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Sleep Is Critical for Remote Preconditioning-Induced Neuroprotection
Allison J. Brager, PhD'?; Tao Yang, PhD?; J. Christopher Ehlen, PhD'; Roger P. Simon, MD?, Robert Meller, DPhil?;, Ketema N. Paul, PhD'*

'Circadian Rhythms and Sleep Disorders Program, Department of Neurobiology, Morehouse School of Medicine, Atlanta GA; ?Translational Programs in Stroke, Neuroscience
Institute, Morehouse School of Medicine, Atlanta GA; *Behavioral Biology Branch, Center for Military Psychiatry and Neuroscience, Walter Reed Army Institute of Research,
Silver Spring, MD; “Department of Integrative Biology and Physiology, University of California Los Angeles, Los Angeles, CA

Study Objectives: Episodes of brief limb ischemia (remote preconditioning) in mice induce tolerance to modeled ischemic stroke (focal brain ischemia).
Since stroke outcomes are in part dependent on sleep-wake history, we sought to determine if sleep is critical for the neuroprotective effect of limb ischemia.
Methods: EEG/EMG recording electrodes were implanted in mice. After a 24 h baseline recording, limb ischemia was induced by tightening an elastic

band around the left quadriceps for 10 minutes followed by 10 minutes of release for two cycles. Two days following remote preconditioning, a second 24 h
EEG/EMG recording was completed and was immediately followed by a 60-minute suture occlusion of the middle cerebral artery (modeled ischemic stroke).
This experiment was then repeated in a model of circadian and sleep abnormalities (Bmal1 knockout [KO] mice sleep 2 h more than wild-type littermates).
Brain infarction was determined by vital dye staining, and sleep was assessed by trained identification of EEG/EMG recordings.

Results: Two days after limb ischemia, wild-type mice slept an additional 2.4 h. This additional sleep was primarily comprised of non-rapid eye movement
(NREM) sleep during the middle of the light-phase (i.e., naps). Repeating the experiment but preventing increases in sleep after limb ischemia abolished
tolerance to ischemic stroke. In Bmal1 knockout mice, remote preconditioning did not increase daily sleep nor provide tolerance to subsequent focal ischemia.
Conclusions: These results suggest that sleep induced by remote preconditioning is both sufficient and necessary for its neuroprotective effects on

stroke outcome.
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Significance

interrupted, then any benefit of rPC would hypothetically be lost.

The daily gain in sleep after limb ischemia (i.e., remote preconditioning) appears to be sufficient and necessary for improving tolerance to subsequent
focal ischemia. Remote preconditioning (rPC) has been investigated in a number of clinical trials for stroke, but none of these trials have considered
sleep gains or changes in sleep following rPC. Sleep disturbances are common in clinical settings due to patient monitoring. If sleep were to be

INTRODUCTION

Brief (non-injurious) ischemia in a hind limb vascular bed
protects the brain from subsequent ischemic injury,? a
phenomenon known as remote preconditioning. The mediators
of remote preconditioning may include small molecules such
as humoral factors, and/or neurogenic mechanisms.! While the
exact mechanisms are still not clear, clinical trials of remote
preconditioning suggest this may be a powerful approach to
ameliorate ischemic brain injury following stroke.?

Multiple lines of evidence suggest a complex, reciprocal
interaction between modeled ischemic stroke outcomes and
sleep-wake processes. For instance: (1) ischemic brain injury
enhances non-rapid eye movement (NREM) sleep in rodents,**
(2) sleep deprivation prior to brain ischemia reduces injury
(neuroprotective),>*¢ (3) sleep deprivation after brain ischemia
increases injury,*’ and (4) functional recovery from ischemic
brain injury is improved through pharmacological promotion
of sleep.? In lieu of existing literature in rodent models, the
present study investigated a causal interaction between isch-
emic stroke outcome and sleep amount after limb ischemia.

In this study, we investigated the effect of remote precon-
ditioning on sleep in C57 wild-type mice and C57 mice with
a knockout of the Bmall gene (ARNTL Aryl hydrocarbon re-
ceptor nuclear translocator-like: Bmall KO). Bmall KO mice do
not exhibit circadian rhythms,’ and exhibit a number of sleep
phenotypes including hypersomnia and an impaired ability to
recover from sleep loss (> 2h additional spontaneous sleep/day
vs. wild-type C57 mice)."” The Bmall KO allowed us to ex-
amine if the neuroprotective effect of remote preconditioning,
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induced by transient limb ischemia, is sensitive to sleep and
circadian mechanisms. The present study is the first-ever to
show that remote preconditioning can alter daily amounts of
sleep, and that sleep is critical for the ability of remote precon-
ditioning to protect against ischemic brain injury.

METHODS

Animals

Animal procedures were performed at Morehouse School of
Medicine, Atlanta, GA, at facilities accredited by the Associa-
tion for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) and in accordance with protocols approved
by the Morehouse School of Medicine IACUC, as well as the
principles outlined in the National Institute of Health Guide
for the Care and Use of Laboratory Animals. Adult (10-12
weeks), male C57BL/6 were obtained from Charles River Lab-
oratories (Charles River, MO), and were used to develop the
model of remote preconditioning. Bmall KO mice and wild-
type littermates were obtained from The Jackson Laboratory
(Bar Harbor, ME). Animals were housed in a temperature-con-
trolled vivarium (23°C) under an entrained 12 h-12 h light-dark
cycle with food and water provided ad libitum.

EEG/EMG Implants

Electroencephalograph (EEG) and electromyography (EMG)
electrodes were implanted in mice anesthetized with isoflu-
rane (induced at 2%, maintained at 1.5%). Four stainless steel
epidural screw electrodes stabilized a prefabricated head
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mount (Pinnacle Technologies, KS). The first 2 electrodes
(frontal and ground) were located 1.5 mm anterior to bregma
and 1.5 mm on either side of the central suture. The second 2
electrodes (parietal and common reference) were located 2.5
mm posterior to bregma and 1.5 mm on either side of the cen-
tral suture. Electrical continuity between the screw electrode
and head mount was achieved with silver epoxy. EMG ac-
tivity was monitored using stainless-steel Teflon coated wires
inserted bilaterally into the nuchal muscles. The head mount
(integrated 2x3 pin grid array) was secured to the skull with
dental acrylic. Mice were recovered for at least 2 weeks prior
to baseline sleep recording.

EEG/EMG Recordings

One week prior to the EEG/EMG recordings, mice were moved
to the recording chamber and connected to a lightweight tether
attached to a low-resistance commutator mounted over the cage
(Pinnacle Technologies, KS). This enabled complete freedom
of movement throughout the cage. With the exception of the
tether, the home cage environment was maintained. Recording
of EEG/EMG waveforms began at lights-on on day 8. Data
acquisition was performed on a PC running polysomnographic
software (Sirenia Acquisition, Pinnacle Technologies, KS).
EEG signals were low-pass filtered with a 60 Hz cutoff and
collected continuously at a sampling rate of 400 Hz. After col-
lection, EEG/EMG waveforms were classified in ten-second
epochs as: (1) wake (low-voltage, high-frequency EEG; high-
amplitude EMG); (2) non-rapid eye movement (NREM sleep;
high-voltage, mixed-frequency EEG; low- amplitude EMG);
or rapid-eye movement (REM) sleep (low-voltage EEG with a
predominance of theta activity [6—10 Hz]; very low amplitude
EMG) by a trained observer. Classification of wake, NREM
sleep, and REM sleep was primarily determined from the
frontal electrode located 1.5 mm anterior to bregma and on the
left side of the central suture. EEG epochs determined to have
artifact (interference caused by scratching, movement, eating,
or drinking) were excluded from analysis. Artifact comprised
less than 5% of all recordings used for analysis.

Remote Preconditioning

Under anesthesia with isoflurane (induced at 2%, maintained
at 1.5%) the upper left hind limb was ligated with an elastic
band for 10 min, released for 10 min, and re-ligated for another
10 min (2 cycles of 10 min hind limb ischemia). Sham controls
were anesthetized with isoflurane, but did not undergo ligation.
Animals were recovered for 72 h prior to subsequent middle
cerebral artery occlusion.

Middle Cerebral Artery Occlusion (MCAO)

Mice were anesthetized with isoflurane and subjected to
modeled ischemic stroke of the right hemisphere induced by
MCAQO using the monofilament suture method (adapted from
Bederson et al.''). The stroke surgeon was blinded with re-
spect to the preconditioning status of the animals. Briefly, a
silicone-coated 7-0 monofilament nylon surgical suture was
threaded through the external carotid artery into the internal
carotid artery to block the middle cerebral artery blood flow at
its origin and maintained for 60 min producing focal ischemia.
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Attenuation of cerebral blood flow (CBF) was monitored con-
tinually with laser Doppler imaging (Perimed; Suffern, NY),
during stroke to ensure that it dropped below 80% of control
values. No animals were removed from the experiment. The
suture was then removed to restore blood flow (confirmed by
CBF).

Histology

To designate the area of infarcted tissue, the brain was seri-
ally sectioned into 1 mm-thick coronal sections and immersed
in the vital dye (2%) 2,3,5-triphenyltetrazolium hydrochloride
(TTC). The technique is quantitatively equivalent to conven-
tional staining of brain sections with hematoxylin and eosin."
The volume of infarcted tissue in comparison to surviving
tissue was calculated from images of each section imported
into Adobe Photoshop (Adobe, CA) using the histogram func-
tion. Areas of infarction were summated and multiplied by the
section thickness. The percent infarct volume was calculated
by dividing the volume of infarcted tissue by total volume of
the contralateral hemisphere multiplied by 100 (adapted from
Pignataro et al.'?). Infarct volume was not examined in mice
that died 0—48 h after stroke.

Experimental Design of Sleep-Wake Recordings

A schematic of the experimental design is provided in Figure 1A.
Immediately after a 24 h baseline EEG/EMG recording, mice
were removed from the tethered recording system to undergo
remote preconditioning or no remote preconditioning (sham)
under isoflurane anesthesia. Mice were immediately returned
to the tethered recording system, and a second 24-h EEG/EMG
recording was undertaken 48—72 h later. This time window
aimed to control for any residual postoperative effects of iso-
flurane on EEG waveforms. Immediately following the second
EEG/EMG recording, mice were subjected to MCAO during
the middle of the light-phase. Mice were allowed to recover
for 12 h in their postoperative surgical cages before being re-
attached to the tethered recording system. A third 24-h EEG/
EMG recording was undertaken 48-72 h later in precondi-
tioned mice. Each treatment group (remote preconditioning vs.
sham) had 12 mice with 6 mice for each genotype (WT vs.
Bmall KOs).

Statistics

Statistical analysis of the data was performed using Graphpad
prism (v 6.0) and levels of significance were set at P < 0.05.
Main effects for treatment and genotype were examined with
one- or two-way ANOVAs where appropriate with post hoc
Dunn-Sidak multiple comparisons test. An unpaired t-test
compared extent of infarcted tissue in experiments with two
groups.

RESULTS

Remote Preconditioning Protects Against Focal Brain Ischemia

In agreement with previously published studies,'> we first
determined that animals subjected to remote preconditioning
prior to middle cerebral artery occlusion had significant reduc-
tions in brain infarct volume: 13.3 + 3.6% of brain was infarcted
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Figure 1—Two days after remote preconditioning, total sleep increases by over 2 h. (A) Left panel: Experimental timeline for validating our paradigm of
remote preconditioning (rPC) and modeled ischemic stroke via middle cerebral artery occlusion (MCAOQ). Mice were not outfitted with EEG/EMG electrodes.
Brain infarct volume is expressed as a percentage of total contralateral hemisphere volume (adapted from ref. 12). (A) Right panel: Means + SEM percent
infarcted tissue in preconditioned mice and sham (anesthetized) mice. (B) Percent time mice spent in wake, total sleep (NREM+REM), and NREM and REM
sleep prior to (blue) and two days after remote preconditioning (yellow) or no remote preconditioning (control) **P < 0.05, two-way ANOVA with Dunn-Sidak
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in previously preconditioned mice compared to 48.6 & 9.4% of
brain for sham controls subjected to MCAO (n = 6/treatment;
P = 0.005; Figure 1A). Under this circumstance, brains of
mice were collected for analyses of brain infarct volume 24 h
post-MCAO (Figure 1A). Mortality rates were modest for pre-
conditioned mice (15%; one of six mice died within 72 h post-
MCAO) but high for sham controls (50%; three of six mice died
within 72 h post-MCAO).

Remote Preconditioning Increases Daily Amounts of NREM
Sleep

Once we determined that our modality of remote precondi-
tioning protected against focal brain ischemia, C57 mice were
outfitted with EEG/EMG electrodes and baseline recordings
made; there were no significant differences in wake and sleep
in the baseline recordings of the 2 groups; Figure 1B. Ani-
mals were subjected to either remote preconditioning or sham
procedure. In agreement with the first experiment in mice not
outfitted with EEG/EMG electrodes, there was a significant
reduction in infarct volume in EEG fitted mice subjected to
remote preconditioning: 11.4 + 3.1% for preconditioned mice
compared to 44.2 + 6.8% for sham controls (n = 6/treatment;
P = 0.002; unpaired t-test). Animals subjected to remote pre-
conditioning spent significantly more time asleep compared
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to sham-treated animals: 53.6 + 2.9% vs. 39.7 = 1.8% of the
24 h recording, respectively (P = 0.002; Fio = 16.4; two-way
ANOVA [treatment]; Figure 1B). Mice slept 2.4 h more after
remote preconditioning compared to baseline levels (P = 0.03;
Fio = 6.1; two-way ANOVA [time]). Consistent with this ob-
servation, remote preconditioned animals spend less time
awake compared with sham-treated controls: 46.4 + 3.2% vs.
60.3 + 2.8% of the 24 h recording, respectively (P = 0.009;
Fi9=10.9; two-way ANOVA [treatment]; Figure 1B).

NREM and REM sleep amounts were analyzed, and re-
vealed that NREM sleep increased following remote precon-
ditioning by 30.8 + 12.6% compared to baseline (P = 0.004;
Fio = 14.9; two-way ANOVA [time]; Figure 1B). In contrast,
there was no significant change in durations of REM sleep fol-
lowing remote preconditioning (P = 0.07; Fio = 4.2; two-way
ANOVA [time]; Figure 1B). In sham controls, neither NREM
nor REM sleep changed from baseline levels (P > 0.05, both
[time]; Figure 1B).

Finally, we quantified: (1) 24-h bout duration and bout
counts for wake; (2) the temporal distribution of wake in 2-h
intervals; and (3) the number of brief arousals (relative to base-
line levels). A brief arousal was defined as a recording epoch
of wake preceded and followed by at least two consecutive re-
cording epochs of NREM sleep. These analyses would lend
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credence to the idea that additional sleep induced by remote
conditioning was not a homeostatic rebound response to poor
wake efficiency and is in fact sleep-dependent. Wake bout du-
ration and count represented the average length and number,
respectively, of consecutive (10-s) epochs of wake across
the 24-h recording period. There was no difference for bout
duration (P = 0.27; unpaired t-test) or bout count (P = 0.80;
unpaired t-test) of wake (P = 0.63; unpaired t-test) in precondi-
tioned mice compared to sham controls. Despite no treatment-
dependent difference in the 24-h average, preconditioned mice
slept through the mid-active period of the light-phase; a time
of day when inbred (C57) mice entrained to a 12 h-12 h light
cycle are typically active (ZT 6: P =0.002; F o = 20.8; two-way
ANOVA [time] (wake); P = 0.002; F', = 8.9; two-way ANOVA
[time] (NREM); ZT 8; P =0.005; Fi o = 14.8; two-way ANOVA
[time] (wake); P = 0.005; Fio = 15.1; two-way ANOVA [time]
(NREM); Table 1). Thus, these additional “siestas” in precon-
ditioned mice compared to sham controls likely underlie the
neuroprotective effects of limb ischemia. Further, neither pre-
conditioning nor sham procedure altered the number of brief
arousals from baseline levels (P > 0.05, all; two-way ANOVA
[treatment and time]; Table 1),

Sleep Gain Following Remote Preconditioning Occurs during
the Light-Phase

We examined differences in sleep-wake states across the 12-h
dark (active)-phase and 12-h light (rest)-phase (Figure 2A).
During the dark-phase, preconditioned mice and sham con-
trols were awake for comparable amounts (Figure 2B; P > 0.05,
both). When the mice did sleep, preconditioned mice and sham
controls spent comparable amounts of time in either NREM
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” . s Y . . or REM sleep (Figure 2C;
Table 1—Preconditioned mice have additional “siestas” without a compromise in wake efficiency. P > 0.05). During the light-
phase, preconditioned mice
Wake NREM slept more than sham con-
# Epochs Sham rPC Sham rPC trols (P = 0.03; Fiis = 54;
ZT0-2 2738 +325 256.4 £42.1 389.8 £ 36.9 436.0 £43.5 two-way ANOVA [treat-
ZT 2-4 272.4 £53.0 187.2 £ 46.2 310.0 £57.0 484.0 £50.0 ment]; Figure 2D). This ad-
ZT4-6 306.4 £ 50.1 2714+ 64.0 326.2 £ 54.1 4218 £57.2 ditional sleep two days after
ZT6-8 469.0 £ 35.6* 211.6 £43.6 2484 +61.2* 484.4 £50.2 remote preconditioning
ZT 8-10 548.2 + 39.5** 292.0 £53.4 153.2 + 32.7** 408.0 £ 56.7 was primarily comprised
ZT 10-12 4922 +84.1 3188227 2062+ 77.7 381.0 £ 28.6 of NREM sleep (P = 0.049;
ZT 12-14 652.8 + 24.1 481.2+35.0 182.6 £ 119.5 233.0+33.9 Fi6 = 4.5; two-way ANOVA
ZT 14-16 564.8 + 64.1 631.4 £193.0 140.8 £ 59.7 139.2+52.6 [treatment]; Figure 2E). Thus,
ZT 16-18 5784 £47.0 501.4 £22.1 1214 £ 39.9 2134+228 remote preconditioning that
ZT 18-20 328.8 +61.1 336.0 £43.7 362.2 £60.5 366.8 +45.5 results in neuroprotection
ZT 20-22 452.8 £76.1 359.6 £ 37.6 2444 £77.2 3480374 also increases sleep.
ZT 22-24 3412+£71.2 390.2 £56.2 353.0 £ 74.4 316.6 £52.4 . )
Sham PC Sleep Gglp Fc_;lloyvmg Remote
Baseline 907+ 113 95.6 + 25.8 Preconditioning !s Necessary
Limb Ischemia 1410 £ 204 1432+ 355 for Neuroprotection -
Next, we sought to identify
Means + SEM for the number of 10-s epochs of wake and NREM sleep [top] across 2 hintervals (ZT 12; lights-off) if the additional sleep was
and brief arousals [bottom] across 24 h. Brief arousals are defined as an epoch of wake preceded and followed necessary for the ability of
by at least two consecutive epochs of NREM sleep two days after hind limb ischemia (sham or rPC). **P < 0.05, remote preconditioning to
two-way ANOVA with Dunn-Sidak multiple comparison. protect the brain against
modeled ischemic stroke.

Two days after remote pre-
conditioning, we prevented increases in sleep using an induced
wakefulness procedure (Figure 3A). Induced wakefulness con-
sisted of mild cage rattling and poking for 5 h during the light-
phase. A dose-response curve from a previous study found that
5 h of induced wakefulness is necessary to deprive mice of 2.4 h
of sleep.””

Remarkably, the brain was less tolerant to modeled isch-
emic stroke in mice that underwent induced wakefulness.
Brain infarct volume in preconditioned mice subjected to in-
duced wakefulness was 40.2 + 9.2% compared to 12.1 = 1.6%
in preconditioned mice left undisturbed (P = 0.02; F, = 6.3;
two-way ANOVA; Figure 3B, 3C). Brain infarct volume did
not change in sham controls subjected to induced wakeful-
ness; infarcted tissue averaged 40.2 + 9.8% in sham-treated
animals subjected to the induced wakefulness procedure and
48.6 £+ 15.5% in sham-treated animals not subjected to the in-
duced wakefulness procedure (P > 0.05, post hoc; Figure 3C).

Remote Preconditioning Does Not Affect Sleep or Promote
Neuroprotection in Bmal1 Knockout Mice

In the next set of experiments, we sought to determine whether
Bmall, a direct regulator of both circadian rhythms and sleep,
affected both ischemic tolerance and sleep gain following re-
mote preconditioning. To approach this, we measured sleep
and brain infarct volume in Bmall KO mice. Baseline levels
of sleep and wakefulness in Bmall KOs in the present study
were comparable to baseline levels reported by Laposky et
al.'® Bmall KOs slept more than wild-type littermates (WTs;
P =0.0001; Fi,; = 39.4; two-way ANOVA). Total sleep repre-
sented 52.5 + 1.4% of the 24-h recording for Bmall KOs com-
pared to 41.1 + 1.1% of the 24 h recording for WTs.
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Two days after remote preconditioning, total sleep did not
change from baseline levels in Bmall KOs; total sleep aver-
aged 51.8 + 1.7% of the 24 h recording period (P > 0.05; two-
way ANOVA [time]; Figure 4C). There was no change in total
sleep and wake from baseline levels in Bmall KOs subjected to
sham procedure (P > 0.05; two-way ANOVA [time] Figure 4C).
There was also no change in the temporal distribution of wake
in 2 h intervals or the number of brief arousals from baseline
levels in Bmall KOs subjected to remote preconditioning or
sham procedure (P > 0.05; two-way ANOVA [time]).

Although Bmall KOs slept more than WTs prior to remote
conditioning, the two strains had similar amounts of daily

SLEEP, Vol. 39, No. 11, 2016

sleep after remote preconditioning; there were no differences
in 24 h bout durations for wake (P = 0.32; unpaired t-tests)
or NREM sleep (P = 0.18; unpaired t-tests) or bout counts for
wake (P = 0.35; unpaired t-tests) or NREM sleep (P = 0.34;
unpaired t-tests) between preconditioned WTs and Bmall KOs.
However, preconditioned WTs did have one additional “siesta”
compared to preconditioned Bmall KOs during the mid-ac-
tive period of the light-phase (P = 0.048; Fio = 5.7; two-way
ANOVA [time] (wake); P = 0.04; Fo = 5.1; two-way ANOVA
[time] (NREM)).

Following the remote preconditioning procedure, Bmall
KOs were less tolerant to modeled ischemic stroke and had

2037 Ischemia-Induced Sleep Promotes Neuroprotection—Brager et al.
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Sleep manipulation

significantly more infarcted tissue compared to WTs mea-
sured 24 h following MCAO (13.3 £ 3.6%, WTs; 62.2 + 6.2%,
KOs; P = 0.0001; unpaired t-test; Figure 4A, 4B). In addition,
a similar effect of Bmall knockout preventing tolerance was
observed when brain infarct volume was determined 72 h fol-
lowing MCAO: 11.4 +2.9% vs. 32.7 + 3.8%; P =0.0047; n=6
and 3, respectively). Mortality after stroke was ~50% for Bmall
KOs regardless if the mice were preconditioned.

Despite Sleep Gain, Focal Brain Ischemia Increases Brief
Arousals in Pre-Conditioned Mice

Previous studies in rodents not subjected to remote or focal
preconditioning have shown that focal brain ischemia in-
creases daily sleep but also increases sleep fragmentation.*>7
We report similar results as these previous studies following
focal brain ischemia in preconditioned WTs; daily amounts of
total sleep (NREM+REM) increased (33.6 + 13.9% increase)
from baseline levels: (P = 0.04; two-way ANOVA [time]) with
a preference for NREM sleep (40.9 £ 17.0% increase from
baseline levels; P = 0.04; two-way ANOVA [time]), but not
REM sleep (P =0.05; two-way ANOVA [time]). Despite a sleep
gain, the number of brief arousals increased by ~3.0-fold from

SLEEP, Vol. 39, No. 11, 2016

baseline levels following focal brain ischemia (P = 0.01; two-
way ANOVA [time]; 95.6 + 25.8 vs. 256.6 + 26.0). In precondi-
tioned Bmall KOs, focal brain ischemia did not change wake
or sleep from baseline levels (P > 0.05, all; two-way ANOVA).

DISCUSSION

In the present study, we report a 2.4 h increase in sleep in mice
subjected to a remote preconditioning paradigm. We show tol-
erance to modeled ischemic stroke induced by remote precon-
ditioning is lost: (1) when mice were prevented from getting
2.4 h of additional sleep in the form of more naps after remote
preconditioning; and (2) in mice with a mutation that abolishes
circadian rhythms and induces hypersomnia (~ 2 h more spon-
taneous sleep compared to wild-type littermates).”!* Overall,
these results demonstrate that sleep is critical for the ability of
remote preconditioning to protect against modeled ischemic
stroke in mice.

Disruptive sleep can have both positive and negative effects
on stroke outcome. Total sleep deprivation of a short duration
(3-9 h) prior to ischemic brain injury has been reported as neu-
roprotective, reducing the extent of tissue injury.** Conversely,
sleep deprivation and sleep-wake fragmentation after ischemic
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brain injury has been shown to exacerbate brain injury and
impede neurological recovery.*S In the present study, we found
that increases in sleep after remote preconditioning improved
tolerance to ischemic brain injury. We also found that the brain
was less tolerant to modeled ischemic stroke if mice were pre-
vented from gaining this additional sleep after remote precon-
ditioning. These findings demonstrate that sleep contributes to
the neuroprotective actions of remote preconditioning in pro-
moting tolerance to modeled ischemic stroke and improving
stroke outcome. But, the mechanisms of action are unclear.
We found that remote preconditioning selectively increases
daily of amounts of non-rapid eye movement (NREM) sleep: a
state of sleep characterized by tissue recovery, repair, and re-
moval of metabolic waste. Similar to controls, daily amounts of
rapid eye movement (REM) sleep changed ~12 min from base-
line levels (2%) in a few preconditioned mice, but remained
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stable following preconditioning in other mice. Thus, there
was no overall main effect of preconditioning on REM sleep.
There were also minimal changes in the consolidation of wake
after remote preconditioning. These lack of effects suggest
that additional sleep induced by remote conditioning was not a
homeostatic rebound response. Since validating our model of
remote preconditioning and its induction of sleep, the next step
is to determine a mechanism of action'.

We also studied sleep induction in response to remote pre-
conditioning and ischemic stroke in mice bearing whole-body
Bmall knockout (KO). Previous studies suggest hippocampal
Bmall does not change in mice subjected to ischemic brain
injury.” However, systemic Bmall ablation in smooth muscle
cells impaired daily rhythms of vasoconstriction in mesen-
teric arteries, blood pressure and promotes vascular injury,'”'®
which can affect the risk of hemorrhaging after modeled
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ischemic stroke. Beyond these studies, there is essentially no
direct evidence for Bmall regulation of stroke outcome either
in the absence or presence of any modality of preconditioning.
Therefore, this study is the first to examine this relationship.

In the present study, we found that Bmal/l KO mice: (1) show
no significant change in wake and total sleep following remote
preconditioning; and (2) show no significant neuroprotection
against modeled ischemic stroke following remote precondi-
tioning. Collectively, these findings in Bmall KOs suggest that
core clock genes may modulate the benefits of sleep during
the neuroprotective phase of preconditioning. Since this mouse
model sleeps more than WT mice (~2 h/daily), this also sug-
gests additional sleep induced by a mutation is not sufficient to
protect the brain against modeled ischemic stroke.

Sleep following focal brain ischemia in rodents has been ex-
amined previously.’>7 In these studies, rodents were not sub-
jected to preconditioning. The present study in preconditioned
mice found similar changes in sleep parameters post-MCAO
compared to these previous studies.>>’ This includes: (1) in-
creases in non-rapid eye movement (NREM) sleep; and (2)
increased sleep fragmentation identified in the present study
through measures of brief arousals. In summary, this suggests
that a sleep gain post-MCAO is likely not affected by remote
preconditioning.

To summarize, we found that remote preconditioning in-
duces sleep, and neuroprotection against focal brain ischemia
is lost if a remote preconditioning- induced sleep gain is im-
peded. Remote preconditioning (rPC) has been investigated in
a number of clinical trials for stroke,” exercise performance,"
and myocardial infarction. While some studies suggest posi-
tive findings others show relatively poor efficacy.’** How-
ever, none of these trials of rPC have considered sleep gains
or changes in sleep following rPC. Sleep disturbances are
common in clinical settings due to patient monitoring. If sleep
were to be interrupted, then any benefit of rPC would hypothet-
ically be lost. The clear implication of our study is that sleep
may need to be factored into the analysis of remote precondi-
tioning studies.
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