RAT PERFORMANCE AND SLEEP DEPRIVATION VS SLEEP FRAGMENTATION

http:/dx.doi.org/10.5665/sleep.1624

Switch-Task Performance in Rats Is Disturbed by 12 h of Sleep Deprivation But

Not by 12 h of Sleep Fragmentation

Cathalijn H.C. Leenaars, MSc'; Ruud N.J.M.A. Joosten, BAS'; Allard Zwart, MSc'; Hans Sandberg, MSc'; Emma Ruimschotel, BSc';
Maaike A.J. Hanegraaf, BSc'; Maurice Dematteis, MD, PhD234; Matthijs G.P. Feenstra, PhD'; Eus J.W. van Someren, PhD"®

!Department of Sleep and Cognition, Netherlands Institute for Neuroscience (NIN), an institute of the Royal Netherlands Academy of Arts and Sciences,
Amsterdam, the Netherlands, *Université Joseph Fourier, Faculté de Médecine, Grenoble, F-38042, France; *INSERM U1042, F-38042, France; *CHU
de Grenoble, Hopital A. Michallon, Péle Pluridisciplinaire de Médecine, Grenoble, F-38043, France; *Department of Neuromodulation of Behaviour,
Netherlands Institute for Neuroscience (NIN), an institute of the Royal Netherlands Academy of Arts and Sciences, Amsterdam, the Netherlands,
°Department of Integrative Neurophysiology, Faculty of Earth and Life Sciences, VU University Amsterdam, Amsterdam, the Netherlands

Study Objectives: Task-switching is an executive function involving the prefrontal cortex. Switching temporarily attenuates the speed and/or ac-
curacy of performance, phenomena referred to as switch costs. In accordance with the idea that prefrontal function is particularly sensitive to sleep
loss, switch-costs increase during prolonged waking in humans. It has been difficult to investigate the underlying neurobiological mechanisms
because of the lack of a suitable animal model. Here, we introduce the first switch-task for rats and report the effects of sleep deprivation and
inactivation of the medial prefrontal cortex.

Design: Rats were trained to repeatedly switch between 2 stimulus-response associations, indicated by the presentation of a visual or an auditory
stimulus. These stimulus-response associations were offered in blocks, and performance was compared for the first and fifth trials of each block.
Performance was tested after exposure to 12 h of total sleep deprivation, sleep fragmentation, and their respective movement control conditions.

Finally, it was tested after pharmacological inactivation of the medial prefrontal cortex.

Settings: Controlled laboratory settings.
Participants: 15 male Wistar rats.

Measurements & Results: Both accuracy and latency showed switch-costs at baseline. Twelve hours of total sleep deprivation, but not sleep
fragmentation, impaired accuracy selectively on the switch-trials. Inactivation of the medial prefrontal cortex by local neuronal inactivation resulted

in an overall decrease in accuracy.

Conclusions: We developed and validated a switch-task that is sensitive to sleep deprivation. This introduces the possibility for in-depth investiga-
tions on the neurobiological mechanisms underlying executive impairments after sleep disturbance in a rat model.
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INTRODUCTION

It has been suggested that cognitive functions that depend on
the integrity of the prefrontal cortex, often referred to as “execu-
tive functions,” are particularly sensitive to sleep.'? Prefrontal
regions show strong deactivations during sleep and sleep de-
privation.>* Altered activity of modulatory monoaminergic and
cholinergic neurotransmitter systems has been hypothesized to
underlie at least some of these findings.! However, the study of
this relationship has been difficult and the use of cognitive tasks
leading to reproducible results and allowing for repeated mea-
surements has been advocated.! As measurements of neurotrans-
mitter systems generally depend on invasive measurements in
rodents, there is a need to translate tasks for prefrontal functions
affected by sleep deprivation for use in experimental animals.

Executive functions encompass, among others: mental plan-
ning, initiation of activity, attentional control, utilization of
feed-back, and cognitive flexibility. The latter function can be
probed by switch-tasks.>® Several groups reported that pro-
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longed wakefulness negatively affects performance on switch-
tasks, specifically on the first trials after switching.””

Switch-tasks give reproducible results and allow for repeated
measurements. While rodent alternatives to human tasks are
available for other tasks probing flexibility, such as reversal
learning and extradimensional set-shifting,'® rodent models for
switch tasks have not yet been described.

The general concept behind most switch-tasks is the combi-
nation of two different tasks in blocks of several trials within
test sessions. The switch-task therefore contains task-switch-
ing trials where subjects must change between tasks, and rep-
etition trials, where subjects continue to perform the same task.
Switch-tasks can be as simple as pressing a button matching
certain objects,'’ or as complex as categorizing words using
different rules.'? Irrespective of the precise task used, switch-
costs appear on response latency and/or response accuracy;
responses are slower on switch-trials compared to repetition-
trials, or accuracy is decreased on switch-trials compared to
repetition-trials.°

Human switch-tasks are usually performed fairly fast (reac-
tion times < 1 s) and accurate (errors on < 3% of the trials).’
Consequently, small changes in task-performance can be sig-
nificant and are considered to be biologically relevant.”® As rat
switch-tasks should ideally be performed with roughly similar
speed and accuracy, task design must be kept relatively simple.
Based on these considerations, we designed a switch-task for
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Table 1A—Overview of experimental protocol

by one week of daily testing while otherwise undisturbed in the home cage.

Rats performed the switch-task on all workdays (but not in the week of surgery). Experiments were performed
over the course of one week (see Table 1B), the two experimental weeks within one experiment were separated

20%). These 15 rats were first
trained to perform the switch-

Sleep Sleep Surgeries Local task. After training, rats were
Training Deprivation Fragmentation Recovery Infusions initially tested under conditions
+ 12 weeks 3 weeks 1 week 3 weeks 1 week 1 week 3 weeks

of unrestricted sleep. Secondly,
they were tested after sleep de-
privation and the sleep depri-
vation movement control, and
thirdly, after sleep fragmenta-

rats in which a simple conditional discrimination task is pre-
sented block-wise. Several types of conditional discrimination
tasks have been described in rodent literature, but trials of each
type were offered randomly instead of in a block-design.'*%
These conditional discrimination tasks usually consist of a sim-
ple spatial discrimination where the rewarded lever in a Skinner
box is dependent on the presence or absence of certain stimuli.

We here introduce and validate a new switch-task for rats
based on a simple conditional discrimination task, where one
out of two levers is rewarded when a light stimulus is present,
while the other lever is rewarded when an auditory stimulus is
present. In contrast to normal conditional discrimination tasks,
the switch-task consisted of blocks of 5-10 trials of either stim-
ulus-response association.

We hypothesized that sleep disruption would impair rodent
switch-task performance, in line with human findings. Sleep
disruption may involve deprivation or fragmentation of sleep
by, for example, noise. We therefore first investigated whether
12 h of total sleep deprivation, as a model for one night with-
out sleep, would impair switch-task performance in rats as it
does in humans. Cognitive deficits of fragmented sleep have
been reported as well,”® but may be less pronounced than is the
case after total sleep deprivation. To the best of our knowledge,
the effect of sleep fragmentation on task-switching has not yet
been investigated in any species. We therefore tested if 12 h
of sleep fragmentation, a model for regular sleep disturbance
during one night, would also impair switch-task performance.
As humans activate their prefrontal cortical (PFC) areas dur-
ing task-switching,”?* we would also expect the rat PFC to be
involved in switch-task performance. Therefore, we next tested
the effect of temporary PFC-inactivation on performance of our
switch-task for rats.

We here show that task-switching induces switch-costs on la-
tency and accuracy in conditions of undisturbed sleep, and that
a period of 12 h of near total sleep deprivation, but not a similar
period of sleep fragmentation, decreases the accuracy specifi-
cally on switch-trials. Involvement of the medial prefrontal cor-
tex was indirectly supported by the fact that its inactivation by
local infusion of a mixture of muscimol and baclofen results in
a decrease in the overall accuracy.

MATERIALS AND METHODS

All behavioral experiments were performed in 15 male Wi-
star rats (Harlan, Horst, the Netherlands; weight upon arrival
225-275), housed under reversed light conditions (lights ON
at 23:15; lights OFF at 11:15) to enable dark-phase behav-
ioral experiments during regular office hours, in groups of 4
in type-IV Makrolon cages (60 x 38 x 20 cm), in a room with
controlled temperature (20°C + 2°C) and humidity (60% =
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tion and the sleep fragmentation
movement control. An overview of the experimental protocol
is provided in Table 1A. These same rats were cannulated af-
ter the sleep experiments to participate in the local infusion
experiments. After surgery, rats were housed individually in
high type-III Makrolon cages (38 x 21 X 24 cm) to prevent
damaging of the cannulae.

As we use a novel movement control condition in this study,
an additional experiment was set-up to quantify sleep in this
condition. EEG-experiments were performed in a separate
group of 8 rats (Harlan, Horst, the Netherlands; weight upon
arrival 225-275), housed under normal light conditions (lights
ON at 07:00; lights OFF at 19:00). After surgery, these rats
were housed individually in high type-III Makrolon cages.

All rats were left undisturbed for at least one week after ar-
rival for acclimatization, and habituated to daily handling for at
least another week prior to starting experiments. Food was re-
stricted for rats in the behavioral experiments. Rats in the EEG
experiments were always provided with food 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 Sci-
ences and performed in accordance with Dutch legislation (Wet
op de dierproeven, 1996) and European guidelines.

Behavior and Training

Approximately 3 days before the onset of behavioral train-
ing, food was restricted. On the days without behavioral testing,
rats were fed 15 g/rat/day, on the days with behavioral training
this was decreased to 12 g/rat/day, as rats could then supple-
ment their diet with food rewards. All rats increased their body
weight during these experiments.

Behavioral experiments were conducted in 8 Skinner box-
es (Med-associates, St. Albans, Vermont, USA) controlled by
MED-PC software (Med-associates). Skinner boxes (305 x 241
x 210 mm) consisted of Perspex sides and metal modular panels
with a grid floor 19 x 4.8 (305 x 241 mm, 19 grids of 4.8 mm)
suspended over a tray filled with sawdust. The operant panel on
one side of the box contained 2 levers (40 x 19 x 2 mm) placed
21 mm above the floor on the left and right side of the food
tray (51 x 51 mm, 21 mm above the floor). Two cue-lights (7,9
mmJ) were placed 75 mm above each lever. On the opposite
side of the box, a house-light was centrally mounted (200 mm
above the floor), next to which the white noise speaker (76 x 83
mm, 175 mm above the floor) was placed.

Each rat was appointed one Skinner box, in which daily (on
workdays) training and testing of that specific rat took place at
the onset of the active phase (dark-onset).

After rats had been trained to associate lever-pressing with
food reward (Bio-Serve purified dustless precision pellets,
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Figure 1—Flowchart of one trial of the switch task.

F0021, 45 mg, BioServ, Frenchtown, New Jersey, USA), they
were trained on a conditional discrimination task, in which they
had to discriminate between 2 distinct stimuli (2 simultaneous-
ly lit cue-lights versus acoustic white noise) to decide which
response to make to obtain a reward. Stimuli were presented
from 0.5 s before lever-presentation until a response was made.
Rats were trained in one session per day, and first exposed to 2
sessions consisting of one stimulus-response association only
(e.g. after the light stimulus, press the right lever to obtain a
reward). On the following days, they were exposed to 2 ses-
sions with the opposite stimulus-response association (e.g. after
the sound stimulus, press the left lever to obtain a reward). A
flowchart of a trial within the conditional discrimination task
is provided in Figure 1. The 2 stimulus-response associations
were then gradually integrated within sessions, exposing rats
to increasing numbers of switches between both rules within a
session. An overview of the general training procedure is pro-
vided in Table 2. Although individual differences occurred in
the speed of acquisition, all rats performed > 80% accurate at
the end of each stage of training.

Behavior; Switch-Task

Rats were tested in sessions of 119-129 trials, grouped in
15-17 blocks of an unpredictable number of 5-10 trials of one
of the 2 stimulus-response associations. This configuration led
to 14-16 switches between the 2 rules, the first trial of each
block being the switch-trial. An example of a switch-task ses-
sion is provided in Figure 2. The total number of blocks and
the numbers of trials in the blocks were varied across days to
prevent sequence predictability. One daily behavioral test ses-
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Figure 2—Example of the subsequent trials in a switch-task session. L,
Light trial; S, Sound trial; circled trials were used for data-analysis. Black
circles indicate switch-trials, gray circles indicate repetition trials.

sion (Monday to Friday) was started within 5 min of the onset
of the dark period (the active phase of the rat). All experiments
were counterbalanced for both the lever associated with each
stimulus and the first rule learned.

As each block of the conditional discrimination task con-
sisted of > 5 trials, the fifth trial was chosen as the typical
repetition-trial used in later comparisons with switch-trials. For
each session and for each rat, average switch-trial and repeti-
tion-trial latencies were calculated, as well as the percentages
of correctly performed switch-trials and fifth trials. Data from
the first block of each session were not included in the analy-
ses, as the first trial of the first block is neither a switch-trial,
nor a repetition trial. Data from all other blocks were pooled
for each session. Results from blocks with acoustic noise and
light stimuli were pooled, comparable to the described analyses
of human data.!"?%-** Error trials and omitted trials, as well as
trials directly following errors and omissions, were removed
from latency analyses. Baseline switch-task performance was
analyzed during the last 3 days preceding the first experimental
week; during the 19th-22nd training session.

Sleep Deprivation

Sleep deprivation was accomplished with gradually increas-
ing mild forced locomotion, as described previously.* Briefly,
sleep deprivation devices consisted of a rotating drum (& 39
cm, height 37 cm), divided into 2 semicircular compartments
by a stationary central wall. The bottom moves bidirectionally
and at varying speed, and both speed and the number of direc-
tional alternations are gradually increased in hourly intervals
to compensate for increasing sleep pressure. A movement con-
trol condition was created with the intention of allowing rats a
relatively normal amount of sleep, while exposing them to the
same increases in locomotor activity as produced by the sleep
deprivation protocol. To this end, the movement control proto-
col started 12 h earlier than the sleep deprivation condition and
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Table 1B—Overview of an experimental sleep deprivation week

Rats performed the switch-task on all workdays at dark-onset.

when rats would walk halfway the radius of our circular
device, they would walk approximately the same dis-

Monday Tuesday ~ Wednesday Thursday  Friday tance as in the treadmill study where the speed was set
Habituation to Sleep ~ Continued Baseline Experiment  Recovery at 0.02 m/s.'° The direction of the box was reversed for
Deprivation Device habituation  (day 1) (day 2) (day 3)

each 30-s movement episode.
Rats were housed in the sleep deprivation boxes dur-
ing a full test week, from Monday (day -1) - after their

Table 2—Training procedure

Session Number
Learn to press the levers 5
First SRA 2
Second SRA 3
1 switch 3
2 switches 1
3 switches 2
15 to 17 switches 22

SRA, stimulus response association. Lever pressing was taught with 1-2
sessions per day. After rats had learned to associate a lever press with
food reward, they were only exposed to one session per day. At the end
of each stage, rats performed the task at hand with an accuracy of > 80%.

consisted of alternating hours of undisrupted sleep opportunity
and hours during which the device rotated as in the sleep de-
privation protocol, yet interspersed with hourly rest intervals.
As this movement control condition has not been implemented
before, an additional experiment was set-up to quantify sleep in
this condition (described below).

Rats were housed in the sleep deprivation boxes during a full
test week (depicted in Table 1B), from Monday (day 1) - after
their daily testing - onwards. Monday and Tuesday were habitu-
ation days, Wednesday (day 1) was used for baseline measure-
ments. Sleep deprivation always started at 23:15 (day 1), and rats
were tested immediately after deprivation ended at 11:15 (day 2).
After testing, rats were placed back in the deprivation devices for
one more day (recovery, day 3). Activity levels were measured
in the sleep deprivation boxes as described previously,** for 24 h
before sleep deprivation or 12 h before the movement control con-
dition, during these protocols and for 12 h of subsequent recovery.

Rats were exposed to both the movement control and the
sleep deprivation condition in a counterbalanced order, sepa-
rated by at least 1 week of testing under unrestricted sleep con-
ditions from the normal home cage.

Sleep Fragmentation

Sleep fragmentation can be accomplished by exposing rats to
forced locomotion for brief periods while allowing undisturbed
sleep in between.!” We exposed our rats to a protocol in which
30 s of sleep deprivation device movement was followed by 90 s
without movement to induce fragmented sleep. In the movement
control condition for sleep fragmentation, rats were exposed to
10 min of sleep deprivation device movement, followed by 30
min without movement, resulting in an equivalent total time pe-
riod of locomotion without major effects on sleep.'” The speed
of the sleep deprivation boxes was set at 2 RPM. At this speed,
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daily testing - onwards. Monday and Tuesday were ha-
bituation days, Wednesday (day 1) was used for baseline
measurements. Sleep fragmentation always started at 23:15 (day
1), and rats were tested immediately after fragmentation ended
at 11:15 (day 2). After testing, rats were placed back in the de-
privation devices for one more day (recovery, day 3). Activity
levels were measured in the sleep deprivation boxes as described
previously,** for 24 h before sleep fragmentation/movement con-
trol condition, during these protocols and for 12 h of subsequent
recovery.

Rats were exposed to both the movement control and the
sleep fragmentation condition in a counterbalanced order, sepa-
rated by at least 1 week of testing under unrestricted sleep con-
ditions from the normal home cage.

Brain Cannulations

Cannulae for local infusions were placed into mPFC in 13
rats. Surgical procedures were comparable to procedures used
in microdialysis probe implantation as described previously.*
Briefly, anesthesia was induced with intramuscular Hypnorm
(0.22 mg/kg fentanyl citrate with 7.0 mg/kg fluanisone in 0.7
mL/kg body weight, Janssen Pharmaceuticals, Belgium) and
subcutaneous Dormicum (0.75 mg/kg midazolam in 0.3 mL/kg,
Roche, Switzerland), the latter also providing muscle relaxation.

Cannulae (C313G, PlasticsOne, Roanoke, Virginia, USA) were
stereotactically implanted bilaterally into the mPFC at an angle of
12° to vertical (AP+3.0, L + 1.8 relative to bregma; V—3.0 mm
relative to dura) and secured to the skull with 3 skull screws and
dental cement (Kemdent Simplex Rapid, Associated Dental Prod-
ucts Ltd, Wiltshire, UK). Dummies (plastics one) were inserted
into the cannulae to prevent blocking. Temgesic (0.10 mg/kg
buprenorphine, Schering-Plough, Houten, the Netherlands) was
subcutaneously given for postoperative pain relief upon awaken-
ing. During post-surgical recovery, no behavioral tests were per-
formed for one week and food was given ad libitum for 5 days.

Local Infusions

After 1.5 weeks of retraining, rats were injected bilaterally
with either, a mixture of the GABA ,-agonist muscimol (0.01
mM) and the GABAg-agonist baclofen (0.1 mM), dissolved
in saline, or with the vehicle (saline). Dummies were removed
and microinjection-needles (extending 1 mm below the end of
the guide cannulae) were inserted into the guides. A volume
of 0.3 pL per hemisphere was injected over a period of 2 min
(CMA100 microinjection pump, CMA, Solna, Sweden). Mi-
croinjection-needles were replaced by dummies 1 min after the
infusion ended. Another 5 min later the rat was placed in the
Skinner box, and the behavioral session started. Protocols for
local injections were based on previous studies.>>*

Rats received both the saline and the muscimol-baclofen
infusion in a counterbalanced order with 2 weeks between re-
peated infusions allowing for full recovery. Due to technical
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problems during infusion experiments, 2 rats could only be
tested in one condition. These data were not used for analyses.

Histology

Histology was performed on all cannulated brains. Animals
were anesthetized with an overdose of Nembutal (50 mg in 1
mL IP) and transcardially perfused with saline followed by para-
formaldehyde (4% in phosphate-buffer 0,1M). Brains were re-
moved and kept in paraformaldehyde for at least one week, and
then transferred to sucrose (30%, in Tris-buffered saline with
0.05% sodium azide). After at least one more week, sections
were cut on a cryostat, stained with cresyl violet (1%) and tract
positions were compared to the Paxinos & Watson atlas. Posi-
tioning of the microinjection needle-tips is depicted in Figure 3.

EEG

EEG surgeries, experiments and analysis were performed as
described previously.’* Briefly, 5 homemade EEG electrodes
were placed on the dura (AP+2.0; L + 2.0 relative to bregma;
AP+2.0; L + 2.0 relative to lambda; and AP -2.0 mm on midline
relative to lambda), 2 EMG electrodes were inserted into the
neck muscle and all gold pins were inserted into a connector
(Albedo Projects, Belgium). EEG experiments were performed
after approximately 2 weeks of postsurgical recovery. Two ani-
mals were always recorded simultaneously in one sleep depri-
vation device. EEG and EMG were sampled at 200 Hz, filtered
between 0.5 and 90 Hz, and stored with Somnologica 3.3.1
(Medcare, Reykyavik).

Animals were allowed approximately 10 h of habituation to
the experimental environment while EEG was recorded, fol-
lowed by 24 h of baseline measurements. Afterwards, rats were
exposed to the movement control protocol for sleep depriva-
tion, described above. Recording continued throughout the 12 h
of subsequent recovery.

EEG-EMG traces were manually scored offline in 10-s ep-
ochs for waking, slow wave sleep (SWS) and rapid eye move-
ment sleep (REMS) by one of the experimenters. The duration
of SWS and REMS was quantified in hourly intervals.

Statistical Analysis

For baseline switch-task performance during the last baseline
week preceding sleep deprivation interventions, latencies and
accuracy (%correct) were analyzed separately with ANOVAs
including experimental day (day 1-3, Wednesday — Friday) and
trial (first versus fifth) as within-subject factors.

For performance after sleep interventions, latencies and ac-
curacy (%correct) were analyzed separately with ANOVA’s
including experimental day (day 1-3, always Wednesday — Fri-
day), experimental condition (sleep intervention or movement
control) and trial (first versus fifth) as within-subject factors.

For local infusion experiments, performance after infusion
of the muscimol-baclofen mixture was directly compared with
performance after the saline control infusion using an ANOVA
including trial (first versus fifth) and condition (saline versus
mixture) as within-subject factors.

Besides, performance after saline was compared with base-
line performance in the 2 experimental conditions and the
baseline week, using an ANOVA with trial and experiment as
within-subject factors.
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Figure 3—Location of the tips of the injection needles.

Activity data during the movement protocols were collected
in 2-min bins. For sleep deprivation experiments, values were
summed over the 24-h interval preceding the behavioral test.
For sleep fragmentation experiments, values were summed
over the 12-h interval preceding the behavioral test. These to-
tals were compared between conditions with a paired T-test.
Data from 10:00-11:00 were excluded from all analyses, as rats
were being tested in the Skinner boxes in that interval.

For EEG data, total durations of SWS and REMS during
baseline and during the subsequent sleep deprivation move-
ment-control protocol were compared within subjects using
paired z-tests. Baseline data can be used as a within-subject
reference, as continued EEG recording shows very consistent
sleep stage durations over subsequent days.**

For all ANOVAs, a Greenhouse-Geisser correction was ap-
plied when the assumption of sphericity was violated. All data are
presented as average values + standard error of the mean (SEM).
Statistical analyses were performed with SPSS (Chicago, Illi-
nois, USA). Differences were considered significant at P = 0.05.

RESULTS

Baseline Performance

After 22 sessions of training on the switch-task, rats per-
formed this task at a relatively stable baseline level. Omis-
sions generally occurred in less than 1% of the trials and will
therefore be disregarded. Baseline switch versus repetition trial
performance comparisons were made for data obtained during
training sessions 19-22 of the last baseline week preceding
sleep interventions.

Analysis of response latencies showed a significant effect
of trial (Ist vs. 5th); repetition-trials were performed faster
than switch-trials (/40 = 11.5; P = 0.004) indicating laten-
cy switch-costs (slower performance on switch compared to
repetition trials, Figure 4). No significant day-effect occurred
(P =0.7) and the day*trial interaction was not significant ei-
ther (P = 0.6).

Analysis of the response accuracy showed a significant ef-
fect of trial (Ist vs. 5th); as compared to repetition-trials, a
lower percentage of switch-trials was performed correctly
(Fl0140 = 11.4; P = 0.005), indicating accuracy switch-costs
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Figure 4—Latencies (A) and accuracy (B) on first (switch, 1-S) and fifth
(repetition, 5-R) trials in the switch-task under baseline conditions on 3
subsequent testing days in the last training week. Mean + standard error
of the mean (SEM). *P < 0.05. ds, deciseconds.

(more errors in switch compared to repetition trials, Figure 4).
No significant day-effect occurred (P = 0.5) and the interaction
of day with trial was also not significant (P = 0.2).

Effects of Sleep Deprivation

Testing of switch task performance continued while rats were
housed in the deprivation devices for a full week. The effect of
12 h of total sleep deprivation during the inactive phase was
always tested immediately after the deprivation period, at dark
onset (day 2). Behavioral results on the day before (baseline,
day 1) and after (recovery, day 3) were included in the analyses.

Analysis of the response latencies showed a significant ef-
fect of trial (Ist vs. 5th); switch-trials were performed slower
than repetition-trials (F,, = 13.9; P = 0.002), confirming the
latency switch-costs observed at baseline. A significant main
effect of day occurred (F,,5 = 6.1; P = 0.006). After both sleep
deprivation and the respective movement control (day 2), laten-
cies were increased on both first and fifth trials. Post hoc ANO-
VAs for both conditions separately indicated that the increased
latency was only significant for the movement control condi-
tion (5,55 = 7.7; P = 0.008; P = 0.3 for the sleep deprivation
condition). The main effect of condition (sleep deprivation or
movement control) was not significant (P = 0.9). No significant
interactions between any of the factors occurred either, indicat-
ing the absence of further differences between sleep depriva-
tion and movement control. Latencies on the different trials and
days are depicted in Figure 5.

Analysis of the response accuracy showed a significant ef-
fect of trial (Ist vs. 5th) a lower percentage of switch-trials
than repetition-trials were performed correctly (F,,, = 8.4;
P = 0.012) confirming the accuracy switch-costs already ob-
served at baseline. Again, a significant day-effect was found
(Fh5 = 6.6; P =0.004); and planned contrasts showed that the
percentage of correctly performed trials was lower on day 2.
The main effect of condition (sleep deprivation or control) was
not significant (P = 0.3). A significant interaction between day
and trial reflected that the decrease in correctly performed tri-
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Figure 5—Latencies (A, C, E) and accuracy (B, D, F) on first (switch,
1-S) and fifth (repetition, 5-R) trials in the switch-task under baseline
conditions (Day 1; A, B), after sleep deprivation or movement control
(Day 2; C, D) and after 24 h of recovery sleep (Day 3; E, F). Mean +
standard error of the mean (SEM). *P < 0.05. ds, deciseconds.

als was restricted to the switch-trials (F,,; = 5.0; P = 0.014).
Furthermore, the 3-way interaction between condition, day and
trial was significant, reflecting that this decrease was more pro-
nounced in the sleep deprivation than the movement control
condition (F,,; = 3.8; P = 0.033). The condition-by-day and
the condition-by-trial interactions were not significant (P = 0.09
and P = 0.2, respectively). Percentages correct on switch- and
repetition trials on these 3 days are depicted in Figure 5.

To provide an indication of potential confounding by move-
ment, locomotor activity was measured during the sleep de-
privation and control condition. Total activity levels in the 24h
preceding behavioral testing did not differ between both protocols
(25200 £ 2270 counts in 24 h for sleep deprivation and 26703 +
1437 for movement control; P = 0.4), although activity did differ
from hour to hour within the protocols, as can be observed in 2
representative actigrams of the 2 conditions (Figure 6)

Summarized, 12 h of total sleep deprivation do increase the
accuracy-switch-costs, but not the latency-switch-costs com-
pared to the movement control condition.

Switch-Task Performance in Rats—Leenaars et al
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Figure 6—Representative actigrams of one rat (rat 9) in the sleep deprivation condition and in the matching movement control. Data from 10:00-11:00 are
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Effects of Sleep Fragmentation

After at least one week with uninterrupted sleep in the home
cage, with daily (weekdays) testing of switch task performance,
rats were again housed in the deprivation devices for a full test
week. The effect of 12 h of sleep fragmentation during the inac-
tive phase was always tested immediately upon completion of
the fragmentation (day 2). Behavioral results on the day before
(day 1) and after (recovery, day 3) were included in the analyses.

In the sleep fragmentation experiment, again, a signifi-
cant effect of trial (1st vs. 5th) on accuracy was observed for
both latency (F,,, = 8.1; P = 0.013) and accuracy (F, ,, = 7.7;
P =0.015), confirming the robustness of latency- and accuracy
switch-costs in our new task. None of the other factors tested
were significant (P > 0.2), indicating that 12 h of sleep fragmen-
tation do not affect switch-task performance (Figure 7).

To provide an indication of potential confounding by move-
ment, locomotor activity was measured during the sleep frag-
mentation and control condition. Activity values in the 12 h
preceding behavioral testing did not differ between both proto-
cols (4694 + 392 counts in 24 h for sleep fragmentation and 4243
+ 321 for movement control, P =0.2), although activity did differ
on specific time points within the protocols, as can be observed in
2 representative actigrams of the 2 conditions (Figure 8).

Summarized, 12 h of sleep fragmentation do not affect
switch-costs.

PFC Dependency
Following the sleep deprivation and sleep fragmentation
experiments, rats were equipped with local injection cannulae,
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and retrained on the switch-task until baseline performance
was restored. Rats were tested in a counterbalanced order af-
ter muscimol-baclofen injections and control saline injections.
Performance immediately following mixture infusion was com-
pared with performance following saline infusion. Besides, per-
formance after saline was compared with the various baseline
conditions from the preceding experiments. No effect of experi-
ment on baseline performance was observed (for the latencies:
P = 0.4 for the main effect and P = 0.9 for the experiment-by-tri-
al interaction,; for the accuracy: P = 0.1 for the main effect and P
= 0.2 for the interaction), indicating that baseline performance
was not impaired by saline infusion.

In these infusion experiments, the effect of trial (1st vs. 5th)
on latency was not significant (P = 0.1), indicating the ab-
sence of noticeable latency switch-costs after local infusions.
This was possibly due to increase between-rat variation; dur-
ing the 3 baseline days, the standard error of the mean for
switch-trial latency was 0.08 s, while in infusion conditions,
it had nearly doubled to 0.14 s. Treatment (saline versus the
muscimol-baclofen mixture) did not affect response latencies
(P = 0.4 for the treatment and P = 0.7 for the treatment-by-trial
interaction).

The effect of trial (1st vs. 5th) on accuracy was significant
(F10=6.3; P=10.031). Transient inactivation of the mPFC by
local infusion of a mixture of muscimol and baclofen decreased
accuracy (£, = 6.0; P =0.034, Figure 9). The interaction be-
tween trial and infusion-condition was not significant (P = 0.3),
indicating that accuracy decreases were similar for switch and
repetition trials.
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Figure 7—Latencies (A, C, E) and accuracy (B, D, F) on first (switch,
1-S) and fifth (repetition, 5-R) trials in the switch-task under baseline
conditions (Day 1; A, B), after sleep fragmentation or movement control
(Day 2; C, D) and after 24 h of recovery sleep (Day 3; E, F). Mean +
standard error of the mean (SEM). *P < 0.05. ds, deciseconds.

Sleep during the Movement Control Condition for 12-h Sleep
Deprivation

In the movement control condition for 12h of total sleep
deprivation, rats had less SWS (407 = 22 min during the
protocol versus 741 + 32 during baseline) and REMS (77 +
10 min during the protocol versus 151 + 15 during baseline)
than during undisturbed baseline conditions (£, = 13.9; P <
0.001 for SWS and # = 11.5; P < 0.001 for REMS, Figure
10); movement control rats could not fully compensate for
the hours of sleep deprivation in the hours of interspersed
rest, but they were also not fully sleep deprived, while being
exposed to an equivalent amount of movement as during the
total sleep deprivation protocol. During the 14-h period sub-
sequent to the movement control protocol (after task perfor-
mance), no significant recovery sleep could be observed (for
SWS: 323 + 22 min during 14 h of recovery sleep versus 383
+ 24 during corresponding baseline, P = 0.20; for REMS 65
+ 8 min during recovery versus 74 £ 7 min during baseline,
P=0.46).
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DISCUSSION

Previous studies showed that sleep deprivation impairs hu-
man task-switching performance,” supporting the hypoth-
esis that PFC-dependent cognitive functions are particularly
sensitive to sleep loss.'? We aimed to confirm these findings
in rats, so that we would be able to study the underlying
neurobiological mechanisms in future experiments. We suc-
cessfully designed and validated the first switch-task for rats
and repeatedly demonstrated switch-cost effects, supporting
the robustness of the task. When rats had to switch from one
task to another (between blocks) we observed increases in
both latency and number of errors, compared to when they
performed repetitions of the same task (within a block). Ac-
curacy switch-costs (impaired performance on switch com-
pared to repetition trials) were increased when they were kept
awake for 12 h using our novel, highly efficient automated
method for sleep deprivation.* After recovery sleep, their per-
formance returned to baseline levels again. Importantly, we
observed impairments in task-switching accuracy only when
rats were totally deprived of sleep, but not when they were
exposed to increased locomotor activity without substantial
sleep deprivation. This confirms the absence of confounding
effects of the procedure on corticosterone levels and locomo-
tor activity, as reported before.**

The switch-task that we present can be used to study the neuro-
biological mechanisms by which total sleep deprivation impairs
executive functions such as task switching. Our task has two im-
portant advantages compared to most of the available alternatives
for probing executive functions (e.g., attentional set-shifting'?).
The first is the automation of the test (resulting in decreased han-
dling of animals and decreased work-load for the experiment-
ers), while being closely comparable to commonly used human
tasks. The second is that it probes flexibility without requiring
new learning, resulting in a clean task for flexibility, independent
of mechanisms involved in the learning of new information.

The Switch-Task

We modelled the switch-task for rats after human switch
tasks, where a simple conditional discrimination®’ is presented
in blocks of variable numbers of trials.”” The level of perfor-
mance in this task for rats resembles that in the human tasks,
where performance is usually both accurate (errors on < 3%
of the trials) and fast (reaction times < 1s).>7%122738.39 We are
not the first to use a conditional discrimination task in rats,
but previous authors did not use a specific block design. In-
stead, in previously used tasks, the trials were presented in a
(semi)random fashion, and many of them used more complex
stimuli.'®'*2% The more complex tasks are difficult to learn
for rats and, consequently, compared to our task, the training
periods are longer and the performance is worse, making them
less suitable as a model for human switch-tasks.

Increasing the task difficulty may however be necessary for
certain experimental purposes. The current task could be made
more challenging by for example removing the currently used
1-s delay between stimulus onset and lever presentation. If the
levers are presented simultaneously with the cue, rats may in-
creasingly perseverate on the pre-switch lever. When not work-
ing with sleep deprived animals, another alternative could be to
add more repetition trials within blocks. As this will increase
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Figure 9—Latencies (A) and accuracy (B) on first (switch, 1-S) and fifth
(repetition, 5-R) trials after PFC inactivation by local micro-infusion of
muscimol-baclofen (Mix) or saline control. Mean + standard error of the
mean (SEM). *P < 0.05. ds, deciseconds. Latency switch-costs are not
significant. Accuracy switch costs are significant, and PFC inactivation
decreases overall accuracy on the switch-task.
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Figure 10—Total amounts of SWS and REMS during baseline and
movement control protocol for 12h of sleep deprivation. Mean + standard
error of the mean (SEM). P < 0.001 for both SWS and REMS.

the length of the task, the motivation of sleep deprived rats may
then become insufficient to finish the task. Our experience dur-
ing the pilot phase shows that sleep deprived rats do not finish
a longer version of the task, in which 30-s delays between trials
were used.
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Sleep and Task Switching

One night of total sleep deprivation increased accuracy
switch-costs in our paradigm. In humans, one night of total
sleep deprivation generally increased latency-switch costs.”
We did not replicate this observation in our paradigm. This may
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be due to two experimental factors. First, the speed of lever-
pressing by the rats is registered with an accuracy of 0.1 s, the
time resolution of the Skinner boxes. This resolution may be
insufficient to detect subtle modifications of the switch-effect
itself, which is usually in the order of 0.1 s-0.3 s (Figures 4, 5, 7,
and 9). Second, cue presentation always preceded lever presen-
tation by 0.5 s, thereby giving the rats some preparation time on
each trial. As the size of the switch-effect generally decreases
with increases in the preparation time,* this 0.5-s interval may
have rendered latencies less sensitive to disturbance.

The lack of an effect of sleep fragmentation on switch-costs
could be explained in several ways. The most likely expla-
nation is that task-switching may not be very sensitive to a
mild sleep disturbance, as rats will still have had a substantial
amount of sleep during sleep fragmentation. Unfortunately,
no data are available on human switch-task performance after
comparable experimentally fragmented sleep to confirm this
explanation.

As the sleep fragmentation experiment was performed after
finishing the sleep deprivation experiment, rats did have previous
experience with performing the task in a sleep deprived state. An
alternative explanation may therefore be that sleep fragmented
rats increase their attentional effort to compensate for tiredness,
a phenomenon known as reactive reinforcement, which has been
used to explain an absence of increasing switch-costs at certain
circadian times after sleep deprivation in humans.’

Movement Control Protocol

In this study, we implemented a novel movement control
condition to prevent confounding of the cognitive behavioral
results by increases in locomotor activity. A proper movement
control condition should induce equal amounts of movement,
while leaving sleep relatively unaffected. Indeed, the amount
of behavioral activity observed during the protocols for total
sleep deprivation and for movement control was similar. How-
ever, rats were still partially sleep deprived; 45.0% of SWS
and 55.2% of REM sleep were missed, compared to almost
total loss of sleep during the sleep deprivation (98.6% of SWS
and 100% of REM?*%). Furthermore, in the movement control
condition, no recovery sleep could be observed on the subse-
quent day, while significant recovery sleep can be observed
up to 6 h after 12 h of total sleep deprivation.* Therefore, al-
though the amount of sleep missed is sufficient to negatively
affect latencies, this movement control condition can be a use-
ful procedure to prevent confounding by increases in behav-
ioral activity.

PFC and Task-Switching

Performance of the human switch-task is accompanied by
activation of several regions within the PFC in healthy sub-
jects,?2%3133 indicating a role of this brain region in normal
performance on either discrimination or task-switching. Switch-
task performance after PFC-damage in humans is impaired,***
as after temporary PFC inactivation in rats in our paradigm:
PFC inactivation by co-administration of the GABA-agonists
muscimol and baclofen decreased accuracy. However, both rats
and humans still manage to perform correctly on most of the
trials after PFC damage or inactivation. The lack of an effect
of PFC inactivation on latency switch-costs, and the absence
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of significant latency switch-costs in this condition, can be ex-
plained by the increase in latency variability after both control
and muscimol-baclofen local injections.

The effect of pharmacological PFC inactivation on switch
costs has not been described before, but a few studies describe
that acquisition and performance of a conditional discrimina-
tion are unaffected by lesions of the prelimbic-infralimbic part
of the mPFC in rats,"* while more generalized lesioning of the
PFC can affect acquisition, but not performance of a simple
conditional discrimination task.”* We now show that when a
block design is used with a simple conditional discrimination
task, accuracy is impaired after immediate temporary inactiva-
tion of the medial PFC. It is important to note that more brain
regions than just prefrontal cortex have been implicated in task
switching and conditional discrimination. Apart from other cor-
tical areas (e.g., parietal) the basal ganglia and thalamus are
involved,*! as is dopamine acting on the caudate nucleus.*
Thus, the failure to prove a selective effect of mPFC inactiva-
tion on switch trials might also be explained by involvement of
other areas.

Although sleep deprivation is thought to affect PFC-depen-
dent processes specifically,>?¢ the relationship between sleep
deprivation and PFC functioning is far from simple. After sleep
deprivation, activation of the PFC during task performance can
be either increased or decreased** compared to normal perfor-
mance, and other brain regions may compensate for decreased
PFC functioning. Further research is required to unravel the
mechanisms underlying altered PFC functioning after sleep de-
privation.

CONCLUSION

In this paper, we describe the first switch-task for rats and
demonstrate its robustness. We moreover showed that perfor-
mance can be disturbed by sleep deprivation and PFC inacti-
vation. In humans, the performance on human switch-tasks is
impaired in multiple conditions, including prolonged wakeful-
ness and insomnia, but also, for example, in Parkinson disease.*
The presented switch-task for rats appears to be highly valuable
for investigations into the brain mechanisms underlying these
cognitive impairments.
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