
VU Research Portal

Sleep deprivation in rats: effects on learning and cognitive flexibility

Leenaars, C.H.C.

2013

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Leenaars, C. H. C. (2013). Sleep deprivation in rats: effects on learning and cognitive flexibility. [PhD-Thesis –
Research external, graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/1ffa4ba0-ff4f-4695-b858-f142319c7b91


4. INSTRUMENTAL LEARNING: AN ANIMAL MODEL
FOR SLEEP DEPENDENT MEMORY
ENHANCEMENT

Cathalijn H.C. Leenaars 
Carlos E.N.Girardi 

Ruud N.J.M.A. Joosten 
Irene Lako 

Emma Ruimschotel 
Maaike A.J. Hanegraaf 

Maurice Dematteis 
Matthijs G.P Feenstra 
Eus J.W. Van Someren 

Accepted for publication in J Neurosci Methods 





- Ch4 - 

- 93 - 

Instrumental learning: An animal model for sleep dependent
memory enhancement

4.1. Abstract 

Background: The relationship between learning and sleep is multifaceted. 
Learning influences subsequent sleep characteristics, which may in turn 
influence subsequent memory. Studies in humans indicate that sleep may 
not only prevent degradation of acquired memories, but even enhance 
performance without further practice. 

In a rodent instrumental learning task, we previously observed marked 
individual differences in how fast rats learn to associate lever pressing with 
food reward. Because rats habitually sleep between sessions, and may differ 
in this respect, we assessed whether the paradigm could serve as an animal 
model to study sleep-dependent memory enhancement. 

Methods: Rats were exposed to 2 sessions of instrumental learning per day 
for 1- 3 days. The number of lever presses in each session was registered. 
Both before and after the sessions, electroencephalography (EEG) was 
measured, to quantify Slow Wave Sleep (SWS), Rapid Eye Movement Sleep 
(REMS) and spindles. Sleep deprivation (3h) was applied between the first 
and second session in a subgroup of rats. 

Results: Task-exposure increased REMS-duration. After task exposure, small 
changes in SWS-duration and spindle density were observed. The increase in 
REMS-duration was observed specifically after sessions in which learning 
occurred, but not after a later session. Sleep deprivation during the 3h 
period between the initial two sessions severely interfered with 
performance enhancement, but did not prevent this in all rats. 

Conclusion: Sleep facilitates instrumental learning, possibly via the increase 
in REMS. This classical task provides a practical model for animal studies on 
sleep-dependent memory enhancement. 
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4.2. Introduction 

The relationship between learning and sleep is multifaceted. First, 
individual differences in specific sleep parameters, including the 
distribution of sleep stages and phasic events, have been associated with 
initial performance and learning abilities in both humans (Schabus et al. 
2007) and rats (Ambrosini et al. 1993). Second, exposure to novel learning 
can change subsequent sleep parameters, like the prevalence of certain 
sleep stages. 

Interestingly, the extent to which the learning experience changes sleep 
parameters, has in some studies even been shown to correlate with the 
extent to which performance improves over sleep (e.g. Langella et al. 1992; 
Nishida and Walker 2007). An example in humans is that the novel learning-
induced increase in sleep spindle density correlates with sleep-dependent 
performance gains (Gais et al. 2002). In rodents, the relative increase in 
post-training Rapid Eye Movement Sleep (REMS) duration is associated with 
the degree of improvement in subsequent task performance (Smith 1985; 
Wetzel et al. 2003). Different sleep characteristics may promote memory 
consolidation for different types of learning (Plihal and Born 1999; Smith 
2001; Rauchs et al. 2005). 

It is likely that these changes in post-learning sleep parameters are 
essential, because a large number of studies demonstrate that sleep 
deprivation can impair learning, as reviewed previously (e.g. Walker and 
Stickgold 2004). This third general category of observations on the 
relationship between learning and sleep is even observed after a mild 
disruption of the continuity of sleep processes (see Van Der Werf et al. 
2009; Van Someren 2010). 

Learning apparently benefits from sleep subsequent to task exposure 
(Stickgold et al. 2002), even from a very brief nap (Mednick et al., 2002; 
Lahl et al. 2008). It has been argued that a better preservation of newly 
learned information or skills may just be a confound of the lack of 
interference by subsequent information, which is indeed prevented by being 
asleep rather than awake. However, this argument cannot easily explain 
that sleep may even enhance performance, without additional practice (as 
reviewed in Walker and Stickgold. 2004). This makes sleep-dependent 
memory enhancement perhaps the most convincing class of observations in 
the association of sleep with learning and memory, and a primary target for 
further studies on the brain mechanisms involved. 

Several types of learning can be discriminated (see e.g. Walker and 
Stickgold 2004, for an overview from a sleep research perspective). One 
elementary type is instrumental learning; which simply associates action 
with reward. This type of learning is highly important for the adaptation and 
survival of an animal. A classical paradigm to study instrumental learning in 
rats is to expose them to a simple action-outcome association; for example 
that lever pressing is rewarded with a highly desirable food reward. This 
paradigm has been used with success to demonstrate e.g. that instrumental 
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learning depends on glutamatergic and dopaminergic transmission in a 
network comprising the prefrontal cortex, nucleus accumbens and amygdala 
(Kelley et al. 2003). Following learning, both protein kinase A activity and 
protein synthesis in parts of the network are essential for effective memory 
consolidation (Kelley et al. 2003). 

In our application of the instrumental learning paradigm, we previously 
observed marked individual differences in how fast individual rats learn to 
associate lever pressing with food reward. Of note, fast-learning rats had a 
more pronounced dopamine increase in the nucleus accumbens during the 
first session (Cheng and Feenstra 2006). Performance enhancement was only 
observed over subsequent sessions, but not within sessions, suggesting an 
important role for the time between sessions. Casual observations show that 
rats habitually sleep between sessions. Because rats may differ with respect 
to their sleep between sessions, we here pursued to evaluate whether 
individual differences in post-learning sleep could be involved in individual 
differences in the improvement seen from one session to the next. If so, the 
classical instrumental learning paradigm could serve as an animal model to 
study brain mechanisms involved in sleep-dependent memory enhancement. 

In the first of three experiments, we measured both baseline and post-task 
EEG to test the following hypotheses: 1.) individual differences in baseline 
sleep recorded prior to learning relate to individual differences in the speed 
of task acquisition; 2.) learning alters subsequent sleep characteristics, and 
3.) the speed of task acquisition is sensitive to three hours of total sleep 
deprivation (nap prevention) following the first session of instrumental 
learning. 

Because we applied variable forced locomotion to effectuate sleep 
deprivation, we performed a second and third experiment to investigate the 
effects of forced locomotion per se on sleep parameters (experiment 2) and 
learning (experiment 3) respectively. 

4.3. Results 

4.3.1. Sleep & instrumental learning (Experiment 1) 

As stated above, experiment 1 was conducted to answer three questions. 
First, do individual differences in baseline sleep relate to subsequent 
learning differences? Second, do task exposure and learning induce 
alterations in subsequent sleep, compared to baseline sleep? Third, does 
sleep deprivation immediately following the first learning session impair 
learning? 

4.3.1.1. Do individual differences in baseline sleep relate to subsequent 
learning? 

Under normal sleeping conditions (rats in this condition will be referred to 
as “control rats” throughout this paper), rats were exposed to a maximum 
of 6 sessions of instrumental learning over a period of 3 days, while EEG was 
recorded for 24h before the first session and for 3h after each following 
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session. Performance improved significantly (Z=-3.58; p<0.001, control rats 
shown in Figure 18) from on average 12.1 (±1.8 (SEM)) lever presses in the 
first session to 22.5 (±2.3) in the second session, and reached the 
performance criterion of  27 lever presses in 2.5 sessions (±0.2) on 
average. In this group, 13 out of 19 animals (68 %) reached the performance 
criterion in (or before, n=1) the second session ("fast-learning rats"), and 6 
in later sessions (“slow-learning rats”). We therefore focused on the first 2 
sessions of learning for analyses of sleep characteristics. 

Figure 18 Instrumental learning 

A.) The number of responses in the first 2 sessions for control rats (n=19) and rats in which sleep is prevented 
between these sessions (n=19). 
B.) The number of sessions to reaching the criterion of >27 lever presses for control rats (n=19) and rats in which 
sleep is prevented between these sessions (n=19). Statistical details are provided in the main text. *p 0.05 
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No differences in baseline SWS-duration, REMS-duration, and the spindle 
parameters (duration, amplitude and number) were present between fast-
learning rats (68%) and slow-learning rats (32%, Table 8). 

Table 8  EEG characteristics in slow- and fast learning rats (control rats 
only). 

Parameter Avg in SL Avg in FL 
SWS duration (minutes/24h) 727.3 (19.5) 699.7 (16.2) 
REMS duration (minutes/24h) 72.3 (14.9) 70.3 (6.8) 
Cortical spindle duration (s/24h) 38.0 (1.1) 38.7 (0.7) 
Parietal spindle duration (s/24h) 34.8 (0.5) 34.9 (0.4) 
Avg cortical spindle amplitude(μV) 76.4 (1.7) 75.6 (5.7) 
Avg parietal spindle amplitude(μV) 45.4 (4.5) 40.9 (4.3) 
Cortical spindle number (#/24h)) 7808 (347) 7645 (114) 
Parietal spindle number (#/24h) 8684 (492) 7897 (312) 
EEG characteristics in slow- and fast-learning rats (control rats only). 
No differences in EEG-characteristics occur between slow- and fast-learning rats during 24h of baseline before 
learning (9:30 – 9:30). Average values (±SEM). Avg = Average; SL = Slow-learning rats (n=6); FL = Fast & Early 
learning rats (n=13). 

4.3.1.2. Does task exposure influence subsequent sleep? 

We compared SWS-duration, REMS-duration, and total spindle number for 
both the frontal and the parietal cortex, as measured in the first six 30-min 
intervals constituting the 3h periods following both the first and second 
learning session, with the equivalent periods the day before (Figure 19). We 
examined these 30-min intervals (1-6 and 7-12, nested within 2 blocks after 
the 2 learning sessions) rather than two integrated 3-hr periods because 
learning-induced changes could be present in specific time-windows (Sara et 
al. 1999; Hernandez et al. 2002; Tronel et al. 2004). Data of fast- and slow-
learning rats were pooled for these analyses; separate analyses were not 
performed because of the small number of slow learners and the variability 
in the session number in which the performance criterion was reached. 
Analyses for the exact time of learning are described below. 

For SWS-duration, the interaction between day (baseline versus learning) 
and time (interval 1-12 nested in the 2 post-session blocks) was significant 
(F(5, 60)=9.9; p<0.001, Figure 19A). SWS-duration was decreased (p=0.010) 
during the first 30 minutes after the first task-exposure, and increased 
(p=0.016) during the third 30 minutes. None of the other interactions with 
day were significant (p 0.2). The main effect of day (baseline versus 
learning) was not significant either (p=0.75). 

For REMS-duration, the interaction between block and day was significant 
(F(1.0,12.0)=21.7; p=0.001, Figure 19B). REMS-duration was increased during 
the block after the first session (t(17)=-2.9; p=0.009), but not after the 
second session (p=0.3). None of the other interactions with day were 
significant (p 0.08). The main effect of day (baseline versus learning) was 
not significant either (p=0.2). 
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For the spindle density over the frontal cortex, the main effect of day 
(baseline versus learning, F(1.0,5.0)=21.3; p=0.006, Figure 19C) and the 
interaction between day (baseline versus learning) and time (F(5,25)=4.1; 
p=0.008) were significant. 

The spindle density decreased during the second interval after the first 
session (t(11)=2.9; p=0.01) and during the sixth interval after the second 
session (t(7)=3.3; p=0.01). None of the other interactions with day were 
significant (p 0.07). 

For the spindle density over the parietal cortex, the interaction between 
block and day was significant (F(1.0,6.0)=5.9; p 0.001, Figure 19D). Spindle 
density decreased during the block after the first session (t(13)=6.9; 
p=0.009), but not after the second session (p=0.7). None of the other 
interactions with day were significant (p 0.09). The main effect of day 
(baseline versus learning) was not significant either (p=0.07). 

Average spindle duration and average spindle amplitude were not sensitive 
to task-exposure (data not shown). Absolute spindle number did vary over 
time after task exposure, it roughly corresponded to the changes in SWS 
duration (data not shown). 

As the largest observed effect in the preceding analyses was the increase in 
REMS after the first session, ancillary analyses were performed to provide 
more detail. As the REMS-increase was present throughout the 3h time-
window, following analyses were simplified and performed for the whole 3h 
time-period. 

First, we tested if learning, or plain task exposure, elicited a subsequent 
boost in REMS. The REMS-duration during both the 3h subsequent to actual 
learning (assumed to occur in the session immediately prior to the 
performance to criterion session) and the 3h period subsequent to the 
performance to criterion session were compared to their respective baseline 
periods on equivalent times of day in the 12 fast-learning rats. Both the 
main effect of task exposure (F(1,11)=4.9; p=0.049, figure 3) and the 
interaction of task exposure with learning F(1,11)=12.4; p=0.005, Figure 20) 
were significant. Post-hoc tests showed that the total REMS-duration in the 
3h after learning compared to baseline increased significantly (t=-3.4, 
p=0.006; Figure 20), while the total REMS-duration in the 3h after the 
performance to criterion session did not increase compared to baseline 
(p=0.5; Figure 20), indicating that the REMS-increase occurs specifically 
after learning. 
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Figure 19 Alterations from baseline EEG after task exposure for fast and 
slow learning rats (controls) pooled 

A.) SWS-duration; B.) REMS-duration; C.) frontal spindle density; D.) parietal spindle density. Statistical details are 
provided in the main text. */#p 0.05 (*specific interval for SWS and spindles; # block of 6 intervals for REMS and 
spindles) 
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Figure 20 REMS duration after learning and after reaching criterion 
compared to baseline; fast-learning rats only (n= 12 controls) 

*p 0.05.

Second, a comparable analysis of sleep after the learning session was 
performed for the slow-learning rats, to investigate if the increase in REMS-
duration also occurs after late learning. In our undisturbed sleep group, data 
are available for the 3h subsequent to the learning session for 4 rats only (6 
slow learners, 2 missing EEG-recordings for this interval, Figure 21A). 
Therefore, to still be able to statistically evaluate whether REMS-duration 
increased after late learning, we pooled data from the slow-learning control 
rats with data from 4 slow-learning rats from the sleep deprivation 
condition, which learned in the 3rd (n=3) and the 5th (n=1) session (i.e. 
after nearly a full day or more to recover from the 3h sleep deprivation). 
The total REMS-duration in the 3h after learning compared to baseline was 
again significant (t(7)=-3.3; p=0.01, Figure 21B), indicating that the post-
learning increase in REMS-duration also occurred after later learning. 
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Figure 21 REMS duration after learning in a later session compared to 
baseline

A.) Data for 4 slow-learning rats with undisturbed sleep. B.) Data from the 4 slow-learning control rats (learning in 
the 3rd (n=2) and the 4th (n=2) session) were pooled with data from 4 slow-learning sleep-deprived rats (learning 
in the 3rd (n=3) and the 5th (n=1) session, i.e. after nearly a full day or more to recover from the brief sleep 
deprivation). *p 0.05 

4.3.1.3. Does sleep deprivation impair learning? 

Sleep deprivation in the 3h between session 1 and 2 reduced SWS from 
39.4% (±2.2) to 0.8% (±0.5) of the time and REMS from 1.4% (±0.5) to 0.0% 
(±0.0). Sleep-deprived rats did not improve (p=0.38) from the first (9.9±2.1 
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lever presses) to the second (11.5±2.9 lever presses) session (Figure 18A), 
and reached the performance criterion in 4.1 (±0.4) sessions (Figure 18B). 
The sleep-deprived group consisted of 6 fast-learners (32%) and 10 slow-
learners, while 3 sleep-deprived rats did not reach criterion within the 
experiment at all. 

When the number of lever presses in the first two sessions was compared 
between undisturbed controls and sleep-deprived rats, main effects were 
present for session (F(1.0,36.0)=31.2; p<0.001) and group (F(1.0,36.0)=16.6; 
p=0.040), and the session by group interaction was also significant 
(F(1,36)=4.5; p<0.001). Post-hoc tests indicated that both the undisturbed 
control and the sleep-deprived group pressed the lever an equal number of 
times in the first session (p=0.35), but that the sleep-deprived group 
pressed the lever less often than the control group in the second session 
(Z=-3.6; p<0.001). 

Sleep-deprived rats also reached the performance criterion significantly 
later than rats in the control condition (4.1±0.4 vs. 2.5±0.2 sessions; 
W=284.0; p=0.011, Figure 18B). 

4.3.2. Effects of forced locomotion on sleep and learning (Exp. 2 & 3) 

Experiments 2 and 3 set out to investigate whether forced activity could be 
involved as a confounder for the changes in instrumental learning found 
after sleep deprivation. We tried to control the effects of 3h forced 
locomotion, inducing total sleep deprivation, with 3h of 30-min of rest 
alternating with 30-min of forced locomotion at a higher speed. The latter 
procedure exposed rats to an equal amount of forced locomotion, yet 
allowing for up to 1.5h of sleep. Effects on sleep parameters (experiment 2) 
and on learning (experiment 3) were studied in separate groups of rats. 

EEG was recorded before and during the movement-control protocol in eight 
rats. As compared to 51.9% (±2.3) of SWS and 5.7% (±1.2) of REMS during the 
equivalent baseline period the day before, the movement control protocol 
attenuated the occurrence of SWS to 11.8% (±1.6) of the time, and REMS to 
0.5% (±0.2, Figure 22). These rats were exposed to the first sessions of 
instrumental learning before and after the movement control protocol. They 
decreased the number of lever presses from the first (7.6±1.5) to the second 
(4.9±1.6) session (Z=-2.0; p=0.046, data from experiment 2 not shown). 
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Figure 22 Sleep during the movement control condition. 

A.) REMS-duration (minutes / half hour). Only the day-effect (F(1.0,7.0)=26.3; p=0.001), was significant, indicating 
that REMS is decreased throughout the movement control protocol. B.) SWS-duration (minutes / half hour). The 
day-effect (F(1.0,7.0)=168.1; p<0.001), the time-effect (F(5,35)=5.0; p=0.002), and the day*time interaction 
(F(5,35)=3.7; p=0.008), were significant. Both the time effect (p=0.003) and the day*time interaction (p=0.017) 
were significant for the 3rd half hour of the movement control protocol; i.e. the second rest period. SWS decreased 
during the remainder of the movement control protocol. *p 0.05 
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When the number of lever presses during the first 2 sessions of instrumental 
learning was compared between sleep-deprived (n=8) and movement control 
(n=8) rats (Figure 23A, experiment 3), the effects of session (p=0.66) and 
group (p=0.12) were not significant, neither was the interaction (p=0.34) 
between these 2 factors, indicating that sleep deprivation and movement 
control had the same effect on instrumental learning. Neither group 
increased lever presses from the first to the second session (10.9±2.5 to 
9.0±2.6 for sleep-deprived, 15.0±2.2 to 15.7±3.0 for movement control). 

Figure 23 Instrumental learning after sleep deprivation and a potential 
movement control condition (experiment 3) 

A.) The number of responses in the first 2 sessions. Neither control rats nor sleep deprived rats show the normal 
improvement from the first to the second session. B.) The number of sessions to learning (reaching the criterion of 
>27 lever presses), which is also not different between both groups. 
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Sleep-deprived rats reached the performance criterion (  27 lever presses) 
in 3.4 (±0.4) sessions, which was not different in movement control rats 
(3.2±0.5 sessions, p=0.75, Figure 23B). These results indicate that both total 
sleep deprivation (experiment 1) and partial sleep deprivation as induced by 
this movement control protocol can equally disturb instrumental learning. 

In order to evaluate whether the two movement protocols (sleep 
deprivation and movement control) induced a comparable increase in 
activity, activity during the protocols was compared to activity during the 
corresponding period on the previous day. A significant day-effect 
(F(1.0,30.0)=623.5; p<0.001, Figure 24) confirmed that activity was 
increased during the movement protocols in the deprivation devices, 
compared to the baseline movement recorded the previous day. Neither the 
group effect, nor the interaction between day and group were significant 
though, indicating that the movement control protocol and the sleep 
deprivation protocol induced a comparable increase in activity. 

Figure 24 Total activity levels during the 3h movement protocols (sleep 
deprivation or control) and the 3h of corresponding baseline 

Both sleep deprivation and movement control condition increased activity (p 0.001). No differences between the 
conditions were observed. 

4.4. Discussion 

The enhancement of performance by mere sleep without additional practice 
(Walker and Stickgold, 2004), is one of the most interesting phenomena with 
respect to the involvement of sleep in learning. In the present paper we 
describe a set of studies aimed to evaluate whether an instrumental 
learning paradigm could provide a suitable animal model to study the brain 



- Ch4 - 

- 106 - 

mechanisms involved in this phenomenon. We addressed the following 
specific hypotheses: First, individual differences in baseline sleep prior to 
learning relate to the speed of task acquisition; second, learning induces 
alterations in subsequent sleep quantity and / or sleep characteristics 
compared to baseline sleep, and third, three hours of total sleep 
deprivation following the first session of instrumental learning impairs 
learning. 

4.4.1. Do individual differences in baseline sleep relate to subsequent 
learning? 

In contrast to some previous studies, and in contrast to our first hypothesis, 
we did not find any evidence for baseline differences in sleep parameters 
between fast-learning and slow-learning rats. Only one rodent study 
describes an association of instrumental learning with hippocampal theta 
oscillation speed (Santos et al. 2008). These findings may be inconclusive 
because hippocampal activity was determined after task acquisition rather 
than at true baseline, and may thus have been influenced by the learning 
experience. On another type of rodent task, i.e. two-way active avoidance, 
a variety of baseline sleep differences have been reported to relate to 
learning abilities (Langella et al. 1992; Ambrosini et al. 1993). Furthermore, 
baseline sleep characteristics can predict learning abilities in humans 
(Schabus et al. 2006; Schabus et al. 2007). In summary, the current results 
suggest that the type of learning needed to acquire an instrumental 
response does not relate to baseline sleep characteristics; baseline sleep 
differences between slow- and fast-learning rats could not be demonstrated 
with the currently used analyses. 

4.4.2. Do task exposure and learning induce alterations in subsequent 
sleep? 

In line with our second hypothesis, we did find effects of learning and task 
exposure on subsequent sleep, specifically on SWS-duration, REMS-duration, 
and spindle density. The most pronounced effect occurred on REMS-
duration, which increased throughout the 3h time-window following 
training. 

The increase in REMS-duration may be caused either by prior learning or by 
mere task exposure comprising novelty and food reward. Both the 
experience of learning and mere task-exposure comprising novelty can 
affect subsequent sleep in humans (using a conceptually very different task, 
Gais et al. 2002). The increase in REMS-duration that we found after the 
first task-exposure is more likely to be due to learning than simple task 
exposure, as it did not occur after a later non-learning (performance to 
criterion) session (Figure 20), while it was present after learning in slow-
learning rats that learn the task in a later session (Figure 21). Additional 
support for the relationship between the observed REMS increases and prior 
exposure to a learning task is provided by a wealth of studies indicating that 
REMS increases after learning complex, but not simple, tasks, specifically in 
animals reaching a certain level of performance (Peigneux et al. 2001). 
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Increases in REMS and SWS-duration after instrumental learning have been 
observed previously, for example in a task where lever pressing was 
rewarded with water (Hennevin et al. 1974). In this study, no distinction 
was made between fast and slow-learning rats, but the increases in REMS-
duration occurred following the sessions when learning was most 
pronounced. In another study, both SWS and REMS increases could be 
observed when rats were trained to associate food reward with lever 
pressing by successive approximation, (Smith et al. 1977). Our study is the 
first that pinpoints the increase in REMS specifically to the time of learning 
in individual rats. 

In the current study, SWS-duration decreased specifically during the first 30 
minutes following task exposure. This may be the result of arousal from the 
task exposure and the transport from the skinner boxes back to the sleep 
deprivation devices. The subsequent increase may be a homeostatic 
response. 

Instrumental learning also changed the spindle density during subsequent 
sleep, but in contrast to a previous rat study (Eschenko et al. 2006), we 
observed a decrease in spindle density after task exposure, where Eschenko 
et al. observed an increased spindle density after odour discrimination 
learning. A number of human studies suggest an association between 
increased spindle densities and learning (Gais et al. 2002; Schabus et al. 
2004; Peters et al. 2008). In the current data, only decreases were 
observed. Future studies should elucidate if these decreases are task-
specific. 

In brief, learning of a new task has been associated with many alterations in 
subsequent EEG. Generally in line with literature (Hennevin et al. 1974; 
Smith et al. 1977; Datta 2000; Peters et al. 2008; Gais et al. 2002; Eschenko 
et al. 2006; Santos et al. 2008), we observed changes in REMS-duration, 
SWS-duration and spindle density. By performing additional analyses, our 
study is the first to pinpoint the increase in REMS specifically to the time of 
learning. Differences between studies in the temporal pattern and direction 
of observed EEG-alterations may reflect differences in task demand. 

4.4.3. Does sleep deprivation impair learning? 

In line with our third hypothesis, sleep deprivation subsequent to task 
exposure impaired learning. To the best of our knowledge, this is the first 
study describing the effect of 3 hours of total sleep deprivation on 
instrumental learning. A number of studies describe the detrimental effect 
of specific REMS-deprivation on memory consolidation (Pearlman and Becker 
1974; Eschenko et al. 2006), indicating that the REMS normally occurring in 
a post-learning interval may be important for effective learning. Repetitive 
three-hour pharmacological REMS-deprivation immediately subsequent to 
task exposure can temporarily retard the acquisition of lever pressing for 
food reward. When repetitive sleep deprivation was scheduled following 3 
hour breaks, learning was no longer affected (Pearlman and Becker 1974). 
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REMS during the 3 hour post-task time-window therefore appears to be 
specifically important for learning. 

Consolidation of instrumental learning is thought to occur in the 2h 
subsequent to training (Hernandez et al. 2002; Cheng and Feenstra 2006). 
Transient inactivation of the medial prefrontal cortex or the ventral 
hippocampus immediately following initial task exposure can interfere with 
instrumental learning (Izaki et al. 2000). Similar effects can be observed in 
learning of other tasks, which can also be disturbed in certain post-learning 
time windows (Sara et al. 1999; Hernandez et al. 2002; Tronel et al. 2004). 
The time-window in which consolidation is thought to occur, may explain 
the findings of the second (and third) experiment, where a movement 
control condition impairs instrumental learning as much as total sleep 
deprivation. As shown by the results of the second experiment, sleep is also 
disturbed drastically within the 3h interval between the first 2 sessions 
during the movement control protocol: during the movement control, SWS 
and REMS were decreased by 77% and 91%, respectively. Besides decreased 
sleep duration, fragmentation of sleep may be involved (e.g. Tartar et al. 
2006; Van Der Werf et al. 2009). 

In the present study, the sleep intervention originally meant to provide a 
control condition was sufficient to disturb instrumental learning. We used 
mild forced locomotion to accomplish 3 hours of sleep deprivation. The 
possible control condition, tested in experiment 2 and 3, consisted of three 
30-minute periods of mild forced locomotion at double speed, which 
induced similar levels of activity, with rest periods to hypothetically “catch 
up” on sleep. However, this procedure also led to substantial sleep 
deprivation; rats did not sleep enough in the rest periods (experiment 2). 

Alternative movement control protocols with similar amounts of movement 
exposure could only be developed in two manners. First, the speed could be 
increased to more than 4 rpm, which we chose not to as it decreased animal 
welfare in pilot experiments. Second, the breaks could be elongated 
without altering the movement parts. As the total length of the movement-
control protocol was limited to the 3h between the sessions of instrumental 
learning, this was not possible in the current studies. Because this type of 
variable forced locomotion does not increase the stress hormone 
corticosterone or peak activity levels over undisturbed circadian baseline 
levels (Leenaars et al. 2011; Chapter 2), the effects of forced locomotion 
per se should be limited. 

As sleep deprivation subsequent to task exposure impairs learning, in line 
with our third hypothesis, it is tempting to speculate that the currently 
observed task-induced changes in sleep are essentially involved in the 
processes that promote learning. Although sleep during the 3 hours after the 
first training session appears to promote learning on average, this does not 
mean that learning cannot take place without sleep. Five of the rats in the 
sleep deprivation group (experiment 1) were very fast learners; they 
pressed the lever more than 19 times already in the first session. These rats 
were not sensitive to the effects of sleep deprivation, and consolidated or 
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improved their performance and pressed the lever 28-30 times, i.e. they 
reached criterion. Five additional rats showed improvement in the session 
after sleep deprivation compared to the preceding first session, one of 
which reached the performance criterion in the session following sleep 
deprivation. These findings suggest that the role of sleep is facilitating 
rather than essential. The individual differences found may be exploited in 
future studies applying the instrumental learning paradigm to unravel the 
brain mechanisms involved in the role of sleep in memory enhancement. 

4.5. Materials and Methods 

4.5.1. General procedures 

All experiments were performed in male Wistar rats (Harlan, Horst, the 
Netherlands), housed in groups of 4 (unless mentioned otherwise) in type-IV 
macrolon cages (60*38*20cm). They were kept in a room with controlled 
temperature (20 C ±2 C) and humidity (60% ±20%) under a fixed reversed 
light-dark cycle (lights ON at 19:00h; lights OFF (red light) at 07:00h), in 
order to facilitate experiments taking place during office hours and yet in 
the rats’ active, dark period. 

After surgery (described below), rats were housed individually in high type-
III macrolon cages (38*21*24cm) to prevent damage to the EEG-connectors. 

For the behavioural experiments, food restriction to 16g per day was started 
3 days before the first behavioural session in order to facilitate learning by 
increasing the value of food reward (e.g. Leenaars et al. 2011; Chapter 2). 
Before, food was available ad libitum. Water was unrestricted for all rats. 
All experiments were approved by the experimental animal committee of 
the Royal Netherlands Academy of Arts and Sciences and performed in 
accordance with Dutch legislation (wet op de dierproeven, 1996) and 
European guidelines. 

4.5.2. Experiment 1: sleep and instrumental learning  

In this experiment, EEG was recorded (n=38) for 24h before the first 
learning session, in between all the learning sessions, and following the last 
learning session. EEG data were analyzed for the entire 24h baseline period 
to investigate if baseline differences in sleep patterns relate to learning, 
and for the 3h subsequent to each learning session to investigate if learning 
alters subsequent sleep. 

4.5.2.1. EEG 

Following a minimum of one week of habituation to the reversed light-dark 
cycle, and an additional week of habituation to daily handling, rats were 
prepared for EEG-recordings. EEG surgery, EEG recordings and sleep stage 
scoring were performed as previously described (Leenaars et al. 2011; 
Chapter 2). In short, five home-made EEG electrodes were placed on the 
dura (AP+2.0mm; L±2.0 relative to bregma; AP+2.0; L±2.0 relative to 
lambda; and AP -2.0 on midline relative to lambda), 2 electromyography 
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(EMG) electrodes were inserted into the neck muscle and all electrodes 
were attached to a connector (Albedo Projects, Belgium). The electrodes 
and connector were secured to the skull with dental cement (Kemdent 
Simplex Rapid, Associated Dental Products Ltd, Wiltshire, UK) Right-side 
electrodes were referenced to the electrode over the cerebellum, left-side 
electrodes served as a back-up. 

EEG-experiments commenced after 2 weeks of post-surgical recovery. Two 
rats were placed into the 2 compartments of a sleep deprivation device 
(described below) and were allowed one day of habituation to the novel 
surroundings (Mondays). The following day, rats were connected to the EEG-
system for a 24h baseline EEG-recording. Two EEG channels and one EMG 
channel were sampled at 200 Hz, filtered between 0.5 and 90 Hz, and 
stored using Somnologica 3.3.1 (Medcare, Reykjavik). EEG and EMG traces 
were manually scored offline in 10s epochs classified as wake, SWS and 
REMS. Amounts of SWS and REMS were quantified in half-hourly intervals. 

Spindles occurring during SWS in the anterior and the posterior EEG signals 
were quantified using an automated spindle detection algorithm 
programmed in Matlab according to previous studies (Terrier and 
Gottesmann 1978; Huupponen et al. 2000; De Gennaro and Ferrara 2003; 
Knoblauch et al. 2003; Eschenko et al. 2006). In brief, the EEG signal was 
first band-pass-filtered between 12-15 Hz. Next, the root mean square (rms) 
of the signal was calculated in 0.1s bins, and the rms signal was smoothed 
with a moving average. The spindle threshold was set at 1.5 standard 
deviations of the rms signal during SWS episodes. An upward crossing of this 
threshold defined the spindle onset and the next downward crossing defined 
the end of the spindle. The minimal spindle duration was set to 450ms; 
shorter threshold crossings were ignored. Reliability of the spindle-detection 
algorithm was verified for all traces by visual inspection. The outcome 
variables of the algorithm included total spindle number, and spindle 
duration and peak amplitude of individual spindles. Spindle parameters 
were summarized over 30 min time intervals. Spindle density was calculated 
by dividing the number of spindles in a given half hour by the duration of 
SWS (in minutes) in that same half hour. 

4.5.2.2. Instrumental learning 

After the 24h baseline EEG-recording, rats were disconnected for the first 
session of the learning task. This task was based on previous work (Cheng 
and Feenstra 2006). Behavioural experiments were conducted using Skinner 
boxes (Med-associates, St. Albans, US) controlled by MED-PC software (Med-
associates). Each box was equipped with one wall containing an operant 
panel with 2 levers, a cue-light above each lever and a food tray with tray 
light between the levers, while the opposite wall contained a white noise 
generator and a house light. Every rat was appointed his individual Skinner 
box in which he was tested twice a day (09:30h and 13:00h) for a maximum 
of 3 days (Wednesday - Friday). Testing consisted of 30 trials, and each trial 
consisted of a single lever presentation for a maximum of 60s. Every lever 
press resulted in a reward (Bio-Serve dustless precision pellets, 45 mg, 
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BioServ, Frenchtown, US). The order in which the levers were presented was 
random. In the time periods between the behavioural testing sessions 
(10:00-13:00 and 13:30-9:30), the rats were transferred back to the sleep 
deprivation devices and re-connected for EEG-registration. Once a rat 
reached the performance criterion of 27 lever presses per session of 30 
trials, or following the sixth session if a rat was unsuccessful in attaining the 
criterion, the EEG was recorded for a final 3h, which completed the 
experiment. 

For the behavioural analyses, rats were divided into 2 learning types. Slow 
learners were those that needed more than 2 instrumental learning (IL) 
sessions to reach the performance criterion of 27 lever presses out of 30 
trials. Fast learners were those that reached the performance criterion 
within the first two sessions. To evaluate the effect of learning on 
subsequent sleep, sleep parameters of the EEG data of the 3h periods 
subsequent to task exposures (first and second task exposure, learning 
session and criterion performance session) were compared to corresponding 
baseline periods. Learning was considered to occur in the session 
immediately prior to the performance to criterion session. 

4.5.2.3. Sleep deprivation 

Rats were semi-randomly assigned to either undisturbed sleep (n=19) or 
sleep deprivation (n=19) in the 3 hr subsequent to the first instrumental 
learning session (after being returned to the sleep deprivation devices). 

Sleep deprivation was accomplished by gradually increasing mild forced 
locomotion in the sleep deprivation device, as previously described 
(Leenaars et al. 2011; Chapter 2). In short, a sleep deprivation device 
consists of a rotating drum (  39cm, height 37cm), divided into 2 
semicircular compartments by a stationary central wall. The bottom moves 
bidirectionally and at varying speed (Table 9); both speed and the number 
of directional alternations are gradually increased over time to counteract 
increasing sleep pressure. 
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Table 9 3h sleep deprivation protocol. 

Time (min) Speed 
(RPM)

Direction

0-20 1  CW 
20-40 2 CCW 
40-60 2 10min CW, 10 min CCW 
60 -120 2 CW-CCW every 5min 
120 -180 2 CW-CCW every 2,5 min 
RPM = rotations per minute; CW = Clockwise; CCW = counterclockwise. 

4.5.3. Experiment 2: Sleep in movement control conditions 

As the considered movement control condition had not been previously 
implemented, an experiment was performed to quantify sleep in this 
condition (n=8). In the movement control protocol, the deprivation boxes 
were activated between learning sessions for 30-min intervals alternating 
with 30-min rest periods, yet at double the speed (Table 10) of the sleep 
deprivation protocol. This was done with the intention of allowing the 
movement control rats a relatively normal amount of sleep, while exposing 
them to the same amount of experimentally induced movement as the 
sleep-deprived rats. 

Table 10 3h movement control procedure. 

Time (min) Speed 
(RPM)

Direction

0-30 0 - 
30-40 2 CW 
40-60 4 CCW 
60-90 0 - 
90-120 4 CW-CCW every 5min 
120-150 0 - 
150 -180 4 CW-CCW every 2,5 min 
RPM = rotations per minute; CW = Clockwise; CCW = counterclockwise. 

EEG surgery, EEG-recordings and behavioural experiments were performed 
as previously described for experiment 1. In the period between the first 2 
sessions of instrumental learning the rats were exposed to the movement 
control protocol. This experiment was terminated after the second session 
of instrumental learning. 

4.5.4. Experiment 3: Instrumental learning and movement control 
conditions 

To investigate the potential confounding effect of forced locomotion, the 
third experiment compared the effects of sleep deprivation (n=8) on 
instrumental learning with a movement control condition (n=8) in rats 
without EEG-electrodes. Locomotor activity in the deprivation devices was 
measured by detection of infrared displacement as previously described 
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(Leenaars et al. 2011; Chapter 2). Activity data were aggregated in 2 minute 
bins. 

Behavioural experiments were conducted using Skinner boxes (Med-
associates) controlled by MED-PC software (Med-associates). Every rat was 
appointed his own Skinner box in which he was tested twice a day for 3 days 
(Wednesday - Friday) similar to the behavioural testing performed in 
experiment 1. Rats were habituated to the deprivation devices for 2 days 
(starting on Mondays) before the onset of behavioural training. 

4.5.5. Statistical analysis 

To evaluate whether fast-learning rats versus slow-learning rats differed 
with respect to their 24h baseline sleep parameters, Students independent-
samples t-tests was used (experiment 1, control rats only). 

Sleep parameters during the 3h periods following the learning sessions in the 
skinner boxes were calculated over six subsequent 30-min intervals rather 
than aggregated over the 3h period in order to provide more detail on the 
time course. To evaluate whether training sessions altered sleep parameters 
post-training session 1 and 2, they were compared to sleep parameters 
obtained during equivalent periods on the day before, using ANOVAs with 
time (the six 30-min intervals) nested within block (subsequent to training 
session 1 or 2) and day (baseline or post-learning) as within subject factors. 
Planned simple contrasts were used to compare interactions with time 
intervals where possible. When whole blocks instead of separate intervals 
were significant, we performed post-hoc paired sample t-tests for the 
blocks. When both blocks and time effects were significant, we performed 
post-hoc paired sample t-tests for the separate time intervals. 

For the spindle density analyses, outlier correction was applied. Outliers 
were identified per timepoint by SPSS, which defined them as data points 
below 3 times the interquartile distance below the first quartile, or above 3 
times the interquartile distance above the third quartile. For spindle density 
over the frontal cortex, 12 outliers (4.3% of registered values) were 
identified. For spindle density over the parietal cortex, 31 outliers (9.6% of 
registered values) were identified. Outliers were replaced by the next 
lowest (/highest) value – (/+) 1 (Field, 2005). 

We used baseline data as a within-subject control, as repeated EEG-testing 
over multiple days leads to very consistent results (Leenaars et al. 2011; 
Chapter 2). Time was included as a factor in these analyses as alterations in 
sleep parameters may occur in particular time-windows. As time effects on 
sleep parameters are usually present, we only reported task-exposure 
interactions with time, but not the main effects of time. 

To simplify analyses, the ancillary analyses for REMS increases were 
performed on aggregated data (over the 3h period). First, the effects of 
task exposure for the learning session and for the performance to criterion 
session were compared to their respective baseline periods using ANOVAs 
with task exposure (baseline or post-task) and session (learning or 
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performance to criterion) as within subject factors. Second, the change in 
total REMS-duration during the 3 hours after learning in slow-learning rats 
was compared to baseline with a paired-samples Student’s T-test. 

To evaluate whether sleep-deprived rats differed from undisturbed control 
rats with respect to performance on the first 2 sessions of instrumental 
learning (experiment 1), an ANOVA was used, with session (1 or 2) as the 
within-subject factor and experimental intervention (sleep deprivation or 
control) as the between subject factor. Post-hoc Wilcoxon’s signed rank 
tests were performed to test for significance of improvement over the two 
sessions for both groups separately. Post-hoc Wilcoxon's tests were 
performed to evaluate group differences in sessions one and two. A 
Wilcoxon’s test was used to evaluate whether sleep-deprived rats differed 
from undisturbed control rats with respect to the number of sessions 
necessary to reach performance criterion. Non-learning rats, i.e. those that 
did not master the task in the 6th session, were assigned a number of 7. 

To evaluate how the movement control protocol affected sleep (experiment 
2), SWS and REMS-duration in each of the six 30-min intervals of the 3 hours 
of movement control were compared with the corresponding baseline values 
using separate ANOVAs including day (baseline or movement-control) and 
time (six 30-min intervals) as within-subject factors, and simple planned 
contrasts to locate potential time effects. For this group of rats, lever 
pressing in the first and second session was compared with a Wilcoxon’s 
signed rank test. 

To evaluate whether forced movement per se affected instrumental learning 
(experiment 3), sleep-deprived and movement control rats were compared 
with respect to their performance on the first 2 sessions of instrumental 
learning using an ANOVA with session (1 or 2) as the within-subject factor 
and experimental intervention (sleep deprivation or movement-control) as 
the between-subject factor. 

To evaluate whether the sleep deprivation and the movement control 
protocol induced comparable activity patterns, total activity registered 
during these protocols (between learning sessions) and the corresponding 
baseline period (experiment 3) was analyzed using an ANOVA including day 
(baseline versus experimental) as the within-subject factor, and 
experimental intervention (sleep deprivation or movement-control) as the 
between-subject factor. Post-hoc T-tests were used to compare both groups 
at baseline and at experimental intervention. 

Parametric tests were used for all quantitative data (EEG-outcomes). Non-
parametric tests were used whenever possible for ordinal data (number of 
leverpresses / sessions to learning). When 2 groups were compared at 2 time 
points, an ANOVA was used for ordinal data, as the ANOVA is a relatively 
robust procedure (Field 2005), for which a non-parametric alternative is not 
available. 

For all ANOVAs, a Greenhouse-Geisser correction was performed when the 
assumption of sphericity was violated. Data are presented as average values 
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±standard error of the mean (SEM). Statistical analyses were performed 
using SPSS (Chicago, US). Differences were considered significant at p=0.05. 
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