1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Psychol Neurosci. Author manuscript; available in PMC 2018 March 01.

-, HHS Public Access
«

Published in final edited form as:
Psychol Neurosci. 2017 March ; 10(1): 109-116. doi:10.1037/pne0000075.

Effects of Sleep Deprivation on Spatial Learning and Memory in
Juvenile and Young Adult Rats

Christopher P. Ward,
University of Houston-Clear Lake and Baylor College of Medicine

Jessica |l. Wooden, and
University of Houston-Clear Lake

Ryan Kieltyka
University of Houston-Clear Lake

Abstract

Sleepiness is commonly seen in adolescents and can negatively impact school performance. Little
research has investigated the impact of sleepiness in juvenile animals on spatial learning. Sprague-
Dawley juvenile (<30 days) and young adult (>60 days) rats were sleep deprived for 24 hours and
tested, along with controls, in a water maze task. Sleep deprived juveniles were slower to learn the
location of the hidden platform than controls; however, adult performance was not impaired. Sleep
deprivation did not impair recall during a probe trial for either age group. Sleep deprivation prior
to testing slowed spatial learning in juveniles but not adults.
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Sleepiness is a major factor that could contribute to poor academic performance and
behavioral problems for school age adolescents (Shochat, Cohen-Zion, & Tzischinsky, 2014;
Taras & Potts-Datema, 2005; Wolfson & Carskadon, 2003). A reduction in sleep time is
correlated with an increase in teacher reports of inattention and cognitive problems (Gruber
et al., 2012). There are many factors that can contribute to sleep loss including social
pressures, school activities, and changes in biology (Carskadon, Acebo, & Jenni, 2004; Jenni
& O’Connor, 2005). Additionally, sleep disorders such as sleep disordered breathing in
children can have a large impact on a child’s functioning (de Carvalho et al., 2013).

Sleep appears to play a critical role in the consolidation of certain types of memories
(Diekelmann, Wilhelm, & Born, 2009; Maski, 2015), even though the mechanisms by which
this occurs are not fully understood (Frank & Benington, 2006; Huber & Born, 2014).
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Hippocampal-dependent memory processes are especially susceptible to disruptions of sleep
(Kreutzmann, Havekes, Abel, & Meerlo, 2015; Walker, 2008). Sleep deprivation has been
shown to impair the learning of a hippocampal-dependent contextual fear task, but not an
amygdala-dependent cued fear task (McDermott et al., 2003). Deprivation of sleep impaired
rodent performance in the hippocampal-dependent reference water maze task (Chang, Wu,
& Lan, 2009; Guan, Peng, & Fang, 2004; Tartar et al., 2006; Ward, McCarley, & Strecker,
2009), but not spatial working memory (Ward et al., 2009). Sleep enhanced performance in a
hippocampal-dependent object place recognition task (Binder et al., 2012), while sleep
deprivation impaired performance on this same task (Prince et al., 2014). Sleep deprivation
also impaired the recall of the hippocampal-dependent social transmission of food
preference task (Wooden et al., 2014). Additionally, deficits in hippocampal plasticity have
been noted following the disruption of sleep (Davis, Harding, & Wright, 2003; McDermott
etal., 2003; Prince et al., 2014; Tartar et al., 2006) and have been extensively reviewed by
others (Kreutzmann et al., 2015; Prince & Abel, 2013).

To the author’s knowledge, no studies have compared the effects of sleepiness on learning a
hippocampal-dependent task in juvenile and adult rats. In the present experiment, juvenile
(<30 days) and young adult (>60 days) rats were sleep deprived prior to learning the
hippocampal-dependent reference memory water maze task. It was hypothesized that
younger rats would be more sensitive to the effects of sleep deprivation on learning than
young adult rats.

Juvenile male Sprague-Dawley rats (n=16, Age 23-27 days) and young adult male rats
(n=15, Age 70-125 days; Harlan, Indianapolis, IN, USA) were used in the experiment. Rats
were group housed in standard cages. Housing was in a climate controlled facility (room
temperature 21 °C £ 1) with a 12:12 hr light-dark cycle (lights on at 10:00). All behavioral
testing was conducted at the beginning of the lights on period. Food and water were
available ad /ibitum. All animals were treated in accordance with the Guide for the Care and
Use of Laboratory Animals, 8th ed. (2011). All procedures were approved by the university
Institutional Animal Care and Use Committee (IACUC).

Sleep Deprivation

Rats were sleep deprived with an automated device (Pinnacle Technology, Lawrence, KS,
USA). The effectiveness of this device for producing sleep deprivation has been previously
validated in our laboratory (Wooden et al., 2014) and in others as well (Hines, Schmitt,
Hines, Moss, & Haydon, 2013; Naylor et al., 2012; Sims, Wu, & Dale, 2013; Wisor,
Clegern, & Schmidt, 2011). Briefly, the device consists of a cylindrical acrylic cage (30.5
cm in diameter) with a slowly rotating bar (approximately 5 RPM) attached to the bottom.
The movement of the bar is controlled by a connected computer. The rotating bar “nudges”
the rat to prevent sleep. Food and water were available ad /ibitum in the device. Sleep
deprivation was achieved by individually placing rats in the device and programming the bar
to spin for 4 s and stop spinning for 12 s, repeated for the 24 hour period. Previously, we
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found that this protocol results in approximately 95% wakefulness over 24 hours and a near-
complete elimination of REM sleep (less than 1%) (Wooden et al., 2014). Rats in the control
group were individually placed in a similar container with the same bedding, food, and water
access for 24 hours. Juvenile and young adult rats were randomly assigned to either control
group (juvenile /7=8, young adult 7=7) or sleep deprivation group (juvenile 7=8, young adult
n=8).

In the water maze task, each rat underwent three blocks of four trials separated by a 30-min
period. This version of the water maze task allows rats to be fully trained in approximately 2
h (Frick, Stillner, & Berger-Sweeney, 2000), which is necessary for manipulations that
cannot be given on multiple days, such as following 24-h of sleep deprivation. Rats were
tested in the water maze (diameter = 1.5 m) during the first two hours of the 12 h lights-on
period immediately following sleep deprivation or control conditions. On each trial, rats
were placed in the water maze facing the wall in one of three quadrants that did not contain
the hidden platform. The starting position was in a semi-random order so that no starting
point was repeated and no point was used more than three times. The location of the hidden
platform remained constant. After finding the hidden platform, the rat was allowed to remain
on the platform for approximately 10 s before being dried and placed in a holding cage. If
the rat did not find the hidden platform within 60 s, the rat was placed on the platform by the
experimenter for approximately 10 s before being placed in a holding cage for an additional
60 s. Between trial blocks, rats were group housed in a dry cage. Sleep deprived rats were
observed during these 30 min intervals in order to prevent sleep with gentle handling and
sensory stimulation; however, the sleep deprived rats engaged primarily in grooming and
social interaction during this period.

Thirty minutes after the last learning trial, rats were given a single 30 s probe trial, during
which the platform was completely removed from the water maze. The starting point for this
trial was the same for all rats, and was in a quadrant that that the platform had not been in. A
video tracking system (Videomex, Columbus Instruments, Columbus, OH, USA) was
utilized to record rodent behavior in the water maze.

The main dependent variables collected in both tests were latency and path distance rats took
to find the platform in the water maze. In probe trial data, the main dependent variables were
percent time and swim distance spent in the quadrant of the pool that formerly contained the
hidden platform. Water maze testing was analyzed by factorial repeated measures analysis of
variance (ANOVA). Probe trial data were analyzed by independent samples t-test. All data
analysis was conducted utilizing SPSS (version 20.0, IBM Corp, Armonk, NY, USA) with
an alpha level of 0.05.

Sleep deprived juvenile rats took longer to learn the water maze task than non-sleep deprived
rats. There was a significant trial x group interaction in latency to find the hidden platform
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(A11,154)=2.516, p=.006) and distance (H11,154)=2.095, p=.024). As seen in Figure 1A
and 1B, control juvenile rats indicated a significant decrease in latency to find the platform
during the second block of trials (p=.044) and a significant decrease in distance to the
platform during the first block (p=.011) and second block of trials (p=.007). In the third
block of trials, control and sleep deprived juvenile rats performance was similar in latency
(p=.214) and distance to the platform (p=.576).

The sleep deprivation protocol did not affect young adult learning in the water maze task
(see Figures 1C and 1D). There was no significant trial x group interaction in latency to find
the hidden platform (A11,143)=0.312, p=.982) or distance (A11,143)=.354, p=.971).

Overall, juvenile rats indicated learning the location of the platform by a decrease in both
latency (A11,154)=7.024, p<.001) and distance (H11,154)=7.326, p<.001) over the 12
trials. Young adult rats also showed the same indication of learning by a decrease in latency
(A11,143)=4.856, p<.001) and distance (A11,143)=5.344, p<.001).

Interestingly, in juvenile rats, there was a significant main effect in swim velocity
(HA1,14)=7.369, p=.017) where sleep deprived juvenile rats were significantly faster
(M=21.43 cm/s, SEM+.86) than control rats (M=18.12 cm/s, SEM+.86; see Figure 2A),
especially in the first block of trials (p=.026). In young adult rats, there was no significant
difference between sleep deprived (M=22.08 cm/s, SEM+1.53) and control rats (M=25.44
cm/s, SEM+1.64; A1,13)=2.249, p=.158; see Figure 2B).

As seen in Figures 3A & 3B, no differences were observed between control and sleep
deprived juvenile rats in a probe trial following learning trials. There was no significant
difference as measured by percent time spent in the target quadrant ({14)=0.175, p=.863) or
percent distance traveled in the target quadrant ({14)=0.608, p=.553)

No differences were observed between control and sleep deprived young adult rats in a
probe trial following learning trials (see Figures 3C & 3D). There was no significant
difference as measured by percent time spent in the target quadrant ({13)=0.302, p=.768) or
percent distance traveled in the target quadrant (#13)=0.743, p=.470)

Discussion

In this study, juvenile and young adult rats were sleep deprived for 24 h prior to performing
an abbreviated water maze task. During the learning trials, sleep deprived juvenile rats had a
slower learning curve than cage control rats; however, by the end of learning trials, both
groups performed similarly. The sleep deprivation protocol used in this experiment,
however, did not seem to hinder learning in young adult rats. Probe trial results reflected the
similar performance between groups by the end of learning trials. Therefore, juvenile rats
seemed to be more sensitive to the effects of sleep deprivation than young adults in learning
the water maze task. All rats, though, were ultimately able to recall the platform location
following learning.

To the authors’ knowledge, this is the first study to look at the effects of total sleep
deprivation on water maze learning in juvenile rats. Rapid eye movement (REM) sleep
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deprivation has previously been shown to interfere with spatial memory consolidation in
three week old rats, but not adult rats (Li et al., 2009). This study utilized a platform over
water technique to produce REM deprivation. Additionally, this study specifically looked at
the role of sleep in the recall of a task in which learning occurred before sleep deprivation
(Li etal., 2009). In the present experiment, rats were sleep deprived before training. Training
rats while sleepy is meant to replicate real-world scenarios where students are asked to learn
in school while sleepy (Gruber et al., 2012; Shochat et al., 2014). Acute sleep deprivation is
less common than sleep restriction or sleep fragmentation as a means for increasing
sleepiness in adolescents. However, acute sleep deprivation can provide an experimental
model for inducing similar sleepiness to sleep restriction and fragmentation as measured
behavioral and chemically (Cérdova et al., 2006; Deurveilher, Bush, Rusak, Eskes, &
Semba, 2015; Kim et al., 2012; McKenna et al., 2007). It should also be noted that while
both sleep deprived and control juvenile rats eventually reached similar performance and
recall in the water maze, the platform location did remain constant over the course of many
learning trials. This suggests that while it may be possible for sleepy adolescents to
adequately learn new information, learning may only occur if the same information is
presented many times (which is often not the case in more naturalistic learning
environments).

A device control condition was not used in the present experiment. Previous testing has
shown that device controls that produced the non-specific stress of movement without sleep
deprivation did not impact water maze performance (Tartar et al., 2006) or social
transmission of food preference testing (Wooden et al., 2014). Since young adult rats were
not impacted by sleep deprivation produced by bar rotation, it is unlikely that similar tactile
stimulation without sleep deprivation would have produced any effect. Research from other
laboratories using the same sleep deprivation device has shown a modest increase in
corticosterone levels following 6 hours of sleep deprivation (in mice). However, this
corticosterone increase was far less than the increases seen in other stress models (Naidoo et
al., 2014). Additionally, negative performance in the water maze due to sleep deprivation is
not dependent on the adrenal stress response (Ruskin, Dunn, Billiot, Bazan, & LaHoste,
2006).

Previous research has shown sleep deprivation prior to learning can impair rodent
performance in a water maze task (Chang et al., 2009; Guan et al., 2004; Tartar et al., 2006).
In our experience, however, rats perform differently depending on the nature of the strain of
rat used, sleep deprivation method, and water maze protocol utilized (Tartar et al., 2006;
Ward et al., 2009). In the present study, young adult rats did not indicate a performance
deficit in the water maze task. It is possible that the water maze task was “simpler” for the
adult rats due to some type of cognitive reserve because of the smaller size of the water
maze tank (over 40% less surface area) than used in previous research (Ward et al., 2009),
however still challenging enough for the loss of sleep to impact learning in juveniles. It is
also possible that sleep deprivation selectively impacted motivation. Juvenile rats
demonstrated slower swim speed velocities, primarily in the first block of training, while
adult rat swim velocities remained consistent among trials. This could be an indication of
decreased motivation to escape the water in juvenile rats. Future studies should use a
separate measure of motivation. Sleep loss has been shown to alter motivation of a rodent for
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a food reward (Hanlon, Andrzejewski, Harder, Kelley, & Benca, 2005) but not water reward
in adult and aged rats (Christie, McCarley, & Strecker, 2010). Disturbances of sleep have not
been shown to impact performance in visible platform tasks in the water maze which test for
impairments of motivation or physical ability (Guan et al., 2004; Smith & Rose, 1996; Tartar
et al., 2006), however, to the authors’ knowledge, no tests comparing young and adult rats
have been reported. This protocol should be added to future research studies.

Another possible explanation for the present results is that juvenile rats may have had
impaired attention which slowed their ability to learn the task. Sleep loss does negatively
impact measures of attention in rodents (Christie, McKenna, Connolly, McCarley, &
Strecker, 2008; Cdrdova et al., 2006). However, as recently reviewed by Kreutzmann and
colleagues (Kreutzmann et al., 2015), there is ample evidence that the disruption of sleep
impacts neural plasticity within the hippocampus by changing molecular functions.

It should be noted that a limitation to the present experiment is that only male rats were
tested in the present experiment. In humans, poor sleep quality has been associated with
deficits executive functioning more in adolescent boys than in adolescent girls (Kuula et al.,
2015). However, future research should confirm whether findings generalize to female rats
as well, especially since female rat performance in the water maze may show a larger deficit
due to sleep deprivation than male rats (Hajali, Sheibani, Esmaeili-Mahani, & Shabani,
2012).

In conclusion, 24 h of sleep deprivation prior to learning impaired the speed in which
juvenile rats learned the reference memory water maze task. The same sleep deprivation
protocol did not impair performance in young adults. This work demonstrates the
importance of prior sleep in learning a new task. Adolescents with increased somnolence
during the school day are likely to demonstrate difficulties in learning new information.
While these data suggest new information can still be learned in this state, it will be learned
at a slower pace than in those who are not sleepy.
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Figure 1.
Twenty-four hours of sleep deprivation prior to testing delayed the learning of the hidden

platform location in juvenile, but not adult rats. Figures depicts mean (£SEM) latency (A)
and path length (B) to reach the hidden platform over 3 blocks (average of 4 trials each) for
sleep deprived (n=8; black diamond) and cage control (n=8, open circle) juvenile rats.
Bottom figures depict mean (xSEM) latency (C) and path length (D) to reach the platform
for sleep deprived (n=8) and cage control (n=7) adult rats.

*p<.05
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Figure 2.

Tvsenty—four hours of sleep deprivation prior to testing altered swim velocity in the first
block of trials for juvenile, but not adult rats. Figures depicts mean (£SEM) velocity in
juvenile (A) and adult rats (B) over 3 blocks (average of 4 trials each) for sleep deprived
(black diamond) and cage control (open circle) rats.

*p<.05
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Figure 3.
Twenty-four hours of sleep deprivation prior to testing did not impair recall testing of the

platform location during a probe trial. Figures depicts mean (+SEM) percent time (A) and
percent distance (B) during the probe trial that rats spent searching in the target quadrant that
formerly contained the hidden platform for sleep deprived (gray bars) and cage control
(white bars) juvenile rats. Bottom figures depict mean (xSEM) percent time (C) and percent
distance (D) during the probe trial spent in the target quadrant for adult rats.

*p<.05
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