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SUMMARY

During wakefulness, pupil diameter can reflect
changes in attention, vigilance, and cortical states.
How pupil size relates to cortical activity during
sleep, however, remains unknown. Pupillometry dur-
ing natural sleep is inherently challenging since the
eyelids are usually closed. Here, we present a novel
head-fixed sleep paradigm in combination with
infrared back-illumination pupillometry (iBip) allow-
ing robust tracking of pupil diameter in sleeping
mice. We found that pupil size can be used as a reli-
able indicator of sleep states and that cortical activity
becomes tightly coupled to pupil size fluctuations
during non-rapid eye movement (NREM) sleep.
Pharmacological blocking experiments indicate that
the observed pupil size changes during sleep are
mediated via the parasympathetic system. We
furthermore found that constrictions of the pupil dur-
ing NREM episodes might play a protective role for
stability of sleep depth. These findings reveal a
fundamental relationship between cortical activity
and pupil size, which has so far been hidden behind
closed eyelids.

INTRODUCTION

Fluctuations in cortical states may determine learning efficiency,
impact performance, and predict decisions [1-3]. Electrophysio-
logical measurements, such as electrocorticograms (ECoGs),
are reliable indicators of different cortical states and have as
such been used to determine optimal conditions for sensory
processing or cognitive performance [4]. Other physiological
measurements, such as pupilometry, can be used as a non-inva-
sive proxy for tracking vigilance states during behavior. Varia-
tions in pupil size can predict arousal [5], vigilance levels [6],
and emotional responses [7] and reveal choice inclinations [8].
Due to its inexpensive and simple methodology, pupilometry
has attracted not only the interest of neuroscientists, but also
that of market researchers, athletes, and engineers. It became
as such the focus for the development of practical applications,
such as drowsiness detection while driving [9], fatigue [10],
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and mental health assessments [11] or affective state classifica-
tion [12].

More recently, studies in rodents and non-human primates
have investigated interactions between cortical states and pupil
diameter and found a close coupling during quiet wakefulness
[13-15]. Follow-up studies combining optical imaging, electro-
physiology, and modeling revealed that the link between brain
activity and pupil diameter might be modulated by noradrenergic
and cholinergic systems [16] and confirmed the occurrence of
transient periods for optimal sensory processing.

Given the existing link between pupil size and cortical states
during wakefulness, we asked whether a similar relationship per-
sists during sleep. Changes in cortical states are very prominent
during different sleep phases, while cognition- and sensory-
related processes are strongly reduced. Would the pupil thus still
fluctuate and what kind of changes would these fluctuations be
related to during sleep? Might the pupil play a specific functional
role, disturbance of which might interfere with sleep? In this
study, we combined a novel approach allowing pupillometry in
head-fixed naturally sleeping mice together with electrophysi-
ology and pharmacology to find the answers to these questions.

RESULTS

Head-Fixed Sleeping Paradigm

The main challenge for pupil tracking during natural sleep is that
mice often close their eyes, incline their head, or curl up (Figures
1A and 1B). Since pupil tracking is greatly facilitated during
head-fixation as compared to freely moving conditions [17], we
developed a setting allowing mice to fall asleep under head-fixed
conditions. Using X-ray-based posture analysis, we adjusted the
head angle and body position to mimic the body’s natural posi-
tion observed during quiet wakefulness and sleep (Figures 1B,
1C, and S1A; STAR Methods). Mice were gradually habituated
to sleep in this position within 7 days in sound- and light-isolated
boxes. ECoGs and electromyography (EMG; STAR Methods) of
the neck muscle were used to monitor and quantify sleep states
(Figure 1E). Recordings started while mice were awake and
lasted up to 4 hr, most of which was spent in non-rapid eye
movement (NREM) sleep with intermittent periods of rapid-eye
movement (REM) sleep and wakefulness (awake) (Figure 1E).
Similarly to sleeping mice in freely moving conditions [18, 19]
(Figures S1B and S1C), awake states were characterized by
high-amplitude, continuous EMG activity and high-frequency,
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Figure 1. Head Fixed Sleep and iBip Pupil Tracking

(A) X-ray images of a naturally sleeping mouse in a curled-up position.
(B) Position of a sitting mouse during natural sleep.

(C) Head-fixed mouse with a head angle of 30 degrees.

(D) Front-view schematics of the infrared back-illumination pupillometry (iBip) pupil-tracking system. The 940 nm infrared light-emitting diode (LED) is placed
above the skull, which allows the bright LED light to penetrate the head and back-illuminate the pupils.

(E) Top row: power spectrogram of M1 ECoG signal during awake, non-rapid eye movement (NREM) sleep, and rapid eye movement (REM) sleep states. Second
row: a close-up of the ECoG and electromyography (EMG) signals during awake, NREM, and REM states. Third row: ECoG signal and pupil diameter during
different cortical states. Data are from a habituated head-fixed mouse. The pupil diameter data are missing due to eye blinks at the beginning or end of REM

periods.

(F) Images of pupil with infrared back illumination in awake, NREM and REM states.

See also Figures S1 and S2 and Movie S1.

low-amplitude oscillations in the ECoG signal. NREM sleep was
defined by high-amplitude ECoG and low or absent EMG activ-
ity. REM sleep was characterized by prominent ~7 Hz oscilla-
tions in the ECoG signal and complete disappearance of EMG
activity (Figure 1E). Surprisingly, we found that head-fixed mice
consistently sleep with their eyelids partially or fully open (Fig-
ure 1F), which allowed us to have access to the pupil diameter
during continuous, natural-like sleep. Thus, we found that mice
are able to sleep under head-fixed conditions, showing sleep
patterns comparable to natural sleep under freely moving condi-
tions (Figures S1B and S1C), yet with open eyelids [19, 20].

High-Contrast Infrared Back-Illumination Pupillometry
To enhance the contrast of the pupil for reliable tracking during
head-fixed sleep, we developed infrared back-illumination pu-
pillometry (iBip; see STAR Methods). For iBip, a 940 nm LED light
source was placed on the skull of the mouse above frontal cor-
tex, thereby illuminating the structures inside the head including
the brain and the back of the eyes. When we imaged the eyes
with infrared video cameras, the pupils appeared brightly illumi-
nated (Figure 1F; Movie S1) and allowed reliable high-contrast
tracking of their diameter and movement dynamics during natu-
ral sleep (Figures 1E, S2A, and S2B).

Pupil Size as an Identifier of Awake and Sleep Brain
States

We first asked whether pupil diameter is qualitatively different
during different sleep states. The average distribution of pupil
size in darkness revealed that during the awake state, the pupil
remains dilated most of the time (Figure 2A). During REM sleep
(Figure S2B; Movie S1), it remains mostly constricted, whereas
during NREM sleep, the pupil’s diameter continually oscillates
between small and large (Figure 2A). Plotting the median diam-
eter versus its distribution width for each session yields three
clearly separable clusters of points each corresponding to one
of the three brain states (Figure 2A). Indeed, a K-means clus-
tering analysis correctly partitioned 46 out of the 48 points into
three sleep state categories.

The latter result implies that pupil size can be used as areliable
signal for brain state identification during sleep. To explicitly test
this, we trained a neural network machine learning algorithm by
providing the pupil diameter signal to its input layer and the sleep
state label, identified based on the characteristics of corre-
sponding ECoG and EMG signals, to the output layer. Each
training trial consisted of a 100 s chunk of data, and we trained
the neural network separately for each session by including da-
tasets from all sessions but that one. The data of the remaining
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Figure 2. Pupil Size Fluctuations in Different Sleep States and Its Coupling to Brain Oscillations

(A) Left: median distribution (shaded regions are quartiles) of pupil diameter during REM, NREM, and awake states (n = 16 sessions). The pupil diameter has been
normalized to its maximum recorded value in each experimental session. Insets show the location probability of the pupil’s contour in one representative session
for each state separately. Right: median pupil diameter versus its distribution width (the middle range containing 95% of the data points) of the 16 sessions.
(B) Top: ECoG recording of an example session with the identified sleep states based on delta, theta, and EMG power classification criteria (see STAR Methods
for details). Bottom: predicted sleep states based on the pupil diameter recording (red trace) of the same session using a trained neural network algorithm (see
STAR Methods for details). Note that the episodes marked in white include mixed NREM and awake bouts shorter than 100 s and were therefore excluded.
(C) Exampile session illustrating co-fluctuations of pupil size (red) and the Hilbert amplitude of ECoG oscillations in the alpha frequency band depicted in gray and
its low-passed trace (denoted as alpha amplitude) in black.

(D) Mean (+SEM) Pearson’s correlation between ECoG oscillatory magnitude of each frequency band and pupil diameter (n = 16 sessions) and the corresponding
correlation lags, where negative values indicate that changes in oscillation size lead changes in pupil size. “p < 0.01, **p < 0.001 (Student’s t test, Bonferroni
corrected).

(E) Left: mean (+SEM) variance accounted for between measured and predicted pupil size based on ECoG oscillations of each frequency band. Right: example
session comparing the measured pupil size (red) to the fitted (top) and predicted (bottom) pupil size with a general linear model using alpha amplitude as a
regressor.

See also Figure S2 and STAR Methods for details.

session was used to evaluate prediction accuracy. In this gest coupling is observed for the alpha (7 to 14 Hz) and beta (15
manner, the learned classification based on pupil diameter to 30 Hz) frequency bands (Figure 2D) in the NREM sleep state,
correctly predicted all three sleep states (Figure 2B) more often  where brain oscillations and pupil diameter are inversely corre-
than expected by chance (REM: 58%, NREM: 96%, awake: lated. Analysis at finer frequency resolution showed that peak
95%; REM: p = 0.016, NREM: p < 0.001, awake: p < 0.001, Wil-  negative correlation occurs in the spindle band (12 to 14 Hz; Fig-
coxon signed-rank test). These results reveal that pupil size dur- ure S2C). Positive correlations were only found in the high-
ing natural sleep is a reliable identifier of different sleep states. gamma band (60 to 100 Hz) and were similar in all three states.

Brain oscillation changes led in time the changes in pupil size
Co-variation of Pupil Size and Brain Oscillations as indicated by the negative cross-correlation lags (Figure 2D).
Temporal changes in pupil size were previously found to be To assess how steady these correlations are throughout a ses-
tightly coupled to oscillations in bandlimited EEG power in sion in the different sleep states, we tested whether the oscilla-
awake animals [14-16]. We therefore asked whether such tion amplitude can actually be used to predict pupil size (n =5
coupling is also present during sleep and how it differs between  mice). For each session, low-pass-filtered ECoG oscillation am-
the different brain states. In order to test this, we looked at the plitudes were scaled to fit the pupil signal, and the fitted param-
correlation between pupillary activity and traditional brain eters were cross-validated on separate data of the same session
rhythms [21-24]. Striking co-fluctuations of pupil size and ampli-  (see STAR Methods). Surprisingly, only magnitude fluctuations
tudes of bandlimited ECoG oscillations were indeed observed in  of low-frequency oscillations (alpha and beta bands) during
sleeping mice (Figure 2C). This analysis revealed that the stron- NREM sleep could reliably predict changes in pupil diameter
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Figure 3. Mechanisms Underlying Coupling of Pupil Diameter and Brain Activity
A) Schematics of the regulation of pupil size in relation to cortex through sympathetic and parasympathetic pathways (adapted from [28]).

C) Pupillary oscillations in intact and dapiprazole-instilled eyes in NREM sleep.
D) Pupillary oscillations in intact and tropicamide-instilled eyes in NREM sleep.
(E) Pupil size comparison of the eyes in baseline, dapiprazole-instilled, and tropicamide-instilled conditions in NREM sleep. Colored dots correspond to individual
NREM bouts, and black dots are means (+SEM) of binned data (ten equally sized bins between the minimum and maximum size of the control pupil).

(F) Cross-correlation of the pupil diameters in opposing eyes in NREM sleep in baseline, dapiprazole-instilled, and tropicamide-instilled conditions.

(G) Cross-correlation of pupil diameter and the alpha power in the contralateral M1 in control, dapiprazole-instilled, and tropicamide-instilled conditions.

(
(B) Pupillary oscillations in both eyes in baseline condition in NREM sleep.
(
(

See also Figure S3 and Movie S1.

(Figure 2E). Peak prediction accuracy was again observed to
occur in the spindle band when the analysis was performed at
a finer frequency resolution (Figure S2D). Given the inverse cor-
relation, it follows that during NREM sleep, increases in the size
of low-frequency brain oscillations predict pupil constrictions,
and decreases predict pupil dilations. These two phenomena
seem to reflect the fragile and deep sub-states of NREM sleep
[25], respectively. These results also reveal that the covariation
of cortical oscillations and pupil diameter is stronger during sleep
as compared to the awake condition (Figure 2D) [14-16]. The
fluctuations of pupil size and amplitude of ECoG oscillations
were found to be periodic, with an infra-slow modulation fre-
quency ranging from 0.01 to 0.02 Hz (Figures S2E-S2G). These
infra-slow modulations have been shown to affect not only
cortical activity, but also heartbeat [25, 26]. We indeed found
that the changes in pupil diameter were positively correlated
with changes in heart rate during NREM periods (Figure S3).

Mechanisms of Pupil Size Control in Sleep

During wakefulness, the pupil diameter is driven by an equilib-
rium of the sympathetic and parasympathetic systems [27].
Whereas the parasympathetic pathway mediates the constric-
tion of the pupil during relaxation and upon light illumination, pu-

pil dilations during arousal or locomotion are mediated by the
sympathetic system. In wakefulness, the sympathetic changes
are closely coupled to cortical oscillations and are correlated
with fluctuations in noradrenergic and cholinergic afferents
[16]. The question therefore arises, is it the parasympathetic or
the sympathetic system that mediates the tight coupling be-
tween pupil size and cortical states that we found to occur during
sleep?

To assess their respective roles, we pharmacologically
blocked the action of each of these two pathways at the level of
the pupil. The sympathetic pathway was blocked by using an
adrenergic alpha-1 receptor antagonist (dapiprazole), and the
parasympathetic input to the pupil was inhibited by a cholinergic
antagonist (tropicamide; Figure 3A). The drugs were applied to a
single eye before the beginning of the sleep session, and the
other eye was used as simultaneous control. To assess the effect
of the drugs, we compared the correlation between ECoG in
the alpha power band and pupil size in the NREM sleep state,
which was found to be the most prominent co-fluctuation that
exists between brain oscillations and pupil dynamics (Figure 2).

Under natural conditions, the pupils of the two eyes co-varied
and were both correlated with the ECoG alpha power (Figures
3B, 3E, and 3G). Blocking the sympathetic afferents by
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Figure 4. Potential Role of Pupillary Constrictions during NREM Sleep

(A) Schematics of the light-stimulation experiment.

100 s

-10 0 10 20 30

Time(s) from light stimulation

(B) Pupil size traces of the drugged and control eyes with EMG and bandlimited ECoG power signals in a typical stimulation experiment. 1-s-long light stimulations

are marked with green vertical bars on the pupil diameter traces.

(C) EMG activity at the time of light stimulation (two animals, 11 sessions, 196 control and 207 drugged-eye stimulation trials, mean [+SEM] in C—F).
(D-F) Delta (D), alpha (E), and gamma (F) power change at the time of light stimulation.

application of dapiprazole led to a reduction of the maximum
pupil diameter (Figures 3C-3F; p < 107, Student’s t test) but
did not significantly change the correlation with the control eye
pupil size (Figure 3F; p = 0.61, Student’s t test) or with the power
of alpha oscillations (Figure 3G; p = 0.41). In contrast, blocking
the parasympathetic drive by tropicamide application dilated
the pupil and removed its prominent fluctuations during NREM
sleep (Figures 3D and 3F; p < 10~°). More importantly, tropica-
mide treatment abolished the coupling that existed between
pupil size and cortical activity (Figure 3G; p < 0.001). These re-
sults suggest that fluctuations in pupil diameter during sleep
are mainly driven by the parasympathetic pathway.

As an independent measurement of the parasympathetic
drive, we also monitored the heart rate (extracted from the
EMG signal; see STAR Methods). We found that pupil diameter
and heart rate are positively correlated during NREM sleep (Fig-
ure S3). These findings complement previous reports showing
that heart rate is correlated with parasympathetic modulation
and also with cortical activity during NREM sleep [25, 26, 29].

Potential Function of Pupil Size Changes during Sleep

Might the observed pupil size fluctuations be playing a functional
role during sleep? For instance, could pupil constriction be
acting as a protector from visual stimuli in order to preserve
the stability of deep sleep? In order to investigate the potential
protective function of pupil constrictions, we artificially dilated
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one pupil with tropicamide, while leaving the other pupil intact
as a control. The control pupil also allowed us to monitor the
depth of NREM sleep (Figure 2). We then stimulated either the
eye with the dilated pupil or the control eye with 1-s-long flashes
of light (510 nm, 90 uW) at the moment of putative deepest
NREM sleep (i.e., at local minima of control pupil diameter and
high alpha and delta power; see STAR Methods) [25] (Figure 4A).
We simultaneously monitored the pupil diameters of both eyes,
as well as EMG and ECoG activity (Figure 4B).

As expected, we found that briefly illuminating the control
pupil caused a pupillary light reflex (Figure 4B), yet it only had
a minor effect on the sleep state (Figures 4B-4F, red trace). In
contrast, when the dilated pupil was illuminated with equal
amounts of light, the animals showed robust signs of change in
sleep states (Figures 4B-4F, blue trace). Besides the expected
light-reflex-related constriction of the contra-lateral control
pupil, the light stimulus triggered a sharp decrease in ECoG delta
(Figure 4D; p < 1075, Student’s t test) and alpha (Figure 4E,
p < 107'% power, whereas it provoked significant increases in
power in the high-gamma range (Figure 4F; p < 1074 and EMG
activity (Figure 4C; p < 0.001, Wilcoxon rank-sum test). Given
that high power in alpha and delta oscillations are associated
with NREM sleep whereas high gamma power is associated
with arousal [21], we conclude that light stimulation resulted in
an arousal-like state change. These changes are reminiscent of
state transitions toward arousal induced by brief optogenetic



manipulations [20, 30, 31]. Taken together, these results indicate
that sleep states are altered differently upon sudden illumination
depending on pupil size. We thus suggest that sustained pupil
constrictions during deep sleep might have a protective role pre-
venting light-induced wake-up.

DISCUSSION

Our study reveals that pupil size is dynamic during sleep and
tightly coupled to the different sleep states. The deeper the
sleep, the more the pupil constricts. This coupling is primarily
mediated via the parasympathetic system and might provide a
protective function by blocking visual input during deep sleep.

Pupil diameter and cortical states have been shown to be
coupled to various degrees during wakefulness [13-15]. In our
study, we show that cortico-pupillary coupling is enhanced dur-
ing NREM compared to awake or REM states (Figure 2). We find
that this correlation is strongest and negative in the alpha band
(7 to 14 Hz, with a peak in the spindle band) and positive at higher
frequencies (60 to 100 Hz) of cortical activity. This is consistent
with previous reports during awake states in which the low alpha
band (2 to 10 Hz) best predicted the decrease in sensory discrim-
ination performance [15]. It is also reminiscent of recent reports
in which slow fluctuations in the sigma range (10 to 15 Hz) were
identified to best predict the depth and stability of NREM sleep
[25, 32]. In the context of sleep versus wakefulness, this might
also explain a higher correlation in our study compared to previ-
ous findings. We speculate that this tight coupling during sleep is
not only due to the absence of external stimuli or locomotion, but
is also related to the strong cyclical fluctuations of various
neuronal and physiological parameters during NREM sleep,
imposing a broad synchronicity on many processes.

The slow fluctuations in the ~0.01 to 0.02 Hz range found to
pattern the alpha rhythm and pupil diameter during NREM sleep
have previously been described across several species and
brain regions. These infra-slow oscillations have been termed
“cyclic alternating patterns” in humans [33], but they have also
been found modulating the 10 to 15 Hz power in mice [25], the
hippocampal EEG rhythms [34, 35], and activity in locus coeru-
leus neurons during sleep in mice [36]. Similar fluctuations and
coupling with the pupil diameter have been reported during ure-
thane anesthesia in rats [37]. Due to its ease of implementation
and cost efficiency, monitoring pupil diameter with iBip thus pro-
vides a non-invasive and reliable handle (Figures 2A, 2B, and
S2A) to this ultra-slow rhythm, facilitating the identification of
sleep stages or fragility periods during natural sleep.

One of the potential origins of such infra-slow oscillations
might be the suprachiasmatic nucleus (SCN) of the hypothala-
mus. The SCN shows prominent ~0.01 to 0.02 Hz oscillations
[38, 39] and is connected to the main modulatory systems [40],
which might alter cortical activity [16]. The SCN also has a direct
and reciprocal connection with the pretectal nucleus (PTN)
[41, 42], where the infra-slow oscillations are also observed
[41-44] (Figure 3A). This pathway would provide a direct link to
the parasympathetic modulation of the pupil via the Edinger-
Westphal and the ciliary ganglion (Figure 3A). Alternatively, the
thalamus has been suggested to modulate not only slow oscilla-
tions [45], but also alpha- and spindle-range activity in the cortex
[46, 47]. Thalamic nuclei have been shown to oscillate at an infra-

slow rate [48] and to take part in maintaining the oscillations in
SCN-PTN loop that impact pupillary constrictions [43]. More-
over, cholinergic activation of thalamic nuclei is reported to
induce alpha rhythms [49]. Further experiments including
subcortical recordings during sleep could reveal more about
the role of different structures in generating infra-slow rhythms
in the cortex and pupil size.

Blocking the sympathetic pathway with dapiprazole (an alpha
adrenergic receptor antagonist) did not abolish the fluctuations
or the correlation with ECoG oscillations (Figures 3C, 3F, and
3G). In contrast, tropicamide, a cholinergic blocker inhibiting
the parasympathetic pathway to the pupil, significantly reduced
the pupillary fluctuations and uncoupled them from the ECoG
activity (Figures 3C, 3F, and 3G). Furthermore, we show that
changes in the parasympathetically modulated heart rate [29]
correlate positively to the pupillary oscillations in NREM sleep.
These findings suggest that the observed dynamics of pupil
diameter are not mediated by a decrease in sympathetic tone
in the dilator muscle, but rather are mediated by an increase in
the parasympathetic drive, causing an active pupil constriction
during periods of deep sleep. Whether the cholinergic modula-
tion of the pupil during NREM sleep is local or whether similar
afferents can also affect other circuits, including the cortex, will
have to be addressed in future experiments. The cholinergic
tone in the brain is believed to be increase mostly during awake
and REM states, yet there are reports of basal forebrain activity
also in NREM sleep [50, 51].

How well these findings are applicable to other species,
including humans, is not yet clear. Coupling of cortical activity
and heart rhythm during sleep has been shown to be different
in mice and humans [25, 26]. Also, blocking the parasympathetic
input to the pupil was not sufficient to maintain complete dila-
tions during sleep in children [52]. We can speculate that these
inter-species differences might be due to differences in the bal-
ance of parasympathetic versus sympathetic drive during sleep
or to different levels of baseline activity in autonomously regu-
lated effector organs. The exact mechanism of how opposing
autonomous systems act during sleep in both species remains
an intriguing question for future sleep research.

This study was made possible by the fact that head-fixed mice
can show an incomplete closure of their eyelids during natural
sleep (nocturnal lagophthalmos). In humans, lagophthalmos
can be caused by various conditions, including facial palsy
(damage of the seventh nerve [53]). The reasons and mecha-
nisms why this occurs in head-fixed sleeping mice are currently
unclear. Anecdotally, we observed that the lagophtalmos
decreased over weeks of repeated sleep sessions in some
mice and might therefore be related to the habituation of the
imposed body position. To reliably measure the pupil diameter
during partial eyelid closure, we developed iBip. This technique
was inspired by pupil tracking during in vivo two-photon calcium
imaging, where the infrared light from the Ti Sapphire laser used
for fluorophore excitation illuminates the back of the eyes [54].
The simplicity and low cost of iBip will most likely facilitate reli-
able pupil tracking in future studies during sleep and awake con-
ditions. If used with higher frame rate (>60 Hz), iBip is ideally
suited to track the eye movement dynamics during REM sleep
(Figure S2B; Movie S1). Eye movements during tonic and phasic
REM periods have been shown to have neural and muscular
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correlates in adult and developing mammals [55-57]. Currently,
the state-of-the-art rodent eye-tracking systems include im-
planted coils or electrodes around the eye area [57, 58]. Our
technique would therefore provide a simple and noninvasive
alternative for REM sleep studies.

Finally, we provide the first evidence for the protective role of
pupil constrictions during sleep. Although eyelids have primarily
a protective function, they still transmit light sufficiently [59] to
cause changes in cortical states [60]. Light stimulus into the
pharmacologically dilated eye during NREM sleep resulted in a
change in ECoG and EMG signals that were similar to state tran-
sitions toward arousal induced by brief optogenetic manipula-
tions [20, 30, 31] (Figures 4D-4F). In contrast, light stimulation
to the control eye had only a minor effect on sleep states. Until
recently, one of the primary mechanisms for regulating cortex
and sensory stimuli interaction during sleep was thought to be
the thalamic gating hypothesis [61] (but see [60, 62]). Our study
provides an additional, periphery-dependent gating mechanism
for protecting the brain from waking up during phases of deep
sleep. We hypothesize that pupillary constriction might ensure
the continuity of NREM sleep periods [25], which is considered
to be critical for memory consolidation [20, 63].
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Tropicamidum, % 0.5 Thea Pharma Tropicamide 0.5% SDU Faure
Dapiprazole, % 0.5 Angelini Glamidolo

Experimental Models: Organisms/Strains
Mouse: C57BL/6 Charles River Laboratories C57BL/6J
Software and Algorithms

Electrophysiology acquisition interface Open-ephys.org Open Ephys GUI
Other

USB camera, 0.3MP Mono Firefly MV USB Point Grey Research FMVU-03MTM
Micro-video lens, 25.0 mm FL, No IR-Cut Filter, /2.5 Edmund Optics #56-776

LED, 940 nm 5mm T-1 3/4 Everlight Electronics IR323
Electrophysiology acquisition board Open-ephys.org Acquisition board
Headstage, 32 channels Intan Technologies RHD2132/RHD2216
ECoG wires, 75 pym Science Products AU-3T

EMG wires, 75 um Science Products SS-2T/HH

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Daniel
Huber (daniel.huber@unige.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Seven wild-type (C57BL/6, 10 to 11 week old) male mice were used for this study. Animals were caged individually, kept at 12 hr dark/
light cycle and were placed under a water restriction regime (1 mL/day). The habituation sessions and experiments were performed in
the second tierce of the light period. All procedures were reviewed and approved by the local ethics committee and the authorities of
the Canton Geneva.

METHOD DETAILS

Surgeries

To implant the titanium frame for head-fixation, mice were anesthetized with 2% isoflurane-oxygen mix and kept warm on a heating
pad (T/PUMP, TP500C). Injections of carprofen (Rimadyl, 50 mg/mL, 1:20 dilution in NaCL, 50 pL sub-cutaneous), buprenorphine
(Temgesic, 0.3 mg/mL 1:2 dilution in NaCl 25 uL intramuscular) and dexamethasone (Mephamesone-4, 4 mg/mL, 20 uL intramus-
cular) were given. The eyes were covered with Vaseline. Local anesthetic lidocaine (Rapidocain 10 mg/mL, 50 uL subcutaneous)
was applied to the scalp before removal. A titanium head bar was glued to the dried skull with cyanoacrylic glue (ergo 5300 elas-
tomer). Small craniotomies for the ECoG electrodes were drilled over primary motor cortex (in right hemisphere 1.5 mm lateral (L),
1.5 mm rostral (R) of bregma) and cerebellum (all animals, midline 6 mm R). Custom electrodes for ECoG recordings were made
from Teflon coated gold wires (75 um, AU-3T, Science Products). The electrodes were soldered to a miniature connector (Millmax).
For EMG recordings, custom electrodes were fabricated with twisted Teflon coated half hard stainless steel wires (75 um, SS-2T/HH,
Science Products). The coating of the EMG electrodes was stripped off with sharp tweezers and used as bipolar electrodes. These
wires were guided into the neck muscles with a 24 G needle and immobilized in the muscle by bending the ends to a hook. Finally, the
electrodes and the titanium frame were covered with transparent dental acrylic (Lang Dental Ortho-Jet Powder B1320). The animals
were taken off the anesthesia, left to recover in a clean cage placed on a heating pad for 2 hr. Recordings started after an additional
recovery period of 7 to 10 days.

Handling and sleep training

Animals were handled for 10 min per day for 6 consecutive days. To habituate the mice to sleep under head-fixed condition, their
body was placed in a small plastic box (80x80x50 mm) which was filled with cotton bedding to comfortably accommodate the
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animal’s body. The head of the animals was kept at a 30° angle to imitate the natural sleep position in during head fixation (Figure 1C).
During habituation and recordings the mice were held in a sound and light isolated Faraday cage. Through the first three sessions the
mice were kept head-fixed for 10, 20 and 30 min and were delivered random water rewards through a lick port. In later sessions water
delivery period remained 30 min while the duration of the head fixation increased by 20 to 30 min reaching to ~4 hin 10 to 12 sessions.
The state of the mouse was continuously monitored with an IR USB camera (Point Grey Firefly MV USB FMVU-03MTM).

X-Ray imaging

X-Ray imaging to determine the body position during different head-fixed conditions was conducted using a custom lead shielded
BV-25 (Philips) X-Ray machine equipped with a 120 x 70 mm CMOS detector (1207, Dexela). The X-Ray source was run at 52 kV. The
effective dose in the path was determined with a RadeEye B20 Geiger counter (Thermo Scientific) and the cumulative dose during the
lifetime was kept below 10mSv per animal. Images were acquired and analyzed using custom MATLAB code. During the X-Ray
imaging the mice were continuously monitored with an IR USB camera (Point Grey Firefly MV).

Electrophysiology

ECoG and EMG data were acquired at 1 kHz using a 16 (for natural sleep recordings in the home cage) or 32 channel head stage (for
head-fixed recordings) (RHD2132/RHD2216 Amplifier Board, OpenEphys). The signals from the ECoG electrode were referenced to
the cerebellar electrode and the bipolar EMG channels were subtracted from each other. Signals were high-pass filtered at 0.1 Hz
and a Fast Fourier Transform (FFT) was used to calculate the power spectrum of the ECoG and EMG signals with a 2 s sliding window
sequentially shifted in 0.1 s increments. Each 2 s interval of data was first multiplied by an equal length Hamming window before
applying the FFT. For the analysis of natural sleep recordings cortical electrodes were referenced to their contralateral counterparts
to eliminate movement artifacts on the ECoG signal.

Heart beat detection

Heart rate was extracted from the EMG signal by detecting the prominent biphasic pulses (= 10 ms duration) occurring rhythmically.
For this purpose, the EMG signal was filtered between 30 and 300 Hz and heart pulses were detected with the findpeaks MATLAB
function applied to the squared absolute values of the filtered signal. Heart rate was computed by binning the pulse times into 1 s bins
and calculating the mean of the inter-pulse-interval inverse values for each bin. Heart rate was up-sampled to the time base of pupil
size by linear interpolation before calculating the cross-correlation between their Z-scored values.

Pupil tracking with iBip

Pupils of both eyes were monitored with two separate digital USB cameras (Point Grey Research 0.3MP Mono Firefly MV USB FMVU-
03MTM) and acquired and saved at 10 frames/s (240x376 pixels 8-bit greyscale images) with a custom video acquisition system
written in MATLAB. The timestamp of each frame relative to a digital trigger were saved in the image headers and used for post
hoc alignment of pupil and electrophysiology data. To obtain high contrast images of the pupil we used infrared back-illumination
pupillometry (iBip). iBip consists of a 940 nm LED (Everlight Electronics, 3 mW, 40 mA, 1.2 V) positioned on the skull above frontal
cortex. Light reached the head through the polished dental acrylic of the head-cap. Light emission to the side of the LED was blocked
with black tape shielding. The LED at this intensity level did not produce any additional heating of the illuminated area (measured by
Peaktech 5140 digital thermometer).

Pharmacology and light stimulation experiments

Before the start of the recording session, one eye of the mouse was instilled with a drop of cholinergic receptor antagonist Tropica-
mide (Tropicamide, Thea Pharma, ~100 pL, 0.5%) or the alpha receptor antagonist Dapiprazole (Glamidolo, Angelini, ~100 pL,
0.5%), while the other eye was left intact (n = 7 mice). Animals were given 1 to 2 days of break in between pharmacological exper-
iments. The side of the drugged eye was switched every session. For the light stimulation experiments a LED light source (510 nm,
90 uW) was positioned 20 mm in front of each eye (n = 2 mice). 510 nm wavelength was chosen as the center of the mouse green cone
spectrum [64] and the 90 pW were found to be sufficient to induce changes in the ECoG bands (as determined in pilot experiments).
The LEDs were mounted in 5 mm wide black tubes to restrict illumination to the targeted eye only. Light pulses (1 s) were triggered
manually during NREM sleep when the control pupil diameter was in a decreasing phase and reached ~0.5 mm.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sleep state classification

Sleep classification was carried out semi-automatically in several consecutive steps. First, delta and theta power signals were calcu-
lated by summing the ECoG power in the 1 to 4 Hz, and 6 to 10 Hz frequency ranges, respectively. The EMG power was summed in
the ranges between 30 and 300 Hz. NREM sleep was identified by 50 s uninterrupted periods where delta power was two standard
deviations larger than its mean and EMG power smaller than its mean (similar to [65]). A state was marked as REM sleep when the
theta/delta ratio was two standard deviations larger than its mean and EMG power was two standard deviations smaller than its
mean. Everything else was marked as awake. All sleep stages were proof read and corrected by two experienced observers. Micro
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awakenings during NREM were identified manually and marked as awake. NREM bouts that were interrupted by micro awakenings
were considered continuous. All analysis was carried out with custom MATLAB scripts.

Pupil diameter detection

To extract the pupil diameter, single frame images were first centered on and cropped around the pupil (90x90 pixels). The greyscale
pixel values of the cropped image were classified into 2 clusters (dark and bright pixels) using K-means clustering. A binary image,
obtained by setting the dark pixels to 0 and the bright pixels to 1, was used to find connected components (bwconncomp function in
MATLAB) and the largest component was deemed to correspond to the pupil. An ellipse was fit to the component’s contour (linear
least-squares fitting) and its major axis was defined to be the pupil diameter. Eye blinks and periods with closed eyelids were manu-
ally detected and excluded from analysis. The pupil diameter traces were upsampled to 1 kHz by linear interpolation to match the
ECoG signal sampling and low pass filtered at 2 Hz (except for light stimulation experiments). Converting pupil size to mm was
done by calibrating the images to a video recording of 1 mm square graph paper.

Pupil-based sleep state classification

A neural network with one hidden layer was used to classify sleep states based on pupil diameter. For each sleep session classifi-
cation, the network was first trained on data from all other sessions (n =5 mice). Training trials consisted of 100 s pupil diameter traces
(sampled at 10 Hz) at the input layer and the corresponding sleep state label at the output layer (awake, REM or NREM). Sleep bouts
that were shorter than 100 s were omitted in this analysis. The hidden layer size was set to 30 nodes. The trained network coefficients
were then used to predict sleep states of the session not used for training. Prediction accuracy was calculated as the % of the 100 s
trials correctly classified in each session and separately for each of the three sleep states.

Relating ECoG oscillations to pupil size fluctuations

The recorded ECoG signals of each session were bandpass filtered into the traditional delta (1 to 4 Hz), theta (4 to 7 Hz), alpha
(7 to 14 Hz), beta (15 to 30 Hz), low (30 to 60 Hz) and high gamma (60 to 100 Hz) frequency bands using a bidirectional second order
Butterworth filter, thus eliminating possible phase shifts introduced by filtering. The frequency definitions correspond to cut-off
values at —3 dB attenuation. The instantaneous amplitude of each bandlimited oscillation was obtained by computing the magnitude
of its Hilbert transform. To assess how the magnitude of cortical oscillations changes relative to fluctuations in pupil size, Pearson’s
correlation (R) was calculated between the low-pass filtered (bidirectional single pole IIR filter, i.e., exponential decay impulse
response) Hilbert amplitude signals and pupil diameter. For each frequency band, the time constant of the low pass filter that maxi-
mized |R| was evaluated for each sleep state separately (fminsearch function in MATLAB, n = 5 mice).

We used general linear modeling (GLM) to assess the extent to which ECoG oscillations of each band can be used to model
changes in pupil diameter. The GLM consisted of two regressors: the filtered ECoG oscillatory amplitude and a constant term.
The former trace was first standardized by taking its z-score. The low pass filter time constant and the two GLM coefficients that
minimized the sum of squared errors between the fitted and actual pupil diameter were evaluated on half of the data in each session.
The other half of the data, not used for parameter fitting, was used to validate the prediction by computing the explained variance as
1 —var(pm — ppr)/var(pm) where p, is the measured and p,, the predicted pupil diameter and var () symbolizes the signal’s variance.

The spectral content, in the infra-slow frequency range, of pupil fluctuations and bandlimited ECoG oscillation amplitude changes
during NREM sleep (Figures S2E-S2G) was obtained using the Fast Fourier Transform (FFT). Hilbert transforms of the bandpass
filtered ECoG signals or the pupil diameter trace were first normalized to their respective mean values for each NREM bout separately
and then multiplied by an equal length Hamming window. The traces were padded with zeros for the number of FFT points to be equal
to a higher power of 2. The obtained absolute FFT values were first interpolated at a 0.001 Hz frequency resolution and then averaged
across all NREM bouts of an experimental session.

Changes in ECoG signals with light stimulation

For light stimulation experiments, % change was calculated with respect to a 10 s baseline preceding stimulus onset. Drug and con-
trol conditions were compared (red and blue traces in Figures 4C—4F) based on mean values of a 20 s post stimulation period.
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