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It has been established that both neurons and glia continue

to be generated in restricted adult brain structures including

the olfactory bulb (Kaplan & Hinds, 1977), the sub-

ventricular zone lining the lateral ventricles (Vaysee &

Goldman, 1990; Lois & Alvarez-Buylla, 1994) and the

subgranular cell layer (SGZ) in the dentate gyrus (DG) of

the hippocampus (Altman & Das, 1965; Kaplan & Hinds,

1977). Adult neurogenesis, the process whereby cells in

these regions proliferate, survive and differentiate into

neurons (Kuhn et al. 1996), has been shown to occur in

several species including birds, rodents, non-human

primates and humans (Altman & Das, 1965; Alvarez-

Buylla & Nottebohm, 1988; Gould et al. 1997; Eriksson et
al. 1998). Both positive and negative factors affect neuro-

genesis. Living in an enriched environment, exercise,

acquisition of hippocampal-dependent learning tasks, and

antidepressant drug administration increase neurogenesis

(Kempermann et al. 1997; Van Praag et al. 1999b; Malberg

et al. 2000; Shors et al. 2001), whereas ageing, environmental

or psychosocial stress, and glucocorticoid exposure

decrease neurogenesis (Kuhn et al. 1996; Gould et al. 1997;

Cameron & McCay, 1999). In addition several growth

factors including epidermal growth factor (EGF), insulin-

like growth factor-I (IGF-I) and brain-derived neuro-

trophic factor (BDNF) have been shown to promote

neurogenesis (Kuhn et al. 1997; Aberg et al. 2000; Pencea et
al. 2001).

Many of these modulators of neurogenesis are also known

to affect sleep, quantitatively and qualitatively. Exercise

enhances sleep in rats (Gambelunghe et al. 2001) while

ageing (Kirov & Moyanova, 2002) and chronic stress

(Adrien et al. 1991) reduce sleep. Likewise, the intra-

cerebroventricular infusion of EGF, IGF-I and BDNF

enhances sleep (Kushikata et al. 1998, 1999; Obal et al.
1998). These facts suggest that sleep may play a role in the

modulation of neurogenesis. However, to date it is

unknown whether sleep or sleep loss have effects on the

different stages of neurogenesis including cell proliferation.

The aim of the present study was to determine whether

sleep loss affects cell proliferation in the DG in the dorsal

hippocampus. To test this hypothesis we carried out the

present study using the thymidine analogue 5-bromo-2‚-

deoxyuridine (BrdU) to label proliferating cells in the DG

of sleep-deprived and control rats.

Part of this work has been presented previously in abstract

form (Guzman-Marin et al. 2002).
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METHODS 
Animal preparation
All experiments were conducted in accordance with the National
Research Council Guide for the Care and Use of Laboratory
Animals. All animal use protocols were reviewed and approved by
the Internal Animal Care and Use Committee of the V.A. Greater
Los Angeles Healthcare System. Male Sprague-Dawley rats
(325.5 ± 1.16 g) were used for this experiment. Animals were
housed individually in Plexiglas cages (27 cm w 29 cm w 30 cm)
and kept under a 12 h:12 h light–dark cycle with access to water
and food ad libitum. Under deep anaesthesia (ketamine 80 mg (kg
body weight)_1

I.P + xylazine 10 mg (kg body weight)_1
I.P.) and

aseptic conditions, rats were surgically prepared for sleep–wake
cycle monitoring. Five stainless steel screw electrodes were
implanted in the skull (frontal and parietal bones) for
electroencephalogram (EEG) recording, and four stainless steel
wires were inserted into nuchal muscles for electromyogram
(EMG) recording. All electrodes were connected with a plug and
fixed to the skull with dental acrylic.

Experimental procedure and recording
After 1 week of recovery from surgery and 3 days of acclimatization
to experimental conditions the procedures were started. Three
groups of six rats each were studied: treadmill sleep-deprived
(SD), treadmill control (TC) and cage control (CC). A pair of rats
from the TC and SD groups was studied concurrently. All
experimental procedures on the animals of the CC group were
carried out separately after completion of experiments in the first
two groups. TC and SD animals were studied in a Plexiglas
enclosure (30 cm w 30 cm w 40 cm) with open top and bottom,
which was positioned over a treadmill (90 cm w 58 cm w 14 cm).
The treadmill speed was set at 10 cm s_1 and timed to move with
either a 3 s on/12 s off (SD) or 15 min on/60 min off (TC)
periodicity during the entire recording session (96 h). This
schedule gave the TC animals sustained periods of rest but
equated the total distance moved in SD and TC groups. Treadmill
movement in 96 h was 6.91 km for the SD group and 6.84 km
in the TC group (a 1 % difference). The direction of treadmill
movement was switched every 15 min. For the CC group, rats
were housed individually in Plexiglas cages. Animals in all groups
were housed individually with continuous access to food and
water and whenever possible treated identically. Lights were kept
on a 12 h:12 h light–dark cycle and room temperature was kept at
23 °C.

For sleep–wake cycle recording EEG and EMG signals were
filtered at 1.0 and 30 Hz and 10–250 Hz, respectively, and
digitized at 256 Hz with the Pass Plus system (Delta Software, St
Louis, MO, USA). Sleep–wake states were scored in 20 s epochs on
the basis of the predominant state within the epoch. Wake was
identified by low-voltage high-frequency EEG activity and
sustained elevated neck muscle tone. A high-amplitude low-
frequency EEG with decreased muscle activity was defined as non-
rapid eye movement (NREM) sleep whereas rapid eye movement
(REM) sleep was identified by moderate-amplitude EEG with
dominant theta frequency (4–8 Hz), combined with low muscle
tone. The percentages of each state were calculated for each 24 h
period and the total 96 h period. One per cent of recordings could
not be scored due to artifacts.

After the first 48 h of recording, animals from all groups were
injected once with the thymidine analogue BrdU (50 mg kg_1

I.P.,
dissolved in 0.9 % NaCl; Sigma), and returned to the treadmill or

cage. For all groups BrdU was injected at approximately the same
time (09:30–10:00 h). At the end of the 96 h, animals from all
groups were deeply anaesthetized (nembutal, 100 mg kg_1

I.P.),
and perfused transcardially with ice-cold paraformaldehyde (4 %)
followed by 10 and 30 % sucrose; brains were removed and
processed for BrdU immunostaining.

Immunohistochemistry
Brains were sectioned at 40 mm in the frontal plane through the
DG of the dorsal hippocampus. Immunohistochemistry for BrdU
was performed on every sixth free-floating section. This ensured
that the same cell would not be counted in two sections. Tissue
was pretreated for BrdU immunostaining by DNA denaturation
(2 M HCl at 37 °C for 30 min) followed by 10 min in borate buffer
(pH 8.5). Sections were then incubated with a mouse anti-BrdU
primary antibody (Roche, 1:400) for 48 h. Tissue from all groups
was treated with aliquots from the same batch of antibodies.
Sections were subsequently incubated with a biotinylated horse
anti-mouse IgG (Vector Laboratories, 1:200), then reacted with
avidin–biotin complex (Vector Elite 1:100) and developed with
diaminobenzidine tetrahydrochloride (DAB, Sigma). Absence of
the primary antibody resulted in an absence of specific nuclear
staining.

Quantification of BrdU labelling
A modified version of the optical fractionator (Stereo
Investigator, Microbrightfield) was used to obtain an unbiased
estimate of total cell number (West et al. 1991). The sampling was
performed according to unbiased stereological principles (West et
al. 1991). The cell number (N) was estimated as:

t 1 1
N = — w —— w —— w SQ_,

h asf ssf

where SQ_ is the total number of cells actually counted in the
dissectors; t is the mean thickness of the sections in an animal; h is
the height of the dissector; asf, the area sampling fraction, is the
area of the counting frame relative to the area associated with each
x, y movement; and ssf, the section sampling fraction, is the
fraction of the total sections sampled (West et al. 1991). In the
present study the dissector height (h) was 15 mm; nuclei within
the first 5 mm of the section were not counted. The section
thickness was measured at roughly the middle of one of the two
blades of the granule cell layer (~25 mm) and the area sampling
fraction was 150 mm w 130 mm.

The precision of estimates of the number of cells was expressed
using the coefficient of error (CE). The stereological sampling
scheme was considered adequate when CE was less than 0.10
(West & Gundersen, 1990).

In the present study our counting of BrdU-positive cells was
carried out in the DG of the dorsal hippocampus. Our focus on
the dorsal hippocampus stems from the following findings. A
growing body of evidence indicates that dorsal (Moser & Moser,
1998) and ventral hippocampi (Kjesltrup et al. 2002) may play
different functional roles and have different afferent and efferent
cortical and subcortical connections (Moser & Moser, 1998).
Based on lesion studies a septotemporal hippocampal functional
differentiation has been suggested with a critical role of the dorsal
hippocampus in several types of learning including spatial
learning (Moser et al. 1993; Moser & Moser, 1998; Hock &
Bunsey, 1998; Stoelzel et al. 2002). Spatial learning was shown to
promote hippocampal neurogenesis, including cell proliferation
(Lemaire et al. 2000) and, on the other hand, to be impaired by

R. Guzmán-Marín and others564 J Physiol 549.2
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sleep deprivation (Youngblood et al. 1997, 1999; Smith & Rose,
1996, 1997; Smith et al. 1998).

The rostral boundary of the region analysed corresponds to the
appearance of the granular cell layer of the DG whereas the caudal
boundary, which corresponds to the level _4.5 mm from Bregma
according to the Paxinos & Watson (1998) ‘atlas’, was chosen
where the ventral and dorsal parts of the CA2 and CA3 pyramidal
cell layers coalesce forming continuous cell layers in frontal
sections. The caudal boundary in our study was chosen in order to
provide a clear anatomical landmark of the area of interest and to
include the region destroyed in most dorsal hippocampus lesion
studies. The dorsal hippocampus region we defined was not
identical to that examined in all lesion studies. The area of the
dorsal hippocampus affected was sometimes co-extensive with
our area (Maren & Fanselow, 1997; Bonardi 2001), or was smaller
(Hock & Bunsey, 1998) or extended slightly more caudally (Moser
et al. 1993).

For analysis every sixth section was collected with random
selection of the first section. The number of sections that fell
within the predefined boundaries was identical in all brains; 11
sections per brain were analysed. This procedure ensured a
systematic random sample of sections, in which all parts of the DG
region analysed had the same opportunity of being represented
(Gundersen, 1986). This selection process occasionally resulted in
the selection of sections that had been cut from the leading and
trailing surfaces of the DG of the dorsal hippocampus. These
sections were equally weighted with complete sections during the
selection process, in accordance with fractionator sampling rules
(Gundersen, 1986). The final series of sections constituted a
known fraction of the sections that passed through the DG of the
dorsal hippocampus. Positive cells were counted in the entire
granule cell layer (external and internal blade), subgranular
region (proliferative zone located at the border of granule cell
layer facing the hilus and about two granule cell diameters thick)
and the hilus of the DG in the dorsal hippocampus by an
experimenter blind to the experimental groups. BrdU-positive
cells were counted in each section at w 400 under a light
microscope (Nikon E600), omitting cells in the outermost focal
plane. In order to rule out the possibility that the differences in
the number of labelled cells among groups were due to
differences in the volume of the regions analysed, the reference
volume was calculated using Stereo Investigator by summing the
traced areas for each section, multiplied by the distance between
sampled sections.

Corticosterone analysis
In separate groups of animals (n = 6 each, 325.02 ± 1.56 g), blood
samples were collected 48 h after initiating SD, TC or CC
experimental manipulations, coinciding with the time of the
BrdU injection (carried out at 09.30–10.00 h). Animals were
rapidly killed by decapitation. The elapsed time from the time
animals were picked up until blood collection was less than 1 min.
Blood was collected from the trunk (a mixture of arterial and
venous blood) into cooled polyethylene tubes with heparin as the
anticoagulant, and centrifuged immediately (1500 g for 10 min)
to separate plasma, which was stored at _20 °C until analysis was
carried out. Plasma corticosterone was measured by radio-
immuno assay (Essoterix, Agoura Hills CA, USA).

A one-way analysis of variance (ANOVA) followed by the Tukey
post hoc test was used to determine statistical differences of the
mean values of variables; results are expressed as means ± S.E.M.

RESULTS
None of the rats appeared debilitated during or after the

96 h of sleep deprivation and control procedures; animals

appeared healthy, their coats were white and shiny, and

no lesions on the tail or paws were evident as has been
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Figure 1. Effects of sleep deprivation on the sleep–wake
cycle
The graphs show the percentage of time spent in the different
stages of the sleep–wake cycle (A, B, C and D represent waking,
total sleep, NREM and REM sleep, respectively) in cage control
(CC), treadmill control (TC) and sleep-deprived (SD) animals
during each day of recording and the average for 96 h. Data are
means ± S.E.M. for groups of 6 rats each. *** P < 0.001, ** P < 0.01
and * P < 0.05. Comparisons between CC and SD were also
significant (P < 0.001) in all cases. One-way ANOVA, followed by
Tukey post hoc test.
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described for rats subjected to longer periods of sleep

deprivation (Rechtschaffen et al. 1999).

Sleep–wake cycle parameters
The method of sleep deprivation used in this study had

marked effects on the stages of the sleep–wake cycle

(Fig. 1). The average percentage of time spent awake for

96 h was higher in the SD group (93.2 ± 0.5 %) in

comparison with the TC (59.6 ± 1.4 %) and CC (49.9 ±

1.3 %) groups (F(2,15) = 422.2; P < 0.001).

Total sleep time was reciprocally reduced in the SD group

with respect to the TC and CC groups (Fig. 1B). The mean

percentages of total sleep time for 96 h were 50.07 ± 1.3 in

the CC group, 39.7 ± 1.2 in the TC group and 6.8 ± 0.7 for

the SD group (F(2,15) = 470.69; P < 0.001). Reductions

were found in both NREM sleep (40.63 ± 1.6 % CC,

34.2 ± 1.2 % TC, vs. 5.8 + 0.7 % SD; F(2,15) = 281.9;

P < 0.001; Fig. 1C) and REM sleep (9.3 ± 0.4 CC %,

5.5 ± 0.4 % TC vs. 0.3 ± 0.2 % SD; F(2,15) = 189.4;

P < 0.001; Fig. 1D). Post hoc comparisons showed that

differences in the percentages of each sleep–waking stage

in 96 h were statistically significant between the SD group

and both control groups, as well as between the TC and CC

groups (P < 0.01, Fig. 1). These differences were consistent

and significant on each day of the recording session

(Fig. 1).

Cell proliferation
In all BrdU-injected rats, BrdU-positive nuclei were

observed in the DG (Fig. 2), particularly in the SGZ, i.e. the

border between the hilus and granule cell layer. In all

groups BrdU-positive cells were darkly stained and

irregularly shaped and appeared frequently in either

singles or clusters of two or more. Among the clusters, it

R. Guzmán-Marín and others566 J Physiol 549.2

Figure 2. BrdU labelling in the DG of the hippocampus
A and B, representative photomicrographs of sections from TC and
SD animals, respectively. The majority of the BrdU-labelled cells
were located in the subgranular cell layer (SGZ) indicated by an
arrowhead in A. C represents a BrdU-labelled doublet (indicated
by an arrow in A) in the SGZ at higher magnification. GCL, granule
cell layer; H, hilus.

Figure 3. Effects of sleep deprivation on proliferation of
cells in the DG
A, the number of BrdU-positive cells in the DG of the dorsal
hippocampus was reduced in the SD group in comparison with the
CT and CC groups. B, the reduction was significant in most of the
sections analysed. Sections 1 and 11 correspond approximately to
Bregma _1.8 and _4.5 mm, respectively. •, CC; 9, TC; and 1, SD.
a CC vs.SD, b TC vs.SD and c CC vs.TC (P < 0.05, one-way ANOVA,
followed by Tukey post hoc test).
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was possible to see pairs of closely apposed BrdU-positive

cells in the SGZ (Fig. 2C). It is likely (Kornack & Rakic,

1999) that these doublets represent the daughters of a

progenitor cell that had incorporated BrdU, suggesting

that the BrdU labelling is due to its incorporation into

DNA during the S phase of the cell cycle rather than other

processes that could potentially result in BrdU labelling,

such as DNA repair or apoptosis.

A one-way ANOVA showed statistically significant

differences in the mean number of BrdU-labelled cells

in the DG of the dorsal hippocampus among groups

(F(2,15) = 25.9; P < 0.001). All pairwise multiple comparisons

were also significant. SD rats exhibited 54 % fewer BrdU-

positive cells compared to TC rats (P < 0.01) and 68 %

(P < 0.01) fewer compared to CC rats (1452.5 ± 180.9 SD,

3153 ± 245.8 TC and 4520 ± 506.0 CC, Fig. 3A). TC rats

showed a lower number of BrdU-positive cells in

comparison with CC rats (P < 0.05). The same inter-group

differences in the number of BrdU-positive cells were

observed in most of the individual sections (Fig. 3B). The

CEs of the estimated number of BrdU-positive cells between

different groups were not different (0.07 ± 0.006 TC,

0.08 ± 0.006 SD and 0.07 ± 0.005 CC). The differences

among groups in the DG reference volumes (2.6 ± 0.15 mm3

TC, 2.4 ± 0.07 mm3 SD and 2.3 ± 0.17 mm3 CC) were not

statistically significant (F(2,15) = 0.7; P = 0.48).

Plasma corticosterone
As indicated in Fig. 4, no significant differences were

observed in serum corticosterone levels between SD, TC

and CC groups (5.1 ± 1.2 mg dl_1 SD, 9.0 ± 1.6 TC and

7.1 ± 1.7 mg dl_1 CC; F(2,15) = 1.6; P = 0.227).

DISCUSSION
This study used stereological sampling and counting

methods to show a decrement in the number of BrdU-

positive cells in the DG of the hippocampus in SD rats. We

used a BrdU dose (50 mg (kg body weight)_1) thought to

selectively label dividing cells (Rakic, 2002). Observed

differences in cell proliferation between groups were

independent of differences in reference volumes. The

method of sleep deprivation used in this study caused

reductions of both NREM and REM sleep by 83 and 95 %,

respectively, compared with the TC group and by 86 and

97 %, respectively, compared with the CC group, but

equated total locomotion in the SD and TC groups.

Since many negative regulators of cell proliferation have in

common the influence of stress, and sleep deprivation is

often perceived as a physiological stressor, it may be

suggested that the effect of sleep deprivation on the

proliferation of cells in the DG was caused by stress.

However, our sleep deprivation procedure did not result

in an increase in the corticosterone levels after 48 h of sleep

deprivation, at the time when BrdU was administered.

Corticosterone levels were comparable to basal gluco-

corticoid levels in the rat reported previously (Sapolsky et
al. 1985). In addition, no visible changes were observed in

the condition of rats after 96 h of SD, as was described after

long-term deprivation periods using the disc-over water

method (Rechtschaffen et al. 1999). These findings support

the view that the reduction in the number of BrdU-

positive cells was due to an effect of sleep loss rather than

stress associated with experimental manipulation. Further,

in previous studies the classical stress symptoms were very

mild or absent in SD animals compared to control

(Coenen & Van Luijtelaar, 1985; Rechtschaffen et al.
1989), and elevations of corticosterone levels during or

after sleep deprivation induced by forced locomotion (as

used in the present study) were also mild (Meerlo et al.
2002) or not statistically significant (Tobler et al. 1983). In

our study the absence of stress responses as measured by

corticosterone levels in the animals exposed to the

treadmill could be related to the fact that rats voluntarily

choose locomotor activity when given the opportunity to

run (see below).

Increased physical activity is one of the factors known to

promote proliferation of cells in the DG (Van Praag et al.
1999b). However the specific factors involved in this

process are not well understood. It has been shown that

exercise results in elevated trophic factor production

(Gomez-Pinilla et al. 1998, 2002), angiogenesis (Black et
al. 1990) or increased serotonin release (Chaouloff, 1997;

Bequet et al. 2001; Cotman & Berchtold, 2002). Recently it

was reported that exercise also enhances subsequent sleep

(Gambelunghe et al. 2001), so it is possible that one of the

factors contributing to the effect of exercise on cell

proliferation is the amount of sleep following exercise. In

the present study both SD and TC animals were exposed to

the same housing conditions and equivalent total forced

locomotion (both groups of animals spent 20 % of the

total recording time in movement). The main difference

between SD and TC animals in our experiment was the

percentage of the total amount of sleep.

Sleep deprivation and cell proliferationJ Physiol 549.2 567

Figure 4. Comparison of serum corticosterone levels in
SD and control groups
Corticosterone levels did not show significant differences among
groups (F(2,15) = 1.6; P = 0.227 one-way ANOVA).
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Although total distance was matched, locomotion was

more sustained in the TC group compared to the SD

group. It could be argued that this constituted greater

physical activity. However, despite increased forced

locomotion, the TC group did not show increased

numbers of BrdU cells in comparison with the CC group.

On the basis of these comparisons, we conclude that

differences in cell proliferation between SD and TC rats are

more likely to be related to differences in the amount of

sleep rather than the pattern of physical activity. It should

also be pointed out that, first, not all types of exercise

increase cell proliferation. For example, forced exercise

assessed by swimming, in contrast to running wheel

exercise, did not increase cell proliferation in the DG (Van

Praag et al. 1999b). Second, in an exercise study, mice

ran an average of 4.8 km day_1 (Van Praag et al. 1999a)

whereas in our study the total distance travelled for the

4 day period of recording was 6.8 km (1.7 km day_1).

When provided with a running wheel, rats may voluntarily

run as much as 48 km per 24 h for several days without

apparent ill effects (Richter, 1967). Third, the slow

treadmill speed used in the present study (10 cm s_1) was

intended to keep animals awake rather than induce

exercise.

Although the CC group had mildly increased sleep

compared to the TC group, the increased cell proliferation

in the CC group could also be due to differences in housing

between groups. Thus, at this time, we cannot conclude

that the differences in sleep amounts between the CC and

TC groups affected cell proliferation.

Recent studies have shown that REM sleep deprivation

impairs spatial learning as measured in the Morris water

maze (Youngblood et al. 1997, 1999; Smith & Rose, 1996,

1997; Smith et al. 1998), but not cued (Smith et al. 1998) or

non-spatial memory using the visible version of the maze

(Smith & Rose, 1997). Since this type of spatial learning is

known to promote cell proliferation (Lemaire et al. 2000),

it is possible that impairment in spatial learning caused by

sleep deprivation may contribute to the reduction in cell

proliferation in the DG of the dorsal hippocampus.

The negative effects of sleep deprivation have been

hypothesized to be related to the cellular consequences of

prolonged waking including toxicity by excess glutamate

release, free radicals, or elevated glucocorticoids, all of

which may lead to cell damage (Inoue et al. 1995;

Mamelak, 1997). However, it was shown recently that

sleep deprivation from 5 to 14 days did not induce cell

degeneration or death as determined by methods such as

TUNEL and Fluoro-Jade labelling applied in different

brain regions including the hippocampus (Cirelli et al.
1999). The present results suggest an alternative possibility

that one of the consequences of sleep deprivation

underlying its negative effects could be a reduction of cell

proliferation.

Our observations suggest that mechanisms associated with

sleep facilitate cell proliferation in the DG of adult rats. We

note that sleep time is greatly elevated in fetal life and

infancy at times of widespread neurogenesis. A hypothesis

that sleep promotes brain development has received some

support (Shaffery et al. 1998; Frank et al. 2001). Current

approaches to sleep processes suggest possible underlying

mechanisms. First, there is evidence that brain cellular

energy storage in the form of glycogen is reduced after

sleep deprivation and restored during sleep (Kong et al.
2002). In support of this view, recently it was reported that

levels of mRNAs encoding glycogen synthase and glycogen

phosphorylase were reduced following sleep deprivation

(Petit et al. 2002). Since brain metabolism depends

primarily on glucose supply, a reduction in its availability

would reduce the rate of synthesis of high-energy

compounds (ATP) and limit anabolic processes including

protein synthesis (Rolfe & Brown,1997; Martin &

MacNeill, 2002). This interpretation is consistent with the

finding that cerebral protein synthesis is lower during

waking than during sleep (Maquet, 1995; Nakanishi et al.
1997). One signal of reduced energy stores is an increase in

adenosine levels (Bennington & Heller, 1995). During

sustained waking, adenosine release is increased in the

basal forebrain and neocortex (Porkka-Heiskanen et al.
1997, 2000) and during the nocturnal active phase, in the

hippocampus (Huston et al. 1996). Adenosine inhibits

neurite growth in vitro (Thevananther et al. 2001). Sleep

deprivation may also affect cell proliferation through

changes in neurotrophic factors levels. Recently it was

reported that even short-term REM sleep deprivation

causes a decrease in BDNF levels in the brainstem and

cerebellum, and a decrease of NGF in the hippocampus

(Sei et al. 2000).

Another approach stems from recent work showing that

homeostatically regulated sleep-like states having a circadian

distribution are conserved across species, at least among

insects and most cordates (e.g. Shaw et al. 2000; Hendricks

et al. 2000). Moreover, in vivo observations indicate that

the circadian clock may play a role in growth control. For

example, cell proliferation and apoptosis in rapidly renewing

tissues exhibit circadian synchronization (Bjarnason et al.
1999; Ruifrok et al. 1998) and some circadian genes (Per 2)

affect the temporal expression of genes involved in cell

cycle regulation (Fu et al. 2002). Thus, the circadian

pattern of sleep may have a basic role in the biology of cell

proliferation. We can speculate that in the nervous system,

sleep supports an essential stage within the approximately

24 h cell-division cycle (Cameron & McKay, 2001).

The reduction of cell proliferation in the DG resulting

from sleep deprivation may have clinical significance.

Reductions in hippocampal volume have been reported in

depression (Sheline et al. 1996, 1999; Shah et al. 1998;

Bremner et al. 2000). Previous investigators have suggested

R. Guzmán-Marín and others568 J Physiol 549.2
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that suppression of neurogenesis could contribute to

the neuropathology of depression, but have linked this

suppression to increased glucocorticoid release (Duman

et al. 1999; Jacobs et al. 2000). Sleep fragmentation, a

consistent feature of depression, could be an additional

factor contributing to the suppression of neurogenesis.

It remains to be determined how sleep deprivation affects

the survival and differentiation of these cells into neurons.

Also unknown is whether or not an increase in sleep

duration above baseline during recovery from sleep

deprivation affects neurogenesis. The present study does

not differentiate between the effects of NREM and REM

sleep. It remains to be determined whether these sleep

stages contribute differentially to the proliferation of cells

in the DG.
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