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Abstract

Sleep is an essential behavior that supports brain function and cognition throughout life, in part by acting on neuronal synapses.
The synaptic signaling pathways that mediate the restorative benefits of sleep are not fully understood, particularly in the context
of development. Endocannabinoids (eCBs) including 2-arachidonyl glycerol (2-AG) and anandamide (AEA), are bioactive lipids

that activate cannabinoid receptor, CB1, to regulate synaptic transmission and mediate cognitive functions and many behaviors,
including sleep. We used targeted mass spectrometry to measure changes in forebrain synaptic eCBs during the sleep/wake

cycle in juvenile and adolescent mice of both sexes. We find that eCBs lack a daily rhythm in juvenile mice, while in adolescents
AEA and related oleoyl ethanolamide are increased during the sleep phase in a circadian manner. Next, we manipulated the eCB
system using selective pharmacology and measured the effects on sleep behavior in developing and adult mice of both sexes using
a noninvasive piezoelectric home-cage recording apparatus. Enhancement of eCB signaling through inhibition of 2-AG or AEA
degradation, increased dark-phase sleep amount and bout length in developing and adult males, but not in females. Inhibition

of CB1 by injection of the antagonist AM251 reduced sleep time and caused sleep fragmentation in developing and adult males
and females. Our data suggest that males are more sensitive to the sleep-promoting effects of enhanced eCBs but that tonic

eCB signaling supports sleep behavior through multiple stages of development in both sexes. This work informs the further

Statement of Significance

Sleep is an essential behavior seen through all stages of life. However, the molecular mechanisms that mediate the restorative benefits of
sleep are incompletely understood, particularly in the context of development. The endocannabinoid (eCB) system has been shown to pro-
mote sleep behavior. There is a considerable interest in the development of therapeutics based on the eCB system. However, the majority
of research on this topic using rodent model systems has been conducted using only adult males. Here, we have systematically examined
the effects of pharmacological manipulations of the eCB system using male and female mice, at developmental time points and in adults.
We show that eCB signaling is required to maintain sleep in developing and adult mice of both sexes.

development of cannabinoid-based therapeutics for sleep disruption.
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Introduction

Sleep is an essential conserved behavior seen throughout life.
Chronic sleep disruption is associated with many diseases
ranging from neurodevelopmental disorders in earlier life to
neurodegenerative diseases later in life. Indeed, sleep disruption
is a major comorbidity in autism spectrum disorder, reported
in up to 80% of affected individuals [*?. Sleep disruption is also
believed to increase the risk of developing Alzheimer’s disease
(AD), and likely plays a role in the progression of AD pathology
and cognitive decline Bl. Therefore, sleep is an important thera-
peutic target through all stages of life. Multiple recent studies
using transcriptomics, proteomics, phosphoproteomics, or elec-
tron microscopy, together with a large body of previous literature
show that synapses of the mouse forebrain undergo wide-
spread and profound remodeling during sleep, or in response to
sleep deprivation ¥, strongly supporting synapses as a major
locus for sleep’s restorative effects F-'Y. Sleep and synapses are
highly dynamic during development [*>*4. In humans and other
mammals, sleep amount peaks at birth and declines sharply
through childhood and adolescence. Sleep composition is also
dynamic: rapid-eye-movement (REM) sleep dominates early life
while non-REM (NREM), also called slow-wave sleep, becomes
more prominent during adolescence (28 These findings sug-
gest that the regulation and function of sleep may be very dif-
ferent at different stages of development. Therefore, treatment
of sleep disruption throughout the lifespan will require further
molecular insights into the synaptic signaling process activated
during sleep at each life stage.

The endocannabinoid (eCB) system forms a prominent
signaling pathway that regulates synaptic transmission
throughout much of the brain * and is known to play a role in
the regulation of sleep, cognition, and other behaviors %%, eCBs
are bioactive lipids synthesized in postsynaptic compartments
that signal in a retrograde manner by acting on presynaptic
CB1 receptors to regulate neurotransmitter release 2. The two
most well-studied eCBs, and known endogenous agonists for
presynaptic CB1 receptors are 2-arachidonyl glycerol (2-AG)
and anandamide (also called arachidonoyl ethanolamide, AEA)
2225 Tmportantly, these two eCB metabolites have completely
nonoverlapping synthetic and degradative pathways, strongly
suggesting that they are independently regulated and serve
distinct functions. 2-AG is synthesized by the rate limiting
enzyme diacylglycerol lipase alpha (DAGLa) and degraded
by monoacylglycerol lipase (MAGL). AEA is part of a larger
family of N-acylethanolamides (NAEs), that are synthesized
by N-acyl phosphatidylethanolamine-specific phospholipase
D, or through multiple secondary pathways 2. NAEs are de-
graded by a single lipase, fatty acid amide hydrolase (FAAH) 2.
The pharmaceutical industry and basic research have devoted
considerable effort to the development of drugs that can act as
selective agonists or antagonists for CB1 receptors as well as se-
lectively upregulating 2-AG or NAEs through inhibition of MAGL
or FAAH, respectively 226.27],

Previous studies have implicated eCBs in both NREM and
REM sleep 2. NREM sleep involves highly coordinated neuronal
activity throughout much of the brain, particularly the cortex.
Cortical slow waves (0.5-4 Hz) form the most prominent features
in electroencephalogram (EEG) recordings during NREM sleep.
Expression of eCB system components is prominent in the fore-
brain, and eCB signaling has been shown to support the cortical
up-state %], a prominent mode of microcircuit activity within the

cortex that underlies the generation of cortical slow waves 2.
Multiple studies have used pharmacology or genetics to target
the eCB system in rodents and have shown that enhancement
of eCB signaling promotes NREM stability, whereas inhibition of
eCB signaling causes NREM fragmentation %28 3024, Thus, eCB
signaling is well positioned to support the highly coordinated
neuronal activity that likely promotes the restorative actions of
NREM sleep. Direct infusion of eCBs into the cerebral ventricles,
hippocampus, or lateral hypothalamus have been shown to pro-
mote REM sleep %], Thus, it is likely that eCB signaling affects
sleep behavior and physiology through cortical and subcortical
brain regions, including the suprachiasmatic nucleus 2% 2 %,
However, it is not known if eCB signaling promotes sleep in the
context of development in both sexes.

In the current study, we combine quantitative mass spec-
trometry (MS) and behavioral pharmacology in mice to examine
the role of eCB signaling in promoting sleep during development
and in adulthood in both sexes. Our data show that the expres-
sion of synaptic eCBs undergo a clear maturation where AEA and
related NAEs are decreased during sleep deprivation in juven-
iles, transitioning to expression of AEA and related metabolites
by circadian mechanisms in adolescents. We confirm previous
findings that enhancement of eCB signaling promotes sleep sta-
bility and suppression of eCB signaling drives sleep fragmenta-
tion in adult males %32, and we extend these findings to include
developmental ages in both sexes. eCB signaling is important to
sustain sleep in both males and females. However, we find that
developing and adult males are far more sensitive to the sleep-
promoting effects of eCB boosting drugs than females. Thus, our
findings further support a role for the eCB system in promoting
sleep and uncover differences in this system during develop-
ment vs. adulthood and between sexes.

Methods
Mice

All animal procedures were approved by the Institutional
Animal Care and Use Committee of the University of North
Carolina (UNC) at Chapel Hill and were performed in accordance
with the guidelines of the U.S. National Institutes of Health. All
experiments were performed using C57Bl/6] mice of both sexes
purchased from Jackson Labs, or bred in house. Experiments
were performed using juvenile (postnatal day P21-P35), adoles-
cent (P42-P56), or adult (>P90) mice. For experiments using adult
mice, experimental animals were purchased from Jackson Labs
and were allowed to acclimate to the housing at UNC for at least
2 weeks prior to the start of the experiment. For experiments
using juvenile or adolescent mice, experimental animals were
bred in house to provide the best control over the target ages,
using adult breeders purchased from Jackson Labs. Breeders for
our colony were replaced every 3 months with mice supplied
from Jackson Labs.

Drugs and treatments

PF3845, JZL195, MJN110, and AM251 were purchased from
Cayman Chemicals. PF3845 inhibits the enzyme FAAH and is
expected to drive a selective increase in the levels of AEA and
related NAEs 9. MJN110 inhibits the enzyme MAGL and is ex-
pected to drive a selective increase in 2-AG ! (see Figure 2, A).
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AM251 is an inverse agonist of CB1. JZL195 is a dual inhibitor
of both MAGL and FAAH ¥ and is used to preserve the integ-
rity of eCB metabolites during sample preparation (see below).
Drugs were dissolved in DMSO and then prepared into vehicle
solution (5% dimethyl sulfoxide [DMSO], 5% Kolliphor, 90% of
a 1% NaCl solution) at the doses indicated. For metabolomics
experiments, mice were treated with vehicle or the drugs indi-
cated by intraperitoneal injection (IP) at Zeitgeber time 0 (ZTO)
and then sacrificed 4 h later at ZT4, followed by isolation of the
forebrain and synaptosome preparation. For sleep behavior ex-
periments, mice were injected immediately after the onset of the
light phase (ZT0) or immediately preceding the onset of the dark
phase (ZT12). Each mouse received an injection of vehicle or drug
followed by a second injection 72 h later of vehicle or drug with a
cross over design. Sleep behavior was examined for 24 h following
each injection. The effects of the drug were determined by com-
paring 24 h following drug injection to the 24 h following vehicle
injection for each mouse.

Synaptosome preparation

Male and female juvenile mice postnatal day 21 (P21), or ado-
lescents P56, were sacrificed during the sleep phase (2T4), wake
phase (2T16), or following 4 h of sleep deprivation (SD4) from ZTO
to ZT4. Sleep deprivation was achieved using gentle handling,
a low stress method that involves tapping on the mouse cage
and disturbing the bedding material 2. Mouse forebrains, con-
sisting of whole cortex and hippocampus, were dissected in
ice-cold phosphate buffered saline, and then frozen on dry ice,
and kept at —-80°C until further processing. Frozen mouse fore-
brains were homogenized using 12 strokes from a glass hom-
ogenizer in ice-cold homogenization solution (320 mM sucrose,
10 mM HEPES, pH 7.4, 1 mM 2,2’,2”,2”-(Ethane-1,2-diyldinitrilo)
tetraacetic acid [EDTA], 5 mM Na pyrophosphate, 1 mM Na,VO,,
200 nM okadaic acid, 50 nM JZL195, protease inhibitor cocktail
[Roche]). Brain homogenate was then centrifuged at 1000 x g for
10 min at 4°C to obtain the P1 (nuclear) and S1 (postnuclear)
fractions. The S1 fraction was then layered on top of a discon-
tinuous sucrose density gradient (0.8, 1.0, or 1.2 M sucrose in
10 mM 2-[4-(2-hydroxyethyl)piperazin-1-ylJethanesulfonic acid
[HEPES], pH 7.4, 1 mM EDTA, 5 mM Na pyrophosphate, 1 mM
Na,VO,, 200 nM okadaic acid, 50 nM JZL195, protease inhibitor
cocktail [Roche]) and then subjected to ultra-centrifugation
at 82 500 x g for 2 h at 4°C. Material accumulated at the inter-
face of 1.0 and 1.2 M sucrose (synaptosomes) was collected.
Synaptosomes were diluted using 10 mM HEPES, pH 7.4 (con-
taining protease, phosphatase, and lipase inhibitors) to restore
the sucrose concentration back to 320 mM. The diluted synapto-
somes were then pelleted by centrifugation at 100 000 x g for
30 min at 4°C. The synaptosome pellet was then resuspended in
homogenization buffer (containing inhibitors). The protein con-
centration was determined using Bradford assay and material
was frozen at -80°C prior to targeted MS. Note the addition of
dual MAGL/FAAH lipase inhibitor JZL195 50 nM was added to all
steps of sample preparation to maintain the integrity of eCB me-
tabolites during sample preparation.

Targeted MS for eCB quantification

Frozen forebrain synaptosome fractions were prepared for eCB
analysis as follows. Briefly, synaptosomes in homogenization
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buffer were removed from -80°C freezer and thawed on ice. The
samples were then immediately placed into a microcentrifuge at
14 000 RPM for 10 min at 4°C. The supernatant was removed and
then 440 pl of methanol, 50 pl of internal standard containing
200 ng/mL each of arachidonyl ethanolamide-d4 and oleoyl
ethanolamide-d4 and 2000 ng/mL of 2-arachidonlyl glycerol-d5,
and 10 pl of 5 mg/mL butylated hydroxytoluene (BHT) in ethanol
was added. The synaptosome pellet was resuspended and then
vortexed for 5 s. The sample was then centrifuged at 14 000
RPM for 10 min at 4°C. The supernatant was removed and then
placed into a capped autosampler vial for analysis. LC/MS/MS
analysis of eCBs was performed as previously described 3, with
some modifications. Briefly, mass spectrometric analysis was
performed on an Agilent 6490 triple quadrupole mass spectrom-
eter in positive ionization mode. Calibration standards were
analyzed over a range of concentrations from 0.2 to 40 pg on
column for all of the ethanolamides. The following lipids were
quantified: 2-AG, AEA, docosahexaenoyl ethanolamide (DHEa),
docosatetraenoyl ethanolamide (DEA), linoleoyl ethanolamide
(LEA), oleoyl ethanolamide (OEA), palmitoleoyl ethanolamide
(POEA), palmitoyl ethanolamide (PEA), and stearoyl
ethanolamide (SEA). Quantitation of eCBs was performed using
Agilent Masshunter Quantitative Analysis software. All results
were normalized to protein concentration.

For presentation and analysis of our synaptic eCB data, each
sample in the juvenile and adolescent ZT16, ZT4, and SD4 groups
were normalized to the mean concentration of each metabolite
from the ZT16 condition within each cohort. Note: the juvenile
dataset includes two independent cohorts (setl and set2) that
were analyzed several months apart, each cohort included male
and female mice from all three conditions. The two juvenile
sample sets were first normalized to their respective mean ZT16
condition prior to combining the results of setl and set2. The ab-
solute quantification of eCB metabolites from juvenile setl and
set2, and adolescent mice is presented in Supplementary Table
1. Although absolute quantification is comparable between setl
and set2, variations in sample preparation and preparation of
internal standards used for targeted quantification between
setl and set2 result in small but systematic differences in ab-
solute quantification between sets, meaning that only the ZT16-
normalized results can be meaningfully combined. In order to
compare results obtained between sexes, male and female sam-
ples in the juvenile and adolescent ZT16, ZT4, and SD4 groups
were normalized to the mean concentration of each metabolite
from the male ZT16 condition within each cohort, data separ-
ated by sex are presented in Supplementary Figures 1 and 2.

Sleep phenotyping and behavior analysis

C57/BL6] mice were moved to our wake/sleep behavior satellite
facility on a 12 h:12 h light:dark cycle (lights on 7 am to 7 pm).
Mice were individually housed in 15.5 cm? cages with bedding,
food, and water. Mice were given at least two full dark cycles to
acclimate to the recording cages before the beginning of data
collection. No other animals were housed in the room during
these experiments. Sleep and wake behavior were recorded
using a noninvasive home-cage monitoring system, PiezoSleep
2.0 (Signal Solutions, Lexington, KY). The system uses a piezo-
electric mat underneath the cage to detect vibrational move-
ment of the mouse including breathing. Customized software
(SleepStats, Signal Solutions, Lexington, KY) uses an algorithm
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to process the signal and discern sleeping respiratory patterns
from waking respiratory patterns. Sleep was characterized pri-
marily by periodic (2-3 Hz) and regular amplitude signals, which
is typical of respiration from a sleeping mouse. In contrast, sig-
nals characteristic of wake were both the absence of character-
istic sleep signals and higher amplitude, and irregular signals
were associated with volitional movements, even subtle head
movements during quiet wake. The piezoelectric signals in 2-s
epochs were classified by a linear discriminant classifier algo-
rithm based on multiple signal variables to assign a binary label
of “sleep” or “wake.” Data collected from the cage system were
binned over specified time periods: 1 h bins to generate a daily
sleep trace, 12 h bins for average light- or dark-phase percent
sleep or sleep bout lengths. To eliminate the impact of short and
ambiguous arousals on the sleep bout length statistics, a sleep
bout length count is initiated when a 30-s interval contains
greater than 50% sleep and terminates when a 30-s interval has
less than 50% sleep. This algorithm has been validated in adult
mice by using electroencephalography, electromyography, and
visual evaluation ¥, It is assumed here that the respiration
patterns used to distinguish sleep from wake are similar in adult
and developing mice.

Statistical analysis

Microsoft Excel or Prism 8.0 (GraphPad Software Inc.) was
used to analyze data from sleep behavior experiments out-
lined above. Paired two-tailed Student’s t-test analyses were
used to compare 24 h sleep behavior, separated into 12 h
light and dark periods, between vehicle injections and drug
injections in the same animals. Comparisons of eCB metab-
olites between wake, sleep, and sleep deprivation conditions,
or comparing vehicle treated groups to drug treatment was
conducted using one-way ANOVA with post hoc unpaired two-
tailed Student’s t-test with Bonferroni correction for multiple
comparisons. All data are presented as mean + SEM, *p < 0.05,
*p <0.01, *™p < 0.001.

Results
Sleep and circadian regulation of synaptic eCBs

Daily fluctuations in eCBs have been reported in blood and cere-
bral spinal fluid, from animal models and humans 1. However,
itis not clear how these daily rhythms reflect the activity of eCBs
at synapses, where eCBs are generated in postsynaptic neurons
in response to neuronal activity . Moreover, it is not clear how
daily expression of eCBs may differ during development com-
pared to adulthood. Therefore, we developed a targeted MS assay
to quantify 2-AG, AEA, and related NAEs, from mouse forebrain
synaptosome fractions. In preliminary assessment of this assay,
we quantified eCBs from whole forebrain homogenate, the S2
fraction (cytosol and extracellular fluid), and synaptosomes. We
found that proportionally greater levels of eCBs were detected in
synaptosomes compared to whole forebrain homogenate, and
eCBs were essentially absent from the soluble S2 fraction (not
shown), suggesting that brain eCBs are primarily localized to
synaptic fractions and are retained during sample preparation.
All steps of synaptosome isolation included the dual MAGL/
FAAH inhibitor JZL195 Y to preserve the integrity of eCBs during
sample preparation.

We then went on to examine the sleep-dependent regulation
of synaptic eCBs in juvenile and adolescent mice. These experi-
ments include both sexes, but were not specifically designed or
powered to examine sex differences in eCB expression. Juvenile
(P21) or adolescent (P56) mice of both sexes were sacrificed 4 h
into the light (sleep) or dark (wake) phase, ZT4 or ZT16, respect-
ively, or following 4 h of near total sleep deprivation (SD4) using
gentle handling % starting from light onset (ZT0-ZT4) (Figure 1,
A). Wakefulness during SD is assessed by continual observation.
Juvenile mice (preweening) were exposed to SD in the presence
of their dam, in order to mitigate the stress inherently associated
with SD 2. Forebrains (hippocampus and cortex) were dissected
followed by isolation of synaptosomes and targeted MS quantifi-
cation. Figure 1 presents the summarized results obtained from
both sexes and is normalized to the wake (2T16) condition. eCB
quantification separated by sex for juveniles and adolescents is
presented in Supplementary Figures 1 and 2, respectively, and is
shown normalized to the male wake (ZT16) condition. Absolute
quantification is shown in Supplementary Table 1.

In juveniles we found that there was no difference in any
of the eCBs compounds between wake and sleep phases, al-
though AEA showed a trend to increase during the sleep phase
compared to the wake phase. Compared to the sleep phase, SD4
caused a significant decrease in the levels of AEA and most of
the NAE species measured (Figure 1, B). These findings show that
in juveniles, synaptic NAEs lack a daily rhythm but do show a
clear response to sleep deprivation. It is possible that the SD in-
duced decrease in NAEs may result from the stress associated
with SD 2, In clear contrast, in adolescents we found that AEA
and OEA were significantly increased during the sleep phase or
SD4 (both collected at ZT4) compared to the wake phase (Figure
1, C). All of the NAE species are FAAH substrates and showed
a clear trend toward higher expression during the sleep phase,
suggesting that NAE species may have a coordinated expres-
sion mechanism. Consistent with this observation we recently
showed using proteomics that in mice aged P56-P70, synapse
associated FAAH protein in the forebrain is 42% higher during
the wake phase compared to the sleep phase 1, suggesting that
daily fluctuations in NAEs in P56 mice may be regulated by syn-
aptic levels of FAAH protein. 2-AG showed no changes between
the three conditions at either age, suggesting that the expres-
sion of synaptic 2-AG in the forebrain may be independent of
the sleep/wake cycle. Together these data show that as the mice
mature toward adulthood, components of the eCB system tran-
sition to regulation by the circadian rhythm, where synaptic
AEA/OEA are increased during the sleep phase.

Although a systematic comparison of synaptic eCBs between
sexes was not the goal of this experiment, it is of interest to note
whether compelling trends toward sex differences exist in these
datasets. In the juvenile dataset we did not observe any signifi-
cant differences or compelling trends between males and fe-
males for any of the eCB metabolites analyzed (Supplementary
Figure 1). Similarly, in the adolescent dataset we did not observe
any significant differences or compelling trends between sexes
for the major CB1 agonists, 2-AG or AEA (Supplementary Figure
2). Interestingly, when separating the quantification of the re-
maining NAE species between sexes, the increased expression
of NAEs during the sleep phase (ZT4) seems to be driven pri-
marily by the males, and for two metabolites, OEA and POEA, we
did observe a significant increase in males compared to females
at ZT4 (Supplementary Figure 2). While these comparisons are
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Figure 1. Regulation of synaptic eCBs during the sleep-wake cycle in juvenile
(P21) and adolescent mice (P56). (A) Experimental design: mice were maintained
on 12:12 h light/dark schedule. Mouse tissue was collected 4 h into the wake
period (ZT16) or sleep period (ZT4), or after 4 h of gentle handling sleep depriv-
ation (SD4) during the light period (ZT0-ZT4). The forebrain was dissected, the
synaptosome fraction isolated, and quantified with MS. (B) Quantification of syn-
aptic eCBs in P21 juveniles. Data are normalized to the wake condition. n = 15-18
per condition, includes males and females. (C) Quantification of synaptic eCBs in
P56 adolescents. Data are normalized to the wake condition. n = 8 per condition,
includes males and females. Lipids quantified: 2-AG, AEA, DHEa, DEA, LEA, OEA,
POEA, PEA, and SEA. *p < 0.05, *p < 0.01 (one-way ANOVA with post hoc unpaired
two-tailed Student’s t-test with Bonferroni correction). Error bars indicate + SEM.
See also Supplementary Table 1, and Supplementary Figures 1 and 2.

suggestive that sex differences may exist in the sleep-dependent
regulation of synaptic NAE species other than AEA, additional
studies specifically designed for sex comparisons will be needed
to support this conclusion.

Pharmacological inhibition of eCB degradation

Previous studies have shown that eCB boosting drugs promote
sleep behavior in adult male mice %29, Based on the distinct daily

Martinetal. | 5

A MJIN110

L

CB1
— (2-AG) LGL; arachidonate + glycerol

¥—_ AEA FAAH arachidonate + ethanolamine

T (NAEs) T P (fatty acid + ethanolamine)
AM251 PF3845
B vehicle or drug Injection

Dark

isolate synaptosomes

v
MS lipidomics
C _ ,male mvehicle
: MJIN110
mPF3845
600+
4004 - " C ;

%

synaptosome eCB (%vehicle)

female Hvehicle
80077 MJIN110
mPF3845
600
400 »

synaptosome eCB (%vehicle)

Figure 2. Pharmacological manipulations of synaptic eCB metabolites. (A)
Schematic demonstrates the expected effects of the drugs used in this study. (B)
Experimental design: mice were treated with vehicle or drugs by IP at ZT0. Mice
were sacrificed at ZT4, forebrain dissected, synaptosomes isolated and quantified
with targeted MS analysis. (C) Quantification of synaptic eCBs in vehicle, MJN110
(5 mg/kg), or PF3845 (10 mg/kg) treated adult male and female mice. Data are
normalized to the vehicle treatment condition. n = 5 per sex/condition. *p < 0.01
indicates significant difference between drug treatment and vehicle treatment
control (one-way ANOVA with post hoc unpaired two-tailed Student’s t-test with
Bonferroni correction). Error bars indicate + SEM. See also Supplementary Table 2.

patterns of synaptic eCBs and different effects of SD in juvenile
and adolescent mice (Figure 1), we hypothesized that pharmaco-
logical manipulation of eCBs using inhibitors of MAGL or FAAH
would have differential sleep-promoting effects in developing
mice vs. adults. Selective inhibitors MJN110 (5 mg/kg) or PF3845
(10 mg/kg) were used to block MAGL or FAAH, respectively 227
(Figure 2, A). To confirm the action of these compounds, and to
show that these treatments are able to manipulate synaptic
eCBs in both sexes, we treated adult (P90) male and female mice
at ZTO by IP injection, followed by sacrifice at ZT4 and targeted
quantification of eCBs in forebrain synaptosomes (Figure 2, B).

2202 1290100 90 U0 Jasn sadinieg uonisinboy AQ 0¥959G9/€800BS2/8/S/8|01e/des|s/wod dno olwapeoe//:sdy Woll papeojumo(


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac083#supplementary-data
https://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac083#supplementary-data
https://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac083#supplementary-data
https://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsac083#supplementary-data

6 | SLEEP,2022,Vol. 45, No. 8

As expected, compared to vehicle treated controls, MAGL in-
hibitor MJN110 caused a sixfold increase in 2-AG, and no change
in AEA and the related NAEs (Figure 2, C). FAAH inhibitor PF3845
caused no change in 2-AG and a two- to fourfold increase in AEA
and NAE species (Figure 2, C). Near identical effects were seen in
males and females (Figure 2, C). Absolute quantification of eCB
metabolites in vehicle and drug treated males and females are
shown in Supplementary Table 2. These data show that MJN110
and PF3845 achieve similar levels of target engagement in both
sexes.

Sleep-promoting effects of 2-AG or NAEs in developing
and adult males, but not females

We next went on to examine how pharmacological manipula-
tions of eCB signaling affect sleep behavior in the context of de-
velopment and between sexes. We measured sleep behavior in
juvenile (P21), adolescent (P42), or adult (P90) male and female
mice using a noninvasive piezoelectric home-cage monitoring
system, PiezoSleep, that uses highly sensitive piezoelectric poly-
mers to measure mouse motion and breathing. This mechanical
signal is then analyzed using custom software to score wake and
sleep behavior. The PiezoSleep system has been previously val-
idated using simultaneous EEG and video recordings *+¢, that
showed an overall excellent match between EEG/electromyog-
raphy and piezo scoring, but also found that PiezoSleep reports
a small but significant increase in light phase sleep compared to
EEG 4. Note the ages indicated represent the age at the begin-
ning of the experiment. Mice were given 2-3 days to acclimate to
the recording cages prior to data collection. In the following ex-
periments, male and female mice of indicated ages were treated
by 2 consecutive IP injections of either vehicle or drug, separated
by 3 days, using a random crossover design. Injections occurred
either at ZTO (lights on) or immediately prior to ZT12 (lights
off) and sleep behavior was examined for 24 h following injec-
tion (separated into 12 h blocks of light and dark). The effects of
the drug were compared directly to the effects of vehicle con-
trol for each mouse. Quantification of total sleep time and bout
lengths following vehicle or drug treatments are summarized in
Supplementary Table 3.

Multiple previous studies have shown that increased eCB
signaling by direct agonist treatment, or inhibition of MAGL
or FAAH, promotes sleep in adult male mice or male rats (%3,
Whether similar effects are also seen in developing mice or
females has not been tested. Quantification of synaptic eCBs
(Figure 1) showed that juvenile mice lacked a daily rhythm of
synaptic eCBs whereas adolescents showed an increase in AEA/
OEA during the sleep phase. These findings led us to hypothesize
that AEA/OEA may promote sleep only after mice had matured
through the juvenile period. Accordingly, our expectation was
that pharmacologically increasing the levels of eCBs in males or
females would have a more profound effect on sleep behavior in
adults than in juveniles. We began by treating mice with MJN110
or PF3845 immediately prior to dark onset (ZT12), the beginning
of the active phase, where sleep-promoting drugs are expected
to show a more profound effect. In males, MJN110 treatment
compared to vehicle control caused a significant increase in
dark-phase total sleep time and sleep bout length (Figure 3,
A-C). Contrary to our expectations, qualitatively similar re-
sults were observed in male juveniles, adolescents, and adults.
PF3845 treatment also significantly increased dark-phase total

sleep time and bout length in male juveniles, adolescents, and
adults (Figure 3, D-F). The effects of either MJN110 or PF3845
were largely seen within the first 12 h of treatment and had min-
imal effects on subsequent light-phase sleep, with the excep-
tion of modest reduction in total sleep in some ages (Figure 3, B
and E). In contrast, light-phase injection of MJN110 or PF3845 in
males had no significant effect on sleep amount or bout length
at any age (Supplementary Figure 3). These findings show that
in males, increased activity of 2-AG or NAEs in the dark phase
can promote sleep and increase sleep bout length independent
of developmental age. These data also confirm the dark-phase
sleep-promoting effects of similar compounds tested in a pre-
vious study examining adult males ¥l

Identical dark-phase MJN110 or PF3845 treatments caused
minimal effects in female mice, in striking contrast to males
(Figure 4). MJN110 treatment did not have any effect on dark-
phase total sleep in females at any age, but caused a signifi-
cant increase in dark-phase sleep bout length only in juvenile
females. MJN110 also caused a modest decrease in subsequent
light-phase total sleep time in female adolescents (Figure 4,
A-C). PF3845 showed no sleep-promoting effects during the dark
phase in females at any age and caused a decrease in subse-
quent light-phase sleep bout length in female juveniles (Figure
4, D-F). Light-phase injection of MJN110 caused a modest in-
crease in light-phase total sleep in female juveniles, but at the
expense of reduced sleep bout length (Supplementary Figure 4).
Light-phase injection of PF3845 in females had no measurable
effect on sleep at any age (Supplementary Figure 4).

We had expected to see differential sleep-promoting effects
of MJN110 or PF3845 with respect to developmental age, but not
sex. Instead, we found that MJN110 or PF3845 treatments clearly
promote sleep in males, independent of age, while females show
minimal to no effects. Consistent with a previous report, the
sleep-promoting effects of MAGL and FAAH inhibitor drugs in
males are only observed in the dark phase % perhaps due to a
ceiling effect where light-phase sleep is already at high levels
that cannot be increased further by increased cannabinergic
signaling.

CB1 signaling sustains sleep in developing and adult
males and females

Pharmacological enhancement of 2-AG or NAEs, showed clear
sleep promotion in developing and adult males, but not females.
We hypothesize that an eCB tone supports sleep in both sexes,
but this tone may be saturating in females, limiting the effects
of MJN110 or PF3845, whereas in males the eCB tone may be un-
saturated in the dark phase, allowing for the sleep-promoting
effects of MJN110 and PF3845. To test whether an eCB tone sup-
ports sleep in males and females, we examined the effects of
treatment by a CB1 receptor inverse agonist, AM251 (10 mg/
kg) on sleep behavior. Previous studies (using males only) have
shown mixed results of this, or similar treatments, in mice and
rats. In some studies, CB1 inhibitors have no or modest effect >
>4 while in others these treatments suppress sleep behavior and
cause sleep fragmentation (%32, We suspected that these dis-
crepancies may result from the different doses used. Therefore,
we used AM251 at 10 mg/kg, the higher end of the dose ranges
reported in the literature. We first examined the effect of AM251
in the sleep (light) phase, when sleep disrupting compounds
may be expected to show a more profound effect. Compared
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Figure 3. Increased 2-AG or AEA promotes dark-phase sleep behavior in developing and adult males. (A) Twenty-four hours trace of average hourly sleep of male ju-
veniles (juv, left), adolescents (adol, middle), and adults (right) treated with vehicle or MJN110 (5 mg/kg) at the onset of the dark phase (ZT12), injection indicated by
arrow. Gray bars in sleep traces indicate dark phase. Quantification of average hourly sleep (B) and sleep bout length in minutes (C) for 24 h following vehicle or MJN110
injection. Data separated into 12 h of dark and light phases. N = 12 juveniles, 8 adolescents, 7 adults. (D) Twenty-four hours trace of average hourly sleep of male ju-
veniles (left), adolescents (middle), and adults (right) treated with PF3845 (10 mg/kg) at the onset of the dark phase (ZT12), injection indicated by arrow. Quantification
of average hourly sleep (E) and sleep bout length in minutes (F) for 24 h following vehicle or PF3845 injection. Data separated into 12 h of dark and light phases. N =6
juveniles, 7 adolescents, 8 adults. *p < 0.05, *p < 0.001 (paired two-tailed Student’s t-test). Error bars indicate + SEM. See also Supplementary Figure 3.
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Figure 4. Increased 2-AG or AEA has minimal effects on dark-phase sleep behavior in developing and adult females. (A) Twenty-four hours trace of average hourly sleep
of female juveniles (left), adolescents (middle), and adults (right) treated with vehicle or MJN110 (5 mg/kg) at the onset of the dark phase (ZT12), injection indicated by
arrow. Gray bars in sleep traces indicate dark phase. Quantification of average hourly sleep (B) and sleep bout length in minutes (C) for 24 h following vehicle or MJN110
injection. Data separated into 12 h of dark and light phases. N = 8 juveniles, 8 adolescents, 8 adults. (D) Twenty-four hours trace of average hourly sleep of female ju-
veniles (left), adolescents (middle), and adults (right) treated with PF3845 (10 mg/kg) at the onset of the dark phase (ZT12), injection indicated by arrow. Quantification
of average hourly sleep (E) and sleep bout length in minutes (F) for 24 h following vehicle or PF3845 injection. Data separated into 12 h of dark and light phases. N = 8
juveniles, 8 adolescents, 8 adults. *p < 0.05 (paired two-tailed Student’s t-test). Error bars indicate + SEM. See also Supplementary Figure 4.
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Figure 5. Tonic CB1 signaling sustains light-phase sleep behavior in developing and adult males and females. (A) Twenty-four hours trace of average hourly sleep of
male juveniles (left), and adults (right) treated with vehicle or AM251 (10 mg/kg) at the onset of the light phase (ZT0), injection indicated by arrow. Gray bars in sleep
traces indicate dark phase. Quantification of average hourly sleep (B) and sleep bout length in minutes (C) for 24 h following vehicle or AM251 injection. Data separated
into 12 h of light and dark phases. N = 6 juveniles, 8 adults. (D) Twenty-four hours trace of average hourly sleep of female juveniles (left), and adults (right) treated with
vehicle or AM251 (10 mg/kg) at the onset of the light phase (ZT0). Quantification of average hourly sleep (E) and sleep bout length in minutes (F) for 24 h following ve-
hicle or AM251 injection. Data separated into 12 h of light and dark phases. N = 8 juveniles, 7 adults. *p < 0.05, **p < 0.001 (paired two-tailed Student’s t-test). Error bars

indicate + SEM. See also Supplementary Figure 5.

to vehicle control, light-phase AM251 treatment caused a sig-
nificant decrease in light-phase total sleep time and sleep
bout length, in juveniles and adults, both males and females
(Figure 5). The reduction in sleep bout length was particularly

striking (Figure 5, C and F), suggesting that in the absence of CB1
signaling, sleep becomes highly fragmented, consistent with
previous reports where CB1 was inhibited by pharmacology or
genetic knockout %3322 In the accompanying sleep traces
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Figure 6. Sleep-promoting effects of enhanced 2-AG or AEA in developing and adult males requires CB1. Twenty-four hours trace of average hourly sleep of adult males
treated with vehicle or combined AM251 (10 mg/kg)/MJN110 (5 mg/kg) (A), or AM251 (10 mg/kg)/PF3845 (10 mg/kg) (B). Injections, indicated by arrow, at the onset of the
dark phase (ZT12). Gray bars in sleep traces indicate dark phase. Quantification of average hourly sleep (C) and sleep bout length in minutes (D) for 24 h following ve-
hicle or combined drug injection. Data separated into 12 h of dark and light phases. N = 8 AM251/MJN110, 8 AM251/PF3845. Twenty-four hours trace of average hourly
sleep of juvenile males treated with vehicle or combined AM251 (10 mg/kg)/MJN110 (5 mg/kg) (E) or AM251 (10 mg/kg)/PF3845 (10 mg/kg) (F). Quantification of average
hourly sleep (G) and sleep bout length in minutes (H) for 24 h following vehicle or combined drug injection. Data separated into 12 h of dark and light phases. N = 12
AM251/MJN110, 9 AM251/PF3845. *p < 0.05, **p < 0.001 (paired two-tailed Student’s t-test). Error bars indicate + SEM.

(Figure 5, A and D), the sleep suppressing effects of AM251 are
particularly notable in the first hours of the light phase, probably
reflecting the pharmacokinetics of this compound. The effects
of AM251 were largely restricted to the first 12 h (light phase),

but sleep fragmentation was observed in the subsequent dark
phase only in juvenile males. Adolescents were not tested in
this experiment but our expectation based on these findings is
that this age would respond similarly to juveniles and adults.
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Dark-phase injection of AM251 in juvenile and adult males and
females also caused a significant suppression of total sleep and
sleep fragmentation within the first 12 h (Supplementary Figure
5). Together these findings support our idea that an eCB tone
supports sleep in both males and females, during development
and adulthood, and that this eCB tone supports sleep in the light
and dark phases.

Sleep promotion by MJN110 or PF3845 require CB1

We wanted to confirm that increases in 2-AG or NAEs, via in-
hibition of MAGL or FAAH, respectively, promote sleep in males
by acting on CB1 receptors. This is particularly important for
PF3845, because inhibition of FAAH increases synaptic levels
all NAE metabolites (Figure 2, C) ?2, many of which are known
to be bioactive. For example, FAAH substrates OEA and PEA
are known to act as endogenous agonists for peroxisome
proliferator-activated receptors (PPARs) nuclear transcription
factors 122 Adult or juvenile male mice were injected prior to
the dark phase with vehicle control or a cocktail containing
AM251 (10 mg/kg) together with either MJN110 (5 mg/kg) or
PF3845 (10 mg/kg). Unlike MJN110 or PF3845 alone, which in
males caused significant increases in total dark-phase sleep
and bout length, cocktail injections in adult males caused sig-
nificant reductions, or a strong trend, in total sleep and bout
length (Figure 6, A-D). In juvenile males, combined treatment
with AM251 prevented the sleep-promoting effects of MJN110
or PF3845 (Figure 6, E-H). These results strongly suggest that the
male-specific sleep-promoting effects of MJN110 or PF3845 re-
quire CB1 as expected.

Discussion

Previous studies have shown that the eCB system can promote
sleep in adult males, primarily through a stabilization of the
sleep state, independent of the homeostatic sleep drive 120 2830,
It is unknown whether eCBs also play a role in sleep behavior
during development or in females. Further, how synaptic eCBs
are regulated by the sleep/wake cycle in the context of devel-
opment has not been examined. In the current study, we used
quantitative MS to show that the expression of forebrain syn-
aptic AEA and related NAEs lack a daily rhythm in juvenile mice
(P21) of both sexes, but transition to regulation by the circadian
rhythm during maturation, where expression of forebrain syn-
aptic AEA and related OEA are higher during the sleep phase.
Based on this clear difference in the sleep-dependent expres-
sion of AEA during development, we hypothesized that the pre-
viously described sleep-promoting effects of eCBs would emerge
during maturation toward adulthood. We confirmed previous
reports that enhancing the levels of 2-AG or AEA increased
sleep amount and bout length in adult males %39, However,
counter to our hypothesis, we show similar sleep-promoting ef-
fects in juvenile and adolescent males. Identical treatments in
developing and adult females had minimal effects. These find-
ings suggest that, although components of the eCB system are
undergoing maturation between P21 and P56, the neural circuits
underlying the male-specific sleep-promoting effects of MAGL
and FAAH inhibitors are already sufficiently matured even prior
to sexual maturity. Inhibition of CB1 with a direct antagonist,
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AM251, caused a very clear suppression of sleep amount and
sleep fragmentation at all ages tested, in both males and fe-
males. The latter finding suggests that an eCB tone is important
to sustain sleep in both sexes and throughout development,
consistent with previous conclusions that eCBs promote sleep
stability 2. Our findings highlight two areas of interest for fu-
ture studies. First, what mechanisms regulate the expression
of synaptic eCBs in developing mice, and what are the physio-
logical implications of the transition toward circadian control of
forebrain AEA and OEA? Second, what is the cellular and circuit
basis for the male-specific sleep-promoting effects of MAGL or
FAAH inhibition?

Circadian expression of synaptic AEA and sleep
ontogenesis

Sleep behavior is broadly believed to be under the control of
two major influences, the circadian clock that promotes sleep
behavior at the ecologically appropriate time of day, and the
homeostatic sleep drive that promotes sleep in proportion to
time spent awake . Previous studies using pharmacological or
genetic manipulations of CB1 conclude that eCB signaling sup-
ports sleep behavior, primarily through stabilization of sleep
episodes, independent of the homeostatic sleep drive [20 28 30,34,
In our adolescent mice, we observed higher expression of AEA
and OEA at ZT4 compared to ZT16, under both undisturbed and
sleep deprived conditions, leading us to conclude that the ex-
pression of forebrain AEA/OEA metabolites is likely controlled
by circadian mechanisms. This conclusion is in general agree-
ment with previous studies that have shown a circadian expres-
sion of AEA in human plasma and in multiple regions of the
rodent brain %%, Studies on the ontogenesis of sleep in rodents
have shown that the circadian rhythm begins to have a strong
influence on sleep behavior during the third or fourth week fol-
lowing birth 759 Our data suggest that a circadian expression
of AEA emerges after P21. In future studies, it will be of interest
to determine with greater resolution when the circadian expres-
sion of synaptic AEA emerges. EEG studies in developing mice
have shown that sleep behavior is highly fragmented at P10-P14,
with very short sleep bouts and frequent state transitions. Sleep
bout lengths undergo a profound consolidation from P14 to P21
7, and this process continues at a more gradual pace from P21
to P60 I8l It is possible that the emergence of a circadian control
of synaptic AEA may be mechanistically linked with the emer-
gent role of the circadian rhythm on sleep behavior and consoli-
dation of sleep bouts during this period of maturation.

Sex-specific effects of eCB boosting drugs

We began our study be asking whether forebrain synaptic
eCB metabolites are regulated in a sleep- and development-
dependent manner, independent of sex. While the study design
included both sexes, it was not specifically designed or powered
for a clear sex comparison and we limit our main conclusions to
the role of developmental age. This design is in accordance with
recent recommendations that experiments should include both
sexes, even if not powered for sex comparisons . Nonetheless,
in comparing the expression levels of synaptic eCB metabolites
between the sexes in the current dataset we see no significant
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differences, or compelling trends, in any of the eCB species
examined at the juvenile age or in the major CB1 agonists 2-AG
and AEA at the adolescent age (Supplementary Figures 1 and 2).
Interestingly, our data are suggestive that several NAE species,
show a higher expression level during the sleep phase in ado-
lescent males only (Supplementary Figure 2). OEA and PEA are a
well-described agonists for the nuclear transcription factor per-
oxisome proliferator-activated receptor alpha (PPARa) which has
been implicated in sleep behavior Y. Whether OEA and related
NAEs indeed show a male-specific increase during sleep will
require additional dedicated studies. Moreover, the expression
of eCB metabolites in females has been shown to have a bidir-
ectional interaction with gonadal hormones during the estrous
cycle 261 an important variable that was not accounted for in
the current dataset. Future studies designed to provide a com-
prehensive understanding of the sleep-dependent expression of
eCBs in females may need to take into account the regular fluc-
tuations in gonadal hormones.

Based on the data contained in this study we suggest that
the male-specific sleep-promoting effects of MAGL or FAAH
inhibitors is likely due to sex-specific differences in the ex-
pression of CB1, or downstream signaling mechanisms, within
specific brain regions, and not related to sex differences in eCB
metabolites, at least in the forebrain. First, the male-specific
sleep-promoting effects of eCB boosting drugs is apparent even
in juvenile mice before the onset of puberty, an age where we
see no evidence of sex differences in synaptic eCB expression.
Second, we also have confirmed that our MAGL and FAAH in-
hibitor compounds selectively increase the levels of 2-AG and
AEA/NAEs, respectively, and that near identical responses are
seen in both sexes (Figure 2), thus ruling out differences in
target engagement of these drugs between sexes. Finally, 2-AG
and AEA each act as CB1 agonists, but diverge in their other tar-
gets 2 and increasing the level of either 2-AG or AEA promoted
sleep in males, suggesting that signaling events downstream of
CB1 activation are relevant for male-specific sleep promotion.
In support of this we show that the sleep-promoting effects of
MAGL/FAAH inhibitors in males are blocked by CB1 antagonist
AM251 (Figure 6).

Previous literature shows clear sex differences in behavioral
responses to cannabinoids or eCB targeted pharmacology
%l Sex differences in the expression of CB1 mRNA or protein,
or in the density of CB1 receptor binding using radio-labeled
ligands, have been described in mice and rats but are highly
region selective ¢ It is also plausible that sex differences
may exist in the signaling machinery downstream of CB1 ac-
tivation. Sex-specific behavioral responses to eCB/CB1 targeted
pharmacology are likely due to sexual dimorphism in specific
cell populations and neural circuits. The neural circuits that
underlie the sleep-promoting effects of eCBs, particularly in
males are not known, although the eCB system is most prom-
inently expressed in the mouse forebrain, and CB1 mRNA is ex-
pressed at higher density in many regions of the male cortex
168, We hypothesize that CB1 expression is higher in males in
brain regions underlying the sleep-promoting effects of MJN110
or PF3845 treatment, allowing for the larger behavioral response
to these drugs. Thus, while the sexually divergent response to
MJN110 and PF3845 we report here is in general agreement with
the greater literature %, the underlying molecular, cellular, or
circuit basis for this difference between sexes is not clear and
will require further research.

AEA vs. 2-AG

AEA and 2-AG are well-characterized endogenous agonists for
the CB1 receptor. Does it matter that there are two distinct eCB
classes when either one can activate CB1 and promote sleep?
2-AG and AEA have completely nonoverlapping enzymes that
control their synthesis and degradation 2%, suggesting that the
two CB1 agonists undergo independent regulation and may
serve distinct physiological functions. Accordingly, our tar-
geted quantification of synaptic eCBs show that AEA and re-
lated NAEs are suppressed by sleep deprivation in juveniles,
transitioning to circadian regulation of AEA/OEA in adoles-
cents. Whereas, synaptic 2-AG appears to be expressed inde-
pendently of the sleep-wake cycle at both ages. Unlike other
neurotransmitters that are stored in vesicles for regulated
release, eCBs are synthesized from postsynaptic membranes
in response to neuronal activity, commonly described as
synthesized “on demand.” Prominent forms of eCB-dependent
short-term plasticity including depolarization induced sup-
pression of excitation or inhibition (DSE and DSI) have been
shown to result from rapid and transient synthesis of 2-AG,
but not AEA .79, In other settings, eCB signaling is better de-
scribed as being “tonic,” where an eCB tone likely due to AEA
and not 2-AG, is constitutively acting on CB1 receptors over
longer time scales 287174, 2-AG has been characterized as a
“full-agonist” for CB1 receptors, but sustained increases in
2-AG through high doses of MAGL inhibitor drives the desen-
sitization of CB1, leading to drug tolerance and secondary ef-
fects consistent with suppression of CB1 signaling [2% 22 30.73-75],
In contrast, AEA is a “partial agonist” but does not drive desen-
sitization, allowing for sustained CB1 signaling ">7¢l. Thus, we
speculate that the two major eCBs may play distinct roles with
respect to the sleep/wake cycle: AEA serves a tonic signaling
function that stabilizes the sleep state, whereas 2-AG acts in
a phasic manner to regulate short-term synaptic plasticity in-
dependent of the sleep/wake cycle. During maturation of the
cortex, the circadian rhythm emerges as the main influence
of AEA expression, perhaps to promote sleep activity in ado-
lescent and adult mice. In support of this, mice with deletion
of FAAH have been shown to have sustained elevations in AEA
and other NAEs, and to have increased total amount and bout
lengths of NREM sleep, and higher levels of NREM delta power
compared to wild-type mice .

Considerable interest is growing around the potential of
the eCB system as a therapeutic target in a number of condi-
tions. Our data support a role for the eCB system in promoting
sleep, and we further extend this work to examine develop-
mental time points. Our results also strongly emphasize that
sex as a biological variable will require considerable attention
in the ongoing development of eCB- and cannabinoid-based
medicines.
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