. The
authors brought up such concerns, noting that the study is elementary — the first among the
research to examine if consequences of CSR in adolescence prevail in the adult brain of
laboratory animals.

On the other hand, Novati, Hulshof, Koolhaas, Lucassen, and Meerlo (2011) did show
immediate neurological effects of CSR in adolescent rats. Their study implemented one of the

greater amounts of CSR at approximately 20 hours a day for a month (PND 30-61), achieved
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through rotating drums. The results demonstrated 10% decrease in dorsal hippocampal volume in
the CSR group. This finding was consistent with data on human sleep disorders, such as
insomnia and sleep apnea, both of which are characterized by a reduced volume of the
hippocampus (Morrell et al., 2003; Riemann et al., 2007). Evidence for the reduced volume has
also been seen in mood disorders (e.g., Czéh & Lucassen, 2007; Sapolsky, 2000). Taken
together, this line of research demonstrates the importance of sufficient sleep in adolescence and
suggests that the lack of it may be involved in abnormalities that can be associated with
additional sleep problems and psychological disorders.

Summary. Based on the body of adolescent cognition research with rodents, Yang and
colleagues (2012) have, to our knowledge, conducted the sole investigation into the cognitive
consequences of CSR in adolescence. Their study provides the present study with foundational
evidence of memory deficits as a result of adolescent CSR. Their findings speak to the
vulnerability of the adolescent brain, as do a number of other studies in which sleep disturbances
in adolescence show immediate and, in some cases, long-lasting changes (Billeh et al., 2016;
Novati et al., 2011; Saré¢ et al., 2016; Ribeiro-Silva et al., 2016). The demonstrated vulnerability
of the adolescent brain to sleep deficiency and the gap in research on resulting cognitive
impairments reinforces the need for research on the potential immediate and long-lasting
cognitive deficits that may result from the CSR that is common in adolescence.

Purpose of the Present Study

Previous research with laboratory animals has investigated the learning and memory
deficits caused by a variety of sleep deficiencies, as well as the consequences of sleep deficiency
in adolescence. However, the research has yet to sufficiently explore how these topics overlap

and doing so is the objective of the current study. Yang and colleagues (2012) is the closest of

16

www.manaraa.com



the literature to this objective, but while their study was interested in age-related differences in
resistance to the effects of CSR, the present study is interested in the effects of a sleep
manipulation that is administered in adolescence on present and long-lasting cognitive abilities.
Therefore, the present study attempted to model, in rats, the CSR seen in human adolescents in
order to investigate ensuing cognitive impairments in the immediate sense and whether they
carry into adulthood. We implemented CSR to adolescent rats (PND 28-42) in a similar
schedule: five days of CSR, followed by two days of undisturbed sleep, followed by another five
days of CSR. This schedule mimicked human adolescent sleep deprivation by delaying sleep
onset on week nights, allowing for the potential rebound of some sleep quantity during an
undisturbed two-day “weekend,” and then repeating the restriction during the week (Beebe et al.,
2010; Hagenauer & Lee, 2013; Owens et al., 2010). Based on previous research, we predicted
that CSR would impair performance on both the hippocampal dependent OLT and the non-
hippocampal dependent ORT when tested in adolescence.

Given the fact that adolescence is a critical developmental period, the present study also
investigated possible long-lasting consequences of CSR. We hoped that the increase in CSR days
to 10 from the 7 applied by Yang and colleagues (2012) would improve chances of revealing
long-term effects in adulthood. The same rats also underwent testing four weeks later at PND 67
and 70 in an attempt to investigate not only immediate effects of CSR in adolescence, but also if
adolescent CSR effects on cognition persist into adulthood. The four-week delay is a dependable
timeframe for examining the long-lasting effects to adulthood of an adolescent manipulation as
PND 65 coincides with adulthood in the rat (Saré et al., 2016; Billeh et al., 2016; Spear, 2015).

We predicted that there would be consistent pattern of impairment in adolescence and adulthood.
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By using the OLT and ORT in conjunction with CSR, the present research fills a hole in
the literature, as the cognitive impairment of CSR has not been examined with these tasks. The
specific cognitive impairments of interest were hippocampal dependent (OLT) and non-
hippocampal dependent (ORT) long-term memory. In order to check that we were indeed
tapping into long-term memory mechanisms, we used two different study phase timings. Prior
research with the OLT shows that a 20 min study phase is necessary to produce any above-
chance discrimination between the novel and familiar object locations at test 24 hours later,
while a 5 min study phase is too short to result in memory for the object (Ozawa, Yamada, &
Ichitani, 2011). As such, we expected neither rats exposed to CSR nor control rats to show
successful long-term memory in the 5 min study phase, but that the CSR rats would show
impaired long-term memory in the 20 min study phase, compared to successful memory in the
control rats. To summarize, our hypotheses anticipated a study phase x sleep condition
interaction, with the lack of main effect for age in this interaction indicative of a similar pattern

of impairment in adolescence and adulthood, signifying long-lasting consequences.
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Method

Subjects

Subjects were 32 adolescent male Sprague-Dawley rats. Adolescence was operationally
defined as PND 28-42, approximately ages 12-18 years in humans (Spear, 2000; Spear, 2015;
Vetter-O’Hagen & Spear, 2012). Animals were obtained from Envigo at PND 21 and given a
week to habituate to the lab. Animals were housed with two rats per cage (except during sleep
manipulation procedures) and under constant temperatures (23°C). The light/dark cycle was
12:12 (lights on at 08:00am). Food (Envigo lab chow) and water was available to the rats ad
libitum throughout the experiment. The experiment obtained IACUC approval prior to its start
and followed the guidelines of the United States Public Health Service. A power analysis with
medium effect size and a = .05 showed that 32 total animals were required for power above 80%
(82.23).
Chronic Sleep Restriction

Sleep deprivation was achieved through mild stimulation and gentle handling (e.g.,
tapping or shaking the cage to keep the animal awake and petting or picking up the animal if the
stimulation ceased to be effective; Hagewoud et al., 2010; Yang et al., 2012). Mild stimulation
and gentle handling procedures were implemented upon observation of the rat curling up with its
eyes closed. Half of the subjects underwent the sleep manipulation (n = 16), while the other half
constituted an undisturbed control group and was allowed to sleep ad libitum in their home cages
in the colony room for the duration of the study. CSR was implemented from 8:00am-12:00pm
(four hours). During deprivation procedures, rats were housed individually. Upon completion of
the four hours of CSR, rats were returned to home cages. We housed a CSR rat and a control rat

together for the duration of the study.
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The sleep manipulation continued over two weeks, with a two-day “weekend” of
undisturbed sleep included. Thus, adolescent rats experienced CSR of four hours/day for five
days, PND 28-32; undisturbed sleep for two days, PND 33-34; and CSR of four hours/day for
five days, PND 35-39. The complete protocol is shown in Figure 1.

Cognitive Tasks

Sixteen rats (8 from the CSR group and 8 from the control group) completed the OLT
and 16 rats (8 from the CSR group and 8 from the control group) completed the ORT. A
between-subjects design in which subjects only completed one of the two cognition tasks was
chosen to eliminate potential task order effects (Ngo et al., 2013). All stages of the tasks
occurred prior to the sleep phase (7:00am-8:00am).

Apparatus and objects. The apparatus for the tasks was four identical 67.8 x 40.1 x 35.3
cm semi-opaque plastic bins (similar to Ennaceur and Delacour, 1988; Ngo et al., 2013). The two
bins for the OLT were marked with black and white stripes and a target on the front and back
ends of the apparatus to provide spatial cues (see Figure 2). The two bins for the ORT were not

marked in any way.
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Figure 1. Timeline of the experiment in post-natal days (PND). Rats undergoing the sleep deprivation had the manipulation implemented PND 28-
32 and 35-39, while control rats slept ad libitum. OLT: Object location task. ORT: Object recognition task. CSR-L: Chronic sleep restriction-OLT.

CSR-R: Chronic sleep restriction-ORT. C-L: Control-OLT. C-R: Control-ORT. H: Habituation phase for task. S1: First study phase for task

(adolescence). S2: Second study phase for task (adolescence). S3: Third study phase for task (adulthood). S4: Fourth study phase for task
(adulthood). T1: First test phase for task (adolescence). T2: Second test phase for task (adolescence). T3: Third test phase for task (adulthood). T4:
Fourth test phase for task (adulthood). U: Undisturbed sleep.
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Figure 2. Pictures provided as spatial cues in the apparatus for the object location task. Photo
by Kerry Howard.

The objects for the tasks were eight biologically meaningless items. A pilot study with
eight adult rats was performed prior to the start of the main study to check that the rats showed
no implicit biases for one (or more) object(s) over the others. An ethanol solution was used to
clean the apparatus and objects of potential odor cues after every use.

Habituation phase. Subjects in all groups underwent habituation procedures over the
course of four days, on PND 32, 33, 34, and 35 (Ennaceur and Delacour, 1988; Ngo et al., 2013)
(Figure 1). During habituation, rats were placed in their respective (OLT versus ORT)
experimental apparatus without any objects and allowed to freely explore for a 10-minute period
immediately preceding the sleep phase on each of the consecutive days.

Study phase. The study phases began 24 hours after the completion of the final day of
habituation (PND 36). During study phases, the rats had an opportunity to explore two identical

objects placed in the back center of the apparatus (Ozawa et al., 2011). Over the five days of
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study phases and testing in adolescence, rats were exposed to both a 5 min study phase and a 20
min study phase, the order of which was counterbalanced. Half the subjects experienced the 5
min study phase on PND 36, while the second half experienced the 20 min study phase on that
day, and the reverse occurred on PND 39. Rats also completed the study phase protocol as adults
on PND 66 and 69 resulting in four total study phases each with novel identical object pairs.

Test phase. To examine long-term memory, testing occurred 24 hrs after the respective
study phase (Ozawa et al., 2011). Over the course of the experiment, each subject underwent the
test phase on four separate occasions. In adolescence, rats were tested at PND 37 and PND 40 to
examine immediate cognitive effects of CSR. In adulthood, rats were tested at PND 67 and PND
70 to examine long-term effects of CSR. Therefore, all rats were tested following 20 min and 5
min study phases in both adolescence and adulthood. A recovery period of 48 hrs between the
first test and second study phase, for each age period (PND 38 and 68), was implemented to
prevent carryover effects from the first study phase. Between the conclusion of the sleep
manipulation on PND 39 and the testing in adulthood, rats in both groups slept ad libitum.

The test phases differed based on cognitive task condition. In the OLT, the two objects in
the apparatus were the same objects as in the study phase, but one object was moved to a novel
location within the apparatus. In the ORT, one of the objects in the apparatus was the same as in
the study phase, while the second object was a novel object placed in the same location as the
prior object. The locations of the moved objects for the OLT and the novel object for the ORT
were counterbalanced across the four test phases and rats to reduce the possibility that
differences are due to the order of the these manipulations or place preferences. Figure 3

illustrates an example of setup differences between the study phase and test phase for the tasks.
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Object Location Task Object Recognition Task

Study Phase

Test Phase

Figure 3. Example apparatus setup for study phase and test phase of the cognitive tasks.
Location of the moved objects in the object location task (OLT) and novel object in the object
recognition task (ORT) was counterbalanced across rats and test phases.

Data Analysis

Time spent spontaneously exploring an object was used as a measure of recognition of
the object, with less exploration suggesting memory for the object (Binder et al., 2011; Ennaceur
& Delacour, 1988, Ngo et al., 2013; Palchykova, Crestani, et al., 2006; Palchykova, Winsky-
Sommerer et al., 2006). Exploration of an object was defined as touching the object with the
nose or directing the nose <2 cm from the object (Ennaceur & Delacour, 1988). Alternative
interaction with the object, such as sitting on it or passing it, was not recorded as exploration,
unless the subject simultaneously fulfilled the above requirements for exploration. We recorded
exploration of the objects for two minutes at the start of the test phases, as the literature shows
this is an important window for rats’ display of preference for novelty (Dix & Aggleton, 1999;

Ozawa et al, 2011).
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As in prior OLT and ORT studies, differentiation between the two objects was calculated
with a discrimination ratio and discrimination index (e.g., Binder et al., 2011; Dix & Aggleton,
1999). The discrimination ratio (DR) gives a percentage of time spent exploring novelty out of
total time spent exploring. It is calculated by dividing time spent exploring the novel item by
time spent exploring the novel item added to time spent exploring the familiar item. The DR can
be > .5 (preference for novelty), .5 (no preference), or <.5 (preference for familiarity). The
discrimination index (DI) gives a measure of the difference in time spent exploring the two
objects by subtracting the time spent exploring the familiar location/familiar object from the
novel location/novel object (OLT/ORT). A positive DI indicates preference for the novel item
over the familiar one, while a value of zero indicates no preference and a negative value
indicates a preference for familiarity. While the DR and DI are both measures of novelty
preference, we included both because they do not always produce identical results (e.g., Dix &
Aggleton, 1999). As a rat that remembers the study phase should prefer the new object or new
object location, preference for novelty suggests that rat has intact long-term memory, while a
preference for familiarity or no preference suggests that long-term memory is impaired or, in the
case of the 5 min study phase, long-term memory was not established. The DR and DI were
calculated for each test phase, averaged across subjects.

The videos of test phases were coded using Behavioral Observation Research Interactive
Software (BORIS; Friard & Gamba, 2016). For each test phase, we obtained a sum of the time
that each rat spent exploring the familiar location/familiar object and exploring the novel
location/novel object (OLT/ORT). These values were converted into DR and DI using the
formulas above. The data was analyzed using IBM SPSS version 24. Two (one for DR and one

for D1) 3-way mixed-measures ANOV As were used to compare novelty and familiarity
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preferences for each cognitive task. The independent variables were study phase time (within-
subjects, 5 min and 20 min), sleep condition (between-subjects, CSR and control), and age
(within-subjects, adolescence and adulthood). Values of p < .05 were considered statistically
significant. Post-hoc independent samples ¢-tests were utilized when there was evidence of an
interaction. For the #-tests, a Bonferroni correction was used. We used partial eta squared as a
measure of effect size for the ANOVAs (small = .01, medium = .06, large = .14) and Cohen’s d
as a measure of effect size for post-hoc #-tests (small = .2, medium = .5, large = .8; Cohen, 1988).
A quarter of the videos were randomly selected for inter-rater reliability assessment between two
coders, with one coder blind to sleep condition and study phase time condition. A pre-set

reliability criterion of correlation greater than .9 was set and met (» = .935).
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Results

As reported in the following results, CSR appears to have negative consequences on
long-term memory for spatial information in both adolescence and adulthood, but does not show
evidence of affecting long-term recognition memory. A number of variables were examined to
avoid confounds to the results. The present study began with a pilot study with adult rats to
check for unconditioned biases for any of the objects that we intended to use. In a repeated
measures design, all eight rats were exposed to each object in a variety of object pairing
combinations. The results showed no evidence of preference for any object, as assessed by time
spent exploring each one, F(7,49) = 0.63, p = .73, n; = .08. Additionally, given the
counterbalancing of exposure to the 5 min study phase and the 20 min study phase, we examined
the data for order effects. We found no evidence to suggest that exposure to the 5 min study
phase first or the 20 min study phase first had an impact on the results in adolescence or
adulthood.
Object Location Task

For the DR, the results showed an interaction between study time and sleep condition,

F(1,14)=16.75, p=.001, nf, =.55. In the case of the 5 min study phase condition, follow-up

tests showed that the CSR group (M = .48, SD = .05) and control group (M = .54, SD = .13) did
not significantly differ, #9.104) =1.12, p = .29, Cohen’s d = 0.56. The results from the 5 min
study phase are in contrast to the 20 min phase condition in which the CSR group showed a
preference for familiarity (M = .45, SD = .13) and the control group showed a preference for
novelty (M = .69, SD = .12), ((14) = 3.74, p = .002, Cohen’s d = 1.87, suggesting that the CSR
group had impaired memory for the novel object. The values around .5 for both groups in the 5

min study phase, indicating no preference for either object, show that 5 min was not sufficient to
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establish long-term memory. While the 20 min study phase was sufficient, the CSR group still
did not show long-term memory, with value less than .5.

Figure 4 illustrates these results, divided into adolescence (4A) and adulthood (4B).
There was no evidence of a three-way interaction between study phase, sleep condition, and age

(F(1,14) = 1.35, p = .27, n, = .09; therefore, the significant 2-way interaction between study

phase and sleep time without age suggests a similar pattern in adolescence and adulthood, as
shown in Figure 4. As such, the study phase by sleep condition pattern was mimicked in
adulthood: there were similar scores for CSR group (M = .56, SD = .17) and the control group (M
=.51, SD = .18) in the 5 min study phase, #(14) =-0.54, p = .60, Cohen’s d = -0.27. In the 20 min
study phase, the CSR group showed a preference for familiarity (M = .42, SD = .09), while the
control group showed a preference for novelty (M = .68, SD =.06), t(14) = 7.01, p <.001,
Cohen’s d = 3.50. There was also a significant main effect of sleep condition, F(1,14) = 10.09, p
=.007, n; = .42. The CSR group showed no preference (M = .48, SD = .08) while the control
group (M = .61, SD = .08) showed a preference for novelty across the study phase time and age
variables. There was no evidence of additional two-way interactions between age and study time
(F(1,14) = 0.68, p = .42, n; = .05) or between age and sleep condition (#(1,14) = 0.60, p = .45,
7722, =.04). There was also no evidence of a main effect of age (#(1,14) = 0.06, p = .80, n; = .005)
or a main effect of study phase (#(1,14) = 1.60, p = .23, n; = .10).

A similar pattern of results was seen in the case of DI. Again, the results showed an
interaction between study phase time and sleep condition, F(1,14) =16.51, p =.001, n% =.54,
such that the CSR group (M = -2.09, SD = 4.38) and control group (M =1.78, SD = 7.52) did not
significantly differ in the 5 min study phase, #(14) = 1.26, p = .23, Cohen’s d = 0.63; but the CSR

group (M =-4.10, SD = 6.82) showed a preference for familiarity and the control group (M =
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11.57, SD = 8.63) showed a preference for novelty in the 20 min study phase, #(14) =4.03, p =
.001, Cohen’s d = 2.02. Again, there was no evidence of a three-way interaction between study
phase, sleep condition, and age (F(1,14) = 1.98, p = .18, nf, =.12). In adulthood, the CSR group
showed a higher average DI in the 5 min study phase (M = 4.50, SD = 14.38) compared to the
control group (M = 0.43, SD = 10.29), but this difference was not statistically significant, #(14) =
-0.65, p = .53, Cohen’s d = -0.33. In the 20 min study phase, the CSR group (M =-5.89, SD =
7.16) showed a familiarity preference with the control group showing a novelty preference (M =
14.39, SD = 6.50), t(14) = 5.93, p <.001, Cohen’s d = 2.97. Also similarly to the DR, there was a
main effect of sleep condition when measured with DI, with the CSR group lower (M = -1.90,
SD = 5.03) than the control group (M = 7.04, SD = 5.03), F(1,14)=12.61, p =.003, nf, = 47.
There was no evidence of an interaction between age and study time (£(1,14) = 0.23, p = .64, n%
=.02) or between age and sleep condition (F(1,14)=0.27, p = .61, nf, =.02). There was also no

evidence of a main effect of age (F(1,14) = 0.94, p = .35, n;, = .06) or a main effect of study

phase (F(1,14) = 1.63, p = .22, n;, = .10).
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Figure 4. Discrimination ratio results for the adolescent (A) and adulthood (B) object location
task. Above .5 = novelty preference, .5 = no preference, below .5 = familiarity preference. Data
are presented as mean + standard error. N=8 per group.
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Object Recognition Task

For the DR ANOVA, there was a main effect of age, such that adults showed higher DR
(M= .69, SD = .07) than adolescents (M = .57, SD = .06), F(1,14) =13.99, p = .002, nf, =.50.
Beyond this, there were no significant results. There was no evidence of a three-way interaction,
F(1,14) = 1.08, p = .32, n; = .07. There was also no evidence of two-way interactions between
age and study time (#(1,14) = 0.10, p = .75, n;, = .007), age and sleep condition (F(1,14) = 2.26,
p = .16, n; = .14), or sleep condition and study phase (£(1,14) = 0.28, p = .60, nf, =.02. Finally,
there was no evidence of a main effect of sleep condition (F(1,14) = 1.52, p = .24, n; = .10) or
study time (F(1,14) = 2.46, p = .14, n; = .15). These results are shown in Figure 5.

Furthermore, the DI mimicked the results for the DR. A main effect of age was observed,

F(1,14) =7.06, p = .019, n; = .34. Adult rats showed higher DI (M = 17.52, SD = 7.55) than the

adolescent rats (M = 7.75, SD = 8.08). However, there was no evidence of a three-way

interaction, F(1,14) = 1.54, p = .24, n;, = .10. There was also no evidence of two-way
interactions between age and study time (#(1,14) = 0.53, p = .48, n;; = .04), age and sleep
condition (F(1,14)=1.22, p = .29, nf, =.08), or sleep condition and study phase (F(1,14) =
0.002, p = .97, nf, =.000). There was also no evidence of a main effect of sleep condition

(F(1,14) = 0.94, p = 35,0 = .06) or study time (F(1,14) = 1.84, p = .20, 2 = .12).
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Figure 5. Discrimination ratio results for the adolescent (A) and adulthood (B) object
recognition task. Above .5 = novelty preference, .5 = no preference, below .5 = familiarity
preference. Data are presented as mean + standard error. N=8 per group.
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Discussion

The present study used rats to model the CSR experienced by adolescent humans to
investigate the potential cognitive consequences of CSR during this crucial developmental
period. The results demonstrated that in measures of spatial memory, CSR impairs long-term
memory in adolescence and that the effects are long-lasting. Given the appropriate circumstances
to establish a long-term memory, rats that experienced CSR showed long-term memory
impairment in adolescence, unable to distinguish between an object in a familiar location and an
object in a novel location during the OLT. The negative effect of CSR was also observed with
continued impairment in long-term memory when the same rats were tested in adulthood. The
long-lasting consequences were demonstrated by the lack of a significant effect of age in the
OLT, indicating that the pattern of impairment was consistent between the adolescent period and
the adulthood period. These consequences were not observed for non-spatial memory. That is,
there was no evidence of significant effects of CSR on long-term memory in the ORT.

We hypothesized that CSR, implemented for four hours per day, excluding a two-day
“weekend,” throughout the two-week adolescent period, would impair long-term memory
abilities for both hippocampal dependent and non-hippocampal dependent memory. A 5 min
study time is not enough to establish a long-term memory, thus we hypothesized that subjects
would not show long-term memory at test 24 hours later (Ozawa et al., 2011). This result was
observed in the OLT, confirming that we tapped into long-term memory mechanisms. In contrast
to the 5 min study phase, the 20 min study phase was sufficient to establish a long-term memory
and we therefore hypothesized that CSR rats would show long-term memory impairment. Our
hypothesis was supported in the case of hippocampal dependent memory. That is, subjects that

were exposed to CSR in adolescence demonstrated long-term memory impairment in an object
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location task. Additionally, the pattern of impairment was displayed in adulthood, demonstrating
the long-lasting consequences of CSR during the developmental period of adolescence.

On the other hand, the test for non-hippocampal dependent memory with the ORT
contradicted our hypothesis. As there was no precedent in the literature for the effects of sleep
restriction in adolescence on non-hippocampal dependent memory, our hypothesis for this task
was based on indirectly related prior literature. That is, Hairston and colleagues (2005) showed
that non-hippocampal dependent memory was not impaired following CSR in adulthood.
However, while Yang and colleagues (2012) used a hippocampal dependent task, their results
demonstrated increased vulnerability in adolescence to CSR, compared to adults. The results of
the present study are consistent with the lack of effect of CSR on non-hippocampal dependent
memory observed by Hairston and colleagues and partially consistent with the findings of Yang
and colleagues. The present results did not extend the vulnerability demonstrated by Yang and
colleagues to CSR in adolescence on a non-hippocampal dependent memory task, but both
studies showed an effect of age such that adolescents performed worse than adults. The present
study’s findings of the ORT showed that CSR in adolescence did not have immediate or long-
lasting cognitive consequences to non-spatial long-term memory, impairing hippocampal
dependent and non-hippocampal dependent memory differently.

The unexpected lack of impairment in non-hippocampal dependent memory provides the
benefit of informing the findings in the hippocampal dependent task. Namely, the non-significant
results suggest that the significant results in the hippocampal dependent task are not the product
of the CSR manipulation causing motor impairment or debilitating stress. As a result, the
findings in the hippocampal dependent task represent long-term memory impairment,

unexplained by confounding potential effects of CSR.
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Implications

The findings in this study are important because they suggest that the CSR that is
common to adolescents can have a negative effect on their cognitive abilities. From a practical
standpoint, this provides evidence that sleep patterns may influence less than optimal
performance among adolescents across various domains, from academics to safe driving (Danner
& Phillips, 2008). Therefore, from a perspective concerned with healthy, safe, and optimal
adolescent development, the importance of these results cannot be overstated.

Perhaps the most critical and disturbing aspect of this study is the finding that the
impairment to long-term memory is also evident after four weeks of undisturbed sleep following
the CSR manipulation. As our hypothesis was supported in the case of hippocampal dependent
memory in adulthood as well as adolescence, the findings suggest that CSR may interrupt normal
adolescent cognitive development, resulting in chronic impairment. That is, despite the
opportunity to recover sleep over an undisturbed four weeks, CSR made an impression in
adolescence that persists. Such a conclusion is corroborated by neurological evidence. Bellesi
and colleagues (2018) found that chronic sleep loss in adolescent mice negatively affected
myelination processes, resulting in decreased myelin thickness. Adolescence is a critical period
for essential neurological changes, including myelin production (Spear, 2013). As a result, the
findings of the present study, along with those of Bellesi and colleagues, suggest that the
neurological advancement that is meant to occur in adolescence may be stunted by adolescent
CSR such that the brain is restricted from developing adult-type neurological maturation. As
with the adolescence findings, these results are important to the insurance of healthy adolescent
development, especially with the concern that unhealthy adolescent development can haunt into

adulthood.
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Finally, the results suggest that non-hippocampal dependent memory may be more
resistant to sleep deprivation than hippocampal dependent memory. The non-hippocampal
dependent and hippocampal dependent distinction has been observed in the literature (see
McCoy & Strecker, 2011, for review). As noted, Hairston and colleagues (2005) found that CSR
impaired hippocampal dependent, but not non-hippocampal dependent memory. Additionally,
this finding is observed in alternative sleep deprivation procedures (see McCoy & Strecker,
2011, for review). For example, selective REM deprivation has been shown to impaired spatial
memory rather than non-spatial memory (e.g., Youngblood, Zhou, Smagin, Ryan, & Harris,
1997; Walsh et al., 2011). The differentiation reaffirms the necessity for research to examine
both hippocampal dependent and non-hippocampal dependent memory, such that the distinction
can continue to be examined.

Limitations and Future Directions

Future studies should re-examine non-hippocampal dependent memory by improving on
limitations to this study that may inform the unexpected results. Primarily, variability among the
rats in the non-hippocampal dependent task in adolescence was substantial and may have
presented a problem for obtaining statistical significance. Specifically, we revisited videos in
which the rats showed the greatest deviation from expected results and examined patterns among
the data. Despite the fact that we did a pilot study with different rats to ensure no unconditioned
object preferences, it appears that three rats showed an unconditioned preference for one of the
objects used in the non-hippocampal dependent task. That is, the rats attended to this object more
so than the other object regardless of whether the object was novel or familiar. The results of the
pilot study did not suggest that rats preferred this object. A possible reason for this difference is

that the pilot study utilized adult rats and perhaps adolescent rats show differential implicit object
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preferences. Additionally, the adult rats that were used in the pilot study had been used in other
experiments in the laboratory, while the adolescent rats used in this study were naive to any
experimental procedures prior to this study. There were no other observed systematic differences
that would account for the variability.

The non-significant results in the ORT may also be the product of differences in the
difficulty of the OLT and ORT. Ozawa and colleagues (2011) conducted the experiment on
which the 5 min study phase versus 20 min study phase hypothesis was based; however, they
only tested the OLT. It is possible that this distinction in study phase times does not apply to the
ORT. That is, we may have been tapping into something other than long-term memory
mechanism or alternative study phase times may be required for the ORT. It is also possible that
the OLT is more difficult than the ORT, although there is no evidence in the literature of a direct
comparison. If the OLT is more difficult, it would likely require a longer study phase time to
establish long-term memory, while the rats may be able to perform the ORT regardless of study
phase time or sleep quantity. The results from Palchykova, Winsky-Sommerer, and colleagues
(2006) inform this idea, as even undisturbed control mice were unable to differentiate, after a 24
hour delay, between an object in a novel location and an object in a familiar location following
five 5 min study sessions (25 total study phase minutes). As a result, the lack of significant
impairment as a function of CSR for the ORT may be because the task was easy enough that
even the CSR group was able to complete it successfully. Future studies should compare
necessary study phase times for the OLT and ORT to investigate if one requires a longer study
phase to establish a long-term memory, thereby indicating a higher level of difficulty.

The results of the present study yield a number of novel ideas about the nature of

adolescent sleep deprivation. In particular, the adulthood results produce a critical new question:
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is there potential for recovery from the long-term memory impairment caused by CSR in
adolescence? Testing beyond the four-week mark employed in this study would inform the
theory that adolescent CSR interrupts adult-type maturation. That is, while our study shows that
the impairment persists into adulthood, future studies could examine at what age, if ever, the
impairment recedes, thereby speaking to cognitive recovery outlook.

Additionally, research should examine the relationship between quantity and quality of
adolescent sleep. The present study focused on quantity, implementing a sleep manipulation that
deprived the rats of hours of sleep, as is the nature of research on the effects of CSR. However, it
may not only be the quantity of sleep that is important, but the quality of sleep as well. In human
adolescents, insufficient sleep results in compensatory changes in sleep, such as daytime
sleepiness (e.g., sleeping during class) and oversleeping on weekends (Beebe et al., 2010;
Crowley et al., 2014; Owens et al., 2010; Wahlstrom, 2002). Yang and colleagues (2012)
investigated sleep rebound on weekends in rats and during non-deprivation hours. They found
evidence of increased sleep in these periods, with particular rebound of REM sleep. However,
despite some sleep rebound, there were still effects of CSR in the adolescent population.
Therefore, does the compensatory quantity of sleep that adolescents may demonstrate satisfy
quality needs in order to sufficiently remedy the impairment from CSR? Answering these
questions would provide details of adolescent sleep needs, thereby improving potential
interventions aimed at reducing adolescent CSR.

Conclusions

This study addresses a number of outstanding questions in the sleep deprivation

literature. First, CSR is rarely used to examine the effects of sleep deprivation and, while a

number of alternative forms of sleep deprivation have been used to model sleep impairments,
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CSR has been utilized only once as a model of limited adolescent sleep, measuring resultant
cognitive impairment (Yang et al., 2012). Second, the present study is the first to use the OLT
and ORT to measure the effects of CSR. The results show that the OLT, at least, can provide
information regarding hippocampal dependent memory following CSR. However, more research
is necessary to determine if the non-significant results of the ORT represent unaffected non-
hippocampal dependent memory or a lack of sensitivity of the ORT to the effects of CSR.
Finally, while Yang and colleagues (2012) investigated the effect of CSR on both adolescents
and adults, their study was not longitudinal in nature. Therefore, the present study is the only one
thus far to show that CSR in adolescence can negatively affect cognition immediately and that
impairments can persist into adulthood.

While an appropriate quantity of sleep is particularly important in adolescence,
adolescent students experience CSR due to a change in sleep patterns with persistently early
wake times for school. The results of this study have practical suggestions relative to adolescent
health and educational policy. For many years, high schools have debated implementing later
start times. Based on the idea that adolescents are not getting enough sleep, researchers
investigated the effects of starting school later (Owens et al., 2010). In one study, a simple 30-
minute delay resulted in 45 more minutes of sleep per night and increased the percent of students
getting enough sleep every night from less than 20% to over 50%. Additionally, while at least 8
hours is recommended for adolescents, the delay resulted in only 7% of students getting less than
7 hours of sleep, compared to 34% prior to the modification (Hirshkowitz et al., 2015; Owens et
al., 2010). Thus, later start times reduce adolescent CSR, resulting in a number of positive
outcomes including improved mood, decreased absences or tardies, decreased sleepiness in class,

improved academic achievement, and decreased teen car accidents (Carrell, Maghakian, & West,
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2011; Danner & Phillips, 2008; Owens et al., 2010; Wahlstrom, 2002). Despite these findings, a
debate persists about the necessity to make start time changes on a widespread scale (Owens et
al., 2010). For the optimal and long-lasting health and cognitive wellbeing of adolescents,

adjustments that reduce the prevalence of CSR among this population in today’s society need to

be considered.
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