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A new automated method for rat sleep deprivation with
minimal confounding effects on corticosterone and locomotor
activity

2.1. Abstract 

The function of sleep in physiology, behaviour and cognition has become a 
primary focus of neuroscience. Its study inevitably includes experimental 
sleep deprivation designs. However, concerns exist regarding confounds like 
stress, increased locomotor activity levels, and decreased motivation to 
perform operant tasks induced by the methods employed. 

We here propose a novel procedure for sleep deprivation in rats and 
evaluate how it affects sleep, corticosterone concentration profiles, 
locomotor activity levels, and motivation to perform an operant task. 
Before, during and after 12h of total sleep deprivation by means of 
gradually increasing the rotation variability and the speed of a novel 
automated, two-compartment sleep deprivation device, sleep-wake states 
were assessed by electroencephalography (n = 21), brain extracellular 
corticosterone concentrations using microdialysis (n = 11), locomotor 
activity by infrared measurements (n = 8), and operant performance using a 
fixed-interval-fixed-ratio task (n = 16). 

Sleep was effectively prevented during the procedure; rats on average slept 
less than 1% of the time (0.8 ± 0.2%, mean ± standard error). Brain 
corticosterone concentrations were mildly increased during the procedure, 
but did not exceed normal peak concentrations. Locomotor activity was 
increased during the procedure, but also did not exceed the peak levels 
found during undisturbed wakefulness. Food restriction to 12g/rat/day 
prevented sleep deprivation from reducing the motivation to perform an 
operant task. 

This novel procedure can be applied to sleep deprive rats in a highly 
effective way, while keeping corticosterone and locomotor activity within 
the normal range. 

2.2. Introduction 

Understanding behaviour and cognition belongs to the most compelling aims 
of neuroscience. Recent studies have shown that the brain activity taking 
place during sleep is strongly related to the maintenance and optimization 
of wake behaviour and cognitive performance (Maquet & Phillips, 1998; 
Eschenko et al., 2006; Marshall et al., 2006; Massimini et al., 2009; Van der 
Werf et al., 2009), warranting further research into the neurobiological 
mechanisms. An essential component of studies on the involvement of sleep 
in brain function is experimental sleep deprivation. The interpretation of 
the outcomes of these studies is critically dependent on the side effects the 
protocols induce. Ideally, one would like to merely replace a period of sleep 
by a period of wakefulness, without inducing other effects that can affect 
brain function, behaviour and cognition. Stress and increased locomotor 
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activity are important potential confounders in experimental sleep 
deprivation studies. It is thus of importance to develop sleep deprivation 
protocols that replace sleep by wakefulness while keeping stress and 
locomotor activity within the range normally observed during undisturbed 
wakefulness. Meanwhile, another requirement of the protocols is that they 
should prevent virtually any sleep to occur, because even a limited amount 
of sleep could be sufficient to rescue function and performance (Mednick et 
al., 2003; Lahl et al., 2008). 

Currently available procedures for sleep deprivation have certain limitations 
in this respect. In rodents, gentle handling and forced locomotion are most 
often used (e.g. Borbely and Neuhaus, 1979; Wirz-Justice et al., 1981). 
However, gentle handling is not very standardized (compare for example 
Bodosi et al., 2004, Grassi Zucconi et al., 2006; Deboer et al., 2007; Cai et 
al., 2009); and its practical applicability and effectiveness over prolonged 
periods of sleep deprivation are limited; rats manage to sleep e.g. 6% of the 
time (Deboer et al., 2007). Protocols that are used for forced locomotion 
are highly standardized within laboratories but may induce high levels of 
locomotor activity while still allowing for brief naps in between periods of 
forced activity (e.g. Gong et al., 2004, Guzman-Marin et al., 2005; Guzman-
Marin et al., 2006). 

Stressfulness of sleep deprivation, as implied by increased corticosterone 
levels, has been studied before, with mixed results (Tobler et al., 1983; 
Meerlo et al., 2002; Penalva et al., 2003; Bodosi et al., 2004; Andersen et 
al., 2005; Novati et al., 2008; Tiba et al., 2008; Tartar et al., 2009). When 
sleep deprivation is accomplished by forced locomotion, movement per se 
may be responsible for a substantial part of reported increases in 
corticosterone levels (Roman et al., 2006). Regardless of the sleep 
deprivation procedure used, most reported corticosterone measurements 
have been performed at the end of the deprivation period, but do not 
provide information regarding alterations that may have occurred during the 
course of the deprivation or recovery. As plasma corticosterone levels show 
an endogenous diurnal rhythm with a peak just before onset of the active 
phase (darkness onset in nocturnal animals such as the laboratory rat) and a 
nadir at the onset of the resting phase (Kalsbeek & Buijs, 1996), the time of 
day of the corticosterone measurements may affect the outcome, 
necessitating more continuous measurements throughout deprivation 
protocols. Here, we provide such continuous measurements during 24 h 
baseline, 12 h total sleep deprivation and subsequent recovery. 

Another possible threat to the validity of post-deprivation task performance 
is that the animal would be physically exhausted by the time it needs to 
perform the task under study, if forced locomotion would require intense 
and prolonged activity. To the best or our knowledge, activity 
measurements during forced locomotion protocols have not yet been 
described. It would thus seem essential as well to evaluate our aim to 
design a procedure to deprive sleep yet keep locomotor activity within the 
range normally seen throughout the diurnal cycle (e.g. Morrison, 1968; 
Kiwaki et al., 2004; Palchykova et al., 2006; Tang et al., 2007). 
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Finally, an important issue related to exhaustion or the fatiguing effect of 
sleep deprivation per se, is whether rats are still motivated enough to put 
effort in performing the task of interest. 

The aim of our study was to design and validate a novel protocol for 
automated sleep deprivation, that (1) eliminates virtually all sleep for at 
least half a diurnal cycle, i.e. 12 hours; (2) keeps corticosterone levels 
within the range normally occurring during the diurnal cycle and (3) does 
not require locomotor activity at a level exceeding habitual activity during 
undisturbed wakefulness. Further requirements were that (4) the protocol 
does not hamper the motivation of the rat to perform an operant task, 
which is essential for most tests of cognitive functions; (5) the sleep 
deprivation device used to implement the protocol allows for tethering of 
the rat brain for microdialysis and electrophysiology, and that (6) the 
protocol is highly standardized, minimizing between-subject variation. 
Finally, (7) the device and protocol should allow for unsupervised and 
automated use, a property that will allow for long-term studies into the 
response of the brain to sleep deprivation and that may open the possibility 
to selectively disrupt specific electrophysiological characteristics in the 
sleep electroencephalogram. 

2.3. Experimental Procedures 

2.3.1. General procedure 

We developed, optimized and validated an automated method for total 
sleep deprivation using a rotating drum with a fixed internal wall, 
programmed to rotate with gradually increasing variability and speed. To 
verify the effectiveness of a 12h deprivation protocol in rats, we performed 
continuous electroencephalography (EEG) and electromyography (EMG) 
recordings (section 2.3.5). Sleep deprivation (section 2.3.3) experiments 
were performed both during the inactive (light) phase of the diurnal cycle 
(to model one sleepless night) and during the active (dark) phase for 
comparison. The effectiveness upon repeated exposure to the same protocol 
was also investigated. To evaluate if this procedure induces stress, we used 
microdialysis (section 2.3.6) to determine extracellular corticosterone 
concentrations in the medial prefrontal cortex (mPFC). To evaluate the 
effects of the procedure on locomotor activity, we applied infrared 
movement detection (section 2.3.7). 

As a frequent aim is to evaluate the effect of sleep deprivation on cognitive 
task performance, we tested whether rats would still be motivated to 
perform a fixed interval fixed ratio (FIFR) operant task after being exposed 
to the protocol for 12h (section 2.3.8). This task was chosen because it 
normally induces a high level of responding, and therefore is very sensitive 
to even small decreases in motor control or motivation. 

2.3.2. Animals 

Male Wistar rats (Harlan, Horst, the Netherlands) were kept in groups of 4 in 
type-IV macrolon cages (50*38*20cm, with sawdust bedding and a semi-
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circular PVC-shelter), in a room with controlled temperature (20 C ± 2 C) 
and humidity (60% ± 20%). A 12-12h light-dark cycle was imposed. Rats were 
left undisturbed for at least one week after arrival for acclimatization, and 
then handled daily for at least another week prior to starting experiments. 
If light-dark cycles had to be altered, final experiments were performed 
after at least 4 weeks on the new cycle. Food and water were available ad 
libitum unless mentioned otherwise. 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. 

2.3.3. Sleep deprivation 

The sleep deprivation devices (Figure 1) consist of a rotating drum (  39cm, 
height 37cm), divided into 2 semicircular compartments by a stationary 
central wall (Technicoplast, Echirolles, France) developed at the University 
of Grenoble and assembled, adapted and optimized at the NIN . The central 
wall is equipped with 13 holes (  1cm) to allow for social interaction 
between 2 rats, each placed in one of the semicircular compartments of one 
device. Social interactions during sleep deprivation may prevent the stress 
induced by social isolation (Medeiros et al., 1998; Suchecki et al., 2002). 
Drum, wall and lids consist of Plexiglas. The bottom consists of aluminium 
diamond plate to prevent rats from sliding. 

Figure 1 The sleep deprivation device 

When rats were housed in the devices, the bottom was covered with fine 
sawdust. Water and food are provided via tubes attached to the central 
wall. The devices are driven by a computer-controlled motor (MACDO-B1, 
JVL, Birkerød, Denmark), which runs bi-directionally and at varying speed 
according to a pre-programmed sequence developed at the NIN. The motor 
is connected to the drum via a belt. During the 12h sleep deprivation 
experiments, devices rotate according to the protocol shown in Table 1. 
Speed and the number of directional alternations are gradually increased 
over time to compensate for increasing sleep pressure. 
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Table 1 Running scheme for the 12h 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 
180 - 240 2 CW-CCW every 1 min 
240 - 280 3 CW-CCW every 20 min   
280 - 300 3 CW-CCW  every 10 min 
300 - 360 3 CW-CCW every 5 min 
360 - 420 3 CW-CCW every 2.5 min 
420 - 480 3 CW-CCW every 1 min 
480 - 520 4 CW-CCW every 20 min 
520 - 540 4 CW-CCW  every 10 min 
540 - 600 4 CW-CCW every 5 min 
600 - 660 4 CW-CCW every 2.5 min 
660 - 720 4 CW-CCW every 1 min 

RPM = rotations per minute, CW = clockwise, CCW = counter clockwise. 

2.3.4. Surgical procedures 

General anaesthesia was induced with intramuscular Hypnorm (0.22 mg/kg 
fentanyl citrate with 7.0 mg/kg fluanisone in 0.7ml/kg body weight, Janssen 
Pharmaceuticals, Beerse, Belgium); subcutaneous Dormicum (0.75 mg/kg 
midazolam in 0.3 ml/kg, Roche, Basle, Switzerland) was given for muscle 
relaxation. Rats were placed in a stereotaxic frame (David Kopf, Tujunga, 
US; toothbar at -2.5mm) and a rectal thermometer was inserted, connected 
to a heating pad (CMA 150, CMA, Stockholm, Sweden), to maintain body 
temperature during surgical procedures (34-38 C). The skin overlying the 
skull was disinfected with 5% iodine before an anterior-posterior incision of 
2-3 cm was made. Xylocaine (Lidocaine 100mg/ml, AstraZeneca BV, 
Zoetermeer, the Netherlands) was sprayed onto the wound for additional 
pain prevention before the skull was cleaned. Holes for electrodes, probes 
and skull screws were made by drilling through a drop of saline, to spread 
the generated heat. 

A total of 21 rats were prepared for sleep recordings. EEG electrodes were 
constructed from stainless steel skull screws (M1.2*3, Fabory, the 
Netherlands) connected to a gold-pin (Albedo Projects, Westmalle, Belgium) 
via Teflon-coated silver wire (0.125mm diameter, World Precision 
instruments Inc, Sarasota, US). EMG electrodes consisted of Teflon-coated 
silver wire (0.250mm diameter) with an exposed tip of 5 mm, also 
connected to a gold pin. Five 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 EMG electrodes were inserted 
into the neck muscle and all gold pins were inserted into a connector 
(Albedo Projects). The electrodes and connector were secured to the skull 
with dental cement (Kemdent Simplex Rapid, Associated Dental Products 
Ltd, Wiltshire, UK). 
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11 different rats were prepared for microdialysis. Custom-made concentric 
microdialysis probes (e.g. Feenstra & Botterblom, 1996, exposed membrane 
length: 4mm) were placed bilaterally into the medial PFC at an angle of 12° 
(AP+3.0mm; L ± 1.8; V 5.5 relative to bregma), as we intend to target the 
medial PFC in future studies. Probes were secured to the skull with 3 skull 
screws and dental cement. 

The incision was closed around the dental cement by 2-4 stitches (Perma-
Hand, Ethicon, Johnson & Johnson medical, Amersfoort, the Netherlands). 

Temgesic (0.10 mg/kg buprenorphine, Schering-Plough, Houten, the 
Netherlands) was given subcutaneously for postoperative pain relief. After 
surgery, animals were housed individually in type III macrolon cages without 
shelters to improve wound healing and prevent damage to the implant. For 
EEG-rats, shelters were placed back in the cages after one week of recovery 
as by then, the implants are sturdy enough. 

2.3.5. EEG measurements 

After approximately 2 weeks of post-surgical recovery (daily handling 
continued during this period), 2 animals were placed into a sleep 
deprivation device simultaneously, one in each semicircular compartment. 
The device was placed within a sound-attenuated and electromagnetically 
shielded chamber. Rats were connected to the EEG recorder (Embla A10, 
Medcare, Reykjavik) via a counterbalanced swivel (Air Precision, le Plessis 
Robinson, France). For each rat, EEG was recorded from the 2 electrodes on 
the right side of the skull referenced to the electrode over the cerebellum. 
Left-sided electrodes served as back-up. Bipolar EMG was recorded on 
another channel. All channels were sampled at 200 Hz, filtered between 0.5 
and 90 Hz, and recorded to disc using Somnologica 3.3.1 software (Medcare, 
Reykjavik). 

Animals were allowed 12h of habituation to the experimental environment 
while EEG was recorded (data not analyzed), followed by 24h of baseline 
measurements. Afterwards, rats were exposed to one of the following 
conditions: 1.) control; 28h of continued baseline measurements (n = 7); 2.) 
12h of sleep deprivation during the inactive (light) phase followed by 16h of 
recovery (n = 9); 3.) a retest of the same protocol of 12 h of sleep 
deprivation during the inactive (light) phase in the same animals exposed to 
condition 2, after approximately 1 additional week of recovery (n = 8); 4.) 
12h of baseline measurements followed by 12h of sleep deprivation during 
the active phase and 4h of recovery (n = 5). The experimental protocols are 
shown in Table 2a. Due to technical difficulties, experimental drop-out 
occurred both for the first (n = 2) and for the repeated (n = 2) sleep 
deprivation session, but data from these animals were included in the other 
condition. 

EEG-EMG traces were manually scored in 10s epochs according to the 
following criteria (based on Schwierin et al., 1999): waking was scored when 
fast, desynchronized EEG was observed in combination with high EMG-
amplitude; Slow Wave Sleep (SWS) was scored when higher amplitude EEG 
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waves were observed and delta (0.5-4 Hz) activity was predominant; and 
Rapid Eye Movement sleep (REMS) was scored when EEG theta (4-7Hz) 
activity was predominant while EMG activity was virtually absent. The EMG 
signal of one rat in the first light-phase sleep deprivation condition could 
not be used, but as SWS could be scored independent of EMG signal, SWS 
data from this rat are included in the analyses. 

2.3.6. Corticosterone measurements 

As dialysate concentrations of corticosterone correlate both between brain 
regions and with plasma levels (Kalsbeek & Buijs, 1996; Droste et al., 2008), 
microdialysis is suitable to repetitively measure corticosterone as an 
indication of stress, enabling hourly sampling for 64h. After approximately 1 
week of post-surgical recovery (daily handling continued during this period), 
rats were connected to the microdialysis set-up and placed into the 
separate compartments of 2 adjacent sleep deprivation devices. One of the 
2 dialysis probes that were placed bilaterally in the mPFC of each animal 
was connected to PEEK (polyetheretherketone)-tubing (o.d. 0.51 mm; i.d. 
0.13 mm; Aurora Borealis, Schoonebeek, Netherlands) attached to a 
Tsumura TCS 2-23 quartz-lined dual channel swivel (Pronexus, Skärholmen, 
Sweden). The second probe served as a back-up. A Harvard microinfusion 
syringe pump (Harvard Apparatus, Millis, US) perfused the probes with 
artificial cerebrospinal fluid (145mmol/l NaCl, 1.2 mmol/l CaCl2, 2.7 
mmol/l KCl, 1.0 mmol/l MgCl2) at a flow rate of 3 l/min. Dialysate was 
collected in one hour fractions in 300 μl plastic vials (7431100, Aurora 
Borealis) in a refrigerated fraction collector (6 C; CMA 470, Aurora Borealis) 

All rats (n = 11) were allowed 12h of habituation to the experimental 
environment while microdialysis proceeded. After habituation, sampling 
continued for 24h of baseline measurements, followed by 12h of sleep 
deprivation during the inactive (light) phase (as a model for one sleepless 
night in humans) and subsequent recovery for 16h. The experimental 
protocols are shown in Table 2b. During the experiment, collected samples 
were stored on ice. After the experiments were finished, samples were 
stored at -80°C until analyzed. 

Dialysate corticosterone concentrations were measured using a 
commercially available radioimmunoassay (Immuchem double antibody, MP 
Biochemicals LLC, US), using a slightly adjusted protocol to lower the 
detection limit. Only alterations from the standard protocol (as supplied by 
the manufacturer) are described here. Tracer- and anti-corticosterone-
antibody solutions were diluted 2.5 times with assay buffer. Additional 
standards of 125 and 312.5pg/ml were incorporated. Control solution was 
diluted twice. Reaction volume consisted of 25μl dialysate (or standard or 
control-solution), 50μl of diluted tracer and 50 μl of diluted anti-
corticosterone solution. Incubation was performed at 4°C and extended to 
overnight. To improve pellet formation, 100μl polyethylene glycol solution 
(62.5g/l) was added to all samples besides 50μl of precipitant solution 
before the final centrifuge step. All samples were analyzed in duplo. When 
samples contained undetectably low concentrations of corticosterone 
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(corresponding to high levels of radioactivity, indicating that the assay had 
been successful; 23.5% of all samples analyzed), a value of 125pg/ml, the 
average detection limit of the assay, was substituted. 

2.3.7. Locomotor activity measurements 

In 8 rats, locomotor activity was measured during their stay in the sleep 
deprivation devices between operant testing. Customized monitors, 
attached to the lids of the deprivation devices, counted displacement of 
infrared radiation emitted by the rats in 2min. intervals. Locomotor activity 
data are presented for 24h of baseline before sleep deprivation, 12h of 
sleep deprivation during the light phase and 16h of subsequent recovery. 
The experimental protocols are shown in Table 2c. Data are lacking for 
every first hour of the dark phase, as rats were then being tested in the 
skinner boxes (see below). 

Table 2 Experimental protocols 

A: EEG-experiments Day 0 Day 1 Day 2 Day 3 
19:00-
7:00 

7:00-
19:00 

19:00-
7:00 

7:00-
19:00 

19:00-
7:00 

7:00-
11:00 

Repeated baseline Hab BL BL SD Rec Rec 
12h sleep deprivation during light Hab BL BL SD Rec Rec 
Repeated 12h sleep deprivation (light) Hab BL BL SD Rec Rec 
12h sleep deprivation during dark Hab BL BL BL SD Rec 

B: microdialysis experiment Day 0 Day 1 Day 2 Day 3 
19:00-
7:00 

7:00-
19:00 

19:00-
7:00 

7:00-
19:00 

19:00-
7:00 

7:00-
11:00 

12h sleep deprivation during light  Hab BL BL SD Rec Rec 

C: Locomotor activity registrations Day 1 Day 2 
22:00-10:00 10:00-22:00 22:00-10:00 10:00-22:00 

12h sleep deprivation during light BL BL SD Rec

D: Operant experiments Day 0 Day 1 Day 2 
10:00-
22:00 

22:00-
10:00 

10:00-
22:00 

22:00-
10:00 

10:00-
22:00 

12h sleep deprivation during light  BL SD Rec Rec Rec 
Hab = Habituation; BL = Baseline; SD = Sleep Deprivation; Rec = Recovery Wed = Wednesday; A.) Experimental 
protocols for EEG-experiments. On day 0, animals were connected to the EEG set-up before 19:00h. B.) 
Experimental protocols for microdialysis-experiments. On day 0, animals were connected to the microdialysis set-
up before 19:00h. C.) Experimental protocol for the locomotor activity registrations. Rats were tested on the 
FI40FR3 test both days from 10:00 to 11:00h (at dark-onset).D.) experimental protocol for operant experiments. 
Rats were tested on the FI40FR3 test all work- days at dark-onset (10:00). Habituation to the sleep deprivation 
devices started after testing (± 11:00) on day -2. 

If a rat does not move while the bottom plate changes direction, 
confounding passive movement can be registered by the activity meters. We 
quantified the potential contribution of this confound to the locomotor 
activity data using an artificial rat that consisted of a home-built rat-shaped 
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heated metal plate, undergoing the standard rotational protocol shown in 
Table 1. Passive activity was measured for the full 12h protocol twice. 
Corresponding 2 minute values were averaged over these two sessions. Zero 
to 16 movement counts per 2 minutes were measured with the artificial rat, 
compared to 0-281counts per 2 minutes for real rats. Actual locomotor 
activity of the real rats was estimated by subtracting these 2 minute values 
from the corresponding activity measurements. When the artificial rat was 
measured on one side of a sleep deprivation device, no activity was 
registered on the other side of the same device, indicating absence of cross-
talk between the two compartments. 

2.3.8. Operant performance  

Food restriction was instigated 3 days before the onset of behavioural 
training. Half of the rats (N = 8) received 16g/rat/day, the diet that was 
routinely used in our group for non-sleep related experiments and that leads 
to a weight that is approximately 10% lower than the free-feeding weight 
(e.g. Van der Plasse et al., 2007). The other half (N = 8) received 
12g/rat/day, a diet reported in relation to sleep-fragmentation experiments 
in literature (McCoy et al., 2007). The 12g/rat/day group received 
15g/rat/day on the days without behavioural training (weekends and 
national holidays) to receive the same amount of food as on training days, 
where the diet was supplemented with a maximum of 3g in pellets (Bio-
Serve dustless precision pellets, 45 mg, Frenchtown, US) as food reward. 

Behavioural experiments were conducted in 8 custom made Skinner boxes 
controlled by MED-PC software (Med-associates, St. Albans, US). Each box 
was equipped with 2 levers, a cue-light above each lever, a food tray with 
tray light between the levers, 2 loudspeakers (all on one wall) and a house 
light on the opposite wall. Every rat was appointed one Skinner box in which 
daily training and testing of that specific rat took place on all workdays, at 
the onset of the active phase (dark-onset). 

After 3 days and 6 sessions in which rats had been shaped to associate food 
reward with leverpressing (29 or 30 leverpresses in 30 trials), they were 
gradually trained to press a lever at least three times (Fixed Ratio 3, FR3) in 
a 40-s time window (Fixed Interval of 40s, FI40). A reward was given at the 
end of the interval if the FR3 had been reached within that interval. 
Sessions consisted of 64 intervals of 40 s which followed each other without 
interruptions. For an individual rat, the same lever was present throughout 
all FIFR sessions. Left and right levers were counterbalanced over both diet 
groups. Rats were trained on the FI40FR3 test until they all reached a stable 
level of responding (2-3 weeks). Because of the indirect action-reward 
relation in Fixed-Interval tasks (additional lever pressing within the 40s 
window remains unrewarded), the level of responding was high; on the 
baseline day before sleep deprivation the number of leverpresses within the 
complete session was 1148 ± 254 for the 12g/rat/day group and 689 ± 57 in 
the 16g/rat/day group (t7.7 = -1.8; p = 0.002). 
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In the experimental week, after the FI40FR3 testing session on Monday, rats 
were placed into the sleep deprivation devices for habituation. On Tuesday 
and Wednesday the rats were transferred to the skinner boxes for their daily 
session and afterwards placed back into the deprivation devices. Rats were 
sleep deprived for 12h before testing on Thursday. Recovery of the 
deprivation procedure was evaluated by retesting the rats on Friday, after 
23h of undisrupted sleep and wake behaviour in the sleep deprivation 
devices. The experimental protocols are shown in Table 2d. Both the total 
number of leverpresses and the number of pellets earned were analyzed. 

2.3.9. Statistical Analysis 

The amount of time spent in sleep-wake stages was calculated per hour. 
When more than 5 minutes within an hour could not reliably be scored due 
to artefacts or interference, the respective data-point was omitted from 
further analysis (6 data points in total). Of the data included in our 
analyses, less than 1% was unscored. For clarity and to simplify comparison 
of our data with other groups, we also present quantitative data aggregated 
in 12h intervals, but all statistical analyses were performed on the hourly 
data points. 

Separate analyses were performed on the hourly amounts of SWS and REMS. 
Durations of wake were not specifically analyzed as they are redundant. To 
verify that all experimental groups were comparable, amounts of SWS and 
REMS during the 24 hours of baseline were compared between experimental 
groups with a 2-way Analysis of variance (ANOVA) with time of day as within 
subject factor, and experimental condition as between subject factor. 
Planned comparisons with simple contrasts were performed to investigate 
the time course of potential differences. 

For further analyses, rats were used as their own control, and effects were 
tested with repeated measures ANOVAs with time of day nested within 
experimental day as within subject factors. Again, planned comparisons 
with simple contrasts were performed to investigate the time course of 
potential differences. The light and dark periods were independently 
analysed to separate sleep deprivation effects from recovery effects. 

For sleep deprivation during the light phase, rats were deprived twice, and 
the difference between the first and the second deprivation was tested by 
adding the session (first or second deprivation) as an additional factor to the 
ANOVAs. Separate analyses were performed for 1.) repeated baseline, 2.) 
sleep deprivation during the inactive and 3.) sleep deprivation during the 
active phase, in order to address the specific experimental questions. Time 
of day was regarded as covariate of no interest for these questions, and its 
well-known effect on the amount of SWS and REMS is not reported here. 
Corticosterone concentrations were analysed in a similar manner. 

A paired samples t-test was used to evaluate if the maximum dialysate 
corticosterone concentrations of the 12h deprivation period did or did not 
exceed the maximum concentrations during the 24h of preceding baseline. 
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Maximum values for the 2 minute bin locomotor activity counts were 
similarly analyzed with a paired-samples t-test. 

For FI40FR3 task performance, both the total number of pellets earned and 
lever pressing during the sessions were compared between both diet groups 
and conditions (baseline, sleep deprived and recovered performance) with 2 
separate ANOVAs with condition as the within subject factor and diet as the 
between subject factor. When significant interactions between diet and 
experimental condition were observed, post-hoc ANOVAs were performed 
for both groups separately. 

All data are presented as average values ± standard error of the mean 
(SEM). 

Statistical analyses were performed with SPSS (Chicago, US). For ANOVAs, a 
Greenhouse-Geisser correction was applied when the data distribution 
violated the assumption of sphericity. We considered differences significant 
at p = 0.05. For all EEG-measurements, where baseline SWS and REMS data 
were used for both a between group comparison and a within subject 
analysis within the experimental groups, the level of significance for the 
main effects was Bonferroni-corrected to p = 0.025. 

2.4. Results 

2.4.1. Baseline sleep architecture 

Percentages of time spent in the different sleep wake stages are presented 
for 12h intervals in Table 3. When baseline sleep registrations were 
continued for 48h (without the sleep deprivation device being activated, n = 
7), hourly amounts of SWS (Figure 2a) and REMS (Figure 2a) were not found 
to differ between the second and the first day of registration. As amounts of 
SWS and REMS are comparable on subsequent days, rats were used as their 
own control in all analyses. Between the four experimental groups 
(repeated baseline, sleep deprivation during light, repeated sleep 
deprivation during light and sleep deprivation during dark), no differences in 
baseline SWS or REMS sleep durations were found. 

Table 3 Percentages of time (± SEM) spent in SWS, REMS and wake in 
12h intervals during baseline conditions (N = 21-25 due to 
missing data for certain time points) 

 % Total sleep  %SWS %REMS %Wake 
Light (7:00 – 19:00) 66.79 (1.3) 57.36 (1.1) 9.09 (0.4) 32.67 (1.3) 
Dark (19:00 – 7:00) 36.58 (1.3) 32.75 (1.1) 3.93 (0.3) 63.39 (1.3) 

2.4.2. Effectiveness of 12h of sleep deprivation & repeated sleep 
deprivation 

When applied in the light phase, sleep deprivation suppressed the 
percentage of SWS to 0.8% as compared to 56% during the corresponding 12h 
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baseline period (Figure 2b, Table 4) and REMS to 0% as compared to 9.0% 
during baseline (Figure 2b, Table 4). When the 12 hourly values were 
compared between baseline and the sleep deprivation period, the 
deprivation procedure was found to significantly decrease the duration of 
SWS (F 1,9 = 994.6; p = 0.000), and REMS (F 1,8 = 141.7; p = 0.000). Planned 
simple contrasts were significant for the first, second, sixth, seventh, eighth 
and tenth hourly interval of the deprivation period (p 0.02). The significant 
decrease in REMS was generalised over the whole deprivation period, as the 
day*time interaction was not significant (p = 0.2). 

After sleep deprivation, recovery sleep occurred. When the 12 hourly values 
were compared between baseline and the recovery period, the duration of 
both SWS (F 1,10 = 115.0; p = 0.000), and REMS (F 1,9 = 28.4; p = 0.000) were 
significantly increased. Planned simple contrasts were significant for the 
first four hours after sleep deprivation (p 0.04). The decrease in REMS was 
generalised over the whole recovery period, as the day*time interaction was 
not significant (p = 0.09). 

Table 4 Percentages of time spent in SWS and REMS (SEM) in 12h 
intervals before and during experimental interventions (N = 4-7 
due to missing data for certain time points) 

Day 1 Day 2 
% SWS %REM % SWS %REM 

Repeated baseline Light (7:00– 9:00) 56.9 (1.5) 8.4 (0.6) 56.5 (1.4) 8.9 (1.1) 
Dark (19:00– 7:00) 35.4 (1.6) 3.7 (0.5) 34.7 (1.6) 3.8 (0.7) 

12h sleep deprivation 
during light 

Light (7:00– 9:00) 56.0 (3.5) 9.0 (0.9) 0.8 (0.2)  0.0 (0) 
Dark (19:00– 7:00) 33.4 (2.1) 4.8 (0.5) 53.5 (1.5) 9.0 (0.9) 

Repeated 12h sleep 
deprivation (light)  

Light (7:00– 9:00) 58.5 (1.7) 10.8 (1.0) 1.7 (1.0) 0.0 (0) 
Dark (19:00– 7:00) 32.0 (1.3) 4.1 (0.5) 51.0 (2.7) 9.0 (1.3) 

12h sleep deprivation 
during dark 

Light (7:00– 9:00) 58.5 (1.8) 8.7 (1.0) 47.8 (8.2) 8.2 (1.5) 
Dark (19:00– 7:00) 29.2 (3.7) 3.1 (0.5) 0.7 (0.4) 0.0 (0) 

When sleep deprivation was repeated after approximately one week of 
recovery, the effectiveness was virtually identical as on the first occasion. 
The second deprivation procedure suppressed the percentage of SWS to 1.7% 
as compared to 58.5% during the second baseline (Figure 2c, Table 4), and 
the percentage of REMS to 0% compared to 10.6% during the second baseline 
(Figure 2c, Table 4). The second deprivation procedure proved to be as 
effective as the first for both SWS (F1,9 = 0.7; p = 0.437) and REMS 
(F1,8 = 0.3; p = 0.596). Also recovery after sleep deprivation was comparable 
with first-time sleep deprivation for both SWS (F1,10 = 1.1; p=0.326) and 
REMS (F1,9) = 0.4; p = 0.568). 
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Figure 2 Amount of SWS and REMS (min/h ± SEM) during 48 – 52h of 
continuous recording. 

The percentage of time rats spent in SWS and REMS are shown for 2 consecutive days of continuous 
measurement, consisting of 24h of baseline followed by: no intervention, 12h of total sleep deprivation during the 
light phase, repeated exposure to 12h of sleep deprivation during light, and 12h of sleep deprivation during the 
dark phase. 
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After a 12h habituation period starting at dark onset, baseline (day 1) was recorded for at least 24h. Experimental 
interventions were performed at day 2. A 4h recovery period on day 3 is also shown. For the baseline day, no 
differences were found between the experimental groups. A.) Continued baseline recording for 48h, no differences 
between both experimental days were observed (n = 7); B.) 12h of sleep deprivation in the light phase, both SWS 
and REMS were significantly decreased during sleep deprivation and significantly increased during recovery (n = 7 
for SWS, n = 6 for REMS); C.) Repeated exposure to 12h of sleep deprivation in the light phase, results did not 
differ significantly from first exposure (n = 6); D.) Sleep deprivation in the dark phase, SWS and REMS were 
significantly decreased during the deprivation period, while no increases were observed during subsequent 
recovery (n = 5). Statistical details are provided in the main text. 

2.4.3. Effectiveness of sleep deprivation during the active phase 

When applied in the active, dark phase, the method was also effective and 
suppressed the percentage of SWS to 0.7% compared to 29.2% during the 
corresponding 12h baseline period (Figure 2d, Table 4), and the percentage 
of REMS to 0% compared to 3.1% during baseline (Figure 2d, Table 4). When 
the 12 hourly values were compared between baseline and the experimental 
day, the deprivation procedure was again found to significantly alter SWS 
(F1,4 = 66.6; p = 0.001) and REMS (F1,4 = 36.3; p = 0.004). Both SWS and REMS 
decreased throughout the deprivation procedure, as the day*time 
interactions were not significant (p = 0.4 for SWS, p = 0.2 for REMS). 

Neither SWS (p = 0.8) nor REMS (p = 0.8) increased significantly during the 
recovery period. 

2.4.4. Corticosterone measurements 

When corticosterone concentrations from the first 12h (habituation) period 
were compared with the third 12h (baseline sampling in the corresponding 
time of day), no differences were observed, indicating that continued 
sampling had no substantial effect on measured corticosterone levels 
(Figure 3). Therefore, each rat was used as its own control in subsequent 
analyses. 

The dialysate corticosterone concentrations during the 12h of sleep 
deprivation were compared with the respective baseline values (Figure 3). 
Overall, the main effect of time of day was not significant (p = 0.082) for 
the light interval. A main effect of sleep deprivation was present (F1,5 = 
11.6; p = 0.019); corticosterone was significantly elevated during the sleep 
deprivation period compared to the corresponding baseline period. The 
interaction between time of day and sleep deprivation was not significant. 
However, the paired t-test comparing individual maximum values of 
corticosterone during 24h of baseline and during 12h of sleep deprivation 
indicated that dialysate corticosterone concentrations during sleep 
deprivation did not exceed levels encountered during an undisturbed diurnal 
cycle (t10 = 0.3; p = 0.738, Figure 4). 

Dialysate corticosterone concentrations during the 12h of dark phase 
recovery period following sleep deprivation (Figure 3) were also compared 
with their respective baseline values. A time of day effect was present 
(F2.5,14.7 = 4.4; p=0.026), corticosterone decreased during the course of the 
dark phase. For recovery sleep, both a significant main effect ((F1,6 = 25.1; p 
= 0.002) and a significant interaction with time of day were observed 
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(F2.5,15.1 = 3.71; p=0.041). This was due to a low concentration during the 
first hour of recovery sleep, 885pg/ml compared to 2318pg/ml in the 
corresponding baseline hour (F1,6=6.4; p=0.045). 

Figure 3 Corticosterone in medial prefrontocortical dialysates (pg/mL ± 
SEM) during habituation, baseline, 12h of sleep deprivation 
during the light phase and subsequent recovery. 

Corticosterone is mildly increased during the first 10h of the deprivation procedure, but subsequently decreased. 
Statistical details are provided in the main text. 
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Figure 4 Averaged maximum values of medial prefrontocortical dialysate 
corticosterone concentrations (pg/mL ± SEM) during baseline 
and subsequent sleep deprivation. 

Maximum corticosterone during deprivation did not exceed maximum corticosterone during baseline. 

2.4.5. Tethering and device operation 

Rats were tethered to the EEG-system or to the microdialysis-pumps 
throughout these experiments, also comprising 12h of sleep deprivation. The 
boxes rotated according to the standardized timing protocol provided in 
Table 1. Although we did check the rats regularly before, during and after 
the deprivation protocol, our interference was not necessary, and devices 
could have been used unsupervised. 

2.4.6. Locomotor activity 

As can be observed from 2 representative actigrams (one from each food 
restriction group, Figure 5), rats were active throughout the sleep 
deprivation period, without the intervals of low locomotor activity that are 
normally present. Because of this, total locomotor activity during the 
deprivation period was increased, with 881% in the 12g/rat/day diet group, 
and with 1233% in the 16g/rat/day group. However, the paired-samples t-
test comparing individual passive-movement corrected, maximum values of 
locomotor activity during 24h of baseline and during 12h of sleep 
deprivation indicated that maximal locomotor activity during sleep 
deprivation did not significantly exceed levels encountered during an 
undisturbed diurnal cycle ( t7 = -2.1; p = 0.074, Figure 6). 
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Figure 5 Two representative actigrams showing locomotor activity 
patterns of 2 rats before, during and after sleep deprivation (rat 1 
was on the 12g/rat/day diet, rat 6 on the 16g/rat/day diet). 

Data are not corrected for passive movement; estimated locomotor activity recorded due to rotation, is shown in 
white. During deprivation, rats are continuously active, but their locomotor activity levels are within the range 
normally seen during active wakefulness. Data from the period between 14:00 and 15:00 are missing, as at that 
time rats are being tested in the skinner boxes. 
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Figure 6 Averaged maximum values of locomotor activity counts (± SEM) 
within 2 minute bins during baseline and subsequent sleep 
deprivation, corrected for passive movement. 

Maximum locomotor activity during deprivation did not significantly exceed maximum locomotor activity during 
baseline. 

2.4.7. Operant Behaviour 

Rats were tested on an operant task with an interval schedule immediately 
after the onset of the dark period. The number of leverpresses and the 
number of pellets earned were compared between both food-restriction 
groups for baseline, after 12h of total sleep deprivation and the following 
recovery day. 

Figure 7a shows a significant main effect of diet on the number of obtained 
rewards (F1,14 = 25.2; p = 0.000). Sleep deprivation also had a significant 
main effect on the number of pellets earned, (F1.1,1= 15.8; p=0.001) and the 
interaction between sleep deprivation and diet was also significant (F1.1,1 = 
13.8; p = 0.002). Post-hoc tests revealed that sleep deprivation decreased 
the number of pellets earned in the 16g/rat/day diet group (F1,7.3 = 15.0; p 
= 0.005), but not in the 12g/rat/day group (p = 0.13). In the 16g/rat/day 
group, performance was completely normalized after 23h of undisrupted 
sleep-wake behaviour. During the baseline day before sleep deprivation, 
rats in the 16g/rat/day group earned 56 ± 1.7 out of the 64 pellets, while 
rats in the 12g/rat/day group earned 61 ± 1.2 (t12.6 = -2.5; p = 0.026). 
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Figure 7 Performance on the FIFR sessions before sleep deprivation, 
following sleep deprivation and following one day of recovery in 
two diet groups. 

A: Amount obtained rewards (± SEM), sleep deprivation negatively affected the amount of obtained rewards only 
in the 16g/rat/day diet group; B: Number of leverpresses within the session (± SEM), sleep deprivation decreases 
the number of leverpresses in the 16g/rat/day diet group.*p<0.01 vs. performance on the days before and after. 

Figure 7b shows a significant main effect of diet on the number of 
leverpresses (F1,14 = 4.83; p = 0.045). The main effect of sleep deprivation 
was not significant, but the interaction between sleep condition and diet 
was (F1.30,18.24 = 8.37; p = 0.006). Post-hoc tests revealed that sleep 
deprivation decreased lever-pressing in the 16g/rat/day diet group (F1.2,8.2 = 
10.7; p = 0.009), but did not have an effect in the 12g/rat/day group (p = 
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0.29). In the 16g/rat/day group, performance was completely normalized 
after 23h of undisrupted sleep-wake behaviour. During the baseline day 
before sleep deprivation, rats in the 16g/rat/day group pressed the lever 
689 ± 57 times, while rats in the 12g/rat/day group pressed the lever 1148 ± 
254 times (t7.7 = -1.8; p = 0.002). 

2.5. Discussion 

In our quest for the role of sleep in brain function, rodent sleep deprivation 
studies are essential. Existing methods are valuable, but leave room for 
improvement with respect to standardization, automation and limitation of 
confounds. We here describe a new method for automated rodent sleep 
deprivation. To keep the rats awake, we used a rotating drum with a fixed 
middle wall. The main difference with previously described methods 
employing forced locomotion is that extended sleep deprivation is 
accomplished by a gradual increase in rotation speed and in variability of 
direction. This helps to keep the rats aroused and compensates for the 
increasing sleep pressure. Below, we systematically discuss the seven 
requirements we defined in the introduction. 

The method fulfilled the first requirement; elimination of virtually all sleep 
for at least half a diurnal cycle (section 2.4.2). This period was chosen 
because it is a feasible duration, which can be used to model one missed 
night. Yet brief deprivation protocols in the same order of magnitude can 
induce changes in cognitive task performance according to previous reports. 
(Cordova et al., 2006) Our sleep deprivation procedure was highly effective 
compared to interval forced locomotion studies, in which rats manage to 
sleep for 5.7 to 8.6% of the time. (Gong et al., 2004, Guzman-Marin et al., 
2005; Guzman-Marin et al., 2006) Likewise, during gentle handling, rats 
manage to sleep about 6% of the time. (Deboer et al., 2007) Even with 
methods using EEG-feedback and water to induce aversive stimulation rats 
manage to sleep more; 1.9 – 8.8% of the time with a cylinder-in-water 
(Friedman et al., 1979) and in Rechtschaffen’s classical disc-over-water, 
(Rechtschaffen et al., 1983) although it has to be noted that the sleep 
deprivation in these studies lasted longer than 12h, potentially causing more 
microsleep and sleep intrusions. Our 12-hour method compares favourably 
to all these methods by succeeding to limit SWS to 0.8% and REMS to 0%. As 
12 hours of sleep deprivation is sufficient for our purposes, we have not 
evaluated how our method performs when using more prolonged sleep 
deprivation protocols. Of note, when sleep deprivation was repeated after 
approximately one week of recovery, the deprivation protocol was as 
effective, thus allowing for repeated deprivation protocols. 

Concerns may exist regarding our relatively short habituation period 
compared to other sleep studies, where habituation to EEG-registrations is 
usually longer than 12h. However, baseline sleep registered in the present 
study is not substantially different from results reported by other groups; 
although the amount of registered SWS during the light phase may be 
slightly lower in our study, differences do never exceed 15% (Trachsel et al., 
1986; Depoorte et al., 1991; Robert et al., 1999; Bodosi et al., 2004; Deboer 
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et al., 2007; Tang et al., 2007; Vyazovskiy et al., 2007). As we do not find 
differences in baseline sleep between our 2 days of continuous registration 
either, we conclude that 12h of habituation to our EEG set-up is sufficient. 

After 12h of light-phase sleep deprivation, sleep duration increased 
significantly during the first five hours of the recovery period. Different 
light-phase deprivation procedures show different recovery characteristics 
(Sternthal & Webb, 1986), in accordance with our findings usually limited to 
the 12h subsequent to deprivation (Borbely and Neuhaus, 1979; Friedman et 
al., 1979; Borbely et al., 1984; Lancel & Kerkhof, 1989; Tobler & Borbely, 
1990; Trachsel et al., 1991; Franken et al., 1993; McKenna et al., 2007). 
Although our protocol was equally effective for sleep deprivation during the 
dark phase (section 2.4.3), no recovery sleep was observed. After sleep 
deprivation during the dark phase, some authors do report recovery sleep 
(e.g. Borbely & Neuhaus, 1979; Franken et al., 1993), while others do not 
(e.g. Tobler & Borbely, 1986; Lancel & Kerkhof, 1989). Because sleep 
intensity can be increased without changes in sleep duration (e.g. Meerlo et 
al., 2001), the absence of an increase in sleep duration in the current study 
does not necessarily indicate the total absence of sleep depth and recovery 
sleep. Sleep intensity during the recovery period, for example slow wave 
intensity, may be established through spectral analysis of the EEG in future 
studies. 

The second requirement was to keep corticosterone levels within the normal 
range. Indeed, our sleep deprivation procedure did not increase 
corticosterone to a level higher than normally occurring during the diurnal 
cycle (section 2.4.4). We continuously measured brain microdialysate 
corticosterone concentrations before, during and after exposing rats to the 
sleep deprivation protocol. In contrast, most previous studies reporting only 
single assessments during or after deprivation may have missed effects 
superposed on the rhythm that is normally present over the day. Because 
the frequency of plasma sampling of corticosterone in rats has practical 
limitations, we chose to perform microdialysis studies in the brain, enabling 
hourly sampling for 64h. 

Dialysate concentrations of corticosterone correlate both between brain 
regions and with plasma levels (Kalsbeek & Buijs, 1996; Droste et al., 2008). 
Effects of sleep deprivation might be expected to be most pronounced 
during the early part of the light phase, when corticosterone is low. Indeed, 
it is at this time that most previous studies found significant increases 
(Penalva et al., 2003; Bodosi et al., 2004; Hipolide et al., 2006; Tartar et 
al., 2009). Also in our study, deprivation induces a mild increase during the 
early part of the light phase. However, at the end of the light phase, when 
corticosterone reaches its diurnal peak level, sleep deprivation does not 
induce a further increase. Remarkably, during the onset of recovery sleep, 
corticosterone is even decreased compared to the level normally observed 
during the early part of the dark phase. These changes in stress hormone 
physiology should be taken into account when interpreting the effects of 
sleep deprivation on neurobiological processes. 



- Ch2 - 

- 60 - 

To our knowledge, so far, only one study applied microdialysis to measure 
corticosterone in relation to sleep deprivation. Peñalva and colleagues 
(Penalva et al., 2003) sleep deprived rats for 4h at light-onset by gentle 
handling. Although this is generally considered a very mild method of sleep 
deprivation, an increase was still observed. The increase was maximal after 
one hour of deprivation, after which effects became less pronounced 
(Penalva et al., 2003). A decrease in the order of magnitude of the 
corticosterone response to sleep deprivation was also observed in a study 
where plasma corticosterone was measured during the first and the fifth 
hour of sleep deprivation by gentle handling (Bodosi et al., 2004). In these 
two previous studies, peak corticosterone levels exceeded those normally 
encountered during the diurnal cycle. In contrast with these studies, our 
new method kept corticosterone within this range. 

The third requirement was that the method would not require locomotor 
activity at a level exceeding habitual activity during undisturbed 
wakefulness. Indeed, our locomotor activity study showed that activity was 
not increased compared to that normally encountered in the active periods 
during undisturbed wakefulness (section 2.4.6). This corresponds to results 
reported for 6h of sleep deprivation by gentle handling, where locomotor 
activity was also increased during sleep deprivation, and activity levels 
apparently did not exceed normal maximal baseline activity either 
(Palchykova et al., 2006). To the best of our knowledge, quantitative 
assessment of locomotor activity during sleep deprivation protocols based 
on forced locomotion has not been reported previously. 

A fourth requirement which is essential for studies on the effect of sleep 
deprivation on cognitive performance, is that the rats should still be able to 
perform a task after deprivation. Higher cognitive performance deficits 
should not be obscured by deficits in motor abilities and motivational state. 
These latter two aspects were addressed by using a task that involves 
frequent lever pressing (section 2.4.7). 

Immediately following the period of forced wakefulness, rats on a food 
restriction of 16g/rat/day (supplemented with 3g as pellets during task 
performance), our standard food restriction schedule, were not very 
motivated to press a lever in an operant box to obtain a reward, even 
though comparable rewards are highly preferred over normal food (Van der 
Plasse et al., 2007). However, when their motivational state was increased 
by decreasing their daily food intake to 12g (also supplemented), their 
performance was no longer affected by sleep deprivation. Therefore, 
motivation to perform operant tasks after 12h of sleep deprivation can be 
maintained. 

Previous reports only studied the effect of selective deprivation of REM-
sleep on comparable operant tasks. Longer periods of REM-sleep deprivation 
consistently decrease the level of leverpressing (Kennedy, 2002; Hanlon et 
al., 2005), indicating decreased motivation after prolonged REM-sleep 
deprivation. To the best of our knowledge, we have been the first to 
investigate lever pressing in a fixed-ratio fixed-interval task after 12h of 
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total sleep deprivation, and we found that motivation to perform this 
operant task can be maintained by food restriction to 12g/rat/day. 

A fifth requirement was that the device would allow for tethering of the rat 
brain. Our results testify that indeed, microdialysis and electrophysiological 
assessments have been successful before, during and after sleep deprivation 
(section 2.4.5). However, it is not essential to tether the rats and register 
EEG to induce effective sleep deprivation. This is an advantage when 
performing pure behavioural studies, as surgical procedures are not 
necessary. The final two requirements, i.e. the possibility to standardize 
and automate the protocol for unsupervised use, have been accomplished as 
well. These properties will allow for long-term studies into the response of 
the brain to sleep deprivation. 

We hope that this novel method for sleep deprivation, by further reducing 
the confounding effects including stress and locomotor activity, will be of 
help in increasing our understanding of the effect of sleep on wake 
behaviour, cognitive performance and brain function. 
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