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The effects of sleep deprivation produced using a carousel method on the consolidation of spatial memo-
ry were studied in rats (male Wistar rats) after one-day training using the Frick et al. protocol (2000) in a
Morris water maze. Data were obtained providing evidence that the memory trace after rapid 3-h training
was retained for one day. Sleep deprivation for 24 h after training prevented reinforcement (consolidation)
of spatial memory. The results led to the conclusion that a model based on one-day training can be used
to study the neurophysiological and neurochemical mechanisms of the effects of sleep deprivation on con-

solidation of spatial memory.
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There is a strongly held opinion that one of the most
important functions of sleep is its involvement in the for-
mation of memories [8, 20, 21]. In the state of waking,
learning occurs by means of encoding information followed
by its consolidation [3, 8]. The term consolidation refers to
the processes transforming new, labile memory traces into
stable long-term memories. Sleep is believed to promote
this process. Reports on the involvement of sleep in memo-
ry consolidation have a long history [11] and remain under
active development [2, 8, 14, 20, 22, 26]. However, how the
duration of sleep is related to its influences on memory
remains unknown. Sleep consisting of eight hours overnight
and short periods (1-2 h) has been shown to have positive
influences [7, 17, 25], as has even transient (6—7 min) day-
time sleep [12]; longer-lasting sleep appears to have a more
marked effect on memory [8, 22]. As regards the time inter-
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val between training and sleep, data have been reported
showing that shorter intervals increase the influence of
sleep on the process of memory consolidation. For example,
sleep 3 h after training was more effective for declarative
memory than sleep at 10 h [10, 23]. However, the question
of the nature of the effects of different phases of sleep
(slow-wave and paradoxical sleep) on different types of
memory (declarative and procedural) remains controversial
[7, 13,17, 25].

The standard test for studies of learning and memory
processes in animals is the Morris water test [15]. This test
allows use of types of learning with different levels of
involvement of the hippocampus. Spatial hippocampus-
dependent memory in animals is comparable with declara-
tive memory in humans, while memory not dependent on
the hippocampus is comparable with procedural memory. In
the Morris water test, the animal learns to avoid forced
swimming by finding a platform, which can be hidden
beneath the surface or visible above the surface, placed in
one of the four quadrants (termed the “target”). When the
platform is under water, learning is associated with remem-
bering spatial relationships in the surrounding environment,
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which actively involves the hippocampus; when the plat-
form is above the water, memory for spatial relationships is
not required [18]. Use of automation systems with the water
test (for example, the Noldus system) yields accurate quan-
titative assessments of the dynamics of the formation of
spatial skills and allows the animal’s behavioral strategy
during the experiment and minor differences in behavior to
be detected [1, 5].

The classical type of learning in the Morris water test is
based on training animals over a period of several days with
testing for reproduction of memory one day after the last
training procedure. According to current concepts, memory
consolidation takes several hours [8, 22]. Fixation of a mem-
ory trace on training with a multi-day scheme is quite com-
plex in nature, because of secondary processes: extraction of
the trace from memory, consolidation, reconsolidation, etc.
[22]. The use of one-day types of training [9, 24, 27], which
allow sleep deprivation immediately after training of the ani-
mals to be introduced, with testing of the result at 24 h, sig-
nificantly simplifies analysis and interpretation of the effects
of sleep deprivation on memory consolidation.

A model of rapid, one-day training in the Morris test
using the Frick et al. protocol [9] was used by Tartar et al. [24]
to study the mechanisms of the effects of sleep fragmenta-
tion on spatial learning. Sleep fragmentation is a symptom
of many clinical disorders (restless legs syndrome, depres-
sion, post-traumatic stress, narcolepsy, obstructive apnea,
etc.). In the present study, one-day sleep fragmentation was
produced by waking the animals 30 times per hour. In this
procedure, episodes of slow-wave sleep become short,
though there is virtually no change in its total duration;
on the other hand, the paradoxical phase of sleep is essen-
tially eliminated. The result of sleep fragmentation is an
increased level of drowsiness [24]. The authors have shown
that one-day sleep fragmentation used before the training
procedure leads to deterioration of hippocampus-dependent
spatial learning and disappearance of hippocampal long-
term potentiation.

Another protocol of one-day spatial training in the
Morris test [16], which takes even less time (about 2 h), was
used in the studies reported by Ward et al. [27] from the
same laboratory. The investigators were able to show that
one-day sleep fragmentation before training did not affect
the learning process itself, though it selectively degraded
reproduction of the spatial water avoidance skill on testing
one day after training.

Results reported in [24, 27] demonstrated that the effects
of sleep disturbance (sleep fragmentation) on the consoli-
dation of hippocampus-dependent memory could be studied
using a model based on rapid one-day training in the Morris
water test. In the laboratory where these studies were per-
formed, two different rat strains were used, along with two
different types of one-day training, because of the desire to
find the optimum conditions for studying the effects of sleep
fragmentation on memory consolidation.

The rapid one-day spatial training model is of interest
for studies of the molecular-genetic mechanisms of the
influences of sleep on the process of consolidation of hip-
pocampus-dependent learning. In contrast to the studies
cited above [24, 27], we investigated the effects of sleep on
memory consolidation by sleep deprivation after the train-
ing procedure. The experimental paradigm used here com-
bined the rapid training model of Frick et al. [9] with the
stress-free sleep deprivation method (the “carousel” method),
developed by Rechtschaffen [19] in a version modified by
Lan et al. [13], which produces virtually total sleep depri-
vation. Preliminary results from this study have been pub-
lished as a conference presentation [4].

METHODS

Training was performed using the Ethovision program
(version 3.1) with an automatic track analyzer on a Noldus
apparatus (Holland) placed in location with artificial illumi-
nation (100 Lx). The round basin (diameter 150 cm, height
60 cm) was surrounded by various objects to allow spatial
orientation and filled with warm water (t = 24 + 1°C).

Sleep deprivation was produced using an apparatus
with a rotating disk over water (a so-called “carousel”) [19]
as modified by Lan et al. [13]. This sleep deprivation
method, without feedback, was tested in [6], where poly-
somnographic studies demonstrated the absence of the
paradoxical phase of sleep and the almost complete disap-
pearance of the slow-wave stage of sleep. Before training,
rats were handled for five days and were adapted to the
carousel (the disk was rotated in different directions in ran-
dom order for periods of 5 min separated by 5-min pauses
for a period of 60 min, completing half a rotation in 1 min
[24]. The location containing the carousel had a 12:12 h
light regime (electric illumination was switched on and off
at 08:00 and 20:00, respectively), which corresponded to
the light regime of the animal house. The moment at which
the light was switched on was taken as the beginning of the
new day, during which rats normally sleep, while the time
of switching off was taken as the beginning of the night,
when they wake. Air temperature at this location was kept
within the range 21-24°C; access to water and food was
unrestricted. Training was performed after daytime sleep,
from 17:00 to 20:00, and testing for retention of memory
traces was performed at the same time one day later.

Experiments were performed using 20 adult Wistar
rats (male). The rats were presented with 12 trials (four in
each of three series separated by 30-min intervals) consist-
ing of attempts to find the platform (diameter 12 cm), which
was positioned at the center of the “target” quadrant and
was hidden beneath the water (at a depth of 2 cm). During
the intervals between trials and series, rats were kept in their
transfer boxes. Rats were launched into the basin from each
quadrant in random order. If the rat failed to find the plat-
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form in 2 min, the experimenter pushed it to touch the plat-
form; the rat remained on the platform for 15 sec. After trai-
ning, rats were immediately placed on the carousel. Nine of
the 20 animals were subjected to sleep deprivation by rotat-
ing the disk for 30-sec with a 15-sec pause for 24 h. In the
control group, consisting of 11 animals, the disk remained
stationary. One day after training, animals were tested for
reproduction of spatial learning: the rat was placed in the
quadrant located diagonally opposite the target quadrant,
but now without the platform, and was given the opportuni-
ty to swim (to find the platform) for 1 min.

The rats’ behavior was analyzed using video recordings
of their movement trajectories. Relative changes in the val-
ues of the following parameters were evaluated: 1) the dura-
tion of swimming before finding the platform; 2) the length
of the path to this point; and 3) the ratio of the time spent by
the rat in the target quadrant to the times spent in the other
three quadrants. The mean swimming durations and path
lengths for all 20 animals were calculated separately for
each of the three series of trials. Training outcomes were
evaluated using the data obtained in the test trials 24 h after
training separately for deprived and non-deprived rats.
The learning criterion was the ratio of the time spent by the
rat in the target quadrant to the time spent in the other
three quadrants.

Data were analyzed statistically on Statistica 6.0. Dif-
ferences were regarded as statistically significant at p < 0.05.
The presence of the memory trace was determined by com-
paring the mean time spent in the four quadrants one day
after training by unifactorial analysis of variance (ANOVA)
with repeat measures. The post hoc test for differences in
mean values was the Newman—Keuls test. Mean times spent
in the fourth quadrant in deprived and non-deprived rats
were compared using Student’s ¢ test. Relative times spent
in the fourth quadrant in the control group of rats were
determined using the rank test (Mann—Whitney test).

RESULTS

Analysis of the overall data obtained with one-day
training revealed changes in all the behavioral measures
analyzed: 1) swimming duration; 2) path length before find-
ing the platform; and 3) relative time spent by the rats in the
target quadrant to that spent in the other three.

Individual changes in behavioral characteristics were
quite variable. Figure 1, A shows examples of the paths
taken by one of the rats launched into the water in the sec-
ond quadrant during presentation of the first (a), second (b),
and third (c) series of trials and test trials (d) presented one
day after training. The paths taken by this rat on presenta-
tion of trials in the third (Fig. 1, A, ¢) series were signifi-
cantly shorter than those on presentation of trials in the first
(a) and second (b) series. In this case, the platform was
found quickly in the target (fourth) quadrant in the first
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series of trials, possibly due to random encounter with the
platform, as the path taken by the rat during the second
series was more than twice as long as the previous path.
However, in the third series, the path was significantly
shorter than in the two previous series. Path lengths in
the 2nd, 5th, and 12th trials were 633.71, 1497.81, and
123.64 cm, respectively. In the trial for testing retention of
the memory trace, performed one day after training, the
path segment taken to the target quadrant was longer than
the segments to the other three quadrants (Fig. 1, A, d). The
relative time spent by the rats in the target quadrant was
33.24%, while the times spent in the first, second, and third
quadrants were 24.53%, 24.40%, and 17.83%, respectively.
Figure 1, B shows an example of the paths taken by anoth-
er rat seeking the platform in the water, again launched in
the second quadrant. On training, the path taken by this rat
gradually shortened as trials were presented (B, a, b, c).
Path length on presentation of the second (B, a), seventh
(B, b), and ninth (B, c) trials in the three series were
1989.94, 289.15, and 297.71 cm, respectively. In the trial
testing retention of the memory (B, d), in this case present-
ed after one-day sleep deprivation, the longest path segment
was not to the target quadrant, but to the third quadrant.
The relative time spent by the rat in the target quadrant was
22.33%, while the times in the other three quadrants (first,
second, third) were 11.10%, 14.57%, and 52.01% respec-
tively. In other words, after sleep deprivation, the time spent
by the rats in the target quadrant was not greater than the
time spent in the other three quadrants.

Figure 2 shows overall data for all rats, providing evi-
dence of changes in behavioral parameters on presentation of
12 trials organized as three series (first, second, third) each of
four trials. Results for all parameters here and henceforth are
given as mean =+ standard error of the mean. Figure 2 shows
first a gradual reduction in the duration of swimming by the
rats (Fig. 2, A) and secondly, a shortening of the path fol-
lowed by the rats to find the platform (Fig. 2, B). The mean
durations of swimming were 58.95 + 5.18, 33.95 + 4.23,
and 25.59 + 3.83 sec in the first, second, and third series of
trials respectively. The mean paths followed by the rats to
find the platform were 1177.03 = 101.99, 660.60 + 79.74,

Fig. 1. Changes in the nature of paths taken by rats during training and one
day after presentation of trials. A) The path taken by a rat (No. 29) on
launching into the water in quadrant 2 in the second, fifth, and twelfth tri-
als, respectively, in the first (@), second (b), and third (c) series of trial pre-
sentations and one day after training in the memory test (d). B) Path taken
by a rat (No. 12) on launching into the water in quadrant 2 in the second,
seventh, and ninth trials, respectively, in the first (a), second (b), and third (c¢)
series of trial presentations and after one-day sleep deprivation (d). The large
circle shows the circumference of the basin whose surface was divided by
the vertical and horizontal lines into four quadrants designated /—4. Black
rectangles show the points at which the rats were launched into the water;
circles show the locations of the platform hidden beneath the water (a, b, ¢)
and previous platform location (d).
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Fig. 2. Dynamics of behavioral measures after one-day training. A) Decrease in the duration of swimming by rats during
presentation of 12 trials organized into three series (four trials in each series). The vertical axis shows the mean (all rats)
duration (sec) of swimming; the horizontal axis shows the first, second, and third series. Vertical lines through points
show standard errors of the mean. B) Decrease in the path taken by rats during presentation of trials in three sequential
series. The vertical axis shows the mean (for all rats) path (cm). For further details see caption to A.

and 464.79 = 65.13 cm in the first, second, and third series
of trials, respectively.

Analysis of changes in the relative time spent in the
target (fourth) quadrant during the second and third series
of trial presentations as compared with values in the first
series, for each rat separately, showed significant changes in
30% of cases (Wilcoxon—-Mann—Whitney test).

On presentation of test trials one day after training, the
mean swimming time of rats without sleep deprivation was
59.53 + 1.27 sec, compared with 61.89 + 1.96 sec in depri-
ved rats. The mean path length in rats of the first group was
1349.11 = 64.14 cm, compared with 1560.16 = 100.88 cm
in the second. Values for both of these parameters in non-
deprived rats were smaller than those in deprived rats,
though the differences between groups were not significant.

Analysis of variance showed that the mean relative
time spent in the target (fourth) quadrant on presentation of
memory test trials one day after training in non-deprived
rats was significantly greater than the times spent in each of

the other three quadrants (F339 = 3.16; p(F) = 0.04).
Application of the Newman—Keuls test showed that the
probability of a random difference between the mean rela-
tive time spent in the target quadrant and the times spent in
each of the other quadrants was greater than p < 0.05. For
deprived rats, the difference between the mean relative
times spent in each quadrant were not statistically signifi-
cant (F3,4 = 3.24; p(F) = 0.24), i.e.,, memory traces were
statistically unidentifiable. Comparison of the mean times
spent in the fourth quadrant by deprived and non-deprived
rats revealed no significant difference (p(#) = 0.17).
However, the absence of a difference was explained by the
atypical behavior of one rat in the deprived group, which
justified application of the Mann—Whitney test, which
showed that the sum of the rankings of relative times spent
in the target quadrant (a behavioral characteristic of the
control group of animals) was significantly greater than that
in deprived rats (p(U) = 0.05). Thus, there is evidence that
firstly, there was a significant increase in the mean relative
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Fig. 3. Results of memory testing in control and deprived rats one day after one-day training. A) Greater relative time spent by
non-deprived rats in the target (fourth) quadrant over times spent in the other quadrants one day after training. The vertical axis
shows the mean (for all rats) relative times spent by the rats in the four quadrants; the horizontal axis shows quadrant No.
The vertical lines on columns show standard errors of the mean. B) Absence of predominance of relative time spent by deprived
rats in the fourth quadrant one day after one-day training. For further details see caption to A.

time spent in the target quadrant one day after one-day
training in non-deprived rats. This change in deprived rats
could be due to random causes. Secondly, use of the
Mann— Whitney test indicated that the typical time spent in
the target quadrant in the non-deprived group of rats was
significantly greater than that in deprived rats.

The data presented in Fig. 3 show that in the test trial
presented one day after training, the relative time spent by
rats of the control group in the target (fourth) quadrant was
greater than the times spent in the other quadrants (Fig. 3, A).

This difference was not seen in deprived rats (Fig. 3, B) in
the test trial presented after one-day deprivation. The mean
time spent by non-deprived rats in the target quadrant was
31.32 + 1.82 sec, while the mean times spent in the others
(first, second, and third) quadrants were 22.80 + 2.10,
25.10 £ 1.82, and 21.60 + 2.63 sec, respectively. In deprived
rats, the mean time spent in the target quadrant was 22.61 +
+ 1.46 sec and the times spent in the other quadrants (first,
second, and third) were 19.40 + 2.13, 28.17 + 2.60, and
26.37 + 2.27 sec, respectively.
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DISCUSSION

These data show that 24-h sleep deprivation immedi-
ately after one-day training induced impairment to the repro-
duction of spatial learning. This result indicates that sleep
deprivation affects consolidation of spatial memory.

Comparison of our results with previous studies [24, 27]
supported the negative influences of impairment of sleep
processes on consolidation of spatial memory in the one-day
form of spatial training in the Morris water test. The one-
day training protocols in our study and in that of Tartar et al.
[24] were identical, while another study from the same lab-
oratory [27] used faster training, taking about 2 h [16].

There are two significant differences between our exper-
iments and the experimental procedures used in [24, 27].
Firstly, we produced almost complete sleep deprivation,
while these studies used sleep fragmentation in which the
paradoxical phase of sleep almost disappeared, though the
total duration of slow-wave sleep was almost unaltered,
leading to an increased level of drowsiness. Secondly, spatial
training in our studies was performed on the background of
a normal sleep-waking cycle with subsequent sleep depriva-
tion, while in the experiments reported in [24, 27], this cycle
was degraded by 24-h sleep fragmentation. Considering the
data reported by Ward et al. [27], it can be concluded that
sleep impairment for one day had adverse influences on
consolidation of spatial memory in both cases — when used
before as well as after training.

The large spread in values for individual learning mea-
sures may be due to the decreased spatial learning ability of
the Wistar rats used here using the one-day training proce-
dure [9]. Different levels of spatial learning ability in the
Morris water test with one-day training have been demon-
strated in rats and mice [9], and in rats of different strains
[24, 27]. While the sleep fragmentation used by Tartar et al.
[24] influenced spatial learning in Sprague—Dawley rats, it
had no effect on either spatial or visuomotor learning in
Fischer/Brown Norway F1 rats, which have better learning
ability [27]. In this latter study, sleep fragmentation had an
adverse effect on memory consolidation after spatial train-
ing [27].

CONCLUSIONS

Thus, the data obtained here show that our experimen-
tal model can be used for studies of the mechanisms of the
effects of sleep on spatial learning and memory. However,
given the wide spread in values for individual learning
parameters and the effectiveness of the influences of sleep
deprivation, our further studies on the effects of sleep on
memory consolidation will be performed on rats with better
spatial learning ability than Wistar rats.

This study was supported by the Russian Foundation
for Basic Research (Grant No. 09-04-01633a) and the
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Russian Academy of Sciences.

REFERENCES

1. Z. A. Zorina and L. 1. Poletaeva, Elementary Thinking in Animals
[in Russian], Aspekt Press, Moscow (2002).

2. V.M. Kovalzon, “Learning and sleep,” Priroda, No. 7, 3—11 (2009).

3. R. G. Kozhedub, Membrane and Synaptic Modifications in the
Formation of the Fundamental Principles of Operation of the Brain
[in Russian], Editorial URSS, Moscow (2001).

4. R. G. Kozhedub, G. N. Arseniev, S. N. Kozhechkin, Yu. V. Ukrain-
tseva, V. G. Marchenko, V. M. Kovalzon, and V. B. Dorokhov,
“Effects of one-day sleep deprivation on spatial memory in rats after
one-day training in a Morris water basin,” in: Proc. 5th All-Russ.
School-Conf. Sleep — a Window into the World of Waking, Moscow
(2009), pp. 121-122.

5. M. G. Pleskacheva, Z. A. Zorina, D. L. Nikolenko, D. P. Volfer,
Z. A. Kostyna, and Kh. P. Lipp, “Behavior of Krushinskii-Molod-
kina rats, bred for increased convulsive readiness, in the Morris
water test,” Zh. Vyssh. Nerv. Deyat., 52, No. 3, 356-365 (2002).

6. E. M. Rutskova and M. L. Pigareva, “Assessment of the effectiveness
of the ‘disk over water’ method without feedback for sleep deprivation
in pregnant and non-pregnant rats,” Zh. Vyssh. Nerv. Deyat., 59, No. 2,
245-251 (2009).

7. T. R. Barrett and B. R. Ekstrand, “Effect of sleep on memory.
Controlling for time-of-day effects,” J. Exp. Psychol., 93, No. 3,
321-327 (1972).

8. S.Diekelmann and J. Born, “The memory function of sleep,” Nat. Rev.
Neurosci., 11, 114-126 (2010).

9. K. M. Frick, E. T. Stillner, and J. Berger-Sweeney, “Mice are not lit-
tle rats: species differences in a one-day water maze task,” Learn.
Mem., 11, No. 16, 3461-3465 (2000).

10.  G. Gais, B. Lucas, and J. Born, “Sleep after learning aids memory
recall,” Learn. Mem., 13, 259-262 (2006).

11.  J. G. Jenkins and K. M. Dallenbach, “Obliviscence during sleep and
waking,” Am. J. Psychol., 35, 605-612 (1924).

12.  O. Lahl, C. Wispel, B. Willigens, and R. Pietrowsky, “An ultra short
episode of sleep is sufficient to promote declarative memory perfor-
mance,” J. Sleep Res., 17, 3—-10 (2008).

13.  Ch.-T. Lan, J.-Ch. Hsu, and E.-A. Ling, “Influence of sleep depriva-
tion coupled with administration of melatonin on the ultrastructure
of rat pineal gland,” Brain Res., 910, 1-11 (2001).

14.  P.Magquet, “The role of sleep in learning and memory,” Science, 294,
1048-1052 (2001).

15.  R. G. M. Morris, “Development of a water-maze procedure for study-
ing spatial learning in the rat,” J. Neurosci. Meth., 11, 47-60 (1984).

16. M. G. Packard and L. A. Teather, “Double dissociation of hip-
pocampal and dorsal-striatal memory systems by posttraining intrac-
erebral injections of 2-amino-5-phosphonopentanoic acid,” Behav.
Neurosci., 111, 543-551 (1997).

17.  W. Plihal and J. Born, “Effects of early and late nocturnal sleep on
declarative and procedural memory,” J. Cogn. Neurosci., 9, 534-547
(1997).

18.  G. Rauchs, B. Desgranges, J. Foret, and F. Eustache, “The relation-
ships between memory systems and sleep stages,” J. Sleep Res., 14,
123-140 (2005).

19.  A. Rechtschaffen and B. M. Bergman, “Sleep deprivation in the rat
by the disk-over-water method,” Behav. Brain Res., 69, 55-63 (1995).

20. J. M. Siegel, “Sleep viewed as a state of adaptive inactivity,” Nat.
Rev. Neurosci., 10,747-753 (2009).

21.  C. Smith, “Sleep states, memory processes and synaptic plasticity,”
Behav. Brain Res., 78, 49-54 (1996).



Effects of Sleep Deprivation on Consolidation of Spatial Memory in Rats

22.

23.

24.

25.

R. Stickgold, “Sleep-dependent memory consolidation,” Nature,
437, 1272-1278 (2005).

L. M. Talamini, I. L. Nieuwenhuis, A. Takashima, and O. Jensen,
“Sleep directly following learning benefits consolidation of spatial
associative memory,” Learn. Mem., 15, 233-237 (2008).

J. L. Tartar, C. P. Ward, J. T. McKenna, M. Thakkar, E. Arrigoni,
R. W. McCarley, R. E. Brown, and R. E. Strecker, “Hippocampal
synaptic plasticity and spatial learning are impaired in a rat model of
sleep fragmentation,” Eur. J. Neurosci., 23, 27392748 (2006).

M. A. Tucker, Y. Hirota, E. J. Wamsley, H. Lau, A. Chaklader, and
W. Fishbein, “A daytime nap containing solely non-REM sleep

26.

27.

1039

enhances declarative but not procedural memory,” Neurobiol. Learn.
Mem., 86, 241-247 (2006).

V. V. Vyazovskiy, Ch. Cirelli, M. Pfister-Genskow, U. Faraguna, and
G. Tononi, “Molecular and electrophysiological evidence for net
synaptic potentiation in wake and depression in sleep,” Nat. Neurosci.,
11, No. 2, 200-208 (2008).

Ch. P. Ward, R. W. McCarley, and R. E. Strecker, “Experimental
sleep fragmentation impairs spatial reference but not working mem-
ory in Fischer/Brown Norway rats,” J. Sleep Res., 18, No. 2, 238-244
(2009).



	ABSTRACT
	METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES

