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The absence of Neuroligin-1 shapes wake/
sleep architecture, rhythmic and arrhythmic
activities of the electrocorticogram in female
mice
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Abstract

Associated to glutamatergic neurotransmission, Neuroligin-1 (NLGN1) is a synaptic adhesion molecule with roles
in the regulation of behavioral states and cognitive function. It was shown to shape electrocorticographic (ECoG)
activity during wakefulness and sleep in male mice, including aperiodic activity under baseline conditions. Given
that the expression of Neuroligins (Nign) differs between sexes, we here aim to characterize the impact of the
absence of NLGN1 on the wakefulness and sleep architecture, rhythmic and arrhythmic activity dynamics, and
responses to sleep deprivation in female animals. NignT knockout (KO) female mice and wild-type (WT) female
littermates were implanted with ECoG electrodes, and ECoG signals were recorded for 48 hours comprising a
24-hour baseline, followed by a 6-hour sleep deprivation and 18 hours of undisturbed recovery (REC). Time spent
in wakefulness, slow wave sleep (SWS) and paradoxical sleep (PS), and their alternation were interrogated, and
ECoG activities were quantified using a standard spectral analysis and a multifractal analysis. NignT1 KO females
spent more time in PS during the light period under baseline in comparison to WT females. This difference

was observed along with more PS bouts and a shorter overall PS bout duration, indicative of a fragmented PS.
Additionally, Nign1 KO females displayed less ECoG power between 8 and 13 Hz during wake, less power between
1.25 and 3.5 Hz during PS, and more between 2.5 and 3.75 Hz during SWS in comparison to WT. Under both
baseline and REC, NLGN1 absence in females was significantly associated with a higher value of the most prevalent
Hurst exponent (Hm) during SWS, which points to a higher persistence across scales of ECoG aperiodic activity.
Indications for alterations in the daily dynamics of the Dispersion of Hurst exponents around Hm were also found
during SWS in KO females. The present study highlights differences in wake/sleep architecture, and in periodic
(rhythmic) and aperiodic (arrhythmic/multifractal) activities in female mice lacking NLGN1. These findings provide
additional support to a role for NLGN1 in shaping the ECoG organization, in particular during sleep, and will help
understanding the origin of sleep disturbances in neuropsychiatric diseases.

fCassandra C. Areal and Nicolas Lemmetti have contributed equally
to this work.

*Correspondence:
Valérie Mongrain
valerie.mongrain@umontreal.ca

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://orcid.org/0000-0002-6242-9166
http://crossmark.crossref.org/dialog/?doi=10.1186/s13041-025-01186-x&domain=pdf&date_stamp=2025-4-17

Areal et al. Molecular Brain (2025) 18:38

Page 2 of 17

Keywords Synaptic adhesion protein, Sleep regulation, Electrocorticographic activity, Paradoxical sleep, Slow wave
sleep, Sleep fragmentation, Sleep deprivation, Multifractal activity, Mouse

Introduction

Neuroligins (NLGNs) are adhesion proteins mainly found
at postsynaptic sites in the mammalian brain, where they
interact with presynaptic partners neurexins [1]. Four
Nign genes have been identified in rodents (Nigni-4) [2,
3], and five NLGN genes in humans (NLGNI and 2 from
autosomes, NLGN3 and NLGN4X from the X chromo-
some and NLGN4Y from the Y chromosome; [4-8]).
NLGN1 is found mainly at glutamatergic synapses and is
required for adequate excitatory synaptic transmission,
the generation of LTP notably in the hippocampus, and
the regulation of N-methyl-D-aspartate (NMDA) recep-
tors [9-14]. NLGN1 was shown to be dysregulated in
neurodevelopmental and neurodegenerative conditions,
like autism spectrum disorders and Alzheimer’s dis-
ease [15—-17], both characterized by sleep disturbances
[18-20].

Wakefulness/sleep architecture and electrocortico-
graphic (ECoG) activity have been shown to be altered
in animals with genetic modifications of NLGNs. For
instance, a missense (gain-of-function) mutation of
NLGN3 (R451C) was shown to decrease delta power dur-
ing slow wave sleep (SWS; also known as non-rapid eye
movement sleep) in male mice [21], whereas the absence
of NLGN3 in male rats was reported to decrease SWS
amount and to increase SWS delta power [22]. In addi-
tion, we previously observed that mice lacking NLGN2,
which is predominantly found at inhibitory synapses [23],
spend less time in SWS and have an increased consoli-
dation of wakefulness and sleep under undisturbed and
high sleep need conditions [24, 25]. Concerning NLGN1
specifically, we have shown that Nignl knockout (KO)
male mice spend less time awake during the dark period
and express higher delta activity during SWS particularly
after sleep deprivation [26, 27]. Moreover, male mice
lacking NLGN1 showed alterations in ECoG multifractal
patterns, which have been linked to memory processing
and object recognition speed [28, 29], with more anti-
persistence during wakefulness (less self-similarity across
time scales) [30]. However, the effects of the absence of
NLGNI1 on wakefulness/sleep amount and ECoG activity
remain to be established in females.

In humans and rodents, sex differences in sleep pheno-
types have been repeatedly described [31-38]. Moreover,
differences between males and females in the impact of
a genetic manipulation on wake/sleep variables were
reported in rodents. For instance, the absence of the
transcription factor neuronal Per-Arnt-Sim domain pro-
tein 2 (NPAS2) was observed to decrease time spent in
paradoxical sleep (PS; also known as rapid eye movement

sleep) and to reduce SWS rebound after sleep deprivation
only in male mice [39]. Given that genes coding for some
NLGNSs are on sex chromosomes [1, 3], and that the
expression of the Nign genes and NLGN protein levels
were shown to be influenced by sex hormones, including
in neurons [40—44], it is particularly important to verify
whether the genetic manipulation of Nignl also impacts
the regulation of wakefulness and sleep in females.

In the present study, we are testing the hypothesis
that the absence of NLGN1 will modify wakefulness/
sleep architecture and ECoG rhythmic and multifractal/
arrhythmic activities in female mice. The ECoG of female
Nignl KO mice and wild-type (WT) littermates has been
recorded under undisturbed/normal conditions and sub-
sequently following sleep deprivation to investigate the
response to a sleep homeostatic challenge. We reveal
that female mice lacking NLGN1 spend more time in PS
and have a less consolidated PS, have rhythmic activity
alterations in multiple frequency bands during wake and
sleep states, and show more persistence across different
scales of the ECoG signal during SWS. These observa-
tions provide further support for a role of NLGNT1 in the
regulation of sleep and underscore the relevance of this
relationship also in females.

Results

More time spent in PS in Nign1 KO females

To verify the implication of NLGN1 in shaping wake-
fulness and sleep architecture in female mice, vigilance
states were recorded for 24 hours under undisturbed
conditions (baseline) in Nignl KO and WT littermates.
Next, at the beginning of the second day of recording, a
6-hour sleep deprivation was performed by gentle han-
dling followed by 18 hours of undisturbed/recovery con-
ditions (sleep deprivation+recovery [REC]) to explore
the role of NLGN1 in the responses to sleep loss. The
absence of NLGNT1 protein for the recorded cortical areas
in KO mice was confirmed in a subsample of animals
(Fig. 1A). During baseline, no changes were observed for
time spent in wakefulness and SWS. However, the lack of
NLGN1 increased the time spent in PS during the base-
line light period (Fig. 1B, upper panel). Indeed, Nignl KO
mice spent~9 more minutes (65.8 minutes) in PS com-
pared to WT mice (56.6 minutes), representing 16.2%
more PS. This difference was restricted to the 12-hour
light period (i.e., not significant for the 12-hour dark
period). During the following 24 hours (REC), Nign1 KO
females were not significantly different from WT females
for the time spent in wakefulness, SWS and PS (appli-
cable to light and dark periods; Fig. 1B, lower panel).
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Fig. 1 Time spent in wakefulness and sleep states in female Nign1 KO and WT littermates. A. Western blots showing the absence of NLGN1 protein de-
tected in the cerebral cortex regions targeted by the electrocorticographic electrodes. B. Proportion of the 12-hour light and dark periods occupied by
wakefulness, slow wave sleep (SWS) and paradoxical sleep (PS) during baseline (BL, upper panel) and sleep deprivation (SD) + recovery (REC, lower panel).
For BL, a Genotype-by-Period interaction was found for PS with a significant genotype difference during the light period (F, ,, = 4.6, p=0.04; *: difference
from the corresponding value in WT mice p=0.02). No significant interaction or genotype effect was found for wake and SWS under BL (Genotype-by-
Period interactions F ,, < 1.6, p=0.2; main Genotype effects F; ,, < 2.0, p>0.1) and for all states during REC (Genotype-by-Period interactions F; 5, < 0.2,
p=0.7; main Genotype effects F, ,, < 4.2, p>0.05). WT: n=11, KO: n=13 (also for all following panels). C. State duration per hour in WT and KO mice. No
Genotype-by-Hour interaction was found for any of the three states during BL (F3 506 < 1.4, p>0.1) and REC (F;, 37, < 1.6, p>0.1). Under BL and REC, no
genotype effect was observed for wake and SWS (F, 5, < 2.9, p=>0.1), as well as for PS (F; 5, < 4.3, p=>0.05). D. SWS measured during the 6-hour SD. Nign1
KO mice had significantly more SWS than WT mice during SD (t =-2.3, p=0.03). E. SWS latency after SD (significantly shorter in KO compared to WT mice;
t=3.7,p=0.004). F. PS latency after SD (significantly shorter in KO compared to WT mice; t=2.6, p=0.02). G. Latency difference between SWS and PS did
not significantly differ between WT and KO mice (t = -1.3, p=0.2). H. Accumulated differences between the 24-hour REC and the 24-hour BL calculated
for SWS (left panel) and PS (right panel). No significant Genotype-by-Hour interaction was found (F,3 506 < 1.3, p>0.2), and no significant main Genotype
effect (F, 5, < 1.3, p>0.2). Gray backgrounds indicate the 12-hour dark periods. Hatched areas represent the 6-hour SD
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Furthermore, the 24-hour baseline and 24-hour REC
time courses of hourly sleep/wake values revealed no
overall genotype differences in any of the three vigilance
states (tendency for genotypes to differ for PS during
both baseline and REC: p=0.05; Fig. 1C). The increased
time spent in PS is thus not linked to changes at specific
hours, but rather reflects a global increase over the base-
line light period.

During sleep deprivation, female Nignl KO mice were
strikingly difficult to maintain awake. Indeed, KO mice
had around 5 more minutes of SWS during the 6-hour
sleep deprivation, which is almost two times more SWS
than WT mice (Fig. 1D; no PS during sleep depriva-
tion for both genotypes as shown in the bottom panel of
Fig. 1C). In line with this, Nigni KO mice fell asleep sig-
nificantly faster, with both SWS and PS reached sooner
than WT littermates after the end of the sleep depriva-
tion (i.e., shorter latencies; KO taking a fourth of the WT
time to reach SWS, and two-thirds of the WT time to
reach PS; Fig. 1E and G). However, the global loss of SW'S
and PS as well as the general recovery of these states after
sleep deprivation as assessed using accumulated differ-
ences from baseline was not significantly impacted by the
Nignl mutation (Fig. 1H). Thus, the absence of NLGN1
in female mice increased SWS during sleep deprivation
and decreased the latencies to sleep states after the end of
sleep deprivation.

Fragmented states after sleep deprivation in Nign1 KO
females

To assess wake/sleep fragmentation/consolidation, the
mean duration of individual bouts of the three states
were compared between genotypes together with the
number of bouts of different durations. For bout dura-
tion, female mice lacking NLGN1 had generally shorter
wake/sleep bouts, which reached statistical significance
only during REC (only REC dark period for SWS; shorter
of approximately 10 to 30%; Fig. 2A). Additionally, Nign1I
KO female mice displayed a general increase in the num-
ber of wake bouts of both short and long durations and in
the number of short SWS bouts during REC in compari-
son to WT female littermates (Fig. 2B, upper and middle
panels). For PS, Nigni KO mice showed an increased
number of relatively short (i.e. < 32-second) bouts during
baseline and REC in comparison to WT mice (Fig. 2B,
lower panels).

Bout number of specific durations were computed
for each recording hour for the three vigilance states to
investigate potential genotype-dependent differences in
their daily distribution. For wakefulness, bouts<16 sec-
onds have been considered as brief awakenings and used
as an indication of state discontinuity [45, 46]. For SWS,
bouts <32 seconds were quantified, as a 60-second dura-
tion bout is considered indicative of consolidated bouts
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[47]. Nign1 KO female mice showed more short wake and
SWS bouts than WT female littermates only during REC
(Fig. 2C, left and middle panels). Moreover, KO mice had
more short PS bouts; a difference applicable to baseline,
to the first hours after sleep deprivation during the light
period and to the beginning of the dark period during
REC (Fig. 2C, right panel).

Overall, the increased number of shorter PS bouts
paired with a reduced duration of individual bouts sug-
gests a fragmented PS in Nign1 KO females. Thus, despite
an increase in total PS time, the observed fragmentation
suggests an instability of the state. Interestingly, there
was also a significantly higher number of transitions from
SWS to PS in females Nignl KO mice in comparison to
WT littermates for both the baseline and REC condi-
tions (BL: WT=79.0 + 1.9, KO=108.7 + 7.8, p<0.01;
REC: WT=67.8 + 3.5, KO=88.0 + 5.7, p=0.01), which
likely contributes to both the elevated number of short
PS bouts and increased time spent in PS. Additionally,
the absence of NLGNI1 interferes with wake and SWS
consolidation in female mice, significantly during sleep
deprivation and the recovery period, as observed by the
reduction of bout duration and the increase in the num-
ber of shorter SWS bouts.

Altered ECoG rhythmic activity in Nign1 KO females
To examine the role of NLGN1 in shaping the quality of
wake/sleep states in female mice, the ECoG power spec-
trum (shown for frequencies between 0.75 and 30 Hz)
was compared between genotypes for the three vigilance
states separately for baseline and REC. During wake-
fulness, Nignl KO mice showed less activity from 8 to
13 Hz, encompassing high theta and alpha range. This
difference was more prominent during REC for most Hz-
bins (Fig. 3A, left column). As expected, spectral power
during SWS was increased in REC compared to baseline
for all frequencies (Fig. 3A, middle column). In addition,
when considering baseline and REC recordings together,
female mice lacking NLGN1 expressed more delta activ-
ity (between 2.5 and 3.75 Hz), and less beta activity
(>22 Hz) during SWS (Fig. 3A, middle column). During
PS, KO mice showed less ECoG activity in the delta range
(between 1.25 and 3.5 Hz), particularly during REC, and
less activity between 8 and 10.75 Hz in baseline and REC
(Fig. 3A, right column). Nevertheless, the ratio of activity
between theta and delta during PS was not significantly
impacted by the Nignl mutation (Fig. 3A, inset of upper
right panel). Overall, Nignl KO female mice display
alterations in spectral ECoG activity in all three vigilance
states, with state-specific signatures that also depend on
the experimental condition (i.e., baseline versus REC).
Next, the time course of SWS delta activity (1-4 Hz)
was analyzed using both absolute and relative activity
separately for baseline and REC. When compared to WT
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Fig. 2 Wake/sleep fragmentation in Nign1 KO and WT female mice for baseline (BL) and recovery (REC). A. Mean duration of individual bouts in seconds
for BL and REC, depicted separately for the light and dark periods. For BL, no significant Genotype-by-Period interaction was found for wake, SWS, and
PS (F 5, < 0.6, p>0.4) and no genotype effect for any of the states (F; 5, < 4.1, p>0.05). For REC, a significant Genotype-by-Period interaction was found
for SWS (F, 5, = 44, p<0.05; *: p<0.05 relative to the corresponding value in WT mice, also in panel B), and significant genotype effects were found for
wakefulness and PS (#:F, 5, > 5.7, p<0.03). WT:n=11,KO: n=13 (also for all following panels). B. Bout number of different durations in seconds or minutes
for BL and REC. During BL, a significant Genotype-by-Duration interaction was found for PS (Fs ;o= 3.2, p=0.01;**:p<0.01 and ***: p < 0.001 from the cor-
responding value in WT mice). No interaction or genotype effects was found in the number of bouts for wake and SWS during BL (F; 555,110 < 2.2, p>0.1).
During REC, significant Genotype-by-Duration interactions were found for SWS and PS (F5 1,5 > 2.8, p < 0.04). A significant genotype effect was found for
the number of bouts during wakefulness (#: F, 5, = 12.7, p=0.002). C. BL and REC time courses of the number of brief awakening (< 16 seconds), short
SWS (<32 seconds) and PS bouts (< 16 seconds). During BL, no significant interaction was found for any of the states (F,3 505 < 1.6, p>0.05). A significant
genotype effect was found for PS (#: F, 5, = 13.0, p=0.002), but not for wake and SWS (F, 5, < 1.4, p>0.2). During REC, a significant Genotype-by-Hour
interaction was found for PS (F; 3, = 2.2, p=0.009), and significant genotype effects were found for wake and SWS (#: F, 5, > 7.6, p<0.02). Orange data-
points for KO mice indicate hours with significant genotype differences (t-test p <0.05). Gray backgrounds indicate the 12-hour dark periods. Hatched

areas represent the 6-hour sleep deprivation (SD)

female littermates, absolute delta activity was signifi-
cantly higher at specific hours during baseline and REC
in Nignl KO females (Fig. 3B, left panel). However, the
time course of relative delta activity, which is more reli-
able to unveil differences in individual dynamics given
that it takes into account differences in absolute power
[47, 48], did not differ between KO and WT females dur-
ing baseline, and was only impacted by genotype during
REC, with KO mice showing a lower activity for the first
interval of the dark period (Fig. 3B, right panel). Given
that different subdivisions of delta activity (delta 1=0.75-
1.75 Hz and delta 2=2.5-3.5 Hz) were shown to have dif-
ferent dynamics in response to prior sleep-wake history
[49], the time courses of activity in these smaller bands
were compared between female Nignl KO and WT

mice. Absolute delta 1 activity was significantly higher in
KO compared to WT mice specifically at the end of the
dark periods for both baseline and REC (Fig. 4A, upper
left panel), while absolute delta 2 activity was generally
higher in KO females throughout both recording con-
ditions (some time intervals reaching an ~60% increase
compared to WT; Fig. 4A, upper right panel). Relative
delta 1 activity was also significantly higher in KO than
WT mice but specifically at the end of baseline and
immediately after sleep deprivation, whereas it was lower
in KO mice at the beginning of the dark period in REC
(Fig. 4A, bottom left panel). Relative delta 2 activity was
significantly lower in KO compared to WT mice only
for the first interval of the dark period in REC (Fig. 4A,
bottom right panel). In general, although the absence of
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NLGNT1 in female mice appears to impact absolute delta
2 activity to a greater extend than absolute delta 1 activ-
ity, an opposite observation is made when considering
the dynamics of relative delta activity in these smaller
bands.

Higher amplitude and slope of slow waves in Nign1 KO
females

Some properties of slow waves (SW) during SWS can
represent additional markers of sleep intensity, espe-
cially when considering the slope and amplitude of SW
that are higher under conditions of elevated homeostatic
sleep pressure [27, 50, 51]. We indeed found here that

SW slope, amplitude and duration were increased in REC
compared to baseline when considering the light period
during which recovery occurs (Fig. 4B). The slope of SWS
SW was found to be significantly steeper in female Nign1
KO mice when compared to female WT littermates,
independently of the light/dark periods and of baseline/
REC conditions (Fig. 4B, first row). This difference was
particularly prominent at the beginning of the light and
dark periods during baseline and immediately after sleep
deprivation during REC (steeper of 10% or more in com-
parison to WT; Fig. 4C, first row), moments at which
homeostatic sleep pressure is highest. The amplitude of
SW was observed to be significantly higher (~10%) in
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tivity during BL, a significant Genotype-by-Interval interaction was found for 81 only (F; 55, = 2.9, p=0.007), and no interaction or genotype effect was
found for 82 (F, 172,374 < 1.2, p>0.2). During REC, significant interactions were found for both relative 61 and 62 activity (F;3 55 > 2.0, p<0.05). Orange
datapoints for KO mice indicate intervals with significant genotype differences (t-test p <0.05; also in panel C). WT: n=11, KO: n=13 (also for all following
panels). B. Slow wave (SW) properties (slope, amplitude, negative duration, positive duration) averaged during light and dark periods for BL and REC. For
light periods, no significant Genotype-by-Condition interaction was found for any of the parameters (F; ,, < 3.8, p >0.06), but significant genotype effects
were found for slope and amplitude (#: F; 5, > 4.4, p<0.05; negative and positive durations: F, 5, < 4.3, p>0.05). Also, significant condition effects were
found for all parameters (+: F; 5, > 44, p<0.05). For dark periods, a significant Genotype-by-Condition interaction was found for amplitude (F, ,, = 9.6,
p=0.005; *: p<0.05 relative to the corresponding value in WT mice; interaction for slope, negative and positive durations: F, 5, < 3.8, p>0.06), significant
genotype effects were found for slope and positive duration (#: F, ,, > 4.8, p < 0.04; genotype effect for negative duration: F; ,, = 1.6, p=0.2), and a signifi-
cant condition effect for slope (+: F; 5, = 15.6, p=0.0007; negative and positive durations: F; ,, < 0.8, p>0.3). C. BL and REC time courses of SW properties
averaged across intervals with the same number of SWS epochs. During BL, significant Genotype-by-Interval interactions were observed for SW slope and
amplitude (F;, 374 = 3.6, p<0.005; negative and positive duration: F,,3,, < 1.7, p>0.05), and a significant genotype effect was found for positive duration
(#:F,,,=6.1,p=0.02; negative duration: F, ,, = 3.5, p=0.08). During REC, significant interactions were observed for SW slope and negative duration (F;3 54
>2.1,p<0.03; amplitude and positive duration: 3,45 < 1.9, p>0.07), and a significant genotype effect for amplitude (#: F, ,, = 4.5, p < 0.05; positive dura-
tion: F 5, = 3.8, p=0.06). D. Decay of SW properties between the first and the last interval of the light period of REC. Significant differences were observed
for SW slope and amplitude (t>2.2, p<0.04), but not for negative and positive durations (t< 2.1, p>0.06). Gray backgrounds indicate the 12-hour dark
periods. Hatched areas represent the 6-hour sleep deprivation (SD)
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Nignl KO females in comparison to WT females dur-
ing light periods (baseline and REC), and for the baseline
dark period (Fig. 4B, second row). When considering the
24-hour dynamics of SW amplitude, it was modified in
the absence of NLGN1 only for baseline (Fig. 4C, sec-
ond row), with KO mice showing higher amplitude at
specific times during the light period and for all inter-
vals of the dark period, whereas SW amplitude was con-
stantly higher in KO (independent of interval) during
REC. Female Nigni KO mice also showed a significantly
shorter duration of the positive peak of SW, indicative of
the ON phase of neuronal firing [52], than WT animals
during dark periods (Fig. 4B; fourth row), which was also
observed when considering the 24-hour dynamics during
baseline (Fig. 4C, fourth row). The duration of the nega-
tive peak of SW, indicative of the OFF phase of neuronal
firing [52], was found to be decreased in Nignl KO mice
at specific intervals during REC when compared to WT
littermates (Fig. 4C, third row).

To further investigate the effects of the mutation on
the homeostatic-dependent dynamics of SW properties,
decay values were computed as the difference between
the first and the last interval of the first 6 hours following
sleep deprivation. There were significantly greater decays
of SW slope and SW amplitude in female Nignl KO
mice when compared to female WT littermates (Fig. 4D,
first and second rows). However, the decay of SW nega-
tive and positive durations was not significantly differ-
ent between genotypes (Fig. 4D, third and fourth rows).
These observations reveal that the absence of NLGN1 in
female mice drives multiple alterations in SW proper-
ties during SWS, in addition to modifying their 24-hour
dynamics under undisturbed and high homeostatic sleep
pressure conditions.

Higher persistence in SWS arrhythmic activity in Nign1 KO
females

Spectral analysis of the ECoG quantifies the activity for
distinct brain rhythms, but lacks information about the
general organization of the signal across different time
scales, something often referred to as arrhythmic or ape-
riodic activity. Multifractal analysis of the ECoG can be
used to assess arrhythmic (aperiodic) activity of the signal
and the long-range relationship in the activity across dif-
ferent time scales [30, 53]. To characterize the aperiodic
activity of the ECoG signal in female Nignl KO mice,
we quantified two parameters: the most prevalent Hurst
exponent (Hm) and the Dispersion of Hurst exponents
around Hm [30, 54]. Hm was used as a measure of long-
range temporal correlation/dependency of ECoG oscil-
lations. It represents an indication of “anti-persistence”
of the organization of the activity across all frequencies
of the interrogated spectrum (0.5 to 64 Hz), with lower
Hm values pointing to a higher anti-persistence (less
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long-range dependency), and higher values to less anti-
persistence (more self-similarity across scales) [30]. Dis-
persion refers to the variability of Hm when looking at
discrete (local) points in time. It was used as an indica-
tor of “multifractality” or “local instability” Dispersion
values closer to 0 are indicative of more local stability of
the power decay across frequencies (i.e., less variability of
Hm at a given timepoint, thus fewer fractal dynamics in
the signal), and more negative Dispersion values indica-
tive of lower local stability (i.e., more local variability of
Hm or greater variability of fractal dynamics referred to
as multifractality).

For Hm, Nignl KO mice were found to have a higher
value in comparison to WT littermates specifically for
the ECoG signal of SWS (24-hour average), and not for
wake and PS (Fig. 5A). This difference applied to both
baseline and REC, and was global across the 24-hour
days, thus not specific to any particular interval (Fig. 5B).
For Dispersion, the lack of NLGN1 in female mice did not
significantly modify its value in any of the states when
considering the averages over 24 hours (Fig. 5C). How-
ever, the 24-hour time course during baseline and REC
was found to differ between genotypes for SWS (Fig. 5D),
and Dispersion was notably less negative in female KO
mice compared to female WT littermates only at the end
of the light period of REC (Fig. 5D). This result shows
that multifractal activity of the ECoG signal of Nign1 KO
mice is altered only during SWS, with KO mice showing
more self-persistence (increased Hm) and 24-hour varia-
tions in the local instability of aperiodic activity.

To better capture the impact of the KO of Nignl in
females on the 24-hour dynamics of variations in Hm
and Dispersion during wake and SWS (states occupying
most of the nychthemeron), time courses of relative val-
ues were analyzed (each interval expressed relative to the
corresponding baseline 24-hour average of each mouse).
For Hm, the 24-hour variations were not impacted by
the absence of NLGN1 in female mice for both wake-
fulness and SWS (baseline and REC; Fig. 6A). However,
female Nignl KO mice had a significantly higher value of
relative Dispersion across all wake intervals during REC
(Fig. 6B, upper panel), which suggests that the wake ape-
riodic ECoG activity of KO mice is more multifractal
(locally unstable) than that of WT littermates, specifically
under conditions of higher homeostatic sleep pressure.
Moreover, KO females showed much more amplitude of
24-hour variations in relative Dispersion measured dur-
ing SWS than WT littermates during both baseline and
REC (Fig. 6B, lower panel). Indeed, the relative value of
Dispersion increased in KO animals (to become higher
than WT) specifically during the dark periods and imme-
diately after sleep deprivation, but decreased (to lower
than WT) at the end of the light period of REC. This
suggests that the “multifractality/local instability” of
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Fig. 5 The most prevalent Hurst exponent (Hm) and Dispersion of exponents around Hm quantified for wakefulness, SWS, and PS during baseline (BL)
and recovery (REC). A. Hm values averaged over 24 hours for BL and REC. No significant Genotype-by-Condition interaction was found for any of the
three states (F; ,, < 2.0, p>0.1), but a significant genotype effect was found for SWS (#: F, 5, = 5.9, p=0.02; for wake and PS: F; 5, < 0.1,p>07). WT: n=11,
KO: n=13 (also for panel C). B. 24-hour time courses of Hm for all vigilance states. No significant Genotype-by-Interval interaction was found for any of
the states during BL and REC (F;,12/13/17/22.200/228/260/340/440 < 1.6, p>0.05), but genotype effects were observed for SWS during both BL and REC (#: F; 5,
> 53, p<0.04; for wake and PS: F; 5, < 0.3, p>0.6). WT: n=10, KO: n=12 (also for panel D). C. Dispersion values averaged over 24 hours for BL and REC.
No significant Genotype-by-Condition interaction was found for any of the states (F, ,, < 0.3, p>0.6), and also no significant genotype effect was found
(F12, < 1.5,p>0.2). D. 24-hour time courses of Dispersion for each state. Genotype-by-Interval interactions are observed for SWS during both BL and REC
(F13/17,260/340 = 3.8, p <0.0001; wake and PS during BL or REC: F;/12/17/22.200/228/3401440 < 1.3, p>0.1). No genotype effect was found for wake and PS (BL or
REC: F; 50 <4.1,p>0.05). The orange datapoint for KO mice indicates an interval with a significant genotype difference (t-test p < 0.05). Gray backgrounds
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SWS ECoG aperiodic activity of Nignl KO mice fluctu-
ates more throughout the day than that of WT animals,
with it being more multifractal/locally unstable dur-
ing the dark period and following a period of prolonged
wakefulness.

Discussion

Our study highlights the impacts of the lack of NLGN1
in female mice on wake/sleep architecture, rhythmic
and arrhythmic activities. More specifically, Nigni KO
females spent more time in PS during baseline, and
showed a shorter mean duration of individual bouts and
higher number of bouts for all three vigilance states dur-
ing REC. Also, KO animals had modified spectral activ-
ity in all states, notably during SWS with a considerably
higher delta activity, and enhanced SW slope and ampli-
tude. Multifractal activity was altered specifically during
SWS in KO when compared to WT littermates with a
higher Hm and fluctuating Dispersion. Altogether, these
data support a role for NLGNI1 in regulating rhythmic
and arrhythmic activities in female mice in a manner that
mainly differs from our previous observations in males
as discussed below [26, 27, 30], and strengthens the rela-
tionship between wake/sleep regulation and cell adhesion
proteins found at the synapse.

During undisturbed conditions (baseline), the time
spent in PS was higher in Nignl KO females compared
to WT littermates. This observation could emerge from a
role of NLGNT1 in shaping the functioning of the pontine
neurocircuitry controlling PS generation more specifi-
cally in females because of the absence of a change in the
total time spent in PS in Nignl KO males [26]. Indeed,

NLGN1 is required for proper glutamatergic neuro-
transmission [13, 14], and is expressed in the pontine
tegmentum in mice (Allen Institute mouse brain atlas),
a region shown to control the time spent in PS through
specific glutamatergic neurons [55]. It could thus be pos-
sible that the higher time spent in PS in KO mice results
from reduced excitation by Atohl-expressing glutamater-
gic neurons onto GABAergic cells of the lateral pontine
tegmentum, which inhibits the sublaterodorsal tegmen-
tal nucleus that promotes the generation of PS [55, 56].
Inhibiting GABAergic cells of the lateral pontine tegmen-
tum was indeed shown to increase the time spent in PS
without changing time spent in SWS [55], and the loss
of NLGN1 might mimic this effect by reducing the excit-
atory drive of Atohl* glutamatergic cells onto the lateral
pontine tegmentum. In parallel, the sublaterodorsal teg-
mentum was shown to receive direct excitatory inputs
and to be composed of glutamatergic neurons [56], mak-
ing it likely that other inputs as well as outputs of this PS
generator are affected in the absence of NLGN1 given
that it is expressed throughout pontine structures [57].
Accordingly, investigating the role of NLGNT1 in this cir-
cuit in female mice via targeted manipulation could be of
relevance.

Additionally, Nignl KO females exhibit fragmented
PS under both baseline and REC (i.e., shorter PS bout
duration in REC, more short PS bouts in baseline and
REC). This apparent instability in PS maintenance could
also be the consequence of changes in the pontine cir-
cuit described above. Alternatively, it could arise from
alterations of glutamatergic inputs to hypothalamic
orexin neurons, a neuronal population regulating the
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occurrence and consolidation of PS [58, 59]. Functional
glutamatergic synapses were indeed reported on orexin
neurons [60], and sleep deprivation was found to impair
glutamatergic transmission onto orexin neurons [61].
Therefore, the loss of NLGN1 could lead to a hypoacti-
vation of orexin neurons contributing to less consoli-
dated PS, which could be interesting to clarify in future
research. Of note, even in the absence of change to the
recovery of PS after sleep deprivation, the observations of
more time spent in PS together with more shorter bouts
of PS in the absence of NLGN1 may suggest alterations in
the ‘homeostatic’ regulation of PS (rapid eye movement
sleep) [62]. This could also suggest alterations in other
hypothalamic circuits (e.g., input to neurons of the pre-
optic area) [63], which would also be relevant to interro-
gate in animals lacking NLGNI.

The quality of PS was also impacted by the KO of Nign1
in female mice given the observation of less ECoG power
between 1.25 and 3.5 Hz and between 8 and 10.75 Hz,
differences that were not found in males lacking NLGN1
[26]. Previous studies have shown that lower theta
(5-7 Hz) and higher theta (8-11 Hz) are linked to tonic
and phasic PS, respectively [64, 65]. As such, lower power
in the 8-10.75 Hz frequency range may suggest that the
loss of NLGNT1 specifically affects phasic PS (i.e., present-
ing features of PS such as eye movements and muscle
twitches [not quantified in the present study]). The litera-
ture has highlighted the contribution of the supramam-
millary nucleus glutamatergic projections to the dentate
gyrus in the generation of theta rhythms during PS, as
their stimulation was shown to enhance PS theta power
and frequency [66]. Hence, the loss of NLGN1 could
impair the activation by the supramammillary nucleus,
resulting in a lower theta activity compared to their W'T
littermates. Overall, Nignl KO females display an ensem-
ble of PS phenotypes not previously found for males, in
which the lack of NLGN1 did not impact the total time
spent in PS and PS ECoG spectral power [26]. This sug-
gests differences between males and females regarding
the roles of NLGN1 in the functioning of PS regulatory
circuits.

The time spent awake was not modified in Nignl KO
females, which differs from the reduction previously
reported in KO males [26]. Nevertheless, the duration of
wake bouts was shorter and the number of wake bouts
higher during the sleep deprivation and recovery 24-hour
period. Shorter wake bouts were found also in Nignl
mutant males [26]. In addition, female Nign! KO mice
were difficult to maintain awake during sleep deprivation,
as indicated by the increased time spent in SWS during
sleep deprivation, and showed a much shorter latency to
sleep after sleep deprivation. These observations could
be associated to a role for NLGN1 in the maintenance of
wakefulness episodes, as we have proposed previously for
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males [26]. Given the established role of hypothalamic
orexin neurons in the control of sleep to wake transitions
[58, 67], and the modified glutamatergic inputs to orexin
neurons in the context of experimental sleep loss [61],
the findings of an apparent impaired capacity to maintain
wakefulness under elevated homeostatic sleep pressure
in the absence of NLGNI1 could also be associated with a
dysfunction of glutamatergic signaling to orexin neurons.
Monitoring wake/sleep alternation under the manipula-
tion of NLGN1 specifically in orexin neurons in male and
female mice will be required to verify this assumption.

In addition, loss of NLGN1 in female mice impaired the
quality of wakefulness reflected by a reduction of ECoG
activity in theta/alpha frequencies, most strikingly dur-
ing sleep deprivation and recovery. Theta/alpha activ-
ity during wakefulness is normally increased following
prolonged wake in humans and rodents [68—70]. Given
that glutamatergic neurons from the medial septum are
contributing to hippocampal theta activity during wake
via intraseptal connections [71], the loss of NLGN1
could impact wakefulness ECoG activity by disrupting
this pathway. This circuitry could be particularly vul-
nerable to the loss of NLGN1 in female mice, as theta/
alpha activity is affected during both wakefulness and PS,
while only wake was found to be significantly impacted in
males lacking NLGN1 [26].

One of the most striking phenotypes found here in
Nignl KO female mice concerns the increase in delta
activity (absolute power) during SWS, which is particu-
larly prominent under conditions of high homeostatic
sleep pressure (dark/active period and after sleep depri-
vation) and for the higher delta band (delta 2). Absolute
spectral power provides information related to vigilance
state quality and can also reveal differences in the micro-
architecture of the cerebral cortex. Since elevated homeo-
static sleep pressure is associated with higher synchrony
in cortical neuron firing patterns [72, 73], it is tempting to
speculate that Nignl KO mice present a higher synchrony
of neuronal firing in the delta range. This is also sup-
ported by findings of steeper slope and higher amplitude
of individual SW during SWS, a phenotype also found in
males lacking NLGN1 [27]. A steeper slope represents
an indication of elevated synchrony between neurons
in transitions from the OFF and ON states of neuronal
firing characterizing SW, while a higher amplitude sug-
gests that a larger population of neurons is active/inac-
tive simultaneously [72, 74]. The observation of a strong
effect on delta 2 activity, combined with data showing a
notable contribution of thalamocortical circuits in driv-
ing a rebound in the delta 2 range [49], supports that
changes in thalamocortical connectivity due to the con-
stitutive absence of NLGN1 contribute to modifications
in SW properties. Nevertheless, the relative 24-hour
variations in delta activity in KO mice was less impacted
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when considering delta 2, which could indicate modifica-
tions in mechanisms linked to SW generation rather than
in their daily dynamics.

Regarding arrhythmic activity, Nignl KO females dis-
played the most prominent effect during SWS (baseline
and REC) with a higher Hm and an amplified 24-hour
dynamics of Dispersion. This can be interpreted as a
generally higher self-similarity/persistence (lower com-
plexity) across time scales and a changing level of ECoG
multifractality/local instability, respectively. Indeed, in
the absence of NLGN1, Dispersion becomes more nega-
tive (more unstable/multifractal) at the beginning of the
dark periods and following sleep deprivation, while it
reaches its less negative value (less unstable/multifrac-
tal) at the end of the light periods. This suggests that the
across-scale organization of network activity, specifically
during SWS, is controlled by NLGNI1 in a manner that
depends on wake/sleep history. This could be linked to
the role of NLGN1 in shaping the excitation/inhibition
ratio of the cerebral cortex [13], since this ratio was pro-
posed to contribute to arrhythmic activity of the ECoG
[75, 76]. Changes in arrhythmic electrophysiological
activity are particularly relevant to inform about altera-
tions in cognitive processing, such as working memory
performance [77], discourse comprehension [78], and
global cognitive scores in patients with neurodegenera-
tive diseases [79]. Interestingly, these findings in females
differ from previous observations in males, in which the
KO of Nignl did not affect multifractal activity during
SWS but triggered more anti-persistence (decreased Hm)
during wakefulness [30]. This provides further support
to the requirement for investigating effects of genetic
manipulations in both biological sexes.

Limitations

Although parallels have been drawn between the effects
of the KO of Nignl in females and previous reports in
males [26, 27, 30], it is important to note that direct com-
parisons cannot be made. Indeed, females and males were
from different experimental cohorts studied years apart,
and the genetic background of the present female mice
is pure C57BL/6 (B6; 10-generation backcross), whereas
males were of a mixed B6 and 129 Sv background. Since
females and males share the B6 background and that
wake/sleep phenotypes are generally similar between B6
and 129 strains [47, 48, 80], we anticipate that the differ-
ent observations in females and males are nevertheless
mainly linked to biological sex. In addition, the phase
of the estrous cycle, which impacts wake/sleep pheno-
types such as the time spent in vigilance states and the
response to sleep deprivation [32, 38], was not controlled
for in the present investigation. For instance, in rats, pro-
estrus is generally associated with more time spent in
wakefulness, less time spent in SWS and PS, and more
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SWS delta power during the dark period in comparison
to other phases of the cycle [38, 81]. In mice, only less
time spent in PS measured during the dark period was
reported in proestrus (no change in other states or in
SWS delta dynamics) [82]. It is thus possible that addi-
tional differences in wake/sleep architecture and in ECoG
activity in Nlgnl mutant females can only be revealed
when comparing genotypes at specific phases of the
estrous cycle, which should be examined in future studies
evaluating the role of NLGN in wake/sleep regulation in
females. Lastly, the waking behavior of female Nigni KO
mice was not interrogated in this study, and it is therefore
not possible to assess its potential relationship to wake/
sleep phenotypes, including fragmentation observed
after sleep deprivation. Behavioral and cognitive altera-
tions in male Nignl KO mice are subtle and often absent
[16, 83], are generally similar in Nignl KO females [83],
and involve a decreased preference for social novelty
[26, 83]. Locomotor activity, as assessed using running-
wheels under a light-dark cycle or beam breaks, was
also shown to be preserved in mice of both sexes lacking
NLGN1 ([Srikanta, Ballester Roig et al.,, in preparation;
[83]. Therefore, it is not anticipated that sex differences in
behavior explain the apparent differences in wake/sleep
phenotypes between female and male KO mice.

Conclusion

In sum, Nignl KO females display an ensemble of altera-
tions in wakefulness and sleep quality that differ in sev-
eral ways from the changes we have previously reported
in males (e.g., in females only: more time spent in PS, and
arrhythmic activity differences solely in SWS). Knowing
that clinical symptoms in patients diagnosed with the
same disease can importantly differ between men and
women, our study provides support to the importance
of characterizing the effects of a genetic manipulation in
both sexes, particularly in the context of neurodevelop-
mental/psychiatric disorders like autism spectrum disor-
ders, for which mutations in NLGN have been reported.
In autism spectrum disorders, studies have shown thala-
mocortical hypersynchrony along with excessive power
in low-frequency bands [16, 84, 85]. Our related findings
(e.g., elevated SWS delta activity and SW slope/ampli-
tude in Nilgnl KO mice) thus suggest that NLGN1 is part
of an ensemble of mechanisms explaining these altera-
tions in patients.

Methods

Animals and protocol

Nign1 KO mice were obtained from Jackson Laboratory
(B6;129-Nign1™B5/1) and backcrossed for more than
10 generations to C57BL/6] mice (Jackson Laboratory).
The mutation results in an absence of NLGN1 protein
due to the deletion of coding exons 1 and 2 as described
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previously [57]. Males and females heterozygous for the
mutation were bred to obtain WT mice, heterozygous
mice and Nignl KO homozygous mice. Animals were
maintained under a 12-hour light/12-hour dark cycle
and between 23 and 25 °C, with free access to food and
water, throughout breeding and experimental proce-
dures. Eleven WT (20.7+1.1 g) and 13 KO (21.3+1.5 g)
female littermates have been studied here. Female mice
were submitted to electrode implantation surgery as
detailed below between 10 and 13 weeks of age. After
surgery, mice recovered for about five days and adapted
to cabling conditions for seven days before recordings.
ECoG recordings started at light onset (defined as Zeitge-
ber time 0: ZT0) and lasted 48 hours including 24 hours
of undisturbed/baseline conditions, a 6-hour sleep depri-
vation and 18 hours of undisturbed/recovery conditions
(24-hour REC). Sleep deprivation was performed by
approaching a pipette near the mouse only when it was
showing signs of sleep (e.g., immobility, sleep posture).
Sleep deprivation also involved moving the animal to a
cage with clean litter at the middle of the 6-hour proce-
dure, and delicate tissue was added to the cage during the
third and sixth hours only if sleep was increasingly dif-
ficult to prevent. All efforts were made to minimize stress
during the sleep deprivation. It should be noted that even
if sleep deprivation increases corticosterone levels in
mice, this increase was shown to have no impact on SWS
rebound and delta power response [86].

Electrode implantation surgery

Nign1 KO mice and WT littermates were implanted with
ECoG and electromyographic (EMG) electrodes as pre-
viously described [87, 88]. Briefly, surgeries were per-
formed under Ketamine/Xylazine anesthesia (120/10 mg/
kg, i.p. injection). ECoG electrodes consisted of two gold-
plated screws that were screwed through the skull over
the right cerebral hemisphere (anterior/motor cortex:
1.5 mm lateral to midline, 1.5 mm anterior to bregma;
posterior/visual cortex: 1.5 mm lateral to midline, 1.0 mm
anterior to lambda; see [89]). An additional screw was
placed on the right hemisphere and served as a reference
(2.6 mm lateral to midline, 0.7 mm posterior to bregma).
Three anchor screws were implanted over the left hemi-
sphere. Two gold wires inserted in neck muscles served
as EMG electrodes. The ECoG and EMG electrodes were
soldered to a connector and fixed to the skull with dental
cement, along with the anchor screws.

ECoG recording and analyses

ECoG/EMG were recorded, and signals were ampli-
fied (Lamont amplifiers), sampled at 256 Hz and filtered
using the commercial software Harmonie (Natus, Mid-
dleton, WI) as done previously [24, 87, 88]. Vigilance
states (wakefulness, SWS and PS) were determined by
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visual inspection of bipolar signals and assigned to 4-sec-
ond epochs, based on ECoG and EMG characteristics,
as detailed previously [47, 90]. Briefly, wakefulness was
identified by low amplitude ECoG signal with mixed fre-
quencies together with high amplitude and variable EMG
signal. SWS was identified by high amplitude ECoG sig-
nal, with little activity at the EMG signal level. PS was
characterized by regular theta waves (6-9 Hz) on the
ECoG signal with the lowest EMG tone. Artifacts were
simultaneously identified and later excluded for spectral
analysis. Vigilance state amounts were calculated for the
12-hour light and 12-hour dark periods and expressed
as a percentage of total recording time for both baseline
and REC. Time spent in vigilance state (in minutes) and
the number of short bouts for wakefulness (< 16 sec-
onds), SWS (< 32 seconds) and PS (< 16 seconds) were
computed for each hour of the 48-hour recording. Upper
limits for short episodes were determined from previous
literature [46, 47, 49, 91]. The mean bout duration of indi-
vidual state episodes was averaged for the 12-hour light
and 12-hour dark periods in baseline and REC. For REC,
the total time spent in SWS during sleep deprivation
was computed. In addition, the latency to SWS follow-
ing sleep deprivation was calculated as the time elapsed
from the end of sleep deprivation to the first bout of SWS
lasting at least 60 seconds and not interrupted by more
than two 4-second epochs of wakefulness. Likewise, the
latency to PS was defined as the elapsed time between
the end of sleep deprivation and the first 4-second epoch
scored as PS [70]. Latency difference was calculated by
subtracting SWS latency from PS latency. The effect of
sleep deprivation and recovery on SWS and PS duration
was assessed using accumulated differences from the cor-
responding baseline values. Finally, the number of bouts
of different durations was calculated for every state for
the full 24-hour of baseline and REC.

Spectral analysis of the ECoG

The bipolar ECoG signal of 4-second epochs without arti-
fact was subjected to a Fast Fourier transform to compute
spectral power between 0.75 and 50 Hz (0.25 Hz resolu-
tion; graphed between 0.75 and 30 Hz to facilitate visual-
ization of between-genotype differences). To account for
interindividual differences in overall ECoG power, ECoG
spectra were expressed as a percentage of the mean total
ECoG power across all frequencies of all states during
baseline for each individual mouse. Only epochs visu-
ally identified as quiet wake (low amplitude EMG) were
used for wake spectral analyses to ensure no contamina-
tion of the ECoG by EMG activity. Spectral activity was
also computed separately for delta (1-4 Hz), delta 1 (0.75-
1.75 Hz), and delta 2 (2.5-3.5 Hz) frequency bands dur-
ing SWS. To take into account the distribution of sleep
and wakefulness, the activity in these spectral bands was
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averaged per interval each comprising a similar number
of SWS epochs within an animal as done previously [87,
88]. More precisely, during the 24-hour baseline, spec-
tral power was calculated for 12 equal intervals during
the light period and for six equal intervals during the
dark period. For recovery, spectral power was calculated
for eight equal intervals during the light period after the
end of sleep deprivation and for six equal intervals dur-
ing the dark period. The dynamics was calculated for
relative power in spectral bands, which was computed
by expressing the power of each interval of baseline and
REC as a percentage of the mean value of the last four
hours of the baseline light period (ZT8 to 12, which cor-
responds to the minimal level of SWS delta activity over
the nychthemeron). The theta/delta activity ratio was cal-
culated for PS for each animal by dividing the 24-hour
mean of absolute spectral power in theta frequencies
(6-9 Hz) by the 24-hour mean of absolute spectral power
in delta frequencies (1-4 Hz) separately for baseline and
REC.

Detection and analyses of SW

Detection of individual SW was performed on the bipolar
ECoG signal of SWS artifact-free epochs after band-pass
filtering (between 0.5 and 4 Hz) using a linear phase FIR
filter (-3 dB). The following criteria were used to detect
SW (see also [25, 27, 51]): negative-to-positive peak-to-
peak amplitude>120 @V, negative peak amplitude>40
uV, negative phase duration between 0.1 and 1.0 sec-
ond and positive phase duration<1.0 second. For each
SW, four parameters were derived: peak-to-peak ampli-
tude (difference in voltage between the negative and
positive peaks of unfiltered signal [uV]), slope (velocity
of the change between the negative and positive peaks
[uV/second]), duration of the negative phase (second),
duration of the positive phase (second). SW parameters
were computed for the 12-hour light and 12-hour dark
periods during baseline and REC. To assess their 24-hour
dynamics, parameters were also averaged for the same
intervals described above for the activity in the different
delta bands. To further investigate the effect of the KO on
the homeostatic-dependent dynamics of SW parameters,
a decay was calculated during initial REC hours using the
difference between the last and first intervals of the first
6-hour recovery following sleep deprivation.

Multifractal analysis of the ECoG

A multifractal analysis was conducted to evaluate the
scaling properties and regularities/irregularities across
time scales of the ECoG as previously done [30, 92]. This
approach represents the scale invariance of the ECoG sig-
nal by 1/f¥, which is observed as the slope of the power
decay in a log-log plot of spectral power and frequency
(frequency range 0.5 to 64 Hz). Using a Wavelet-Leaders

Page 14 of 17

formalism developed according to previous methodolo-
gies [93, 94], the Hurst exponent (H) was obtained from
the scaling exponent y=2H+1 and a Daubechies wavelet
with six vanishing moments. All possible H were extracted
for each artifact-free 4-second epoch and the most prev-
alent H (Hm) for each epoch was used as a measure of
“anti-persistence/complexity” across time scales, whereas
the Dispersion of all H around Hm was used as an indica-
tor of “multifractality”. The two metrics were extracted for
the full 24-hour baseline and the full 24-hour REC, and
their 24-hour dynamics was also interrogated using equal
intervals of wakefulness and sleep (see above).

Protein extraction and Western blot

Total protein was extracted from bilateral cerebral cortex
regions dissected from brain frozen on dry ice approxi-
mately one week after ECOG/EMG recording similar to
previously performed [95]. Briefly, brain regions were
placed in ice-cold modified RIPA buffer (50 mM HEPES,
10 mM EDTA, 0.1% SDS, 1% IGEPAL, 0.5% sodium
deoxycholate, 1 mM PMSEF, protease and phosphatase
inhibitors [Sigma-Aldrich, St. Louis, MO]) and homoge-
nized on ice (PowerGen 125 homogenizer, Thermo Fisher
Scientific, Montreal, Canada). Homogenates were centri-
fuged at 12,000 g for 10 minutes at 4 °C, and the super-
natants (40 ug of protein per sample) was loaded on 8%
polyacrylamide gels for migration/separation (100 Volts
for 75 minutes). Proteins were then transferred to PVDF
membranes (100 Volts for 90 minutes), and probed using
the following antibodies: mouse anti-NLGN1 (1:1000;
129111, Synaptic Systems GmbH, Goettingen, Germany),
mouse anti-Actin (1:3000; A5441, Sigma-Aldrich), and
HRP-conjugated donkey anti-mouse (1:1000; sc-2318,
Santa Cruz Biotechnology, Dallas, TX). The proteins
were then revealed by incubating membranes with Clar-
ity Max ECL solution (Bio-Rad Laboratories, Hercules,
CA), and visualized using a ChemiDoc imager (Bio-Rad
Laboratories).

Statistical analyses

Statistica 6.1 (StatSoft Inc., Tulsa, OK) was used to per-
form statistical analyses and Prism 10.2 (GraphPad Soft-
ware Inc., La Jolla, CA) to produce figures. SWS during
sleep deprivation, sleep latencies and decay of SW prop-
erties were compared between genotypes (WT vs. KO)
by Student’s t-tests. Differences in vigilance state dura-
tion per light/dark periods, per hour, in bout number per
hour, in bouts of different durations, and in time courses
of delta, delta 1, delta 2, SW and multifractal param-
eters were assessed for baseline and REC using two-way
repeated-measures analyses of variance (ANOVA; with
factors Genotype, Period, Hour, Duration, and Interval).
Differences in theta/delta activity ratio, SW and mul-
tifractal parameters per condition (i.e., baseline versus
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REC) were assessed using two-way ANOVAs with factors
Genotype and Condition. For Fig. 1C, ANOVAs were
performed including 24 hours in baseline and including
18 hours in REC given the lack of variance for hours of
the sleep deprivation. A similar design was applied for
PS of Fig. 2C. Significant effects were adjusted using the
Huynh-Feldt correction and significant interactions were
decomposed using planned comparisons or Student’s
t-tests. The threshold for statistical significance was set to
0.05, and results are reported as mean+SEM. Two ani-
mals (one WT and one KO) were removed from statisti-
cal analyses for the time course analyses of multifractal
metrics only (Fig. 5B and D, and 6) because of outlier val-
ues found for two or more intervals during REC.

Abbreviations

ANOVA  Analysis of variance
BL Baseline

ECoG Electrocorticography
EMG Electromyography

h Hour

H Hurst exponent

Hm Most prominent Hurst exponent
KO Knockout

min Minute

NLGN Neuroligin

NLGN1 Neuroligin-1

NMDA N-methyl-D-aspartate
PS Paradoxical sleep

REC Recovery

sec Second

SD Sleep deprivation
SEM Standard error of the mean
SW Slow waves

SWS Slow wave sleep

WT Wild-type

T Zeitgeber time

Acknowledgements

The authors thank Chloé Provost who helped with surgeries and ECoG
recordings, colleagues who helped with sleep deprivation (Julien Dufort-
Gervais, Lydia Hannou, Bong Soo Seok), and Shashank Srikanta for assistance
with Western blots.

Author contributions

CCA and NL analyzed and interpreted the data and wrote the paper. EBN and
VM performed the experiments. TL, CB and JML contributed to multifractal
analysis and data representation. VM designed the experiment, interpreted
the data and revised the paper. All authors approved the final manuscript.

Funding

This study was funded by a Bourse COPSE of the Faculty of Medicine of the
Université de Montréal to CCA, salary awards from the Canadian Institutes of
Health Research (CIHR) and the Fonds de Recherche du Québec-Santé to VM,
grants from the CIHR (231095-111021 and 461629) to VM and the Canada
Research Chair in Sleep Molecular Physiology (VM).

Data availability
All raw data will be made available on reasonable request.

Declarations

Ethics approval and consent to participate

The experimental procedures were performed according to the guidelines
of the Canadian Council on Animal Care and were approved by the Ethical
Committee for Animal Experimentation of the Recherche CIUSSS-NIM.

Page 15 of 17

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

1Departmer\t of Medicine, Université de Sherbrooke, Sherbrooke, Canada
“Center for Advanced Research in Sleep Medicine, Recherche CIUSSS-
NIM, Montréal, Canada

*Department of Neuroscience, Université de Montréal, Montréal, Canada
“4Centre de recherche du Centre Hospitalier de I'Université de Montréal,
900 Saint-Denis Street, Montréal H2X 0A9, Canada

Centre de recherches mathématiques, Université de Montréal, Montréal,
Canada

5Ecole de technologie supérieure, Montréal, Canada

Received: 21 August 2024 / Accepted: 8 February 2025
Published online: 23 April 2025

References

1. Stdhof TC. Neuroligins and neurexins link synaptic function to cognitive
disease. Nature. 2008;455(7215):903-11.

2. Ichtchenko K, Nguyen T, Stidhof TC. Structures, alternative splicing, and
neurexin binding of multiple neuroligins. J Biol Chem. 1996;271(5):2676-82.

3. Maxeiner S, Benseler F, Krasteva-Christ G, Brose N, Stidhof TC. Evolution of the
autism-associated Neuroligin-4 gene reveals broad erosion of pseudoautoso-
mal regions in rodents. Mol Biol Evol. 2020;37(5):1243-58.

4. Kikuno R, Nagase T, Ishikawa K, Hirosawa M, Miyajima N, Tanaka A, et al.
Prediction of the coding sequences of unidentified human genes. XIV. The
complete sequences of 100 new cDNA clones from brain which code for
large proteins in vitro. DNA Res. 1999;6(3):197-205.

5. Philibert RA, Winfield SL, Sandhu HK, Martin BM, Ginns El. The structure and
expression of the human neuroligin-3 gene. Gene. 2000;246(1-2):303-10.

6. Bolliger MF, Frei K, Winterhalter KH, Gloor SM. Identification of a novel neu-
roligin in humans which binds to PSD-95 and has a widespread expression.
Biochem J. 2001;356(Pt 2):581-8.

7. Skaletsky H, Kuroda-Kawaguchi T, Minx PJ, Cordum HS, Hillier L, Brown LG,
et al. The male-specific region of the human'Y chromosome is a mosaic of
discrete sequence classes. Nature. 2003;423(6942):825-37.

8. NguyenTA, Wu K, Pandey S, Lehr AW, LiY, Bemben MA, et al. A cluster of
autism-associated variants on X-linked NLGN4X functionally resemble
NLGN4Y. Neuron. 2020;106(5):759-768.

9. Song JY, Ichtchenko K, Sudhof TC, Brose N. Neuroligin 1 is a postsynaptic
cell-adhesion molecule of excitatory synapses. Proc Natl Acad Sci U S A.
1999,96(3):1100-5.

10.  Barrow SL, Constable JR, Clark E, EI-Sabeawy F, McAllister AK, Washbourne P.
Neuroligin1: a cell adhesion molecule that recruits PSD-95 and NMDA recep-
tors by distinct mechanisms during synaptogenesis. Neural Dev. 2009;4:17.

1. Shipman SL, Nicoll RA. A subtype-specific function for the extracellular
domain of neuroligin 1in hippocampal LTP. Neuron. 2012;76(2):309-16.

12. Budreck EC, Kwon OB, Jung JH, Baudouin S, Thommen A, Kim HS, et al. Neu-
roligin-1 controls synaptic abundance of NMDA-type glutamate receptors
through extracellular coupling. Proc Natl Acad Sci U S A. 2013;110(2):725-30.

13.  Jedlicka P, Vnencak M, Krueger DD, Jungenitz T, Brose N, Schwarzacher SW.
Neuroligin-1 regulates excitatory synaptic transmission, LTP and EPSP-spike
coupling in the dentate gyrus in vivo. Brain Struct Funct. 2015;220(1):47-58.

14.  Jiang M, Polepalli J, Chen LY, Zhang B, Sudhof TC, Malenka RC. Conditional
ablation of neuroligin-1in CA1 pyramidal neurons blocks LTP by a cell-
autonomous NMDA receptor-independent mechanism. Mol Psychiatry.
2017;22(3):375-83.

15. Nakanishi M, Nomura J, Ji X, Tamada K, Arai T, Takahashi E, et al. Functional
significance of rare neuroligin 1 variants found in autism. PLoS Genet.
2017;13(8):21006940.

16.  Dufort-Gervais J, Provost C, Charbonneau L, Norris CM, Calon F, Mongrain
V, et al. Neuroligin-1 is altered in the hippocampus of Alzheimer's disease
patients and mouse models, and modulates the toxicity of amyloid-beta
oligomers. Sci Rep. 2020;10(1):6956.



Areal et al. Molecular Brain

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2025) 18:38

Tian C, Paskus JD, Fingleton E, Roche KW, Herring BE. Autism spectrum
disorder/intellectual disability-associated mutations in trio disrupt neuroligin
1-mediated synaptogenesis. J Neurosci. 2021;41(37):7768-78.

Petit D, Gagnon JF, Fantini ML, Ferini-Strambi L, Montplaisir J. Sleep and
quantitative EEG in neurodegenerative disorders. J Psychosom Res.
2004,56(5):487-96.

Limoges E, Mottron L, Bolduc C, Berthiaume C, Godbout R. Atypical sleep
architecture and the autism phenotype. Brain. 2005;128(Pt 5):1049-61.
Dufort-Gervais J, Mongrain V, Brouillette J. Bidirectional relationships between
sleep and amyloid-beta in the hippocampus. Neurobiol Learn Mem.
2019;160:108-17.

Liu JJ, Grace KP, Horner RL, Cortez MA, Shao Y, Jia Z. Neuroligin 3 R451C muta-
tion alters electroencephalography spectral activity in an animal model of
autism spectrum disorders. Mol Brain. 2017;10(1):10.

Thomas AM, Schwartz MD, Saxe MD, Kilduff TS. Sleep/wake physiology and
quantitative electroencephalogram analysis of the neuroligin-3 knockout rat
model of autism spectrum disorder. Sleep. 2017;40(10):zsx138.

Varoqueaux F, Jamain S, Brose N. Neuroligin 2 is exclusively localized to inhibi-
tory synapses. Eur J Cell Biol. 2004;83(9):449-56.

Seok BS, Cao F, Belanger-Nelson E, Provost C, Gibbs S, Jia Z, et al. The effect
of Neuroligin-2 absence on sleep architecture and electroencephalographic
activity in mice. Mol Brain. 2018;11(1):52.

Leduc T, El Alami H, Bougadir K, Bélanger-Nelson E, Mongrain V. Neuroligin-2
shapes individual slow waves during slow-wave sleep and the response to
sleep deprivation in mice. Mol Autism. 2024;15(1):13.

El Helou J, Belanger-Nelson E, Freyburger M, Dorsaz S, Curie T, La Spada F, et
al. Neuroligin-1 links neuronal activity to sleep-wake regulation. Proc Natl
Acad SciU S A.2013;110(24):9974-9.

Massart R, Freyburger M, Suderman M, Paquet J, El Helou J, Belanger-Nelson
E, et al. The genome-wide landscape of DNA methylation and hydroxymeth-
ylation in response to sleep deprivation impacts on synaptic plasticity genes.
Transl Psychiatry. 2014;4(1):e347.

Fetterhoff D, Opris I, Simpson SL, Deadwyler SA, Hampson RE, Kraft RA. Multi-
fractal analysis of information processing in hippocampal neural ensembles
during working memory under A%-tetrahydrocannabinol administration. J
Neurosci Methods. 2015;244:136-53.

Ouyang G, Hildebrandt A, Schmitz F, Herrmann CS. Decomposing alpha

and 1/f brain activities reveals their differential associations with cognitive
processing speed. Neurolmage. 2020,205:116304.

Lina JM, O'Callaghan E, Mongrain V. Scale-free dynamics of the mouse wake-
fulness and sleep electroencephalogram quantified using wavelet-leaders.
Clocks Sleep. 2019;1(1):50-64.

Mongrain V, Carrier J, Dumont M. Chronotype and sex effects on sleep
architecture and quantitative sleep EEG in healthy young adults. Sleep.
2005;28(7):819-27.

Koehl M, Battle S, Meerlo P. Sex differences in sleep: the response to sleep
deprivation and restraint stress in mice. Sleep. 2006,29(9):1224-31.

Paul KN, Dugovic C, Turek FW, Laposky AD. Diurnal sex differences in the
sleep-wake cycle of mice are dependent on gonadal function. Sleep.
2006,29(9):1211-23.

van den Berg JF, Miedema HM, Tulen JH, Hofman A, Neven AK, Tiemeier H.
Sex differences in subjective and actigraphic sleep measures: a population-
based study of elderly persons. Sleep. 2009;32(10):1367-75.

Ehlen JC, Hesse S, Pinckney L, Paul KN. Sex chromosomes regulate night-
time sleep propensity during recovery from sleep loss in mice. PLoS ONE.
2013,8(5):€62205.

Carrier J, Semba K, Deurveilher S, Drogos L, Cyr-Cronier J, Lord C, et al. Sex dif-
ferences in age-related changes in the sleep-wake cycle. Front Neuroendocri-
nol. 2017,47:66-85.

Choi J, Kim SJ, Fujiyama T, Miyoshi C, Park M, Suzuki-Abe H, et al. The role of
reproductive hormones in sex differences in sleep homeostasis and arousal
response in mice. Front Neurosci. 2021;15:739236.

Dib R, Gervais NJ, Mongrain V. A review of the current state of knowledge

on sex differences in sleep and circadian phenotypes in rodents. Neurobiol
Sleep Circadian Rhythms. 2021;11:100068.

Franken P, Dudley CA, Estill SJ, Barakat M, Thomason R, O'Hara BF, et al. NPAS2
as a transcriptional regulator of non-rapid eye movement sleep: genotype
and sex interactions. Proc Natl Acad Sci U S A. 2006;103(18):7118-23.

Kang HS, Lee CK, Kim JR, Yu SJ, Kang SG, Moon DH, et al. Gene expression
analysis of the pro-oestrous-stage rat uterus reveals neuroligin 2 as a novel
steroid-regulated gene. Reprod Fertil Dev. 2004;16(8):763-72.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 16 of 17

Bethea CL, Reddy AP. Effect of ovarian steroids on gene expression related
to synapse assembly in serotonin neurons of macaques. J Neurosci Res.
2012;90(7):1324-34.

Ziehn MO, Avedisian AA, Dervin SM, O'Dell TJ, Voskuhl RR. Estriol preserves
synaptic transmission in the hippocampus during autoimmune demyelinat-
ing disease. Lab Invest. 2012,92(8):1234-45.

Sellers KJ, Erli F, Raval P, Watson IA, Chen D, Srivastava DP. Rapid modulation
of synaptogenesis and spinogenesis by 173-estradiol in primary cortical
neurons. Front Cell Neurosci. 2015,9:137.

Srancikova A, Mihalj D, Bacova Z, Bakos J. The effects of testosterone on gene
expression of cell-adhesion molecules and scaffolding proteins: the role of
sex in early development. Andrologia. 2021;53(9):e14153.

Franken P, Dijk DJ, Tobler I, Borbély AA. Sleep deprivation in rats: effects on
EEG power spectra, vigilance states, and cortical temperature. Am J Physiol.
1991;261(1 Pt 2):R198-208.

Tobler |, Deboer T, Fischer M. Sleep and sleep regulation in normal and prion
protein-deficient mice. J Neurosci. 1997;17(5):1869-79.

Franken P, Malafosse A, Tafti M. Genetic determinants of sleep regulation in
inbred mice. Sleep. 1999,22(2):155-69.

Franken P, Malafosse A, Tafti M. Genetic variation in EEG activity during sleep
in inbred mice. Am J Physiol. 1998,275(4):R1127-37.

Hubbard J, Gent TC, Hoekstra MIMB, Emmenegger Y, Mongrain V, Landolt HP,
et al. Rapid fast-delta decay following prolonged wakefulness marks a phase
of wake-inertia in NREM sleep. Nat Commun. 2020;11(1):3130.

Mongrain'V, Carrier J, Paquet J, Bélanger-Nelson E, Dumont M. Morning and
evening-type differences in slow waves during NREM sleep reveal both trait
and state-dependent phenotypes. PLoS ONE. 2011;6(8):e22679.

Freyburger M, Poirier G, Carrier J, Mongrain V. Shorter duration of non-rapid
eye movement sleep slow waves in EphA4 knockout mice. J Sleep Res.
2017,26(5):539-46.

Vyazovskiy WV, Olcese U, Hanlon EC, Nir Y, Cirelli C, Tononi G. Local sleep in
awake rats. Nature. 2011:472(7344):443-7.

Hu J, Zheng Y, Gao J. Long-range temporal correlations, multifractality, and
the causal relation between neural inputs and movements. Front Neurol.
2013;4:158.

Jaffard S, Lashermes B, Abry P.Wavelet Leaders in multifractal analysis.

In: Qian T, Vai MI, Yuesheng X, editors. Wavelet analysis and applications.
Birkhduser Verlag. 2006:219-64.

Hayashi Y, Kashiwagi M, Yasuda K, Ando R, Kanuka M, Sakai K, et al. Cells of a
common developmental origin regulate REM/non-REM sleep and wakeful-
ness in mice. Science. 2015;350(6263):957-61.

Yamada RG, Ueda HR. Molecular mechanisms of REM sleep. Front Neurosci.
2020;13:1402.

Varogueaux F, Aramuni G, Rawson RL, Mohrmann R, Missler M, Gottmann

K, et al. Neuroligins determine synapse maturation and function. Neuron.
2006,51(6):741-54.

Adamantidis AR, Zhang F, Aravanis AM, Deisseroth K, de Lecea L. Neural
substrates of awakening probed with optogenetic control of hypocretin
neurons. Nature. 2007;450(7168):420-4.

Feng H, Wen SY, Qiao QC, Pang YJ, Wang SY, Li HY, et al. Orexin signaling
modulates synchronized excitation in the sublaterodorsal tegmental nucleus
to stabilize REM sleep. Nat Commun. 2020;11(1):3661.

Agostinelli LJ, Ferrari LL, Mahoney CE, Mochizuki T, Lowell BB, Arrigoni E, et
al. Descending projections from the basal forebrain to the orexin neurons in
mice. J Comp Neurol. 2017;525(7):1668-84.

Briggs C, Hirasawa M, Semba K. Sleep deprivation distinctly alters glutamate
transporter 1 apposition and excitatory transmission to orexin and MCH
neurons. J Neurosci. 2018;38(10):2505-18.

Park SH, Weber F. Neural and homeostatic regulation of REM sleep. Front
Psychol. 2020;11:1662.

Maurer JJ, Lin A, Jin X, Hong J, Sathi N, Cardis R, et al. Homeostatic regulation
of rapid eye movement sleep by the preoptic area of the hypothalamus. Elife.
2024;12:RP92095.

Jing W, Wang Y, Fang G, Chen M, Xue M, Guo D, et al. EEG bands of wakeful
rest, slow-wave and rapid-eye-movement sleep at different brain areas in
rats. Front Comput Neurosci. 2016;10:79.

Brankack J, Scheffzik C, Kukushka VI, Vyssotski AL, Tort AB, Draguhn A.
Distinct features of fast oscillations in phasic and tonic rapid eye movement
sleep. J Sleep Res. 2012;21(6):630-3.

Billwiller F, Castillo L, Elseedy H, Ivanov Al, Scapula J, Ghestem A, et al. GABA-
glutamate supramammillary neurons control theta and gamma oscillations



Areal et al. Molecular Brain

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

(2025) 18:38

in the dentate gyrus during paradoxical (REM) sleep. Brain Struct Funct.
2020,225(9):2643-68.

Diniz Behn CG, Klerman EB, Mochizuki T, Lin SC, Scammell TE. Abnormal
sleep/wake dynamics in orexin knockout mice. Sleep. 2010;33(3):297-306.
Vyazovskiy VV, Tobler |. Theta activity in the waking EEG is a marker of sleep
propensity in the rat. Brain Res. 2005;1050(1-2):64-71.

Cajochen C, Brunner DP, Krduchi K, Graw P, Wirz-Justice A. Power density in
theta/alpha frequencies of the waking EEG progressively increases during
sustained wakefulness. Sleep. 1995;18(10):890-4.

Vassalli A, Franken P. Hypocretin (orexin) is critical in sustaining theta/
gamma-rich waking behaviors that drive sleep need. Proc Natl Acad SciU S
A.2017;114(27):E5464-73.

Robinson J, Manseau F, Ducharme G, Amilhon B, Vigneault E, El Mestikawy
S, et al. Optogenetic activation of septal glutamatergic neurons drive hip-
pocampal theta rhythms. J Neurosci. 2016;36(10):3016-23.

Vyazovskiy VV, Olcese U, Lazimy YM, Faraguna U, Esser SK, Williams JC, et al.
Cortical firing and sleep homeostasis. Neuron. 2009;63(6):865-78.
Vyazovskiy VV, Cirelli C, Tononi G. Electrophysiological correlates of sleep
homeostasis in freely behaving rats. Prog Brain Res. 2011;193:17-38.

Esser SK, Hill SL, Tononi G. Sleep homeostasis and cortical synchronization:
I. modeling the effects of synaptic strength on sleep slow waves. Sleep.
2007,30(12):1617-30.

Brake N, Duc F, Rokos A, Arseneau F, Shahiri S, Khadra A, et al. A neurophysi-
ological basis for aperiodic EEG and the background spectral trend. Nat
Commun. 2024;15(1):1514.

Gao R, Peterson EJ, Voytek B. Inferring synaptic excitation/inhibition balance
from field potentials. Neurolmage. 2017;158:70-8.

Donoghue T, Haller M, Peterson EJ, Varma P, Sebastian P, Gao R, et al. Param-
eterizing neural power spectra into periodic and aperiodic components. Nat
Neurosci. 2020;23(12):1655-65.

Dave S, Brothers TA, Swaab TY. 1/f neural noise and electrophysiological
indices of contextual prediction in aging. Brain Res. 2018;1691:34-43.
Averna A, Coelli S, Ferrara R, Cerutti S, Priori A, Bianchi AM. Entropy and fractal
analysis of brain-related neurophysiological signals in Alzheimer's and Parkin-
son’s disease. J Neural Eng. 2023;20(5):051001.

Franken P, Chollet D, Tafti M. The homeostatic regulation of sleep need is
under genetic control. J Neurosci. 2001;21(8):2610-21.

Swift KM, Keus K, Echeverria CG, Cabrera Y, Jimenez J, Holloway J, et al. Sex
differences within sleep in gonadally intact rats. Sleep. 2020;43(5):zs2289.
Koehl M, Battle SE, Turek FW. Sleep in female mice: a strain comparison across
the estrous cycle. Sleep. 2003;26(3):267-72.

Blundell J, Blaiss CA, Etherton MR, Espinosa F, Tabuchi K, Walz C, et al. Neuro-
ligin-1 deletion results in impaired spatial memory and increased repetitive
behavior. J Neurosci. 2010;30(6):2115-29.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Page 17 of 17

Wang J, Barstein J, Ethridge LE, Mosconi MW, Takarae Y, Sweeney JA. Resting
state EEG abnormalities in autism spectrum disorders. J Neurodev Disord.
2013;5(1):24.

lidaka T, Kogata T, Mano Y, Komeda H. Thalamocortical hyperconnectivity and
amygdala-cortical hypoconnectivity in male patients with autism spectrum
disorder. Front Psychiatry. 2019;10:252.

MongrainV, Hernandez SA, Pradervand S, Dorsaz S, Curie T, Hagiwara G, Gip
P, Heller HC, Franken P. Separating the contribution of glucocorticoids and
wakefulness to the molecular and electrophysiological correlates of sleep
homeostasis. Sleep. 2010;33(9):1147-57.

Freyburger M, Pierre A, Paquette G, Bélanger-Nelson E, Bedont J, Gaudreault
PO, et al. EphA4 is involved in sleep regulation but not in the electrophysi-
ological response to sleep deprivation. Sleep. 2016;39(3):613-24.

Areal CC, Cao R, Sonenberg N, Mongrain V. Wakefulness/sleep architecture
and electroencephalographic activity in mice lacking the translational repres-
sor 4E-BP1 or 4E-BP2. Sleep. 2020;43(2):zsz210.

Dufort-Gervais J, Havekes R, Mongrain V. Electrocorticographic recording of
cerebral cortex areas manipulated using an adeno-associated virus targeting
cofilin in mice. J Vis Exp. 2021;(168):e61976.

Mang GM, Franken P. Sleep and EEG phenotyping in mice. Curr Protoc Mouse
Biol. 2012;2(1):55-74.

Mang GM, La Spada F, Emmenegger Y, Chappuis S, Ripperger JA, Albrecht

U, et al. Altered sleep homeostasis in Rev-erba knockout mice. Sleep.
2016;39(3):589-601.

Hector A, da Costa Caiado MJ, Leduc T, Delignat-Lavaud B, Dufort-Gervais

J, Bourguignon C et al. Electrocorticographic and astrocytic signatures of
stearoyl-CoA desaturase inhibition in the triple transgenic mouse model of
Alzheimer’s disease. bioRxiv. 2024. https://doi.org/10.1101/2024.03.01.582986
Ciuciu P, Abry P, Rabrait C, Wendt H. Log Wavelet leaders cumulant based
multifractal analysis of EVI fMRI time series: evidence of scaling in ongoing
and evoked brain activity. IEEE J Sel Top Signal Process. 2008;2(6):929-43.
Wendt H, Roux SG, Jaffard S, Abry P. Wavelet leaders and bootstrap for multi-
fractal analysis of images. Sig Process. 2009;89(6):1100-14.

Hannou L, Bélanger-Nelson E, O'Callaghan EK, Dufort-Gervais J, Ballester Roig
MN, Roy PG, et al. Regulation of the Neuroligin-1 gene by clock transcription
factors. J Biol Rhythms. 2018;33(2):166-78.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1101/2024.03.01.582986

	﻿The absence of Neuroligin-1 shapes wake/sleep architecture, rhythmic and arrhythmic activities of the electrocorticogram in female mice
	﻿Abstract﻿
	﻿Introduction
	﻿Results
	﻿More time spent in PS in ﻿Nlgn1﻿ KO females
	﻿Fragmented states after sleep deprivation in ﻿Nlgn1﻿ KO females
	﻿Altered ECoG rhythmic activity in ﻿Nlgn1﻿ KO females
	﻿Higher amplitude and slope of slow waves in ﻿Nlgn1﻿ KO females
	﻿Higher persistence in SWS arrhythmic activity in ﻿Nlgn1﻿ KO females

	﻿Discussion
	﻿Limitations
	﻿Conclusion
	﻿Methods
	﻿Animals and protocol
	﻿Electrode implantation surgery
	﻿ECoG recording and analyses
	﻿Spectral analysis of the ECoG
	﻿Detection and analyses of SW
	﻿Multifractal analysis of the ECoG
	﻿Protein extraction and Western blot
	﻿Statistical analyses

	﻿References﻿


