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Sleep spindles are synchronized 11–15 Hz electroencephalographic (EEG) oscillations predominant during nonrapid-eye-movement
sleep (NREMS). Rhythmic bursting in the reticular thalamic nucleus (nRt), arising from interplay between Cav3.3-type Ca 2� channels
and Ca 2�-dependent small-conductance-type 2 (SK2) K� channels, underlies spindle generation. Correlative evidence indicates that
spindles contribute to memory consolidation and protection against environmental noise in human NREMS. Here, we describe a molec-
ular mechanism through which spindle power is selectively extended and we probed the actions of intensified spindling in the naturally
sleeping mouse. Using electrophysiological recordings in acute brain slices from SK2 channel-overexpressing (SK2-OE) mice, we found
that nRt bursting was potentiated and thalamic circuit oscillations were prolonged. Moreover, nRt cells showed greater resilience to
transit from burst to tonic discharge in response to gradual depolarization, mimicking transitions out of NREMS. Compared with
wild-type littermates, chronic EEG recordings of SK2-OE mice contained less fragmented NREMS, while the NREMS EEG power spectrum
was conserved. Furthermore, EEG spindle activity was prolonged at NREMS exit. Finally, when exposed to white noise, SK2-OE mice
needed stronger stimuli to arouse. Increased nRt bursting thus strengthens spindles and improves sleep quality through mechanisms
independent of EEG slow waves (�4 Hz), suggesting SK2 signaling as a new potential therapeutic target for sleep disorders and for
neuropsychiatric diseases accompanied by weakened sleep spindles.

Introduction
Nonrapid-eye-movement sleep (NREMS) is characterized by
low-frequency oscillations in the electroencephalogram (EEG).
Considerable evidence indicates that NREMS EEG oscillations
underlie some of the unique functions of sleep for the brain, not
only its restorative actions but also its roles in memory consoli-
dation, brain development, and cognition (Miyamoto and
Hensch, 2003; Diekelmann and Born, 2010; Fogel and Smith,
2011; Hanlon et al., 2011). For example, sleep spindles appear as
brief (0.5–3 s) episodes of 11–15 Hz oscillations in the human
sleep EEG and predominate during light stages of NREMS (Dijk
et al., 1993). Interindividual variability in spindle rate in humans
correlates with resilience to wake up during environmental noise
(Dang-Vu et al., 2010). Furthermore, an increase in spindle den-

sity or amplitude is observed in humans (for review, see Fogel and
Smith, 2011) and rodents (Schiffelholz and Aldenhoff, 2002; Es-
chenko et al., 2006; Mölle et al., 2009) after learning tasks. Finally,
spindle-like activity emerges with the development of cortical
sensorimotor processing (Khazipov et al., 2004). Strengthened
spindling thus accompanies some of sleep’s beneficial effects on
the brain. However, how modified spindle density affects sleep
and its functions has not yet been assessed directly.

The cellular and ionic events underlying spindles are well de-
scribed (Steriade, 2006; Beenhakker and Huguenard, 2009) and
molecular entry points for modification have been identified
(Huntsman et al., 1999; Cueni et al., 2008; Espinosa et al., 2008).
The reticular thalamic nucleus (nRt) is the pacemaker for spin-
dles by providing strong GABA-ergic inhibition to thalamic nu-
clei, thereby causing rebound burst discharge of thalamocortical
(TC) cells (Steriade, 2006; Beenhakker and Huguenard, 2009).
Bursting in nRt is dominated by low-threshold T-type Ca 2�

channels of the CaV3.3-type (Astori et al., 2011). Elimination of
these channels leads to a marked weakening of spindle power during
NREMS (Astori et al., 2011), whereas optogenetic activation of nRt
bursts triggers a cortical spindle (Halassa et al., 2011). Entry of Ca2�

through CaV3.3 channels is coupled to activation of Ca2�-
dependent small-conductance-type 2 (SK2) K� channels (SK2
channels) in nRt, thereby enabling sequential bursts via vigorous
interburst afterhyperpolarizations (AHPs) (Cueni et al., 2008).

In this study, we found strengthened repetitive bursting in nRt
through transgenic overexpression of SK2 channels, while the
timing of rhythmic bursts remained intact. In vitro synchronized
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activity arising from reciprocal interactions between nRt and TC
cells was also intensified in SK2 channel-overexpressing (SK2-
OE) animals. Notably, spindle activity was prolonged at the exit
from NREMS, a time at which EEG activity in the spindle fre-
quencies dominates the NREMS power spectrum. We have pre-
viously shown that EEG spindle power at these transitions
depends on nRt bursting (Astori et al., 2011). We now also found
that NREMS in SK2-OE mice was more consolidated, as indi-
cated by a larger amount of time spent in longer NREMS epi-
sodes. Finally, SK2-OE animals had an increased threshold to
awaken from NREMS in response to auditory stimulation. Sleep
spindle occurrence is thus shaped by SK2-channel-mediated re-
petitive nRt bursting and contributes to augmented NREMS con-
solidation and arousal threshold.

Materials and Methods
General animal handling, genotyping, and quantitative real-time PCR.
Heterozygote SK2�/T males (Hammond et al., 2006) were bred with
C57BL/6J females and maintained in a pathogen-free environment at
21�23°C and 40% humidity. Mice were entrained to a 12 h light/dark
cycle with food and water available ad libitum. All studies were performed
with heterozygous SK2�/T or wild-type (WT) littermates. Mice were
genotyped as described previously (Hammond et al., 2006). The Veteri-
nary Offices of the Canton de Vaud and of Oregon Health and Science
University approved all experimental procedures. For real-time (RT)-
PCR, RNA was extracted from punches of nRt and reactions performed
as described previously (Hammond et al., 2006). Portions of all experi-
ment types (in vitro, EEG, arousal) were performed blind to the genotype
of the animals during data acquisition and analysis.

Electrophysiological recordings and analyses. For whole-cell patch-
clamp recordings, horizontal brain slices (300 �m thick) were prepared
from 3- to 5-week-old SK2-OE and WT littermate mice and experiments
were performed at 30�32°C as described previously (Cueni et al., 2008).
For extracellular multiunit recordings, horizontal slices (400 �m thick)
from 6- to 8-week-old mice were maintained in an interface-style record-
ing chamber at 34 –35°C and continuously perfused with oxygenated
artificial CSF containing 3 mM Ca 2�/0.5 mM Mg 2� (Astori et al., 2011).

For SK2-current recordings in voltage-clamp and for monitoring
burst discharge, patch pipettes (3– 4 M�) were prepared from borosili-
cate glass capillaries (TW150F-4; WPI) on a DMZ-Universal puller
(Zeitz-Instruments) and filled with the following (in mM): 140 KMeSO4,
10 KCl, 10 HEPES, 0.1 EGTA, 2 MgCl2, 4 K-ATP, 0.2 Na-GTP, and 10
phosphocreatine (306 –309 mOsm, pH 7.23). A liquid junction potential
of �10 mV was taken into account. For T-current recordings, patch
pipettes were filled with the following (in mM): 135 tetramethylammo-
nium hydroxide, 40 HEPES, 10 EGTA, 2 MgCl2, 2.5 QX-314-Cl, and 0.2
Na-GTP, titrated to pH 7.2 with hydrofluoric acid. The liquid junction
potential � 5 mV was not corrected for.

For spontaneous IPSC (sIPSC) recordings in nRt and TC cells, the
intracellular pipette solution contained the following (in mM): 120 CsCl,
10 HEPES, 2 EGTA, 8 NaCl, 0.2 MgCl2, 2.5 QX-314-Cl, 0.3 Mg-ATP, 0.2
Na-GTP, and 10 phosphocreatine (295 mOsm, pH 7.35), and 6,7-
dinitroquinoxaline-2,3-dione (DNQX; 40 �M) and DL-APV (100 �M)
were added to the bath. sIPSCs were recorded at �60 mV for at least 5
min. A liquid junction potential �5 mV was not taken into account. To
measure tonic GABAA receptor currents in TC cells, the GABAA receptor
blocker gabazine (10 �M) was bath applied for 3 min.

For monitoring spontaneous burst-induced IPSCs (bIPSCs; see Fig.
3D), patch pipettes containing the following (in mM): 130 CsGluconate,
8.3 NaGluconate, 1.7 NaCl, 1 CaCl2, 10 HEPES, 10 EGTA, 2.5 QX-314-
Cl, 4 Mg-ATP, 0.2 Na-GTP, and 10 phosphocreatine (294 mOsm, pH
7.26) were used to voltage clamp TC cells at �30 mV. In contrast to
sIPSC recordings, the extracellular medium did not contain glutamate
receptor antagonists. These recording conditions were chosen to pro-
mote spontaneous bursting in nRt cells via glutamatergic synaptic input
(Crandall et al., 2010). Large (197–1687 pA) gabazine-sensitive events
occurred singly or in groups of 2–3 at a low frequency of 3.2 �

1.3/min (n � 8), which were recorded for at least 10 min and termed
bIPSCs. Single bIPSCs or the first of a group were used for analysis.

For cell-attached recordings, pipettes (4 –5 M�) were filled with the
following (in mM): 140 KMeSO4, 10 KCl, 10 HEPES, 0.1 EGTA, 2 MgCl2,
4 K-ATP, 0.2 Na-GTP, and 10 phosphocreatine (306 –309 mOsm, pH
7.23). Action currents (ACs) were recorded at �60 mV for at least 3 min.
Only bursts of spontaneous ACs were included in the analysis. Bursts
were defined as a group of at least four consecutive ACs occurring at
frequencies � 100 Hz. In recordings containing � 4 bursts, time intervals
were measured between the first and second and second and third AC.

Fitting of dose–response curves between T- and SK2-currents was
done with the Hill equation on mean data. SK2-current properties were
analyzed and fit in Clampfit 10. Low-threshold bursting at different
membrane potentials was quantified as described previously (Cueni et
al., 2008). Data of at least five cells were included per voltage bin (see Fig.
2). Interburst intervals were defined as the time elapsed between the first
AP of one burst to the first AP of the following burst and measured
between the first and second and the second and third burst.

Analysis of sIPSCs was performed in MiniAnalysis 6.0 (Synaptosoft).
Root-mean-square (RMS) noise was determined in an event-free 60 ms
time window. A minimal peak threshold of at least twice the determined
RMS noise was set as detection criterion. To estimate the weighted decay
time constant (�w), monophasic events with a rise time � 2 ms were
averaged and �w calculated from a weighted average of decay time con-
stants in a bi-exponential fit.

Spontaneous bIPSCs were included in the analysis if peak amplitude
was �100 pA and if temporally summating multiple peaks were clearly
identifiable. Recordings containing 8 – 43 bIPSCs per cell were included
in the analysis. The duration of bIPSCs was assessed by dividing the curve
integral within 60 ms from bIPSC onset by the maximal peak amplitude
(see Fig. 4 A, B). This measure (in fC/pA � ms) was chosen to estimate
bIPSC duration while accounting for its multipeak waveform that is not
suited for exponential fitting or half-width measurements (Longordo et
al., 2009). Multiunit synchronized discharges were recorded and ana-
lyzed as described previously (Astori et al., 2011).

Polysomnographic recordings and analyses. Surgery for combined EEG/
electromyographic (EMG) recordings and data scoring were performed
on male WT (n � 10) and SK2-OE (n � 12) mice as previously described
(Franken et al., 1998). At the time of surgery, mice had similar body
weights (WT: 26.1 � 0.6 g; SK2-OE: 26.2 � 0.3 g; p � 0.05). After 5–7 d
of recovery, animals were tethered to a counterbalanced custom-made
swivel contact and an additional 5– 6 d were allowed for habituation.

For determining power spectra, EEG recordings were subject to
discrete-Fourier transformation between 0.25 and 90 Hz (0.25 Hz bins,
4 s epoch time resolution, window function hamming). Activity in the 50
Hz band was removed from analysis due to power line artifacts observed
in some animals. If a 4 s epoch of one behavioral state was adjacent to an
epoch scored as a different state, it was excluded from spectral analysis.
The same was true if epochs contained or were adjacent to epochs con-
taining artifacts in the EEG signal. On average, a total of 14824 � 300
epochs of NREMS time and 1585 � 74 epochs for REMS were included in
the spectral analysis, corresponding to 88 and 73% of total NREMS and
REMS, respectively. To correct for interindividual variations in overall
EEG signal amplitude, absolute spectral values were expressed relative to
a reference, which was the mean total EEG power for all frequency bins
across the three behavioral states, weighted by the number of epochs
included in the spectral analysis of each state.

Sleep consolidation refers to the ability to maintain sleep continuously
with minimal interruption and was quantified here by measuring the
distribution of episode durations for NREMS and REMS. Data are pre-
sented as cumulative distributions of episode number and as binned bar
graphs of time spent in episodes of a distinct duration (see Fig. 5 B, C).

The EEG spectral dynamics at NREM–REMS and NREMS–wake tran-
sitions was determined for the frequency range between 0.75 and 25 Hz
(0.25 Hz resolution), thereby including the two major frequency bands
(� and �) well described for NREMS exit (Benington et al., 1994; Franken
et al., 1998). Briefly, a transition was identified as a period of �8 consec-
utive 4 s epochs of NREMS followed by �3 consecutive 4 s epochs of
REMS or waking. The average time course for each frequency bin was
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constructed for each mouse by temporally aligning all selected transi-
tions at wake or REMS onset (� time 0). All values were normalized to
the corresponding EEG power density during minutes 2 and 3 preceding
the transition. Sigma and � power time courses were determined by
averaging the frequency bins from 11 to 15 and 0.75 to 4 Hz, respectively.
The maximal � power at the transitions was obtained by determining the
maximal average power value of three consecutive 4 s epochs within the
last minute of NREMS preceding the transition. An average of three
consecutive 4 s epochs was used because, at single transitions, power can
fluctuate considerably from one 4 s epoch to the next. The mean time

point obtained from the maximal � power was
used to compute the time interval to REMS or
wake onset. For calculating the duration of the
� power decrease, we defined the time elapsed
between the last time point exceeding the 100%
� power baseline and REMS or wake onset. For
both � and � ranges, peak and time values were
first calculated for every single transition, fol-
lowed by averaging within and then between
animals of one genotype.

Acoustic arousal. Thirteen WT and 12 SK2-OE
mice (7–9 weeks old) were implanted with EEG
and EMG electrodes (see above). Sleep–wake be-
havior was recorded during 2 undisturbed days
before the experiment and during the 3–5 d of
acoustic stimulation. During recovery from sur-
gery, mice were habituated to the noise stimuli by
repeated exposure to white noise ramps at vary-
ing times of day. Arousal was tested within the
first 100 min of the light phase, and mice exposed
to 6.6 � 0.3 trials/d. This time period was chosen
since consolidated NREMS is most frequent and
differences in NREMS consolidation between ge-
notypes are minimal. White noise was generated
by custom software developed in the LabVIEW
2009 environment (National Instruments) and
delivered through a loud speaker system (Magna
2.1; Trust). Mice were tested four at a time and
experiments were scheduled counterbalanced
for cage position and genotype. Only trials
where mice showed continuous NREMS for
40 s before noise onset were considered for
analysis. Wake-up was defined as clear EEG de-
synchronization accompanied by explicit EMG
activity for at least one 4 s epoch. One WT animal
had to be excluded from analysis due to unstable
EMG signals. In 16.6 � 2.9% of the trials, mice
woke up within 30 s after noise onset in the ramp
experiment, resulting in trial rejection.

Statistics. In both text and figures, data are pre-
sented as means � SEM. Paired or unpaired two-
tailed Student’s t tests were used as appropriate
for in vitro data. Cumulative distributions were
compared with Kolmogorov–Smirnov (KS) sta-
tistics. Repeated-measures ANOVA was used for
analysis of EEG data followed by post hoc Stu-
dent’s t test. Greenhouse–Geisser correction was
applied to account for violation of sphericity
(Mauchly’s test) where necessary. Alpha level for
all tests was 0.05; with *p � 0.05, **p � 0.01, and
***p � 0.001.

Results
SK2 overexpression potentiates burst
discharge in nRt cells
To test whether enhancing SK2-channel
activity promotes nRt bursting, we exam-
ined SK2-OE mice (Hammond et al.,

Figure 1. SK2 overexpression potentiates SK2-currents in nRt cells. A, Overlaid SK2-currents (top) and T-currents (bottom) from
WT and SK2-OE nRt cells, elicited at the offset of hyperpolarizing steps to �110 mV lasting 20 –180 ms (protocol in inset).
SK2-currents shown here are apamin-sensitive currents obtained by digital subtraction. Current responses during hyperpolariza-
tion are truncated except for those lasting 20 – 60 ms. B, Dose–response relations between T- and SK2-currents, plotted for 100 pA
bins of T-current amplitudes (WT: n � 11; SK2-OE: n � 13; p � 0.05 for all bins, except �300 to �399 pA). Half-maximal dose
(Ihalf) was estimated from sigmoidal fit (black lines), with dashed lines highlighting Ihalf. SEs of T-currents are all � dot size. C,
Example traces of SK2-currents from WT (top) and SK2-OE mice (bottom) showing linear fit of the rise slope for 10 –90% peak and
mono-exponential fit to determine decay time constant (�d) (gray overlaid traces indicated by arrows). Rise slope (squares, right
axis) and �d (dots, left axis) across the range of SK2-current amplitudes generated in both genotypes (WT: n � 11; SK2-OE: n � 13;
p � 0.05) are shown to the right.

Table 1. Relative expression levels for mRNA of SK-channel subtypes in nRt

SK1 SK2 SK3

WT 1.23 � 0.14 1.03 � 0.11 0.57 � 0.14
SK2-OE 1.01 � 0.13 2.43 � 0.34** 0.30 � 0.05

Expression levels of SK-channel mRNA obtained by qRT-PCR analysis in nRt of WT and SK2-OE mice. Values are
normalized to 18S RNA of each sample and shown relative to mRNA levels obtained from whole brain samples. Per
genotype, five animals were used. MANOVA for factor “genotype” indicated significant differences in the dataset
(F(3,6) � 12.01; p � 0.006). Asterisks denote p � 0.005, as obtained by post hoc univariate testing for each SK gene
within nRt.
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2006). In these animals, the SK2 (or
Kcnn2) promoter drives expression of a
tetracycline transactivator protein that
controls transcription of SK2 mRNA from
a tet-sensitive cytomegalovirus promoter
(Hammond et al., 2006). Overexpression
in the nRt was demonstrated through
quantitative RT-PCR, which showed in-
creased SK2 mRNA levels compared with
WT by 2.4 � 0.2-fold (n � 5 per group,
p � 0.005; Table 1), while SK1 and SK3
mRNA levels were unaltered (p � 0.05).

Whole-cell voltage-clamp recordings
from visually identified nRt neurons in
acute brain slices were obtained to quan-
tify SK2-currents. At the offset of a hyper-
polarizing voltage command (from �60
to �110 mV), large inward T-type Ca 2�

(T)-currents were followed by SK2-
channel-mediated outward currents (Fig.
1A). When the duration of the hyperpolar-
izing voltage step was varied (from 20 to 240
ms), greater T-current activation caused
a dose-dependent increase in SK2-currents
(Fig. 1A), which was quantified by a sigmoi-
dal dose–response curve with half-maximal
T-current amplitude of �422 � 34 pA
(WT, n � 11; Fig. 1B). In SK2-OE cells,
SK2-current amplitudes reached 2- to
3-fold greater values throughout the
T-current range tested (p � 0.05), while
half-maximal T-current amplitudes were
comparable to those of the WT cells
(�498 � 27 pA, n � 13; p � 0.05;
Fig. 1B).

SK2-currents in nRt cells from both
genotypes showed comparable kinetics
across a range of amplitudes, including
rising slope and mono-exponential decay
time constant (WT: n � 11; SK2-OE: n �
13; p � 0.05; Fig. 1C). Also, passive cellular
properties such as input resistance (WT:
161 � 22 M�, n � 19; SK2-OE: 236 � 36
M�, n � 19), membrane capacitance (WT:
78.1 � 6.6 pF, n � 18; SK2-OE: 59.6 � 5.8
pF, n � 18), and resting membrane poten-
tial (WT: �65.0 � 2.1 mV, n � 21; SK2-OE:
�59.1 � 1.9 mV, n � 14) did not differ
(p � 0.05 in all cases). Finally, T-current
inactivation characteristics were compara-
ble between genotypes (WT: �94.9 � 1.5
mV, n � 8; SK2-OE: �94.4 � 2.4 mV, n �
10; p � 0.05). Synchronous activity within nRt circuits strongly de-
pends on lateral synaptic inhibition between nRt cells (Beenhakker
and Huguenard, 2009). Analysis of pharmacologically isolated
sIPSCs in nRt cells revealed no differences in amplitude (WT: 26.3 �
4.0 pA; SK2-OE: 22.9 � 2.4 pA) and frequency (WT: 2.0 � 0.3 Hz;
SK2-OE: 2.5 � 0.4 Hz) for the two genotypes (WT: n � 5; SK2-OE:
n � 7; p � 0.05).

Greater SK2-currents are expected to cause larger postburst
AHPs and to facilitate repetitive bursting. To test this, hyperpolariz-
ing currents (�500 pA, 400 ms) were injected into nRt cells from
different membrane potentials. Bursting in WT nRt cells had a bell-

shaped dependence on membrane potential with an average maxi-
mum of 3.8 � 0.4 repetitive bursts (n � 8) at �67.5 mV (Fig. 2A,B).
In contrast, SK2-OE cells had peak levels of 6.2 � 0.9 bursts (n � 9)
in this voltage bin. Potentiated bursting persisted up to membrane
potentials as depolarized as�45 mV (WT: 2.0�0.4 bursts; SK2-OE:
4.0 � 0.7 bursts; p � 0.05; Fig. 2B). For membrane potentials ��70
mV, cells from both genotypes showed comparable bursting pro-
pensity (p�0.05), presumably due to the decreased driving force for
K� ions at these potentials that limits K� currents.

The overexpression of SK2 channels did not alter the timing of
bursts (Fig. 2C). However, the duration of individual Ca 2� spikes

Figure 2. SK2-OE nRt cells show potentiated intrinsic repetitive bursting, but a curtailed number of APs per burst. A, Represen-
tative membrane voltage responses to 400 ms current injection (�0.5 nA), starting at different holding potentials. APs are
truncated in amplitude. 1 and 2 denote bursts that are expanded in D. B, Number of low-threshold burst discharges as a function
of membrane potential before current step, plotted in voltage bins of 2.5 mV (WT: n � 8; SK2-OE: n � 9; *p � 0.05). C, Interburst
intervals between first and second (top) and second and third burst (bottom), plotted as a function of membrane potential (WT:
n�8; SK2-OE: n�9; p�0.05). D, Left, Enlarged bursts marked as 1 and 2 in A. Right, Number of APs within the first burst at three
different membrane potentials (WT: n � 8; SK2-OE: n � 9; *p � 0.05).
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was shortened in SK2-OE cells, presumably due to accelerated
AHP onset. Counting action potentials (APs) in the first burst of
the oscillatory discharge in SK2-OE cells yielded a mean of 3.8 �
0.3 APs (n � 9) at potentials eliciting maximal bursting, while
WT cells produced 6.0 � 0.9 APs (n � 8; p � 0.05; Fig. 2D).
Therefore, larger SK2-currents strengthen nRt oscillatory dis-
charge at the expense of decreased AP output per burst.

SK2 overexpression prolongs synchronized thalamic network
oscillations in vitro but attenuates bIPSCs
Since high-frequency burst discharge facilitates GABA release
from nRt-TC synapses (Kim et al., 1997), we examined inhibitory
transmission by recording from TC cells of the ventrobasal tha-
lamic nucleus, which lies adjacent to the nRt. There were no
differences between genotypes when assessing phasic single AP-
mediated (Fig. 3A,B) or tonic inhibition in TC cells (Fig. 3C).
Next, blockers for glutamatergic transmission were omitted to
promote synaptic excitation of nRt cells and inhibitory outward
currents were monitored at �30 mV (see Materials and Methods).
Under these conditions, large-amplitude, gabazine-sensitive
IPSCs appeared that were composed of multiple peaks occurring
at intervals � 5 ms, suggesting that these were bIPSCs (Fig. 3D).
Indeed, the time intervals between the first three IPSC peaks were
comparable to those between the first three ACs of spontaneously

bursting nRt cells held in cell-attached mode (Fig. 3E,G). More-
over, intervals measured from both, bIPSCs and ACs, shortened
during a burst, consistent with the accelerando firing pattern of
bursting nRt cells (Fig. 3F,G) (Domich et al., 1986). Comparison
of bIPSCs between TC cells from WT and SK2-OE mice revealed
that peak amplitudes of bIPSCs were unchanged (WT: 539 � 99
pA, n � 8; SK2-OE: 543 � 94 pA, n � 8; p � 0.05), but there were
less temporally summating IPSCs contributing to a bIPSC (WT:
7.0 � 0.3; SK2-OE: 5.0 � 0.3; p � 0.001), resulting in a decreased
mean bIPSC duration (WT: 30.0 � 2.1 ms; SK2-OE: 23.8 � 0.8
ms; p � 0.05; Fig. 4A,B). Greater SK2-currents thus attenuated
synaptic output due to curtailed burst discharge.

We next studied synchronized oscillations in nRt-TC net-
works in vitro, which depend on the strength by which nRt cells
inhibit TC cells (Huntsman et al., 1999; Astori et al., 2011). Single
shocks to the internal capsule evoked robust multiunit activity at
a frequency �8 Hz in WT slices that lasted 0.76 � 0.09 s (n � 11;
Fig. 4C,D) and that was absent when GABAA- and GABAB-
receptor-mediated synaptic transmission was blocked (data not
shown), consistent with a dependence on reciprocal interactions
with TC cells. Under similar recording conditions, multiunit ac-
tivity in SK2-OE networks showed a comparable oscillatory pe-
riod (WT: 136 � 8 ms; SK2-OE: 146 � 5 ms, n � 14; p � 0.05)
and oscillatory strength (WT: 0.70 � 0.05; SK2-OE: 0.82 � 0.05;

Figure 3. Spontaneous IPSCs and tonic GABAergic currents are unaltered in SK2-OE TC cells. Moreover, unitary bIPSCs can be detected in the absence of glutamatergic receptor blockers. A,
Representative recordings of sIPSCs from a WT (left) and a SK2-OE (right) TC cell. B, Upper left, Overlaid average sIPSC from a WT (gray) and an SK2-OE (black) TC cell, obtained through averaging at
least 200 events aligned to their rise time. Bar graphs show mean values for weighted decay time constants �w (lower left), amplitudes (upper right), and interevent interval (IEI) (lower right) of
sIPSCs. Cumulative distributions are shown for amplitude and IEI ( p � 0.05). C, Membrane holding currents recorded in DNQX (40 �M) and DL-APV (100 �M) in a WT and a SK2-OE TC neuron clamped
at�50 mV during gabazine application (10 �M), revealing a tonic current component that was comparable between genotypes (right: WT: n�7; SK2-OE: n�8; p�0.05). D, Burst IPSCs occurring
in a WT TC cell when blockers for glutamatergic transmission were omitted. Application of gabazine (10 �M) blocked all events. Events marked with a number are shown enlarged at the bottom,
revealing that they arose from the temporal summation of closely spaced IPSCs, yielding the typical multipeak waveform of bIPSCs. E, Example trace of a cell-attached recording from a bursting nRt
cell, producing high-frequency ACs. Traces marked with 1 and 2 are shown enlarged at the bottom. F, G, Bar graphs show the time intervals between the first three temporally summated IPSCs in
TC cells (F; n � 8; **p � 0.01) and between the first three ACs of spontaneously bursting nRt cells (G; n � 7; *p � 0.05).
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p � 0.05), but persisted for a longer dura-
tion (1.15 � 0.15 s; p � 0.05; Fig. 4C,D).
The half-width of multiunit discharges
was shorter in SK2-OE circuits (WT: 57 �
8 ms; SK2-OE: 37 � 4 ms; p � 0.05; Fig.
4D), reflecting the curtailed burst dis-
charge of individual nRt cells. SK2-OE
nRt cells thus maintain and prolong the
oscillatory capacity of intrathalamic net-
works, even though the impact of unitary
bIPSCs is attenuated.

Sleep duration and low-frequency EEG
power are unaffected in SK2-OE mice
To assess the consequences of elevated
SK2-channel expression on sleep, we per-
formed polysomnographic recordings in
chronically implanted, undisturbed mice.
First, we analyzed sleep–wake architec-
ture and the overall EEG power spectra.
EEG recordings did not show signs of ep-
ileptiform activity, notably including the
absence of spike-wave-discharges. Both
genotypes showed the sleep–wake distri-
bution typical for nocturnal rodents with
high and low sleep times during the light
and the dark phase, respectively (Fig. 5A).
There were no genotypic differences in to-
tal NREMS time during either light or
dark phase (light phase: WT: 403 � 8 min,
n � 10; SK2-OE: 381 � 7 min, n � 12;
repeated-measures ANOVA followed by
post hoc t test, p � 0.05; dark phase: WT:
166 � 14 min; SK2-OE: 179 � 15 min;
p � 0.05). Total wake and REMS times
across 24 h were also unchanged, al-
though SK2-OE mice spent more time
(�32 min) in wake and less time (�11
min) in REMS during the 12 h light phase
(wake: WT: 255 � 6 min; SK2-OE: 287 �
8 min; p � 0.01; REMS: WT: 63 � 3 min;
SK2-OE: 52 � 3 min; p � 0.05). The du-
rations of waking and REMS in the dark
phase were unaltered.

Sleep is not only characterized by its
total duration, but also by its architecture,
which includes the duration of individual
episodes (bouts) spent in NREMS or
REMS (Franken et al., 1999). During the light phase, SK2-OE
mice spent more of their NREMS in long episodes and less in
shorter ones compared with WT animals (KS test: p � 0.01; Fig.
5B). Bout length binning showed that WT mice spent 10 � 1
min/h of NREMS in bouts �252 s, whereas SK2-OE mice spent
17 � 2 min in these long episodes (p � 0.05; Fig. 5B). Conversely,
NREMS time spent in shorter bouts lasting 32–252 s was de-
creased (p � 0.05). For REMS episode durations, short REMS
episodes (4 –32 s) were less frequent (KS test: p � 0.01), with
equal time spent in the majority (�89%) of REMS episodes �
32 s (Fig. 5C). The more prominent occurrence of longer NREMS
episodes with fewer interruptions by REMS or waking was evi-
dent from hypnograms, which depict the sequence of behavioral
states across 24 h (Fig. 5D). Together, these data demonstrate that
NREMS in SK2-OE mice occurred preferentially in longer

episodes. Therefore, NREMS in SK2-OE mice was more
consolidated.

Because higher NREMS consolidation is typically accompa-
nied by greater � (0.75 Hz) power in the NREMS EEG (Franken et
al., 1991), and because nRt bursting has been implied in � power
(Cueni et al., 2008; Espinosa et al., 2008; Ochoa-Sanchez et al.,
2011), we analyzed the spectral content of the sleep EEG. Surpris-
ingly, the sleep–wake-dependent changes in EEG � power across
the light/dark cycle were similar in both genotypes (Fig. 5E).
Moreover, the prominent peak in the � range of the NREMS
power spectrum was unaltered, both in absolute strength (WT:
14.2 � 2.7 �V 2; SK2-OE: 13.2 � 3.3 �V 2; p � 0.05) and in its
relative contribution to the entire EEG spectrum (Fig. 5F). How-
ever, a suppression of the � band (6 –10 Hz) was found for the
REMS EEG spectrum (Fig. 5G), likely reflecting the involvement

Figure 4. SK2 overexpression attenuates bIPSCs in TC cells, but prolongs thalamic network oscillations. A, Top, Example traces
of bIPSCs for WT (left) and SK2-OE TC cells (right) at slow time scale, with labeled events (1–3) expanded below. B, Bar graphs of
bIPSC parameters (n � 8 per genotype), including bIPSC peak amplitude (left, p � 0.05), number of temporally summating
inhibitory events within bIPSC (middle, ***p � 0.001), and mean duration of bIPSCs (right, *p � 0.05). C, Left, Example traces of
multiunit discharges recorded in nRt. The arrows mark the stimulation artifact. Right, Corresponding autocorrelograms. D, Bar
graphs of parameters characteristic for network oscillations, calculated as described previously (Astori et al., 2011). Note that
oscillations persisted for a longer time in SK2-OE slices (WT: n � 11; SK2-OE: n � 14; *p � 0.05) and the cycle half-width was
shorter (*p � 0.05), whereas oscillatory period and strength were comparable ( p � 0.05).
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Figure 5. SK2-OE mice show consolidated NREMS without alterations in EEG � power. A, Time spent in wake, NREMS (NREM), and REMS (REM) separated for the 12 h light/dark periods
(WT: n � 10; SK2-OE: n � 12). Repeated-measures ANOVA revealed significant genotype 	 behavioral state interaction for the light (F(2,40) � 6.6, p � 0.01), but not for the dark
(F(1.0,20.2) � 0.4, p � 0.05) phase. In the light period, SK2-OE mice spent similar amounts of time in NREMS ( p � 0.05, post hoc t test), while REMS was reduced (*p � 0.05) and waking
increased (**p � 0.01). B, C, Cumulative distributions of NREMS (B) and REMS (C) episode durations during light phase only. Insets show the time spent in short, intermediate, and long
episodes per hour of corresponding sleep (*p � 0.05). Top left inset in C indicates that cumulative distributions for REMS episodes run in a nonparallel fashion for very short durations
only, leading to the selective reduction of time spent in short (�32 s) REMS episodes. D, Representative hypnograms for three WT and three SK2-OE mice across the first 24 h of EEG
recordings. Gray shaded area represents the dark/active phase of the animals. E, Average EEG � power (0.75– 4 Hz) time course across 48 h, measured in undisturbed mice (WT: n � 10;
SK2-OE: n � 12) entrained on a 12 h light/dark cycle. Gray boxes mark the dark/active phase of the mice. Values are expressed relative to the average EEG � power during hours 8 –12.
Repeated-measures ANOVA indicated no genotype 	 time interaction (F(0.15, 5.22) � 1.12, p � 0.05). F, G, Example EEG (top) and EMG (bottom) traces for NREMS (F ) and REMS (G).
Average relative EEG spectra for NREMS and REMS between 0.75 and 20 Hz (in 1 Hz bins, to allow for repeated-measures ANOVA) are shown in the corresponding graphs. Repeated-
measures ANOVA indicated no genotype 	 frequency interaction in the NREMS EEG power spectrum up to 20 Hz (F(1.7, 33.5) � 1.2, p � 0.05), but significance was reached for the REMS
spectrum (F(1.3, 25.9) � 7.4, p � 0.01). Asterisk indicates points with significant genotype difference ( p � 0.05, post hoc t test).
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of SK2 channels in hippocampal excitability (Pedarzani et al.,
2005). Together, these spectral analyses indicated that the ob-
served consolidation of NREMS was caused by previously unde-
scribed mechanisms that are independent of a � power increase
during NREMS.

Transitions out of NREMS are prolonged in SK2-OE mice
Next, we focused specifically on spindle generation, which is re-
flected by the EEG � (�, 11–15 Hz) power (Vyazovskiy et al.,
2004) and known to depend on nRt bursting (Astori et al., 2011).
In the mouse NREMS EEG, nRt bursting dominates spindle ac-
tivity at the transitions out of NREMS into waking or REMS, but
is minor in the overall sleep EEG (Astori et al., 2011). At these �1
min long periods of NREMS exit, � power rises to develop a
prominent peak (Franken et al., 1998). Both genotypes showed a
� power surge before REMS onset, followed by a rapid decrease to
minimal levels in REMS (Fig. 6A–C). However, in WT animals,
this surge peaked �15–30 s before the start of REMS, while
SK2-OE animals showed a protracted onset of � power (Fig.
6B,C). On average, � power peaked at 27.3 � 0.8 s before REMS
(Fig. 6C,D) and reached a maximum of 145 � 8% of background

values in WT (n � 10; average NREMS � power in minute �3 to
�1 before transition; Fig. 6C). In contrast, SK2-OE mice required
a longer time to transition from the surge in � power into REMS
(33.2 � 1.2 s; n � 12; p � 0.001), and the � power peak was
broadened and lower values were reached than in WT mice
(122 � 4%; p � 0.05; Fig. 6C,D). SK2-OE animals also showed a
precocious decrease from baseline � power levels until REMS
onset (WT: 20 � 1 s; SK2-OE: 28 � 2 s; p � 0.05; Fig. 6C,D),
consistent with the idea that � power rise often depends on �
power decrease (Uchida et al., 1991; Nuñez et al., 1992, Vyazovs-
kiy et al., 2004; Dijk et al., 1993). Absolute baseline values for both
� and � power did not differ between genotypes (� power, WT:
2.6 � 0.4 �V 2; SK2-OE: 2.1 � 0.3 �V 2; p � 0.05; � power, WT:
15.5 � 2.3 �V 2; SK2-OE: 16.3 � 2.4 �V 2; p � 0.05). In summary,
the duration of the transitional periods between NREMS and
REMS, as quantified from � power peak to REMS onset, were
prolonged in SK2-OE mice.

A similar prolongation of the dynamic changes in � power of
SK2-OE mice was found at transitions from NREMS into waking
(WT: 28.7 � 0.9 s; SK2-OE: 32.1 � 1.2 s; p � 0.05), while � power
dynamics did not differ with genotype.

Figure 6. SK2 overexpression impedes transitions out of NREMS. A, Example traces of raw EEG recordings at the transition from NREMS to REMS for WT (top) and SK2-OE (bottom). For
better comparison, epochs marked by numbers (1– 4) are shown in the middle at an expanded time scale. B, Same example NREMS–REMS transitions as in A, bandpass filtered at 11–15
Hz to reveal activity in the � frequency band. Vertical dashed line denotes REMS onset, as determined by the appearance of EEG � activity (together with the absence of muscle tone, data
not shown). Horizontal lines on top of the traces indicate the 4 s epoch containing the peak in � power for all individual NREMS–REMS transitions of the mouse from which the
representative trace was selected. Arrows mark the horizontal line corresponding to the data trace shown. C, Average EEG � (11–15 Hz, left y-axis) and � (0.75– 4 Hz, right y-axis) power
time course at NREMS–REMS transitions (WT: n � 10; SK2-OE: n � 12). Data are expressed as percentage baseline values during minutes �3 to �1 (�2 to �1 min are shown). Time
points (4 s epochs) with significant genotype differences are indicated by an asterisk. Dashed line marks REMS onset, while dotted lines denote the average time point of peak � values
and last � power � 100% obtained from the averaged datasets. Arrows indicate the shift to longer transition times. To further demonstrate this prolongation of transition periods, the
inset indicates mean latencies to REMS for individual mice, calculated from the � band peak (top) or from the � band (bottom). D, Bar graphs comparing the mean latencies from the
NREMS � peak to REMS onset (left, ***p � 0.001) and the time needed to downregulate � power from 100% baseline levels to the beginning of REMS (right, *p � 0.05) based on
single-transition analysis.
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SK2 overexpression promotes burst mode persistence
during depolarization
When exiting from NREMS, nRt cells transit from burst to tonic
discharge (Mukhametov et al., 1970; Marks and Roffwarg, 1993).
To compare the ease with which WT and SK2-OE nRt neurons
undergo this switch, we quantified discharge properties of cells in
response to hyperpolarizing followed by depolarizing ramp cur-
rents in vitro to mimic gradual increases in depolarizing drive
from ascending arousal systems (Fig. 7A,B) (el Mansari et al.,
1989; McCormick and Wang, 1991; Kayama et al., 1992). In WT
cells, ramps reliably resulted in tonic discharge that increased
linearly up to �150 Hz (Pearson’s correlation coefficient r �
0.83 � 0.06, n � 9; Fig. 7B). In contrast, in SK2-OE cells, tonic
discharge was not elicited even with high-amplitude ramps (r �
�0.22 � 0.21, n � 8; p � 0.01 compared with WT; Fig. 7A,B),
and cells remained in burst mode. Ramps without preceding hy-
perpolarization elicited similar responses in both genotypes (Fig.
7C,D). The transition of SK2-OE nRt cells from repetitive burst-
ing to tonic firing is thus hampered and could contribute to pro-
long exit from NREMS.

SK2-OE mice have an elevated auditory
arousal threshold
More consolidated sleep together with
higher � power leads to elevated arousal
threshold in rodents and humans (Blake
and Gerard, 1937; Neckelmann and Ur-
sin, 1993). To test whether this was also
the case in SK2-OE mice that show more
consolidated sleep with prolonged � ac-
tivity at NREMS exit, we woke up mice
using ramps (60 –90 dB, 2 dB steps every
30 s; Fig. 8A,B) or brief pulses (90 dB, 20 s;
Fig. 8C) of white noise. Ramps served to
quantify arousal thresholds, whereas loud
pulses were used to assess the efficiency of
wake-up. These experiments were per-
formed in the first 100 min of the light
phase, during which average relative EEG
� power was indistinguishable between
WT and SK2-OE mice (WT: 4.1 � 0.1%,
n � 12; SK2-OE: 3.9 � 0.2%; n � 12; p �
0.05). Moreover, during this period, la-
tency to sleep onset (WT: 26.9 � 3.5 min;
SK2-OE: 20.5 � 3.0 min; p � 0.05) and
number of consolidated sleep epochs
(WT: 18.4 � 1.3; SK2-OE: 17.9 � 1.0; p �
0.05) were equal between genotypes. WT
mice woke up at 124.2 � 9.9 s after ramp
onset, corresponding to a noise level of
67.0 � 0.4 dB (Fig. 8A,B). Both measures
were increased in SK2-OE mice (149.8 �
9.6 s; 68.5 � 0.4 dB; p � 0.05 in both cases;
Fig. 8A,B). Moreover, loud pulses of 90
dB were almost only half as efficient in
waking up SK2-OE compared with WT
mice (Fig. 8C). Therefore, SK2-OE mice
showed both an increased auditory
arousal threshold as well as reduced effi-
ciency to wake up in response to brief
noise exposure.

Discussion
Recent insights into the ionic mechanisms
underlying sleep-related cellular and cir-

cuit rhythms (Lee et al., 2004; Anderson et al., 2005; Cueni et al.,
2008; Espinosa et al., 2008; Astori et al., 2011) identified can-
didate ion channels that may be targeted to modify distinct
frequency bands of the NREMS EEG. Here, we found that overex-
pressing SK2 channels strengthened intrinsic oscillations of the nRt
and prolonged spindle power at NREMS exit. Additionally, NREMS
was more consolidated and auditory arousal threshold elevated. Al-
together, our study delineates a molecular target via which spindle
dynamics during natural sleep can be modified, and it proposes pre-
viously unrecognized roles for spindles in sleep architecture and
acoustic arousal threshold in mice.

At the cellular level, SK2 channels present compelling advan-
tages to modulate sleep spindles. When overexpressed, these
channels selectively regulate the strength of repetitive nRt burst-
ing within thalamic circuits, while preserving burst rate and thus
intrathalamic rhythmicity. Presumably, curtailing bursts re-
duces inactivation of CaV3.3 channels in SK2-OE cells, thereby fa-
cilitating generation of the next spike in synergy with the enlarged
AHP. Importantly, intrathalamic network rhythmicity was also pro-

Figure 7. SK2 overexpression hampers switching from burst to tonic discharge in nRt cells. A, Voltage responses elicited by
ramps of currents applied at the offset of hyperpolarizing steps (protocol in inset). Oscillatory discharge was elicited with a 400 ms
hyperpolarizing step from �60 to �110/�120 mV. After 100 ms, a depolarizing ramp of 100 ms was applied, followed by a
repolarizing ramp of 500 ms. Ramp peaks were increased in 100 pA steps. B, The number of APs within a 200 ms window after ramp
peak (gray box underlying the traces) increased linearly with the peak values of the applied current ramps in WT cells (n � 8), but
not in SK2-OE cells (n � 11), indicating hampered burst-tonic switch of SK2-OE cells. For each cell, the resulting input– output
curve was tested for linearity by calculating the Pearson’s correlation coefficient (r). Average values of r significantly differed
between genotypes (**p � 0.01). C, D, Analogous experiments as in A and B, except that no hyperpolarization preceded the
ramps.
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longed by SK2 overexpression. Synchro-
nously discharging SK2-OE nRt cells, each
establishing multisite synapses onto several
dendritic trees (Wanaverbecq et al., 2008),
were capable of more efficiently recruiting
TC cells through bIPSC-mediated rebound
bursting, even though bIPSCs from single
cells were shortened.

At the level of TC circuits, two important
results suggest that increasing SK2-channel
activity is a promising strategy to regulate
spindles and sleep. First, SK2-OE mice did
not show epileptic spike-wave-discharges in
the EEG, which are accompanied by hyper-
synchronicity in intrathalamic circuits (Ste-
riade, 2006; Beenhakker and Huguenard,
2009). Enhanced nRt excitability figures as a
prominent cause for this pathology, as pro-
longed burst discharge boosts GABA release
and provokes hypersynchronous rebound
recruitment of TC cells (Beenhakker and
Huguenard, 2009). In marked contrast to
this well documented thalamic hyperexcit-
ability, overexpression of SK2 channels
increased burst rhythmicity but simultane-
ously shortened, rather than lengthened, the
duration of individual bursts. Thus, GABA-
ergic signaling at nRt-TC synapses remains
confined, thereby limiting excessive activa-
tion of GABAergic receptors. Moreover, lat-
eral inhibition, which most powerfully
constrains thalamic oscillations (Beenhak-
ker and Huguenard, 2009), is left intact in
SK2-OE mice. Strengthening SK2-channel
activity appears to be an effective means to
potentiate nRt oscillatory propensity with-
out the risk of hypersynchrony.

Second, overexpressing SK2 channels did not augment EEG �
power. Since greater NREMS � power is tightly linked to en-
hanced sleep consolidation (Franken et al., 1999), the shift to-
ward longer NREMS episodes in SK2-OE mice in conjunction
with conserved � power is unexpected and suggests previously
unrecognized mechanisms involved in NREMS consolidation.
The result also agrees with the finding that sleep–wake architec-
ture in SK2-OE mice is comparatively normal, while it is typically
disrupted in mouse models with more consolidated sleep and
elevated � power, for example, by a decreased ability to maintain
the wake state (Wisor et al., 2002b; Ouyang et al., 2004). Never-
theless, enhanced nRt bursting has been previously associated
with greater � power (Huntsman et al., 1999; Wisor et al., 2002a;
Ochoa-Sanchez et al., 2011). A probable reason for the lack of
change in SK2-OE mice is that elevated burst propensity occurs
within a limited voltage range � �70 mV. In contrast, low-
frequency (�4 Hz) EEG waves are accompanied by rhythmic
discharge of nRt neurons starting from ��80 mV (Contreras
and Steriade, 1995; Bazhenov et al., 2000). At this voltage, the
effects of SK2 overexpression on nRt burst mode were minor and
thus consistent with unaltered EEG � power.

The observed delay in the decay of the � power band at phases
of exit from NREMS not only underscores the important role of
nRt bursting at these transitional phases in mouse (Wisor et al.,
2002a; Cueni et al., 2008; Astori et al., 2011), but could contribute
to the improved NREMS consolidation in SK2-OE mice. Spectral

analyses of these distinct NREMS periods have mainly been per-
formed at low temporal resolution and/or on averaged datasets
comprising many transitions, thereby largely ignoring the dy-
namic aspects of the � power surge. Here, using a high-resolution
back-calculation to assess EEG spectral changes at the level of
individual transitions, we found that overexpressing SK2 chan-
nels increased the temporal spread of the � surge, thereby length-
ening the time window over which EEG activity in the � band
decayed and delaying exit from NREMS. The associated decrease
in the peak amplitude of � power in SK2-OE mice could be a
consequence of this spread, but may also be caused in part by
curtailed nRt burst duration and shortened multiunit discharge.
Moreover, mutual antagonism between � power decrease and �
power surge (Uchida et al., 1991; Nuñez et al., 1992; Vyazovskiy
et al., 2004) may have modified surge amplitudes. The greater
NREMS exit latencies in SK2-OE mice seem small compared with
the increased durations of their NREMS episodes. However, be-
cause over the course of an NREMS episode attempts to transi-
tion into REMS increase (Benington et al., 1994; Franken, 2002),
even a small reduction in the success rate of these attempts could
underlie the substantial shift toward longer NREMS bout dura-
tions in SK2-OE mice. Also, it appears unlikely that altered activ-
ity from monoaminergic or cholinergic wake-promoting centers
could contribute, since this would modify NREMS � power (e.g.,
Espinosa et al., 2008). Alternatively, cortically expressed SK2
channels could contribute (Stocker and Pedarzani, 2000). How-
ever, various alterations in K� channel expression in cortical

Figure 8. Higher auditory arousal threshold in SK2-OE mice. A, Representative example traces of EEG and EMG recordings in a
WT (top) and a SK2-OE mouse (bottom) during an arousal experiment using noise ramps. After 40 s of baseline (BL) NREMS, mice
were exposed to increasing levels of white noise (60 –90 dB, 2 dB increase in steps of 30 s, illustrated on top). Periods of wake-up
are marked by numbers and shown enlarged to the right. B, Bar graph displaying the latency to arousal (left y-axis) and the
corresponding noise intensity at wake-up (right y-axis) during ramp experiments (n � 12 for each genotype; *p � 0.05). C, Bar
graph comparing the success rate of short duration (20 s) high intensity (90 dB) pulses to induce wake-up (n�7 for each genotype;
*p � 0.05).
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circuits invariably affected low-frequency EEG power during
NREMS (Vyazovskiy et al., 2002; Douglas et al., 2007; Espinosa et
al., 2008), whereas SK2 overexpression left the NREMS spectral
profile intact. This suggests that SK2-dependent modifications of
cortical activity had a minor impact on NREMS, while strength-
ened bursting at the level of nRt acts as a prime regulator of the
ease by which NREMS is terminated.

A possible mechanism through which SK2 overexpression de-
lays exit from NREMS concerns the gradual changes of nRt cells
from a burst-dominated to a largely tonic firing mode that ac-
company NREMS exit (Mukhametov et al., 1970; Marks and
Roffwarg, 1993), caused by membrane depolarization due to
gradual activation of subcortical arousal centers (el Mansari et al.,
1989; Kayama et al., 1992). As demonstrated by the cellular re-
sponses to ramp currents, SK2 overexpression renders such a
gradual depolarizing input less efficient. The dynamics of the
spectral changes at periods of exit from NREMS are thus presum-
ably linked to the propensity of nRt cells to exit from burst mode.

SK2-OE mice required stronger acoustic stimuli to wake-up
and had a higher arousal threshold, underscoring at the behav-
ioral level that exit from consolidated sleep was retarded. When
awake, SK2-OE mice are not hearing impaired between 60 and
100 dB (Hammond et al., 2006), therefore, auditory transmission
through the thalamic medial geniculate body, to which nRt burst-
ing contributes (Yu et al., 2009), cannot account for arousal de-
lay. Moreover, similar sleep onset latencies and EEG � power
compared with WT indicate comparable homeostatic sleep pres-
sure during the early light phase. Finally, SK2-OE and WT mice
had equal numbers of consolidated sleep epochs, suggesting that
the increased arousal threshold for SK2-OE mice did not result
from genotype differences in spontaneous arousal. Therefore, a
plausible explanation is that SK2-OE mice differ in how acoustic
stimuli drive the TC system out of its synchronized state during
NREMS. For example, altered EEG power dynamics at NREMS
exit could retard the arousal induced by noise. In support of this,
it has recently been found that acoustic stimuli fail to reach au-
ditory cortex selectively during spindle phases in human
NREMS, but not during spindle-free sleep epochs (Dang-Vu et
al., 2011).

In summary, this work provides a mechanistic link from the
molecular kernels of sleep spindles to their role in sleep. As also
demonstrated recently (Girardeau et al., 2009), the distinct roles
of sleep EEG oscillations are becoming accessible since methods
are being developed that permit them to be individually modi-
fied. Here, we used previously defined read-outs for nRt-
dependent sleep spindle activity at the circuit and at the EEG
levels to demonstrate that potentiated nRt bursting strengthens
sleep spindle persistence and consolidates NREMS. These obser-
vations correlate with enhanced resistance to noise of sleeping
SK2-OE mice. The study motivates further exploration of nRt
function as a locus for improving sleep, including in the context
of some neuropsychiatric conditions associated with decreased
spindle activity (Ferrarelli et al., 2007).
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Nuñez A, Curró Dossi R, Contreras D, Steriade M (1992) Intracellular evi-
dence for incompatibility between spindle and delta oscillations in

thalamocortical neurons of cat. Neuroscience 48:75– 85. CrossRef
Medline

Ochoa-Sanchez R, Comai S, Lacoste B, Bambico FR, Dominguez-Lopez S,
Spadoni G, Rivara S, Bedini A, Angeloni D, Fraschini F, Mor M, Tarzia G,
Descarries L, Gobbi G (2011) Promotion of non-rapid eye movement
sleep and activation of reticular thalamic neurons by a novel MT2 mela-
tonin receptor ligand. J Neurosci 31:18439 –18452. CrossRef Medline

Ouyang M, Hellman K, Abel T, Thomas SA (2004) Adrenergic signaling
plays a critical role in the maintenance of waking and in the regulation of
REM sleep. J Neurophysiol 92:2071–2082. CrossRef Medline

Pedarzani P, McCutcheon JE, Rogge G, Jensen BS, Christophersen P, Hou-
gaard C, Strøbaek D, Stocker M (2005) Specific enhancement of SK
channel activity selectively potentiates the afterhyperpolarizing current
IAHP and modulates the firing properties of hippocampal pyramidal neu-
rons. J Biol Chem 280:41404 – 41411. CrossRef Medline

Schiffelholz T, Aldenhoff JB (2002) Novel object presentation affects sleep-
wake behavior in rats. Neurosci Lett 328:41– 44. CrossRef Medline

Steriade M (2006) Grouping of brain rhythms in corticothalamic systems.
Neuroscience 137:1087–1106. CrossRef Medline

Stocker M, Pedarzani P (2000) Differential distribution of three Ca 2�-
activated K � channel subunits, SK1, SK2, and SK3, in the adult rat central
nervous system. Mol Cell Neurosci 15:476 – 493. CrossRef Medline

Uchida S, Maloney T, March JD, Azari R, Feinberg I (1991) Sigma (12–15
Hz) and delta (0.3–3 Hz) EEG oscillate reciprocally within NREM sleep.
Brain Res Bull 27:93–96. CrossRef Medline

Vyazovskiy VV, Deboer T, Rudy B, Lau D, Borbély AA, Tobler I (2002)
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