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Abstract

A bulk of studies in rodents and humans suggest that sleep facilitates different phases of learning and memory process,
while sleep deprivation (SD) impairs these processes. Here we tested the hypothesis that SD could alter spatial learning and
memory processing in a non-human primate, the grey mouse lemur (Microcebus murinus), which is an interesting model of
aging and Alzheimer’s disease (AD). Two sets of experiments were performed. In a first set of experiments, we investigated
the effects of SD on spatial learning and memory retrieval after one day of training in a circular platform task. Eleven male
mouse lemurs aged between 2 to 3 years were tested in three different conditions: without SD as a baseline reference, 8 h
of SD before the training and 8 h of SD before the testing. The SD was confirmed by electroencephalographic recordings.
Results showed no effect of SD on learning when SD was applied before the training. When the SD was applied before the
testing, it induced an increase of the amount of errors and of the latency prior to reach the target. In a second set of
experiments, we tested the effect of 8 h of SD on spatial memory retrieval after 3 days of training. Twenty male mouse
lemurs aged between 2 to 3 years were tested in this set of experiments. In this condition, the SD did not affect memory
retrieval. This is the first study that documents the disruptive effects of the SD on spatial memory retrieval in this primate
which may serve as a new validated challenge to investigate the effects of new compounds along physiological and
pathological aging.
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Introduction

Sleep is an essential component of our life and is essential for

maintaining normal daily life activities and key physiological

functions such as thermoregulation [1], immune defense [2],

energy conservation [3], tissue restoration [4] and brain plasticity

[5]. Among these, sleep and brain functions are so intensely

regulated that even a single night of SD in humans could induce

mood disturbance, fatigue, daytime lethargy and several forms of

cognitive impairment [6]. A bulk of studies has shown a strong

correlation between SD and memory impairment in humans and

rodents [7]–[9]. However, the role of sleep and impact of SD on

memory processes i.e., acquisition, consolidation and retrieval is

quite complex and seems to depend on the nature of the task used

[10], [11]. There are two main methods to induce SD, the so

called paradoxical SD procedure [12], [13] and the total SD

procedure, which affects paradoxical and slow wave sleep [11]. In

animal studies, paradoxical SD is usually obtained by placing the

animal on a small platform surrounded by water [14], [15]. This

type of manipulation has been noted to induce memory deficits in

several tasks such as inhibitory avoidance [16], Morris water maze

[17], [18], radial arm maze [19] and plus-maze discriminative

avoidance tasks [13], [20]. In animal studies, total SD is simply

achieved by removing or introducing objects within the cages [21]

or by gently handling the animals to keep them awake [22]. This

procedure has been shown to induce memory retrieval deficits in
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contextual fear conditioning, inhibitory avoidance and plus-maze

discriminative avoidance tasks [23].

An important factor in SD studies is to determine when and

how long the SD should be introduced in a specific sleep cycle. A

leading hypothesis postulates that post-training sleep is required

within a specific time window [14], [19], [24] following the

training in order to facilitate consolidation of newly acquired

information into long-term memory [25], [26]. In line with this

hypothesis, SD after a learning task has been shown to result in

subsequent memory deficits in both humans [27], [28] and rodents

[29]. In humans, post-training sleep has been shown to modulate

both spatial and contextual memories acquired during virtual

navigation [27], [30], whereas post-training SD caused a

disruption of spatial memory [9]. In rodents, SD immediately

following the training has been shown to disrupt spatial reference

memory in the radial arm maze [19] and in the Morris water maze

[31]. In contrast, delayed SD (more than 4 hours) after the

training appeared not to alter memory as shown in object

recognition [32] and spatial memory paradigms [31], [33].

Altogether, these data suggest that sleep is important immediately

after the training to properly encode and store traces in long-term

memory for its subsequent retrieval. Furthermore, sleep may have

a beneficial role before the training to prepare the brain for the

acquisition of new information. Like the post-training SD, pre-

training SD can affect the acquisition and memory retention in

both humans [34] and rodents [13], [16], [35]–[38]. Specifically,

several rodent studies have reported that pre-training SD affects

conditioned aversion [35], avoidance learning [13], [16], [36],

[37] and contextual fear conditioning [38]. Studies related to the

impact of SD on spatial learning have delivered mixed results.

One study has shown that pre-training SD can slow acquisition in

Morris water maze [39], whereas other studies found no effect of

SD on spatial learning [40], [41]. Finally, few studies investigated

the impact of the pre-retrieval SD on memory retrieval showing

that the ability to recall information is sleep-dependent [13], [20],

and [23].

The interest of experimental models based on SD is not limited

to basic research. Alzheimer’s disease (AD), which is the most

common form of dementia, deeply impairs sleep architecture and

learning/memory processes [42], [43]. Therefore, it is important

to define experimental ‘‘challenges’’ inducing some comparable

features of AD in animal models in order to investigate disease

mechanisms and evaluate therapeutic strategies, be they symp-

tomatic or disease-modifying. Within this framework, the above-

mentioned studies on SD in rodent provided quite useful

information that could be relevant for AD research but, ideally,

these results should be confirmed in species phylogenetically more

proximal to humans, particularly with regard to sleep-wake cycles.

In this context, a non-human primate model may provide better

predictive validity with regard to cognitive testing compared to

rodent models. We therefore conducted a series of experiments

aimed to induce reversible cognitive impairment in a non-human

primate, namely the grey mouse lemur, by using a SD procedure

as a ‘‘challenge’’ to mimic some cognitive symptoms observed in

AD. Interestingly, the mouse lemur shows features resembling

human cerebral aging [44] and some aged mouse lemurs

spontaneously develop AD related neuropathologies [45]. More-

over, the sleep-wake rhythm of this species has been described

recently using telemetric electroencephalography and is suitable

for the study of SD [46]. Specifically, we subjected mouse lemurs

to 8 h of total SD by ‘‘gentle handling’’ either before the training

or before the testing in a spatial task, which was a modified version

of the Barnes maze, adapted for mouse lemurs [47]. In a first set of

experiments, we investigated the effects of 8 h of total SD on

spatial learning and memory retrieval after one day of training. In

a second set of experiments, we tested the effect of 8 h of total SD

on spatial memory retrieval after 3 days of training. We

hypothesize that short-term (8 h) total SD induces impairment of

acquisition and retrieval of memory in mouse lemurs.

Materials and Methods

Ethics statement
All experiments were performed in accordance with the

Principles of Laboratory Animal Care (National Institutes of

Health publication 86-23, revised 1985) and the European

Communities Council Directive (86/609/EEC). The research

was conducted under the authorization number 91–305 from the

‘‘Direction Départementale de la Protection des Populations’’ and

under the approval of the Cuvier Ethical Committee (Committee

number 68 of the ‘‘Comité National de Réflexion Ethique sur

l’Expérimentation Animale’’) under the authorization number 68-

018. In accordance with the recommendations of the Weatherall

report, ‘‘The use of non-human primates in research’’, special

attention was paid to the welfare of the animals during this work to

minimize nociception [48].

Animals
Thirty-one male mouse lemurs (2 to 3 years old) were used in

this experiment. They were born and raised in the laboratory

breeding-colony of Brunoy (MNHN, France, license approval Nu
A91.114.1) from a stock originally derived from the south-western

coast of Madagascar 45 years ago. The animals were disease free

and the general condition of captivity was maintained under

constant temperature of 24–26uC and relative humidity of 55%.

Measured food and water were allocated to each animal. The

daily food allocation consists of fresh banana, apple and a

homemade milky mixture of cereals, eggs and milk. Mouse lemurs

are nocturnal primate and their physical activities and behaviors

are driven by photoperiodic seasonal rhythms. During the long-

day photoperiod (summer-like photoperiod), they have increased

locomotor activities and metabolic rates to prepare to engage in

reproduction. Conversely, during the short-day photoperiod

(winter-like photoperiod), they show less locomotor activities,

reduced metabolic rate and increased food intake. Animals were

kept in alternating 6-month period of long-days (light:dark 14:10)

and short-days (light:dark 10:14). Both experiments were per-

formed during the long-day season. Mouse lemurs were housed in

individual cages enriched with tree branches and wooden nest.

Experimental design
In experiment 1, we assessed and compared the effect of 8 h SD

on spatial performances using a circular platform test. A total of 11

mouse lemurs went through 3 conditions of training and testing

paradigm with 4 weeks of interval between each condition and the

conditions were randomly assigned for each animal. In one

condition, cognitive performance has been evaluated with training

on day 1 and testing on day 2 without any SD to observe the

baseline cognitive performance. In second condition, mouse

lemurs were trained on day 1 and 8 h of total SD was performed

on day 2 followed by a testing immediately after SD. In third

condition, total SD was performed on day 1 followed by training

and on day 2 animals underwent testing. Schematic presentation

of the protocol has been depicted in detail in Figure 1A.

In experiment 2, we have increased the number of trials and

days of training in order to assess the effect of 8 h total SD on long

learning phase. A total of 20 new animals, 10 in each of ‘‘SD-

retrieval’’ group and of ‘‘ctl’’ (control) group were used in this

Sleep Deprivation on Spatial Learning and Memory
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experiment. After 3 days of training, animals of the ‘‘SD-retrieval’’

group and of the ‘‘ctl’’ group were tested respectively after 8 h of

total SD and without any SD. The protocol is elaborated in

Figure 1B.

In all experiments, the interval between the training and testing

trials was 24 h starting from the onset of training.

Circular platform test
Spatial performances were assessed in a circular platform

apparatus [47] which is a modified version of Barnes maze

especially adapted for mouse lemurs. Briefly, the circular platform

is divided into 12 quadrants with 12 equally spaced open circular

holes (3 cm from perimeter) where a goal box can be affixed for

the escape of the animal. The platform is fixed over a spring

rotator so it could rotate freely in both directions, to avoid the use

of intra-maze cues between successive trials. The whole platform is

surrounded by a 15 cm high white wall with a transparent

Plexiglas ceiling that allows the mouse lemur to see the extra-maze

visual cues. The apparatus was surrounded by a black curtain

hung from a square metallic frame, the ceiling of which is a one-

way mirror to allow observation for the experimenter. A number

of objects were attached along the inner surface of the frame to

serve as visual cues. The starting box was an open-ended dark

cylinder positioned in the center of the platform.

In all experiments, training trials (day 1) consisted of 4 trials of

maximum 10 min, with an inter-trial interval of 5 min. During the

first 2 trials, the animals were habituated in the maze with only

one open compartment that contains the goal box and rests of the

compartments were closed by thick white paper board. During the

third and fourth trial, all the compartments were open and only

one compartment gave access to the goal box (the target). Testing

consisted of 2 trials of maximum 10 min, in the same condition as

the last trials of the training day. Each trial started with the

placement of animal in the starting box at the center of the maze.

After 60 sec, the box was removed to release the animal. The aim

of the tests was to reach the goal box positioned beneath one of the

12 compartments. The position of the target was fixed for each

animal throughout one condition. In experiment 1, the position

has been changed for subsequent conditions. When the animal

reached the target, the trial was stopped and the animal was

allowed to remain in the goal box for 2 min. Performance was

assessed by the number of errors (entering the four limbs in an

incorrect compartment), the rank of the target zone (two adjacent

quadrants surrounding either side of the goal-box containing

quadrant), and the latency (the total time required by the animal to

reach the target) during the testing.

Sleep deprivation
Mouse lemurs were subjected to 8 h SD (0–8) starting at the

onset of light period (usual resting phase). The total SD was carried

out in the first part of the light period because the sleep is at its

maximum during this period [46]. During the whole SD period,

mouse lemurs were under constant visual observation in their

home cage. The nest and the tree branches were removed from

the cage for proper visualization of the animals. SD was achieved

by gentle handling which consists of a standardized procedure of

tapping on the cage, moving the index finger in front of the cage

and gently shaking the cage if required. If the animal sits more

than five minutes in a place without any activities they were re-

located. When the above measures were not sufficient to keep the

Figure 1. Experimental design. A) In experiment 1, animals of the ‘‘ctl’’ group received 23 h rest (light+dark phase) between the ends of the
training on day 1 to the starting of the testing on the day 2. Animals of the ‘‘SD-retrieval’’ group received 15 h rest after training, followed by 8 h of
sleep deprivation which occurred before testing. Animals of the ‘‘SD-training’’ group received 8 h of sleep deprivation before training, and then
received 23 h rest before testing. B) In experiment 2, after 3 days of training, testing on day 4 was assessed after 8 h of SD in ‘‘SD-retrieval’’ group, or
after rest in ‘‘ctl’’ group.
doi:10.1371/journal.pone.0064493.g001
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animals awake the front door was opened and closed to stimulate

the animals. To confirm the total SD, four animals were under

telemetric electroencephalogram (EEG) and electromyogram

(EMG) recordings during the SD. To avoid any impact of

implantation on behavioral tests, surgical procedure was per-

formed on independent group of animals.

EEG and EMG recordings
Wireless telemetry transmitter weighing 2.5 g (PhysioTel F20-

EET; Data Science, St Paul, MN, USA) was implanted in the

abdominal cavity under intraperitoneal ketamine anesthesia

(100 mg/kg; Imalgene, Merial, 69007, Lyon-France). The trans-

mitter is equipped with the simultaneous recording for one EEG

and one EMG channel (1–500 Hz sampling rate). The electrode

leads were threaded subcutaneously from the abdomen to the skull

incision. For EEG recording, the electrodes were fixed to the skull

using dental cement over the anterior frontal cortex according to

the stereotaxic atlas of the mouse lemur brain [49]. For EMG

recording, a pair of bipolar electrodes was sutured in the neck

muscles with nonabsorbable polyamide suture. Animals were

allowed to recover at least two weeks prior to the start of the

experiment. EEG and EMG data were continuously collected

using PC running Dataquest software (Data Science International,

St Paul, MN, USA). A receiver base (RPC-1, Data Science) that

relayed transmitter data to the PC was placed on the floor of the

home cage inhabited by the implanted animals. For each

implanted animal a continuous 3 d baseline recording was

obtained prior to the recoding of SD time-period. The EEG data

was analyzed by Neuroscore v 2.1.0 (Data Science International,

St Paul, MN, USA). The data of SD period was compared with

the data of resting phase (before SD) corresponding to SD

schedule (0–8 h).

Statistical analysis
For all statistical assessments, data were first assessed for

normality using R 2.12.1 software. The Kruskal-Wallis (x2-value)

or Mann-Whitney (W-value) analyses were performed to compare

the data between the control and SD groups, respectively for

experiment 1 and experiment 2. Effect of day was evaluated by

paired Wilcoxon signed rank test (V-value). A P-value of ,0.05

was considered significant. All values are given as median and

interquartile (IQ: lower quartile-upper quartile) in text and are

represented in box plot in figures.

Results

Electroencephalogram findings
We first recorded the 3 days of baseline sleep-wake cycle

parameters including the daily profile of slow wave sleep (SWS),

paradoxical sleep (PS), active wake (AW) and quiet wake (QW).

The sleep deprived animals passed through the following sleep-

wake cycle during 8 h of SD (AW = 97.16%62.38;

QW = 0.06%60.11; PS = 0%; SWS = 0%; and Arti-

fact = 2.76%62.27; Figure 2A) as compared to the corresponding

control phase of EEG (AW = 32.66614.86; QW = 3.8666.18;

PS = 5.0666.86; SWS = 53.2669.33; and Artifact = 5.1365;

Figure 2B). Sleep-deprived animals showed 0% of sleep (SWS+PS)

during 8 h of total SD as compared with 58% of sleep (SWS+PS)

during the control phase. These data proved the robustness of our

total SD procedure.

Experiment 1
We first tested the impact of 8 h total SD on spatial learning

and memory retrieval after one day of training in a circular

platform task. Mouse lemurs (n = 11) were subjected to three

conditions: i) the animals of ‘‘ctl’’ (control) group were trained on

day 1 and tested on day 2 without any SD, ii) the ‘‘SD-training’’

Figure 2. Hypnograms recorded during A) 8 h of SD period and B) corresponding 8 h of control period by electroencephalography.
Ar = artifact, QW = quiet wake, AW = active wake, PS = paradoxical sleep, SWS = slow wave sleep.
doi:10.1371/journal.pone.0064493.g002
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group animals were sleep deprived for 8 h just before training on

day 1 and tested on day 2 and iii) the ‘‘SD-retrieval’’ group

animals were trained on day 1 and sleep deprived for 8 h just

before testing on day 2.

In the day 1 trials (training day), no differences were found

among conditions in the number of errors, in the number of

repetitions, in the rank of the zone (the zone corresponded to the

target and the two adjacent compartments) and in the latency to

reach the target (x2 = 2.48; 0.31; 0.35; 3.67 respectively; p.0.2).

The number of errors during day 2 trials (testing day) was

significantly higher than during day 1 trials in the ‘‘SD-retrieval’’

group (median: 2, IQ: 1–5.5 for day 1; median: 3.5, IQ: 2.5–7.8

for day 2; V = 10; p = 0.045; Figure 3A). No significant differences

were observed for the rank of the zone between day 1 and day 2

(V = 20.5; p = 0.28; Figure 3B), indicating that the impairment in

the number of errors before reaching the target was selective to a

spatial memory deficit. Moreover, the pre-retrieval sleep-deprived

animals (‘‘SD-retrieval’’ group) took more time to reach the target

after the SD (median: 266 s, IQ: 204.3–388 s for day 1; median:

548.5 s, IQ: 388.5–600 s for day 2; V = 10; p = 0.042; Figure 3C).

These animals showed a tendency to increase the number of

repetitions between day 1 (median: 0, IQ: 0–0.8) and day 2

(median: 0.5, IQ: 0–2.3; V = 2.5; p = 0.06). Altogether, these

results indicated that 8 h SD impaired spatial memory retrieval

after one day of training.

In contrast to the ‘‘SD-retrieval’’ group, control animals (‘‘ctl’’

group) and pre-training sleep-deprived animals (‘‘SD-training’’

group) did not show any differences between day 1 and day 2 trials

with respect to the number of errors, the number of repetitions, the

rank of the zone and the latency (p.0.2; Figure 3A–C). These

results indicated that SD had no effect on spatial learning.

Experiment 2
In this experiment, we investigated the impact of 8 h total SD

on spatial memory retrieval after an increased amount of days of

training and of trials during 3 consecutive days. Mouse lemurs

were subjected to two conditions: i) ‘‘ctl’’ animals (n = 10) were

trained on day 1, day 2, day 3 and tested on day 4 without any SD,

ii) ‘‘SD-retrieval’’ group animals (n = 10) were trained on day 1,

day 2, day 3 and sleep deprived for 8 h just before testing on day

4.

In the day 3 trials, no significant differences were found between

the two groups in the number of errors, in the number of

repetitions, in the rank of the zone and in the latency to reach the

target (W = 39.5; 35.5; 51; 55 respectively; p.0.2).

The number of errors, the number of repetitions, the rank of the

target and the latency did not differ between the day 3 and day 4

trials in the ‘‘SD-retrieval’’ (V = 17.5; 19; 19; 12 respectively;

p.0.2) and in the ‘‘ctl’’ group (V = 28; 15; 35.5; 28 respectively;

p.0.2; Figure 4 A–C). These results indicated that the sleep

deprivation had no effect on spatial memory retrieval after three

days of training.

Figure 3. Effects of sleep deprivation on spatial learning and memory after 1 day of training A) Number of errors, B) Rank of the
target zone and C) Latency (sec). Performances during training (day 1) and testing (day 2) in ‘‘ctl’’, ‘‘SD-retrieval’’ and ‘‘SD-training’’ groups of the
experiment 1. Significant differences for the comparison of day 1 and day 2 (Wilcoxon signed rank test) are indicated as * (p,0.05).
doi:10.1371/journal.pone.0064493.g003
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Discussion

In this study, we showed that 8 h of total SD impaired the

retrieval, but not the learning, of a one-day spatial memory task in

mouse lemurs. Furthermore, retrieval memory was sensitive to the

total SD after one day but not after three days of training. These

findings suggest that the total SD acts differentially as a function of

the memory processes (i.e. training vs. retrieval) as well as of the

amount of trials and of the level of training. The successful

development of neuropathological features of AD on rodent and

invertebrate models by genetic manipulation or other means could

not able to obviate the difficulties of modeling the disease

manifestations that are uniquely seen in human. Moreover,

behavioral paradigm cannot be convincingly ascertained in animal

models and the issue becomes more complex when the animal is to

be used for therapeutics. Although transgenic mouse models of AD

show a number of neuropathological features of AD but their

translational efficacy of drug testing is not satisfactory, whereas,

old-world monkeys showed better predictive capability in cogni-

tion-enhancing drug research despite the absence of AD-like

syndromes in most of the aged monkeys [50]. Merely comparable

brain physiology of non-human primate with human allows for a

greater level of face validity and predictability of therapeutic

compounds in terms of clinical potency and efficacy as compared

with lower species. Keeping these in mind, our goal was to create

some cognitive impairment by SD challenge in this primate and to

test the clinical efficacy of drugs by reversing those impairments.

In the experiment 1, pre-training SD animals demonstrated

unaffected acquisition of the spatial task as compared with the

control animals, suggesting that 8 h of total SD could not impair

the spatial learning occurring during the training phase. More-

over, we showed no retention deficits at 24 h delay as a

consequence of the pre-training SD. These results are in

agreement with previous evidence in rats showing that 24 h of

sleep disturbance (i.e. interruption) prior to a water maze training

had no effect on the learning or later retention of the spatial

location [40], [41]. Similarly, Leenaars et al. [51] have reported no

effect of 12 h SD on spatial reversal learning using a skinner box.

However, the impact of SD depends very much on the type of task

used. Indeed, several studies showed that SD given prior to

training impaired conditioned aversion [35], inhibitory avoidance

learning [13], [16], [36], [37], [52] and contextual fear

conditioning [38]. All these tests are aversively-motivated and

are strongly influenced by anxiety and motivation [13], [52], [53].

For instance, Alvarenga et al. show that pre-training SD rats

expressed anxiolytic- and mania-like behavior, which can explain

the negative effect of SD on learning [13]. This suggests that the

apparent discrepancies noted above might be due to interference

by stress-related SD.

In the present study, the detrimental effects of the pre-testing

SD in the spatial memory retrieval (after one day of training) are in

line with previous rodent studies showing memory impairment

induced by pre-testing SD in avoidance tasks [13], [20], [23].

However, these studies argued that this impairment induced by

the SD was due to state-dependent learning, which postulates that

Figure 4. Effects of sleep deprivation on spatial learning and memory after 3 days of training (A) Number of errors, (B) Rank of the
target zone and (C) Latency (sec). Performances during last training (day 3) and testing (day 4) in ‘‘ctl’’ and ‘‘SD-retrieval’’ groups of the
experiment 2.
doi:10.1371/journal.pone.0064493.g004
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animals need to be in the same physical/mental state (here under

the ‘‘SD’’ state) during the learning and the retrieval phase. The

present findings do not fit the hypothesis of state-dependency, at

least in mouse lemurs: we did not find learning and retrieval

deficits when SD was applied before the training (experiment 1) or

before the testing after 3 days of training (experiment 2). Very few

studies have investigated the effect of pre-retrieval SD on memory.

Our findings highlight that a delayed SD (15 h after the training)

can affect spatial memory retrieval. While this finding did not

precisely define the time-window(s) after training during which the

SD can impair the retrieval, our results could be explained by the

consolidation hypothesis. This hypothesis postulates that neuronal

circuits and activity pattern that are involved during the training

undergo a post-processing during which the traces are reactivated,

analyzed and gradually incorporated in to the brain’s long-term

event memory [54]–[58]. On the other hand, here we report that

the impairment of memory retrieval induced by pre-testing SD

depends on the training protocol: pre-testing SD impaired

retrieval memory after one day of training (experiment 1), but

not after three days (experiment 2) of training. This finding could

be explained by the fact that the longer the period of training, the

stronger the formation of the memory traces [59], [60].

Questions have been raised concerning the methodological

issues of SD where stress is an inevitable confounding cofactor.

Previous SD studies have adopted radically diverse methods

ranging from flower pot to treadmill or mild stimulation to gentle

handling for shorter period protocols. These different methodo-

logical interventions produce a different level of physical stress,

motivation, locomotor activities and other variables. In this

context, one would argue that SD might affect relevant behavioral

parameters (number of errors and the latency in our circular

platform task) by its effect on anxiety, motivation or motor activity.

However, the present SD procedure is less stressful than that

typically used with rodents (i.e. single/multiple platform or

treadmill or novel object introduction). In the present study, we

used the following procedure to minimize the level of stress during

the experiments: i) mouse lemurs were sleep-deprived in their

home cage, ii) the presence of the experimenter was an effective

stimulant for the vigilance of these primates and iii) only a minimal

stimulation was applied, especially at the final hours of the

procedure. Finally, behavioral performances in the circular

platform were not affected in all sleep-deprived animals, since

the pre-training sleep-deprived animals of the experiment 1 and

the pre-testing sleep-deprived animals of the experiment 2 showed

a similar amount of errors and latency as compared with the

control animals. All these arguments do not support a major

impact of stress/anxiety in our experiment.

The present findings suggest that the pre-testing total SD

selectively impaired the retrieval of spatial memory task. This

effect seems to be dependent on the amount of days/trials of the

training prior to the total SD. These findings extend previous

evidence on the total SD effects on learning and memory and

unveil, for the first time that sleep is involved in memory retrieval

of a spatial task in a non-human primate. As mentioned above, the

ultimate goal of the present study was to test a challenging

procedure able to induce a reversible impairment of the memory

function in a non-human primate. We are aware that the complex

cognitive abilities impaired in AD patients are quite challenging to

be mimicked in animal models. Nevertheless, all the available

treatments of AD were preliminarily tested in rodents. Non-

human primates have been used for decades for the development

of cognition-enhancing pharmacological agents but it is only

recently that a much greater appreciation of this translational

applicability has emerged [50]. The present findings further

motivate the use of mouse lemur as a promising animal model for

the study of human aging and therapeutic programs [44].
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Agatha Liévin-Bazin, Julia Marchal, Pauline Vuarin, and Thomas Le

Tallec for their kind assistance during the SD procedure.

Author Contributions

Conceived and designed the experiments: AR SL ES FP FA. Performed

the experiments: AR. Analyzed the data: SL AR TJ. Contributed reagents/

materials/analysis tools: FA. Wrote the paper: AR SL. Critical review: YL

CB FP FA. Improvement of manuscript: ES MP RB OB AA JR.

References

1. Poirrier JE, Guillonneau F, Renaut J, Sergeant K, Luxen A, et al. (2008)

Proteomic changes in rat hippocampus and adrenals following short-term sleep

deprivation. Proteome Sci 6: 14.

2. Everson CA (1993) Sustained sleep deprivation impairs host defense. Am J Physiol

265: 148–154.

3. Berger R, Phillips N (1995) Energy conservation and sleep. Behav Brain Res 69:

65–73.

4. Adam K, Oswald I (1977) Sleep is for tissue restoration. J R Coll Physicians

Lond 2: 376–388.

5. Dang-Vu TT, Desseilles M, Peigneux P, Maquet P (2006) A role of sleep in brain

plasticity. Pediatr Rehabil 9: 98–118.

6. Van der Werf YD, Altena E, Schoonheim MM, Sanz-Arigita EJ, Vis JC, et al.

(2009) Sleep benefits subsequent hippocampal functioning. Nat Neurosci 12:

122–123.

7. Fishbein W, Gutwein BM (1977) Paradoxical sleep and memory storage

processes. Behav Biol 19: 425–464.

8. Kim EY, Mahmoud GS, Grover LM (2005) REM sleep deprivation inhibits

LTP in vivo in area CA1 of rat hippocampus. Neurosci Lett 388: 163–167.

9. Ferrara M, Laria G, Tempesta D, Curcio G, Moroni F et al. (2008) Sleep to find

your way: the role of sleep in the consolidation of memory for navigation in

humans. Hippocampus 18: 844–851.

10. Pearlman CA (1979) REM sleep and information processing: evidence from

animal studies. Neurosci Biobehav Rev 3: 57–68.

11. Graves LA, Heller EA, Pack AI, Abel T (2003) Sleep deprivation selectively

impairs memory consolidation for contextual fear conditioning. Learn Mem 10:

168–176.

12. Porkka-Heiskanen T, Tuomisto L, Ylinen M, Stenberg D (1994) The effect of

REM sleep deprivation on histamine concentrations in different brain areas. Life

Sci 54: 1719–1726.

13. Alvarenga TA, Patti CL, Andersen ML, Silva RH, Calzavara MB et al. (2008)

Paradoxical sleep deprivation impairs acquisition, consolidation, and retrieval of

a discriminative avoidance task in rats. Neurobiol Learn Mem 90: 624–632.

14. Leconte P, Hennevin E, Bloch V (1974) Duration of paradoxical sleep necessary

for the acquisition of conditioned avoidance in the rat. Physiol Behav 13: 675–

681.

15. Dametto M, Suchecki D, Bueno OF, Moreira KM, Tufik S et al. (2002) Social

stress does not interact with paradoxical sleep deprivation-induced memory

impairment. Behav Brain Res 129: 171–178.

16. Bueno OF, Lobo LL, Oliveira MG, Gugliano EB, Pomarico AC et al. (1994)

Dissociated paradoxical sleep deprivation effects on inhibitory avoidance and

conditioned fear. Physiol Behav 56: 775–779.

17. Youngblood BD, Zhou J, Smagin GN, Ryan DH, Harris RB (1997) Sleep

deprivation by the ‘‘flower pot’’ technique and spatial reference memory. Physiol

Behav 61: 249–256.

18. Younblood BD, Smagin GN, Elkins PD, Ryan DH, Harris RB. 1999. The

effects of paradoxical sleep deprivation and valine on spatial learning and brain

5-HT metabolism. Phsiol Behav 67: 643–649.

19. Smith CT, Conway JM, Rose GM (1998) Brief paradoxical sleep deprivation

impairs reference, but not working, memory in the radial arm maze task.

Neurobiol Learn Mem 69: 211–217.

20. Patti CL, Zanin KA, Sanday L, Kameda SR, Fernandes-Santos L et al. (2010).

Effects of sleep deprivation on memory in mice: role of state-dependant learning.

Sleep 33: 1669–1679.

Sleep Deprivation on Spatial Learning and Memory

PLOS ONE | www.plosone.org 7 May 2013 | Volume 8 | Issue 5 | e64493



21. Toppila J, Alanko L, Asikainen M, Tobler I, Stenberg D et al. (1997) Sleep

deprivation increases somatostatin and growth hormone-releasing hormone
messenger RNA in the rat hypothalamus. J Sleep Res 6: 171–178.

22. Franken P, Tobler I, Borbely AA (1993) Effects of 12-h sleep deprivation and 12-

h cold exposure on sleep regulation and cortical temperature in the rat. Physiol
Behav 54: 885–894.

23. Fernandes-Santos L, Patti CL, Zanin KA, Fernandes HA, Tufik S et al. (2012)
Sleep deprivation impairs emotional memory retrieval in mice: Influence of sex.

Prog Neuropsychopharmacol Biol Psychiatry 38: 216–222.

24. Siegel JM (2001) The REM sleep-memory consolidation hypothesis. Science
294: 1058–1063.

25. Hennevin E, Hars B, Maho C, Bloch B (1995) Processing of learned information
in paradoxical sleep: relevance for memory. Behav Brain Res 69: 125–135.

26. Walker MP, Stickgold R (2004) Sleep-dependant learning and memory
consolidation. Neuron 44: 121–133.

27. Plihal W, Born J (1999) Effects of early and late nocturnal sleep on priming and

spatial memory. Psychophysiology 36: 571–582.
28. Stickgold P, James LT, Hobson JA (2000) Visual discrimination learning

requires sleep after training. Nat Neurosci 3: 1237–1238.
29. Smith C, Rose GM (1997) Posttraining paradoxical sleep in rats increased after

spatial learning in the Morris water maze. Behav Neurosci 111: 1197–1204.

30. Rauchs G, Orban P, Schmidt C, Albouy G, Balteau E et al. (2008) Sleep
modulates the neural substrates of both spatial and contextual memory

consolidation. PLoS One 3:e2949
31. Smith C, Rose GM (1996) Evidence for a paradoxical sleep window for place

learning in the Morris water maze. Physiol Behav 59: 93–97.
32. Palchykova S, Winsky-Sommerer R, Meerlo P, Durr R, Tobler I (2006) Sleep

deprivation impairs object recognition in mice. Neurobiol Learn Mem 85: 263–

271.
33. Bjorness TE, Riley BT, Tysor MK, Poe GR (2005) REM restriction persistently

alters strategy used to solve a spatial task. Learn Mem 12: 352–359.
34. Yoo SS, Hu PT, Gujar N, Jolesz FA, Walker MP (2007) A deficit in the ability to

form new human memories without sleep. Nat Neurosci 10: 385–392.

35. Danguir J, Nicolaidis S (1976) Impairments of learned aversion acquisition
following paradoxical sleep deprivation in the rat. Physiol Behav 17: 489–492.

36. Peron JE, Fontes JC, Sabbatini RM (1985) Effects of previous REM sleep
deprivation on the acquisition of different topographies of discriminated

avoidance in the rat. Braz J Med Biol Res 18: 381–389.
37. Silva RH, Chehin AB, Kameda SR, Takatsu-Coleman AL, Abı́lio VC (2004)

Effects of pre- or post-training paradoxical sleep deprivation on two animal

models of learning and memory in mice. Neurobiol Learn Mem 82: 90–98.
38. Ruskin DN, Liu C, Dunn KE, Bazan NG, LaHoste GJ (2004) Sleep deprivation

impairs hippocampus-dependant contextual learning but not amygdala-
mediated cued learning in rats. Eur J Neurosci 19: 3121–3124.

39. Ruskin DN, Dunn KE, Billiot I, Bazan NG, LaHoste GJ (2006) Eliminating the

adrenal stress response does not affect sleep deprivation-induced acquisition
deficits in the water maze. Life Sci 78: 2833–1838.

40. Ward CP, McCarley RW, Strecker RE (2009) Experimental sleep fragmentation
impairs spatial reference but not working memory in Fischer/Brown Norway

rats. J Sleep Res 18: 238–244.
41. Ward CP, McCoy JG, McKenna JT, Connolly NP, McCarley RW et al. (2009)

Spatial learning and memory deficits following exposure to 24 h of sleep

fragmentation or intermittent hypoxia in a rat model of obstructive sleep apnea.

Brain Res 1294: 128–137.

42. Bateman RJ, Xiong C, Benzinger TL, Fagan AM, Goate A et al. (2012) Clinical

and biomarker changes in dominantly inherited Alzheimer’s disease.

N Engl J Med 367: 795–804.

43. Rothman SM, Mattson MP (2012) Sleep disturbances in Alzheimer’s and

Parkinson’s diseases. Neuromolecular Med 14:194–204.

44. Languille S, Blanc S, Blin O, Canale CI, Dal-Pan A et al. (2012) The grey mouse

lemur: a non-human primate model for ageing studies. Ageing Res Rev 11: 150–

162.

45. Laurijssens B, Aujard F, Rahman A (2012) Animal models of Alzheimer’s disease

and drug development. Drug Discov Today: Technol, http://dx.doi.org/10.

1016/j.ddtec.2012.04.001

46. Pifferi F, Rahman A, Languille S, Auffret A, Babiloni C et al. (2012) Effects of

dietary resveratrol on the sleep-wake cycle in the non-human primate gray

mouse lemur (Microcebus murinus). Chronobiol Int 29: 261–270.

47. Picq JL, Aujard F, Volk A, Dhenain M (2012) Age-related cerebral atrophy in

nonhuman primates predicts cognitive impairments. Neurobiol Aging 33: 1096–

1109.

48. Weatherall FRS D. 2006. The use of non-human primates in research, The

Weatherall report.
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