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THE SUBGRANULAR CELL LAYER IN THE DENTATE 
GYRUS (DG) OF THE ADULT HIPPOCAMPUS CONTAINS 
PROGENITOR CELLS, WHICH HAVE THE POTENTIAL 
TO proliferate and differentiate into neurons. These progeni-
tors mature locally into granule cells of the DG, sending ax-
onal projections to area CA3 and dendrites into the molecular 
layer.1.2 Adult neurogenesis has been demonstrated in birds and 
several mammals, including humans. The processes of cell pro-
liferation, migration, maturation, and survival are all subject to 
modulation by experiential events.3 Stress is an important nega-
tive regulator of cell proliferation.4,5

Previously we reported that 96 hours of total sleep depriva-
tion (TSD) affects neurogenesis in the rat DG by reducing cell 
proliferation in the subgranular cell layer, and the percentage of 
new cells later expressing a neuronal marker.6,7 The inhibitory 
effects of extended sleep deprivation have been confirmed.8 
However, mammalian sleep is physiologically heterogeneous. 

The two primary stages of mammalian sleep, non-rapid eye 
movement (NREM) and rapid eye movement (REM) sleep, 
have very different, even opposite, electrophysiologic and met-
abolic properties, compared with waking, and could have dif-
ferent effects on neurogenesis. Revealing the relative impact of 
REM and NREM sleep on neurogenesis is a necessary step in 
understanding the mechanisms underlying suppression of neu-
rogenesis in response to sleep loss. The aim of the present study 
was to assess the effect of REM sleep deprivation (REMD) on 
neurogenesis in the DG of the adult rat. To achieve REM depri-
vation, rats lived on a treadmill that was briefly activated when 
REM was detected by fast Fourier transform analysis of the 
electroencephalogram (EEG) and electromyogram (EMG) ac-
tivity. Yoked control (YC) animals lived on the same treadmill 
and were subjected to the same treadmill movements. 

Materials and Methods

All experiments were conducted in accordance with the Na-
tional Research Council Guide for the Care and Use of Labora-
tory Animals. All protocols were reviewed and approved by the 
institutional Animal Care and Use Committee. Sprague-Dawley 
male rats (300 - 320 g) were used for this experiment. Animals 
were housed individually in Plexiglas cages (27×29×30 cm) in a 
12:12 light:dark cycle with access to water and food ad libitum. 
Under deep anesthesia (ketamine 80 mg/kg, intraperitoneal + 
xylazine 10 mg/kg, intraperitoneal) and aseptic conditions, rats 
were surgically prepared for chronic EEG and EMG recording 
as described previously.7 Rats were allowed a 7-day recovery 
period following surgery.
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Sleep Recordings

The recording chamber consisted of a Plexiglas enclosure 
(28 cm×28 cm×40 cm), which is fixed and suspended 0.6 cm 
above the vinyl belt of a treadmill, the belt forming the floor of 
the cage. For several days, rats were acclimated to the enclosure 
and recording cable. Food and water were available at all times 
while the animals were on the treadmill. Between each use, the 
treadmill belt and cage were scrubbed with detergent, wiped 
with a bleach solution, and rinsed with water. 

Two channels of EEG and 1 channel of EMG activity were 
digitized at 128 Hz each on Cambridge Electronic Design hard-
ware (Cambridge, UK). Sleep-state analysis and REM detec-
tion were based on a Power Pass++ program developed by R. 
Nienhuis derived from Bergmann et al.9 REM detection was 
based on fast Fourier transform EEG analysis from 1 to 20 Hz, 
yielding power in delta (1-4 Hz), sigma (10-16 Hz), and theta 
(6-8 Hz) bands plus integrated EMG activity in each 2-second 
epoch (cosine-tapered and 5% overlap). Criteria for state were 
individualized for each animal by setting thresholds using fre-
quency histograms of each EEG band and EMG parameters 
derived from 24-hour baseline recordings. State was identified 
for each 10 seconds when 3 out of 5 two-second epochs within 
the 10-second period were in agreement, simulating the usual 
manual scoring procedure. REM sleep was identified when 
theta power was high and delta and sigma power and EMG 
amplitude were low. Delta power (1-4 Hz) derived from the 
fast Fourier transform was determined for all NREM sleep and 
quiet waking (QW) epochs and averaged per 24 hours for each 
of these states. The percentage change in delta power, herein 
called slow-wave activity (SWA), from baseline levels and the 
ratio of NREM sleep to QW delta power (normalized measure 
of SWA) were determined for each experimental day.

REM Sleep Deprivation

When REM sleep was detected automatically, the tread-
mill was activated for 5 seconds, causing the animal to step to 
avoid being carried into the wall of the chamber. The treadmill 
speed was set at 10 cm per second. A yoked control (YC) rat 
was placed in the same treadmill and experienced the identical 
movement regardless of stage of the sleep-wake cycle. Contin-
uous recordings of EEG and EMG activity were used to verify 
the effectiveness of REMD procedure. Off-line visual scoring 
of sleep-wake cycle states was based on the predominant state 
within each 10-second epochs. Agreement of manual and auto-
mated REM detection was greater than 95%. The false positive 
rate was less than 1 epoch per hour.

Experimental Procedures

Experiment 1

To evaluate the effect of REMD on cell proliferation, 24 
male rats were divided into 3 groups (n = 8): REMD, YC, and 
cage control (CC). All were surgically implanted for polysom-
nographic recordings, and REMD and YC treatments were ap-
plied, as described above. At the end of the fourth day of ex-
perimental manipulations, at Zeitgeber time 0, all animals were 

injected with the thymidine analog, 5- bromo- 2’- deoxy-uridine 
(BrdU) (intraperitoneal 300 mg/kg dissolved in 0.9% NaCl) and 
perfused 2 hours later.

Experiment 2

To examine the phenotype of the newly generated cells, 18 
male rats were prepared for REM sleep deprivation, as in Ex-
periment 1. After four days of experimental manipulations, a 
single dose of BrdU (300 mg/kg, i.p.) was given, and rats were 
returned to their home cages. After 3 weeks animals were per-
fused.

Experiment 3

We examined the stress response induced by the treadmill 
REM sleep deprivation method. In separate groups of REMD 
and YC rats (n = 4 per group), blood samples were collected at 
the end of the fourth day of deprivation. Animals were rapidly 
killed by decapitation. Blood was collected from the trunk into 
cooled polyethylene tubes with heparin as the anticoagulant and 
centrifuged immediately for 10 minutes and stored at -20°C. 
The elapsed time from removal from the treadmill until blood 
collection was less than 1 minute. Serum corticosterone was 
measured by radioimmunoassay (Esoterix, Agoura Hills CA).

Perfusion and immunohistochemistry

Subjects from all groups in experiments 1 and 2 were deeply 
anesthetized (nembutal 100 mg/kg), perfused transcardially 
with 0.1 mol phosphate buffer followed by ice cold paraform-
aldehyde (4%) and 10% and 30% sucrose solution; brains were 
removed and stored in 30% sucrose at 4°C until they sank. 
Brains were cut in 40-µm coronal sections. Sections were pre-
served in a cryoprotectant solution.

Immunohistochemistry was performed simultaneously on 
sections from YC, REMD, and CC rats to maximize the reli-
ability of comparisons across groups. Tissue from all groups 
was treated with aliquots from the same batch of antibodies.

BrdU immunostaining was performed on a 1-in-6 series of 
free-floating sections as described previously.6,7 For DNA de-
naturation, sections were pretreated with 2 mol HCl at 37°C 
for 30 minutes followed by 10 minutes in borate buffer (pH 
8.5). Tissue was rinsed in 0.1 mol Tris-buffered saline (TBS). 
Sections were incubated with a mouse anti-BrdU primary an-
tibody (1:400, Novocastra, Norwell, MA) for 48 hours. Sec-
tions were subsequently incubated with a biotinylated horse 
anti-mouse IgG (1:200, Vector Laboratories), then reacted with 
avidin-biotin complex (1:100, Vector Elite) and developed with 
diaminobenzidine tetrahydrochloride (DAB, Sigma, San Louis, 
MO). Omission of the primary antibody resulted in an absence 
of specific nuclear staining.

A separate set of sections from most (n = 6 in each group) of 
the same brains used for BrdU immunostaining were processed 
for Ki-67 immunostaining in slide-mounted sections using rab-
bit anti-Ki-67 (1:1000, Novocastra) primary antibody and the 
peroxidase method to visualize the Ki-67 expression.5

BrdU- and Ki-67-positive cells were counted using a 40× ob-
jective (Nikon E800, Melville, NY) throughout the rostrocaudal 
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extent of the granule cell layer. The optical fractionator method 
was used for counting, as has been previously described.6 The 
Stereo Investigator program calculated the total number of 
BrdU- or Ki-67-positive cells per DG.

To assess the phenotype of surviving BrdU-positive cells, a 
1-in-12 series of sections were processed for immunofluores-
cent triple labeling for BrdU, NeuN, and S100β, as has been 
described previously.7 After pretreatment and blocking with 
goat serum and triton-X 10% in TBS, sections were incubated 
in a mixture of rat anti-BrdU (1:100; Accurate, Westbury, NY), 
mouse anti-NeuN (1:300, Chemicon, Temecula, CA) and rab-
bit anti-S100β (1:2500, Swant, Bellinoza, Switzerland) primary 
antibodies in TBS for 3 days at 4°C. After rinsing with TBS 
and blocking for 1 hour, sections were incubated in a second-
ary antibody mixture (all at 1:300) of Alexa 488 Goat anti-rat, 
Alexa 567 Goat anti-mouse, and Alexa 633 Goat anti-rabbit 
(Molecular Probes, Carlsbad, CA) in TBS for 2 hours. Sections 
were mounted and cover slipped with Vectastain (Vector, Burl-
ingame, CA) mounting medium. 

BrdU-positive cells within the granule cell layer were ana-
lyzed using a Leica TCS SP MP (Leica, Bannockburn, IL)
fixed-stage upright confocal microscope for co-expression with 
NeuN and S100β using argon, krypton, and helium-neon lasers. 
Analysis was performed in sequential scanning mode, in which 
only 1 laser and its respective detection line (488, 567 or 633 
nm) are active at a time to exclude cross bleeding between the 
2 or 3 different channels. Colocalization was confirmed in 50 
cells per animal by z-series through the cell nucleus and 3-di-
mensional reconstruction (z-step, 1 µm). An individual blinded 
to experimental conditions did all counting.

Statistical Analysis

 Differences between groups in sleep parameters, SWA, and 
cell counts were assessed with analysis of variance (ANOVA) 
followed by Bonferroni or Fisher LSD posthoc tests. Correla-
tions between the percentages of NREM and REM sleep and 
BrdU- and Ki-67-positive cells were calculated using the Pear-
son product-moment correlation. A P value of < 0.05 was ad-
opted for significance

Results

To achieve REM sleep deprivation with minimal disturbance 
of NREM sleep, we employed on-line automated detection of 
REM, based on EEG and EMG parameters, to initiate brief 
movement of a treadmill at a walking rate. We compared pro-
liferation and neurogenesis in CC, REMD, and YC animals. 
Pairs of YC and REMD animals lived on the same treadmill and 
therefore experienced the identical physical stimulation (Figure 
1). The treadmill was inactive during periods of spontaneous 
waking and NREM sleep in the REMD animals.

Experiment 1

Sleep-wake parameters and SWA

The mean sleep-wake parameters in REMD, YC, and CC 
groups before initiation of treatments and during experimental 
manipulations are summarized in Table1. During the baseline, 
there were no significant differences in the mean percentages 
of waking, total sleep, NREM sleep, and REM sleep among 

Figure 1—Simultaneous polysomnographic recording from a rapid eye movement (REM) sleep-deprived (REMD) rat and its yoked control 
(YC). Note that the treadmill was automatically activated for 5 seconds (dark rectangle) after the online scoring system detected REM sleep 
in the REMD rat. EEG refers to electroencephalogram; EMG, electromyogram; TAM, treadmill activation mark; NREM, non-rapid eye 
movement sleep.
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the groups (P > 0.05, 1-way ANOVA). During experimental 
manipulations, the mean percentages of each sleep-wake state 
differed significantly among the groups (Table 1). The mean 
percentage of REM sleep was reduced by 85% and 33%, re-
spectively, in the REMD and the YC group compared with the 
CC and by 79% in the REMD group compared with the YC (for 
all comparisons P < 0.001, Bonferroni t-test). 

Differences in the percentages of NREM sleep between 
REMD versus YC group and in the YC versus CC group were 
not significant. NREM sleep was reduced by 17% in REMD 
rats compared to CC (P < 0.05, Bonferroni t-test). Therefore, 
REMD rats exhibited a dramatic reduction of REM sleep com-
pared with both CC and YC animals and a small reduction of 
NREM sleep compared to CC rats.

Additionally, we quantified EEG SWA in REMD and YC 
groups during NREM sleep and QW for the 24-hour baseline 
period and each day of treatment. A 2-way ANOVA analysis 
performed for the normalized measure of SWA (NREM sleep/
QW delta power ratio) with “condition” as between-subjects 
factor with 2 levels (YC and REMD) and repeated measures on 
second factor (time) revealed that YC and REMD rats showed 
the absence of a significant main effect of the factor “condi-
tion” (F1,14 = 1.2, P = 0.3). The NREM sleep-QW delta power 
ratios (Figure 2, A) did not differ significantly between YC and 
REMD groups during the baseline or treatment days. The analy-
sis revealed the presence of significant main effect of the factor 

“time” (F4,56 = 3.8, P = 0.009). Pairwise posthoc comparisons 
showed that YC animals had significantly higher NREM sleep-
QW delta power ratios during each treatment day compared to 
the baseline. In REMD animals, the increase in the ratio com-
pared with the baseline was significant only on the day 4. The 
differences in ratios between the days of treatment were insig-
nificant within both REMD and YC groups. Two-way ANOVA 
showed the absence of significant interaction between the fac-
tors “condition” and “time” (F4,56 = 0.8, P = 0.5). Both QW and 
NREM sleep SWA were significantly reduced during each day 
of treatment compared to the baseline in YC and REMD animals 
(1-way ANOVA followed by Fisher LSD posthoc test) (Figure 
2,B). A 2-way ANOVA, structured as described above, revealed 
that YC and REMD rats did not differ significantly in percent-
age decrease in either QW or NREM SWA from baseline levels 
(F1,14 = 1.0, P = 0.3 and F1,14 = 1.2, P = 0.3, respectively). The 
percentage decrease in NREM sleep SWA from baseline levels 
significantly increased across treatment days (F3,42 = 3.2, P = 
0.03). The same tendency was found for the percentage change 
in QW SWA (F3,42 = 2.3, P = 0.09). However, posthoc pairwise 
comparisons revealed significant differences between treatment 
days only for NREM sleep SWA in YC rats (Figure 2, B). No 
significant interactions between the factors were found (F3,42 = 
0.2, P = 0.9 and F3,42 = 0.9, P = 0.5 for percentage change in QW 
and NREM delta power, respectively). Therefore, REMD and 
YC rats exhibited similar reductions in both NREM and QW 

Table 1—Sleep-Wake Cycle Parameters During 24-Hour Baseline and 96-Hour Experimental Recording Sessions 

		  Wake	 NREM sleep	 REM sleep	 Total sleep
24-h baseline
	 CC	 49.7 ± 1.6	 40.8 ± 1.7	 9.5 ± 0.9	 50.3 ± 1.6
	 YC	 50.9 ± 2.2	 38.7 ± 1.5	 10.4 ± 1.2 	 49.1 ± 2.2 
	 REMD	 49.3 ± 1.8	 41.6 ± 1.3 	 9.1 ± 0.8 	 50.7 ± 1.7 
96-h experiment
	 CC	 48.1 ± 1.2	 42.8 ± 1.3	 9.1 ± 0.3	 51.9 ± 1.2
	 YC	 56.0 ± 2.2a	 37.9 ± 2.1	 6.1 ± 0.4a	 44.0 ± 2.2a

	 REMD	 63.3 ± 1.7a ,b	 35.4 ± 1.6a	 1.3 ± 0.2a ,b	 36.7 ± 1.7a, b

		  F2,21 = 19.6***	 F2,21 = 5.1*	 F2,21 = 185.3***	 F2,21 = 19.6***

The table shows the mean percentages of time spent in different sleep–wake states. CC refers to the cage control group; YC, yoked control 
group; REMD, rapid eye movement sleep deprived group. Data are means ± SEM for groups of 8 rats each. 
***P < 0.001 and *P < 0.05, 1-way analysis of variance.
aP < 0.05 vs CC and bP < 0.05 vs YC, Bonferroni t-test.

Table 2—Cell Proliferation and Phenotypes of BrdU-Positive Cells

	 BrdU + cells	 Ki-67 + cells	 % BrdU/NeuN	 % BrdU/S100β

CC	 3437 ± 387	 5094 ± 281	 76.4 ± 2.5	 7.3 ± 2.1
YC	 1702 ± 220a	 2557 ± 297a	 59.4 ± 3.7a	 5.5 ± 2.0
REMD	 636 ± 131a, b	 1104 ± 203a, b	 53.3 ± 4.1a	 6.8 ± 2.5
	 F2,21 = 27.9***	 F2,21 = 58.5***	 F2,15 = 11.6***	 F2,15 = 0.2

Cell proliferation was assessed by counting the total number of BrdU(5- bromo- 2’- deoxy-uridine)- or Ki-67-positive cells per dentate gyrus. 
Phenotypes of the surviving cells were determined by immunofluorescent triple labeling for BrdU, NeuN (neurons) and S100β (glia) 3 weeks 
after the administration of BrdU. The percentages of BrdU-positive cells colabeled for either NeuN or S100β are presented. Data are means 
± SEM. 
***P < 0.001, 1-way analysis of variance.
aP < 0.01 vs cage controls, bP < 0.01 vs yoked controls, Bonferroni t-test.
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delta power during treatment days, compared with the baseline, 
and did not differ in NREM sleep-QW SWA ratios during the 
baseline and treatment days.

Cell Proliferation

The mean number of BrdU-positive cells in the subgranular 
cell layer of the DG differed significantly among the groups 
(Table 2). The REMD group exhibited 63% reduction in the 
number of BrdU-positive cells when compared with the coun-
terpart YC group (P < 0.05, Bonferroni t-test) (Table 2, Fig-
ure 3, A-B). REMD and YC animals had 82% and 51% fewer 
BrdU-labeled cells, respectively, when compared to the CC (P 
< 0.001, Bonferroni t-test). 

A different set of sections from most brains used for BrdU 
immunohistochemistry was processed for Ki-67 immunohis-
tochemistry; Ki-67 is an endogenous marker of cell prolifera-
tion. The differences in the mean number of Ki-67-positive 
cells among the groups were statistically significant (Table 2). 
REMD animals had 57% fewer Ki-67-positive cells compared 
to YC (P < 0.01, Bonferroni t-test). The REMD group and the 
YC groups exhibited approximately 80% and 50% reductions 
in the numbers of Ki-67-positive cells, respectively, compared 
with the CC group (P < 0.001, Bonferroni t-test). 

We conducted correlation analyses between the percentages 
of NREM and REM sleep and the number of BrdU-positive 
cells, combining REMD, YC, and CC groups (Figure 3). Across 
all animals, the number of BrdU-positive cells was significantly 
(P < 0.001) correlated with the percentages of both NREM (r = 
0.84) and REM sleep (r = 0.64) (Figure 3, A, B). A partial cor-
relation analysis showed that the correlation between the per-
centage of NREM sleep and BrdU-positive cell counts was sec-
ondary to the contribution of REM sleep. When percentage of 
REM sleep was used as the controlling variable, the correlation 
between the number of BrdU-positive cells and NREM sleep 
was no longer significant (r = 0.26, P = 0.18). However, when 
the analysis controlled for the percentage of NREM sleep, the 
correlation between BrdU-positive cell counts and the percent-
age of REM sleep remained high and significant (r = 0.76, P < 
0.05).

The number of Ki-67-positive cells also significantly corre-
lated with the percentages of both NREM (r = 0.60, P < 0.01) 
and REM sleep (r = 0.89; P < 0.001) (Figure 3C and D). The 
partial correlation analysis revealed that controlling for the 
percentage of NREM sleep had little effect on the correlation 
between the number of Ki-67-positive cells and the percentage 
of REM sleep (r = 0.84; P < 0.01). However, when the contri-
bution of REM sleep was removed, the correlation between the 
number of Ki-67-positive cells and the percentage of NREM 
sleep was no longer significant (r = 0.20, P = 0.12).

Experiment 2

Cell Maturation

The phenotype of the surviving BrdU-positive cells was 
evaluated 3 weeks after the administration of BrdU by immuno-
fluorescent triple labeling for BrdU, the neuronal marker NeuN, 
and the glial marker S100β (Figure 4, C). The mean percentages 

Figure 2—Non-rapid eye movement (NREM) sleep/quiet wak-
ing (QW) delta power ratios (A) and percentage change from the 
baseline in QW and NREM sleep electroencephalogram (EEG) 
slow-wave activity (SWA) (B) in yoke-control (YC) and rapid eye 
movement-deprived REMD rats for each 24-h period. A: For the 
baseline period and each treatment day the NREM/QW SWA ratios 
were calculated. The triangles indicate the significant differences 
between the ratios: ▼ P < 0.05; ▼▼ P < 0.01 (2-way analysis of 
variance [ANOVA] with a “condition” as a between-subject factor 
and repeated measures on factor “time” followed by Fisher least 
square difference [LSD] posthoc test). Note that REMD and YC 
rats did not differ significantly in NREM sleep/QW SWA ratios. 
B: For each treatment day, the SWA was calculated as a percent-
age change from corresponding baseline levels for YC and REMD 
groups (mean ± SEM). The stars indicate significant changes in 
absolute values of EEG SWA during treatment days compared to 
the baseline:*P < 0.05, **P < 0.01, ***P < 0.001 (1-way repeated 
measures ANOVA followed by Fisher LSD posthoc test). The 
triangles indicate significant differences in percentage change in 
SWA: ▼ P < 0.05; ▼▼ P < 0.01 (2-way ANOVA with a “condi-
tion” as a between-subject factor and repeated measures on factor 
“time” followed by Fisher LSD posthoc test ). Note that REMD 
and YC rats did not differ significantly in the percentage change of 
both QW and NREM sleep SWA from baseline levels. 
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of the BrdU/NeuN-positive cells differed significantly among 
the groups (Table 2). The percentages of BrdU-positive cells 
colabeled with NeuN in REMD and YC animals were 30% and 
22% lower, respectively, than in CC animals (P < 0.001 and P 
< 0.05, respectively, Bonferroni t-test), but the REMD and YC 
groups did not differ significantly. The localization of BrdU/
NeuN-positive cells was similar in all groups. There were no 
differences between the groups with respect to the percentage 
of BrdU-positive cells that expressed the glial phenotype (Ta-
ble 2). The percentages of cells that did not co-localize BrdU 
with either NeuN or S100β did not differ significantly between 
REMD and YC animals and but were higher in these groups 
compared to CC (P < 0.001, Bonferroni t-test). 

Experiment 3

Corticosterone Levels

To investigate whether corticosterone may play a role in the 
effect of the REMD procedure, we compared plasma corticos-
terone in REMD and YC groups. We found no significant dif-
ferences in the corticosterone levels between groups (15.43 + 
4.02 μg/dL REMD vs 20.97 + 10.7 μg/dL YC; P = 0.64).

Discussion

In the present report, we showed that 4 days’ exposure to a 
REMD procedure reduced cell proliferation in the DG of the 
hippocampus of the adult rat. REMD animals exhibited 81% 
and 63% reductions in the number of BrdU-positive cells, com-
pared with the CC and YC rats, respectively. We also used an 
endogenous proliferation marker, Ki-67, to rule out the possi-
bility that changes in the number of BrdU-positive cells could 
be related to differences in distribution or availability of BrdU 
during the REMD procedure. The changes observed with Ki-67 
staining closely paralleled those obtained with BrdU staining. 

Pairs of REMD and YC animals were exposed to the same ex-
perimental environment and experienced the identical physical 
stimulation. The amount of NREM sleep did not differ signifi-
cantly between these groups. Since brief 2-hour REM sleep de-
privation using brain stimulation reduced concomitant SWA,10 
we considered the possibility that SWA within NREM could be 
differentially affected in REMD and YC groups. REMD and YC 
rats exhibited similar reductions in both NREM and QW SWA 
during treatment days, compared with the baseline, and did not 
differ in NREM sleep-QW SWA ratios during the baseline and 
treatment days. Therefore, suppression in cell proliferation in 

Figure 3—Scatter plots and regression lines for the number of BrdU (5- bromo- 2’- deoxy-uridine) and Ki-67 positive cells vs percentages of 
non-rapid eye movement (NREM) (A, C) and rapid eye movement (REM) sleep (B, D) for the entire recording session. Note that the percent-
ages of both NREM and REM sleep were significantly correlated with the number of BrdU and Ki-67 positive cells. However, as described in 
the text, the correlation between the number of proliferating cells and the percentage of NREM sleep becomes nonsignificant when control-
ling for the percentage of REM sleep (see r values inside rectangles A,C). The correlation between the numbers of proliferating cells and the 
percentage of REM sleep remained significant when controlling for the percentage of NREM sleep (see r values in dashed rectangles B,D). 
The dark, gray and white squares represent individual REM-deprived (REMD), yoke-control (YC), and cage-control animals.
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REMD animals compared with YC was most likely to be attrib-
utable to REM sleep loss (79% in REMD vs YC group). How-
ever, although the experiment was well controlled, we cannot 
exclude the possibility that the REMD procedure could cause 
changes in other NREM sleep parameters or in waking behav-
iors that may be essential for proliferative process.

A decrease in proliferation in the YC, compared with CC, ani-
mals could have resulted from effects of either the procedure it-
self or partial REMD or both. Differences in experimental milieu 
and mild reduction of NREM sleep could contribute to reduction 
in cell proliferation in REMD compared with CC animals. 

We found that the numbers of both BrdU-positive and Ki-67
-positive cells were highly positively correlated with the per-
centages of both REM sleep and NREM sleep across individual 
animals. The results of partial correlation analyses showed that 
correlation between the percentage of REM sleep and rate of 
proliferation was not secondary to correlation with NREM 
sleep because it remained significant while controlling for the 
percentage of NREM sleep. These findings strengthen the argu-
ment that REM sleep-associated processes are critical for cell 
proliferation. Pollack et al (personal communication) also con-
cluded that REM sleep contributes to the stimulation of prolif-
eration in DG, using a different REMD method. However, we 
do not exclude the possibility that NREM sleep is also essential 
to the proliferative process. By simple analogy, the output of an 
electronic device can be prevented both by reduction of a power 
source and by disturbance of complex frequency-dependent op-
erations. Similarly, NREM and REM sleep may both have criti-
cal roles in cell proliferation and maturation.

Given that cell proliferation can be suppressed by either acute11 
or chronic elevation of glucocorticoids,4 and a recent study using 
a different method of sleep deprivation, concluded that the effects 
of sleep deprivation on proliferation could be attributed to ele-
vated corticosterone,12 we measured corticosterone immediately 
following the interval of BrdU exposure. In the present study, 
corticosterone levels in the REMD group did not differ from the 
YC group subjected to the same experimental conditions. This in-
dicates that the reduction in proliferation in REMD animals com-
pared with YC was not due to elevated corticosterone at the time 
of BrdU administration. This study does not exclude the possibil-
ity that stress-related processes occurring earlier in the procedure 
may have influenced the proliferative process. However, we em-
phasize that we adapt animals to our deprivation procedures, to 
minimize stress responses. Animals were not restrained within 
typical cage-sized environments and experienced no treadmill 
movement during all periods of spontaneous waking and NREM 
sleep in REMD animals. Thus, our procedure, like some TSD 
methods,6,13 does not differentially elevate corticosterone in ex-
perimental animals compared with YC controls. Corticosterone 
levels in both REMD and YC groups were slightly higher than 
those found in basal conditions14 and in our previous TSD study.6 
We cannot exclude the possibility that mild elevations in corticos-
terone levels could contribute to a decrease in cell proliferation 
in REMD and YC compared with CC. However, mildly elevated 
corticosterone levels are not always associated with suppression 
of proliferation. Voluntary wheel running, which is accompanied 
by increased corticosterone,15 also increases proliferation.16

Mirescu et al12 have reported that the antiproliferative ef-
fects of 3 days of sleep deprivation using the single small-ped-

estal-over-water method could be prevented by adrenalectomy 
with basal corticosterone replacement in drinking water. This 
method suppresses REM sleep but is not selective for REM.17 
There are several differences between Mirescu et al’s and our 
study. The duration of deprivation, 3 days versus 4 days in our 
study, is one of the differences between studies. The effects of 
sleep deprivation/REM deprivation may be cumulative (see be-
low), and stress responses may diminish with time. In addition, 
Mirescu et al compared proliferation in adrenalectomized sleep-
deprived/REMD animals and adrenalectomized CC, rather than 
pedestal controls. Some uncontrolled effects of the procedure, 
possibly including changed corticosterone levels associated 
with circadian patterns of water consumption, altered circadian 
rhythms, water bath exposure, or associated body temperature 
changes, could have affected proliferation in REMD animals, 
masking the effects of REMD. Another difference between 
studies was the timing of BrdU administration, zeitgeber time 0 
in our study, zeitgeber time 7 in Mirescu et al. Additional work 
is needed to determine what procedural details account for the 

Figure 4—BrdU (5-bromo- 2’- deoxy-uridine) labeling in the 
dentate gyrus (DG) of the hippocampus. A and B: representa-
tive photomicrographs of sections from yoke-control (YC) and 
REM-deprived (REMD) animals, respectively. C: A 3-week-old 
BrdU-positive cell in the DG colocalizing with NeuN shown in 
an orthogonal view.
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different findings. We have recently found that a 4-day sleep-
fragmentation procedure that markedly suppressed REM, but 
not NREM sleep, also suppresses proliferation in adrenalecto-
mized rats,18 supporting the view that elevated corticosterone 
does not account for effects of sleep loss on proliferation.

Both REMD and YC rats showed a lower percentage of Br-
dU-positive cells that later exhibited a neuronal phenotype. In 
the CC group, the majority (76%) of the newly formed cells in 
the DG expressed the mature neuronal marker NeuN, a finding 
that is consistent with other studies.19 However, in the YC and 
REMD groups, only 59% and 53% of BrdU-positive cells, re-
spectively, colocalized NeuN. The localization of BrdU/NeuN-
positive cells within the DG was similar in all groups. These 
findings suggest that REMD does not interfere with the subse-
quent migration of new granule cells. The percentages of BrdU/
S100β-positive cells did not differ significantly between the 
groups, whereas the percentages of cells that were not stained 
for either glial or neuronal markers were more than 2-fold 
higher in REMD and YC animals, compared with CC. These 
unidentified cells may have a delayed maturation course or may 
have a permanently impaired capacity for maturation. Effects 
of the procedure, including mild stress, could have contributed 
to this deficit.

Our original descriptions of effects of TSD have been repli-
cated. Tung et al8 reported a 36% reduction in proliferation after 
54 hours of TSD using the disc-over-water method. This group 
also showed that the suppression of proliferation persisted after 
8 hours of recovery sleep. Eight days of sleep restriction using 
a rotating drum also reduced proliferation in mice.20 Moreover, 
repeated 6-hour periods of sleep restriction have been shown 
to abolish the neurogenic effects of hippocampal-dependent 
learning, as well as the survival of proliferating cells.21 In all 
of these studies, both NREM and REM sleep were suppressed. 
However, Pollack et al (personal communication) showed that 
4 days of REMD using the multiple-pedestal method, sup-
pressed proliferation. It should be noted that these antiprolif-
erative effects depend on sustained sleep or REM deprivation. 
It has been reported that short-term TSD (12 hours) by gentle 
handling does not change22 or increases proliferation,23 and 24 
hours of deprivation does not change proliferation12 or reduces 
proliferation only in the hilus.20 

The present findings suggest that REM sleep is critical for 
the proliferative process. A REM-like state is elevated in older 
infants,24 and it has been proposed that REM sleep plays a role 
in the development of the nervous system. Studies at electro-
physiologic and molecular levels support a hypothesis that REM 
sleep plays a role in brain plasticity during development.25 The 
impact of REM sleep on adult neurogenesis may be an exten-
sion of these developmental processes.

REM sleep either may directly enable concurrent prolif-
eration or may facilitate molecular processes that enable pro-
liferation in subsequent states. REM sleep exhibits circadian 
rhythmicity, and there is some evidence that proliferation does 
not.20, 26-28 However, we have recently found that proliferation 
is strongly increased in the light phase of the circadian cycle, 
when total sleep and REM sleep amounts are highest.29 How-
ever, direct evidence that proliferation is enhanced during REM 
sleep is not yet available. The fact that short-term sleep depriva-
tion does not diminish proliferation,22, 23 and that proliferation 

does not recover after 6 to 8 hours of recovery sleep,8,12 sup-
port a hypothesis that REM sleep enables cumulative molecular 
processes that support subsequent proliferation. Several mecha-
nisms could underlie cumulative effects of sleep or REM sleep 
loss. It has been shown that brain protein synthesis is increased 
in sleep.30 Protein synthesis is required for cellular prolifera-
tion and growth. Moreover, sleep deprivation increases mark-
ers of oxidative stress in the hippocampus, as well as message 
for proinflammatory cytokines.31 Inflammatory processes sup-
press adult neurogenesis.32 Sleep deprivation also dramatically 
decreases levels of serum insulin-like growth factor-1,13 which 
facilitates proliferation,33 but may have a delayed action. Direct 
effects of sleep on hippocampal plasticity are well documented. 
Following 48 hours of TSD, hippocampal expression of plas-
ticity-related genes, including brain-derived neurotrophic fac-
tor, is reduced, and the decrement is correlated with REM sleep 
loss.34 Brain-derived neurotrophic factor also facilitates DG cell 
proliferation.35

 The relative contribution of REM and NREM 
sleep to these processes has not been evaluated. 

In summary, the present study compared REMD and YC 
animals to assess a hypothesis that REM sleep-associated pro-
cesses facilitate proliferation and maturation of granule cells in 
the adult hippocampal DG. Our findings strongly support the 
hypothesis that REM sleep is essential to the proliferative pro-
cess. Although NREM sleep amounts and SWA were not differ-
entially changed in REMD and YC animals, we cannot exclude 
the possibility that subtle changes in NREM sleep induced by 
the REMD procedures may have affected proliferation. The 
role of NREM in the proliferative process was not assessed in 
this study. In addition, REMD and YC procedures may have 
differentially affected waking behaviors that account for dif-
ferences between groups. We also showed that corticosterone 
levels were not different in REMD and YC animals at the time 
of proliferative cell labeling, but this study does not rule out the 
possibility that stress-related processes occurring earlier in the 
procedure may have influenced the proliferative process. Fur-
ther work is needed to show conclusively that REM directly fa-
cilitates proliferation and to determine the role of NREM sleep 
in hippocampal neurogenesis.
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