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In our daily life, we are exposed to uncontrollable and stressful events that disrupt our
sleep. However, the underlying neural mechanisms deteriorating the quality of non-
rapid eye movement sleep (NREMs) and REM sleep are largely unknown. Here, we
show in mice that acute psychosocial stress disrupts sleep by increasing brief arousals
(microarousals [MAs]), reducing sleep spindles, and impairing infraslow oscillations in
the spindle band of the electroencephalogram during NREMs, while reducing REMs.
This poor sleep quality was reflected in an increased number of calcium transients in
the activity of noradrenergic (NE) neurons in the locus coeruleus (LC) during NREMs.
Opto- and chemogenetic LC-NE activation in naïve mice is sufficient to change the
sleep microarchitecture similar to stress. Conversely, chemogenetically inhibiting
LC-NE neurons reduced MAs during NREMs and normalized their number after
stress. Specifically inhibiting LC-NE neurons projecting to the preoptic area of the
hypothalamus (POA) decreased MAs and enhanced spindles and REMs after stress.
Optrode recordings revealed that stimulating LC-NE fibers in the POA indeed sup-
pressed the spiking activity of POA neurons that are activated during sleep spindles and
REMs and inactivated during MAs. Our findings reveal that changes in the dynamics
of the stress-regulatory LC-NE neurons during sleep negatively affect sleep quality,
partially through their interaction with the POA.
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Stress is associated with poor-quality sleep. Sleep disturbances, when untreated, have
been shown to increase the risk of developing psychiatric disorders and often precede
their clinical expression (1–5). Early treatment of sleep problems in turn may halt the
development of psychiatric disorders. Nevertheless, little is known about the neural
mechanisms responsible for stress-induced sleep disturbances.
In animal models and humans, stress disrupts various aspects of sleep (6–10). In par-

ticular, fragmented non-rapid eye movements (NREMs) due to frequent brief arousals
(microarousals [MAs]) disrupts sleep continuity and may lead to cognitive impairment
and anxiety (11–14). In addition, REMs abnormalities are often observed in patients
with insomnia, depression, and post-traumatic stress disorder (PTSD) (15–17). In
humans, psychosocial stressors are among the major sources of stress. In rodents, social
stress—in particular, a conflict with an aggressive mouse—has been shown to disrupt
sleep (18–26). These alterations in the sleep architecture caused by social stress may
result from interactions between stress and sleep regulatory circuits. However, the iden-
tity of the involved circuits and the mechanisms by which stress regulatory neurons
potentially affect the activity of the core sleep circuits are still largely unclear.
Noradrenergic (NE) neurons in the locus coeruleus (LC) have been well character-

ized for their role in arousal and related behaviors (27–32). In awake behaving mice,
LC neurons are activated in response to salient stimuli, various stressors, novelty, or
learning (33–42). A previous study found that LC neurons expressed increased levels of
c-Fos during sleep following stress (43). Recently, it has been shown that during sleep,
the LC plays a role in modulating the frequency of sleep spindles on an approximately
minute timescale (44). This infraslow oscillation, which is also reflected in the sigma
band of the electroencephalogram (EEG), is thought to gate transitions from NREMs
to wakefulness or REMs (45–47), and consequently substantially influences the sleep
microarchitecture. However, we still lack knowledge as to how stress-induced changes
in the activity of LC-NE neurons during sleep affect the infraslow rhythm and sleep
quality by interacting with sleep-regulatory neurons, in particular, in the preoptic area
of the hypothalamus (POA), which is known to be crucial for sleep control (48–53).
NE injection into the POA was shown to promote arousals (54), and electrical stimula-
tion of the LC and optogenetic activation of axonal projections to the POA have been
shown to modulate the activity of POA neurons (55, 56). However, it is still largely
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unclear how the activity of POA neurons that are innervated by
the LC is associated with sleep spindles and MAs during
NREMs or REMs and whether interactions between the LC
and POA contribute to stress-induced sleep disturbances.
In this study, using fiber photometry, we found that LC-NE

neurons are rhythmically activated during NREMs in synchrony
with the infraslow rhythm and that their activation is accompa-
nied by MAs. Following acute social defeat stress, their calcium
transients became more frequent, resulting in increased MAs dur-
ing NREMs and suppression of REMs. In addition, opto- and
chemogenetic activation of LC-NE neurons similarly disrupted
sleep, and inhibiting LC-NE neurons attenuated the stress-
induced MAs. Using a genetically encoded NE sensor, we found
that NE is released in the POA in a brain state–dependent man-
ner, and inhibiting LC-NE projections to the POA after stress
increased REMs. Using optrode recordings, we found that stimu-
lating LC-NE fibers in the POA suppressed the activity of
REMs-active neurons. Our findings suggest a mechanism by
which stress-activated LC-NE neurons projecting to the POA
contribute to stress-induced sleep disturbances.

Results

The Activity of LC-NE Neurons Rhythmically Fluctuates during
NREMs. To monitor the population activity of LC-NE neurons
during spontaneous sleep, we injected adeno-associated viruses
(AAVs) with Cre-dependent expression of the genetically encoded
calcium indicator GCaMP6s into the LC of dopamine beta-
hydroxylase (DBH)-Cre mice and implanted an optic fiber to
measure the calcium-dependent fluorescence using fiber photome-
try (Fig. 1A and SI Appendix, Fig. S1A). Calcium imaging
together with EEG and electromyography (EMG) recordings
revealed that LC-NE neurons are most active during wakefulness,
less active during NREMs, and nearly silent during REMs (Fig. 1
B and C; P = 0.0005, 0.0007, 0.0006 for NREM versus REM,
NREM versus wake, and REM versus wake, respectively; detailed
statistical results are shown in SI Appendix, Table S1), as previ-
ously described (55, 57–60). During NREMs, we found that the
LC-NE activity fluctuated on an infraslow timescale of tens of sec-
onds (Fig. 1B). Previous studies showed that the EEG sigma (10.
5 to 16 Hz) power displays a salient infraslow oscillation during
NREMs (46, 61, 62). Consistent with these reports, the infraslow
oscillation was more pronounced in the sigma than in the delta
range (SI Appendix, Fig. S1 B and C; P = 5.972e�14). We tested
whether the rhythmic fluctuations in the LC-NE activity during
NREMs are correlated with this infraslow rhythm and found that
the power spectral densities (PSDs) of both the ΔF/F signal and
the sigma power peaked at comparable frequencies, 0.017 ±
0.005 Hz (mean ± SEM) and 0.015 ± 0.005 Hz, respectively
(Fig. 1D). The LC-NE activity was strongly negatively correlated
with the sigma power during NREMs (P < 0.001), and the
LC-NE activity was highest at the trough of the infraslow oscilla-
tion in sigma power (Fig. 1 E and F). Compared with the delta
(0.5 to 4.5 Hz) and theta (6 to 9 Hz) powers, the negative correla-
tion was strongest for the sigma power (Fig. 1F; P < 1.155e�12).
Thus, LC-NE neurons are periodically activated during NREMs,
and the infraslow fluctuation in their activity is negatively corre-
lated with the EEG sigma power.
In addition, we observed that MAs (wake periods �20 s) were

often accompanied by large, regularly occurring transients in the
LC-NE calcium activity (Fig. 1B and SI Appendix, Fig. S1D), and
the calcium signal started significantly increasing 1 s before the
MA onset (Fig. 1G; P = 0.034). 27.203 ± 0.029% of LC-NE
calcium transients during NREMs overlapped with MAs, while

during the remaining transients, NREMs was not interrupted.
The ΔF/F increase was higher when it coincided with an MA (SI
Appendix, Fig. S1E; P = 1.032e�14). MAs are short arousal
bouts, which are characterized by a low-amplitude EEG and
increased muscle tone (63–65). To test to what extent MAs differ
from wakefulness and NREMs, we performed spectral analysis of
the EEG and EMG signals (SI Appendix, Fig. S1 F and G). The
delta power (0.5 to 4.5 Hz) during MAs was significantly higher
than during wake episodes, but lower than during NREMs (SI
Appendix, Fig. S1G; P < 0.001 for MA versus NREM and MA
versus wake). The high-frequency gamma power (45 to 100 Hz)
during MAs was significantly lower than during NREMs and
wakefulness (SI Appendix, Fig. S1G; P = 0.005, 0.001 for MA
versus NREM and MA versus wake). The EMG amplitude dur-
ing MAs lay in between that during NREMs and wake (SI
Appendix, Fig. S1G; P = 0.002, 0.023 for MA versus NREM and
MA versus wake). Thus, MAs represent a unique state differing in
its spectral features from NREMs and wake.

Next, we analyzed the LC-NE activity during NREMs preced-
ing a transition to wake or REMs. We found that the LC-NE
activity was lower during NREMs before a transition to REMs
than to wake (SI Appendix, Fig. S1H; P = 9.094e�10), indicating
that the LC-NE activity during NREMs before state transitions
differs depending on whether the mouse transitions to REMs or
wakefulness. Since LC neurons are activated during wake and to
a lesser degree during NREMs, we wondered whether their activ-
ity gradually changes between two successive REMs episodes
(inter-REM interval). We compressed each inter-REM interval
to unit duration before averaging the LC-NE activity over multi-
ple inter-REM intervals and across multiple mice. The activity
was highest at the beginning of the interval and significantly
decreased throughout the interval (SI Appendix, Fig. S1I; R =
�0.210, P = 4.697e�27). When we analyzed the activity dur-
ing NREMs and wake states separately throughout the inter-
REM interval, the activity significantly decreased during NREMs
but increased during wakefulness (SI Appendix, Fig. S1J; R =
�0.478, 0.366, P < 0.001, < 0.001 for NREMs and wake).
Thus, in addition to the salient modulation on the infraslow
timescale, the LC activity fluctuates on the ultradian timescale in
synchrony with the sleep cycle.

Acute Social Defeat Stress Leads to Frequent Activation of
LC-NE Neurons during NREMs. We then investigated how acute
social defeat stress affects the sleep architecture and activity of
LC-NE neurons (Fig. 1H). We performed fiber photometry base-
line recordings of these neurons. On the stress day, the experimental
mouse was exposed to an aggressive CD1 mouse for physical attacks
and subsequently stayed in the cage of the CD1 mouse with a per-
forated wall placed in between them, which prevented physical con-
tact, but still allowed for sensory interaction. First, we examined
how the acute social defeat stress changed the overall sleep architec-
ture (SI Appendix, Fig. S2 A–C). The total time spent in NREMs
and REMs during the 4-h recording sessions was significantly
reduced due to a reduction in the frequency and duration of
episodes, while the percentage of wakefulness was significantly
elevated (SI Appendix, Fig. S2 A–C; P < 0.001, < 0.001, <
0.001 for percentage; P = 0.003, < 0.001, 0.007 for duration;
P = 0.013, < 0.001, 0.006 for frequency of NREMs, REMs,
and wake). During NREMs, the number of MAs was signifi-
cantly increased, resulting in fragmented sleep with a reduced
duration of NREMs bouts (Fig. 1I and SI Appendix, Fig. S2A;
P = 6.404e�5, 0.003 for MA and duration). Furthermore, the
frequency of spindles during NREMs (spindles were detected in
the frontal EEG, SI Appendix, Fig. S2D), a major contributor to
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the EEG sigma power (66), and the EEG sigma power were signif-
icantly decreased, while the delta power in the frontal EEG was
increased after stress (Fig. 1J and SI Appendix, Fig. S2E, P =
0.0003 for spindle, P = 0.004, 0.007 for frontal and parietal sigma,
respectively, P = 0.046 for frontal delta). The strength of the infra-
slow oscillation in the sigma power was significantly decreased (Fig.
1K; P = 0.006), suggesting that acute social defeat stress weakens
the infraslow rhythm during NREMs. The stress-induced reduc-
tion in the spindle and increase of the MA frequency during
NREMs may contribute to the suppression of REMs (45, 67).
Second, we examined whether stress exposure leads to

changes in the LC-NE activity. During NREMs, the number
of LC-NE calcium transients and the probability that they
coincide with MAs was significantly enhanced after stress (Fig.
1L and SI Appendix, Fig. S1D; P = 0.0001, 0.009 for transients
and probability, respectively). Consistent with the reduced
strength of the sigma power oscillation, the infraslow fluctua-
tion of the LC-NE neuron activity was reduced after stress

(Fig. 1M; P = 0.006). To test whether exposure to another
mouse in general influences the activity of LC neurons, we per-
formed fiber photometry recordings, while another C57BL/6
mouse stayed on the other side of the wall in the same cage
with the experimental mouse (SI Appendix, Fig. S2F). The
number of MAs and spindles, the amplitude of the infraslow
oscillation, the number of LC-NE neuron calcium transients,
and the modulation of the ΔF/F activity were not affected (SI
Appendix, Fig. S2 G–K), while the amount of NREMs was
slightly increased and that of wake was decreased compared
with the baseline recordings (SI Appendix, Fig. S2 L–N; P =
0.004, 0.002 for NREM and wake, respectively). These find-
ings suggest that exposure to a new mouse alone does not
significantly alter the LC-NE activity during sleep.

LC-NE Neurons Promote MAs and Suppress REMs. Fiber pho-
tometry recordings revealed an activation of the LC-NE neurons
during MAs. To test the causal relationship between LC-NE
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Fig. 1. LC-NE neurons are activated during
spontaneous NREMs and after stress. (A)
Top, Schematic of fiber photometry with
simultaneous EEG and EMG recordings.
Mouse brain figure adapted from the Allen
Mouse Brain Atlas (# 2015 Allen Institute
for Brain Science). Bottom, Fluorescence
image of LC in a DBH-Cre mouse with AAV-
FLEX-GCaMP6s injected into the LC. Scale
bar, 250 μm. (B) Top, Example fiber photom-
etry recording. Shown are parietal EEG spec-
trogram, EMG traces, color-coded brain
states, and ΔF/F signal. Bottom, Parietal EEG
spectrogram, brain states, EEG sigma power
(10.5 to 16 Hz, green, parietal EEG), phase of
EEG sigma power, and calcium signal during
a selected interval (dashed box) at an
expanded timescale. The filtered sigma
power (dashed line) was used to determine
the phase of the sigma power oscillation
(middle). Freq, frequency. (C) Non-
normalized and Z scored ΔF/F activity during
REMs, wake, and NREMs. Bars, averages
across mice; lines, individual mice; error
bars, SEMs. One-way RM ANOVA followed by
pairwise t tests with Bonferroni correction,
***P < 0.001. n = 22 mice. (D) Normalized
PSD of sigma power in the parietal EEG and
calcium activity during NREMs. The PSD for
both signals was calculated only for consoli-
dated bouts of NREMs (NREMs episodes
�120 s, only interrupted by MAs [i.e., wake
episodes � 20 s]) and normalized for each
animal by its mean power. Shadings, SEMs.
(E) Average calcium activity during a single
cycle of the sigma power oscillation in the
parietal EEG. Each sigma power cycle
was normalized in time, ranging from �π to
π rad. Shadings, SEMs. (F) Cross-correlation
between calcium activity and parietal EEG
delta, theta, or sigma power during NREMs.
Shadings, SEMs. (G) Calcium activity changes,
parietal EEG and EMG traces, EEG spectro-
gram, and EMG amplitude at the transition
to MAs. Shadings, SEMs. (H) Top, Schematic
illustrating fiber photometry for baseline
sleep recordings (Left) and the acute social
defeat paradigm (Right). The experimental
mouse (black mouse) was first exposed to a
CD1 mouse (white mouse). Afterward, a fiber

photometry recording was performed in the experimental mouse while staying in the cage of the CD1 mouse, with a perforated wall placed between them. Bottom,
Fiber photometry recordings during baseline recordings (Left) and after acute social defeat stress (Right). (I) Number of MAs during NREMs for the 4-h recording.
(J) Number of sleep spindles during NREMs. Spindles were detected in the frontal EEG. (K) Left, Normalized PSD of the parietal EEG sigma power during NREMs.
Shadings, 95% confidence intervals (CIs). Right, Strength of infraslow sigma power oscillation. (L) Left, Number of calcium transients during NREMs. Right, Proportion
of calcium transients coinciding with MAs. The algorithm for the detection of calcium transients is described in SI Appendix, Fig. S1D. (M) Left, Normalized PSD of the
calcium activity during NREMs. Right, Strength of the infraslow calcium activity oscillation. (I–M) Bars, averages across mice; lines, individual mice; error bars, SEMs.
Paired t tests; **P < 0.01; ***P < 0.001. n = 10 mice (SI Appendix, Figs. S1 and S2 and Table S1).
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neuron activity and MAs, we optogenetically activated LC-NE
neurons for short periods of time. DBH-Cre mice were injected
with AAV-double-floxed inverted open-reading frame-channelrho-
dopsin-2-enhanced yellow fluorescent protein (AAV-DIO-ChR2-
EYFP) into the LC (Fig. 2A and SI Appendix, Fig. S3A).
Stimulating LC-NE neurons for 5 or 20 s (3 Hz) significantly
increased the percentage of MAs during the laser interval, while
decreasing NREMs and REMs (Fig. 2 B–D; P = 0.001, < 0.001
for MA, P = 0.002, < 0.001 for NREMs, P = 0.004, 0.001 for
REMs, P = 0.275, 0.001 for wake). A 20-s stimulation also
increased wakefulness, but to a lesser degree than MAs (SI
Appendix, Fig. S3F; P = 7.089e�7, 20.176 ± 1.955% increase in
MAs, and 6.048 ± 1.304% increase in wake). To exclude that the
increase in MAs was only an effect of the short stimulation inter-
val, we also stimulated these neurons for longer periods. A 120-s
stimulation also increased the percentage of MAs at the beginning
of the laser interval, but did not promote long wake episodes (Fig.
2 C and D; P = 0.002, 0.374 for MA and wake, respectively).
Regardless of the total laser stimulation duration (5, 20, or 120 s),
the distribution of the wake bout durations peaked at ∼5 s (Fig.
2F). Furthermore, LC-NE stimulation completely suppressed
REMs throughout the entire laser stimulation period (Fig. 2 C
and D; P = 0.004, 0.001, <0.001 for 5-, 20-, and 120-s stimula-
tion, respectively). In control mice expressing EYFP in the LC-NE
neurons, laser stimulation had no significant effect on the brain

state (SI Appendix, Figs. S3 B–D), and the laser-induced changes
in MAs (5-, 20-, and 120-s stimulation), REMs (5, 20, and
120 s), NREMs (5 and 20 s), and wake (20 s) were significantly
different between the EYFP and ChR2 groups (SI Appendix, Fig.
S3F; P < 0.001, P < 0.001, P = 0.046 for MAs; P = 0.02,
0.002, 0,001 for REMs; P = 0.001, P < 0.001, P = 0.810 for
NREMs; P = 0.298, 0.006, 0.265 for wake in 5-, 20-, and 120-s
stimulation). Moreover, photoactivation decreased the number of
spindles during the entire laser period in the ChR2 but not in the
EYFP group (Fig. 2E and SI Appendix, Fig. S3E; P < 0.001 in
ChR2, P > 0.664 in EYFP), similar to previous studies (44, 58,
59, 68). We observed that during spontaneous sleep, the number
of spindles increased before MAs and sharply decreased during the
MAs (Fig. 2G; P = 2e�6, 0.001 for before and during MAs,
respectively). EEG spectral analysis revealed that stimulation in the
ChR2 group for 120 s (3 Hz) significantly suppressed the sigma
and theta powers and increased the delta power in the parietal and
frontal EEG during NREMs, whereas EYFP control mice did not
show any significant changes (SI Appendix, Fig. S3 G and H; P =
0.04, < 0.001 for delta, P < 0.001 for theta and sigma of parietal
and frontal EEG in ChR2; P > 0.412 in EYFP). When tyrosine
hydroxylase (TH)-Cre mice were used for optogenetic experiments,
laser stimulation promoted sustained wake episodes more strongly
than was observed for LC stimulation in DBH-Cre mice (SI
Appendix, Fig. S4I, P = 0.001, < 0.001, < 0.001 for 5-, 20-, and
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Fig. 2. LC-NE neuron activation promotes
MAs and suppresses spindles and REMs.
(A) Left, Schematic of optogenetic experiment.
Right, fluorescence image of LC in a DBH-Cre
mouse, with AAV-DIO-ChR2-eYFP injected
into the LC. Scale bar, 200 μm. (B) Example
trial. Shown are parietal EEG spectrogram,
EMG traces, color-coded brain states, and
EEG and EMG raw traces during selected
periods (dashed boxes) on an expanded
timescale. Blue shading, laser stimulation
interval (3 Hz for 20 s). (C) Percentage of
wake, NREMs, REMs, or MAs before and dur-
ing laser stimulation (3 Hz, 5-, 20-, or 120-s
stimulation). The duration of the baseline
interval without laser was equal to that of
the following laser interval. n = 8 to 12 mice.
(D) Percentage of time spent in wake, NREMs,
REMs, or MAs before, during, and after laser
stimulation (blue shading), averaged from 8
to 12 mice. Shadings, 95% CIs. (E) Effect of
laser stimulation on the number of spindles
during NREMs. Spindles were detected in the
frontal EEG. Shadings, 95% CIs. (F) Normal-
ized histogram of the duration of episodes
scored as MA (�20 s) or wake (>20 s). Shad-
ings, 95% CIs. The area under the curve is 1.
(G) Number of spindles at the MA onset dur-
ing spontaneous NREMs. Spindles were
detected in the frontal EEG. Shadings, 95%
CIs. (H) Schematic of chemogenetic activation
experiment. Left, Coronal diagram of mouse
brain. Center, Fluorescence image of LC in a
DBH-Cre mouse injected with AAV-DIO-
mCherry or AAV-DIO-hM3DGq-mCherry (red)
into the LC. Scale bar, 500 μm. Right, Intraper-
itoneal (IP) injection of saline (SAL) or CNO
(1 mg/kg) followed by EEG and EMG recordings.
(I) Example SAL (top) and CNO (bottom) session

from one hM3DGq mouse. Shown are parietal EEG spectrogram, EMG traces, color-coded brain states, and parietal EEG and EMG traces during selected peri-
ods (dashed boxes) on an expanded timescale. (J) Number of MAs during NREMs for the 4-h recording following SAL or CNO injection in mCherry and
hM3DGq mice. n = 8 to 9 mice. (K) Probability of NREMs to MA transitions during the peak and trough of the sigma power oscillation and difference of the
probability between trough and peak following SAL or CNO injection. (L) Number of spindles during NREMs following SAL or CNO injection. Spindles were
detected in the frontal EEG. (M) Left, PSDs of the sigma power in the parietal EEG during NREMs following SAL or CNO injection. For each mouse, the spectral
density was normalized by its mean power. Shadings, 95% CIs. Right, Strength of the sigma power oscillation. (N) Percentage of time in wake, NREMs, or REMs
following SAL or CNO injection. (C, J–N) Bars, averages across mice; lines, individual mice; error bars, SEMs. Paired t tests for (C) and mixed ANOVA with
Bonferroni correction for (J–N); *P < 0.05; **P < 0.01; ***P < 0.001 (SI Appendix, Figs. S3–S5 and Table S1).
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120-s stimulation, respectively), which is likely attributable to the
nonspecific expression of Cre-recombinase in non-NE cells in the
LC and neighboring regions (69) (see Discussion). Taken together,
our optogenetic activation experiments in DBH-Cre mice showed
that LC-NE neuron stimulation promotes MAs regardless of the
duration of laser stimulation, while strongly suppressing sleep spin-
dles and REMs.
In a complementary experiment, we chemogenetically excited

LC-NE neurons to further probe their role in the regulation
of MAs. We injected AAVs encoding the excitatory designer
receptors exclusively activated by designer drugs (DREADD),
hM3DGq-mCherry (AAV-DIO-hM3DGq-mCherry), or mCherry
(AAV-DIO-mCherry) into the LC of DBH-Cre mice (Fig. 2H).
Immunohistochemical staining confirmed the specificity of
mCherry expression (SI Appendix, Fig. S5A). Injection of the ago-
nist clozapine-N-oxide (CNO) significantly increased the number
of MAs during NREMs in hM3DGq mice (Fig. 2 I and J; P =
0.034). Previous studies reported that high doses of CNO have
an effect on various sleep parameters (47, 70–72), an effect likely
resulting from the back metabolism of CNO to clozapine or off-
target effects, and we therefore directly compared the effect of
CNO between the mCherry and hM3DGq groups. The increase
in the frequency of MAs in hM3DGq mice was also significant
when compared with that in mCherry mice injected with CNO
(Fig. 2J; P = 0.035). MAs preferentially occur at the trough of
the sigma power, where mice are more susceptible to wake up in
response to external stimulation (46, 73). To quantify how
strongly their occurrence is modulated by the phase of the infra-
slow rhythm, we calculated the proportion of MAs occurring dur-
ing the trough or peak phase of the EEG sigma power. The larger
the difference between these two values, the stronger the phase
coupling of MAs. CNO injection reduced the phase coupling of
MAs in hM3DGq mice compared with that in mCherry mice,
suggesting that when LC-NE neurons are activated, the occur-
rence of MAs is less strongly coupled to the phase of the infraslow
oscillation (Fig. 2K; P = 0.005). In addition, we found that
CNO injection significantly decreased the number of spindles
and the strength of the infraslow rhythm (Fig. 2 L and M; P =
0.016, < 0.001 for spindles and strength), which may cause the
weakened phase coupling of MAs (Fig. 2K). Furthermore,

LC-NE activation significantly suppressed REMs by decreasing
the frequency of REMs episodes (Fig. 2N and SI Appendix, Fig.
S5 B and C; P < 0.001, 0.001 for percentage and frequency).
The overall time spent in wakefulness and NREMs was not sig-
nificantly changed (Fig. 2N). EEG spectral analysis showed that
similar to LC-NE optogenetic stimulation, chemogenetic stimula-
tion significantly suppressed the sigma power and increased the
delta power in the parietal and frontal EEG during NREMs (SI
Appendix, Fig. S5D; P = 0.015, 0.009 for delta, P = 0.046,
0.011 for sigma in parietal and frontal EEG). Taken together, we
found that both chemo- and optogenetic LC-NE activation pro-
mote MAs, while decreasing sleep spindles and suppressing transi-
tions to REMs.

LC-NE Neuron Inhibition Reduces MAs and Increases Sleep
Spindles during NREMs after Stress. To test whether inactivating
LC-NE neurons reduces MAs during spontaneous sleep and allevi-
ates stress-induced sleep disturbances, DBH-Cre mice were injected
with AAVs encoding either mCherry or the inhibitory DREADD
receptor hM4DGi-mCherry (AAV-DIO-mCherry or AAV-DIO-
hM4DGi-mCherry). CNO was injected before baseline sleep
recordings or after acute social defeat stress directly followed by sleep
recordings (Fig. 3A). During the baseline recordings, LC-NE inhibi-
tion decreased the number of MAs (Fig. 3C; P = 0.007), resulting
in an increased duration of NREMs episodes (SI Appendix, Fig.
S6A; P = 0.019), but did not affect the proportion of MAs occur-
ring during the peak or trough phase of the sigma power (Fig. 3D).

Stress significantly increased the number of MAs in mCherry
mice (Fig. 3C; P < 0.001). However, LC-NE inhibition after
stress exposure significantly lowered the number of MAs to lev-
els comparable with those during spontaneous sleep (Fig. 3 B
and C; mCherry-stress versus hM4DGi-stress P = 0.008,
hM4DGi-stress versus hM4DGi-base P = 0.185), and con-
sequently increased the duration of NREMs episodes (SI
Appendix, Fig. S6A; mCherry-stress versus hM4DGi-stress, P =
0.013). Similar to the effects of chemogenetic activation, stress
significantly weakened the phase coupling of MAs in mCherry
mice (SI Appendix, Fig. S6B; P = 0.002). In contrast, in
hM4DGi mice, CNO injection restored the phase coupling
after stress (Fig. 3E and SI Appendix, Fig. S6C; mCherry-stress
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Fig. 3. Inhibiting LC-NE neurons after stress reduces MAs and increases spindles. (A) Left, Schematic depicting injection of AAV-DIO-hM4DGi-mCherry or
AAV-DIO-mCherry into the LC. Right, Schematic of pharmacogenetic inhibition experiment combined with acute social defeat stress. For baseline, mice were
injected with CNO before the sleep recording (Top). On the stress day, mice were exposed to acute social defeat stress and then injected with CNO. Immedi-
ately afterward, their sleep was recorded, while they were separated from the CD1 mouse by a perforated wall (Bottom). (B) Example session from mCherry
(Left) or hM4DGi mouse (Right) injected with CNO after stress. Shown are parietal EEG power spectra, EMG traces, and color-coded brain states. (C) Number
of MAs during NREMs following CNO injection (2.5 or 5 mg/kg, IP) in mCherry and hM4DGi mice during the 4-h baseline recordings and after stress. n = 16
mCherry and 14 hM4DGi mice. (D) Probability of NREMs to MA transitions during the peak and trough of the sigma power oscillation and the difference in
the probability between trough and peak in baseline recordings following CNO injection. Bars, averages across mice; error bars, SEMs. (E) Probability of
NREMs to MA transitions, depending on the phase of the sigma power oscillation in mCherry and hM4DGi mice after stress following CNO injection. Bars,
averages across mice; error bars, SEMs. t tests; *P < 0.05. (F) Number of spindles during NREMs of baseline and stress recordings in mCherry and hM4DGi
mice following CNO injection. Spindles were detected in the frontal EEG. (G) Percentage of time in wake, NREMs, or REMs during baseline and stress record-
ings in mCherry and hM4DGi mice following CNO injection. (C, F, and G) Bars, averages across mice; dots, individual mice; error bars, SEMs. Mixed ANOVA
followed by pairwise t tests with Bonferroni correction; *P < 0.05; **P < 0.01; ***P < 0.001 (SI Appendix, Fig. S6 and Table S1).
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versus hM4DGi-stress, P = 0.032). Furthermore, while inhibit-
ing LC-NE neurons did not change the number of spindles
during spontaneous sleep, it significantly elevated them after
stress compared with mCherry mice (Fig. 3F; mCherry-stress
versus hM4DGi-stress P = 0.005). In addition, LC-NE
hM4DGi mice displayed significantly higher EEG sigma power
compared with mCherry mice after stress (SI Appendix, Fig.
S6D; P < 0.001 in parietal and frontal EEGs). Inhibiting
LC-NE neurons during baseline and after stress suppressed the
strength of the infraslow fluctuation and shifted the peak to a
lower frequency corresponding to a slower infraslow oscillation,
which in turn may result in fewer MAs (SI Appendix, Fig. S6E;
P = 1.942e�5, 0.037 for strength, P = 0.0002, 0.004 for peak
frequencies).
The overall amount of time spent in wake, NREMs, and REMs

during spontaneous sleep and sleep after stress exposure was not
altered by LC-NE inhibition (Fig. 3G). Thus, while LC-NE activ-
ity does not control the overall time spent in each brain state, it
plays an important role in regulating the frequency and timing of
MAs as well as sleep spindles during NREMs after stress exposure
and thereby affects the overall sleep quality.

NE Release in the POA Promotes MAs While Suppressing REMs.
Previous in vitro studies showed that putative sleep cells in the
POA characterized by the presence of low threshold spikes are
inhibited by NE application (74, 75). However, it is unknown
whether NE is released in the POA during sleep in vivo. To
examine NE release in the POA, we expressed the genetically
encoded sensor GRABNE (76) in POA neurons and implanted an
optic fiber for fiber photometry (Fig. 4A and SI Appendix, Fig.
S7A). The NE levels were highest during wake, lower during
NREMs, and lowest during REMs (Fig. 4 B and C; P = 0.0001,
0.0005, 0.0001 for NREM versus REM, NREM versus wake,
and REM versus wake). During NREMs, the NE levels were
negatively correlated with the sigma power (Fig. 4 B, D, and E;
P < 0.001), similar to the activity of LC-NE neurons (Fig. 1F).
Next, we tested how activation of the LC-NE projections to

the POA (NELC!POA) affects the brain state (Fig. 4F). We
injected AAVs expressing ChR2-EYFP into the LC of DBH-Cre
mice and implanted an optic fiber into the POA (SI Appendix,
Fig. S7B). Optogenetic activation of the LC-NE fibers in the
POA (3 Hz for 20 s, 5 Hz for 20 s, and 5 Hz for 120 s) increased
the percentage of MAs, while decreasing REMs and NREMs
(Fig. 4 G–I; P = 0.002, < 0.001, 0.019 for MA, P = 0.006,
0.016, 0.001 for REMs, P = 0.002, 0.002, 0.127 for NREMs
after 3 Hz for 20 s, 5 Hz for 20 s, and 5 Hz for 120 s stimula-
tion). The number of spindles was significantly decreased by laser
stimulation (Fig. 4J; P < 0.001, < 0.001, 0.018). In EYFP con-
trol mice, laser stimulation had no significant effect on the brain
state and spindles (SI Appendix, Fig. S7 D–G). In addition, we
chemogenetically activated the NELC!POA neurons by injecting
AAVs with high retrograde efficiency encoding hM3DGq-mCherry
(AAV-retro-DIO-hM3DGq-mCherry) or mCherry (AAV-retro-
DIO-mCherry) into the POA of DBH-Cre mice (Fig. 4K). Fol-
lowing CNO injection, the frequency of MAs was significantly
increased, while the phase coupling of MAs and the number of
spindles were decreased in retro-hM3DGq mice compared with
that in retro-mCherry mice similar to the effects found with the
chemogenetic activation of LC neurons (Fig. 4 L–O; P = 0.027,
< 0.001, < 0.001 for MAs, coupling, and spindles, respectively).
CNO reduced the strength of the infraslow rhythm only within
the retro-hM3DGq group, but not when compared with the
mCherry group injected with CNO (SI Appendix, Fig. S7H;
hM3DGq-SAL versus hM3DGq-CNO, P = 0.005) suggesting

that the projection of LC-NE neurons to the POA plays only a
minor role in this process. In addition, CNO injection signifi-
cantly suppressed REMs without affecting the amount of wakeful-
ness and NREMs in retro-hM3DGq mice compared with that in
retro-mCherry mice (Fig. 4P; mCherry-CNO versus hM3DGq-
CNO P = 1.000, 1.000, < 0.001, hM3DGq-SAL versus
hM3DGq-CNO P = 0.115, 0.044, < 0.001 for wake, NREMs,
and REMs, respectively). The duration of NREMs episodes was
decreased, while their frequency was elevated (SI Appendix, Fig.
S7I; P = 0.018, 0.003 for duration and frequency, respectively).
The reduction in REMs was caused by a reduced frequency in
REMs episodes (SI Appendix, Fig. S7I; P < 0.001). Thus,
NELC!POA projections alter the sleep quality by preventing tran-
sitions to REMs, suppressing sleep spindles, and fragmenting
NREMs through an increased number of MAs.

To identify the presynaptic inputs specifically regulating the
activity of the NELC!POA neurons, we mapped their monosyn-
aptic inputs by cell-type-specific tracing the relationship
between input and output (SI Appendix, Fig. S8A) (77, 78).
We found green fluorescent protein–labeled presynaptic neu-
rons in multiple brain regions (SI Appendix, Fig. S8B). Interest-
ingly, 30.8 ± 5.0% of inputs came from the medulla, whereas
other brain regions known to innervate LC-NE neurons, such
as the amygdala and hypothalamus, provided relatively minor
inputs (7.2 ± 1.0% and 17.5 ± 2.0%). Inhibition of the
REMs-suppressing NELC!POA neurons by presynaptic medulla
neurons may contribute to the REMs-promoting effect observed
for the activation of ventral medulla GABAergic neurons (79).

Inhibiting LC-NE Neurons Projecting to the POA after Stress
Decreases MAs and Increases REMs and Sleep Spindles. To
test whether inhibiting the LC-NE neurons projecting to the
POA (NELC!POA) alleviates stress-induced sleep disturbances, we
chemogenetically inhibited them during spontaneous sleep and
after acute social defeat stress (Fig. 5A). AAV-retro-DIO-mCherry
or AAV-retro-DIO-hM4DGi-mCherry was injected into the
POA of DBH-Cre mice. The number of MAs and their depen-
dence on the phase of the sigma power was not altered by
NELC!POA inhibition during baseline sleep (Fig. 5 C and D).
Stress significantly increased the number of MAs (Fig. 5C; P =
0.024) and shortened NREMs bouts in mCherry mice (SI
Appendix, Fig. S6F; P = 0.01). NELC!POA inhibition after stress
led to a significant decrease in the number of MAs (Fig. 5 B and
C; retro-mCherry-stress versus retro-hM4DGi-stress P = 0.048).
NELC!POA inhibition after stress significantly strengthened the
coupling of MAs to the infraslow rhythm (Fig. 5E; P < 0.001).
During NREMs after stress, the number of spindles was decreased
in mCherry mice, and this decrease was reversed by NELC!POA

inhibition to levels comparable with spontaneous sleep (Fig. 5F;
retro-mCherry-base versus retro-mCherry-stress P = 0.049, retro-
mCherry-stress versus retro-hM4DGi-stress P = 0.048, retro-
hM4DGi-base versus retro-hM4DGi-stress P = 1.000).
NELC!POA inhibition during baseline and after stress did not
affect the strength of the infraslow fluctuations in the sigma
power (SI Appendix, Fig. S6G). NELC!POA inhibition signifi-
cantly increased REMs after stress when compared with the
mCherry group (Fig. 5G; retro-mCherry-stress versus retro-
hM4DGi-stress P = 0.013). Together, these findings suggest that
the activity of NELC!POA contributes to the stress-induced
changes in REMs, MAs, and sleep spindles following stress.

LC-NE Projections Regulate REMs-Active Cells in the POA. Pre-
vious studies revealed the existence of neurons in the POA that
are most strongly activated during REMs (R-max), in addition
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to NREMs- and wake-active neurons (48, 52, 80). To specifi-
cally test whether the R-max neurons are inhibited by the NE
projections to the POA and whether their activity changes dur-
ing sleep, we performed optrode recordings in the POA. AAV-
DIO-ChR2 was injected into the LC of DBH-Cre mice and an
optrode was implanted into the POA to determine the brain
state–dependent activity of POA neurons and to probe whether
their spiking was significantly modulated by NELC!POA

fiber
stimulation (Fig. 6A). Laser pulse trains (5- or 10-Hz pulses,
5 s per train) were applied every 3 to 5 min to identify single
units exhibiting significant laser-evoked increases or decreases
in their activity during the laser interval.

We recorded a total of 137 single units from 16 mice: 43.8%
were most active during REMs (R-max), 12.4% showed highest
activity during NREMs (NR-max), and 24.1% fired most during
wake (W-max); 19.7% of the cells were not modulated by
the brain state (SI Appendix, Fig. S9 A–E; 60, 17, 33, and
27 cells/137 total cells, respectively). We further divided R-max
cells into neurons that were more active during NREMs than
wake (R-NR) or vice versa (R-W) (SI Appendix, Fig. S9 B and C).
We then investigated whether these different types of POA neu-
rons are differentially modulated by NELC!POA

fiber stimulation.
Optogenetic stimulation of NELC!POA

fibers significantly
decreased the firing rates during the laser interval in 32.8% of
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Fig. 4. NELC!POA activation promotes
MAs and suppresses spindles and REMs.
(A) Left, Schematic of fiber photometry
recordings to monitor NE levels in the
POA using the GRABNE sensor. Right, Fluo-
rescence image of POA in a mouse
injected with AAV-GRABNE3 into the POA.
Scale bar, 250 μm. (B) Top, Example fiber
photometry recording. Shown are parie-
tal EEG spectrogram, EMG traces, color-
coded brain states, and ΔF/F signal. Bot-
tom, Brain states, EEG sigma power (10.5
to 16 Hz, green, parietal EEG), phase of
EEG sigma power, and calcium signal dur-
ing a selected interval (dashed box) at an
expanded timescale. The filtered sigma
power (dashed line) was used to deter-
mine the phase of the sigma power oscil-
lation (middle). (C) Non-normalized and Z
scored ΔF/F activity during REMs, wake,
and NREMs. Bars, averages across mice;
lines, individual mice; error bars, SEMs.
One-way RM ANOVA followed by pairwise
t tests with Bonferroni correction; ***P <
0.001. n = 9 mice. (D) Average calcium
activity during a single cycle of the sigma
power oscillation. Each sigma power cycle
was normalized in time, ranging from �π
to π rad. Shadings, SEMs. (E) Cross-
correlation between calcium activity and
parietal EEG delta, theta, or sigma power
during NREMs. Shadings, SEMs. (F) Left,
Schematic of optogenetic experiment for
stimulating axonal projections of LC-NE
neurons in the POA. Right, Fluorescence
image of POA in a DBH-Cre mouse
injected with AAV-DIO-ChR2-eYFP into the
LC and an optic fiber implanted into the
POA. Scale bar, 200 μm. (G) Example trial.
Shown are parietal EEG spectrogram,
EMG traces, color-coded brain states, and
EEG and EMG traces during selected peri-
ods (dashed boxes) on an expanded
timescale. Blue shading, laser stimulation
interval (3 Hz for 20 s). (H) Percentage of
wake, NREMs, REMs, or MAs before and
during laser stimulation (3 Hz for 20-s, 5
Hz for 20-s, or 5 Hz for 120-s stimulation).
n = 7 mice. (I) Percentage of wake,
NREMs, REMs, or MAs before, during, and
after laser stimulation (blue shading),
averaged across 7 mice. Shadings, 95%
CIs. (J) Effect of laser stimulation on the
number of spindles during NREMs.
Shadings, 95% CIs. Spindles were detected
in the frontal EEG. (K) Schematic of

pharmacogenetic activation experiment to target NE neurons projecting to the POA. Left, Sagittal and coronal diagrams of mouse brain, fluorescence image
of LC in a DBH-Cre mouse injected with AAV-retro-DIO-mCherry or AAV-retro-DIO-hM3DGq-mCherry (red) into the POA. 80.5 ± 2.5% of mCherry cells were
found in the LC (186/233 cells, n = 3 mice). Scale bar, 250 μm. Right, Schematic depicting sleep recording following SAL or CNO (1 mg/kg) injection. (L) Example
SAL (Left) and CNO (Right) session from one retro-hM3DGq mouse. (M) Number of MAs during NREMs for the 4-h recording following SAL or CNO injection in
retro-mCherry and retro-hM3DGq mice. n = 6 mice. (N) Probability of NREMs to MA transitions during the peak and trough of the sigma power oscillation,
and the difference in the probability between trough and peak following SAL or CNO injection. (O) Number of spindles during NREMs following SAL or CNO
injection. Spindles were detected in the frontal EEG. (P) Percentage of time in wake, NREMs, or REMs following SAL or CNO injection. (H, M–P) Bars, averages
across mice; lines, individual mice; error bars, SEMs. Paired t tests for (H) and mixed ANOVA with Bonferroni correction for (M-P); *P < 0.05; **P < 0.01;
***P < 0.001 (SI Appendix, Figs. S7 and S8 and Table S1).
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the recorded POA neurons and excited the activity in 12.4% of
neurons (Fig. 6 B and C and SI Appendix, Fig. S9 F and G; 45
and 17/137 cells). The firing rates of the inhibited POA popu-
lation were on average highest during REMs, followed by
NREMs and wake (Fig. 6 D–F; P = 0.019, 0.0001, 0.0008 for
REM versus NREM, REM versus wake. and NREM versus
wake, respectively). Individually, 23 units were classified as
R-max neurons, 11 units as NR-max, and 5 units as W-max
neurons (Fig. 6 G and H and SI Appendix, Fig. S9 H and I).
Among the 23 R-max cells, the majority (20 cells) were R-NR
cells whose firing rates were positively correlated with the EEG
theta and sigma powers during NREMs (Fig. 6 F and G; P =
2.360e�13, 1.318e�12 for theta and sigma, respectively). In
addition, we found that their firing rates were significantly
increased during sleep spindles (detected from the parietal
EEG, SI Appendix, Fig. S9L) and decreased during MAs
(Fig. 6G; P = 0.000001, < 0.001 for spindles and MAs, respec-
tively). Interestingly, NR-max cells were only part of the inhib-
ited POA population and their firing rates were positively
correlated with the delta, theta, and sigma power (Fig. 6H; P =
0.0005, 0.0005, 0.0004 for delta, theta, and sigma, respec-
tively). Their activity was not significantly modulated by sleep
spindles, but decreased during MAs (Fig. 6H; P = 0.417,
0.0002 for spindles and MAs, respectively).
The average activity of the population of excited units was

higher during REMs and wake than during NREMs (Fig. 6
I–K; P = 0.0008, 0.611, 0.0003, for REM versus NREM,
REM versus wake, and NREM versus wake, respectively). Indi-
vidually, 8 cells were W-max, 6 cells were R-max, and the
remaining 3 cells were not significantly modulated by the brain
state (Fig. 6 L and M and SI Appendix, Fig. S9 J and K). All of
the R-max cells were classified as R-W cells. The firing rates of
the excited W-max cells were negatively correlated with the
theta and sigma powers during NREMs (Fig. 6 K and L; P =
0.003, 0.0001 for theta and sigma, respectively). In contrast to
NR-max and R-NR units, the activity of W-max and R-W cells
was not significantly modulated by sleep spindles (Fig. 6 L and
M), but significantly increased during MAs (P = 0.003, 0.046
for W-max and R-W cells, respectively). Thus, among R-max
cells, R-NR and R-W cells form two distinct subgroups based

on their activity profile during NREMs. R-NR neurons were
largely overrepresented in the POA population inhibited by
NELC!POA fiber stimulation, and their inhibition may lead to
the suppression of REMs after stress. In contrast, excitation of
the R-W and W-max units by the LC may contribute to the
stress-induced increase in MAs.

Discussion

Combining opto- and chemogenetic manipulation, in vivo cal-
cium imaging, and electrophysiology with an acute social defeat
stress paradigm in mice, we have identified a pathway for
stress-induced sleep disturbances. We found that the calcium
activity of LC-NE neurons rhythmically fluctuates during
NREMs, and an increase in their activity during NREMs often
preceded MAs (Fig. 1). Acute social defeat stress reduced the
overall amount of sleep and deteriorated its quality characterized
by frequent MAs during NREMs, which were reflected in an
increased number of LC-NE calcium transients during NREMs
(Fig. 1). Chemo- and optogenetic stimulation of LC-NE neurons
similarly caused an increase in MAs during NREMs and sup-
pressed REMs and sleep spindles (Fig. 2). Inhibiting LC-NE neu-
rons attenuated the stress-induced increase in MAs and reduction
of spindles (Fig. 3). Using a genetically encoded NE sensor, we
showed that NE is released in the POA during sleep (Fig. 4).
Inactivating the axonal projections of the LC-NE neurons to the
POA after stress decreased MAs and increased the amount of
REMs and the frequency of spindles (Fig. 5). Optrode recordings
demonstrated that LC-NE neurons projecting to the POA inhibit
R-NR-active neurons (Fig. 6). Our results suggest that stress-
induced sleep disturbances are partially mediated by the LC-NE
projection to the POA.

LC-NE Activity during Sleep after Acute Social Defeat Stress.
The role of LC-NE neurons in regulating wake-related behav-
iors has been extensively investigated [reviewed by Poe et al.
(30)]. Previous studies as well as ours have demonstrated that
LC-NE neurons are most active during wakefulness, but are
also activated during sleep (40, 55, 57–59, 81). The activity of
LC-NE neurons during sleep has been shown to be important
for sensory evoked awakenings, regulation of sleep spindles,
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Mixed ANOVA followed by pairwise t tests with Bonferroni correction; *P < 0.05; **P < 0.01 (SI Appendix, Fig. S6 and Table S1).
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Fig. 6. Impact of NELC!POA axonal stimulation in the activity of POA neurons. (A) Schematic of optrode recordings to examine activity changes of POA neurons
upon NELC!POA axonal stimulation. AAV-DIO-ChR2-eYFP was injected into the LC of a DBH-Cre mouse and an optrode was implanted into the POA, to record
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laser stimulation. Right, Principal components (PC1 and PC2) of the spike waveforms. (D) Firing rates of 45 inhibited neurons during different brain states.
Left, Pie chart showing the distribution of different subtypes within the inhibited units. Based on their brain state–dependent activity, units were subdivided
into NR-max (NR), W-max (W), R-NR, R-W cells, and units not modulated by the brain state. Right, Average activity of inhibited units during REMs, NREMs, and
wake; gray bars, averages across units; lines, individual units; error bars, SEMs. (E) Top, Spike raster showing multiple laser stimulation trials (10 Hz, 10 ms,
5 s). Bottom, Firing rates before, during, and after laser stimulation. Shadings, SEMs. (F) Firing rates of an example unit suppressed by NELC!POA laser stimu-
lation. Shown are parietal EEG spectrogram, EMG traces, and color-coded brain states and the firing rates. (G) R-NR neurons that were significantly inhibited
by NELC!POA stimulation. Left, Firing rates during different brain states. Gray bars, averages across units; lines, individual units; error bars, SEMs. Center Left,
Cross-correlation between firing rates and parietal EEG delta, theta, or sigma power during NREMs. Shadings, 95% CIs. Center Right, Average firing rate dur-
ing sleep spindles. 0 s corresponds to the sleep spindle onset. Spindles were detected in the parietal EEG. Shadings, SEMs. Right, Average firing rate during
MAs. 0 s corresponds to the MA onset. Shadings, ±SEMs. (H) NR-max neurons that were significantly inhibited by NELC!POA stimulations. (I) Firing rates of
17 excited neurons during different brain states. Left, Pie chart showing the distribution of different subtypes within the excited units. Right, Average activity
of excited units during REMs, NREMs, and wake. (J) Top, Spike raster showing multiple laser stimulation trials (10 Hz, 10 ms, 5 s). Bottom, Firing rates before,
during, and after laser stimulation. (K) Firing rates of an example unit excited by NELC!POA laser stimulation. (L) W-max neurons that were significantly
excited by NELC!POA stimulations. (M) R-W neurons that were significantly excited by NELC!POA stimulations. (D and I) Wilcoxon signed rank test with
Bonferroni correction; *P < 0.05; ***P < 0.001 (SI Appendix, Fig. S9 and Table S1).
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and cortical up/down states (36, 44, 57–59, 81, 82). Our find-
ings corroborate that LC neurons are activated during NREMs,
and, importantly, demonstrate that stressful experiences involv-
ing social conflict influence the subsequent activity of LC neu-
rons during sleep. Similar to the REMs-suppressing GABAergic
neurons in the ventrolateral periaqueductal gray (83), the LC
activity is lower before transitions to REMs than to wakeful-
ness, and therefore the heightened number of LC calcium tran-
sients after stress exposure may prevent the neural activity to
drop sufficiently low to allow for transitions to REMs. The ele-
vated number of peaks in the LC activity during sleep led to an
increased frequency of MAs, which in turn likely affects overall
sleep quality. MAs occur in rodents and humans during sleep,
and their frequency is inversely correlated with sleep depth
(63–65, 73, 84–86) and the propensity to enter REMs (67).

Activation of LC-NE Neurons Promotes MAs. Opto- and chemo-
genetic stimulation of LC-NE neurons induced MAs, while having
little effect on promoting long wake episodes (Fig. 2). Behavioral
and electrophysiological analysis suggests that MAs are distinct
from sustained wake periods; their EEG high-frequency gamma
power is reduced compared to wake, and cortical neurons show a
different firing pattern during MAs (64, 65). This suggests that the
circuits underlying sustained wake and MAs may differ from one
another. Our finding that LC activation reliably triggers MAs indi-
cates that the LC may be an integral part of the network regulating
the induction and frequency of MAs during sleep. Previous studies
showed that opto- or chemogenetic stimulation of the LC triggered
immediate arousals from sleep (58, 68) and promoted wakefulness
(55, 87–89). The strong wake-promoting effect of LC stimulation
in these latter studies may be attributed to the usage of TH-Cre
mice. Ectopic transgene expression driven by the TH promoter
have been previously described in TH-Cre mice (90–93). A recent
study systematically compared TH-Cre and DBH-Cre mice for
transgene expression in the LC and nearby regions and found non-
specific labeling of non-noradrenergic neurons in TH-Cre mice
(69), and TH-expressing cells in the dorsal raphe and parabrachial
nucleus adjacent to the LC have been shown to be strongly wake
promoting (94–96) (SI Appendix, Fig. S4A).
Our findings show that chemogenetic LC inhibition decreased

MAs and thereby increased the duration of NREMs episodes
without changing the overall time spent in sleep and wakefulness.
Studies lesioning the LC or genetically ablating DBH in the brain
found either no changes in the overall sleep architecture (97–100)
or an increase in NREMs (101–103) [reviewed by Ouyang et al.
(103)]. Opto- and chemogenetic inhibition of the LC using
TH-Cre mice and knockdown of DBH in the LC led to an
increase in NREMs during the dark phase (55, 87, 104). The
number of MAs is higher during the dark phase (73), and it
remains to be investigated whether LC neurons differentially reg-
ulate MAs and wakefulness depending on the circadian phase.
Simultaneous lesion of cholinergic, histaminergic, and noradren-
ergic neurons did not change the total amount of wakefulness,
but did result in more consolidated NREMs bouts, suggesting
that these neuromodulatory neurons play an important role in
regulating the sleep microarchitecture, but not the overall amount
of sleep (97).
Inhibiting LC-NE neurons after stress exposure effectively

attenuated the stress-induced MA increase. Our data suggest
that changes in the LC activity during sleep underlie decreased
sleep quality after stressful experiences. The neural mechanisms
by which stressful events lead to more frequent calcium transi-
ents of LC neurons during sleep remain to be elucidated. Acute
social stress in rats has been shown to shift the LC activity toward

a high tonic state characterized by an increased spontaneous dis-
charge rate (42). We speculate that similar mechanisms underlie
the observed changes in the LC activity and MAs during sleep
following stress exposure.

The Role of LC-NE Innervation to the POA. Our results demon-
strate an important role of the NE projections to the POA in reg-
ulating REMs, likely through the suppression of R-NR-active
neurons in the POA. c-Fos immunohistochemistry and lesion
studies suggested an important role of the POA in REMs control
and homeostasis (49, 105, 106). In addition, POA GABAergic
neurons projecting to the tuberomammillary nucleus (TMN) are
REMs-active and REMs-promoting, and their activity during
NREMs is positively correlated with the EEG theta and sigma
powers (48), similar to the properties of the R-NR-active cells
that were inhibited by NELC!POA fiber stimulation (Fig. 6).

NELC!POA
fiber stimulation activates neurons that are active

during wakefulness or both wakefulness and REMs. Glutamater-
gic neurons in the POA have been shown to be activated after
stress (107), and optogenetically activating POA glutamatergic
neurons projecting to the TMN strongly promotes wakefulness
(48). We therefore speculate that POA neurons excited by
NELC!POA

fiber stimulation are glutamatergic. In an animal
model of stress-induced insomnia, both sleep-promoting areas
such as the POA and wake-regulatory regions, including the
TMN and LC, have been found to be simultaneously activated
based on c-Fos immunohistochemistry (43). However, the spe-
cific cell types of the c-Fos-labeled POA neurons are unknown,
which makes it difficult to determine whether sleep- or wake-
active neurons became activated given that they are intermingled
within this region (48). Uncovering the genetic identity of POA
neurons that are either excited or inhibited by NELC!POA

fiber
stimulation or stress will greatly facilitate selective targeting of
these neurons for further circuit analysis and elucidate how vari-
ous aspects of sleep are affected by stress.

Infraslow Oscillation of LC Activity and Sleep Fragility after
Stress. In mice, the infraslow oscillation in sigma power modu-
lates the arousal threshold during NREMs (46). During the
falling phase of the infraslow oscillation, mice easily wake up in
response to external stimuli, whereas they tend to sleep through
during the rising phase (46, 73). The LC becomes activated
during the falling phase, likely rendering this NREMs substage
more fragile, as increased LC activity has been demonstrated to
underlie awakenings from sleep by external stimuli (58). The
increased number of calcium transients after stress likely further
destabilizes sleep, reflected in the increased number of MAs and
the weakened strength of the infraslow modulation. In humans,
the changing levels of arousability from sleep are also reflected in
different EEG/polysomnography patterns (108, 109), and people
with insomnia show an increased sensitivity to wake up in
response to auditory stimuli (110). Patients with PTSD also
exhibit frequent arousals during sleep and suffer from reduced
sleep efficiency (111, 112). Increased NE levels in the cerebrospi-
nal fluid of PTSD patients (113) are indicative of heightened
LC activity, and high plasma NE levels during sleep are nega-
tively correlated with sleep efficiency (114). The inverse agonist
for the alpha 1 adrenergic receptor prazosin is known to improve
sleep in PTSD patients (115). These results further support a cru-
cial role of NE in regulating arousal thresholds during sleep after
stress. We speculate that the stress-induced changes in the infra-
slow LC dynamics during sleep may mechanistically contribute
to the sleep disturbances often observed in patients with insomnia
or PTSD (8, 116).
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Together, our results provide important insights into the
neural circuit mechanisms by which changes in the sleep-
dependent activity of LC neurons and their projections to the
POA impair sleep quality. Understanding the molecular mecha-
nisms underlying the altered dynamics of LC neurons after
stress may provide targets for pharmaceutical interventions to
cure stress-related psychiatric disorders.

Materials and Methods

The SI Appendix includes detailed methods. DBH-Cre mice and TH-Cre mice were
used. All of the procedures were approved by Institutional Animal Care and Use
Committees of the University of Pennsylvania and were done in accordance with the
federal regulations and guidelines on animal experimentation (National Institutes of
Health Offices of Laboratory Animal Welfare Policy). For sleep recordings, EEG and
EMG signals were recorded using an RHD2132 amplifier (Intan Technologies) con-
nected to the RHD USB Interface Board (Intan Technologies). For fiber photometry,
we used a Tucker-Davis Technologies RZ5P amplifier. For optogenetic stimulation,
light pulses were generated by a blue laser (473nm, Laserglow) and sent through
the optic fiber (ThorLabs) that connects to the ferrule on the mouse head. At the end
of the experiment, mice were deeply anesthetized and transcardially perfused with
phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in PBS for subse-
quent histology to confirm virus expression and optic fiber placement.

Data, Materials, and Software Availability. The code used for data analy-
sis is publicly available from https://github.com/tortugar/Lab (117).

The data in this study are included as SI Appendix, Dataset S1.
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