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Study Objectives: The basal forebrain (BF) has been implicated as an important brain region that regulates the sleep-wake cycle of animals.
Gamma-aminobutyric acidergic (GABAergic) neurons are the most predominant neuronal population within this region. However, due to the lack of
specific molecular tools, the roles of the BF GABAergic neurons have not been fully elucidated. Previously, we have found high expression levels
of the Kv2.2 voltage-gated potassium channel on approximately 60% of GABAergic neurons in the magnocellular preoptic area and horizontal limb
of the diagonal band of Broca of the BF and therefore proposed it as a potential molecular target to study this neuronal population. In this study, we
sought to determine the functional roles of the Kv2.2-expressing neurons in the regulation of the sleep-wake cycle.

Design: Sleep analysis between two genotypes and within each genotype before and after sleep deprivation.

Setting: Animal sleep research laboratory.

Participants: Adult mice. Wild-type and Kv2.2 knockout mice with C57/BL6 background.

Interventions: EEG/EMG recordings from the basal state and after sleep-deprivation which was induced by mild aggitation for 6 h.

Results: Immunostaining of a marker of neuronal activity indicates that these Kv2.2-expressing neurons appear to be preferentially active during
the wake state. Therefore, we tested whether Kv2.2-expressing neurons in the BF are involved in arousal using Kv2.2-deficient mice. BF GABAergic
neurons exhibited augmented expression of c-Fos. These knockout mice exhibited longer consolidated wake bouts than wild-type littermates, and
that phenotype was further exacerbated by sleep deprivation. Moreover, in-depth analyses of their cortical electroencephalogram revealed a

significant decrease in the delta-frequency activity during the nonrapid eye movement sleep state.
Conclusions: These results revealed the significance of Kv2.2-expressing neurons in the regulation of the sleep-wake cycle.
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INTRODUCTION

The maintenance of the sleep-wake cycle requires multiple
brain regions and neuronal populations.' It has been proposed
that the sleep-wake cycle is regulated by a balance between a
sleep and an arousal circuit. The basal forebrain (BF) is one
of the brain regions implicated in the regulation of sleep-wake
dynamics.>® Lesions of the BF significantly affect the sleep-
wake cycle and electroencephalogram.** Cholinergic and
gamma-aminobutyric acidergic (GABAergic) neurons are
the major neuronal populations in the BF that provide robust
projections to the cerebral cortex. Specific lesions of the BF
cholinergic neurons decrease the percentage of wakefulness
as characterized by somnographic recordings,® indicating that
BF cholinergic neurons are involved in promoting wakeful-
ness. These results led to the idea that the BF is involved in
the arousal circuit. However, the GABAergic neurons are the
predominant population in the BF and outnumber the cholin-
ergic neurons.” Therefore, without elucidating the role of these
GABAergic neurons, it would be difficult to make a conclusion
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regarding the roles of the BF in the regulation of the sleep-
wake cycle. Immunohistochemical and electrophysiological
analyses have revealed that GABAergic neurons in the BF are
heterogeneous in molecular identities®® as well as in their firing
behaviors,'® unlike cholinergic neurons that are thought to be
homogeneous.!" Therefore, specific markers and molecular
tools are required to distinguish and study multiple subpopula-
tions of GABAergic neurons within the BF.

We reported previously that a large subpopulation of neurons
within the magnocellular preoptic area (MCPO) and the hori-
zontal limb of the diagonal band of Broca (HDB) of the BF
express the Kv2.2 voltage-gated potassium channel.'? Kv2 chan-
nels (Kv2.1 and Kv2.2) are the major constituents of the somatic
delayed rectifier potassium current,'*'* with Kv2.1 as the
dominant Kv2-family protein in virtually all areas of the brain
including the cerebral cortex, hippocampus, and striatum.'?
These somatic potassium channels are thought to be impor-
tant in determining the overall excitability of neurons.'*'¢ In
contrast to the widespread expression of Kv2.1, Kv2.2 exhibits
preferential expression in a few brain nuclei including the BF
and the medial nucleus of the trapezoid body.'*!” Particularly,
we found that Kv2.2 is expressed in approximately 60% of
GABAergic neurons in the MCPO and HDB of the BF at very
high levels, defining them as a novel and major subpopulation
in BF sleep/wake-related areas. Interestingly, in these neurons,
Kv2.2 is the predominant Kv2-family protein, because the
expression of Kv2.1 is negligible.'”” We proposed that Kv2.2 is
a viable molecular target to study the functional role of these
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GABAergic neurons in sleep behavior. In the current study,
using Kv2.2 knockout mice as a model system, we sought to test
the hypothesis that Kv2.2-expressing neurons regulate the sleep-
wake cycle, particularly arousal, of the mouse.

MATERIALS AND METHODS

Animals

All animal use procedures were in strict accordance with the
Guide for the Care and Use of Laboratory Animals published
by the National Institutes of Health, and approved by the
institutional animal use committee. Male wild-type (WT) and
Kv2.2 knockout (KO) mice were used in the study.'® These
mice were obtained from Kv2.2 heterozygous breeding pairs
on a C57BL/6 background generated by Texas A&M Institute
for Genomic Medicine. In these mice, the second exon of the
Kv2.2 gene was replaced with a targeting vector containing
B-geo (LacZ/neomycin) cassette. Forty-two animals were used
in this study. At the time of the experiments, all animals were
between the ages of 4-5 mo old and were housed individually in
a 12:12 h light-dark (LD) cycle. To determine the genotype of
the mice generated from the heterozygous breeding pairs, DNA
extracts from tail biopsies were used in a qualitative polymerase
chain reaction (PCR) experiment (Figure 1B). Briefly, small
(0.5 cm) tail snips were digested with 300 pg of Proteinase K
overnight at 55°C. Genomic DNA was extracted and purified

for PCR using a standard phenol-chloroform extraction method.
PCR was performed with the following primers:
e Mutant Primer Pairs: Neo3a and Primer #17; detects a
472-bp product
» Wild-type Primer Pairs: Primer #18 and #19; detects a
312-bp product
* Primer Neo3a: GCAGCGCATCGCCTTCTATC
» Primer #17: GTGTCTCAGAAATGGCGTGTC
» Primer #18: GGATACTGAAACTCGCCAGAC
* Primer #19: GTATAGGAAGGGCAATAACCAG

Analysis of Sleep Behavior
Electrodes for electroencephalography (EEG) were implanted
in the skull of Kv2.2 KO mice and WT littermates under contin-
uous anesthesia with isoflurane. Two stainless-steel electrodes
(Plastics One, Roanoke, VA) were placed to make contact with
the dura from the motor cortex and the somatosensory cortex.
Electrode coordinates are as follows: The first screw is placed
1.0 mm anterior from bregma and 1.0 mm lateral from the
central suture. The second screw is placed on the contralateral
side 3.0 mm posterior from bregma and 3.0 mm lateral from
the central suture. The third electrode is placed in the nuchal
muscles of the neck to measure electromyographic (EMG)
recordings. These electrodes were connected to a telemetry
transmitter (DSI, Saint Paul, MN) located subcutaneously on
the lateral side of the abdomen for the continuous recording of
EEG and EMG in freely moving animals. Following
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surgery, the animals were allowed to recover for 1 w.

Signals were acquired by using the Neuroscore
program (DSI Analysis Software, Saint Paul, MN) at
a sampling rate of 500 Hz. Sleep (nonrapid eye move-
ment [NREM]) and rapid eye movement [REM]) and
" wake states were determined by visual inspection
of EEG and EMG waveforms of 10-sec epochs for
9 h to determine scoring parameters as previously
described.'*?” Wake was distinguished by low-ampli-
tude, high-frequency EEG and high-amplitude EMG,
non-REM sleep was distinguished by high-ampli-
tude, low-frequency EEG and low-amplitude EMG,
and REM sleep was distinguished by low-amplitude,
high-frequency EEG and muscle atonia. The vigi-
lant states for the rest of the recording (150 h) were
determined by the Neuroscore program based on the
scoring parameters.

Figure 1—Activity of Kv2.2-gamma-aminobutyric acidergic (GABAergic) neurons in the
basal forebrain (BF). (A) The differential expression patterns of c-Fos in coronal sections
that include the magnocellular preoptic area/horizontal limb of the diagonal band of
Broca (MCPO/HDB) of the basal forebrain from sleep deprived and sleep recovered wild
type (WT) mice. Inset: Double immunolabeling with anti-Kv2.2 (green) and anti-c-Fos
(red) antibodies. (B) Quantitative analysis of three consecutive coronal brain sections
(spanning 120 pm) containing MCPO/HDB from sleep deprived and sleep recovered
WT mice. The percentages of c-Fos positive Kv2.2 neurons are shown (unpaired
Student t-test; P = 0.0001; n = 4). (C) Augmented expression of c-Fos in GABAergic
neurons in the BF of Kv2.2 knockout (KO) mice. The number (left) and percentage
(right) of cells positive for both c-Fos protein and glutamic acid decarboxylase 67
(GAD67) messenger RNA (mRNA) in the MCPO are shown. *P < 0.01. (D) Double
labeling of GAD67 mRNA (purple) and c-Fos protein (brown) in the MCPO. Scale bar,
100 pm. Inset: high-magnification images of neurons in the MCPO. Note that there are
neurons double-positive for GAD67 mRNA and c-Fos protein in the KO section but not
in the WT section.
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We recorded the baseline EEG/EMG for 2 days
(days 1 and 2). On the third day of recording (day 3),
animals were sleep deprived for 6 h (starting at lights
on, 07:00) by gentle agitation (introduction of novel
objects, tapping on the cage, and gently touching the
animal with a paint brush). The recording continued
for the additional 2.5 days after sleep deprivation.
The hypnograms in Figure 4A were generated from
the recording of day 2 during the dark phase using the
Neuroscore program.

EEG Signal Analysis

Wake EEG and sleep EEG were obtained from the
original EEG recordings of 3 h using a script running
on Scilab (Paris, France). The script can be provided
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from H.M. upon request. Basically, wake EEG and sleep EEG
were extracted by thresholding of the signal. Because the signal
amplitude varied among animals, the threshold was set for
each recording as follows. First, the total power of EEG and
EMG signals was computed in 4-sec epochs for the frequency
range between 0.1 to 100 Hz. Then, the difference (A) of the
highest total power over the lowest total power (L) in the 3-h
recording was calculated for EEG and EMG. To obtain wake
EEG, we extracted EEG signals, where EMG power was above
a threshold (L+A/S). To obtain sleep EEG, we extracted EEG
signals, where EEG power was above L+A/2.5. The examples
of extractions are shown in Figure 7A. A discrete fast Fourier-
transform (FFT) algorithm was applied to 30 min of sleep
and wake EEG to obtain frequency and amplitude values of
the overall power spectrum. Then the integral of the power
spectrum was calculated by using the trapezoidal rule, which
provides the percentage of each distinct frequency band
within that power spectrum. The distinct frequency bands are
as follows: slow band (0.1-1 Hz), delta band (1-4 Hz), theta
band (4-7 Hz), alpha band (8-12 Hz), beta band (12-30 Hz), and
gamma band (30-90 Hz).

Immunostaining of c-Fos

Animals were anesthetized with isoflurane and they were
immediately decapitated in ice-cold phosphate buffered
saline solution following a 6-h sleep deprivation challenge
or a 3-h sleep recovery period. The brains were removed
and immersed in 4% paraformaldehyde for 2 days, placed in
30% sucrose solution for cryoprotection, and cut into 40-pm
coronal sections. Sections were washed in 0.05 M potassium
phosphate buffered saline and incubated for 2 days at 4°C anti-
c-Fos (1:500,000) polyclonal antibody (Oncogene Sciences,
Boston, MA). Then sections were washed and probed with
a biotinylated antirabbit secondary antibody (1:600, Vector
Labs, Burlingame, CA). Nickel-enhanced diaminobenzidine
(DAB) reaction was done by using the Vectastain ABC kit
(45 pL of reagents A and B, Vector Labs, Burlingame, CA)
and then allowed to incubate for 20 min in a chromogen solu-
tion containing nickel sulfate, DAB (Sigma, St Louis, MO),
sodium acetate (Amresco, Solon, OH), 3% hydrogen peroxide
(Sigma). After the nickel-DAB staining, the sections were
washed again and then were incubated for 2 days at 4°C
with the second primary antibody anti-Kv2.2 (0.3 pg/mL)
polyclonal antibody (Alomone-APC120, Jerusalem, Israel).
Immunoreactivity was detected using Alexa dye-conjugated
secondary antibodies (Invitrogen, Carlsbad, CA). Bright field
and fluorescence images were taken with a cooled charge
coupled device (CCD) camera installed on an Axiovert-200M
microscope (Carl Zeiss, Thornwood, NY), with 10x/0.5 NA,
20%/0.8 NA, 40x/1.3 NA, and 63x/1.4 NA lenses, using
Axiovision software (Carl Zeiss). Only minor corrections of
brightness and contrast were performed.

Dual Inmunofluorescence Labeling of Kv2.2 and Parvalbumin
Free-floating sections were blocked and permeabilized
with 10% normal goat serum (Chemicon, Billerica, MA) in a
phosphate buffer containing 0.3% Triton X-100 for 1 h, then
incubated overnight at 4°C with the rabbit anti-Kv2.2 antibody
(0.1 pg/mL) and mouse anti-parvalbumin antibody (1:10,000,
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Sigma). Immunoreactivity was detected using Alexa dye-
conjugated secondary antibodies (Invitrogen).

Double Labeling of GAD-67 mRNA and c-Fos protein

The procedure for double labeling of mRNA and protein has
been previously described in detail.?*? Briefly, 30-um tissue
sections obtained from every sixth section of the forebrain,
which encompass the MCPO, were subjected to hybridization
with the biotinylated glutamic acid decarboxylase 67 (GAD67)
probe. The probe was prepared from GAD67 complementary
DNA construct (provided by Dr. N.J. Tillakaratne). The probe
(final concentration was 600 ng/kbp/mL) was mixed with yeast
transfer RNA (yeast tRNA, Ambion, Austin, TX) at concen-
tration of 0.25 mg/mL, denatured by heating to 85-90°C for
3 min, then cooled immediately on ice for 5 min before use. The
GADG67 riboprobe was then mixed with hybridization buffer
(750 uL deionized formamide, 300 uL 50% dextran sulfate,
90 uL 5M NaCl, 12 pL 500 mM ethylenediaminetetraacetic
acid (EDTA), 30 uL 50x Denhardt solution, and 250 pL dieth-
ylpyrocarbonate-treated water), warmed to 50°C, placed into
microbeakers with the sections and remained undisturbed over-
night. After the treatment with RN Ase and extensive washing,
the biotinylated probe was detected using the ABC peroxidase
method with nickel-DAB.* Following the development of the
mRNA signal, the tissue sections were immunostained with the
c-Fos antibody and DAB.

Cell Counting

For the immunolabeling of Kv2.2 and c-Fos, three consec-
utive coronal sections spanning 120 um of the basal fore-
brain from three to four WT mice were used for the analysis.
These sections were immunostained with anti-c-Fos and anti-
Kv2.2 antibodies. Cells that were positive for these antigens
were counted within a region of 1 mm? starting at the indenta-
tion of the ventral surface of the basal forebrain bilaterally. The
percentages of Kv2.2-expressing neurons positive for c-Fos
immunoreactivity were averaged among three to four animals.
For the evaluation of c-Fos expression in the ventral lateral
preoptic area (VLPO), the number of c-Fos-positive neurons
was counted per square millimeter area. VLPO was identified
based on surrounding anatomical landmarks.

For the double-labeling of GAD67 mRNA and c-Fos protein,
neurons positive for GAD67 mRNA were counted at 200%
magnification and scored for the presence of c-Fos. Only cells
with a visible nucleus (stained or unstained) were counted.
Slides were coded so that the observer was blind to the geno-
type of the animal.

Biological Rhythms and Analysis

Circadian behavior was measured by wheel-running activity
in 12:12 h LD cycle and in constant darkness (DD).>* Periods
were obtained from 7 days in the LD cycle and 14 days in DD
by using chi-squared periodogram analysis (ClockLab Soft-
ware, Actimetrics, running in Matlab v6.1, Mathworks, Natick,
MA). Activity levels were presented from DD.

Statistical Analysis
Dataare presented as mean =+ standard error of the mean. Statis-
tical analyses were made using Student #-test, Mann-Whitney U
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test, or analysis of variance (ANOVA) with post hoc analysis.
Most data was analyzed using the GraphPad Prism (GraphPad
Software, La Jolla, CA). The cumulative probability plots were
generated and analyzed using the ‘R’ statistical software with
the Kolmogorov-Smirnov test.

RESULTS

Kv2.2-Expressing GABAergic Neurons Are Wake-Active Neurons
In studying the role of the Kv2.2-GABAergic neurons of the
BF in the sleep-wake cycle, we first investigated whether these
neurons are wake- or sleep-active neurons. To address this, we
used c-Fos expression as a marker of neuronal activity. The
expression of this immediate early gene has been used to assess
neuronal activity and also to correlate changes in neuronal
activity in different brain regions with changes in vigilant
states.”>?® We adapted a method from Sherin and colleagues,
whereby wild-type (WT) mice are sleep deprived for 6 h by
gentle agitation. During this consolidated wake period, ‘wake-
active neurons’ are expected to express c-Fos,? of which half-
life is about 120 min.* Conversely, in animals that are allowed
to obtain 3 h of recovery sleep following the sleep deprivation
challenge, we should be able to detect ‘sleep-active neurons’
that accumulate c-Fos during the consolidated sleep period.

The VLPO is a well-established sleep center that expresses
c-Fos in sleep-active neurons.?****' To validate the method, we
used this area as a positive control. Our analysis revealed signif-
icantly more c-Fos positive neurons in animals with recovery
sleep than those from sleep deprived animals (100.8 + 17.5 versus
40.8 + 8.2, unpaired Student #-test, P = 0.021), a result consis-
tent with previous reports.?6-3*3!

We then applied this method to the BF to determine whether
Kv2.2-GABAergic neurons express more c-Fos in the consoli-
dated wake or sleep state. Cell-counting analysis showed that
more Kv2.2 neurons were positive with c-Fos in the MCPO/
HDB of sleep deprived mice than those of sleep recovered
animals (unpaired Student #-test, P = 0.0001, Figures 1A and
1B). These results strongly suggest that Kv2.2-GABAergic
neurons are primarily ‘wake-active neurons.’

Enhanced ¢-FOS Expression in BF GABAergic neurons in
Kv2.2 KO Mice

The result of the c-FOS experiment led us to the hypothesis
that Kv2.2-expressing neurons regulate arousal. To test this, we
used Kv2.2 KO mice'>'® to examine whether these mutant mice
exhibit altered sleep-wake cycles. The removal or downregula-
tion of the K* channel is expected to augment the activity of
Kv2.2-GABAergic neurons. We therefore predict that the sleep
physiology is altered in Kv2.2 KO mice. Homozygous KO and
WT littermates were obtained from heterozygous intercrosses.
The Kv2.2 KO mice developed normally, where there were no
apparent changes in general morphology, fertility, and locomo-
tive behaviors (data not shown).

We then tested whether the removal of Kv2.2 changes the
activity of these GABAergic neurons. Because we do not
have an alternative marker for this novel population of BF
GABAergic neurons, we were not able to target them for
efficient electrophysiological recordings in Kv2.2 KO mice.
Instead, we again used the expression of c-Fos as an indirect
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readout of their activity as a population.?® As Kv2.2 is expressed

in about 60% of BF GABAergic neurons,'” the predicted
augmentation of activity in the neurons, from which Kv2.2 is
removed, would be represented as an increase in the number
of c-Fos positive neurons in the entire GABAergic population
in the MCPO/HDB. We used GADG67 transcripts as a marker
of BF GABAergic neurons. Brain sections were prepared
from naive Kv2.2 KO and WT mice during the light phase
and subjected to in situ hybridization for GAD67. These
sections were then immunostained for c-Fos. Our analysis
showed that there was a significant increase in the number
and the fraction of c-Fos positive GABAergic neurons in the
MCPO/HDB of Kv2.2 KO mice than that obtained with WT
mice (Figure 1C). There were no changes in the number of
c-Fos positive cells without GAD67 (data not shown), indi-
cating that the increase was specific to GABAergic neurons
in the MCPO/HDB. We also found a similar increase in c-Fos
in GABAergic neurons in the vertical limb of the diagonal
band of Broca (14.5 £ 3.3 in WT versus 49.7 + 7.1 cells in
KO, P =0.0061). It should also be noted that the expression
level of GAD67 transcript was significantly increased in the
MCPO of the KO mice (31 + 3% increase in Kv2.2 KO mice,
P =0.0002) (Figure 1D), that is consistent with the activity-
dependent expression of the gene.?*34

Kv2.2 KO Mice Exhibit Changes in Their Sleep-Wake Architecture

Given the increased expression of the activity marker c-Fos
in BF GABAergic neurons, we next tested the prediction that
Kv2.2 KO mice exhibit altered wakefulness by recording EEG/
EMG in freely-moving mice. Kv2.2 KO exhibited apparently
normal EEG and EMG waveforms (Figure 2A), where the three
vigilance states were readily identified, similar to WT mice.
The recordings showed characteristic patterns of EEG/EMG for
wake (low-amplitude, high-frequency EEG and high-amplitude
EMG), NREM sleep (high-amplitude, low-frequency EEG and
low-amplitude EMG) and REM sleep (low-amplitude, high-
frequency EEG and muscle atonia, which is indicated by the
brackets) (Figure 2A).

Baseline recordings of Kv2.2 KO and WT mice were carried
out during a 48-h time period (days 1 and 2) to assess the
overall pattern of sleep-wake cycle. Both the KO and WT mice
exhibited normal diurnal sleep patterns (Figure 2B). During
the 12-h dark period, the time spent in wake increased with a
concomitant decrease in the time spent in sleep, particularly
NREM sleep. Conversely, during the 12-h light period, the time
spent in NREM sleep increased with a concomitant decrease in
time spent awake. REM sleep was minor but also exhibited a
slight increase during the light period in both WT and KO mice.
Because Kv2.2 KO mice appeared to have a slight increase in
the time spent in waking during the dark period (Figure 2B),
we analyzed the average time in waking (Figure 2C) as well as
the ratio of time in waking during the dark period over the light
periods (Figure 2D). However, there were no significant differ-
ences detected in these analyses. The duration of each vigilant
state was not significantly different (Figure 3), although there
was a weak trend that the duration of REM sleep is decreased
during the dark period in Kv2.2 KO mice (P = 0.13). These
results indicate that the gross pattern of the sleep-wake cycle is
not altered in Kv2.2 KO mice.
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Figure 2—Sleep-wake patterns of Kv2.2 knockout and wild-type mice. (A) Representative
electroencephalographic (EEG) and electromyographic (EMG) recordings from wild-type
(WT) and Kv2.2 knockout (KO) mice showing each vigilant state. Wake (low-amplitude,
high- frequency EEG and high-amplitude EMG; left inset), nonrapid eye movement (non-
REM) sleep (high-amplitude, low-frequency EEG and low-amplitude EMG; right inset),
and rapid eye movement (REM) sleep (low-amplitude, high-frequency EEG and muscle
atonia, brackets). Scales in the insets: 1 sec and 100 pV. (B) During the 12-h dark periods
(illustrated by black bars on the x-axis) both groups have an increase in wakefulness
(blue line) and a concurrent decrease in non-REM sleep (green line). Conversely, during
the 12-h light period, both groups have an increase in non-REM sleep and a decline in
wakefulness. There was a slight increase in REM sleep (red line) during the light period as
well. Dotted lines represent standard error of the mean for each curve. (C) Average time
in waking in each of the light cycles were obtained from B. (D) The ratio of time in waking
in the dark period over that in the light period was computed from B for each genotype.

exhibit an altered sleep-wake architecture.

Homeostasis of the Sleep-Wake Cycle is Altered in Kv2.2 KO Mice

The sleep-wake cycle reflects a balance of two opponent
processes, the homeostatic drive and the circadian drive.*>3¢
Therefore, it is possible that the phenotype of Kv2.2 KO mice
is derived from changes in either one or both of these factors.
To test whether the homeostatic drive is affected in the KO
animals, we assessed how they respond to changes in sleep
homeostasis by mild sleep deprivation. Following the baseline
recording in days 1 and 2, a 6-h sleep deprivation was given
to the KO and WT animals during the light period of day 3
(starting at 07:00 when lights were turned on). Both WT and
Kv2.2 KO mice went to sleep immediately after sleep depri-
vation to a similar extent (Figure 5A). Although both WT and
Kv2.2 KO mice did not exhibit a robust recovery sleep response
immediately after sleep deprivation, presumably because of the
mildness of sleep deprivation, these results indicate that the
homeostatic sleep drive is not largely altered in Kv2.2 KO mice.

However, after this recovery period, we observed a marked
change in the maintenance of the wake state in the next 2 full
days (day 4, 12-36 h;and day 5, 36-60 hin Figure 5A). Kv2.2 KO
mice showed a significant increase (P = 0.02 with unpaired
Student #-test) in the duration of wake in the dark periods
(Figures 5B and 5F). There was also a reduction in the duration
of REM sleep, but the difference was not statistically significant
(P =0.06). Consistently, the average duration of wake bouts in
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Figure 3—Duration of each vigilant state in wild-type and Kv2.2 knockout
(KO) mice. Duration of each vigilant state during either the light or dark
cycles is expressed as a percentage of the total duration (12 h). The left
Y-axis is for waking and nonrapid eye movement (non-REM) sleep, and
the right axis is for rapid eye movement (REM) sleep.

the KO mice became significantly longer following sleep depri-
vation compared to the baseline (P =0.03 with unpaired Student
t-test; P < 0.05 with two-way ANOVA and Bonferroni post hoc
test) and significantly greater than WT mice following sleep
deprivation (P =0.01 with unpaired Student #-test; P <0.01 with
two-way ANOVA and Bonferroni post hoc test; Figure 5C).
This also caused a further rightward shift in the cumulative

Kv2.2 in the Regulation of Arousal—Hermanstyne et al



A Wild-type —— Wake =---- Non-REM REM

VT NN WAT TONGT W

Kv2.2 knockout

T T T
19:00 1:00 7:00

B n C Light Dark
5. 107 — witd-ype Son 9
= — Kv2.2 knockout® 100
3 084 o 100
=
H S
2 8o+
= 0.64 g *
o & o
2 041 5 6o
& =
2 5]
> 40
£ 0.2 o)
= Q
© £ 20+
0 T T T 1 =]
1 10 100 1000 10000 z o
r r r r
Bout duration (s) WT KO WT KO

Figure 4—Quantitative analysis of the hypnograms. (A) Representative
12-h hypnograms (19:00 to 07:00) from the baseline recording revealing
the architectural parameters of the sleep-wake cycle. The height of the
horizontal line depicts the vigilant state the mouse is in at the time. Solid
line, wake state; gray line, rapid eye movement (REM) sleep; dashed line,
nonrapid eye movement (non-REM) sleep. (B) Cumulative probability
distribution plot of the duration of wake bout episodes during the dark
periods. Kv2.2 knockout (KO) mice exhibited a rightward shift indicating
longer wake bouts (Kolmogorov-Smirnov test; P < 0.05; n = 7). (C) The
average number of transitions from the wake state to any of the sleep
states (non-REM and REM) during the light and dark periods reveals that
the Kv2.2 KO mice transition less frequently from the wake state in the
dark state (unpaired Student t-test; P = 0.02; n = 7). WT, wild-type.

probability plot in which we plotted the duration of each wake
bout episodes from the KO mice before and after sleep depriva-
tion (P < 0.05, Kolmogorov-Smirnov test between plots from
the baseline and after sleep deprivation; Figure 5D). Consis-
tently with the extended duration of wake bouts, the number of
transitions from the wake state to any of the sleep states was also
reduced in the dark period after sleep deprivation (Figure SE).
The difference was significant in the dark period (P = 0.02 with
unpaired Student z-test; P < 0.05 with with two-way ANOVA
and Bonferroni post hoc test) with a positive trend in the light
period (P = 0.05 with unpaired Student f-test). Although the
traditional homeostatic response to sleep deprivation was not
largely altered in Kv2.2 KO mice, these changes in response
to sleep deprivation indicate that the homeostatic regulation of
the sleep-wake cycle is somewhat altered in Kv2.2 KO mice
(see Discussion).

To test whether the circadian drive is affected in Kv2.2 KO
mice, we monitored wheel-running activity to assess possible
changes in the circadian rhythms. WT and Kv2.2 KO mice were
subjected to a 12:12 h LD cycle for 7 days and released into
DD for 14 days, during which their activity was recorded in
actograms (Figure 6). Both genotypic groups exhibited similar
behavioral patterns of consolidated locomotive activity during
the active period of the LD cycle. During DD where intrinsic
circadian regulation is assessed, normal free-running circadian
rhythms were observed in both WT and KO mice. A chi-squared
periodogram analysis revealed no statistical differences in the
overall circadian amplitude during LD and DD conditions
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Table 1—Circadian parameters of wild-type and Kv2.2 knockout mice

Wild-type Kv2.2 knockout
Behavioral parameters (n=8) (n=9)

Chi-square amplitude (LD) ~ 745.5+47.2 667.8 +48.7
Chi-square amplitude (DD) 1,228 + 88 1,181 + 114
Tau (LD) 23.87 £0.03 24.02 £0.05
Tau (DD) 23.81£0.06 23.76 £0.05
FFT power (DD) 0.1701 £ 0.0219 0.1640 % 0.0208
Bout length (DD) 280.1+£16.2 2265+32.3
Counts/bout (DD) 1,130 £2,052 8,532 + 1,420

Data are presented as mean + standard error of the mean. Unpaired
Student t-test was used for statistical analysis; P > 0.05 for each behavioral
parameter. Chi-square amplitude denotes the circadian periodicity based
on the chi analysis, and tau is the average circadian length in hours. FFT
power is the relative power of the dominant circadian component of a
Fourier transform of the activity data and quantifies the robustness of the
rhythmicity (cycles/h). Bout length is defined as a period (in mins) during
which the wheel-running activity stayed above four counts per min. The
average number of counts per bout is shown as counts/bout.

DD, constant darkness; LD, light-dark cycle.

(Table 1). Therefore, the altered sleep-wake architecture does
not result from changes in the overall circadian regulation.

Altered Sleep EEG in Kv2.2 KO Mice

The observed increase in waking in Kv2.2 KO mice indicates
that either sleep states may be disrupted or that the wake state
may frequently override the sleep states in these animals. To
obtain insight into how the behavioral phenotype of Kv2.2 KO
arises, we analyzed cortical EEG signals in detail. First, 30 min
worth of wake EEG and sleep EEG were extracted from 3-h
recordings of EEG (Figure 7A), based on the total power of
EEG (for sleep EEG) and EMG (for wake EEG), but not on the
frequencies of EEG, using thresholding (see Methods). Because
this procedure would ignore low-amplitude REM sleep EEG,
sleep EEG is likely to represent NREM sleep EEG. Both WT
and KO mice exhibited similarities in the overall power spectra
(Figure 7B). There was a peak in the delta frequency range
in the NREM sleep EEG. In contrast, in the wake EEG, there
was a dramatic decrease in the power of the delta frequency
signals with a concomitant increase in the power of the gamma
frequency signals.

However, we noticed that the difference in the power
spectra between NREM and wake EEGs was much smaller
in KO mice as compared to WT littermates (Figure 7B). In
fact, when we compared the relative power of the discrete
frequency bands within the power spectra between the geno-
typic groups, there was a significant reduction in the delta
power of the NREM sleep EEG in Kv2.2 KO mice (P < 0.05;
repeated-measures two-way ANOVA; Figure 7B). The signifi-
cant difference was observed only after sleep deprivation, but
not in the baseline data (not shown). Also, there was no signif-
icant difference in the wake EEG either in the baseline or after
sleep deprivation (Figure 7C). These results indicate that the
behavioral phenotype of Kv2.2 KO mice after sleep depriva-
tion may be due to altered activity patterns of cortical neurons
during NREM sleep.
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Expression of Parvalbumin in Kv2.2-GABAergic
Neurons

As indicated in our previous study, Kv2.2-
GABAergic neurons exhibit a similar morphology
to that of the putative cortical projecting GABAergic
neurons of the BF.2!2373% Therefore, Kv2.2-
GABAergic neurons may regulate the activity of
cortical neurons via direct projection. To test this,
we used a calcium-binding protein, parvalbumin, as
a marker of projecting GABAergic neurons because
of projecting GABAergic neurons in the BF have
been shown to express parvalbumin.® Immunohis-
tochemical analysis (Figure 8) revealed that less
than 4% of Kv2.2-GABAergic neurons were posi-
tive for parvalbumin (3.76 + 0.41% of the Kv2.2-
GABAergic neurons were parvalbumin-positive
within the MCPO/HDB). These results indicate
that Kv2.2-GABAergic neurons are not the known
populations of projecting GABAergic neurons and
may not regulate cortical activity directly.

DISCUSSION

In the current study, we demonstrated that
Kv2.2-expressing GABAergic neurons in the BF
express c-Fos specifically during the wake state,
indicating that they are ‘wake-active neurons.’
This characteristic is similar to the population of
GABAergic neurons that were also shown to be
active during waking.' This is also somewhat
comparable to BF cholinergic neurons, which
maximally discharge during wake, although we do
not know whether Kv2.2-GABAergic neurons are
also active in the REM state as are BF cholinergic
neurons.'®* Based on our finding and previous
studies, we hypothesized that Kv2.2-expressing
neurons regulate wakefulness and cortical activa-
tion. To test the hypothesis, we investigated the
sleep-wake cycle of Kv2.2 KO mice.

Kv2.2 has been shown to be highly expressed in
the medial nucleus of the trapezoid body neurons
in addition to GABAergic neurons in the basal
forebrain. It has been suggested that in these high-
frequency firing neurons Kv2.2 contributes to main-
tain action potential amplitude by regulating the
interspike potential and by relieving Na* channels
frominactivation.'” Therefore, removing Kv2.2 could
potentially decrease neuronal firing by reducing the
availability of Na* channels. Conversely, blocking
the Kv2.1 channel, which is very similar to Kv2.2 in
biophysical properties, in hippocampal neurons has
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Figure 5—Exacerbated phenotype of Kv2.2 knockout (KO) mice following a mild sleep
deprivation challenge. (A) During the next 2 full days following sleep deprivation,
the sleep-wake patterns of the Kv2.2 KO mice changed, particularly with increased
occurrence of wakefulness (blue line) during the dark periods (illustrated by black bars
on the x-axis). The period of sleep deprivation is shown with a light purple box. (B)
Duration of each vigilant state in wild-type (WT) and Kv2.2 KO mice. The data from days
4 and 5 were analyzed together for each light cycle (dark cycles, 12~24 and 36~48 h;
light cycles, 24~36 and 48~60 h in A). Duration of each vigilant state during either the
light or dark cycles is expressed as a percentage of the total duration (12 h). *Unpaired
Student t-test, P < 0.05. (C) The average duration of wake bouts was increased from
baseline in the Kv2.2 KO mice during the dark period (paired t-test; P = 0.03; n = 7).
Following sleep deprivation, the average wake bout duration of Kv2.2 KO mice was
significantly longer than that of WT littermates during the dark period (unpaired Student
t-test; P =0.01; n = 7). Average bout duration of wake episodes was calculated across
a 2-h interval for each dark period for 48 h before and after the sleep-deprivation
challenge. (D) Cumulative probability distribution of the duration of all the wake bout
episodes during the dark period before and after sleep deprivation revealed a more
dramatic rightward shift in the Kv2.2 KO mice. (Kolmogorov-Smirnov test; P < 0.05;
n =7.). (E) The average number of transitions from the wake state to any of the sleep
states (nonrapid eye movement [non-REM] and rapid eye movement [REM]) during
the light and dark periods after the sleep deprivation. Kv2.2 KO mice exhibited less
transitions than WT mice in the dark state (unpaired Student t-test; P = 0.04; n = 7).
(F) Relative changes in the duration of each vigilant state after the sleep deprivation
(SD). Duration is expressed as a percentage to the baseline value of wild-type mice.
*Unpaired Student t-test, P < 0.05.

been shown to increase action potential firing.*® In the current
study, we found that the BF GABAergic neurons exhibited
augmented expression of c-Fos in Kv2.2 KO mice. Although
c-Fos expression may reflect changes in Ca?* and other signal
messengers rather than changes in the firing rate per se, previous
studies have shown that c-Fos expression is tightly correlated
with action potential firing and synaptic activity.*'** Therefore,
we hypothesize that the removal of Kv2.2 from these particular
neurons results in the augmentation of their activity.
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We found that the architecture of the sleep-wake cycle is
significantly altered in Kv2.2 KO mice, whereas these animals
exhibited somewhat normal sleep-wake cycles. Particularly,
these mice had an increased number of long wake bouts
(> 100 sec) than WT littermates. This altered sleep-wake archi-
tecture was not attributable to changes in the circadian rhythm
per se, as we did not detect any significant differences in the
circadian activity of Kv2.2 KO mice. Because the sleep-wake
cycle is still under the strong regulation of the circadian clock,
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Figure 7—Altered delta oscillations observed in Kv2.2 knockout mice. (A) An example
of the extraction of nonrapid eye movement (non-REM) electroencephalographic (EEG)
and wake EEG from the original baseline EEG recording of a wild-type animal. The
actual analyses in B and C were done with at least 30 min long non-REM EEG and
wake EEG. Only 20 min of the original EEG and EMG were used for this example for
better visualization of the signals. (B) The averaged power spectra for both wake (gray
curve) and non-REM (black) EEGs after sleep deprivation were plotted. The overall
difference between the wake and non-REM curves for the Kv2.2 knockout mice was
much smaller than wild-type littermates. (C) Kv2.2 knockout mice showed a significant
reduction in the delta frequency band during non-REM sleep after sleep deprivation.
The integral of the power spectra was taken for both wake and non-REM states and the
percentage for each frequency band was plotted in a histogram (repeated measures
two-way analysis of variance; Bonferroni posttest; P < 0.05; n = 7).

Figure 8—Lack of detectable immunolabeling of parvalbumin in Kv2.2-GABAergic
neurons. Coronal sections were double immunolabeled with anti-Kv2.2 and
antiparvalbumin antibodies. Scale bar, 100 pm.

this may explain why we observed the increased wakefulness
preferentially during the dark period.

Then, what is affected in these animals? To address this
question, we took advantage of the classic sleep deprivation,
which has been used to assess the homeostatic aspect in the
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regulation of the sleep-wake cycle.” If an animal (in
normal conditions) were deprived of sleep for some
period of time, there would be a subsequent increase
in the amount of sleep due to an increase in the homeo-
static drive. Therefore, analyzing the response to sleep
deprivation would provide insight into whether and
how the homeostatic regulation is altered. We did not
find any significant differences in the recovery sleep
between WT and Kv2.2 KO mice. This is presumably
because, at least in part, the sleep deprivation chal-
lenge we used was mild and did not elicit a significant
increase in recovery sleep as compared to baseline.

However, the sleep deprivation challenge caused
a significant increase in the average length of wake
bouts and the duration of the wake state during the dark
period in Kv2.2 KO mice in the following 2 full days.
This was not observed in WT animals, suggesting
that there is a form of homeostasis that maintains the
normal sleep-wake cycle following sleep deprivation.
The increased maintenance of waking in Kv2.2 KO
mice after sleep deprivation therefore indicates that
this type of homeostasis is altered in these animals.
Considering that Kv2.2-GABAergic neurons are
active during waking and that the c-Fos expression
is increased in the absence of Kv2.2, we speculate
that their propensity of activation is augmented in
Kv2.2 KO mice, particularly during the dark cycle.
This presumably makes them prone to disturbances
such as sleep deprivation, thereby resulting in the
exacerbated maintenance of waking in the dark cycle
after sleep deprivation.

To obtain further insight into how the changes in
the sleep architechture occur, we performed in-depth
analysis of cortical EEG signals from NREM sleep
and wake states. The analysis revealed that EEG of
NREM sleep is altered in Kv2.2 KO mice. Although
it still exhibited the increased power in the delta
frequency range, a characteristic of NREM sleep
EEG, the amplitude of the delta power was signifi-
cantly decreased as compared to the NREM sleep
EEG of WT mice. Interestingly, the wake EEG was
not significantly altered in the KO mice. Considering
that Kv2.2-expressing neurons are almost strictly

active in the wake state in WT mice, we speculate
that the neurons lacking this somatic delayed rectifier
become active even during periods of NREM sleep in
KO mice. This might then affect the NREM sleep-EEG
signals and interrupt the sleep state in Kv2.2 KO mice.
We hope that we can address this finding in the near
future, as we obtain a tool such as Kv2.2-GFP (green
fluorescent protein) mice or an alternative marker
for these GABAergic neurons for electrophysiology
and c-Fos analysis.

The EEG signals we obtained should originate

mainly from the ensemble activity of cortical neurons. Because
Kv2.2 is expressed in a subset of cortical pyramidal neurons at
very low levels,* it is possible that the changes in cortical EEG
arise from the absence of Kv2.2 in these neurons. However,
considering the low-level expression of Kv2.2 compared to
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that of Kv2.1 in the cortical neurons'>* and that changes were
observed only in the delta frequency in the NREM sleep EEG
rather than in the overall EEG signal in any vigilance state, it
may be more reasonable to attribute the changes of EEG to
a specific regulatory circuit to the cerebral cortex. As Kv2.2-
GABAergic neurons do not have the immunochemical marker
for the known populations of cortically projecting GABAergic
neurons of the BF, we currently do not know how these neurons
could affect the activity of cortical neurons. Studies have
shown that the generation of delta oscillations in cortical EEG
can occur within the cortex via a local circuit in the interplay
between interneurons and pyramidal cells, or through the thala-
mocortical circuit.* To address by which pathway these neurons
affect the activity of cortical neurons in the sleep-wake cycle,
extensive tract tracing studies of Kv2.2-GABAergic neurons in
the future will be necessary.

In summary, we provide evidence that Kv2.2-expressing
neurons, particularly those in the BF, are involved in the regu-
lation of sleep-wake cycle in mice. Further studies aiming at the
firing properties, innervation patterns, and hormonal regulation
of these unique neurons would provide opportunities for the
development of novel therapeutic treatments for sleep disorder.
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