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Sleep spindles are rhythmic patterns of neuronal activity generated
within the thalamocortical circuit. Although spindles have been
hypothesized to protect sleep by reducing the influence of external
stimuli, it remains to be confirmed experimentally whether there is
a direct relationship between sleep spindles and the stability of
sleep. We have addressed this issue by using in vivo photostimu-
lation of the thalamic reticular nucleus of mice to generate spindle
oscillations that are structurally and functionally similar to sponta-
neous sleep spindles. Such optogenetic generation of sleep spindles
increased the duration of non-rapid eye movement (NREM) sleep.
Furthermore, the density of sleep spindles was correlated with the
amount of NREM sleep. These findings establish a causal relationship
between sleep spindles and the stability of NREM sleep, strongly
supporting a role for the thalamocortical circuit in sleep regulation.

sleep rhythms | sleep protection

leep spindles are characteristic EEG rhythms observed during

non-rapid eye movement (NREM) sleep. It is characterized
by periodic waxing and waning and 7- to 15-Hz oscillations with
durations ranging from 0.5 to 3 s (1-3), and is often used as an
EEG marker of NREM sleep. Sleep spindles are hypothesized to
originate from the thalamic reticular nucleus (TRN) (4, 5), where
the rhythmic burst activity of TRN neurons could initiate spindle
oscillations within the whole thalamocortical circuit. When it has
been initiated, this oscillation is self-maintained by the reciprocal
interactions among cortical, thalamocortical (TC), and TRN
neurons during NREM sleep (4, 6, 7). Sleep spindles are of par-
ticular interest because they are known to be involved in several
sleep-dependent physiological and cognitive processes, such as
memory consolidation and neuronal plasticity (7-10). Moreover,
a growing amount of evidence suggests that sleep spindles serve
a sleep-protecting function by modulating the degree of sensory
transmission through the thalamus (11). Patients with hyper-
somnia show increased spindle density (SD) compared with con-
trol (12), and KO mice whose sleep spindles are reduced as a result
of impaired thalamocortical oscillations experience sleep dis-
turbances during NREM sleep (13-16). Further, individuals with
a higher spindle rate are more tolerant to noise that occurs during
sleep (17). Despite considerable evidence hinting at the sleep-
protecting function of sleep spindles, no experimental studies have
yet demonstrated a direct causal relationship between sleep
spindles and the stability of sleep. A recent study found that
optogenetic stimulation of TRN induced burst firing in TC neu-
rons, which were hypothesized to underlie the occurrence of
neocortical sleep spindles (18). However, because sleep spindles
also occur spontaneously, it was not clear whether sleep spindles
were driven by optogenetic stimulation of the TRN.

To experimentally examine the sleep-protecting function of
sleep spindles, we used Channelrhodopsin2 (ChR2) transgenic
(tg) mice to bilaterally modulate the TRN with photostimulation
protocols that mimic the EEG rhythms of sleep spindles. We

www.pnas.org/cgi/doi/10.1073/pnas.1217897109

found that neocortical sleep spindles are readily induced in vivo
by optogenetic stimulation of TRN at a spindle-like frequency,
and such stimulation increased the total duration of NREM
sleep. Thus, the number of sleep spindles is correlated with the
amount of NREM sleep. These results reveal the critical role that
thalamocortical circuits play in the regulation of sleep and
strongly support the idea that sleep spindles protect NREM sleep.

Results

Photostimulation of Thalamic Reticular Neurons. We started by ex-
amining our ability to use light to control the activity of ChR2-
expressing neurons in slices prepared from the TRN of Thyl-
ChR2 mice (19). These neurons were identified by the location of
their cell bodies (Fig. 14) within the TRN region and by their
responses to injected currents. TRN neurons could be identified
because they showed no time-dependent depolarization in response
to hyperpolarizing currents (Fig. 1B), unlike other thalamic neurons
that exhibit such responses as a result of hyperpolarization-activated
currents (20). Many TRN neurons displayed rhythmic, high-fre-
quency bursts of action potentials (APs) followed by stretch of tonic
firings in response to depolarizing currents, as observed for the
neuron shown in Fig. 1B. However, this was not always observed, as
reported previously (21, 22).

Illumination evoked photocurrents in ChR2-positive TRN
neurons (Fig. 1C). These currents activated rapidly and partially
inactivated during prolonged illumination. To generate different
patterns of AP firing, we photostimulated these neurons with
three different protocols. To simulate the rhythmic spike-bursts
observed during sleep spindles, we photostimulated TRN neu-
rons with brief light pulses (62 ms duration) at 8 Hz, the intrinsic
frequency of sleep spindles (i.e., spindle-like protocol) (4, 23).
Such stimuli were repeated at intervals of 7.5 s, the average interval
between sleep spindles (2, 4). A second stimulus protocol con-
sisted of 200-ms-duration light flashes repeated at 1 Hz (i.e., 1-Hz
protocol); these were intended to mimic slow wave responses
during NREM sleep (23-25). Finally, we used a third photo-
stimulation protocol consisting of 20-ms-duration stimuli repeated
at 0.1 Hz that has been previously reported to produce thalamic
bursts and cortical spindles in vivo (i.e., pulse protocol) (18).

Representative examples of AP responses to these three pho-
tostimulation protocols are shown in Fig. 1D. Spindle-like
stimulation reliably generated repetitive burst firing activity
during photostimulation, whereas 1-Hz stimulation resulted in
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high-frequency bursts followed by gradual loss of spiking and
eventually spike failure over the course of several minutes of
stimulation. In both cases, initial high-frequency bursts were
often followed by tonic spikes that extended toward the end of
each stimulation pulse. The pulse photostimulation protocol
induced spike bursts, occasionally followed by rhythmic bursts.
In summary, although all three stimulus protocols elicited bursts
of APs, the interburst structure differed in each case.

Efficient Induction of EEG Sleep Spindle Rhythms by Photostimulation
of TRN. We next applied the same photostimulation protocols to
the TRN region in vivo to identify the stimulus that most ef-
fectively induced neocortical EEG sleep spindles (Fig. S1). We
performed 1-h EEG recordings from freely moving mice during
daytime, the inactive period for mice, with each stimulation
protocol applied throughout the recording session. The pulse
protocol was applied to the TRN unilaterally or bilaterally to
ensure that our procedures match those previously used (18).
Spindle-like or 1-Hz stimuli were applied bilaterally.

Average EEG power spectrograms showed that photostimu-
lation of TRN induced clear responses by increasing the power
within specific frequency ranges (Fig. 24). The spindle-like
photostimulation protocol caused a pronounced increase in
power that was maximal at 8§ Hz, the photostimulus frequency.
This increase was sustained throughout the duration of photo-
stimulation. The 1-Hz and bilateral pulse protocols also evoked
strong responses in the EEG. There were, however, important
differences compared with the responses evoked by the spindle-
like protocol. The affected frequency range was lower (4-5 Hz)
than that of the spindle-like protocol, and the response was
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Fig. 1. Characterization of TRN neuron firing in re-
sponse to photostimulation with three different
protocols. (A) Left: Structure of TRN neuron, visual-
ized by the fluorescent dye lucifer yellow. For clarity,
image contrast was inverted so that fluorescence is
shown as black. (B) Changes in membrane potential
(Upper) evoked by current pulses (Lower). Inset:
Characteristic accelerando-decelerando pattern of
bursts in TRN neurons. (Scale bar: Inset, 20 mV, 50
ms.) (C) Photocurrent (Lower) elicited by illumination
(Upper) of a ChR2-expressing TRN neuron. Holding
s potential was —60 mV. Photocurrent was pharmaco-
logically isolated from synaptic responses by treat-
ment of the slice with 10 pM CNQX, 50 pM AP-5, and
20 puM bicuculline. (D) Examples of AP responses
induced in a TRN neuron in response to the three
different photostimulation protocols. Light flashes
are indicated by blue bars. Responses to the first
photostimulation of each protocol are enlarged
on the right.

L

briefer, never exceeding 0.5 s. The unilateral pulse protocol did
not cause any distinguishable changes in EEG power.

Next, we compared the efficiency of each photostimulation
protocol in increasing power specifically at the sleep spindle
frequency (7-15 Hz). The spindle-like protocol caused the
greatest increase in spindle power, with the response remaining
nearly constant throughout the 1.25 s of photostimulation (Fig.
2B). The 1-Hz protocol also induced a similar increase in spindle
power, but the increase lasted only for a brief period. The re-
sponse to the bilateral pulse protocol was weaker than that
produced by the 1-Hz protocol. The unilateral pulse protocol did
not induce any observable changes in the spindle power.

Next, we examined the raw EEG traces to investigate whether
photostimulation of TRN could induce neocortical sleep spindles.
Visual inspection of raw EEG traces clearly revealed distinct pat-
terns of evoked EEG responses for each protocol (Fig. 2 C and D).
EEG responses evoked by the spindle-like photostimulation pro-
tocol were characterized by large-amplitude phasic oscillations that
met the conventional criteria used to define sleep spindles (1-3).
Most of these evoked responses were temporally separate from
spontaneous sleep spindles, and photostimulation did not disturb
the natural progression of spontaneous sleep spindles. Unlike the
spindle-like protocol, the 1-Hz photostimulation protocol did not
seem to initiate sleep spindles. Instead, EEG responses evoked by
1-Hz stimulation were distinguished by the presence of a single
large-amplitude peak at the beginning of the 200-ms photostimulus
(Fig. 2D, Right). Spontaneous sleep spindles were observed
throughout the NREM period and did not appear to have any
temporal relationship with the 1-Hz stimulus pulses. EEG re-
sponses to the unilateral or bilateral pulse stimuli were similar to
those to the 1-Hz photostimulation and consisted of brief single
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Fig. 2. Spindle-like photostimulation on TRN induces neocortical sleep spindles. (A) Average peristimulus power spectrograms of EEG following spindle-like,
1-Hz, and bilateral and unilateral pulse photostimulation at time 0. White solid and dotted lines indicate start and end of the photostimulation pulses,
respectively. Shown is an average from one recording (n = 356 stimulations from each photostimulation protocol). (B) Changes in relative spindle power (7-15
Hz) following photostimulation with spindle-like, 1-Hz, and bilateral and unilateral pulse photostimulation at time 0. Photostimulation pulses are indicated by
blue bars. Shown is an average from one recording (n = 356 stimulations from each photostimulation protocol). (C) Representative traces of 1-min EEG
recording during NREM sleep showing spontaneous and evoked spindles (gray boxes) for no stimulation, spindle-like, and 1-Hz stimulation protocols. Light
pulses are indicated by blue bars. Shown is an example from one mouse. (D) Two examples of sleep spindles during no stimulation (Top), spindle-like (Middle),
and 1-Hz stimulation (Bottom) protocols. Sleep spindles marked with asterisks in A are enlarged to show the waveforms. Light pulses are indicated by blue
bars. Spindle-like photostimulation evoked sleep spindles with waveforms nearly identical to the spontaneous sleep spindles observed without stimulation.

peaks of large amplitude (Fig. S2 A and B). These were not sleep
spindles because their duration was too brief to meet the criteria for
sleep spindles (1-3).

We next examined the power spectra of sleep spindles
detected during each of the photostimulation protocols. Sleep
spindles occurring during the spindle-like protocol were highly
regular at 8 Hz, the same frequency as the photostimuli, and
showed a second harmonic around 16 Hz (n = 30 recordings per
condition; Fig. S2F). The high power at 8§ Hz was also clearly
visible when the total NREM power was considered (Fig. S2D),
and such response to the spindle-like photostimulation remained
consistent throughout NREM sleep (Fig. S2D). In contrast, the
power spectrum of sleep spindles detected during the 1-Hz
protocol had reduced power within the spindle frequency range,
whereas the power at higher frequencies (>15 Hz) was signifi-
cantly increased compared with that of spontaneous sleep spin-
dles (Fig. S2E). No significant differences were found between
the power profiles of the spontaneous sleep spindles and those in
occurring during the uni- and bilateral pulse protocols.

Together, these results show that the spindle-like photo-
stimulation protocol could selectively induce sleep spindles that
are structurally similar to the spontaneous spindles, whereas the
responses evoked by the 1-Hz or uni- or bilateral pulse protocols
were usually too brief to be considered as sleep spindles.

Increased Sleep SD During Spindle-Like Photostimulation of TRN. As
a different way to compare the ability of the different photo-
stimulation protocols to evoke sleep spindles, we determined the

probability that a sleep spindle was produced in response to each
photostimulus. The rate of co-occurrence of spindles was highest
for spindle-like photostimulation (# = 30 recordings, n = 5
recordings per condition per mouse, n = 6 mice; Fig. 34 and
Table S1). Sleep spindles coincided with 51.1 + 2.6% of the total
number of spindle-like photostimuli whereas the values for the
1-Hz and uni- or bilateral pulse photostimulation protocols were
significantly lower (3.2 + 0.8%, 3.6 + 7.1%, and 0%, respectively;
mean = SEM). This suggests that only the spindle-like photo-
stimulation protocol was capable of evoking EEG sleep spindles.
Next, to determine whether the sleep status of the mouse af-
fected our ability to induce sleep spindles via photostimulation, we
compared spindle co-occurrence rates during wake and NREM
sleep states. Spindle co-occurrence rates were higher during
NREM sleep than during wake states for 1-Hz and uni- and bi-
lateral pulse photostimulation (Fig. 34 and Table S1). This prob-
ably reflects the higher propensity of the thalamocortical circuit to
generate sleep spindles during NREM sleep. In contrast, during
the spindle-like protocol, co-occurrence rates were lower during
NREM sleep than during the wake state (Fig. 34). This indicates
that this protocol effectively induced sleep spindles even during the
wake state, when the thalamocortical circuit is less able to generate
spontaneous sleep spindles. The lower spindle co-occurrence rate
during NREM sleep, compared with the wake state, might be
caused by the high rate of spontaneous sleep spindles during
NREM limiting further optogenetic induction of sleep spindles.
Next, we quantified the density of EEG sleep spindles (i.e.,
SD) produced by the four protocols. SDs were calculated
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Fig. 3. Spindle-like photostimulation protocol is most effective in inducing neocortical sleep spindles. (A) Average spindle co-occurrence rates during wake,
NREM, and total recording periods for spindle-like, 1-Hz, and uni- and bilateral pulse protocols. Numbers are the same as in Table S1. Data represent the
mean + SEM (n = 6 mice; n = 5 recordings per condition per mouse; #p < 0.01, nonparametric Wilcoxon rank-sum test). (B) Average spindle densities during
wake, NREM, and total recording periods for spindle-like, 1-Hz, and uni- and bilateral pulse protocols. Numbers are the same as in Table S2. Data represent
the mean + SEM (n = 6 mice; n = 5 recordings per condition per mouse; #*P < 0.01, nonparametric Wilcoxon rank-sum test). (C) Representative traces of 1-h EEG
recording showing distribution of sleep spindles (red) for no stimulation, spindle-like, and 1-Hz stimulation protocols. Shown is an example from one mouse.
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separately for wake, NREM, and REM states, and these values
were averaged to give SDs for the total duration of the recording.
The spindle-like protocol gave the highest SDs, whether for the
overall duration of the recording, during the wake state, or
during NREM sleep (n = 30 recordings, n = 5 recordings per
condition per mouse, # = 6 mice; Fig. 3B and Table S2). These
values were significantly higher than the SDs of spontaneous
spindles (P < 0.01, nonparametric Wilcoxon rank-sum test). In
contrast, 1-Hz and uni- and bilateral pulse photostimuli did not
cause significant changes in SD during any of the states (P >
0.05). The effect of spindle-like photostimulation on SD was
apparent when representative 1-h EEG traces from each pro-
tocol were compared (Fig. 3C). Spindle-like photostimulation of
the TRN effectively increased the occurrence of sleep spindles
during wake and NREM sleep states (Table S1). Spindle-like
protocols with different frequencies (10 and 12 Hz) were in-
effective in increasing the SD (Fig. S2C). This demonstrates that
the effect of this protocol was not caused by any nonspecific
effect of illumination such as local heating of TRN.

Sleep analysis revealed that the bilateral pulse photostim-
ulation protocol was inappropriate for our study. When this
protocol was applied, sleep (NREM and REM sleep) was almost
absent in two of six mice during the continuous 3-h recordings,
suggesting that it disturbs the normal sleep behavior of mice.
Therefore, we did not use the pulse protocol in subsequent
behavioral experiments.

Spindle-Like Photostimulation Increases NREM Sleep at the Expense
of Wake State. Next, we examined the effect of spindle-like
photostimulation on the sleep-wake architecture of mice during
daytime. We found that spindle-like photostimulation signifi-
cantly increased the total duration of NREM sleep (P < 0.05,
nonparametric Wilcoxon rank-sum test; n = 6 mice per condi-
tion; Fig. 44), whereas time spent awake decreased significantly
compared with unstimulated controls (P < 0.05). The number of
transitions between NREM and REM [both NREM-to-REM
(NR) and REM-to-NREM (RN)] were also significantly in-
creased (P < 0.05, nonparametric Wilcoxon rank-sum test; Fig. 4
B and D), but no significant changes (P > 0.05) were found in any
other transitions between the sleep states [wake-to-NREM (WN),
NREM-to-wake (NW), REM-to-wake (RW)]. On the contrary,
photostimulation with the 1-Hz protocol, which did not induce sig-
nificant changes in SD during any state (P > 0.05; Fig. 3B), did not
cause any significant changes in the total duration of sleep or wake
states (P > 0.05; Fig. 44).
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Next, to determine whether the spindle-like photostimulation
altered the duration of individual wake episodes, we compared
the cumulative distributions of the duration of single wake episodes
(Fig. 4C). We found a significant difference in the distributions
between the spindle-like protocol and the no stimulation group
(P <0.001, two-sample Kolmogorov—Smirnov test on pooled data
of six mice). On the contrary, no significant difference was found
between the distributions for the 1-Hz protocol and the no-stim-
ulation group (P = 0.2). In the distribution of the spindle-like
protocol, a clear reduction in the occurrence of wake episodes with
long durations (>20 min) was apparent, as indicated by a gradual
decrease in slope of the distribution curve after 20 min compared
with the no-stimulation case. Moreover, the values for the spindle-
like protocol remained constant in the later part of the graph,
with a complete absence of wake episodes exceeding 35 min. On
the contrary, there were no significant changes in the durations of
individual NREM or REM episodes (P > 0.05; Fig. S34). These
results suggest that spindle-like photostimulation increases the
total duration of NREM sleep at the expense of wake state.

Previous studies have suggested a positive relationship between
SD and the duration or stability of sleep, with sleep spindles
regulating transitions between NREM and REM sleep states (2,
12, 17). To establish whether the increase in SD is quantitatively
related to the changes in NREM sleep duration or in the number
of sleep state transitions, we examined the correlation between
these values. We found a significant positive correlation between
SD and the duration of NREM sleep (R = 0.5987; P < 0.01,
Pearson correlation coupled to a least-square regression method
with 95% CI; n = 6 mice per condition; Fig. 54).

To study the relationship between SD and the sleep state
transitions, we next examined the relationship between the av-
erage SD during the 1 min immediately preceding each NR
transition (SDpr..rem) and the total number of NR transitions.
Across all three photostimulation protocols, we found a signifi-
cant positive correlation between SDp..rpm and the number of
NR transitions (R = 0.5468; P = 0.0189, Pearson correlation
coupled to a least-square regression method with 95% CI; n = 6
mice per condition; Fig. 4C). Additionally, we analyzed in-
stantaneous SDs during the 1 min before each NR transition to
compare the dynamics of SD before NR transition during each
photostimulation protocols (Fig. S3B). We found an abrupt in-
crease in SD before the NR transition for all three cases, a result
consistent with previous reports (2, 26). Throughout the 1-min
period, the SD remained the highest for the spindle-like case.
This suggests that spindle-like photostimulation modulates
the number of NR transitions. These results confirm that an

no stimulation Fig. 4. Spindle-like photostimulation on TRN alters

sleep-wake architecture. (A) Total duration spent
awake, in NREM, and in REM during spindle-like
and 1-Hz photostimulation. Data represent the
i mean + SEM (n = 6 mice, n = 5 recordings per
¢ Spindle-like condition per mouse; *P < 0.05, nonparametric
Wilcoxon rank-sum test). (B) Total number of sleep
state transitions during 5 h of photostimulation
with spindle-like protocol. Data represent the
mean + SEM (n = 6 mice, n = 5 recordings per
condition per mouse; *P < 0.05, nonparametric
Wilcoxon rank-sum test). (C) Cumulative distribu-
tion of single wake episodes during no stimulation,
spindle-like stimulation, and 1-Hz photostimula-
tion. Values are normalized to the final cumulative
value of the no-stimulation case. Data represent
the mean + SEM (n = 6 mice, n = 5 recordings
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Representative hypnograms during spindle-like (D)
and 1-Hz (E) photostimulation.
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Fig. 5. Sleep SD positively correlates with the NREM sleep duration. (A)
Correlation analysis between average spindle densities during whole re-
cording period and the total NREM sleep duration. Each point represents the
average data from one mouse (n = 6 mice, n = 5 recordings per condition per
mouse; *P < 0.05, *P < 0.01, Pearson correlation coupled to least-square
regression method with 95% Cl). (B) Correlation analysis between average
SDpre-rem and number of NR transitions during spindle-like photostimulation.
Each point represents the average data from one mouse (n = 6 mice, n =5
recordings per mouse; Pearson correlation coupled to least-square regression
method with 95% Cl).

increase in SD is quantitatively related to and directly respon-
sible for the changes in sleep—wake architecture observed during
the spindle-like photostimulation. It also suggests that opto-
genetically induced sleep spindles are functionally similar to the
spontaneous sleep spindles in regard to their relationship to the
duration of NREM sleep and sleep state transitions.

Discussion

Our study demonstrates that neocortical sleep spindles can be
induced reliably in vivo by optogenetic stimulation of TRN. We
also provide direct evidence for a causal relationship between
sleep spindles and the stability of sleep. We established a pho-
tostimulation protocol that effectively induces sleep spindles that
are functionally and structurally similar to the spontaneous sleep
spindles. Increasing SD with this protocol increased the total
duration of NREM sleep, proving the longstanding hypothesis
that sleep spindles protect sleep.

Sleep-Protecting Function of Sleep Spindles. The thalamus is a sen-
sory relay station that gates the flow of peripheral sensory in-
formation to the cortex (27-29). TC neurons, the major relay
neurons of the thalamus, have strong reciprocal connections with
GABAergic TRN neurons, and synaptic interactions between
them can generate sustained network oscillations, such as sleep
spindles. Sleep spindle rhythms have long been thought to pro-
tect sleep; TC neurons are able to generate APs in two distinct
modes—tonic and burst—in response to changes in their mem-
brane potential. The repetitive postinhibitory rebound burst fir-
ing that occurs in TC neurons following increased inhibitory
inputs from the TRN and underlies neocortical sleep spindles is
hypothesized to hinder the reliable transmission of external
stimuli to the cortex (30), thereby increasing the tolerance to
noise during sleep.

The sleep-protecting function of sleep spindles is supported by
a number of EEG and neuroimaging studies in humans; for ex-
ample, brain responses to auditory stimulus are significantly re-
duced when a tone is delivered concurrently with sleep spindles
(31). Other studies have demonstrated a positive correlation
between SD and the duration or stability of sleep (12, 17), sug-
gesting that the amount of sleep spindles might signify the
strength of the gatekeeping mechanism that the thalamus exerts
during sleep. However, these studies cannot establish a causal
role for sleep spindles in regulating sleep behavior because it
was not possible to directly control SD while preserving normal
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functioning of the brain. Our study demonstrates that SD can be
modulated in vivo by optogenetic control of TRN. Our results
provide experimental evidence for the sleep-protecting function
of sleep spindles by showing that artificially increasing SD by
optogenetic stimulation results in an increase in the total dura-
tion of NREM sleep.

It is known that EEG o-power (10-14 Hz) and SD abruptly
increases at the pre-REM period (2). The spindles occurring
during this phase (pre-REM spindles) are larger in amplitude
and longer in duration than the sleep spindles observed during
other phases of NREM sleep (32). This is consistent with the
observation that TRN neurons fire maximally during the pre-
REM period (33). Pre-REM spindles have been suggested to
control the initiation of REM sleep, as normal NR transitions
invariably are preceded by pre-REM spindles. Further, in orexin
KO mice, narcoleptic attacks, which are abnormal transitions
from wake to REM sleep, are linked to the brief occurrence of
an EEG signal that resembles pre-REM EEG activity (34). In-
deed, we observed similar pre-REM EEG activity before NR
transitions in our recordings. Our results indicate that the in-
crease in the total duration of NREM sleep is caused by an in-
crease in the number of NR and RN transitions and a reduced
number of long wake episodes (>20 min), whereas the average
duration of NREM or REM sleep episodes was unaffected.
Moreover, the SDy,..gem positively correlated with the number
of NR transitions, and we observed an additional increase in pre-
REM spindles during spindle-like photostimulation.

Therefore, we conclude that sleep spindles might protect sleep
by increasing sleep stability by blocking the transmission of ex-
ternal sensory stimuli, as well as by facilitating the transition
from NREM sleep to REM sleep. These dual sleep-protecting
functions might depend on the temporal location of sleep spin-
dles during NREM sleep.

Efficiency of Optogenetic Induction of Neocortical Sleep Rhythms.
Our current knowledge of the neurophysiological mechanisms
underlying sleep spindles largely depends on in vitro studies. The
unique ability of TRN neurons to fire in rhythmic spike-bursts in
response to decreased inhibitory inputs from wake-promoting
cell groups in the brainstem results in a subsequent alteration in
the activity of TC and cortical neurons, leading to the generation
of sleep spindles during NREM sleep (4, 35). However, this
hypothesis awaits further validation in vivo in behaving mice.

By using optogenetic techniques in vivo, we demonstrated that
spindle-like photostimulation of TRN was sufficient to induce
neocortical sleep spindles in behaving mice. Moreover, in vitro
recordings from TRN neurons showed that spindle-like photo-
stimuli could reliably evoke repetitive burst firing activity, which
is comparable to the rhythmic spike-burst activity of TRN neu-
rons (5, 23, 24). This is an intrinsic firing pattern of TRN neurons
during NREM sleep and is hypothesized to be the main factor
that drives generation of sleep spindles (4, 23). Further experi-
ments using these photostimulation protocols on defined neu-
ronal populations within the thalamocortical circuit may reveal
the full cellular and circuit mechanisms underlying diverse sleep-
related rhythms in these brain regions.

We proved that our spindle-like protocol is a robust tool to
induce sleep spindles in behaving mice. A total of 51.12 + 2.63%
of the spindle-like stimulations coincided with the occurrence of
EEG sleep spindles conforming to conventional criteria, and the
efficiency of spindle induction was not affected by the vigilance
states of the mice. In contrast, inconsistent with a previous report
(18), we could not induce sleep spindles by using the pulse stim-
ulation protocol. In fact, the previous report also did not provide
clear evidence of optogenetic induction of sleep spindles: although
optogenetic stimulation of TRN induced burst firing in TC neu-
rons, which is hypothesized to underlie sleep spindles (18), the
responses shown do not meet the conventional criteria for sleep

PNAS | December 11,2012 | vol. 109 | no.50 | 20677

NEUROSCIENCE



o
8
S
&
@
&
g
2
3
2
3
4
<
S
@
]
w
o
z
w
o
9]
O
7]
<
o
x
]
e
w
E
o>
2
E
1)
<
s
k-]
3
3
3
S
=
H
g
a

spindles as a result of their short duration. Moreover, the fact that
responses were largely limited to the NREM sleep period raises
the possibility that sleep spindles occurred spontaneously rather
than as a result of optogenetic stimulation. Thus, it remains to be
determined whether there are conditions in which the pulse
stimulation protocol can generate sleep spindles.

In our results, although the peristimulus power spectral anal-
ysis showed an abrupt increase in the spindle frequency power
immediately following the pulse photostimulation, the effect
was too short to be defined as a sleep spindle according to our
conventional criteria (1-3). Average SD also showed no signifi-
cant changes after the pulse photostimulation. Indeed, the repet-
itive rhythmic spike-burst activity of TRN neurons, which is the
neuronal basis for neocortical sleep spindle, usually lasts for sev-
eral seconds (5, 6, 36). This explains why the 20-ms pulse photo-
stimulation failed to generate sleep spindles in our study whereas
the spindle-like photostimulation was very effective. Single spikes
in TRN neurons, triggered by pulse photostimulation, might be
insufficient to trigger an oscillatory event in the entire thalamo-
cortical circuit. Performing similar photostimulation experiments
on specific Ca** channel KO mice showing impaired rhythmic
spike-burst activity in TRN neurons, e.g., R- or T-type Ca®*
channel KO mice, will help elucidate the role of rhythmic activity
of TRN neurons in generating sleep spindles.

The 1-Hz photostimulation protocol was ineffective in trig-
gering neocortical slow waves. Slow-wave oscillations differ from
sleep spindles in being of cortical origin. Intrinsically oscillating
intracortical networks involving glutamatergic pyramidal neu-
rons and GABAergic local interneurons are thought to be re-
sponsible for the occurrence and spread of slow wave oscillation
throughout the cortex (4, 37). Slow waves can be observed in
the cortex after extensive thalamic lesion, emphasizing minimal
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contribution of TC and TRN neurons to this sleep rhythm (38).
Therefore, despite the efficiency of 1-Hz photostimulation in
inducing activity of TRN neurons that is comparable to what is
observed during natural slow-wave sleep (28-30), this apparently
is insufficient to recruit the self-oscillating neocortical networks
needed to initiate full-blown slow wave oscillation.

Our findings indicate an essential role for sleep spindles in
sleep regulation and suggest that the thalamocortical circuit is
a critical part of the sleep-regulatory network. These results
provide a valuable insight into the thalamocortical circuit as
a therapeutic and diagnostic target for the treatment of sleep-
related neurological illnesses. Moreover, our results show that
modulation of sleep spindles may prove to be an effective
treatment for restoring normal sleep architecture in patients with
disrupted sleep. In addition, our optogenetic protocol for sleep
spindle generation in behaving mice will allow full exploration of
the functions of this brain oscillation in sleep-related physio-
logical and cognitive processes.

Materials and Methods

ChR2 tg mice were purchased from the Jackson Laboratories [B6.Cg-Tg (Thy1::
COP4/EYFP)18Gfng/)] (19). Sleep recordings were conducted by using male
heterozygote mice. Animal care and all experiments were conducted in ac-
cordance with the ethical guidelines of the Institutional Animal Care and
Use Committee of the Korea Institute of Science and Technology. Detailed
descriptions of study methods are provided in S/ Materials and Methods.
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