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BASIC SCIENCE

Orexin Receptor Antagonism Improves Sleep and Reduces Seizures in 
Kcna1-null Mice
Harrison M. Roundtree, PhD; Timothy A. Simeone, PhD; Chaz Johnson, MS; Stephanie A. Matthews, MA; Kaeli K. Samson, MA; Kristina A. Simeone, PhD
Pharmacology Department, Creighton University School of Medicine, Omaha, NE

Study Objective: Comorbid sleep disorders occur in approximately one-third of people with epilepsy. Seizures and sleep disorders have an interdependent 
relationship where the occurrence of one can exacerbate the other. Orexin, a wake-promoting neuropeptide, is associated with sleep disorder symptoms. 
Here, we tested the hypothesis that orexin dysregulation plays a role in the comorbid sleep disorder symptoms in the Kcna1-null mouse model of temporal 
lobe epilepsy.
Methods: Rest-activity was assessed using infrared beam actigraphy. Sleep architecture and seizures were assessed using continuous video-
electroencephalography-electromyography recordings in Kcna1-null mice treated with vehicle or the dual orexin receptor antagonist, almorexant (100 mg/kg, 
intraperitoneally). Orexin levels in the lateral hypothalamus/perifornical region (LH/P) and hypothalamic pathology were assessed with immunohistochemistry 
and oxygen polarography.
Results: Kcna1-null mice have increased latency to rapid eye movement (REM) sleep onset, sleep fragmentation, and number of wake epochs. The numbers 
of REM and non-REM (NREM) sleep epochs are significantly reduced in Kcna1-null mice. Severe seizures propagate to the wake-promoting LH/P where 
injury is apparent (indicated by astrogliosis, blood-brain barrier permeability, and impaired mitochondrial function). The number of orexin-positive neurons 
is increased in the LH/P compared to wild-type LH/P. Treatment with a dual orexin receptor antagonist significantly increases the number and duration of 
NREM sleep epochs and reduces the latency to REM sleep onset. Further, almorexant treatment reduces the incidence of severe seizures and overall seizure 
burden. Interestingly, we report a significant positive correlation between latency to REM onset and seizure burden in Kcna1-null mice.
Conclusion: Dual orexin receptor antagonists may be an effective sleeping aid in epilepsy, and warrants further study on their somnogenic and ant-seizure 
effects in other epilepsy models.
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INTRODUCTION
Epilepsy is a serious neurological disorder characterized by 
recurrent, unprovoked seizures that has a lifetime incidence of 
1:26 people in the United States.1 Epilepsy is associated with 
increased risk for many comorbid conditions including sleep 
disorders.2,3 The resulting insufficient sleep is associated with 
worsening seizure frequency and/or severity, thus exacerbating 
the core syndrome.4,5 Insufficient sleep can also further reduce 
the quality of life of people with epilepsy by promoting other 
comorbid conditions, including cognitive impairments and/or 
psychological disorders, which are also dependent on sleep ef-
ficiency.4,6–13 Thus, there is a critical need to better understand 
and ameliorate the sleep disorder symptoms experienced by 
patients with epilepsy. Restoring sleep may improve the sei-
zure profile and/or reduce other comorbid conditions.

Symptoms of sleep disorders in epilepsy frequently include 
increased latency to sleep onset, reduced sleep duration, and in-
creased fragmentation.4,6,7 Similar symptoms in people without 
epilepsy and in animal models are associated with changes in 
orexin neurotransmission (hypocretin is also known as orexin; 
because of the use of an orexin receptor antagonist in this 
study, we chose to use the term orexin).14–17 Orexin neurons 
are located in the lateral hypothalamus and perifornical region 
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Significance
Failure to obtain optimal sleep may not only worsen seizures themselves, but may lower the susceptibility for comorbid cognitive, affective, 
gastrointestinal and/or immune problems, all of which have a significantly higher incidence in people with epilepsy. Our study supports the hypothesis 
that optimizing sleep may provide a preventative and restorative treatment option to improve seizure syndromes and/or attenuate other comorbidities. 
Our experimental findings suggest that comorbid sleep disorders in epilepsy may result from seizure–mediated changes in the neurobiology of brain 
regions which regulate sleep. As each type of epilepsy is unique, future studies will determine the generalizability of our findings in additional preclinical 
models of epilepsy.

(LH/P) and when activated, promote wakefulness, attention, 
and arousal.18 Orexin neurons funnel diverse afferent signals 
and send projections to the ascending reticular activating 
system to increase activation of wake-promoting norepineph-
rine, acetylcholine, serotonin, histamine, and dopamine neu-
ronal populations.18–21

Orexin neurons are also directly and indirectly connected 
to the seizure-generating hippocampal network via monosyn-
aptic and polysynaptic efferent and afferent projections.22–25 
Considering that orexin activation promotes wakefulness, 
wakefulness is increased in people with epilepsy and sleep dis-
orders, and orexin neurons are connected to the hippocampus, 
we hypothesized that dysregulated orexin neurotransmission 
plays a role in the sleep disorders associated with epilepsy.

To test this hypothesis, we used Kcna1-null mice, a model 
of multiple epilepsy syndromes,26 that we have previously 
demonstrated have highly variable diurnal rest activity pat-
terns, specifically their peak activity and diurnal period.27,28 
Here, we further determined that Kcna1-null mice express ad-
ditional sleep disorder symptoms including increased latency 
to rest onset and rest fragmentation, and reduced nonrapid eye 
movement (NREM) and rapid eye movement (REM) sleep 
during periods of rest. Thus, Kcna1-null mice represent an 
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appropriate model of epilepsy with comorbid sleep disorder 
symptoms to test the hypothesis that dysregulated orexin neu-
rotransmission plays a role in the sleep disorders associated 
with epilepsy.

METHODS

Animals
C3HeB/FeJ Kcna1-null and wild-type littermates were bred 
and reared at Creighton University. Mice were entrained to 
a strict 12-h light/dark cycle with access to food and water 
ad libitum. Lights on occurred at Zeitgeber time (ZT) 00:00 
h. Tails clips were collected on postnatal day (P) 12–15 and 
genotype was determined by Transnetyx, Inc (Cordova, TN, 
USA). On ~P21 mice were weaned onto standard diet. Adult 
mice (P35–P50) were used for these experiments. All experi-
ments conformed to National Institutes of Health guidelines 
in accordance with the United States Public Health Service’s 
Policy on Humane Care and Use of Laboratory Animals and 
were approved by Creighton University’s Institutional Animal 
Care and Use Committee.

Drugs and Reagents
All reagents were purchased through Sigma-Alderich (St. Louis, 
MO, USA) unless otherwise noted. Almorexant was provided 
by Acetlion Pharmaceuticals (San Francisco, CA, USA).

Actigraphy
Behavioral rest-activity cycles were assessed with integrated 
radio telemetry technology and switch-closure activity moni-
toring (Vital View data acquisition system, Mini Mitter Com-
pany, Inc; Bend, OR, USA). Adult mice (~P40) were placed 
in an 8″ × 8″ × 16″ transparent Plexiglass cage and allowed 
to habituate for 3–4 h. Infrared beam breaks by activity were 
monitored in 6-min epochs and scored on a scale of 0–150 over 
a 4- to 7-d period, as we have previously reported.27,28

Electroencephalography and Electromyography 
Neurosurgeries
Neurosurgeries were conducted as we have previously de-
scribed.29 Adult Kcna1-null mice (~P35) were anesthetized 
with isoflurane (5% initiation and 3% maintenance). Electroen-
cephalography (EEG) and electromyography (EMG) electrodes 
were implanted in all mice. For cortical EEG surgeries, two 

subdural, ipsilateral cortical elec-
trodes were implanted at 1.2 mm 
anterior to bregma and 1 mm lat-
eral to midline, and at 1.5 mm pos-
terior to bregma and 1 mm lateral 
to midline. A reference electrode 
was implanted 1.5 mm posterior to 
bregma and 1 mm lateral to midline, 
contralateral from recording elec-
trodes. For surgeries that implanted 
both cortical and depth electrodes, 
the anterior cortical electrode was 
implanted (as described previously) 
and a depth electrode (PFA-coated 

tungsten wire, A-M Systems, Carlsborg, WA, USA) was 
placed 1 mm posterior to bregma and 1 mm lateral to midline 
at a depth of 5 mm. EMG electrode wires were inserted into 
the nuchal muscles in all mice. Electrodes were soldered to the 
headmount (Pinnacle Technologies, Lawrence, KS, USA), and 
secured to the skull with dental cement. Mice were allowed to 
recover for 1 w. During recovery and throughout the experi-
ment, mice were housed individually and were given access to 
food and water ad libitum.

Dual Orexin Receptor Antagonist Experimental Design
The design for the experiment using the dual orexin receptor 
drug almorexant is outlined in Figure 1. Due to the shortened 
lifespan of these mice, we use a timeline similar to those we 
have previously reported.27–29 Adult mice (~P30) were placed 
in an 8” × 8” × 16” transparent Plexiglass cage and allowed 
to habituate for 5 d. On ~P35, mice were implanted with 
EEG/EMG electrodes as described previously. Following a 
5- to 7-d recovery, mice were injected with vehicle (intra-
peritoneally [i.p.], 25% dimethylsulfoxide in sterile saline) 
once daily for 3 consecutive days, followed by 3 consecu-
tive days of once-daily 100 mg kg−1 almorexant (i.p., 25 mg/
mL in vehicle). Injections began at ZT 00:00. For each treat-
ment, time-synchronized video-EEG-EMG recordings were 
started immediately after the injection on the second day and 
continued for 48 h. To allow the animals to habituate to and 
reduce the confounding effects of being tethered, handling, 
and injections, recordings from the third day of each treat-
ment were analyzed 30 min after the injection. The analyses 
were limited to the first 5.5 h (~ZT 00:30–06:00) due to 
the previously reported pharmacokinetics and dynamics of 
almorexant.30–32

Sleep Analyses
Using Sirenia Sleep Pro (v1.4.2, Pinnacle Technologies, Law-
rence, KS, USA), recordings were divided into 10-sec epochs 
for sleep state scoring and analyzed using a semiautomated 
method. Recordings were initially scored into different sleep 
states based on EEG power in the delta band of the anterior 
cortical electrode, located over the motor cortices and the 
corpus callosum, and EMG power (10–50 Hz). Sleep states 
were defined as follows: wake = low delta power, high EMG; 
NREM = high delta power, low to medium EMG power; 
REM = low delta power, low EMG. Scoring based on EEG 

Figure 1—Schematic of the experimental design for the in vivo almorexant study. The ages for each 
experimental procedure are listed along the bottom of the figure. Animals were placed in recording cages 
on ~P30 and allowed to habituate for 5 d before surgery. After 7 d of post-surgical recovery, mice were 
injected once daily with vehicle (for 3 d) then almorexant (for 3 d). Continuous video-EEG-EMG recordings 
were conducted for 48 h, starting on the second day of treatment.
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and EMG was then manually verified with video recording. 
The epochs during which an animal was seizing was excluded 
from the analyses. The percentage of epochs Kcna1-null mice 
spent seizing was minimal when compared to the total number 
of analyzed epochs (vehicle: 0.98% ± 0.44%; almorexant: 
0.48% ± 0.08%).

Several endpoints were analyzed for wake, NREM sleep, 
and REM sleep: (1) the number of epochs in each state of 
vigilance (NREM sleep, REM sleep or wake), normalized to 
the total number of epochs analyzed within each animal; (2) 
the number of bouts; and (3) the number of transitions. Bouts 
were defined as three or more consecutive epochs uninter-
rupted by a bout of a different state. Transitions were defined 
as any change between states and categorized based on initial 
and subsequent state. (4) The length of bouts for NREM sleep 
and (5) the latency to REM sleep were also measured. The la-
tency to REM sleep was defined as the amount of transpired 
time until the first REM sleep epoch following the start of the 
analysis.

Seizure Analyses
Seizures were identified based on ictal cortical EEG activity, 
high EMG activity, and previously defined seizure behaviors 
for this mouse strain.27–29 Seizure behavior was scored using a 
modified Racine scale, as we have previously described27–29: 
Stage 1-myoclonic jerk; Stage 2-head stereotypy; Stage 3-fore-
limb/hindlimb clonus, tail extension, a single rearing event; 
Stage 4-continuous rearing and falling; Stage 5-severe tonic-
clonic seizures. Stage 1 behavior is associated with an EEG 
spike wave discharge. Stages 2 through 5 are associated with 
a concordant and sustained increase in EMG activity and EEG 
amplitude and time-dependent frequencies. Seizure burden 
scores (SBS) were generated using the following equation: 
SBS = Σ(σi θi), where σindicates the seizure severity score 
using the modified Racine scale, θ indicates the duration of 
each seizure, and i indicates each seizure.

Immunoglobulin G Immunohistochemistry
Mice were quickly anesthetized with isoflurane, transcardi-
ally perfused with ice-cold 0.9% saline followed by 4% para-
formaldehyde in 0.1 M PB (pH 7.4), decapitated and brains 
were post-fixed overnight. Brains were cryoprotected in 15% 
and 30% sucrose/phosphate buffered solutions before frozen 
in methyl-butane on dry ice. Sections containing the lateral 
hypothalamus (−1.30 thru −2.06 mm bregma) were examined. 
Sections affixed to slides were fixed in 4% paraformaldehyde 
in 0.1 M PB (pH 7.4), dehydrated and rehydrated in a series 
of ethanol baths, washed with 0.01 M PB saline/0.3% Triton 
X-100, pH 7.4 (PBST), blocked with 10% normal goat serum/
PBST, and incubated with AF-350 conjugated anti-mouse im-
munoglobulin G (IgG) (1:2000, Invitrogen, Grand Island, NY, 
USA) overnight at room temperature. Sections were scored on 
an intensity scale of punctate and diffuse IgG-positive staining 
(1–5, with 1 = low intensity, 5 = high intensity) by five blinded 
investigators. Sections with less punctate and more diffuse IgG 
are considered to have a leaky or more permeable blood-brain 
barrier (BBB) as previously described.33 Data were expressed 
as the mean punctate intensity.

Glial Fibrillary Acidic Protein and Orexin 
Immunohistochemistry
Mice were quickly anesthetized with isoflurane and decapitated, 
and brains were removed and frozen in methyl-butane on dry 
ice. Sections affixed to slides were fixed in 4% paraformalde-
hyde in 0.1 M PB (pH 7.4), washed with PBST and blocked with 
10% normal goat serum/PBST. Sections incubated with rabbit 
antiorexin (1:1000, Peninsula Laboratories, San Carlos, CA, 
USA) overnight at room temperature followed by AF-594 con-
jugated goat antirabbit IgG (1:600, Invitrogen) for 3 h at room 
temperature. In one cohort, sections were immediately cover-
slipped with mounting media containing 4’,6-diamidino-2-phe-
nylindole (DAPI) and orexin was quantified using stereology 
(described in the next paragraph). In the second cohort, sec-
tions were incubated additionally in AF-488 conjugated mouse 
anti-GFAP (1:500, Invitrogen) overnight at room temperature 
and cover-slipped with DAPI mounting media. GFAP is used 
as a marker for astrocytes. The number of reactive astrocytes in 
the LH/P was quantified. Reactive astrocytes were operation-
ally defined as astrocytes with morphological hypertrophy and 
extended processes, as previously described.34,35

Stereology
LH/P sections with orexin positive labeling were selected using 
unbiased systematic random sampling.36 The total number 
of immunopositive cells was estimated using the numerical 
density (NV) method: NV = (ΣQ-/#Q-)/DAt; NV, numerical 
density; ΣQ-/#Q-, average number of cells per dissector; DAt, 
dissector area over the specified thickness, t.

Mitochondrial Isolation and Oxygen Polarography
Mice were anesthetized with isoflurane, and hypothalamic 
tissue was quickly microdissected on ice. Tissue was ho-
mogenized in isolation buffer (5×V/V in mM: 215 mannitol, 
75 sucrose, 1 ethylene glycol tetraacetic acid (EGTA) 20 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 
and 0.1% bovine serum albumin (BSA), pH 7.2 adjusted with 
potassium hydroxide (KOH) and mitochondria were isolated 
using differential centrifugation as we have described.29 Iso-
lated mitochondria were resuspended in isolation buffer without 
EGTA. Protein concentrations were determined with Bradford 
assay. Mitochondria (100 μg) were resuspended in potassium 
chloride (KCl) respiration buffer (in mM: 125 KCl, 20 HEPES, 
2 MgCl2, 2.5monopotassium phosphate (KH2PO4, pH 7.2) and 
placed in a sealed, thermostatically controlled chamber at 37°C. 
Oxygen polarography was measured using a standard Clark-
type electrode (Hanstech Instruments, Ltd., Norfolk, England) 
as we have described.29,37,38 The following sequential param-
eters were measured in duplicates per sample: Mitochondria 
were energized via adenosine triphosphate (ATP)-producing 
nicotinamide adenine dinucleotide hydride (NADH):coenzyme 
Q oxidoreductase (complex I)-driven state III respiration with 5 
mM pyruvate and 2.5 mM malate (PM) and concurrent activa-
tion of adenosine triphosphate synthase by 150 μM adenosine 
diphosphate; state IV respiration was initiated with oligomycin-
induced inhibition of ATP synthase (1 μM); maximal respira-
tory rate (state V) was measured in the presence of the chemical 
protonophore p-triflourometh-oxyphenylhydrazone (FCCP; 1 
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μM); and mitochondrial respiratory complex (MRC) I-respi-
ratory dependency was verified in the presence of the MRCI 
inhibitor rotenone. Only samples with respiratory control ratios 
greater than 4 were analyzed. Unbiased assessment of the rate 
of oxygen consumption was determined using computer-gen-
erated line of best-fit algorithm and nmol of oxygen mg−1 min−1 
was calculated.

Statistics
Sleep data were analyzed using an analysis of variance 
(ANOVA) with Sidak post hoc test. Actigraphic, immunohis-
tochemical, and mitochondrial data were analyzed using an 

unpaired Student t test. Statistical 
dependence was determined using 
Spearman non-parametric rank 
correlation coefficient. A value of 
P < 0.05 was considered statistically 
significant.

RESULTS

Kcna1-null Mice have Increased 
Activity during Periods of Rest
We have previously reported that 
Kcna1-null mice have altered di-
urnal periods and prolonged peak 
activity as determined by acti-
graphic periodogram and cosinor 
analyses.27,28 Here, three endpoints 
common in sleep disorders in-
cluding (1) latency to rest onset, (2) 
rest duration, and (2) fragmentation 
were analyzed during the rest pe-
riod following actigraphy. We found 
that 100% of wild-type controls 
were able to achieve continuous rest 
(conservatively defined by uninter-
rupted rest for at least 30 min). In 
contrast, only 28% of epileptic mice 
were able to achieve continuous rest 
and of this cohort, the latency to rest 
onset was significantly increased 
(P < 0.05, Figure 2A). During the 
entire rest periods, Kcna1-null mice 
spent significantly less time resting 
(P < 0.05, Figure 2B) and were more 
active (P < 0.05, Figure 2C).

Kcna1-null Mice have Reduced 
NREM Sleep and REM Sleep 
Epochs during Periods of Rest
The increased time spent active 
during the rest period suggested 
that Kcna1-null mice may either 
have longer durations of time spent 
awake or may transition to wake 
more often than wild-type controls. 
To distinguish between these possi-

bilities, we examined the sleep architecture of Kcna1-null mice, 
and analyzed NREM sleep, REM sleep, and wakefulness using 
continuous time-synchronized video-EEG-EMG recordings. 
In this experiment, mice were treated with vehicle for 3 d fol-
lowed by a treatment with an orexin receptor antagonist for 3 d. 
Analyses were conducted using two-factor ANOVA. The dif-
ferences between genotypes (i.e. the vehicle data) will be dis-
cussed in this section. The differences between treatments will 
be discussed in the next section. To avoid plotting vehicle data 
twice, Figures 4 through 6 will be referenced in both sections.

Raw EEG and EMG traces were divided into 10-sec ep-
ochs. As depicted in Figure 3, dominant frequencies and 

Figure 2—Kcna1-null mice exhibit sleep disorder symptoms. Activity was scored during each 6-min 
epoch on a scale of 0–150 using actigraphy. Scores were summed during each rest and wake phase and 
the data were collapsed across days. (A) Latency to onset of 30 min of continuous rest was determined 
for each subject and normalized to the mean wild-type values within each experiment. The number of (B) 
inactive epochs and (C) active epochs during the rest phase are graphed. Data are mean ± standard error 
of the mean; n = 7–8; *P < 0.05.

Figure 3—Representative traces of behavioral states. Sleep architecture was scored using video-EEG-
EMG data in Sirenia Sleep Pro using a semiautomated method. Each automated EEG-EMG score was 
manually verified with time-synchronized video data. Traces from time-matched subdural EEG electrodes 
(blue and orange traces) and EMG electrode (green) show typical characteristics of wake (low amplitude 
EEG, high amplitude EMG), nonrapid eye movement (NREM) sleep (high amplitude EEG, low-medium 
amplitude EMG), and rapid eye movement (REM) sleep (low amplitude EEG and EMG). EEG rhythms for 
each example epoch are shown in corresponding spectrograms.
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EMG activity were used to clas-
sify each epoch as NREM sleep 
(high EEG delta power with low 
to medium EMG power), REM 
sleep (low EEG delta power with 
low EMG activity) or awake (low 
EEG delta power with high EMG 
power). Hypnograms of vehicle-
treated wild-type and Kcna1-null 
mice are depicted in Figure 4A. 
The amount of time mice spent in 
each behavioral state was deter-
mined by totaling the number of 
epochs and normalizing to the total 
number of epochs analyzed for 
that animal. During the rest period, 
Kcna1-null mice spent more time 
awake (F(1,9) = 42.2, P < 0.0005) 
and less time in both NREM sleep 
(F(1,9) = 20.3, P < 0.005) and REM 
sleep (F(1,8) = 229.3, P < 0.0001) 
when compared to wild-type con-
trols (Figure 5A, left two bars in 
each graph). These data indicate 
that Kcna1-null mice have a de-
ficiency in both NREM sleep and 
REM sleep.

We began to assess how frag-
mented the rest period was by com-
paring (1) the number of bouts of and 
(2) the number of transitions among 
the three vigilant states. One bout 
was defined as three or more con-
secutive epochs of the same state. 
Kcna1-null mice had significantly 
more wake bouts (F(1,9) = 10.64, 
P < 0.01) and fewer REM sleep bouts 
(F(1,9) = 200, P < 0.0001) when com-
pared to wild-type mice (Figure 5B, 
left two bars in each graph).

The transitions between behav-
ioral states (NREM sleep-wake, 
NREM sleep-REM sleep, wake-
REM sleep, and vice versa) were 
sorted into six categories based on 
the initial and subsequent behav-
ioral states (Figure 6). Kcna1-null 
mice had significantly more transitions from NREM sleep 
to wake (F(1,9) = 61.3, P < 0.0001) when compared to wild-
type mice (Figure 6A). Kcna1-null mice also had significantly 
fewer transitions between REM sleep and NREM sleep (REM 
versus NREM: F(1,9) = 260.5, P < 0.0001 and NREM versus 
REM: F(1,9) = 421.5, P < 0.0001, Figure 6B), and between 
REM sleep and wake (F(1,9) = 24.0, P < 0.001, Figures 6C). 
This is likely reflecting the REM sleep deficiency apparent 
during the period of analysis. These data suggest that Kcna1-
null mice may have more fragmented rest when compared to 
wild-type mice.

Blocking Orexin Receptors Improves the NREM Sleep in 
Kcna1-null Mice
To determine whether orexin activation contributed to sleep 
disturbances, following vehicle treatment, Kcna1-null mice 
were treated with the dual orexin receptor antagonist (DORA) 
almorexant (100 mg/kg, i.p.).31,32 Based on the pharmacoki-
netics and pharmacodynamics of almorexant in rodents,30 the 
analyses were limited to the first 5.5 h, 30 min following in-
jection. Representative EEG-EMG hypnograms of wild-type 
and Kcna1-null mice treated with vehicle then almorexant are 
depicted in Figures 4A and 4B, respectively.

Figure 4—Representative hypnograms of Kcna1-null and wild-type mice. Kcna1-null and wild-type mice 
were treated with vehicle for 3 d then almorexant for 3 d (100 mg/kg, intraperitoneally). Video-EEG-EMG) 
data were scored in 10-sec epochs as wake, NREM sleep, or REM sleep for this first 5.5 h of the rest 
phase, 30 min following injection (Zeitgeber time [ZT] 00:30–06:00). (A) Sleep architecture is shown in 
representative hypnograms of a wild-type mouse and Kcna1-null mouse on vehicle, compared to (B) the 
same mice during almorexant treatment. Each hypnogram data point identifies the behavioral state of the 
mouse at each epoch over time (i.e. during each 10-sec epoch from ZT 00:30–06:00).
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Blocking orexin receptors during periods of rest signifi-
cantly reduced the percentage wake epochs (F(1,9) = 15.2, 

P < 0.01) and increased the per-
centage of NREM sleep epochs 
in Kcna1-null mice (F(1,9) = 17.1, 
P < 0.001) to levels that were sim-
ilar to those of wild-type controls 
(Figure 5A). The deficit in REM 
sleep was not rescued by 3 d of al-
morexant treatment in Kcna1-null 
mice. Almorexant did not have a 
significant effect on the percentage 
of wake, NREM sleep, or REM 
sleep epochs in wild-type mice 
during the rest phase. Unexpect-
edly, these data suggest the dose of 
almorexant increased the amount of 
NREM sleep of Kcna1-null mice; 
however, it did not have the same 
effect in wild-type controls.

Next, we determined whether al-
morexant influenced the number of 
bouts of or transitions among states 
of vigilance. There was no change 
in the number of NREM sleep or 
wake bouts of Kcna1-null or wild-
type mice (Figure 5B). Further, al-
morexant treatment had no effect 

on the number of transitions among vigilant states of Kcna1-
null mice. In contrast, almorexant-treated wild-type mice had 
significantly more REM sleep bouts (F(1,9) = 12.9, P < 0.01) 
and more transitions between NREM and REM (NREM to 
REM: F(1,9) = 21.8, P < 0.001; REM to NREM: F(1,9) = 16.6, 
P < 0.01) (Figure 6B).

The increased number of NREM sleep epochs and the lack 
of change in NREM bout incidence suggest that the duration 
of each bout may be increased. Figure 7A depicts the distribu-
tion of the NREM sleep bout length. Goodness-of-fit-analysis 
indicates that treatment with almorexant increased the prob-
ability of longer NREM sleep bout durations in Kcna1-null 
mice (P < 0.0001). Almorexant did not change NREM sleep 
duration in wild-type controls. These data indicate that al-
morexant may improve the ability of Kcna1-null mice to re-
main in NREM sleep.

In contrast to actigraphy data, there was no significant 
difference in latency to sleep onset (Figure 7B), defined as 
the time that transpired between the start of analysis and the 
first epoch of NREM sleep or REM sleep epoch (in all but 
one case, NREM sleep occurred first). This is likely due to 
the conservative definition of 30 min of continuous rest used 
in the actigraphy study. However, Kcna1-null mice do have 
an increased latency to REM sleep (Figure 7C, P < 0.0001 
compared to wild-type on vehicle), defined as the time that 
transpired between the start of analysis and the first epoch 
of REM sleep only. (Note: because there was no statistical 
difference in the latency to sleep onset, the latency to REM 
sleep onset was similar whether defined with respect to the 
start of analysis or the start of sleep onset. Thus, we used 
the start of the analysis to maintain focus on REM sleep 
alone). Although it had no effect on latency to REM sleep 

Figure 5—Almorexant increases nonrapid eye movement (NREM) sleep and reduces wake during the 
rest phase of Kcna1-null mice. The total percentage of epochs spent in each behavioral state was analyzed 
using two-way analysis of variance with Sidak post hoc test. (A) Kcna1-null mice spend significantly less 
time in NREM sleep and rapid eye movement (REM) sleep and more time awake compared to wild-
type. Almorexant treatment restores NREM sleep of Kcna1-null mice to wild-type levels and significantly 
decreases time awake. (B) Bar graphs depicting the total number of bouts for each genotype and 
treatment. A bout is defined as three or more consecutive 10 s epochs of the same behavioral state. 
Kcna1-null mice have a greater number of wake bouts and fewer REM sleep bouts than wild-type mice. 
Data are mean ± standard error of the mean; n = 5–6; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
n.s., not significant.

Figure 6—The transitions between behavioral states in Kcna1-null mice 
differ from wild-type controls. Transitions between behavioral states 
were grouped into six categories. Kcna1-null mice have significantly 
more transitions between wake and nonrapid eye movement (NREM) 
sleep, but have fewer transitions to or from rapid eye movement (REM) 
sleep. Almorexant treatment does not affect the number of transitions 
between any behavioral states in Kcna1-null mice. Almorexant treatment 
does increase the number of transitions between REM sleep and NREM 
sleep in wild-type controls. Data are mean ± standard error of the mean; 
n = 5–6; **P < 0.01, ***P < 0.001, ****P < 0.0001.
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in wild-type mice, almorexant appeared to reduce 
the latency to REM sleep onset when compared to 
vehicle-treated Kcna1-null mice (Figure 7C, also 
apparent in the hypnograms in Figure 4). Using 
the extreme studentized deviate (ESD) method, 
analyses of the percent reduction in latency to 
REM sleep onset following almorexant treatment 
identified one subject (with an increase in latency 
to REM onset during almorexant treatment) as a 
statistical outlier (P < 0.05, identified by a dashed 
line in Figure 7B). Quantification of the remaining 
four Kcna1-null mice indicated that the latency to 
REM sleep onset was significantly reduced during 
almorexant treatment (F(1,7) = 161.2, P < 0.0001). 
REM sleep rhythms were absent in one animal 
during vehicle treatment and then became apparent 
during almorexant treatment (Figure 7B, the data 
point above almorexant with no line). This inter-
esting observation will be discussed more in the 
section entitled “Correlations between seizure and 
sleep profiles.” These data suggest that almorexant 
may reduce the latency to REM sleep onset, specifi-
cally in the Kcna1-null mice with prolonged onset 
when compared to wild-type controls.

Seizure-Like Activity and Pathology is Apparent in 
the Wake-Promoting LH/P of Kcna1-null Mice
The improvement in NREM sleep following al-
morexant suggested that activation of wake-pro-
moting orexin neurocircuitry may be increased in 
Kcna1-null mice. Thus, we analyzed seizure propa-
gation, markers of pathology, and orexin expression 
in the LH/P.

First, we determined whether seizures propagate 
to the orexin-rich LH/P. Subdural cortical electrodes 
and an LH/P depth electrode were implanted in 
Kcna1-null mice. Seizure activity, which originates 
from the hippocampus and propagates to cortex 
of Kcna1-null mice,35 was detected in the wake-
promoting LH/P. Figure 8 depicts representative cortical and 
depth electrode traces of a seizure that electro-clinically mani-
fested from a stage 1 to a stage 4 event. In all seizures analyzed, 
epileptiform activity was apparent in both the cortical as well 
as the depth electrode traces during severe seizures (stages 
3–5), whereas the less severe seizures (stages 1–2) did not con-
sistently propagate to the LH/P.

The hyperexcitability and hypersynchrony associated with 
seizures can induce pathology that significantly changes the 
neurobiological and metabolic landscape, which are notably 
apparent in the hippocampus of Kcna1-null mice.26,29,35,39 
Pathological markers were used to assess injury in the LH/P 
of Kcna1-null mice. Blood-brain barrier (BBB) permeability 
and astrocyte morphology were examined with immunofluo-
rescent histochemistry, and mitochondrial function was as-
sessed with oxygen polarography.35 There was a significant 
reduction of punctate immunostaining and a concordant 
increase in IgG extravasation, indicative of an increase in 
BBB permeability in the LH/P of Kcna1-null mice (P < 0.05, 

Figure 9A). There was also an increase in the incidence of 
reactive astrocytes in this region of Kcna1-null mice when 
compared to wild-type controls (78.6 ± 7.9% compared to 
34.8 ± 10.2%, P < 0.01, Figure 9B). We have previously re-
ported that mitochondrial respiratory rates are reduced in the 
hippocampus and cortex of these mice.29 Here we found a 
similar reduction in ATP-producing state III, maximal state 
V, and state II respiratory rates of mitochondria isolated from 
the hypothalamus of Kcna1-null (P < 0.05, Figure 9C). Col-
lectively, these data suggest that the more severe seizures 
propagate to the LH/P and that injury is apparent in the hy-
pothalamus of Kcna1-null mice.

Finally, we assessed orexin protein levels in the LH/P to 
support or refute the hypothesis that orexin activity may be in-
creased in Kcna1-null mice. The number of neurons expressing 
orexin throughout the anterior-posterior axis of the LH/P was 
significantly increased in Kcna1-null mice when compared to 
wild-type controls (P < 0.05, Figure 10). This increase existed 
in neurons both in the medial (P < 0.05) and lateral (P < 0.05) 

Figure 7—Almorexant increases the probability of longer nonrapid eye movement 
(NREM) sleep bout durations and reduces the latency to rapid eye movement (REM) 
sleep onset in Kcna1-null mice. (A) Probability curves of NREM sleep bout durations 
were plotted for each genotype and treatment. Kcna1-null mice are less likely to have 
longer duration of continuous NREM sleep. Almorexant increases the probability 
of longer NREM sleep bout durations in Kcna1-null mice. (B) The latency to sleep 
onset was determined as the time before the first occurrence of NREM sleep or REM 
sleep in each animal. The within-subject comparisons are plotted. (C) The latency 
to REM sleep was determined as the time before the first occurrence of REM sleep 
in each animal and within-subject comparisons are plotted. The latency to REM 
sleep in Kcna1-null mice was higher in all but one animal (statistical outlier; dashed 
line) compared to wild-type controls. In all Kcna1-null mice with increased latency to 
REM sleep, almorexant reduced the time to REM sleep onset. REM sleep was not 
detected in one subject during vehicle, however was apparent during almorexant 
treatment (data point with no associated line). Data are mean ± standard error of the 
mean; n = 5–6; ***P < 0.001, ****P < 0.0001.
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aspects of the posterior LH/P between −1.0 mm and −1.2 mm 
bregma (Figure 10, right inset). Collectively, these data indi-
cate long-term changes in the neurobiological environment of 
the LH/P that supports the notion of increased orexinergic tone 
of Kcna1-null mice.

Dual Orexin Receptor Antagonism 
Decreases Seizures in Kcna1-null 
Mice
The association between sleep 
deprivation and the worsening of 
seizure frequency and/or severity 
suggests that improving the sleep 
profile may be associated with an 
improved seizure profile. We ex-
amined the same time period used 
for the sleep analyses to analyze 
seizure frequency, duration, and 
severity using the modified Racine 
scale, as we have described previ-
ously in the Methods section.27–29

Data were stratified into two 
groupings based on seizure se-
verity (less severe stage 1 seizures 
and moderate/severe stage 2–5 sei-
zures). We observed a 75% ± 6% 
reduction in the incidence of stage 
2–5 seizures during almorexant 
treatment in four of five mice 
(P < 0.01; ESD analysis identified 
the mouse with the lowest seizure 
profile during vehicle as an outlier, 
dashed line in Figure 11A). The in-
cidence of stage 1 seizures did not 
change during almorexant treat-
ment (Figure 11B). Seizure dura-
tions range from less than 30 sec 
to several minutes. To take into ac-
count the severity and duration of 
each seizure, a seizure burden score 
was calculated for each animal (see 
Methods section). Seizure burden 
was reduced by 75% ± 9% during 
almorexant treatment in the same 
cohort (four of five mice, P < 0.01, 
Figure 11C). Plotting the initial sei-
zure burden scores against the per-
cent reduction during almorexant 
treatment revealed a significant 
correlation (Spearman rho = 1.00, 
P < 0.05, Figure 11D, fit with a loga-
rithmic growth curve). These data 
indicate a potentially greater anti-
seizure efficacy of almorexant with 
more severe seizures.

Correlation between Seizure and 
Sleep Profiles
A final interesting observation was 

in the extreme seizure and sleep profiles: (1) the animal with 
the highest seizure burden lacked REM sleep during vehicle 
treatment, and (2) the mouse with the least severe seizure 
profile had a latency to REM sleep onset that resembled wild-
type latencies. Indeed, there was a positive linear correlation 

Figure 8—Severe seizures in Kcna1-null mice propagate to the LH/P. Representative lateral 
hypothalamus/perifornical region (LH/P) and cortical electroencephalographic (EEG) traces of one 
seizure that manifests from a less severe stage 1 to a severe stage 5 seizure. Arrows indicate an EEG 
event with a behavioral correlate. Seizure severity scores are in parentheses. A single arrow indicates 
the event was detected in the subdural channel. Double arrows indicate the event was detected in both 
subdural and LH/P electrodes. Stage 5 severe tonic-clonic period detected in both electrodes is indicated 
with brackets. Cort, subdural cortical electrode trace; LH, lateral hypothalamic and perifornical region 
depth electrode trace.
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between REM sleep onset and seizure severity (r = 0.82, 
P < 0.05, Figure 11E).

DISCUSSION
A connection between epilepsy and sleep has long been rec-
ognized. Seizures and sleep disorders have an interdependent 
relationship where the occurrence of one can exacerbate the 
other. Research has primarily focused on the relationship of 
brain EEG rhythms (e.g., slow wave sleep, sharp waves, sleep 
spindles, ripples, etc.) and the development of seizures. Here, 
we used a novel strategy and focused on the sleep disorder co-
morbidity itself in an effort to increase understanding of the 
sleep and seizure dynamics and to identify a novel antiseizure 
and somnogenic treatment.

To our knowledge this study is the first to report a detailed 
characterization of the sleep architecture deficiencies of Kcna1-
null mice, further supporting the use of this animal model to 
examine sleep disorder symptoms associated with epilepsy. 
Treatment with a DORA significantly increases NREM sleep 
and reduces the latency to REM onset in Kcna1-null mice. The 
more severe seizures propagate to the wake-promoting LH/P, 
where astrogliosis and BBB permeability are apparent and hy-
pothalamic mitochondrial function is impaired. The number 
of orexin-positive neurons is increased in the LH/P. Blocking 
orexin receptors with almorexant reduces the severity of sei-
zures and importantly, there is a significant correlation between 
latency to REM onset and seizure burden in Kcna1-null mice.

Seizure Propagation and Neurobiological Changes in the LH/P	
Kcna1-null mice lack the potassium channel Kv1.1 alpha sub-
unit and are a genetic model of temporal lobe epilepsy. This 
model offers diverse and severe seizure phenotypes involving 
multiple daily myoclonic jerks, head movement stereotypies, 
clonus, and tonic-clonic seizures.26–29,35,39,40 Seizures arise in 
the hippocampus and propagate to the cortex of Kcna1-null 
mice.35 Seizure severity and incidence increase with age 
and are associated with hippocampal sclerosis involving cell 
death, astrogliosis, mossy fiber sprouting, and mitochondrial 
impairment.29,35,40

To our knowledge, we are the first to provide evidence that se-
vere seizures propagate to the LH/P. Consistent with the damage 
reported in the Kcna1-null hippocampus, we identified similar 
pathology including astrogliosis, BBB permeability in the LH/P, 
and impairment of hypothalamic mitochondrial function. Our 
findings support a limited number of previous studies, which 
have noted seizure-related injury in the hypothalamus and LH/P. 
Increased metabolic activity and injury have been reported in 
the hypothalamus following induction of status epilepticus in 

Figure 9—Pathology is apparent in the lateral hypothalamus/perifornical 
region (LH/P) of Kcna1-null mice. (A) Photomicrographs depict 
immunoglobulin G (IgG) labeling (white/blue) in LH/P parenchyma. In wild-
type animals, punctate staining (arrows) is more pronounced, compared 
to diffuse labeling in Kcna1-null mice. Bar graph of punctate mouse IgG 
staining as scored on an arbitrary 1–5 scale by five blinded investigators 
(n = 4 animals/group, 3–4 LH/P sections/animal). (B) Reactive 
astrocytes are GFAP-positive (green) and exhibit extended processes 
and hypertrophy (see the Kcna1-null darkfield photomicrograph) when 
compared to typical astrocytes as depicted in the wild-type section. 
Coronal sections containing LH/P had a significantly higher incidence 
of reactive astrocytes compared to wild-type LH/P (n = 4 animals/group, 
3–4 LH/P sections/animal). Sections are double-labeled for orexin (red). 
(C) Hypothalamic mitochondria isolated from Kcna1-null mice have 
reduced state III, state V, and state II respiratory rates when compared 
to wild-type controls (n = 3–4). Data are mean ± standard error of the 
mean. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 10—The number of orexin-positive neurons is increased in 
Kcna1-null LH/P. The distribution of orexin-positive neurons along 
the anterior-posterior axis for coronal brain sections of wild-type and 
Kcna1-null mice is shown. Kcna1-null mice show significantly more total 
orexin-positive cells. Left inset: Darkfield photomicrograph depicting 
orexin-positive (red) immunofluorescence in the lateral hypothalamus/
perifornical region (LH/P). Right inset: The increase of orexin-positive 
neurons occurred in both the medial and lateral aspects of the LH/P 
(n = 4–5 animals, 3–4 sections/animal). Data are mean ± standard error 
of the mean, *P < 0.05.
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the pilocarpine epilepsy mode.22,41 Studies using kainic acid and 
lithium-pilocarpine to induce severe seizures have demonstrated 
neurodegeneration and cell death throughout the hypothalamus; 
injury specifically in the LH/P was noted in mice subjected to 
kainic acid-induced seizures.42 The limited available human 
data from MRI studies of mesial temporal lobe epilepsy indicate 
a strong concordance between changes in the hippocampus and 
degeneration of its major efferent tract, the fornix, and subse-
quent targets in the hypothalamus.43–45

In addition to the presence of pathology, we also found an 
increase in the number of orexin-positive neurons in the LH/P. 
Previous studies have reported mechanisms that promote orexin 
expression. Our data indicate one of two possibilities. First, there 
may be an increase in the amount of orexin protein expressed 
within neurons that previously expressed subdetectable levels. 
Many signals can influence the degree of orexin expression 
within a neuron. Prepro-orexin messenger RNA and plasma 
orexin protein levels are significantly increased under different 
metabolic conditions, such as 48 h of fasting or acute (6 h) hy-
poglycemia.46 Levels of orexin are also significantly higher in 
younger rats compared to older rats.47 A second possibility is that 
the number of orexin expressing cells may be increased. Temporal 
lobe seizures are associated with increased neurogenesis in the 
hippocampus.48 The number of orexin neurons can be increased 
by the stress hormone corticosterone.49 It is well documented 
that seizure activity promotes an acute spatial-temporal change 
in the metabolic landscape in the hippocampus and hypothal-
amus,22,23,42–45 including enhancing stress-regulating hormones 

and changing mitochondrial me-
tabolism and function.29,37,50 Whether 
seizures increase expression in a 
low-expressing pool of neurons or 
increases the number of neurons is 
currently under investigation.

Regardless, the overall increase 
in orexin and other changes in the 
neurobiological landscape of the 
LH/P in Kcna1-null mice will in-
fluence neurotransmission. Similar 
changes within the Kcna1-null 
tri-synaptic hippocampal network 
promote excitability.26,29,39 Orexin 
neurons project to wake-promoting 
regions containing norepinephrine, 
acetylcholine, serotonin, histamine, 
and dopamine neurons. Previous 
studies report that experimental in-
crease in orexin receptor activation 
induces wakefulness.18 Increased 
drive of this circuitry may partici-
pate in enhancing the propensity to 
wake in Kcna1-null mice during pe-
riods of rest.

Sleep and Seizures
Sleep disorder symptoms including 
increased latency to sleep onset, in-
creased awakenings, and reduced 

sleep duration in humans and animal models without epilepsy 
are associated with a dysregulated orexinergic system,14–17 a 
system responsible for promoting wakefulness.18 If the Kcna1-
null orexinergic system were overactive during rest periods, 
we would predict that sleep architecture changes may include 
increased time awake and decreased NREM sleep and/or 
REM sleep. Further, we would predict that administration of a 
DORA may restore some or all aspects of sleep architecture to 
resemble that of wild-type mice.

Indeed, Kcna1-null mice have increased wake during pe-
riods of rest. We previously reported that epileptic Kcna1-null 
mice exhibit highly variable diurnal rest-activity patterns, spe-
cifically their peak activity and diurnal period.27,28 Here, we 
further determined that Kcna1-null mice express additional 
sleep disorder symptoms during periods of rest, including in-
creased activity (as measured by actigraphy) and latency to 
REM sleep onset and reduced NREM sleep and REM sleep 
(as determined using video-EEG-EMG recording). This phe-
notype resembles sleep disorder symptoms described in people 
with epilepsy, which include increased latency to sleep onset, 
increased entries into wakefulness, and decreased sleep effi-
ciency and NREM sleep.4,6,7 These sleep disorder symptoms re-
semble those associated with a dysregulation of the orexinergic 
system.14,15 Therefore, we further tested the hypothesis that 
orexin plays a role in the sleep deficiency of Kcna1-null mice 
by administering a DORA, almorexant. We conducted experi-
ments during the rest phase when Kcna1-null mice are more 
active compared to wild-type mice. Almorexant treatment 

Figure 11—Almorexant reduces severe seizures in Kcna1-null mice. Seizure incidence and severity 
during vehicle and almorexant treatment were scored and seizure burden was calculated. Within-
scatterplots depict (A) the incidence of severe seizures (stages 2–5), (B) the incidence of the less severe 
stage 1 seizures, and (C) seizure burden during vehicle and almorexant treatments. (D) Percent reduction 
of seizure burden following treatment showed a positive Spearman correlation with initial seizure burden 
and was fit using a logarithmic growth curve. (E) Latency to rapid eye movememt (REM) sleep also showed 
a positive Spearman correlation with a linear fit with seizure burden both before and after treatment with 
almorexant. Dashed lines indicate an outlier, n = 5, **P < 0.01.
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reduced the time spent awake and reversed the NREM sleep 
deficiency by improving the ability to maintain NREM sleep 
(i.e. by increasing bout durations). While almorexant reduced 
the latency to REM onset in Kcna1-null mice, the acute treat-
ment was unable to restore the number of REM sleep epochs.

Interestingly, these improvements to sleep following al-
morexant treatment occurred in the Kcna1-null mice only. 
Wild-type mice did not experience a change in the number 
of wake and NREM sleep epochs, or a change in latency to 
REM sleep onset. This is not surprising considering DORAs 
are typically tested in wild-type mice during the wake phase, 
a time when orexin neurons are more active and an inhibitory 
effect would be maximal.31,32 During normal sleep, orexinergic 
activity is suppressed, and hence the inhibitory effect of al-
morexant would be minimal during the rest phase. This may 
explain why acute almorexant treatment did not have a signifi-
cant effect on these endpoints in wild-type mice.

In addition to improving sleep, almorexant treatment re-
duced the incidence of the more severe seizures (stage 2–5) 
and seizure burden by 75%. Whether almorexant exerted indi-
rect or direct antiseizure effects has yet to be determined. Al-
morexant may have indirectly reduced seizures by improving 
sleep. It is well known that inadequate sleep/sleep deprivation 
worsens seizures in people with epilepsy.4,5,51 We specifically 
found that longer REM sleep latencies positively correlated 
with greater seizure burden. In one study, sleep deprivation 
associated with exacerbating seizures was also associated 
with an increase orexin concentration in cerebro- spinal fluid.51 
Thus, almorexant may have indirectly reduced seizures by im-
proving sleep.

A second possibility is that almorexant directly reduced sei-
zures. Orexin neurons project to a multitude of neuronal popu-
lations including the hippocampus,21,52 raising the possibility 
that almorexant directly dampens seizure-generating mecha-
nisms in the hippocampus. Excitatory orexin receptors OX1R 
and OX2R are coupled to Gs and Gq/Gs proteins, respectively, 
and are expressed in CA1–3 and the dentate gyrus.18,52,53 In vivo 
intracerebroventricular (i.c.v.) injection of orexin excites CA1 
pyramidal cells and in vitro application induces longterm po-
tentiation at the Schaffer collateral-CA1 synapse.52,54 Further-
more, i.c.v injection of high dose of orexins causes behavioral 
seizure activity in rats and bilateral hippocampal injection of 
selective OX1R or OX2R antagonists reduces acute pentylene-
tetrazole-induced seizures.55,56 Studies to distinguish the indi-
rect and/or direct mechanism of the seizure-dampening effects 
of almorexant are currently underway.

CONCLUSION
Our findings suggest that pathology in the LH/P of Kcna1-null 
mice, possibly caused by seizure propagation from the hippo-
campus, reflects long-term changes in the neural environment 
that may contribute to comorbid sleep disorders and the wors-
ening of seizures in Kcna1-null mice. Inhibiting orexin recep-
tors circumvents the pathology and reverses the NREM deficit 
and reduces seizure severity. DORAs are currently under 
evaluation for clinical use in sleep disorders. One example is 
suvorexant, which is approved by the US Food and Drug Ad-
ministration for treating insomnia. Here, we provide evidence 

that DORAs may be an effective sleeping aid in epilepsy, and 
warrant further study on their effects in other epilepsy models, 
both to improve comorbid sleep disturbances as well as reduce 
seizure severity.
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