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SUMMARY
Growing evidence suggests that brain activity during sleep, as well as sleep regulation, are tightly linked with
synaptic function and network excitability at the local and global levels. We previously reported that a muta-
tion in synaptobrevin 2 (Vamp2) in restless (rlss) mice results in a marked increase of wakefulness and sup-
pression of sleep, in particular REM sleep (REMS), as well as increased consolidation of sleep and wakeful-
ness. In this study, using finer-scale in vivo electrophysiology recordings, we report that spontaneous cortical
activity in rlssmice during NREM sleep (NREMS) is characterized by an occurrence of abnormally prolonged
periods of complete neuronal silence (OFF-periods), often lasting several seconds, similar to the burst sup-
pression pattern typically seen under deep anesthesia. Increased incidence of prolonged network OFF-pe-
riods was not specific to NREMS but also present in REMS and wake in rlss mice. Slow-wave activity (SWA)
was generally increased in rlssmice relative to controls, while higher frequencies, including theta-frequency
activity, were decreased, further resulting in diminished differences between vigilance states. The relative in-
crease in SWA after sleep deprivationwas attenuated in rlssmice, suggesting either that rlssmice experience
persistently elevated sleep pressure or, alternatively, that the intrusion of sleep-like patterns of activity into
the wake state attenuates the accumulation of sleep drive.We propose that a deficit in global synaptic neuro-
transmitter release leads to ‘‘state inertia,’’ reflected in an abnormal propensity of brain networks to enter and
remain in a persistent ‘‘default state’’ resembling coma or deep anesthesia.
INTRODUCTION

Despite recent advances in our understanding of neurophysio-

logical and molecular mechanisms of sleep-wake control, it re-

mains unclear how sleep and wake alternation is regulated at a

brain-wide scale and whether such fundamental aspects of

neuronal function as synaptic release have a role to play in that

respect.

The restless (rlss) mouse line, obtained via a forward genetics

sleep screen and possessing a mutation in synaptobrevin

2/Vamp2 (a gene encoding the key synaptic-release machinery

protein VAMP2), showed an array of sleep and behavioral
1716 Current Biology 35, 1716–1729, April 21, 2025 ª 2025 The Auth
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phenotypes,1 including a decreased amount of NREM sleep

(NREMS) in the dark phase, alongside an overall decrease in

REM sleep (REMS) time. More strikingly, the number of sleep

and wake episodes and of state transitions was markedly

reduced in rlss mice, correlating with an increased duration of

episodes in all vigilance states compared with littermate con-

trols. The probability to transition from one state to the next in

normal conditions was found to be markedly reduced in rlss

mice, leading to a general ‘‘vigilance state inertia.’’

The mutation in Vamp2 results in markedly decreased neuro-

transmitter release probability in rlss mice, altering synaptic

transmission.1 These findings raised several questions regarding
ors. Published by Elsevier Inc.
eativecommons.org/licenses/by/4.0/).
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the impact that rlss phenotypical traits impose on the electro-

physiological signatures of vigilance states, on sleep quality,

and on the accumulation of sleep pressure during wake. In short,

having shown changes in the architecture of vigilance states,1

we now take a different approach and look at the ‘‘quality’’ of

the states themselves to address the question of whether

changes in state dynamics and architecture between rlss and

wild-type (WT) mice induce qualitative differences between

states.

Electroencephalogram (EEG) slow-wave activity (SWA), which

corresponds to the EEG power in the slow-wave frequency range

(0.5–4 Hz) in NREMS, has been a useful measure to evaluate

sleep-wakedynamics. Slowwaves tend todominate the EEGdur-

ing NREMS and can be recorded across the entire cortical sur-

face.2,3 Both animal and human studies have shown that SWA

levels are closely linked to sleep-wake history, where SWA levels

at the onset of NREMS positively correlate with preceding time

spent awake and levels subsequently decrease duringNREMS.4,5

SWA has therefore been traditionally used as a marker of sleep

pressure.6,7 However, EEG captures global signals across the

cortical surface. Local field potentials (LFPs) andmulti-unit activity

(MUA) instead provide insight into sleep-wakedynamics at amore

local level. In addition, as the initiation of slow waves (depth-pos-

itive/surface-negative deflections) corresponds to periods of

neuronal silence,3,8–13 which also depend on the levels of network

synchrony,12MUA allows us to investigate the underlying patterns

of neuronal silence (‘‘OFF-periods’’).13

In the present study, we used EEG, LFP, andMUA recordings,

combined with sleep deprivation (SD) and auditory stimulation

paradigms, to gain a better understanding of the sleep depth

of rlss mice. Auditory stimuli are commonly used to investigate

sleep depth, sensory dissociation during sleep, and arousal

thresholds from NREMS and REMS.14–18 We investigated the

spectral signature of global sleep and wake states, in particular

at state transitions. We further explored the neuronal dynamics

underlying the marked behavioral changes observed and, using

a mathematical model of sleep regulation,19,20 we examined the

homeostatic regulation of sleep in rlssmice.We found that, in rlss

mice, the boundaries between electrophysiological signatures of

vigilance states were less distinct than in control animals and

that sleep homeostasis dynamics were altered, with rlss mice

being slower to dissipate accumulated sleep pressure. This

was not, however, associated with an altered responsiveness

to external sensory stimuli such as a sound.

This study suggests that impaired neurotransmitter release

leads to an increased propensity to gravitate toward a ‘‘default

state’’ of cortical activity,21–28 with important consequences for

global and local sleep architecture and sleep homeostasis.
Figure 1. rlss mice show an increased level of similarity between vigila

(A) Schematic of recording setup. M1, primary motor cortex; V1, primary visual c

(B) Frontal EEG (upper) and LFP (lower) power spectra during NREMS, REMS, and

for which the power is significantly different (p < 0.05) between WT and rlss mice

(C) Examples of LFP traces from three channels from a WT mouse (left) and rlss

different channels.

(D) Evolution of the power spectra (spectrograms; time-frequency plots) in the fr

(right) mice. Time 0: onset of REMS.

(E) As in (D) but for LFP signals. Note that here n(WT) = 3.

Unless otherwise stated, n(WT) = 5 and n(rlss) = 5.
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RESULTS

rlssmice show increased propensity for hybrid states of
vigilance
Using EEG in freely moving mice from the motor (M1) and visual

(V1) cortical areas, combined with LFP recordings from M1 (Fig-

ure 1A), we found that rlssmice have higher spectral power in the

very low frequencies in NREMS and REMS and less power in the

higher frequency bins in REMS (EEG only), NREMS, and wake

(Figures 1B and S1A). Interestingly, the differences between

rlss and WT mice’s spectral signatures diverged between the

frontal EEG and LFP signals in REMS, with an increase in

the very-low delta band and theta (and higher) frequencies in

the frontal REMS EEG and an increase in the upper delta band

in the frontal LFP in rlssmice compared withWTmice (Figure 1B,

middle). Changes in the EEG occipital derivation paralleled the

ones observed in the frontal EEG (Figure S1A); therefore, as

LFP signals were recorded from M1, we also focused on EEG

signals from this region (frontal). Local cortical dynamics thus re-

vealed a disparity between local intracortical and brain surface

(‘‘global’’) signatures of REMS in rlss mice.

LFP signals in rlss mice were also characterized by a

decreased amplitude, especially during NREMS, when traces

were reminiscent of burst suppression patterns typically

observed during general anesthesia but also coma, hypother-

mia, and some early infantile pathologies29–32 (Figure 1C; Video

S1). Such EEG/LFP signatures across vigilance states indicate

that sleep inertia not only means fewer state transitions in rlss

mice1 but also an intrusion of default-mode-like traits21 across

all states of vigilance, with the well-known spectral signatures

of NREMS, REMS, andwake being affected. The boundaries be-

tween states’ typical signatures appear less distinct in rlss mice

due to an increased power in the very slow frequencies—not only

in NREMS but also in REMS and wake—associated with a

decreased theta power in REMS in rlss mice. At a finer time res-

olution, looking at spectrograms at the transitions from NREMS

to REMS, we found marked differences between rlss and WT

mice. Blurred boundaries between states in rlss mice appeared

all the more evident, with the drop in spectral power in the

slow-frequency range (0.5–4 Hz) that is usually observed at

NREMS-to-REMS transitions being significantly reduced in rlss

mice (Figures 1D and 1E).

rlss mice show prolonged periods of neuronal silence
across all vigilance states and especially duringNREMS,
reminiscent of burst suppression patterns
These EEG and LFP results raised the following question: what

features in the brain activity of rlssmice contribute to such sleep
nce state signatures

ortex.

wake inWT and rlssmice. Black bars at the bottom indicate the frequency bins

. Values shown as mean ± SEM. See also Figure S1A.

mouse (right) during NREMS, REMS, and wake. The different colors indicate

ontal EEG at NREMS-to-REMS transitions averaged across WT (left) and rlss



Figure 2. rlss mice show prolonged periods of neuronal silence across vigilance states that are reminiscent of burst suppression patterns

(A) Examples of three LFP (upper traces) and corresponding MUA (lower traces) signals in a WT mouse (left) and rlssmouse (right) during 5 s of NREMS. Dotted

lines indicate location of OFF-periods, as detected by the algorithm (see STAR Methods), with no threshold applied.

(legend continued on next page)
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architecture and spectral variations? Using MUA recordings and

our recently developed ‘‘ON/OFF-period’’ detection algorithm13

(Figures 2, S2, and S3), we discovered that neuronal firing in rlss

mice ceases for seconds at a time during NREMS, in a locally

synchronized manner (Figures 2A and S2; Video S1). Compared

with WTs, in rlss animals, periods of such synchronized neuronal

silence (OFF-periods) lasted significantly longer and coincided

with very low-amplitude, nearly isoelectric EEG and LFP traces

(Figures 2A, 2B, and S2; Video S1). Importantly, this also held

true in REMS andwake when OFF-periods were generally longer

in rlss mice (Figure 2B). Long OFF-periods were not detected in

all channels; however, all of the rlss mice and none of the WT

mice have at least one channel presenting with much longer

OFF-periods (Figures 2D and S2C). For ON-periods, we did

not find a significant difference in their average length between

genotypes (Figure S3B). Similarly, we found no significant differ-

ence in ON-period spike density between WT and rlss mice

(Figure S3C).

Next, we specifically investigated the longest OFF-periods,

selecting the 5% longest OFF-periods (see STAR Methods).

We found that OFF-periods are significantly longer in rlss mice,

with the longest ones being about twice as long as in WT during

NREMS (Figures 2B and 2C); this further supports a state of

‘‘neuronal inertia,’’ whereby in rlss mice neurons are less likely

to resume activity upon a period of silence of a certain duration.

To quantify this further, we performed a linear fit to the survival

curves for each mouse and channel in the baseline (BL) light

phase (Figures 2D and S2C) and computed the average slope

(see STAR Methods). We found that, for fits to the entire survival

curve, there was no difference in slopes between WT and rlss

(F(1,68) = 1.8, p = 0.184). However, for fits to the part of the sur-

vival curve associated with longer OFF-periods, the slopes for

rlsswere shallower than the slopes for WT. This held for OFF-pe-

riods with durations greater than 65 ms (F(1,68) = 4.03, p =

0.0488), and the difference in slopes became more pronounced

as the duration threshold increased (e.g., for a threshold of

200 ms, F(1,68) = 7.99, p = 0.0062, see STAR Methods). Addi-

tionally, a Levene’s test indicated that variances were different

(p = 3.37e�04), with greater variability for the rlss mice. This

greater variability was also confirmed when comparing the

difference between groups in the variance of the longest OFF-

period durations across channels recorded in a given mouse

(Figure S2B).

Firing rates detected from MUA were not significantly altered

in rlss mice (Figure S1B), but we observed an increased
(B) Survival curves of OFF-periods (relative to their duration) in NREMS (left), RE

deprivation (SD) day (lower), separately for the light and dark phases of a 24-h day

periods have a duration greater than or equal to the corresponding x axis value.

(C) Average OFF-period durations of the 5% longest OFF-periods during NREM

separately for the light and dark phases. Values shown asmean ± SEM, with black

BL-dark: p = 0.0326, rank sum= 741; NREMSSD-dark: p = 0.0229, rank sum = 73

into account mouse dependency, we obtain: NREMS BL-dark: p = 0.0222 (F(1,7

(D) Percentage of periods of neuronal silence (‘‘OFF-periods’’) longer than a given

and WT mice (dark blue curves, n(mice) = 5). BL conditions during the light and

different symbol (x, o, etc.), showing how all rlssmice have at least one channel in t

the WT mice.

See also Figures S1B–S1D, S2, and S3, and Video S1.

n(WT) = 5 (4 beyond BL-L phase) with resp. 6, 10, 6, 7, and 6 channels in each mo

mouse (total = 35 channels). BL, baseline; SD, sleep deprivation.
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uniformity in their vigilance state spectral characteristics, partic-

ularly striking at state transitions (Figures 1B, 1D, and 1E). When

looking at inter-spike intervals (ISIs), we see a decrease in the

number of short ISIs during both NREMS and REMS in rlss

mice and an increase in the number of long ISIs during NREMS

only (Figure S1C). This suggests an inertia at the cellular level

during sleep in rlss mice, with active-to-silent state transitions

at the cellular and network levels lagging behind global state

transitions, as was indeed visible in firing rate dynamics around

state transitions (Figures S4A–S4C).

Given a ‘‘neuronal’’ inertia that may underlie the less clear-cut

boundaries between vigilance state signatures and the alter-

ations in EEG and LFP spectra, notably in the slow-wave fre-

quency range—which is traditionally used to investigate sleep

homeostasis dynamics—we next asked whether sleep homeo-

stasis was affected in rlss mice.
Sleep homeostasis is generally conserved in rlss mice,
with increased sleep quantity, but not sleep quality, in
response to SD
To investigate the sleep homeostatic response in rlss mice, we

subjected the mice to a 6-h SD protocol starting at light onset

(time/Zeitgeber 0, ZT0), after which the mice were left undis-

turbed for the subsequent 18 h. Following this 6-h SD period,

rlssmice showed amarkedly decreased sleep latency compared

with WT littermates (Figure 3A). This is the only case when we

observed state switching probability being higher in rlss mice

than WTs. Time spent in NREMS in the 6 h following SD was

increased by 1 h in rlss animals compared with WTs, whereas

REMS time was halved (Figures 3B–3D). However, across the

whole recovery period (18 h post SD), BL comparative sleep

structure was restored, with rlss mice spending less time in

both NREMS and REMS than WTs (Figures 3B–3D, right). At

the end of this 18-h recovery period, both WT and rlss mice

had reached their BL daily levels of REMS and hadmostly caught

up on NREMS (Figures 3B and 3C).

We found that the relative increase in SWA commonly trig-

gered by SD was markedly reduced in rlss mice (Figures 3E

and S6B). This was the case for both EEG and LFP signals and

was particularly marked in the 2 h directly following SD

(Figures 3E, 3F, and S6B). This may indicate that, although sleep

homeostasis is partly conserved in rlssmice (time taken to reach

BL levels of NREMS and REMS is comparable between geno-

types, Figures 3B and 3C), SWA, reflecting sleep pressure, might

not build up at the same rate in rlssmice. To summarize, rlssmice
MS (middle), and wake (right) during a baseline (BL) day (upper) and a sleep

in WT and rlssmice. The graphs show on the y axis (log-scale) what % of OFF-

Values shown as mean + SEM.

S (upper), REMS (middle), and wake (lower) in a BL (left) or SD day (right),

dots indicating individual channels. Wilcoxon rank sum test; *p < 0.05. NREMS

1. Note that if running those statistics with a repeated-measures ANOVA to take

) = 8.561), NREMS SD-dark: p = 0.0348 (F(1,7) = 6.8233).

duration (x axis) for all individual channels of rlss (light blue curves, n(mice) = 5)

dark phases. Only NREMS is considered here. Each animal is coded with a

he upper right-hand corner of the graphs (prolongedOFF-periods), unlike any of

use (total = 35 channels), n(rlss) = 5, with resp. 9, 6, 8, 5, and 7 channels in each
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are able to compensate for sleep loss in a similar amount of time

to WTs (Figures 3B and 3C), but this is made possible by

spending more time asleep (Figure 3D), as overall SWA is lower

compared with WTs and their increase in SWA during recovery

NREMS (which allows for sleep pressure dissipation) is lower

compared with their own BL levels (Figures 3E, 3F, and S6B).

In short, there seems to be a trade-off between sleep quantity

(duration spent sleeping) and sleep quality (higher SWA levels)

in those mice following an SD challenge.

We observed that OFF-period durations following SD did not

increase in rlss mice but nor did they in WTs (Figures 3H and

3I). This can be expected, as changes in the average duration

of OFF-periods naturally occur between BL and SD conditions

in WTs12; therefore, genotype-specific changes may be more

easily observable in terms of incidence (Figure 3G) than duration.

Another explanation is that we analyzed the longest OFF-periods

and combined early and late sleep. Yet, early sleep usually con-

tains longer OFF-periods than later sleep.12,33 No significant

change in OFF-period duration in REMS was observed in either

WT or rlss mice in response to SD (Figures 3J–3L).

The dampened increase in SWA in rlss mice compared with

WTs following SD may arise from rlss mice experiencing chron-

ically elevated sleep pressure, thus leaving less capacity for a

further increase in response to SD. Alternatively, it may be that,

as the neural activity of rlss mice persistently gravitates toward

a ‘‘default state,’’ they do not accumulate sleep pressure as

steeply as WTs during waking.20 To investigate this, we used

an adapted version of the ‘‘two-process model’’ of sleep regula-

tion that we previously described.19

To investigate the dynamics of SWA and sleep homeostasis in

rlss mice, we applied the adapted version of the two-process

model of sleep regulation19,34 to recordings obtained in rlss

and WT mice (Figure 4A). We performed two sets of optimiza-

tions, using 24 h of BL only or using 24 h of BL followed by an

SD day (see STAR Methods). When comparing the results ob-

tained with both approaches (BL only vs. BL + SD day), we found

that the parameter values obtained with either approach were

similar overall, except when optimizations were run using LFP

data (Figure 4B). rlss mice had similar rise rates of process S
Figure 3. Response to sleep deprivation reveals a decreased sleep qu

mice

(A) Latency to enter NREMS following a 6-h SD protocol.

(B) Cumulative time spent (in 2-h bins) in NREMS in WT and rlss mice during a B

(C) As in (B) for REMS.

(D) Amount of time spent in NREMS (top) or REMS (bottom) during the 6 h (left) o

(E) Frontal EEG spectra in NREMS (left) and REMS (right) relative to the baseline m

band (0.5–4 Hz) highlighted in gray.

(F) LFP spectra in NREMS relative to baseline mean in WT (left) and rlss (right) mice

band (0.5–4 Hz) highlighted in gray.

(G) Survival curves of OFF-periods (relative to their duration) occurring during NR

(H) Average OFF-period duration of the 5% longest OFF-periods in NREMS in th

indicate individual channels.

(I) As in (H) but for the 5% shortest OFF-periods.

(J) As in (G) but for OFF-periods occurring during REMS.

(K) As in (H) but for OFF-periods occurring during REMS.

(L) As in (I) but for OFF-periods occurring during REMS.

See also Figures S3A–S3C, S4, and S6.

Values shown asmean ± SEM, with black dots indicated individual values (mice in

n(rlss) = 5. WT mice: resp. 6, 10, 6, 7, and 6 channels in each mouse (total = 35 c

channels). Independent samples t tests in (A) and (D); *p < 0.05, ***p < 0.001. BL
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(rs) values but significantly reduced values of gain constant

(gc, the rate of decrease of S) and SU (upper asymptote of

S/SWA levels) in both EEG derivations (Figure 4B, upper and

middle panels) but not LFP (Figure 4B, lower panels). Thus, sleep

pressure decreases (gc) more slowly in rlssmice compared with

WTs. Interestingly, because the upper threshold (SU) for process

S is lower in rlssmice, thesemice reach BL levels of sleep as fast

asWTmice (Figures 3B and 3C) despite this slower dissipation of

sleep pressure.

Conserved behavioral reaction to auditory stimuli, but
altered response at the neuronal level, in rlss mice
Finally, given the inertia shown by rlss mice to switch between

certain states, both at the behavioral and neuronal levels, we

asked whether their response to external stimuli—such as a

sound—was impaired too. We wanted to address whether the

elevated power in the slow-wave range and the smaller increase

in SWA following SD could reflect a higher sleep depth in rlss

mice, which would lead to a higher arousal threshold. Using an

auditory stimulation paradigm (Figure 5A), we found that the

number of full arousals (i.e., the mouse stays awake for at least

16 s after the sound, see STAR Methods) following the sounds

was similar across genotypes, but there were significantly fewer

brief arousals (<16 s) in rlss mice (Figure 5C). This may reflect,

once again, the state inertia previously described in those

mice,1 whereby once rlss mice have entered a state they tend

to remain in that state for longer thanWTs, hence the lower likeli-

hood of a brief arousal (if the mouse does wake up, then it stays

in that state longer as it cannot switch back to NREMS as easily).

This hypothesis is further supported by the occurrence of brief

awakenings (short arousals %16 s) during NREMS, which is

three times less likely in rlssmice during undisturbed (BL) record-

ings (Figure 5B). Of note, the number of muscle twitches in

response to the sound was similar across genotypes (F(1,7) =

0.002, p = 0.967, Figure 5C, right), indicating no obvious impair-

ment in acute motor or EEG response to environmental triggers

(Figure 5F).

When looking at the EEG spectra during the sound (8 s) and

during segments of the same length either before or after the
ality that is compensated for by an increase in sleep quantity in rlss

L or SD day. Highlighted in gray is the SD period for the SD day only.

r 18 h (right) protocol, following a 6-h SD protocol in WT and rlss mice.

ean in WT and rlss during the 2 h following a 6-h SD protocol. Delta frequency

in the 6 h following a 6-h SD protocol, separated in 2-h blocs. Delta frequency

EMS during the light phase of a BL and SD day in WT (left) and rlss (right) mice.

e light phase of a BL and SD day in WT (left) and rlss (right) mice. Black dots

A and D or channels in H, I, K, and L). n(WT) = 5 (3 for LFP-derived parameters),

hannels); rlss mice: resp. 9, 6, 8, 5, and 7 channels in each mouse (total = 35

, baseline; SD, sleep deprivation; ZT, zeitgeber time.
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sound, we found a significant difference between genotypes in

NREMS (F(1,7) = 19.309, p = 0.003) and REMS (F(1,7) =

12.359, p = 0.010) and a significant time point 3 genotype inter-

action if the sound started during NREMS (F(2,14) = 5.431,

p = 0.018) but not during REMS (F(2,14) = 1.395, p = 0.280) (Fig-

ure 5E). Specifically, the change in the EEG spectra in response

to the sound was more pronounced in WTs than rlss mice when

mice were originally in NREMS before being woken up.

Thus, rlssmice show a conserved arousal threshold (compa-

rable number of full arousals and twitches in both genotypes).

Yet, as following SD, it appears that rlss mice show a ‘‘rigidity’’

in their neuronal dynamics so that the scope for variation (as

measured by spectral power) across states and wake/sleep ex-

periences is markedly reduced. But the link between arousal

threshold and sleep depth is not straightforward, especially in

rlssmice for which brain oscillations are affected. Asmentioned

above, NREMS SWA has often been considered a marker of

sleep pressure—reflecting sleep-wake history—and also sleep

depth (which can also be evaluated by assessing arousal

thresholds). When subdividing trials, considering those when

the sound started during NREMS (Figures 5G, S5A, and S5B)

or REMS (Figures S5C–S5E), we find that the response to

the sound (i.e., arousal threshold), as measured by the level

of electromyogram (EMG) during the sound, has no evident cor-

relation with pre-sound SWA levels, except in the occipital

EEG when the sound started in NREMS (Figure 5G), this effect

being significant in WT mice only and being small (adjusted

R2(WT) = 0.015).

DISCUSSION

rlss mice are characterized by a mutation in the VAMP2 SNARE

protein that induces a change at themolecular scale by impairing

neurotransmitter release.1 Our results therefore support the idea

that sleep regulation is tightly linked to synaptic function. In

particular, we show that rlss mice display long periods of

neuronal silence—strikingly reminiscent of deep anesthesia—

that underlie increased SWA during BL conditions but lead to

an inability to fully adapt neural dynamics to behavioral experi-

ences such as SD or auditory stimuli. Mathematical modeling re-

vealed that the rate of sleep-pressure dissipation is slower in

those mice. Finally, we found this ‘‘neural rigidity’’ is compen-

sated for by global behavioral states, such as increased sleep

time in response to SD.

An impairment in the ‘‘sleep switch’’?
Our previous findings,1 combined with the auditory stimulation

results described here, support the idea of ‘‘vigilance state

inertia’’ in rlssmice. The decrease in neurotransmitter-release ef-

ficiency leads to a difficulty in switching between consecutive
Figure 4. Sleep homeostasis dynamics are altered in rlss mice, with a

(A) Upper: example of empirical and simulated slow-wave activity (SWA) across 4

(left) and rlss (right) mouse. Lower: zoomed-in inserts (see x axis values) of a 4-h se

vigilance state, also shown underneath each panel as a hypnogram.

(B) Model parameters (gc, gain constant determining decay of S; rs, rise rate of S

signal (upper), occipital EEG (middle), and LFP (lower), using 2 BL days (left pane

(n = 5 for EEG, n = 3 for LFP) and rlss mice (n = 5). Values shown as mean ± SEM

**p < 0.01. ts = 4 s epoch (time unit used for simulations), ts�1 = 1/4 s.
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vigilance states. Previous studies have suggested a mechanism

for a sleep/wake switch in both flies and rodents.35,36 ‘‘Flip-flop’’

switches have been proposed, either to control the transitions

between REMS and NREMS37 or to allow rapid transitions be-

tween NREMS and wake and prevent lingering between two vig-

ilance states—half awake and half asleep.36,38 Saper et al.38 pro-

pose that, if neuronal firing is weakened on either side of this

bistable switch, then the stability of the switch is compromised;

on the other hand, they also propose that the time to transition

from one state to the next may depend on the ability of a popu-

lation of neurons that promote a given state to overcome the

‘‘resistance’’ of the population of neurons promoting the current

state.36 In rlss mice, we observe an increased stability of each

state, both at the behavioral and cellular levels. Concomitantly,

we see more similar spectral signatures between vigilance

states. This indicates that, should a sleep-switch exist, not only

is it not transitioning between states as readily in those mice

but also that it is ‘‘leaky,’’ staying halfway between states, result-

ing in mixed states with characteristics of both sleep and wake.

Another mouse line (Sleepy), developed using a forward ge-

netics approach, exhibited increased NREMS time; the gain-

of-function mutation present in these mice affected the Sik3

gene, leading to a shorter SIK3 protein kinase, which is likely

involved in the intracellular signaling mediating regulation of

sleep amount.39–41 Interestingly, despite this hypersomnia in

contrast to rlss mice, NREMS delta power was increased in

Sleepy mice just as in rlss mice. Sleepy mice showed an exag-

gerated response to SD, suggesting an increased inherent sleep

need despite an increased delta power during BLwake. The abil-

ity of Sleepy mice to stay awake when exposed to arousal-pro-

moting stimuli was conserved, showing that, as with rlss mice,

their ability to be awake should the need arise is not impaired.39

An important point is whether the decreased state-transition-

ing probability observed in rlss mice signifies that it is uniformly

difficult for them to switch to another state or, rather, that one

state is at a stronger disadvantage. In particular, because of

the NREMS-like features of wake and REMS in rlss mice it may

be less relevant for them to enter full NREMS. And, indeed,

when looking at state-transitioning probabilities from Banks

et al.,1 we observe an absolute 44% change in probability to

transition between wake and NREMS (wake->NREMS: 34%

decrease, NREMS->wake: 10% increase) and a 16% change

in probability to transition from REMS to NREMS (REMS-

>NREMS: 87% decrease, NREMS->REMS: 71% decrease).

The REMS->wake transitions are relatively less affected (abso-

lute 8%decrease). Although this would need to be further tested,

these results are in line with the hypothesis that rather than a

state inertia, those mice might be gravitating toward a ‘‘default

state’’ mode21–26,42 regardless of their vigilance state, thus mak-

ing it less relevant to spend time in NREMS.
lower decay rate of sleep pressure

8 h (24 h of baseline + 6-h sleep deprivation + 18-h recovery) in an example WT

ction from the corresponding upper panels. Colors indicate the corresponding

; Su, upper asymptote of S) when modeling the SWA levels of the frontal EEG

ls of each parameter) or a BL + SD day (right panels of each parameter), in WT

; black dots indicate individual values. Non-parametric Mann-Whitney tests;



Figure 5. rlss mice show a conserved arousal threshold but an impaired neuronal response to an auditory stimulus during sleep

(A) Schematic of experimental design.

(B) Number of brief arousals per minute of NREMS during the light and the dark phase of a baseline day. Two-way ANOVA with within-subject factor: LD phase,

between-subject factor: genotype. We found a significant main effect of genotype (F(1,8) = 79.783, p < 0.001), with no main effect of LD phase (F(1,8) = 2.783, p =

0.134) and no significant interaction LD phase 3 genotype (F(1,8) = 0.194, p = 0.671). Post hoc testing with Bonferroni correction for multiple comparisons

revealed that, in the light phase, there was a significant difference between rlss and WT mice (p < 0.001), with a similar result in the dark phase (p < 0.001).

(C) Proportion of sound stimulation events resulting in full arousals, brief arousals, and muscle twitches. Independent samples t tests.

(legend continued on next page)
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Higher sleep pressure or a higher propensity to return to
a default state?
The shorter sleep time in BL conditions in rlss mice raises the

question of whether they have higher sleep efficiency (dissi-

pating sleep pressure faster), a decreased sleep-pressure

buildup during waking, or whether they live under elevated sleep

pressure. The two-processmodel of sleep regulation, which pre-

dicts the evolution of process S, is a useful tool to address this

question. A study in humans comparing short sleepers and

long sleepers found that both groups had the same constants

of increase and decrease of process S, implying that short

sleepers may live under a higher sleep pressure.43 This hypoth-

esis was further supported by a computational study simulating

habitual short and long sleep.44 Here, we find rlss mice have

similar rising rate of S but significantly lower rates of decrease

and a significantly lower upper asymptote of S. These results

may indicate that instead of having an inherently elevated sleep

pressure (which their lower S upper asymptote argues against),

rlss mice may have a higher propensity to enter or approach a

‘‘default state.’’

There is evidence that cortical oscillations are not merely an

epiphenomenon or simply a substrate for sleep-related pro-

cesses to occur (e.g., memory consolidation) but have a role in

vigilance state control and sleep regulation.45 Thus, if the cortex

keeps track of the accumulation of sleep need, then the persis-

tent sleep-like patterns we observe in our cortical recordings

could indicate a partial sleep debt discharge across both sleep

and waking states.

Impaired vesicular release leads to longer neuronal
OFF-periods
Our MUA recordings revealed striking neuronal firing patterns in

rlssmice during NREMS. Slow waves were associated with pro-

longed periods of neuronal silence, where neighboring neurons

stop firing in a coordinated manner for prolonged periods of

time, with the longest OFF-periods being about twice as long

in rlss mice as in WT mice (Figure 2). While prolonged OFF-pe-

riods appear to be a distinctive feature of cortical neuronal activ-

ity in rlss mice, a marked interchannel variability in their OFF-

period dynamics was also noted (Figures 2D and S2). This may

be explained by changes in the overall network excitability due

to the mutation in Vamp2, leading some neurons to fire in an un-

timely way in some channels, interrupting the synchronous OFF-

periods observed across other channels.

Those periods of neuronal silence resulted in very-low ampli-

tude LFP signals. Such patterns of neuronal activity are seldom
(D) Example of a muscle twitch and associated artifacts in the LFP and EEG cha

(E) Power density spectra calculated from the occipital EEG in the 8 s before, 8 s d

REMS (right).

(F) LFP (1 representative channel per mouse), frontal EEG, occipital EEG and EMG

light phase, and Z scored before being averaged across trials and across mice.

(G) Correlation between SWA (power in the 0.5–4 Hz frequency band) in the occipit

during the 8-s sound. SWA is Z scored across all trials for a given mouse. EMG is

sound onset, until sound onset. Only sound trials occurring when themousewas in

trial in one mouse. Full line is the result of a linear regression. Dotted lines are the

WT: adjusted R2 = 0.015, rlss: adjusted R2 = 0.011).

See also Figures S4D, S4E, and S5.

n(WT) = 5 (3 for LFP), n(rlss) = 4. Values shown as mean ± SEM; black dots indic

zeitgeber time.
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seen during natural sleep and are a more common feature of

GABA-mediated general anesthesia.46,47 It would be of great in-

terest to further evaluate whether those changes observed in rlss

mice are accompanied by deviations in infra-slowmodulations in

OFF-periods occurrence within individual NREMS episodes.

We have previously described an impairment in vesicular

release in rlss mice due to the mutation in Vamp2, which plays

a key role in vesicular and cellular membrane fusion.1 rlss mice

showed a marked decrease in vesicular-release probability

following single action potentials. An impairment in vesicular

release could lead to a state akin to anesthesia. Indeed, it has

been shown that general anesthetics, such as isoflurane, propo-

fol, or etomidate, induce a decrease in synaptic neurotransmitter

release machinery by interacting with multiple SNARE pro-

teins.48,49 This could account for the long periods of neuronal

silence observed in rlss mice while they are (spontaneously)

asleep: given their mutation leading to a structural change in

VAMP2, which is a SNARE protein, rlss mice may present fea-

tures of an ‘‘inherently anesthetized’’ state.

Interestingly, it was previously shown that injection of the

GABAA agonist muscimol led to a catalepsy-like state fol-

lowed by a hyperactive state in mice, with the EEG of both

of those states displaying a shift in power toward lower

frequencies.50 This is strikingly similar to our findings, with

increased cortical synchrony in all states and reduced power

in high frequencies, alongside a hyperactive phenotype. The

authors propose that the effects of muscimol point toward a

crucial role for inhibitory connections in slow-wave synchroni-

zation. Thus, our results suggest that the decreased vesicular

release is in many ways akin to increased inhibitory tone. The

physiological sleep of rlss mice is in several ways more similar

to non-physiological states, such as cataplexy or anesthesia

(e.g., with an inefficiency to properly dissipate sleep pressure),

than normal sleep.

Switching between anesthesia and wake
Studies in Drosophila suggest that switching between states re-

quires a tightly regulated excitatory and inhibitory balance be-

tween neuronal populations.51–53 Additional evidence indicates

that the reversible loss of consciousness caused by anesthetics

occurs via the arousal and sleep pathways,54 with the mecha-

nisms underlying sleep homeostasis and anesthesia overlap-

ping.55–59 Yet, these observations often start from the premise

that sleep and wake are mutually exclusive states between

which animals switch in a clear-cut manner, which is now

acknowledged to be more complex.60 Indeed, as clearly shown
nnels in response to a sound (y axes: mV).

uring, and 8 s after a sound, if the sound onset occurred during NREMS (left) or

around sounds. Signals are extracted from all sound trials occurring during the

al EEG calculated over the 8 s before sound onset, and the average EMG levels

normalized for each trial, independently, over the period starting 8 s before the

NREMSbefore the sound started are included. Each dot represents one sound

95% confidence intervals from the linear regression (MATLAB ‘‘fitlm’’ function,

ate individual values. *p < 0.05, ***p < 0.001. Fro., frontal; Occ., occipital; ZT,
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by several studies,50,61,62 states may be viewed on a continuum,

with some feature overlap. This is what we see in rlss mice, with

an intrusion of NREMS-like features in REMS and wake states. It

is remarkable that rlss mice display only mildly impaired cogni-

tive and behavioral phenotypes typical of wakefulness,1 despite

profound alterations in brain activity. Just as in the occurrence of

slow waves or decreased neuronal activity, which have been

previously described in waking and not only in sleep,63–65 our

findings support that vigilance states are not necessarily sepa-

rate phenomena with unambiguous boundaries but can share

characteristics. Such overlapping features may fluctuate de-

pending on specific waking behavior,65 chemical manipula-

tions,61 or genetic alterations.39

Finally, the mutation affecting rlss mice being ubiquitous, two

important questions arise, namely whether the observed

changes in neuronal dynamics only occur in the cortex or also

in other areas of the brain and whether the changes in vigilance

state switching are mostly governed by cortical modifications.

Future recordings from other cortical areas and other brain re-

gions will allow further investigation of these questions. Of

note, however, is that we have previously shown that the cortex

plays a crucial role in vigilance state control and regulation.45

Interestingly this study used a mouse model in which a subset

of cortical-layer-5 neurons were silenced via an ablation of

SNAP 25. The latter is one of the SNARE protein partners with

which VAMP2 interacts for vesicular fusion.66 This suggests

that the changes in our mice could at least in part be governed

by cortical changes. However, this does not rule out that synap-

tic transmission changes in subcortical areas may also play

a role.

Conclusion
This combination of in vivo and computational work provides

new insights into the mechanisms underlying sleep architecture

and the alternation between vigilance states as well as the gen-

eration of slow waves. The preserved ability of rlss mice to

respond to salient external stimuli suggests that neuronal dy-

namics and sleep-wake architecture can be markedly altered

before leading to a phenotype that would represent an evolu-

tionary disadvantage. Our findings represent a shift in the way

states of vigilance and consciousness may be classified and

support the idea that global synaptic function and neuronal

excitability are direct contributors to sleep-wake architecture.

Previous literature has focused on an increasing number of spe-

cific cell populations or brain subregions, which are thought to

control the switch between well-defined states, but it may be

that state control is more nuanced.67 The possibility that states

are controlled in a global manner, which we previously pro-

posed,45 has been overlooked, and, here, we suggest to shift

the emphasis to the role of top-down control. Our findings

regarding the mixed spectral signatures across states in rlss

mice support the idea that wake and sleep are not homogeneous

states but stand on a continuum of many possible states be-

tween full arousal and a profound coma, such as typical for

deep anesthesia. We posit that a finely tuned global neuronal

excitability allows the brain to transition quickly and seamlessly

between a variety of states, while remaining around a sleep-

like state toward which network activity always gravitates, by

default, in the absence of stimulation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

ProLong Glass Antifade mountant with NucBlue ThermoFisher Scientific Cat#: P36981

1,1’-Dioctadecyl-3,3,3’,3’-

Tetramethylindocarbocyanine Perchlorate dye

ThermoFisher Scientific Cat#: D3911

Kwik-Sil World Precision Instruments N/A

Experimental models: Organisms/strains

rlss colony (Vamp2rlss, C3H.Pde6b+ background) MRC Harwell; Banks et al.1 MGI:5792085

Software and algorithms

SPSS, Release 23.0.0.2 IBM Corp. RRID:SCR_019096; https://www.

ibm.com/products/spss-statistics

Matlab, version R2019b The MathWorks Inc. RRID:SCR_001622; https://uk.

mathworks.com/products/matlab.html

Synapse software Tucker-Davis Technologies https://www.tdt.com/docs/synapse/

SleepSign software Kissei Comtec Co RRID:SCR_018200; http://www.sleepsign.com

OFF-period detection algorithm (OFFAD) Harding et al.13 https://github.com/sjoh4302/OFFAD

Other

RM3 diet (E) (FG), expanded and fine-ground Special Diets Services https://www.sds-diets.com/sds_

en/products/rodent.php

Laminar probes type A1x16-3mm-100-703-Z16 NeuroNexus Technologies N/A
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and housing conditions
All work was carried out in accordance with the UK Animal [Scientific Procedures] Act 1986 and the University of Oxford’s Policy

on the Use of Animals in Scientific Research, and in compliance with the Animal Research: Reporting In Vivo Experiments

(ARRIVE) guidelines. Mice from the rlss colony (MGI:5792085, C3H.Pde6b+ background) were initially obtained from MRC Har-

well (U.K.) and were then bred in-house. N=5 rlss homozygotes and n=5 WT littermates (all males) were implanted. The exper-

imenter was not blind to the animals’ genotype. Over the two months preceding surgeries, to promote weight gain, rlss homo-

zygote mice were fed a high-nutrient diet (RM3 diet, ground, Special Diets Services, U.K.) in the form of mash in addition to the

regular pellets. Mice were implanted once they had reached a weight nearing or above 30g, which meant that mice were overall

9 weeks older at surgery. The average age and weight of the animals at the time of surgery was 23.8 ± 1.2 weeks & 31.9 ± 0.8 g

for the homozygotes and 14.7 ± 1.5 weeks & 31.7 ± 1.5 g for the WT mice. Age differences were permitted so that animals were

matched by weight. Previous data indicates that this age difference does not contribute to the differences in sleep

observed.33,68

METHOD DETAILS

EEG and laminar probe implantation surgeries
On the day preceding surgery, mice were injected with Dexamethasone (0.2 mg/kg, subcutaneous route). Surgeries were per-

formed using aseptic techniques under isoflurane anaesthesia (1-2%). Mice were provided with meloxicam (5 mg/kg s.c.), bu-

prenorphine (0.1 mg/kg) and Dexamethasone (0.2 mg/kg) prior to surgery start. Screws (self-tapping bone screws, stainless

steel, length: 4 mm, shaft diameter: 0.85 mm, Fine Science Tools Inc.) were positioned (Motor cortical area (frontal):

AP +2 mm, ML +2 mm; Visual cortical area (occipital): AP -3.5 mm, ML + 2.5 mm; Cerebellum: 2 mm behind lambda; Anchor

screw: AP -3.5 mm, ML -2.5 mm). Frontal EEG signals are well suited to measure SWA and detect spindles, while occipital EEG

signals are better suited to investigate theta activity, active wakefulness and REMS. A small craniotomy was performed around

the laminar probe (type A1x16-3mm-100-703-Z16, NeuroNexus Technologies, Ann Arbor, USA) insertion point (z0.8mm x

0.8 mm, primary motor cortex, AP +1.1, ML -1.75, DV 1.8, tilt of 14�). The tip of the electrode was dyed prior to the surgery

with 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate dye (‘DiI’, ThermoFisher Scientific). The probe was

grounded to the anchor screw and referenced to the cerebellar screw and carefully lowered into the cortex (1.8 mm from
e1 Current Biology 35, 1716–1729.e1–e3, April 21, 2025
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the point at which the tip touches the surface of the brain). Silicon gel (Kwik-Sil, World Precision Instruments, USA) was

applied on the craniotomy and the implant cemented. Two electromyography (EMG) electrodes were inserted in the neck

muscle and fixed to the back of the head cap with dental cement. Saline was injected subcutaneously (0.1 mL/20 g) to compen-

sate for fluid loss during the duration of the surgery, before placing the mouse in a recovery chamber at 28�C. Animals were

administered with Dexamethasone (0.2 mg/kg, s.c.) and meloxicam (5 mg/kg, s.c.) for 1 and 3 days following surgery,

respectively.

Recordings and initial data processing
Animals were left to recover for at least 2 weeks before being moved to custom-made clear plexiglas cages (20.3 x 32 x 35 cm3)

placed in ventilated, sound-attenuated Faraday chambers (Campden Instruments, UK). Mice were kept in a 12h:12h light-dark cycle

(lights on at 9am), with water and food available ad libitum. Temperature within the roomwas kept at 22±2 �C, with a humidity level of

55±10 %, and light levels of 120-180 lux.

Mice were left to habituate to their new environment for 3 days before being tethered. Recordings were started at least 3 days after

tethering, to let the mice habituate to the cables. Signals were recorded using the Multichannel Neurophysiology Recording System

(TDT, USA) and the Synapse software (TDT, USA). As described earlier,1 EEG and EMG signals were filtered (0.1–100 Hz), amplified

(PZ5 NeuroDigitizer preamplifier, Tucker-Davis Technologies) and stored at a sampling rate of 256.9 Hz. Signals were extracted and

converted using custom-written Matlab (The MathWorks Inc., USA) scripts as previously described.19,33 Vigilance states – wake,

NREMS, REMS, or brief awakenings (short arousals%16 sec during sleep, as described previously12) – were scored manually using

the SleepSign software (Kissei Comtec Co, Nagano, Japan). In brief, data was scored in 4-s epochs. Epochs with low-amplitude,

high-frequency EEG and a high level of EMG were scored as wake. Those presenting slow-waves, and high-amplitude, low-fre-

quency EEG concomitant with low levels of EMG activity were defined as NREMS. Epochs with low-amplitude, high-frequency

EEG with a low level of EMG activity were scored as REMS. Finally, if the visualized LFP or EEG channels were contaminated

with artifacts (while still being scorable) the epochwas scored as artefactual (i.e. the vigilance statewas defined and included in quan-

tification of time spent in each state, but the signals from such an epoch were not included in signal-based analyses). EEG power

density spectra were computed by a Fast Fourier Transform (Hanning window; 0.25-Hz resolution). More detailed recording and

initial analysis methods were as previously published.1,33,68 As the focus of the present study was on the slower frequencies, spectra

only show power for frequencies up to 20 Hz.

Sleep deprivation
Sleep deprivation (SD) was performed for 6 consecutive hours starting from light onset (ZT0). Animals were kept awake by providing

them with new objects to explore. If the mice were getting drowsy, nesting material was taken away from the cage temporarily. SD

was successful as only 7.8 ± 1.7minutes (mean ± SEM) of sleepwere detected during the 6 h of SD. Following sleep deprivation, mice

were left undisturbed for at least 18 h.

Auditory stimulation
Sounds of 8kHz, 75dB were played for 8 sec every minute during 1h30 (90 repetitions of 8-sec sound, 52-sec silence). This 1h30

session was performed 4 times across 24 h: ZT 0.5 – 2; ZT 7.5 – 9; ZT 12.5 – 14; ZT 20 – 21.5. Speakers were placed 70 cm above

each animal, within the Faraday sound-attenuated chambers.

Detection of OFF-periods
Detection of low-amplitude neural activity segments (‘OFF-periods’) was performed using the GUI made available by C. Harding,

described in Harding et al.13 Default parameters of the GUI were used for OFF-period detection (Calinski-Harabasz clustering eval-

uationmethod; Clustering variable 1: amplitude, 15 smoothing points; clustering variable 2: amplitude, 5 smoothing points; clustering

sample size: 1%). Out of the 16 channels, 5-10 MUA channels (and corresponding LFP channel for visualization) were selected for

each mouse, selecting only those that were stable across a 48h (baseline day + sleep deprivation day). The first 12 h of the baseline

daywere used as a new dataset against which the detection parameters were calculated for eachmouse. The parameters (‘pre-sets’)

were then re-used to detect OFF-periods for the next 36 h of recording.

In some instances (specified in the legends and text), only the 5% longest OFF periods were included. The 5% threshold was cho-

sen to include enough OFF periods, while still focusing on the longest ones, wherever that was the focus of our investigations. Other

criteria were tested (1% longest OFF-periods, 5% percentile value of OFF-period duration) with little effect on the outcome – i.e. ef-

fects observed were robust to the variations in criterion used.

Application of the ‘elaborated two-process model’
The estimation and optimisation of the model parameters (gain constant gc, describing the decay rate of SWA; rise constant rs and

upper asymptote SU) were performed exactly as described in Guillaumin et al.,19 using SWA calculated across a 24-h baseline day

and a sleep deprivation day (6-h sleep deprivation + 18-h recovery sleep). For the baseline-only optimisations, the baseline record-

ings were artificially duplicated for the estimation/optimisation of the parameters, as described in the above-mentioned publication.
Current Biology 35, 1716–1729.e1–e3, April 21, 2025 e2
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For the BL+SD day, the 24-h baseline day followed by the sleep deprivation day were used. The equations, identical to Guillaumin

et al.,19 are replicated here:

(1) Slow-wave activity (SWA(t)):

Empirical SWA (and therefore simulated SWA) is always expressed – unless otherwise stated – as a percentage of mean SWA

across NREMS in the baseline period used for optimisations.

dSWA

dt
= rc:SWA:

S

SU
:

�
1 � SWA

S

�
:ð1 � WTðtÞÞ:ð1 � REMTðtÞÞ
-- fcR: ðSWA -- SWALÞ: REMTðtÞ
-- fcW : ðSWA -- SWALÞ: WTðtÞ
(2) REMS (REMT(t)):

REMTðtÞ =

�
1 during REMS0trigger0

0 otherwise

(3) Waking (WT(t)):

WTðtÞ =

�
1 during wake0trigger 0

0 otherwise

(4) Process S (S(t)):

ds

dt
= � gc:SWA+ ðSU � SÞ:rs

Perfusions and micro-lesions
Micewere injectedwith Pentobarbital (200mg in 1mL, i.p. injection of 0.01mL/g bodyweight). Microlesions of 3 selected channels on

the laminar probe were then performed using a NanoZ device (White Matter) before themice were transcardially perfused with a PBS

solution, followed by paraformaldehyde (PFA, 4% in PBS). Brains were removed and placed in PFA (4% in PBS) for 48 h, after which

they were transferred to a 30% sucrose solution (in PBS) for cryoprotection. Once sunk to the bottom of the vial, brains were briefly

rinsed in PBS and embedded in O.C.T. compound and frozen at -80�C until cutting.

Histology
To confirm electrode placement, slices were prepared using a cryostat (Cryotome FSE, ThermoScientific; -22�C, 50mm-thick sec-

tions) and mounted on glass slides. Slides were subsequently mounted under cover glasses with ProLong Glass Antifade mountant

with NucBlue stain (ThermoFisher Scientific). Sections were digitized using an LSM710 laser scanning confocal microscope and ZEN

image acquisition software (Zeiss) (Figure S6C).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using SPSS (IBMCorp., Release 23.0.0.2) and Matlab (The MathWorks Inc., USA). The nature

of the tests used and corresponding results are reported within figure legends or within the main text of the results section. Wilcoxon

rank sum test was used where normality was not observed (Kolmogorov Smirnov test).

For the OFF-period duration survival curves fitting, we computed survival curves for data associated with eachmouse and channel

during the baseline light phase. On the semilog plot, survival curves were approximately linear. Therefore, we fit lines to the survival

curves for each mouse and each channel. We computed the average slope for each mouse and compared between groups with

ANOVA. Deviations from the linear fits tended to occur at the beginning of the survival curve and corresponded to OFF-periods

with shorter durations; therefore, we separately compared the slopes of fits to the survival curves for subsets of OFF-period data

with durations greater than a fixed threshold, andwe varied the threshold between 5 and 200ms to identify the subsets of OFF-period

data for which slopes were different. We also applied Levene’s test to compare variances of slopes between groups.
e3 Current Biology 35, 1716–1729.e1–e3, April 21, 2025
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