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Hypocretin Mediates Sleep and Wake Disturbances
in a Mouse Model of Traumatic Brain Injury

Hannah E. Thomasy' and Mark R. Opp"2

Abstract

Traumatic brain injury (TBI) is a major cause of disability worldwide. Post-TBI sleep and wake disturbances are extremely
common and difficult for patients to manage. Sleep and wake disturbances contribute to poor functional and emotional
outcomes from TBI, yet effective therapies remain elusive. A more comprehensive understanding of mechanisms underlying
post-TBI sleep and wake disturbance will facilitate development of effective pharmacotherapies. Previous research in human
patients and animal models indicates that altered hypocretinergic function may be a major contributor to sleep—wake
disturbance after TBI. In this study, we further elucidate the role of hypocretin by determining the impact of TBI on sleep—
wake behavior of hypocretin knockout (HCRT KO) mice. Adult male C57BL/6J and HCRT KO mice were implanted with
electroencephalography recording electrodes, and pre-injury baseline recordings were obtained. Mice were then subjected to
either moderate TBI or sham surgery. Additional recordings were obtained and sleep—wake behavior determined at 3, 7, 15,
and 30 days after TBI or sham procedures. At baseline, HCRT KO mice had a significantly different sleep—wake phenotype
than control C57BL/6J mice. Post-TBI sleep—wake behavior was altered in a genotype-dependent manner: sleep of HCRT
KO mice was not altered by TBI, whereas C57BL/6J mice had more non-rapid eye movement sleep, less wakefulness, and
more short wake bouts and fewer long wake bouts. Numbers of hypocretin-positive cells were reduced in C57BL/6J mice by
TBI. Collectively, these data indicate that the hypocretinergic system is involved in the alterations in sleep—wake behavior
that develop after TBI in this model, and suggest potential therapeutic interventions.
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Introduction increased light non—rapid eye movement (NREM) sleep'® or in slow

wave sleep.! 192! Although they sleep more, TBI patients generally
17,2229

TRAUMATIC BRAIN INJURY (TBI) is a dramatic public health
issue worldwide, with major implications for human health and
healthcare cost. In the United States alone, as many as 5.3 million
individuals may suffer from long-term disability related to TBI.! The
direct cost of TBI in the U.S. is estimated at $9.2 billion, with more
than $50 billion additionally lost due to lost productivity.?
Disorders of sleep and wakefulness are among the most common
consequences of TBI, affecting up to 70% of people who suffer a
brain injury.? Sleep disturbances may begin within days after inju-
ry*> and persist for years.®” Sleep and wake disturbance affects other
aspects of quality of life: post-TBI sleep disturbance predicts poorer
cognitive, social, and emotional outcomes.>'® In general, sleep
disturbances associated with TBI are characterized by fragmentation
of sleep—wake states and an inability to sustain long, consolidated
periods of wakefulness. TBI patients exhibit excessive daytime
sleepiness (EDS), whether assessed objectively (Multiple Sleep
Latency Test)''~'® or subjectively (Epworth Sleepiness Scale),®'>!”
which results in high prevalence of daytime napping.'"'® Some
studies reveal that TBI patients have greater total sleep time,'"*'* with

report poor sleep quality, and objective measurements
demonstrate that sleep of individuals with TBI is more fragmented
than controls.>'*?%3" The majority of studies do not report dif-
ferences in the time TBI patients spend in rapid eye movement
(REM) sleep.“’”’m’m’29 In addition to the amount of sleep and/or
characteristic changes in sleep architecture, spectral properties of
the electroencephalography (EEG), especially in the delta power
frequency band, also may be altered after TBI: delta power may
increase during NREM sleep' or during wakefulness.*® Because
delta power is associated with homeostatic sleep pressure (i.e.,
sleep propensity that builds with increasing time awake),*'? these
increases may be related to EDS and reflect increased sleep need in
TBI patients.

Rodent models of TBI produce disturbances of sleep and wake-
fulness that are similar to those of human patients. TBI decreases
wakefulness acutely (within 7 days of injury)*>~ and chronically.*¢=#
In general, sleep is fragmented and bouts of sleep and wake are
shortened.>*****? The amount of time spent in REM sleep is not al-
tered, at least as reported in animal models to date 03942 After TBI,
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delta power may be increased during NREM sleep®*” or during

wakefulness.” Brain-injured mice also have significantly more EEG
slow waves during wakefulness, potentially indicating greater sleep
pressure.*

In humans, many sleep—wake regulatory neurotransmitters and
hormones are altered by TBI, including hypocretin,* % histamine,**
acetylcholinefw’48 serotonin,49 noradrenaline,*® and melatonin.?*>°
Of these potential transmitter systems, hypocretinergic dysfunction is
likely a key contributor to post-TBI sleep—wake disturbance. Most
studies demonstrate that hypocretin, a neuropeptide that is essential
for promoting wakefulness and stabilizing sleep—wake states, is
dysregulated after TBI. In cases of fatal TBI in humans, postmortem
brain tissue contains fewer hypocretin neurons than does tissue from
patients who died from causes not related to trauma.***> Data from
postmortem tissue complement those obtained from individuals sur-
viving TBI: during the acute phase, 95% of patients with moderate-
to-severe TBI have abnormally low levels of hypocretin in the
cerebrospinal fluid (CSF).*® Further, at 6 months post-TBI, CSF
hypocretin concentrations are significantly lower in patients with
EDS than in the CSF of those without EDS.”'

Hypocretinergic dysfunction is also evident in animal models of
TBI. Within the first 3 days after TBI, hypocretin dynamics are
significantly altered in mice, with reduced hypocretin in the hy-
pothalamus and hippocampus.** The diurnal rhythm of hypocretin
is blunted in brain injured animals, with much less of a peak-to-
trough amplitude difference between the light and dark phases.**
We previously demonstrated that at chronic time-points (15 days
post-injury and later), there is a significant decrease in the number
of hypocretin-producing cells in the hypothalamus of mice sub-
jected to TBL>"*!

To our knowledge, no direct genetic manipulation of the hypo-
cretinergic system has been used in pre-clinical TBI models. In the
present study, we used genetically modified mice that lack hypo-
cretin (HCRT KO) to further investigate the role of hypocretin in
post-TBI sleep and wake disturbances. We now report that, unlike
CS57BL/6J control mice, the sleep of HCRT KO mice is not sig-
nificantly affected by TBI. These new data support the hypothesis
that disruption to the hypocretinergic system is necessary for al-
tered sleep—wake behavior after brain injury in this model.

Methods
Animals

Hypocretin knockout mice on a C57BL/6 background (HCRT
KO) were kindly provided by Dr. John Peever (University of
Toronto; Toronto, Ontario), and adult male C57BL/6J mice were
obtained from Jackson Laboratory (Bar Harbor, ME). All mice
were group housed until surgery ( ~3—4 months old at time of use),
after which they were single housed. Mice were maintained on a
12:12 light:dark cycle at 29+ 1° C with food and water provided
ad libitum. All procedures involving the use of animals were ap-
proved by the University of Washington Institutional Animal Care
and Use Committee in accordance with the U.S. Department of
Agriculture Animal Welfare Act and the National Institutes of
Health policy on Humane Care and Use of Laboratory Animals.

EEG recording and determination of sleep—wake
behavior

Sleep—wake behavior of mice was determined based on the
electroencephalogram and cage activity patterns. EEG signals were
amplified, filtered, and recorded for offline processing using custom
software written in LabView for Windows (ICELUS, M. Opp,
University of Washington, Seattle, WA; National Instruments,
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Austin, TX) as previously described.’>>* EEG and cage activity
records were visually scored in 10-sec epochs. Artifact-free EEG
signals were subjected to fast Fourier transformation, yielding
power spectra between 0.5 and 40 Hz in 0.5-Hz frequency bins.
Arousal states were determined as previously described and clas-
sified as NREM sleep, rapid eye movement (REM) sleep, or
wakefulness (WAKE) based upon published criteria.>>~>*

Experimental design

A schematic representation of the protocols used in this study is
presented in Figure 1.

Experiment 1: Effects of TBI on sleep—wake behavior of
hypocretin KO mice. C57BL/6J mice (n=18) and HCRT KO
mice (n=17) were surgically implanted with EEG recording
electrodes under isoflurane anesthesia. These electrodes were im-
planted in the skull but did not penetrate the dura matter. We” and
others®®*? have previously used this method to assess sleep-wake
behavior following TBI. The leads from the screw electrodes were
soldered to pins of a plastic connector (Digi-Key; ED85100-ND) to
allow coupling to the recording system. Dental acrylic (Integrity
Caulk; Dentsply) covered the electrodes and formed a headpiece to
which the flexible recording tether could be connected. The section
of the skull over the left parietal cortex was not covered with dental
acrylic at this time. The incision was closed with sutures, and a
subcutaneous injection of an analgesic (0.5 mg/kg buprenorphine)
was given at the end of the surgery. Mice were allowed 7 days to
recover before they were attached to a flexible tether for habituation
to the recording system. After 3 days of habituation to the tether and
recording environment, 48-h undisturbed baseline recordings were
obtained.

After the 48-h baseline recordings, two mice were dropped from
the study due to poor quality of the EEG signals. Remaining mice
were then randomized into four groups: C57BL/6J sham (n=38),
C57BL/6J TBI (n=9), HCRT KO sham (n=8), and HCRT KO TBI
(n=38). TBI was induced using controlled cortical impact (CCI), as
previously described.*”>> We previously demonstrated that 1 mm
depth CCI produces moderate TBI and significant changes in
sleep-wake behavior,”” and we used the same parameters in this
study. All mice (sham, TBI) received a craniotomy over the left
parietal cortex using a 5 mm trephine, approximately —2 mm rela-
tive to bregma and 2.5 mm lateral to the midline. The skull frag-
ment was removed without disrupting the underlying dura, and TBI
was induced in the experimental group using the Leica Impact One
system (Richmond, IL) equipped with an electrically-driven 3-mm
diameter metal piston controlled by a linear velocity displacement
transducer. CCI parameters were: 5.0m/sec impact velocity;
100 msec dwell time; and impact depth of 1.0 mm (moderate TBI).
Sham (control) animals received identical anesthesia and craniot-
omy without the CCI injury. After the CCI, a sterilized polystyrene
disc created from a weighing boat was 5placed over the craniotomy
and covered with dental acrylic. We*”> and others®® have used this
or a similar technique to protect the brain after craniotomy. After
the incision was closed with sutures, mice received a subcutaneous
injection of analgesic (0.5 mg/kg buprenorphine) and were returned
to their home cages. Animals were closely monitored after surgery
and none displayed overt signs of infection.

Additional 48-h recordings were obtained from all mice on post-
craniotomy/TBI Days 3—4, 7-8, 14-15, and 30-31. Sleep—wake
behavior was determined and the EEG subjected to fast Fourier
transformation to produce power spectra between 0.5 and 40 Hz in
0.5 Hz bins as described previously.>? Power in the delta frequency
band (0.5—-4.5 Hz) during NREM sleep was analyzed in a subset of
mice (n=5-6 mice per group). NREM delta power was normalized
to the total state-specific power (NREM sleep), summed across all
frequency bins from 0.5 to 40 Hz for the light and dark periods and
expressed as a percent of total power.>?
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FIG. 1. Schematic representation of the protocols used in the present study. C57BL/6J and hypocretin knockout (HCRT KO) mice

were implanted with electroencephalography (EEG) recording electrodes and allowed to recover. Forty-eight hours baseline EEG
recordings were obtained from undisturbed mice, after which two mice were dropped from the study due to poor EEG signals. Mice of
each genotype were randomized into either control (sham surgeries) or experimental (moderate traumatic brain injury [TBI] surgeries)
groups. Moderate TBI was induced using controlled cortical impact with a piston depth of 1.0 mm. Forty-eight-hour recordings were
obtained from all mice at 3, 7, 15, and 30 days post-surgery. After the last recording period (32 days post-surgery), animals were

perfused and brains were removed for immunohistochemistry.

Experiment 2: Effects of TBI on numbers of hypocretin
neurons. After the Day 30-31 post-craniotomy/TBI recording,
mice were perfused and brains removed for immunohistochemical
assessment of TBI effects on hypocretin neurons. Brains were sec-
tioned on a Leica cryostat at 14 um and mounted on Superfrost Plus
slides. Briefly, slides were washed in phosphate-buffered saline
(PBS) three times for 5 min each, then blocked for 30 min with a 1:20
dilution of normal donkey serum in PBS with 1% bovine serum
albumin. Slides were then incubated overnight at 4°C in rabbit anti-
mouse orexin-A (H-003-30; Phoenix Pharmaceuticals, Inc.; 1:1,000
dilution). Slides were then rinsed with PBS six times for 5 min each.
Slides were then incubated for 30 min in the secondary antibody so-
lution (Alexa Fluor 488 donkey anti-rabbit; Jackson ImmunoResearch;
T711-545-152; 1:400 dilution). Slides were rinsed with PBS six more
times for 5 min each and then cover-slipped.

Estimating cell numbers

Cell numbers were estimated using quantitative methods for
unbiased stereology.’” Briefly, positively stained cells were visu-
alized on an Olympus BX-51 fluorescent stereoscope using Stereo
Investigator 10 (MBF Biosciences, Williston, VT). Hypocretin cell
number estimates were obtained from seven sections in a 1:9
series spanning approximately —1.20mm to —2.10mm from
bregma. The contour for the perifornical-lateral hypothalamic
region was outlined using a 4 X objective. Cells were then counted
using the 20 X objective and optical fractionator, with a counting
frame of 50 X 50 microns and a grid size of 100 x 100 microns. All
cell counts were obtained from the hemisphere ipsilateral to in-
jury. TBI-induced changes in cellular and tissue outcomes (cell
death, inflammatory cytokine expression, presence of immune
cells, etc.) are typically most severe on the side ipsilateral to
injury”™>" and previous studies using unilateral CCI have exam-
ined hypocretin neuron number and function in the hypothalamus
ipsilateral to injury.**

Statistical analysis

To determine the impact of TBI and genotype on sleep—wake
behavior, percent time spent in wake, NREM sleep, or REM sleep
during the light or dark periods was analyzed using a two-way
variance of analysis (ANOVA; with injury condition and genotypes
as the two factors) with repeated measures. If there were statisti-
cally significant differences observed in the full model, sleep—wake
behavior was further examined using a one-way ANOVA within
time block to determine differences between the four groups
(C57BL/J sham, C57BL/6 TBI, HCRT KO sham, and HCRT KO
TBI). If significant differences were detected, post hoc comparisons
were made using Tukey’s honestly significant difference (HSD) to
determine which groups contributed to statistical differences.

We also determined the effect of injury and genotype on the
temporal distribution of sleep—wake behavior over the course of 24-h
recording periods. The percent time spent in wake, NREM sleep, and
REM sleep were determined for each recording hour and then
grouped into 4-h time blocks. For each 4-h time block, values were
evaluated using a two-way ANOVA (with injury condition and ge-
notype as the two factors) with repeated measures (i.e. across base-
line, 3 days post-surgery, etc.). If there were statistically significant
differences observed in the full model, a further examination was
made using a one-way ANOVA within each 4-h time block to de-
termine differences between the four groups (C57BL/J sham,
C57BL/6 TBI, HCRT KO sham, and HCRT KO TBI). If significant
differences were detected, post hoc comparisons were made using
Tukey’s HSD to determine differences between/among groups.

To assess the effects of injury and genotype on sleep architec-
ture, bouts of wakefulness were sorted by length into 1 min bins up
to 10-min. Wake bout lengths of 10- 20 min, and wake bout lengths
greater than 20 min, were grouped into two separate bins. Light and
dark period wake bouts were assessed separately. For each bout
length bin, significance was assessed using a two-way ANOVA
with repeated measures. If there were statistically significant dif-
ferences observed in the full model, a further examination was
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made using a one-way ANOVA within each bout length bin to
determine differences between the four groups (C57BL/J sham,
C57BL/6 TBI, HCRT KO sham, and HCRT KO TBI). If significant
differences were detected, post hoc comparisons were made using
Tukey’s HSD.

To assess effects of injury and genotype on delta power, nor-
malized NREM delta power was calculated for each hour across
the 24-h period. Since animals do not enter NREM sleep every
hour, NREM delta power could not be calculated for every hour.
Further, each animal did not have the same number of hours in
NREM at each time-point. Since a repeated measures ANOVA
requires the same number of values at each time-point, the full
model could not be statistically analyzed. Statistical analyses
using one-way ANOVA (between the four groups) were then
conducted separately for 12h of the light and dark periods for
baseline and each post-surgical time-point. If significant differ-
ences were revealed within time-point, post hoc comparisons
were made using Tukey’s HSD to determine which conditions
contributed to these effects.

Because HCRT KO mice lack hypocretin, the effect of TBI on
numbers of hypocretin neurons was assessed only in C57BL/6J
mice. Estimated numbers of hypocretin neurons in mice subjected
to sham and TBI were compared using a non-paired Student’s  test.

All analyses were performed using SPSS for Windows (IBM
Corporation, Armonk, NY). Data are presented as mean * standard
error of the mean (SEM), unless otherwise indicated. An alpha
value of p <0.05 was accepted as indicating a significant difference
between or among groups.

Results

Sleep—wake behavior is altered by TBI in a genotype-
dependent manner

A two-way repeated measures ANOVA revealed that during the
dark period, there were significant effects of time-point, genotype,
and condition (sham or TBI), as well as significant interaction ef-
fects for time-point X genotype, time-point X condition, and time-
point X genotype X condition for NREM sleep and wakefulness.
During the dark period (Fig. 2) and the light period (Fig. 3), there
was a significant genotype effect on the amount of REM
sleep. During the light period (Fig. 2), amount of NREM sleep and
wakefulness were significantly different based on time-point and
genotype, but there were no interaction effects.

As there were significant differences in the full models, we ran
ANOVAs within time-point to determine which groups were dif-
ferent within each time-point. Under baseline (undisturbed) con-
ditions prior to craniotomy/TBI surgeries, the amount of time mice
spent in wakefulness, NREM, and REM sleep differed by genotype:
HCRT KO mice spent significantly less time awake during the dark
period and light period, and more time in NREM and REM sleep
during the dark period compared with C57BL/6J mice (Fig. 2 and
Fig. 3). Sleep—wake behavior of mice of the same genotype that
were subsequently randomized into sham or TBI groups did not
differ during pre-surgical baseline recordings in terms of total
amount of time spent in each state (Fig. 2 and Fig. 3).

TBI did not alter sleep of HCRT KO mice (Fig. 2 and Fig. 3). No
differences were detected between HCRT KO sham and TBI
groups in the total amount of time spent in wake, NREM, or REM
sleep at any post-surgical time-point. Further, the temporal distri-
bution of sleep—wake behavior was not altered by TBI in HCRT KO
mice (Supplementary Fig. 1; see online supplementary material at
http://www liebertpub.com).

In contrast to HCRT KO mice, however, TBI altered sleep of
C57BL/6J mice (Fig. 2 and Fig. 3) with changes most pronounced
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FIG. 2. Traumatic brain injury (TBI) decreases wakefulness and
increases non-rapid eye movement sleep during the dark period in
C57BL/6] mice but not in hypocretin knockout mice. electroen-
cephalography (EEG) and home cage activity recordings were ob-
tained from four groups of mice: sham surgery C57BL/6J mice
(n=28); TBI surgery C57BL/6J mice (n=9); sham surgery hypocretin
knockout (HCRT KO) mice (n=8); and TBI surgery HCRT KO
mice (n=28). Values are means (£ standard error of the mean) percent
of time spent in wakefulness (WAKE), non-rapid eye movement
(NREM) sleep, and rapid eye movement (REM) sleep during the
12h dark periods at baseline, 3, 7, 15, and 30 days post-surgery.
* indicates a statistically significant difference (p<0.05) between
genotypes (C57BL/6J vs. HCRT KO) within the same condition.
# indicates a statistically significant difference (p<0.05) between
conditions (sham vs. TBI) with the same genotype.
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FIG. 3. Traumatic brain injury (TBI) has little impact on wakeful-
ness and sleep during the light period. EEG and home cage activity
recordings were obtained from four groups of mice: sham surgery
C57BL/6J mice (n=28); TBI surgery C57BL/6J mice (n=9); sham
surgery hypocretin knockout (HCRT KO) mice (n=8); and TBI sur-
gery HCRT KO mice (n=28). Values are means (= SEM) percent of
time spent in wakefulness (WAKE), non-rapid eye movement
(NREM) sleep, and rapid eye movement (REM) sleep during the 12h
light period at baseline, 3, 7, 15, and 30 days post-surgery. * indicates a
statistically significant difference (p<0.05) between genotypes
(C57BL/6J vs. HCRT KO) within the same condition. # indicates a
statistically significant difference ( p < 0.05) between conditions (sham
vs. TBI) with the same genotype.
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during the dark period at 15 and 30 days post-injury. During these
chronic post-TBI time-points, relative to control mice that received
sham surgeries, the total amount of time C57BL/6J mice spent
awake was reduced during the dark period. Reduced wakefulness
during the dark period was concomitant with increased time spent
in NREM sleep (Fig. 2). The temporal distribution of sleep—wake
behavior of C57BL/6] mice was altered by TBI, with effects ap-
parent during the dark period at 7 days post-injury and becoming
more profound at 15 and 30 days post-injury. Specifically, reduced
wakefulness and increased NREM sleep were first apparent during
the early dark period at 7 days post-injury, and these changes
progressively extended to encompass the entire 12-h dark period by
30 days post-injury (Supplementary Fig. 1).

There were minimal genotype differences in the total amount of
time spent in wakefulness and NREM sleep after TBI, although
HCRT KO mice spent less time awake during the light period
3 days after injury (Fig. 3) and during early parts of the dark period
(Fig. 2). At chronic time-points, the total amount of NREM sleep
and wakefulness of C57BL/6J mice subjected to TBI did not differ
from that of HCRT KO mice with TBI (Fig. 2 and Fig. 3).

The total amount of time spent in REM sleep differed between
genotype irrespective of whether or not mice had TBI. In general,
HCRT KO mice had more REM sleep during any time-point across
the 24 h recording periods (Supplementary Fig. 1).

Statistical analyses revealed at least one significant main effect
or interaction effect in the temporal distribution of NREM sleep and
wakefulness across the 24-h cycle (see Supplementary Fig. 1).
There was a significant main effect of post—time-point for blocks
1-4, 5-8, 17-20, and 21-24. There was a significant effect of
genotype for all blocks except 9-12 and a significant effect of
condition for blocks 13—-16 and 17-20. There was a significant
interaction effect (time-point X genotype) for blocks 1-4, 9-12,
13-16, and 21-24. There were significant interaction effects
(time-point X condition and time-point X genotype X condition)
for block 13-16.

For amount of wakefulness, there was a significant main effect of
time-point for blocks 1-4, 5-8, 17-20, and 21-24. There was a
main effect of genotype for all blocks and a significant effect of
condition for blocks 13-16 and 17-20. There was a significant
interaction of time-point X genotype for blocks 13—16 and 21-24, a
significant interaction of time-point X condition for block 13-16,
and a significant interaction of time-point x genotype X condition
for block 13-16. For amount of REM, there was a significant effect
of genotype for each 4-h time block.

Wake bout length is altered by TBI in a genotype-
dependent manner

There were genotype differences in the duration of wake bouts
during the dark period (Fig. 4) and light period (Fig. 5), which were
most consistent for very short (1 min or less) and very long (more
than 20 min) bouts. Under baseline conditions during the dark and
light periods, HCRT KO mice had more very short bouts and fewer
very long bouts than did C57BL/6J mice. TBI did not alter the
distribution of wake bout lengths in HCRT KO mice (Fig. 4 and
Fig. 5). In contrast, 3 days after TBI, C57BL/6J mice had more very
short bouts during the light and dark periods than did sham C57BL/
6J mice. At 7 days post-surgery, and at the 15- and 30-day time-
points, C57BL/6] mice with TBI had significantly fewer very long
wake bouts than did sham C57BL/6J animals during the dark pe-
riod, and fewer very long wake bouts during the light period at 3
and 30 days post-surgery compared with C57BL/6J sham mice.
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Delta power is transiently altered by TBI

Due to artifacts, some mice were not included in analyses of spectral
characteristics of the EEG. However, in these cases the signal was
sufficient for manual determination of sleep-wake state. NREM delta
power was analyzed separately for the light and dark periods (Fig. 6).

During baseline recordings, there were no significant differences
between groups in NREM delta power. At 3- and 7 days post-surgery,
TBI increased NREM delta power during both the light and dark
periods in C57BL/6J mice compared with C57BL/6J mice that had
sham surgeries. Increased NREM delta power was not detected at 15
or 30 days post-surgery in C57BL/6] mice. NREM delta power was
increased after TBI in HCRT KO mice relative to HCRT KO sham
mice only at 15 days post-surgery (light period) and 30 days post-
surgery (dark period). Differences between genotypes in NREM delta
power after TBI were transient, only observed at 3 days post-surgery,
and as such may be residual effects of anesthesia and surgery (Fig. 6).

Estimated numbers of hypocretin neurons
are reduced by TBI

At 32 days post-injury, C57BL/6J animals with TBI had sig-
nificantly fewer hypocretin neurons in the lateral hypothalamus
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FIG. 6. Traumatic brain injury (TBI) transiently increases delta
power during non-rapid eye movement sleep in C57BL/6J mice. Power
in the electroencephalogram (EEG) delta frequency band (0.5-4.5 Hz)
was calculated by fast Fourier transform from artifact-free, state-
specific epochs during the light and dark periods. Animals with the least
artifact from each group were used: C57BL/6J mice with sham surgery
(n=5); C57BL/6]J mice subjected to TBI (n=5); hypocretin knockout
(HCRT KO) mice that had sham surgeries (n = 6); and HCRT KO mice
with TBI (n=6). Delta power was normalized as the percent of the total
power and is plotted as mean * standard error of the mean. * indicates a
statistically significant difference (p<0.05) between genotypes
(C57BL/6J vs. HCRT KO) within the same condition, whereas # in-
dicates a statistically significant difference (p <0.05) between condi-
tions (sham vs. TBI) within the same genotype.
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than did sham-operated C57BL/6J mice (Fig. 7). As expected,
hypocretin immunoreactivity was not detected in HCRT KO mice.

Discussion

Sleep-wake disturbances after TBI have been documented ex-
tensively in humans.®1%:16-51-6061 [y gpite of the large body of lit-
erature on post-TBI sleep and wake disturbances, there is a lack of
effective treatments. Stimulants like methylphenidate, modafinil,
and armodafinil have mixed efficacy in normalizing sleep—wake
behavior in TBI patients.®>*® Antidepressants and melatonin ag-
onists are not always effective in improving nighttime sleep qual-
ity.6%768 Sleep hygiene interventions are ineffective,’® and
although small trials of blue light therapy’® or modified cognitive
behavioral therapy’'”’* have shown some promise, few of these
interventions have been attempted, and these treatments are ex-
pensive and time-consuming.

The lack of effective therapeutics is likely due, at least in part, to
a lack of understanding of the precise causes of post-TBI sleep and
wake disturbances. Many have hypothesized that changes in neu-
rotransmitters, neuropeptides, and hormones that regulate sleep and
wakefulness are responsible for post-TBI disturbances. Hypocre-
tin,37’38’45’46 histamine,>*** serotonin,*’ noradrenaline,49 acetyl-
choline,37’47’73 and melatonin®® are the transmitters for which data
suggest potential roles as mediators of post-TBI sleep and wake
disturbances. Melatonin is relatively easy to assay in saliva or
plasma, but determining levels of neurotransmitters in living hu-
man patients is much more difficult. Although neurotransmitters
can be measured in the CSF with a lumbar puncture as a proxy for
levels in brain, this process is invasive and not without risk.

Given the limitations in obtaining appropriate samples from
living patients, some studies have determined neurotransmitter
concentrations in cases of fatal TBL***>* Although postmortem
collection provides access to samples for the assay of neurotrans-
mitters, the extent to which a brain that has undergone a fatal injury
resembles a brain that has been subjected to mild or moderate injury
and then survived is not known. Utilizing appropriate animal
models to identify potential neurotransmitters or other systems that
are potential contributors to, or mediators of post-TBI sleep and
wake disturbances ameliorates some of the limitations that are in-
herent in the study of patients subjected to brain injury. Animal
models are especially useful in the context of TBI as injury location
and severity can be precisely controlled and the brain can be as-
sessed at selected time-points after injury.”*~’® Further, genomic
manipulation in animal models is a powerful tool that can be used to
determine the functional role of transmitter substances in exacer-
bating or ameliorating the secondary injury or reparative processes
that occur after TBI.

To our knowledge, this study is the first to use genetic ablation of
hypocretin to determine its role in responses to TBI. In this study,
we subjected HCRT KO mice to moderate TBI, and now report that
hypocretin plays a critical role in sleep responses to brain injury in
this model. Sleep—wake behavior of HCRT KO mice is not altered
by TBI relative to values obtained from HCRT KO mice subjected
to sham surgery. Further, although TBI reduces wakefulness and
increases NREM sleep of C57BL/6J (control) mice at later post-
injury time-points (15 and 30 days), the amount of time spent in
these arousal states does not differ from those of HCRT KO mice.

Similarly, although they have significantly more very short wake
bouts and fewer very long wake bouts during baseline conditions
than do C57BL/6J mice, TBI does not change the distribution of
wake bouts in HCRT KO mice. In contrast, after TBI, C57BL/6J
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FIG. 7. Traumatic brain injury (TBI) reduces numbers of hypocretin neurons in C57BL/6J mice. Numbers of hypocretin neurons in
the lateral hypothalamus ipsilateral to the injury site were estimated using unbiased stereology and the optical fractionator method.
Values are means * standard error of the mean obtained from C57BL/6J mice with sham surgery (n=8) or TBI (n=9). Counts were
obtained at the end of the study, 32 days post-surgery. # indicates a statistically significant difference (p <0.05) between conditions
(sham vs. TBI). Representative immunofluorescent images of the lateral hypothalamus ipsilateral to the injury site are presented.

mice have significantly more very short and fewer very long wake
bouts than do mice of the same genotype that had sham surgeries.
Further, at chronic time-points (15 and 30 days), the distribution of
wake bout lengths of C57BL/6J mice and HCRT KO mice do not
differ after TBI.

Although the majority of studies report sleep disturbance after
TBI, the exact nature of altered sleep is highly variable, even in
animal models. Our present results agree with other pre-clinical
studies of TBI that report increased NREM sleep>®® and increased
sleep fragmentation®*>%3**! during the dark period without
changes in the amount of REM sleep.¢7%#12 Although the timing
is variable, our results are also in agreement with other studies that
found increased NREM delta power at some times after TBL.>®%’

Our results are also consistent with some studies in humans that
found increases in slow wave sleep'"'*! and no differences in
time spent in REM sleep.''™"*2%2"?° In our model, shown in the
present study and in previous research,®” TBI has little impact on
REM sleep. Although HCRT KO mice normally spend more time
in REM sleep than do genetically-intact control mice, there are no
consistent changes in this sleep stage after TBI in either genotype.
Loss of hypocretin neurons in narcoleptic humans’®*? and KO
mice®>® consistently produces REM sleep abnormalities (in-
creased time in REM sleep and sleep-onset REM periods). How-
ever, acute modulation of hypocretin neurons has less impact on
REM sleep. For example, optogenetic silencing of hypocretin
neurons in mice decreases wakefulness and increases NREM sleep,
and increases sleep-wake state fragmentation®® without altering
REM sleep.®®®” Similarly, pharmacogenetic suppression of hypo-
cretin neuron activity decreases wakefulness and increases NREM
sleep with no change in REM sleep time.®® Studies of hypocretin
antagonists in humans and animals consistently reveal reduced
wakefulness and increased NREM sleep, and although some
studies also report increased REM sleep,®*~" others do not.”>*

One possible explanation for inconsistent findings of hypocretin
function on REM sleep is that there may be dose-related effects. For
example, at low doses, hypocretin antagonists increase NREM
sleep, but not REM sleep, whereas high doses of the same antag-
onist increase NREM and REM sleep.”> Even at high doses, hy-
pocretin antagonists generally do not induce sleep-onset REM
periods, which are a common feature of narcolepsy (i.e., a state of

hypocretin loss).”*°” Further, homozygous HCRT KO mice display
an animal form a cataplexy, whereas heterozygous HCRT KO mice
do not.®® Thus, it is possible that the partial loss of hypocretin
neurons observed in genetically-intact mice in this and our previous
study®’ is sufficient to decrease wakefulness and increase NREM
sleep, but not enough to increase REM sleep. Increased REM sleep
is only evident when hypocretin is completely absent, as in the
HCRT KO mice.

The reduction in the number of very long wake bouts observed in
control mice subjected to TBI in this present study suggests an
inability to maintain long periods of wakefulness during their active
period. This observation is consistent with the high rates of daytime
napping observed in humans with TBL'"'®

Our results also generally agree with other research on sleep—
wake behavior in animals and humans that lack hypocretin. Similar
to other reports, HCRT KO mice in our current study exhibit less
wal<efulness,83’84 more NREM sleep,83 more REM sleep,83’84’98
and fragmented sleep and wake bouts®>**'% under pre-injury
baseline conditions compared with genetically intact mice. Like
HCRT KO mice, humans with narcolepsy exhibit more NREM
sleep,* more REM sleep,®” and more fragmented sleep-wake be-
havior.®>'°"192 The reduced wakefulness observed in HCRT KO
mice during their active period may be analogous to the excessive
daytime sleepiness observed in narcolepsy patients.'%~10

Lastly, we found that numbers of hypocretin-positive cells in
genetically intact mice subjected to TBI were reduced at the end of
the study relative to sham-injured animals. These data extend
findings from our previous work in which hypocretin neurons were
significantly reduced by TBI at 7 and 15 days post-injury.®” These
new results suggest that hypocretin neurons are not recovered with
time, at least within the 1-month post-injury period evaluated in this
study. These results are consistent with previous human**** and
animal studies*' that report reduced numbers of hypocretin neurons
after TBI. Other aspects of hypocretin function also are altered by
TBI. For example, hypocretin release® and hypocretin neuronal
activation®® are reduced after TBI. Why some studies show that
hypocretin neurons disappear while others find that they are merely
dysfunctional remains to be determined.

Hypocretin is an attractive therapeutic candidate because, in addi-
tion to sleep and wake disturbances, hypocretinergic dysfunction also
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may be involved in several other sequelae, including impaired cog-
nition,'®® depression/depressive-like behavior,*""'"” and microglial
dysregulation.'®'% Hypocretin is implicated in memory process-
es' "% and hippocampal cell proliferation.''? In humans' " and an-
imals,"'* low hypocretin is associated with depression or depressive-
like behaviors. Hypocretin is also involved in microglial regulation,
steering them towards a less inflammatory phenotype.''> Thus, ther-
apeutics that attempt to normalize hypocretin might address several
behavioral and neuroinflammatory symptoms of TBIL.

In conclusion, the present study is in agreement with our pre-
vious work and that of others, which report TBI-induced alterations
in sleep. TBI in this model decreases wakefulness, increases
NREM sleep, decreases the length of wake bouts, and reduces the
number of hypocretin neurons. We extend these observations by
providing convincing evidence that hypocretin cell loss, or hypo-
cretin dysfunction, is responsible for post-TBI sleep and wake
disturbances. First, sleep—wake behavior of HCRT KO mice is not
altered by TBI in this model. Second, although sleep—wake be-
havior of genetically-intact C57BL/6J mice differs from that of
HCRT KO mice prior to injury, after TBI the time spent in wake
and NREM sleep does not differ, and the distribution of very long
or very short wake bouts is the same between genotypes. Thus, as
genetically-intact mice lose hypocretin cells after TBI, their sleep
patterns become similar to HCRT KO mice. As such, the decrease
in cell numbers, or change in cell function of hypocretin neurons
that occurs after TBI is necessary for the altered sleep—wake be-
havior observed in this model. Findings from this study indicate
that the hypocretinergic system is a major contributor to post-TBI
sleep and wake disturbances and suggest that hypocretin agonists
may be a useful therapeutic intervention for ameliorating these
disturbances.
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