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Abstract—Sleep loss strongly affects brain function and may
even predispose susceptible individuals to psychiatric disor-
ders. Since a recurrent lack of sleep frequently occurs during
adolescence, it has been implicated in the rise in depression
incidence during this particular period of life. One mecha-
nism through which sleep loss may contribute to depressive
symptomatology is by affecting hippocampal function. In this
study, we examined the effects of sleep loss on hippocampal
integrity at young age by subjecting adolescent male rats to
chronic sleep restriction (SR) for 1 month from postnatal day
30 to 61. They were placed in slowly rotating drums for 20 h
per day and were allowed 4 h of rest per day at the beginning
of the light phase. Anxiety was measured using an open field
and elevated plus maze test, while saccharine preference was
used as an indication of anhedonia. All tests were performed
after 1 and 4 weeks of SR. We further studied effects of SR on
hypothalamic-pituitary-adrenal (HPA) axis activity, and at the
end of the experiment, brains were collected to measure
hippocampal volume and neurogenesis. Behavior of the SR
animals was not affected, except for a transient suppression
of saccharine preference after 1 week of SR. Hippocampal
volume was significantly reduced in SR rats compared to
home cage and forced activity controls. This volume reduc-
tion was not paralleled by reduced levels of hippocampal
neurogenesis and could neither be explained by elevated
levels of glucocorticoids. Thus, our results indicate that in-
sufficient sleep may be a causal factor in the reductions of
hippocampal volume that have been reported in human sleep
disorders and mood disorders. Since changes in HPA activity
or neurogenesis are not causally implicated, sleep distur-
bance may affect hippocampal volume by other, possibly
more direct mechanisms. © 2011 IBRO. Published by Elsevier
Ltd. All rights reserved.
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Restricted sleep in our society is a problem that not only
affects adults but is increasingly common among children
and adolescents as well (Meijer et al., 2000; Van den
Bulck, 2004; Bixler, 2009). One contributing factor is that
adolescence is characterized by spontaneous changes in
circadian organization resulting in a stronger tendency for
evening activities and delayed sleep timing (Crowley et al.,
2007; Roenneberg et al., 2007; Hagenauer et al., 2009).
Subsequently, the combination of late evening activities
and early morning school or work obligations prevents a
large number of young people from getting sufficient sleep
(Meijer et al., 2000; Van den Bulck, 2004). Lack of sleep at
this age, as in adulthood, has various immediate effects,
including tiredness, decreased attention, decreased moti-
vation, reduced cognitive function, and decreased aca-
demic performance (Wolfson and Carskadon, 2003; Cur-
cio et al., 2006). In addition, it might be that reduced sleep
time at a younger age also affects ongoing brain develop-
ment, perhaps leading to more persistent effects at later
ages.

Many systems in the adolescent brain are still maturing
and the morphology of several brain areas go through
prominent changes in, for example, grey and white matter
ratio (Sowell et al., 2002). The maturation of neurobehav-
ioral systems in this early phase of life requires a high level
of plasticity and is associated with strong emotional alter-
ations that may increase the vulnerability to psychopathol-
ogies (Dahl and Gunnar, 2009). Indeed, the prevalence of
mood disorders such as depression seems to increase
from childhood to adolescence (Birmaher et al., 1996;
Costello et al., 2002). This increase most likely is a com-
plex interaction between endogenous developmental pro-
cesses and external factors, one of which may be a recur-
rent lack of sleep. In agreement with this are various
studies in young subjects that have linked the onset of
anxiety and depression to short and disrupted sleep
(Chang et al., 1997; Gregory et al., 2005; Buysse et al.,
2008). In some studies, sleep problems preceded the on-
set of psychopathology with several years (Chang et al.,
1997; Gregory et al., 2005).

One of the brain regions that appears to be particularly
sensitive to sleep disruption is the hippocampus (Graves et
al., 2003; McDermott et al., 2003; Ruskin et al., 2004; Van
der Werf et al., 2009). The hippocampus plays an impor-
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tant role in cognition and emotional regulation (Bannerman
et al., 2004; Bast, 2007) and is one of the few brain regions
that displays neurogenesis continuing from adolescence
into adulthood (Abrous et al., 2005; Ming and Song, 2005).
Lower levels of hippocampal neurogenesis and reduced
hippocampal volume have been implicated in the etiology
and symptomatology of emotional and depressive disor-
ders (Sapolsky, 2000; Czéh and Lucassen, 2007; Perera
et al., 2008; Boldrini et al., 2009; Lucassen et al., 2010).
Moreover, experimental studies show that hippocampal
integrity can be affected by prolonged restriction or disrup-
tion of sleep (McDermott et al., 2003; Roman et al., 2005a;
Guzman-Marin et al., 2006, 2007) while clinical studies
have reported a reduction in hippocampal volume in pri-
mary insomnia and sleep apnea (Morrell et al., 2003;
Riemann et al., 2007). However, most of these data are
based on studies in adult animals or humans. The impact
of chronically disrupted sleep on hippocampal integrity at a
young age, when the brain might be particularly sensitive,
has so far received little attention.

In the present study, we applied an animal model of
chronic sleep restriction that is aimed at mimicking chron-
ically insufficient sleep as it often occurs in human society.
Thus, rather than total sleep deprivation, rats were allowed
to sleep part of the day but, presumably, not enough to fully
recover (Roman et al., 2005b; Novati et al., 2008). We
used the model in the adolescent period to study whether
insufficient sleep (i) changes hypothalamic-pituitary-adre-
nal (HPA) axis activity, (ii) affects hippocampal volume and
neurogenesis, and (iii) alters anxiety and anhedonic be-
havior.

EXPERIMENTAL PROCEDURES

Animals and housing

This study was performed with 48 male Wistar rats, 25 or 28 days
old at the start of the experiments. Animals were housed in pairs
in a room with a 12 h: 12 h light-dark cycle (lights on 9 AM–9 PM)
and temperature of 21�1 °C. Standard laboratory chow and water
were provided ad libitum. Experiments were approved by the
Ethical Committee of Animal Experiments of the University of
Groningen.

Experimental design

Two experiments were performed in this study. In the first one, we
examined effects of sleep restriction on anxiety and depression-
like behavior measured in an open field test, an elevated plus
maze and a saccharine preference test. Rats were sleep restricted
throughout adolescence, from postnatal day (PD) 28 to 61. All
behavioral tests were performed on consecutive days, after 1 and
4 weeks of sleep restriction. In the second experiment, rats were
sleep restricted from PD 30 to 61. Blood samples were collected
after 7 and 25 days of sleep restriction to assess plasma levels of
stress hormones and brains were collected after 4 weeks of sleep
restriction to measure hippocampal volume and examine hip-
pocampal neurogenesis. To quantify survival of newly generated
hippocampal cells, all rats received an intraperitoneal injection
with the thymidine analogue 5-bromodeoxiuridine (BrdU) at PD
25, 5 days before the start of the experiment (100 mg/kg BrdU in
saline, pH�7.0, Sigma, St Louis, MO, USA). As BrdU is incorpo-
rated into the DNA of cells in S phase of the cell cycle, it is used
to label newborn cells (Kee et al., 2002). Within 1–4 days after

injection, BrdU labeled cells stop dividing and any change in the
number of labeled cells thereafter indicates a change in survival
(Dayer et al., 2003). Five days after the BrdU injection, at PD 30,
the sleep restriction treatment started and continued until PD 61.

Sleep restriction and forced activity controls

For both experiments, 24 animals were assigned to one of the
following groups (n�8 in each): chronic sleep restriction (SR),
forced activity control (FA), and home cage control (HC). Details
on our sleep restriction and control procedures have been re-
ported before (Roman et al., 2005a; Novati et al., 2008). Briefly,
SR was performed by placing rats in drums of 40 cm diameter,
rotating at a speed of 0.4 m/min. Animals were kept awake 20 h
per day (1 PM–9 AM) and were left undisturbed for the remaining
4 h at the beginning of the light phase (9 AM–1 PM). Electroen-
cephalographic (EEG) recordings have shown that rats in the
wheels have occasional brief sleep bouts. Since this adds up to no
more than 10% of the time, the animals are severely sleep de-
prived on a daily basis, which is confirmed by a sleep rebound
during the 4 h daily rest periods (Barf and Meerlo, unpublished
results). To examine whether consequences of the treatment were
caused by forced locomotion rather than sleep loss per se, a
forced activity (FA) group was included as control. Animals of the
FA group were housed in the same type of drums which were
rotating at double speed for half the time (0.8 m/min for 10 h). As
a result, the forced activity animals walked the same distance as
sleep restricted animals, but had sufficient time to sleep. The 10 h
forced activity took place during the last 10 h of the dark phase
(11 PM–9 AM), that is, during the main activity phase of the rats. In
addition to the FA controls, we also used undisturbed, naive
controls that remained in their home cage throughout the experi-
ment (HC).

Open field test

An open field test was performed to assess effects of SR on
general explorative activity and anxiety (Meerlo et al., 1996). The
animals were subjected to a 5-min test twice, on days 7 and 31 of
the SR protocol, between the third and fourth hour of the daily rest
period, before the SR animals were returned to the rotating drums.
The open field consisted of a round arena (120 cm in diameter and
20 cm high walls) with a central zone and an outer zone (two
imaginary concentric circles with diameters of 60 and 120 cm,
respectively). Before the test of each new animal, the arena was
thoroughly cleaned with water and soap to eliminate odor cues.
Animals were transported in their home cage to the experimental
room and placed in the outer zone of the arena. The behavior of
the animals was recorded by a camera and analyzed with a
computerized imaging analysis system (Ethovision, Noldus Infor-
mation Technology, Wageningen, The Netherland). The time
spent in the central and outer zone and the total distance covered
in each of the two zones were calculated.

Elevated plus maze

On days 8 and 32 of the SR period, during the last two hours of the
daily rest phase, animals were subjected to an elevated plus maze
test, a widely used nonconditioned anxiety test (Pellow and File,
1986). The plus maze consisted of a black wooden apparatus with
two open and two closed arms, 55 cm above the floor. Each arm
was 45-cm long and 10-cm wide and the closed arms had 50-cm
high walls. Before the test of each new animal, the maze was
thoroughly cleaned to eliminate odor cues. At the start of the test,
the animals were placed in the centre of the plus facing a corner
between a closed and an open arm. The test lasted 5 min and the
behavior of the animals was recorded on video for later analysis.
Time spent in open and closed arms as well as time in the centre
between the arms was scored and expressed as percentage of
the total time.
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Saccharine preference

To examine the effects of SR on depression-like behavior, we
performed a saccharine preference test, which is often used to
measure anhedonic behavior (Moreau, 1997). On days 8 and 32
of the SR protocol, following the elevated plus maze test, rats
were water deprived for 20 h (1 PM–9 AM) and then subjected to a
two-bottle choice preference task during the 4 h of rest (9 AM–
1 PM). One bottle contained the regular tap water and the other
one a sweet 0.05% saccharin solution. The bottles were placed in
central position on the top of the cage to avoid position preference.
The liquid intake was measured by comparing the weight of the
bottles before and immediately after the test. Water or saccharine
solution intake was expressed as percentage of the total fluid
intake.

Blood samples and hormones analysis

To measure effects of chronic SR on plasma levels of stress
hormones, 0.5 ml blood samples were taken from the tail of the
animals at the end of the daily sleep deprivation phase (9 AM) and
at the end of the resting phase (1 PM), after 7 and 25 days of SR.
Samples were collected within 1–2 min in cold Eppendorf tubes
containing EDTA and centrifuged (4 °C, 2600 g, 15 min). The
supernatant was stored at �80 °C for later analysis. Plasma
concentrations of adrenocorticotropic hormone (ACTH) and corti-
costerone (CORT) were determined by radioimmunoassay ac-
cording to the manufacturer’s instructions (MP Biomedicals, Or-
angeburg, NY, USA).

Brain collection

At PD, 61 brains of the rats from the second experiment were
collected for immunocytochemical analysis. After injection with 2
ml/kg pentobarbital, the animals were transcardially perfused with
0.9% saline followed by a 4% solution of paraformaldehyde (PFA)
in 0.1 M phosphate buffer. Brains were removed from the skull and
post-fixed in 4% PFA for another 24 hours. Then they were kept in
0.01 M PBS overnight and subsequently cryoprotected by 30%
sucrose for 48 h before freezing. With a cryostat, eight series of
30-�m sections were cut and collected in 0.01 M PBS with 0.1%
sodium azide until further processing.

Immunohistochemistry

Immunohistochemical staining for the neuronal marker NeuN was
used to measure hippocampal volume. Differentiation of new hip-
pocampal cells into neurons was examined by staining for dou-
blecortin (DCX), a microtubule-associated protein that is found in
immature neurons (Rao and Shetty, 2004; Couillard-Despres et
al., 2005). Survival of newborn cells was assessed by staining for
BrdU, which had been injected five days before the start of the SR
protocol.

For BrdU immunostaining, first, DNA was denatured with 50%
formamide in 2� saline sodium citrate (30 min, 65 °C), followed by
repeated rinsing in saline sodium citrate. Sections were subse-
quently placed in a 2 M HCl solution (30 min, 37 °C) and then in
0.1 M borate buffer (pH�8.5). After treatment with 0.3% H2O2 (30
min, RT), the sections were first incubated in 3% normal serum
and 0.1% Triton-X-100 in 0.01 M TBS and then in primary anti-
body (rat anti-BrdU, 1:800, Serotec, Oxford, UK) for 48 h at 4 °C.
The sections were then incubated in 3% normal serum and 0.01%
Triton-X100 before the secondary antibody (donkey anti-rat 1:400,
Jackson ImmunoResearch, Suffolk, UK) was applied (2 h, RT).
Reaction with avidine biotin complex (1:500, ABC Elite Vector
Laboratories, Burlingame, CA, USA) was done for 2 h at room
temperature before development in 0.2 mg/ml diaminobenzidine
and 0.003% H2O2.

For DCX and NeuN immunostaining, sections were pre-
treated for 30 min with 0.3% and 0.6% H2O2, respectively. After

blocking of aspecific staining with normal serum (3% for DCX and
0.3% for NeuN), sections were incubated with primary antibody
(goat anti-DCX at 1:1000; Santa Cruz Biotechnology, Santa Cruz,
CA, USA; or mouse anti-NeuN at 1:700; Chemicon, Temecula,
CA, USA) for 48 h at 4 °C. Following 40-min exposure to a
secondary antibody (Rabbit anti-Goat at 1:400 for DCX and goat
anti-mouse at 1:400 for NeuN; Jackson ImmunoResearch, Suf-
folk, UK), sections were incubated with avidine-biotin complex
(1:400 for DCX and 1:500 for NeuN; Elite Vector Laboratories,
Burlingame, CA, USA) and the cell labeling was visualized
through reaction with 0.2 mg/ml diaminobenzidine and 0.003%
H2O2.

Quantification

All quantifications were conducted by an investigator blind to the
experimental conditions. The number of BrdU positive cells was
quantified in the granular cell layer (GCL) and subgranular zone
(SGZ) of the dentate gyrus (DG) in every eighth section of the
dorsal hippocampus (bregma �1.80 to �4.08; Paxinos and Wat-
son, 1986) at a 400� magnification. Immunopositive cells less
than one cell diameter away from the SGZ inner border were also
included in the analysis, whereas other cells present in the hilus
were excluded. In each section, the number of cells was divided
by the length of the GCL in that section. The total number of cells
per animal was expressed per mm GCL.

DCX immunoreactivity in the DG was quantified by measuring
optical density (OD) with a computerized image analysis system
(Leica Qwin, Rijswijk, The Netherlands) according to previously
published methods (Dagyte et al., 2009). The OD of DCX expres-
sion was measured in the GCL and SGZ and corrected for non-
specific background labeling measured in the corpus callosum.
For each animal, DCX immunoreactivity was measured by delin-
eating the entire GCL and SGZ in both hemispheres of three
dorsal hippocampal sections (around bregma �2.50, �3.20,
�4.00; Paxinos and Watson, 1986). OD values were expressed in
arbitrary units corresponding to grey levels measured by the anal-
ysis system.

To estimate the total volume of the dorsal hippocampus and
the volume of its cellular subregions, every eighth section was
stained with NeuN antibody (11 sections total). We performed the
volume measurements in the dorsal hippocampal area of 11 sec-
tions per animal (bregma �1.80 to �4.08; Paxinos and Watson,
1986) using the Leica Qwin image software (Rijswijk, The Neth-
erlands). In each of these sections, the complete hippocampal
area was outlined as indicated in Fig. 4A. The areas of the cellular
subregions, particularly the GCL of the DG and the pyramidal cell
layer of the CA1 and the CA2/3, were outlined as indicated in Fig.
4C. The volume estimate for the total hippocampus and the cel-
lular subregions was based on the Cavalieri’s method and was
obtained by multiplying the sum of the section areas per animal,
by section thickness and number of series (Walker et al., 2002;
Czéh et al., 2010).

Statistics

Immunohistochemical and behavioral data were statistically
tested with a one-way analysis of variance (ANOVA). Repeated
measures ANOVA was used for the analysis of ACTH and corti-
costerone data. When treatment effects were detected with
ANOVA, a post hoc Tukey test was used to assess differences
between specific treatment groups. A paired t-test was applied to
assess differences in preference between water and saccharin in
each group of animals. The level of significance was set to
P�0.05. Data in text, tables, and figures are expressed as aver-
age per group�SEM.
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RESULTS

Behavior

The rats in the present study coped with the protocol of
1-month SR without visible signs of deterioration or illness.
Growth was slightly suppressed in both the sleep-re-
stricted rats and forced-activity controls as compared to
the home cage controls, resulting in a significantly lower
body weight by the end of the experimental period (SR:
234.6�8.1 g, FA: 222.6�7.1 g, HC: 260.1�6.4 g; treat-
ment effect F2,21�7.01, P�0.005; post hoc Tukey test
P�0.05 for both SR and FA vs. HC).

No significant effect of SR was found on explorative
behavior in the open field test (Table 1). In each of the two
tests, after 1 and 4 weeks of treatment, all groups spent
most of their time in the outer zone of the arena. Time
spent in the central area and the distance traveled in the
central area were small and did not differ between the
groups (day 7: time F2,21�0.95, P�0.401; distance F2,21�
1.91, P�0.174; and day 31: time F2,21�0.35, P�0.711;
distance F2,21�1.68, P�0.209).

Also, SR did not affect anxiety-related behavior in the
elevated plus maze test (Fig. 1). Rats in all three groups
spent a large part of the time in the closed arms and no
difference was found between groups in the percentage of
time spent in open arms (day 8: F2,21�1.06, P�0.363 and
day 32: F2,20�0.083, P�0.921).

A saccharine preference test was used to measure
anhedonia (Fig. 2). On day 9 of the experiment, HC ani-
mals displayed a clear and significant preference for sac-
charine over water (t1,7�4.13, P�0.004), which was less
clear and not significant in the FA rats (t1,7�1.48,
P�0.181) and completely absent in the SR rats (t1,7�
�0.34, P�0.742). One-way ANOVA indicated a significant
effect of treatment on saccharine intake (F2,21�6.07,
P�0.008), but post hoc Tukey test only showed a differ-
ence between the HC and SR rats (P�0.007). After 4
weeks of treatment, all three groups displayed a clear
preference for the saccharine solution over water (HC:
t1,7�20.16, P�0.001; FA: t1,7�24.34, P�0.001; SR:
t1,7�2.89, P�0.023). While the preference of the SR rats
was on average still lower, ANOVA no longer indicated any
significant treatment effect at this time point (F2,21�2.40,
P�0.115).

Stress hormones

To examine the level of HPA axis activation in response to
SR, blood samples were collected after 7 and 25 days of

treatment (Table 2). Both immediately after the daily 20-h
sleep deprivation and at the end of the daily 4-h resting
phase, plasma ACTH and CORT levels in the SR animals
were low and not different from FA or HC controls. Statis-
tical analysis did not show significant differences in ACTH
and CORT levels between experimental groups for any
time point (P�0.05 in all cases).

Hippocampal neurogenesis

To investigate effects of chronic SR on survival of newly
produced cells in the hippocampus, BrdU was injected in
the rats 5 days before the beginning of the treatment. The
number of BrdU-positive cells determined at the end of the
experiment, that is, at 36 days after BrdU injection, was not
different between the groups (Fig. 3B, F2,21�0.77,
P�0.478), suggesting that 4 weeks of SR or FA treatment
had not affected survival of the newly formed cells in the
dorsal hippocampus. Also the differentiation of new cells
into neurons did not appear to be affected by the treatment
as the optical density of DCX labeling in the GCL and SGZ
of the DG did not differ between the groups (Fig. 3D,
F2,21�1.32, P�0.288).

Table 1. Behavior in the open field test after 7 and 31 days of sleep
restriction. Data show percentages of time spent and distance covered
in the central zone of the arena

Day Home cage Forced
activity

Sleep
restricted

Time (%) 7 3.9�1.0 2.3�0.4 2.9�0.8
31 10.6�1.5 8.9�1.7 9.2�1.5

Distance (%) 7 11.3�4.9 3.8�0.9 5.9�0.8
31 17.0�3.1 12.9�2.4 20.2�2.9

Fig. 1. Anxiety behavior in the elevated plus maze test on day 8 and
32 of the sleep restriction protocol (panel A and B, respectively). All
rats had showed preference for the closed arms of the plus maze. The
percentage of time spent in open arms was similar for all experimental
groups on both test days.

A. Novati et al. / Neuroscience 190 (2011) 145–155148



Author's personal copy

Hippocampal volume

The volume of the dorsal hippocampus was estimated in
NeuN stained sections (Fig. 4A). A number of animals had
to be excluded from the volume analysis because of miss-
ing and/or damaged sections (one SR, two FA, and two
HC). Chronic SR in adolescent rats caused a reduction in
volume of the dorsal hippocampus of about 10% compared

to controls (Fig. 4B). One-way ANOVA revealed a signifi-
cant treatment effect (F2,16�9.63, P�0.002) and post-hoc
Tukey test indicated a lower volume in SR rats as compared
to HC controls (P�0.009) and FA controls (P�0.003). Hip-
pocampal volume in FA rats was not changed compared to
HC controls (P�0.871).

The effect of SR did not appear to be restricted to
a specific hippocampal subregion (Fig. 4D). One-way
ANOVA revealed a trend toward a treatment effect on the
volume of the GCL of the DG (F2,16�2.95, P�0.085) and
also a trend toward a treatment effect on the volume of the
pyramidal cell layer of the CA1 region (F2,16�2.75,
P�0.096). Moreover, ANOVA revealed a significant treat-
ment effect on the volume of the pyramidal cell layer of the
CA2/3 region (F2,16�5.91, P�0.014) with a significant re-
duction in SR rats compared to FA animals but not com-
pared to HC rats (post-hoc Tukey P�0.011 and P�0.023,
respectively).

To assess if the overall decrease in hippocampal vol-
ume might reflect a more global change in brain size, we
determined the thickness of the neocortex in the sections
used for the hippocampal measurements. On average, the
cortical thickness was slightly lower in SR rats but this did
not reach statistical significance.

DISCUSSION

The main finding of this study is that rats subjected to
chronic SR during adolescence displayed a 10% reduction
in dorsal hippocampal volume. This reduction in size of the
hippocampus was not associated with significant changes
in survival of newly generated BrdU-labeled cells or
changes in DCX expression as a marker of young neurons.
Therefore, the volume reduction is not likely explained by a
reduction in neurogenesis. During the extended period of
SR, the young rats displayed a temporary anhedonia as
reflected in reduced saccharine preference, but this effect
of SR had normalized at the end of the experiment. SR did
not affect anxiety-like behavior in the open field test and
elevated plus maze test.

In the current study, we did not quantify the exact
amount of SR, although it may very well be that changes or
lack of changes in some of the measures we took critically
depend on the amount of sleep that is lost. Rats were
subjected to a protocol of SR that only allowed them to
sleep undisturbed for 4 h every day at the beginning of the
light phase but it is not excluded that animals also had
microsleeps even in the rotating wheels. Indeed, EEG

Fig. 2. Saccharine preference test on days 9 and 33 of the sleep
restriction protocol (panels A and B, respectively). Rats were water
deprived for 20 h and then subjected to a two-bottle choice preference
task during the daily 4-h rest period. On day 9, home cage control rats
displayed a clear preference for saccharine over water. In both sleep
restricted and forced activity rats saccharine intake was comparable to
water intake showing a decreased preference for sweet taste. Sac-
charine intake in sleep restricted rats was significantly lower than in
home cage controls (* P�0.05). On day 33 all groups displayed a
strong preference for the saccharine over water and there was no
longer any difference between the treatments.

Table 2. Stress hormones concentrations after 7 and 25 days of sleep restriction. Plasma samples collected at the end of the daily 20 h sleep
deprivation session (9 AM) and after 4 h rest (1 PM)

ACTH (pg/ml) Corticosterone (�g/dl)

Day 7 Day 25 Day 7 Day 25

9 AM 1 PM 9 AM 1 PM 9 AM 1 PM 9 AM 1 PM

Home cage 42.8�6.7 35.8�2.6 35.9�2.8 33.7�2.6 1.2�0.4 0.8�0.1 1.1�0.6 1.6�0.4
Forced activity 3.8�2.0 33.7�3.3 33.6�2.0 27.3�1.7 1.4�0.3 7.0�3.9 3.2�1.1 1.3�0.4
Sleep restricted 47.0�6.6 32.5�3.8 38.8�4.0 26.0�2.5 10.5�6.9 2.2�1.0 3.7�0.9 1.1�0.1
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recordings have shown that rats in the wheels have occa-
sional brief sleep bouts that may add up to 10% of the time
(Barf and Meerlo, unpublished observation). Furthermore,
a recent study shows that after a long period without sleep,
local clusters of cortical neurons may go offline while the
rest of the brain is apparently awake (Vyazovskiy et al.,
2011). The latter finding indicates that in general an exact
quantification of sleep loss may not be as straight forward
as usually thought. Importantly, rather than trying to

achieve total sleep deprivation or an exact amount of sleep
deprivation, with our approach, we aimed to mimic chron-
ically insufficient sleep as it often occurs in human society.
While rats cope with our protocol of SR for prolonged
periods of time without visible signs of illness, earlier stud-
ies had already shown that it gradually leads to neurobio-
logical and neuroendocrine changes similar to what has

Fig. 3. Sleep restriction and hippocampal neurogenesis. (A) Photo-
graph of BrdU-positive cells in the granular layer of the dentate gyrus.
(B) Chronic sleep restriction did not affect the survival of newly formed
cells in the dentate gyrus of the dorsal hippocampus. (C) Photograph
of DCX expressing neurons in the dentate gyrus. (D) Chronic sleep
restriction did not affect the optical density of DCX expressing new
neurons in dentate gyrus of dorsal hippocampus.

Fig. 4. Sleep restriction and hippocampal volume. (A) Photograph of
NeuN staining in the dorsal hippocampus. The hippocampal area
measured in each brain section is indicated on the right. (B) Volume of
dorsal hippocampus was significantly reduced in sleep restricted rats
compared to home cage and forced activity control groups. (C) Pho-
tograph indicating the cellular subregions that were measured. (D) On
average the volume of the cellular subregions was lower in the sleep
resticted rats than in control rats but this difference only reached
statistical significance for the CA2/3 subregion in comparison with the
forced activity control rats. * P�0.05, see text for details.
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been reported for depressed patients (Roman et al.,
2005b; Novati et al., 2008).

In the present study, our analysis of SR effects on brain
integrity was largely focused on the hippocampus and we
only performed restricted control measurements in the
cortex. The finding that cortical thickness was not signifi-
cantly affected by SR suggests that the reduction in hip-
pocampal volume was at least partly specific and did not
simply reflect a more global change in brain morphology.
On the other hand, this study certainly does not rule out the
possibility that chronic SR affects other areas as well.
Indeed, while the hippocampus appears to be particularly
sensitive to sleep loss (Meerlo et al., 2009), other sensitive
brain regions have been suggested, for example, the pre-
frontal cortex (Horne, 1993; Muzur et al., 2002).

Reductions in hippocampal volume have been found
before in human sleep disorders such as primary insomnia
(Riemann et al., 2007) and sleep apnea (Morrell et al.,
2003). Also in psychopathologies such as major depres-
sion, reductions in hippocampal volume are commonly
observed and have been implicated in specific symptoms
of the disorders (Sapolsky, 2000; Czéh and Lucassen,
2007; Perera et al., 2008; Boldrini et al., 2009; Lucassen et
al., 2010). Intriguingly, psychopathologies are often asso-
ciated with disturbed sleep-wake patterns that may con-
tribute to the development and aggravation of the disease
(Tsuno et al., 2005; Riemann and Voderholzer, 2003).
Along these lines, also the reduction in hippocampal vol-
ume in psychopathologies might be partly a consequence
of the sleep-wake disturbance. Indeed, the present reduc-
tion in hippocampal volume after experimental SR under
controlled conditions in rats suggests that the hippocampal
volume reduction observed in human sleep disorders and
mood disorders may be a direct consequence of disrupted
sleep rather than a nonspecific side-effect.

A variety of explanations have been proposed for a
decrease in hippocampal volume in disease including neu-
ronal death, neuronal shrinkage, lower dendritic arboriza-
tion, reductions in neurogenesis, or decreases in glia num-
bers and production (Czéh and Lucassen, 2007). The lack
of effects of SR on different markers of neurogenesis in the
present study does not support the hypothesis that the
smaller hippocampal size was related to a reduction in
neurogenesis. In fact, even if SR would have fully sup-
pressed neurogenesis it still could not have explained the
magnitude of the hippocampal volume reduction we found.
Moreover, measurements of the cellular subregions sug-
gest that the volume reduction was not limited to the DG
but may have included the non-neurogenic CA regions as
well. Since there is little to no evidence for massive neu-
ronal death even after prolonged total sleep deprivation
(Cirelli et al., 1999; Eiland et al., 2002), it seems more likely
that part of the volume reduction was caused by a de-
crease in the size of neuronal cell bodies and dendritic
arborizations or by changes in the number and size of glia
cells.

In the present study, we focused our analysis of neu-
rogenesis on survival of new BrdU-labeled cells and differ-
entiation of new cells into young DCX-expressing neurons.

While we did not specifically assess effects of SR on cell
proliferation, a strong reduction in proliferation in the later
part of the experiment most likely would have shown up in
a reduced DCX expression as well since these DCX pos-
itive cells were born in the last 1 or 2 weeks of the exper-
iment. This was clearly not the case. However, we cannot
exclude that SR may have suppressed cell proliferation in
the first half of the experiment, which would not be visible
in DCX expression. Another limitation of our study is that
we only assessed cell survival and differentiation in the
dorsal limb of the hippocampus. One might argue therefore
that SR possibly had an effect on neurogenesis in the
ventral hippocampus that went unnoticed in our analysis.
Yet, although one study on sleep deprivation in adult rats
indeed showed a stronger suppression of cell proliferation
in the ventral part of the hippocampus (Tung et al., 2005),
most studies report a reduction of neurogenic measures in
the dorsal limb as well (Guzman-Marin et al., 2007; Roman
et al., 2005a). All together, the fact that our measures of
neurogenesis were not affected by SR in young animals
was somewhat unexpected. One explanation may lie in the
fact that we sleep restricted rats during the transition from
adolescence to adulthood, when neurogenesis rapidly de-
clines toward the low levels that then persist in the mature
brain throughout middle age and senescence (Heine et al.,
2004; He and Crews, 2007; Cowen et al., 2008). Perhaps
the additional impact of SR on neurogenesis is modest
during a phase where neurogenesis already shows a
strong and spontaneous decrease. Alternatively, the lack
of an SR effect may be related to the social housing
conditions in the current experiment. We chose to house
the adolescent rats, two per cage or per SR drum because
in this phase of their life social contact and play behavior is
important for normal development. However, it might be
that the enriched social housing condition has compen-
sated for the adverse effects of SR. In support of this
explanation are studies showing that environmental en-
richment or exercise promote hippocampal neurogenesis
(Kempermann et al., 1997; Van Praag et al., 2000) and
may even decrease or reverse earlier brain deficits
(Twiggs et al., 1978; Francis et al., 2002; Bredy et al.,
2003; Nithianantharajah and Hannan, 2006; Naylor et al.,
2008). Importantly, even if the present housing conditions
modulated the consequences of SR and counteracted pu-
tative effects on neurogenesis, it clearly did not prevent the
reduction in hippocampal volume.

Hippocampal atrophy as observed in various patholo-
gies is often proposed to be a result of elevated concen-
trations of glucocorticoid stress hormones (Sapolsky,
2000; Czéh and Lucassen, 2007). However, smaller hip-
pocampal size and cortisol levels do not always correlate
(O’Brien et al., 2004). In the present study, SR did not lead
to a major activation of the HPA axis. ACTH and CORT
concentrations measured after 1 and 4 weeks of SR were
similar to the levels in FA and HC controls. Obviously,
given the restricted number of samples and time points,
these data need to be considered with care. One might
argue that samples collected at the end of the daily 20-h
sleep deprivation session do not necessarily reflect HPA
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axis activity during the initial hours of sleep deprivation.
Yet, previous studies with our model have shown that, if
anything, CORT levels are low at the beginning of sleep
deprivation and gradually increase towards the end
(Meerlo et al., 2002). Moreover, the results are in line with
various other studies showing only mild effects of sleep
deprivation on HPA axis activity (see Meerlo et al., 2008 for
review), which often do not explain sleep deprivation-in-
duced changes in hippocampal integrity and function (Guz-
man-Marin et al., 2007; Mueller et al., 2008; Tiba et al.,
2008; Hagewoud et al., 2010). Together the data indicate
that the reduction in hippocampal volume in our study is
not easily explained by elevated HPA axis activity and
glucocorticoid release.

Alternatively, a smaller hippocampus may have re-
sulted from a reduction in trophic factors or a dysregulation
in their signaling. One of the possible mechanisms in-
volves altered expression of brain-derived neurotrophic
factor (BDNF), which is highly expressed in the adult hip-
pocampus (Schmidt-Kastner et al., 1996) and stimulates
dendritic arborization (McAllister et al., 1995). Evidence
suggests that low levels of BDNF may play a role in the
hippocampal atrophy associated with depressive disorders
(Shimizu et al., 2003). Literature further suggests BDNF
levels can be affected by sleep deprivation, although the
direction of the effect differs between studies and is so far
difficult to interpret (Adrien, 2002; Fujihara et al., 2003;
Cirelli, 2006; Guzman-Marin et al., 2006). In one study,
48 h of sleep deprivation resulted in decreased levels of
BDNF in hippocampus (Guzman-Marin et al., 2006) while
effects of longer periods of sleep deprivation or restriction
on BDNF expression have not been reported. Should SR
have a negative effect on BDNF expression, this may
underlie hippocampal dendrite atrophy, which in turn could
account for the reduction in hippocampal volume observed
in this experiment. Future studies are needed to investi-
gate the relationship between sleep, BDNF expression,
and hippocampal integrity.

The reduction in hippocampal volume in our study was
not associated with obvious changes in explorative activity
or anxiety in an open field and elevated plus maze test.
This is consistent with other studies in our laboratory that
failed to find clear anxiety effects of acute and short sleep
deprivation on the elevated plus maze test (Hagewoud et
al., 2010). In fact, with a few exceptions (Silva et al., 2004),
the majority of experimental studies show no effect or even
indicate decreased anxiety in sleep-deprived rodents
(Hicks and Moore, 1979; Moore et al., 1979; Suchecki et
al., 2002; Martinez-Gonzalez et al., 2004; Tartar et al.,
2009). While there is some inconsistency in the literature,
this may be the result of a complex interaction between the
duration and method of sleep deprivation, the anxiety test
involved, species and strain differences, and perhaps
other factors. Also in humans, some studies report no
relationship between sleep loss and anxiety (Bonnet and
Arand, 1998), while others suggest an association be-
tween lack of sleep and self-reported anxiety (Peeke et al.,
1980; Sagaspe et al., 2006), and a correlation between
sleep disturbance and the risk for anxiety disorders (Greg-

ory et al., 2005; Roth et al., 2006). Apparently, the rela-
tionship between restricted or disrupted sleep and anxiety
is complex and requires further study.

While chronic SR in adolescent rats did not affect
specific measures of anxiety, the treatment did have a
temporary effect on the preference for a sweet saccharine
solution, a commonly used measure of anhedonia (Willner
et al., 1992; Moreau, 1997). Anhedonia refers to an inabil-
ity to experience pleasure or to the loss of interest for
normal aspects of life and is considered a psychological
marker of depression (Schrader, 1997). After 1 week,
sleep restricted rats did not display the normal preference
for the saccharine solution that was seen in HC control
animals. However, this lack of preference also occurred in
the FA controls and therefore we cannot distinguish be-
tween effects of chronic sleep loss and forced locomotion.
Also, this anhedonia did not persist but gradually disap-
peared in the course of the experiment and was no longer
noticeable after 1 month, when all groups exhibited a clear
preference for saccharine solution over water. Few other
published records exist on chronic SR and anhedonic be-
havior. In several unpublished experiments, we have ex-
amined the effect of prolonged SR on saccharine or su-
crose preference in adult animals with the same protocol
as we used in the present study but the results have been
inconsistent (Novati et al., unpublished observation). It
could be that the preference test is not sophisticated
enough to really detect anhedonic behavior or, alterna-
tively, SR may only have a weak effect that is easily
modulated or overruled by other factors we are yet un-
aware of.

In summary, the results of this experimental study
suggest that lack of sleep during adolescence may reduce
hippocampal volume, without affecting survival and differ-
entiation of new neurons in the DG. The reduction in
hippocampal volume was not associated with obvious
changes in anxiety or persistent changes in anhedonic
behavior. The mechanisms underlying the effect of SR on
hippocampal volume require further investigation.
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