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Abstract

Sleep fragmentation (SF) is prevalent in human sleep-related disorders. In rats, sustained SF has a
potent suppressive effect on adult hippocampal dentate gyrus (DG) neurogenesis. Adult-generated
DG neurons progressively mature over several weeks, and participate in certain hippocampal-
dependent cognitive functions. We predicted that suppression of neurogenesis by sustained SF
would affect hippocampal-dependent cognitive functions in the time window when new neurons
would reach functional maturity.

Sprague-Dawley rats were surgically-prepared with EEG and EMG electrodes for sleep state
detection. We induced sleep-dependent SF for 12 days, and compared SF animals to yoked SF
controls (SFC), treadmill controls (TC) and cage controls (CC). Rats were injected with
bromodeoxyuridine on treatment days 4 and 5. Rats were returned to home cages for 14 days.
Cognitive performance was assessed in a Barnes maze with 5 days at a constant escape position
followed by 2 days at a rotated position. After Barnes maze testing rats were perfused and DG
sections were immunolabeled for BrdU and NeuN, a marker of mature neurons.

SF reduced BrdU-labeled cell counts by 32% compared to SFC and TC groups. SF reduced sleep
epoch duration, but amounts of REM sleep did not differ between SF and SFC rats, and NREM
was reduced only transiently. In the Barnes maze, SF rats exhibited a progressive decrease in
escape time, but were slower than controls. SF animals used different search strategies. The use of
a random, non-spatial search strategy was significantly elevated in SF compared to the SFC, TC
and CC groups. The use of random search strategies was negatively correlated with NREM sleep
bout length during SF.

Conclusions—Sustained sleep fragmentation reduced DG neurogenesis and induced use of a
non-spatial search strategy, which could be seen 2 weeks after terminating the SF treatment. The
reduction in neurogenesis induced by sleep fragmentation is likely to underlie the delayed changes
in cognitive function.
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Introduction

The subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) is one of two
mammalian brain regions which, in adults, contain progenitor cells which proliferate and
generate substantial numbers of new cells which can progressively mature into functional
neurons. Adult DG neurogenesis occurs in several mammalian species, including humans
(Gould and Gross, 2002;Ming and Song, 2005;Eriksson et al., 1998). Adult neurogenesis
depends on a complex series of processes, including initiation of the cell cycle in progenitor
cells, generation of a vascular niche, and expression of genes determining cell phenotype
and supporting morphological maturation and migration (Ming and Song, 2005). Many
newly-generated cells do not survive (Kemperman et al, 2003). Newly-generated
hippocampal DG neurons have been shown to play a role in certain hippocampal-dependent
cognitive functions. This has been shown previously by testing cognitive function after
suppressing neurogenesis using manipulations including brain irradiation (Madsen et al.,
2003;Raber et al., 2004;Saxe et al., 2006;Snyder et al., 2005;Winocur et al.,
2006;Wojtowicz et al., 2008;Clelland et al., 2009), administration of anti-mitotic agents
(Shors et al., 2001;Shors et al., 2002;Bruel-Jungerman et al., 2005;Garthe et al., 2009), or
using transgenic manipulations(Zhang et al., 2008;Dupret et al., 2008;Jessberger et al.,
2009;Deng et al., 2009). Newly generated cells require 3—-4 weeks to reach functional
maturity (Jessberger and Kempermann, 2003;Ge et al., 2007;Kee et al., 2007). If
neurogenesis is suppressed, certain hippocampal-dependent cognitive deficits could be
predicted beginning about 3—4 weeks after the suppressing treatment.

Each stage of adult neurogenesis is modulated, either positively or negatively, by
physiological and behavioral events. We and others have shown that the proliferative stage
is potently suppressed by 2—7 days sleep deprivation (Guzman-Marin et al., 2005;Tung et
al., 2005;Roman et al., 2005;Mirescu et al., 2006), REM sleep deprivation (Guzman-Marin
et al., 2008;Mueller et al., 2008) or sleep fragmentation (Guzman-Marin et al., 2007).
Although stress can suppress the proliferative stage of adult neurogenesis (Gould et al.,
1997;Gould et al., 1998;Pham et al., 2003), most evidence shows that stress does not
account for the effects of sleep deprivation (Mueller et al., 2008) or fragmentation (Guzman-
Marin et al., 2007), since these effects are preserved in adrenalectomized animals, with basal
corticosterone replacement (but see Mirescu et al, (Mirescu et al., 2006)). Although the
evidence is incomplete, sleep deprivation and fragmentation also may impair the ability of
residual proliferating cells to achieve maturity (Guzman-Marin et al., 2005;Guzman-Marin
et al., 2007). Sleep fragmentation (SF) is a predominant characteristic of prevalent sleep
disorders in humans (Bonnet and Arand, 2003). Severe SF is a primary characteristic of
obstructive sleep apnea, and varying degrees of SF, from mild to severe are often associated
with major depressive disorder (MDD), periodic leg movements of sleep, primary insomnia,
and normal aging (Bonnet and Arand, 2003). Cognitive changes after short term SF have
been well-studied (McCoy et al., 2007;Jagasia et al., 2009; Tartar et al., 2006), but effects of
more sustained SF, characteristic of human disease, are unknown.

Based on the evidence that SF potently suppresses adult neurogenesis, we hypothesized that
sustained sleep fragmentation would result in hippocampal-dependent cognitive deficits in
the time window when suppressed neurogenesis would be expected to have an impact. In the
present study we maintained sleep fragmentation for 12 days, in an attempt to generate a
substantial neurogenic deficit window. Our SF treatment was sleep-dependent, initiated by
online detection of sleep using EEG and EMG properties of sleep, so spontaneous waking
was not disturbed, as in human sleep disorders. Sleep was interrupted after 30 seconds of
sustained sleep, to mimic the severe SF in human obstructive sleep apnea. Cognitive
performance was assessed using the Barnes maze (Barnes, 1979), beginning 4 weeks after
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the beginning of the SF or control treatments, after animals had been maintained in home
cages for 2 weeks.

Experimental Procedures

Animal Preparation

All protocols were conducted in accordance with the National Research council Guide for
the Care and Use of Laboratory Animals and were reviewed and approved by the Animals
Care and Use Committee at the V.A. Greater Los Angeles Healthcare System.Male Sprague-
Dawley rats, 250-320 g, were used for this study. Animals were housed in a 12-h light/dark
cycle (lights on at 05.00h) throughout the study. Rats were assigned to one of 4 groups: SF
(n=14), sleep fragmentation control (SFC, n=14), treadmill control (TC, n=10) or cage
control (CC, n=12). SF and SFC rats were surgically prepared for sleep-wake cycle
monitoring in aseptic conditions using Ketamine 80 mg/Kg and xylazine 10 mg/Kg i.p to
induce anesthesia. Six stainless steel gold-plated electrodes were implanted in the frontal
and parietal bones of the skull for electroencephalogram (EEG) recording, and three
stainless steel gold-plated wires were inserted into nuchal muscles for electromyogram
(EMG) recording. All electrodes were then connected with a plug and fixed to the skull with
dental cement. Post-surgically, the rats received 1 injection/day of 5.0 ml/kg Carprofen for 3
days. Rats were allowed between 10 and 12 days of post-surgical recovery before initiating
treatments.

Sleep Fragmentation Method

To achieve sleep fragmentation, an intermittently-activated treadmill was used. Animals
were housed in a 4-sided plastic enclosure (28 x 28 x 40 cm), the lower edges suspended 0.6
cm above the vinyl belt of a treadmill, the belt forming the floor of the cage. Two adjacent
chambers were on the treadmill. Awakenings were induced by 3 s computer-controlled
treadmill activation, after the detection of 30s of continuous NREM sleep (see below).
Activation of the treadmill would wake the animals by lightly shifting them against the
enclosure walls. Should the rat remain asleep after the first activation, the treadmill
activation was repeated until arousal occurred. The treadmill speed was set at 7 cm/s.
Treadmill direction changed every 5 min. The bottom edges of enclosures were rounded and
weather stripping was use as bumpers to prevent injury. Every other day, the treadmill was
scrubbed and wiped down with a cleaning solution and water. Food and water were
available at all times.

For sleep—wake cycle recordings on the treadmill, SF and SFC rats were connected to
amplifiers through light cables and a slip ring (Plastics One, Inc, Roanoke, VA) suspended
overhead on a counterbalanced beam. Two channels of EEG and one channel of EMG
activity were continuously recorded throughout the experiment. EEG and EMG signals were
filtered at 1.0 and 30 Hz and 30-300 Hz, respectively, and digitized with the Cambridge
Electronic Design (CED, Cambridge, Spike 2 V 5.0) recording system at 128 Hz and 256
Hz, respectively. On-line NREM sleep state detection was based on a Power Pass program
derived from the Bergmann et al (Bergmann et al., 1978). NREM sleep detection was based
on FFT EEG analysis yielding power in delta (0.5-4 Hz) and sigma (10-16 Hz) bands plus
integrated EMG activity in each 2 sec epoch (cosine-tapered and 50% overlap). NREM
sleep was identified by elevation of either delta or sigma activity above a threshold in at
least 3 out of a set of 5 consecutive epochs, but was inhibited by elevated EMG activity, to
exclude EEG artifacts during brisk body movements. Thresholds were individualized using
frequency histograms of each EEG band and integrated EMG activity during baseline
recordings.
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Experimental Design

Our experiment compared the effects of 12 days of SF or control treatments on neurogenesis
and Barnes maze performance. Pairs of SF and SFC were placed on the treadmill,
simultaneously. EEG/EMG signals from the designated SF animal controlled the treadmill.
The SFC rat could sleep when the SF animal was spontaneously awake. As the SFC animal
and the SF animal were on the same treadmill, they experienced identical treadmill
movements. A 12-day TC treatment was used to evaluate whether the movement alone
affected proliferation and subsequent behavior, independent of the role of sleep
fragmentation. TC animals were placed on a treadmill identical to that of SF- SFC animals,
but the treadmill was activated only in the dark phase, the predominately waking phase of
the rat, for a total of 45 m in sets of 15 m (15 on: 15 off). This total duration of movement
was matched to that measured in SF animals. One day of acclimation to the treadmill
movement and one 24 h period of baseline sleep-wake recording, in SF and SFC rats,
preceded the beginning of all treatments.

In subgroups of 8 SF and SFC and 10 TC animals, two BrdU injections (200mg/kg) were
administered on days 4 and 5 of the treatments. One BrdU injection labels cells proliferating
during about 11 hrs in the rat, including the 9 h duration of the S-phase of the cell cycle and
a 2 h period of BrdU bioavailability (Cameron and McKay, 2001). Therefore, injections
were given 12 hours apart (7 pm, day 4 and 7 am, day 5) to label most cells proliferating in a
24 h period. After SF and SFC treatments, rats were returned to their home cages for 14 days
before beginning Barnes maze testing (see below). We chose 14 days so that the 7 days of
Barnes maze testing would begin 26 days after beginning SF and control treatments, when
neurons normally born during the time of treatments would exhibit functional maturity. Rats
in all groups were sacrificed 34-35 days after initiating treatments, after completing Barnes
maze testing.

Barnes maze apparatus and procedure

The apparatus used was similar to that originally described by Barnes (Barnes, 1979). The
maze consisted of an elevated (82 cm) circular platform 122 cm in diameter, with 22 eight
cm diameter circular holes evenly spaced around the perimeter. The platform could be
rotated on its supporting pedestal. A dark escape box, supported by a structure invisible to
the rats was located under one of the holes. Open space was below the other holes. The
escape box was 12 cm in depth and contained a black wooden pull-out shelf to facilitate
removing the rats. A covered cylinder that could be lifted by an overhead tether was placed
in the center of the maze as the start-box. The maze was located in a white-walled room with
prominent fixed black wall markings to serve as spatial cues. Three 100W lights in addition
to the fluorescent lights illuminated the maze. A video recording system (model: KPC-
S60NV, Kt & C, Korea) was placed 130 cm directly above the center of the maze to record
rat activity.

The animals underwent 7 days of maze testing, 5 with a constant escape tunnel position
followed by 2 with the escape tunnel position right-rotated 130°. Rats were given 5 trials per
day, at the same time each day for a given animal, between ZT 8 and ZT 11. In each trial,
the rat was placed in the start box facing a pre-selected randomly-varied direction for 30s.
Once freed by lifting the start box, rats had a maximum of 4 min to locate the escape box. If
the rat failed, it was placed in the escape box. Trials were separated by 1 minute in the
escape box followed by 1 minute in their home cage. Between trials, with the escape
position remaining fixed relative to room cues, the maze was rotated 130 ° always in the
same direction to eliminate possible local cues such as odor.

Neuroscience. Author manuscript; available in PMC 2011 September 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

Perfusion, immunohistochemistry, and cell counting

Subjects from SF, SFC, and TC groups were deeply anesthetized (Nembutal 100 mg/Kg and
perfused transcardially with phosphate buffer (PB) 0.1 M followed by ice cold
paraformaldehyde (4%); brains were removed and stored in 10% and 30% sucrose at 4 °C
until they sank. Brains were cut in 40 um coronal sections. Sections encompassing the
hippocampus were preserved in a cryoprotectant solution containing sucrose, polyvinyl-
pyrrolidone (PVP-40, Sigma, St. Louis, MO, USA) and ethylene glycol dissolved in PB pH
7.2, which provides long-term protection of the tissue. Sections were processed for BrdU
immunolabeling to assess cell proliferation/survival or double immunofluorescence labeling
for BrdU and NeuN to identify cell phenotype. As primary antibodies we used: rat anti-
BrdU (1:100, Accurate, Westbury, NJ, USA), and mouse anti-NeuN (1:300, Chemicon,
Temecula, CA, USA).

For single labeling, to visualize the expression of the BrdU alone we used the peroxidase
method (ABC system, Vectastain, Vector Laboratories, Burlington, CA, USA).
Immunohistochemistry was performed simultaneously on sections from all groups to
maximize the reliability of comparisons across groups. Staining was done on slide-mounted
sections on a one-in-six section series (~18 sections per animal). Slides were placed in pre-
stirred boiling citric acid (0.01 M, pH = 6.0) for 40 min. After cooling, slides were rinsed in
water (X5) and then PBS (X5 after this and each subsequent step unless otherwise
specified). Sections were pretreated by DNA denaturation (2 M HCI 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 in PBS containing 0.5% Tween 20 for 48 h at 4°C. Tissue from
all groups was treated with aliquots from the same batch of antibodies. Sections were
subsequently incubated with a biotinylated horse anti-mouse 1gG (1:200, Vector
Laboratories), then reacted with avidin-biotin complex (1:200, Vector Elite) and developed
with diaminobenzidine tetrahydrochloride in hydrogen perioxide (DAB, Sigma kit).
Absence of the primary antibody resulted in an absence of specific nuclear staining.

An individual blinded to the experimental conditions did all counting. One SF rat and 2 SFC
rats had incomplete sets of sections and were not included in the counts. BrdU-positive cells
were counted using a 60x objective (Nikon E600, Nikon, Tokyo, Japan) throughout the
rostrocaudal extent of the DG granule cell layer (GCL). The optical fractionator method was
used for counting as previously described (Guzman-Marin et al., 2005). Briefly, in every
section, the contour of GCL/SGZ area was first delineated for counting using the tracing
function of the MicroBrightfield Stereo Investigator stage control system software.
Following this, the optical fractionator component was activated by entering parameters
such as the grid size of the counting region, the thickness of the guard zone (3 pm) and the
optical dissector height. Due to the sparse and sporadic distribution of BrdU-positive cells,
we used exhaustive sampling, counting cells throughout the DG bilaterally to ensure that the
counts were as accurate as possible. The Stereolnvestigator software calculated the total
number of BrdU positive cells per DG by utilizing the optical fractionator formula. The
precision of estimates of the number of cells was expressed using the coefficient of error
(CE). The stereological sampling scheme was considered acceptable only when CE
Gunderson was less than 0.05 (West et al., 1991).

The phenotype of the newly generated BrdU-positive cells was determined using double
immunolabeling with antibodies to BrdU and NeuN in a 1-in-12 series of sections in SF and
SFC rats. Co-localization was assessed in at least 50 cells per animal (except in one SF rat
20 cells were studied). After pretreatment (see above) and blocking with goat serum and
Triton-X 10% in TBS, sections were incubated in a mixture with antibodies against BrdU
(monoclonal from rat) and NeuN (monoclonal from mouse) in TBS for 3 days at 4 °C. After
rinsing with TBS and blocking for 1 h, sections were incubated in an antibody mixture of
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Alexa 488 goat anti-rat and Alexa 555 goat anti-mouse (both at 1:300, Molecular Probes,
Eugene, OR, USA) in TBS for 2 h. Sections were mounted and coverslipped with Vectastain
(Vector) mounting medium. Cell phenotype was assessed with a fluorescence microscope
(Nikon E-400) confirmed by z-series analysis through the cell nucleus and three-
dimensional reconstruction.

Barnes maze scoring

Barnes maze performance was quantified from video recordings. Barnes maze performance
analysis included quantification of distance traveled, time to escape, the types of errors, and
escape hole search strategy. Errors were head or nose pokes into incorrect holes. Repeats
were head or nose pokes into previously visited incorrect holes. Distance traveled was
calculated as the shortest linear distance between points. Time to escape was calculated from
the time the cylinder was lifted to the time when then rat entered the tunnel entirely (tail
excluded). The velocity was calculated by using the aforementioned distance and time
values.

To quantify search strategy, we classified the rat’s escape path in each trail into the
following categories: Direct (D), the rats go directly to the escape hole or an adjacent hole,
Error direct (ED), rats go to an incorrect hole, but no more than 2 holes from the correct hole
and then directly to the escape hole, Quadrant (Q), rats go directly to the correct quadrant
(within 3 holes) of the escape hole, then to the escape hole, Serial (S), rats go from one hole
to the next, but not starting in the correct quadrant, Random (R), rats go between non-
adjacent holes, not starting in the correct quadrant, Serial/Random (S/R), rats used a serial
pattern but then skip sections of the maze (See Fig 1). Assuming that movement in the
direction of escape hole represented a spatial strategy, and that random or serial movements
represented a non-spatial strategy, an overall strategy score was generated as follows: R = 1,
SIR=2,S=3,ED =4,Q =5, D= 6. For this purpose, serial paths were weighted higher
than random paths because they indicated an organized search strategy.

Sleep-wake state analysis

Sleep—wake states were scored in 10 s epochs on the basis of the predominant state within
the epoch. Wake was identified by low-voltage high-frequency EEG activity and sustained
neck muscle tone. High-amplitude low frequency EEG with decreased muscle activity
defined non-rapid eye movement (NREM) sleep whereas rapid eye movement (REM) sleep
was defined by EEG similar to waking with dominant theta frequency (4-8 Hz), combined
with low muscle tone. The percentages of each state were calculated for 4 24-hour periods
(Baseline, day 2, day 7, and day 11) of the recording process. In addition to this, we
measured the duration of sleep bouts to access the level of SF.

EEG spectral power was determined using SleepSign (Kissei Comtec, Japan), as follows.
EEG data were digitally low-pass filtered at 20 Hz and epochs containing artifacts were
excluded. Spectral analyses were conducted using the fast Fourier transformation on 10 sec
epochs tapered by Hanning window. The integral EEG spectral power for wake, NREM and
REM sleep was calculated for the spectral range from 0.50-20.0 Hz. Spectral data for each
of the three stages, averaged every 3hrs, was calculated for three frequency bands: - lower
delta (0.50 — 2.0 Hz), upper delta (2.1- 4 Hz) and theta (4.5—- 8 Hz). Changes in spectral
power induced by sleep fragmentation were calculated as a percentage difference of power
from the baseline day in the respective frequency bands at 3 h intervals.

Statistical analysis

To assess the impact of the SF paradigm on different sleep—wake cycle parameters between
and within groups, a two-way repeated-measures ANOVA was carried out, with days of
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treatment as the repeated-measures variable followed by Fischer’s or Holm-Sidak post hoc
test in the case of no significant interaction. Otherwise, a simple one-way ANOVA was used
to further analyze the data. Effects of SF on EEG spectral power was also assessed using a
two-way repeated measures ANOVA, followed by the Holm-Sidak post-hoc test. Unless
otherwise indicated, repeated measures ANOVAs and Fischer’s post-hoc test were also used
to assess Barnes maze data. To measure correlations between and within different behavioral
and sleep data sets we used the Spearman R correlation test. Correlations with NREM bout
length were based on day 7 of SF or SFC sleep measurements. Cell count differences
between groups were assessed with Student’s t-test. A P value of <0.05 was adopted for
significance.

Effect of Sleep Fragmentation on Proliferating Cell Survival and Phenotype

The numbers of BrdU-labeled cells was counted in animals sacrificed following Barnes
maze testing, 30 days after BrdU administration. Representative sections are shown in Fig
2A. The BrdU-labeled cell count was reduced by 32% in SF animals compared to both SFC
and TC groups (Fig 2B, both, p< 0.05). The assessment of cell phenotype was based on
coincidence and merging of red (NeuN) and green (BrdU) fluorescent labeling (Fig
2A,right). There were no significant differences between SF and SFC groups in the
percentages of BrdU-labeled cells also expressing NeuN (SF: 83%, SFC: 89%, p >0.4).

Sleep-wake parameters

A two-way repeated measures ANOVA with procedure as a between subjects factor and day
as a repeated measures factor was performed to analyze the differences in sleep parameters
between SF and SFC animals and between the baseline and selected days of treatment (21,
7t and 11%). Significant interactions between the factors were found for all the parameters
studied except REM sleep parameters. In the presence of a significant interaction, analyses
for simple main effects (one-way ANOVAS) were then applied to the data.

SF animals compared to SFC did not exhibit statistically significant differences in the
percentages of sleep-wake states during the baseline, or days 2 and 11 of the SF/SFC
procedure (Fig.3). On day 7, SF rats, compared to SFC spent about 17% more time awake
(F(1, 23)=7.5, p<0.05, one-way ANOVA) exclusively at the expense of NREM sleep (F(1,
23)=10.2, p<0.01, one-way ANOVA). Although total sleep stage amounts were little
changed, the SF group exhibited a higher number of NREM sleep bouts, compared to SFC
rats on the 219/7t/11t days of the procedure [[Fig 3 C-D, [F(1,23)=30.7/14.8/53.9,
p<0.001, one-way ANOVA]], and NREM bouts were shorter in duration (F(1,23)=25,1/
31.0/43.1, respectively, p<0.001, one-way ANOVA).

In SF and SFC group the effect of the repeated measures factor day was statistically
significant for both the bout length (F(3, 36)=121.4 and F(3, 33)=41.8, respectively,
p<0.001, one-way repeated measures ANOVA) and bout number (F(3, 36)=70.131 and F(3,
33)=12.8, respectively, p<0.001, one-way repeated measures ANOVA). On each selected
day of the procedure, SF rats and their yoked controls both exhibited a significant increase
in NREM sleep bout number and decrease in bout length compared to the baseline (p<0.001,
Fisher LSD post-hoc test). NREM sleep bout length and the number of bouts did not differ
between SF and SFC animals during the baseline.

The REM sleep bout length and number did not differ between SF and SFC rats during the
baseline and throughout the procedure (F(1, 23)=0.3 and F(1, 23)=4.0, respectively, p>0.05,
two-way repeated measures ANOVA). The factor day significantly affected both duration
and number of REM sleep bouts (F(3, 69)=2.8, p<0.05 and F(3, 69)=5.7, p<0.01,
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respectively, two-way repeated measures ANOVA). The REM sleep bout length was lower
on day 7 compared to the baseline and day 11 (p<0.05 and p<0.01, Fisher LSD post-hoc
test). The number of REM sleep bouts was lower on day 2 compared to baseline, 7t and
11t day of the procedure (p<0.05-0.01 ,Fisher LSD post-hoc test).

During SF/SFC procedures, both SF and SFC groups exhibited mild increases in % waking
and decreases in %NREM and % REM sleep, compared to baseline (Fig 3A-B). The effect
of the repeated measures factor day was significant in both SF and SFC groups for each
sleep-wake state (%waking, F(3, 36)=39.7, p<0.001 and F(3, 33)=7.2, p<0.01, respectively,
one-way repeated measures ANOVA; %NREM sleep, F(3, 36)=40.5, p<0.001 and F(3,
33)=6.0, p<0.01, respectively, one-way repeated measures ANOVA; and %REM sleep, F(3,
69)=17.2, p<0.001, two-way repeated measures ANOVA). NREM changes were significant
for each day during SF/SFC procedures (Fig 3A, p<0.01-0.001, Fisher LSD post-hoc test)
except on Day 7 for the SFC group. %REM was also reduced on each day of the SF and
SFC procedure compared to baseline (Fig 3B., p<0.001-0.05, Fisher LSD post-hoc test). SF
animals exhibited a significant increase in %REM sleep on days 7 and 11 compared to day 2
(p<0.001 and p<0.01, respectively).

EEG patterns

Effects of SF on low and high delta and theta EEG frequency bands were assessed in wake,
NREM and REM, in successive 3 hr intervals across the 24h of day 11, compared to
baseline (Fig 4). ANOVA with repeated measures (day and time of day) showed significant
day by time interactions [F(1,4) = 7.9-10.8, p, 0.05)]. Within NREM sleep high frequency
delta was reduced during four successive three-hour periods and low frequency delta was
reduced during 6 hrs. EEG theta activity was reduced in NREM during one 3h period, but
was not significantly changed in wake or REM. Neither delta band nor theta were
significantly changed in wake or REM.

In summary, the SF treatment compared to the yoked SFC effectively fragmented NREM
sleep, reducing bout lengths and increasing bout frequency. NREM and REM sleep % were
mildly reduced in both SF and SFC groups, compared to baseline, but sleep state amounts
differed little between these groups. NREM delta EEG activity was reduced, compared to
baseline in the SF group.

Barnes maze performance

A two-way repeated measures ANOVA with training day as a within-subjects factor and
procedure as a between-subjects factor was used to compare Barnes maze performance in
SF, SFC, CC and TC animals across the training days. The factor training day significantly
affected the escape time (F(6, 276)=73.5, p<0.001), number of errors (F(6, 276)=8.0,
p<0.001) and repeats (F(6, 276)=15.6, p<0/001). No significant procedure x training day
interaction was found for each of these parameters. Performance progressively improved in
all groups over the course of training (Fig. 5). Escape time, number of errors and repeats
gradually decreased and reached their minimum values on day 5, significantly increased on
day 6 with escape box relocation (p<0.05-0.001, Fisher’s LSD post-hoc test), and
significantly decreased again on day 7 (p<0.05-0.001, Fisher’s LSD post-hoc test). The
differences between the groups in the number of errors and repeats were insignificant.

Across all training days the escape time in SF animals tended to be longer compared to SFC
(p=0.08) and was significantly longer compared to both CC and TC animals (p<0.05, Fisher
LSD post-hoc test). Pair-wise comparisons for each training day confirmed that escape time
was longer in SF compared to SFC and CC rats on day 2 (Fig. 5., p<0.05, Fisher LSD post-

hoc test).
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Analysis of search strategies showed that over the course of training, the number of random
search attempts changed significantly (F(6, 276)=3.0, p<0.01, two-way repeated measures
ANOVA). The number of R attempts decreased with training in all groups and was minimal
on day 5 differing significantly from days 1 and 2 (p<0.01 and p<0.05, respectively), The
changes in the number of R attempts on days 6 (escape box relocation) and 7 were
insignificant. No significant procedure by training day interaction was found.

The effect of the procedure was highly significant (F(3, 46)=7.4, p<0.001). SF animals
exhibited significantly more random search attempts compared to all control groups across
the training days (Fig. 6, p<0.001, Fisher LSD post-hoc test). No significant differences
between control groups were found. There were no significant differences between groups in
S, S/R, ED, or D strategies. Following escape box rotation, on days 6 and 7, both the SF and
SFC groups had significantly lower number of Q attempts compared to the CC (Day 6, SF: p
<0.02, SFC: p<0.05, and Day 7 SF: p<0.02, SFC: p<0.005, two-way ANOVA followed by
Fisher LSD post-hoc test). This implies that both SF and SFC rats had more difficulty
adjusting to the new tunnel position compared to CC group.

Overall escape search strategy scores significantly improved in all groups over the course of
training (F(6, 276)=27.2, p<0.001). The effect of the factor procedure was significant (F(3,
46)=4.5, p<0.01). SF animals had significantly lower overall escape hole search strategy
scores compared to SFC, CC, and TC group (Fig. 6, p<0.05, p<0.01, and p<0.01,
respectively, Fisher LSD post-hoc test). No significant interaction between factors day and
procedure was found.

Correlations with Sleep

There were strong links between NREM bout length and technique score, especially the use
of random search strategies. Combining groups, the overall technique score for days 1-5
was positively correlated with NREM bout length (r = 0.49, p<0.05). The use of random
strategy on test days 2,3,4, and 6 of Barnes maze testing was negatively correlated with
NREM bout length (day 2: r =—.46, p < 0.05, day 3: r = —0.51, p < 0.05, day 4: r = —0.51, p
<0.05, day 6: r = —0.45, p < 0.05).

Static Behavior and Appearance

On the Barnes maze, 37.5 percent of the SF group, but only 13% of SFC and one TC or CC
animals displayed “static” activity. Rats moved to the edge of the maze and were nearly
motionless near one escape hole throughout the duration of the trial. SF and SFC animals’
weight increased 0.7 and 11.7 g, respectively, on the treadmill. After the SF treatment, both
groups of animals gained 25 g/week. After one week on the treadmill approximately equal
numbers of SF and SFC animals exhibited porphyrin staining around eyes and nostrils and
matted fur.

Discussion

Our study showed that sustained SF resulted in changes in spatial learning in the Barnes
maze in assessments started 2 weeks after termination of the SF treatment, when all animals
had been maintained in a standard cage environment. This result confirmed our prediction
that delayed hippocampal-dependent cognitive changes could occur following the 12 day SF
treatment, based on the adult neurogenesis model. Newly-generated neurons require 3—4
weeks to mature (Kee et al., 2007;Fariola-Vecchioli et al., 2008) and participate in new
spatial learning or other hippocampal-dependent forms of learning (Shors et al., 2002;Bruel-
Jungerman et al., 2007). Delayed deficits of several types were shown previously after
suppressing neurogenesis using manipulations such as brain irradiation (Madsen et al.,
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2003;Raber et al., 2004;Snyder et al., 2005;Saxe et al., 2006;Winocur et al., 2006;Clelland et
al., 2009;Wojtowicz et al., 2008), administering anti-mitotic agents such as
methylazoxymethanol (Shors et al., 2001;Shors et al., 2002;Bruel-Jungerman et al., 2005) or
temozolomide (Garthe et al., 2009), or using transgenic manipulations (Dupret et al.,
2008;Deng et al., 2009;Zhang et al., 2008;Fariola-Vecchioli et al., 2008;Jessberger et al.,
2009), but not after treatments such as sleep fragmentation mimicking chronic abnormalities
commonly encountered by adult humans. Although the above methods used to suppress
neurogenesis were designed to more selectively affect proliferating cells, and SF produces
other brain functional changes, acutely (7055}, the delayed changes we observed,
particularly the change in search strategies, are reasonably attributed to changes in
neurogenesis. Changes in sleep after sustained total sleep deprivation last only a few days
(Rechtschaffen and Bergmann, 1995). Given that both SF and control animals were housed
in home cages for 14 days before testing, without disturbance except for normal servicing, is
unlikely that changes in sleep directly affected Barnes maze performance. However, we
cannot exclude the possibility that sustained sleep-dependent sleep fragmentation produces
other long-lasting functional abnormalities that could affect spatial learning strategies. Stress
or elevation of corticosterone also non-selectively suppress neurogenesis (reviewed
(Lucassen et al., 2010)), and can impair hippocampal-dependent cognitive functions,
including Barnes maze performance (Mclay et al., 1998). However, to our knowledge, a
delayed cognitive deficit following stress, like that produced by SF, has not been
demonstrated.

By continuously monitoring EEG and EMG activity and using automated sleep detection,
we could initiate treadmill movements only after a pre-selected duration of sustained sleep.
This method permits the use of yoked controls that experience the identical treadmill
movement, but can sleep when SF animals are spontaneously awake. Previously we used
this treadmill system coupled with automatic state detection for REM sleep deprivation, with
yoked controls (Guzman-Marin et al., 2008). Sleep-dependent total sleep deprivation, REM
deprivation, and slow wave deprivation, have been studied previously using the disk-over-
water method (Everson, 1995;Rechtschaffen et al., 1999). An innovation of the present
study was the first use of sleep-dependent sleep fragmentation with a treadmill, avoiding
sustained water exposure or restraint. The primary effects of the SF treatment on sleep
compared to the yoked control treatment were a reduction in NREM bout length bout length;
there were no significant differences between SF and SFC groups in REM sleep amounts,
and NREM was reduced by SF only in day 7 data.

In the present study, 30 days after BrdU administration, the number of cells labeled on days
4 and 5 of the SF treatment was reduced by 32%, compared to both SFC and TC groups.
Previously we showed that 4 or 7 days sleep fragmentation suppressed the proliferative stage
of DG neurogenesis (Guzman-Marin et al., 2007). The design of the present study does not
allow us to differentiate between effects of SF on initial proliferation or subsequent survival
of labeled cells. To achieve sleep-dependent SF and SFC, animals occupy an individual
treadmill chamber for 14 days and undergo continuous polygraphic recording, with
individualized sleep detection and computer-controlled treadmill movement, so completing
separate studies of proliferation and survival was not attempted.

Although stress is a potent inhibitor of neurogenesis, we showed previously that the
reduction in proliferation by 4 days SF was not affected by adrenalectomy (ADX) with basal
corticosterone replacement (Guzman-Marin et al., 2007). Further ADX did not prevent the
anti-proliferative effects of 4 days sleep deprivation using the small-platform-over-water
method (Mueller et al., 2008). Although corticosterone levels may be elevated for the initial
6 hr-2 days of sleep deprivation or fragmentation (Hairston et al, 2005, Tartar et al, 2009),
they are usually not different from controls after more sustained treatments (Cirelli and
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Tononi, 2000;Guzman-Marin et al., 2008;Everson and Crowley, 2004). Sustained sleep
restriction blunts the CRH response to stress without affecting the corticosterone response
(Novati et al, 2008). These findings argue that it is unlikely that the effects of sustained SF
on neurogenesis were due to elevation of corticosterone or CRH to stress levels, although
this possibility was not explicitly excluded in the present study.

An additional feature of glucocorticoid secretory pattern, distinct from stress effects, was
found to modulate neurogenesis, and could be affected by sleep fragmentation. In rats,
flattening of the diurnal rhythm of corticosterone using sustained release pellets prevents the
pro-proliferative effects of chronic administration of the nitric oxide synthase inhibitor, L-
NAME, the 5-HT-1A agonist, 8-OH-DPAT, fluoxetine, and local hippocampal
administration of the neurotrophic factor, brain derived neurotrophc factor (Pinnock and
Herbert, 2008, Huang and Herbert, 2005). Normally, glucocorticoid secretion is minimal
before and during the first portion of the primary sleep period in both rodents and humans.
The low corticosterone level associated with the beginning of the light phase in rats was
prevented by sleep deprivation, as measured in hippocampus (Linthorst and Reul, 2008). In
humans, acute sleep deprivation prevents the low cortisol levels normally induced at sleep
onset (e.g., Born et al, 1988), and insomnia patients with sleep fragmentation exhibit
elevation of cortisol levels during the sleep period (Vgontzas et al, 2001). As peak wake-
associated levels are not changed by these procedures, by preventing low levels during
sleep, sleep deprivation or fragmentation have the effect of reducing or flattening the
amplitude of the diurnal variation of glucocorticoid levels. As noted above, this flattening
could restrict stimulation of proliferation. On the other hand, corticosterone re-supply after
ADX by pellets to only basal awake levels reduced sleep amounts in rats (Bradbury et al,
1998). Administration of glucocorticoids also suppresses human sleep (e.g., Born et al,
1991). Thus, available evidenced suggests that sustained sleep is required for low
glucocorticoid secretion and a low glucocorticoid level is required for sustained sleep. These
two mechanisms might synergistically facilitate stimulation of cell proliferation, but
specification of their separate and combined roles requires further study.

The intermittent treadmill procedure is not comparable to exercise as total treadmill
movement, about 300 m/day, is much less than spontaneous running wheel distance (often 4
Km/day), and was at “walking” rate for the rat (7 cm/sec).

In our study, SF had only transient effects on the time required to reach the escape hole
location in the Barnes maze (day 2), but resulted in altered strategy to locate the escape hole.
SF led to an increased number of what we classified as random search patterns in the Barnes
maze. NREM sleep bout length was negatively correlated with use of a random escape hole
search strategy during Barnes maze testing. Our findings are in agreement with a previous
study showing that performance in the Barnes maze was impaired following irradiation-
induced suppression of neurogenesis, primarily by affecting escape search strategies and the
use of random search patterns (Raber et al., 2004). A role for adult-born DG neurons in
learning strategy was also found in a recent study using the Morris water maze (MWM), in
which mice with TMZ- suppressed neurogenesis were most impaired in adapting to a new
platform location because inflexible search strategies (Garthe et al., 2009). Studies of the
effects of suppressed adult DG neurogenesis on cognitive function have been somewhat
inconsistent, but most studies have found deficits in either acquisition or retention of spatial
tasks or contextual fear conditioning, in agreement with general concepts of DG information
processing. Some studies failed to find initial acquisition deficits in MWM after suppression
of neurogenesis (Shors et al., 2002;Saxe et al., 2006;Raber et al., 2004;Wojtowicz et al.,
2008;Jessberger et al., 2009), but deficits may be revealed when more challenging test
protocols are used (Zhang et al., 2008). The Barnes maze test readily reveals alternative
forms of behavioral deficits. Our study suggests that animals with deficits do not choose
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strategies that depend on spatial navigation. We would predict that humans with deficits in
neurogenesis would tend to choose strategies that do not depend on hippocampal-dependent
functions.

These findings indicate that sleep continuity or the associated enhancement of cortical EEG
slow wave activity provide a critical benefit to the brain. Sleep fragmentation rather than
sleep deprivation is commonly associated with prevalent human disease and aging. Bonnet
and co-workers and several subsequent studies (Bonnet, 1986) showed that if human sleep
was fragmented by brief awakenings after each one minute of sleep, daytime performance
on addition and vigilance tasks was impaired the next day to virtually the same extent as
after total sleep deprivation. Awakenings at 10 min. intervals did not have this effect. It is
important to note that experimental sleep fragmentation in humans had small effects on
NREM or REM amounts, as in our study. Several studies have confirmed that short-term
sleep fragmentation acutely impairs cognitive performance in animals (McCoy et al.,
2007;Tartar et al., 2006). Short term REM sleep restriction may also acutely alter strategies
used in a spatial task (Bjorness et al., 2005). It is reasonable to speculate that sustained sleep
episodes, as contrasted with fragmented sleep episodes, provide support for anabolic
processes including brain protein synthesis that underlie both acute forms of brain plasticity
and longer-term processes such as DG cell proliferation and maturation (Ramm and Smith,
1990;Nakanishi et al., 1997). For optimum expression of plastic mechanisms, some
minimum duration of a stable cellular state, without impinging perturbations, might be
required.

Abbeviations

ADX adrenalectomy

ANOVA analysis of variance

BrduU bromodeoxyuridine

DG dentate gyrus

EEG electroencephalogram

EMG electromyogram

FFT Fast Fourier Transform

GCL granule cell layer

MDD major depressive disorder

MWM Morris water maze

NeuN neuronal nuclear antigen

NREM non-rapid eye movement sleep

OSA obstructive sleep apnea

REM rapid eye movement sleep

SF, SFC sleep fragmentation, sleep fragmentation control
SGZ subgranular zone

TC treadmill control

ZT zeitgeber (time-giver) time, environmental circadian time. By convention, ZTO

is the beginning of the light period, ZT12 is the beginning of the dark period in
a12:12 L:D Schedule.
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Fig. 1.

Samples of alternative search strategies derived from video recordings, in which the prior
path of the rat has been drawn. 1. Direct (D). Rat goes directly to the correct escape hole. 2.
Quadrant (Q). Rat goes to the correct quadrant, then to the correct hole. 3. Error Direct (ED).
The rat goes to an incorrect hole outside of the correct quadrant, then directly to the correct
hole. 4. Serial (S). Rat goes sequentially around the perimeter, not starting in the correct
quadrant. 5. Serial Random (S/R). Rat follows a path including both serial and apparently
random strategies. 6. Random (R). Rat follows a path without either serial or quadrant-
related elements.
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A. Left. Examples of BrdU-immunostained cells from DG in SFC and SF animals. A. Right.
Examples of fluorescent images of cells stained for BrdU (green), NeuN (red), and merged
images, to confirm neuronal phenotype of proliferating cells. B. Counts of BrdU-labeled cell
in SF, SFC, and TC groups. SF reduced significantly reduced cell counts by 32% compared
to both control groups (*, both p < 0.05).
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Sleep parameters in SF and SFC groups during baseline (B) and on days 2, 7, and 11 of the
treatments. SF had few effects of sleep stage amounts. % NREM was reduced only on day 7
(A), and % REM was not significantly changed (B). However, SF consistently reduced
NREM bout length (C), and increased the number of bouts (D) [***, all p, 0.001). Both SF
and SFC groups has reductions in %NREM and % REM compared to baseline [p, 0.001,
indicated by solid line under Days of Fragmentation].
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Fig. 4.

Effects of SF on sleep-related EEG frequency bands, compared to baseline, in 3 hr blocks
across the 24 h recording period. During NREM sleep higher frequency delta was
significantly reduced during 4 3-h blocks and low frequency delta was reduced during 2
blocks. Reductions in delta occurred during the light phase, which began at hour 4. Theta
was reduced during one 3-hr block. There were no significant changes in these bands during
wake or REM. Note that the scale is changed for REM sleep. (#, low frequency delta, *,
higher frequency delta, @, theta, all p < 0.05)
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Fig. 5.

Barnes maze escape time in seconds (S) across days of testing, including 5 days with a
constant escape hole location and 2 days (days 6 and 7) with a new escape location. All
groups exhibited progressively shorter escape times across the first 5 days, and were longer
on day 6. Escape time was significant longer in the SF compared to the SFC and CC groups
only on day 2 (*, p <0.05).
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Fig. 6.

SF animals exhibited different escape strategies in the Barnes maze. A-B. SF animals
exhibited significantly more random attempts across the days 1-5 and days 6-7 (B, *, both
p< 0.001). Day by day analysis showed more random attempts on day 2 (*, p < 0.05). C-D.
The overall technique score analysis, which weighted direct and quadrant strategies over
serial and random strategies showed that SF had lower scores on days 1-5 of testing,
compared to SFC, TC, and CC groups (***, p < 0.001).
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