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Abstract

Study Objectives: There is strong evidence that sleep disturbances are an independent risk factor for the development of chronic
pain conditions. The mechanisms underlying this association, however, are still not well understood. We examined the effect of
experimental sleep disturbances (ESDs) on three pathways involved in pain initiation/resolution: (1) the central pain-inhibitory path-
way, (2) the cyclooxygenase (COX) pathway, and (3) the endocannabinoid (eCB) pathway.

Methods: Twenty-four healthy participants (50% females) underwent two 19-day long in-laboratory protocols in randomized order:
(1) an ESD protocol consisting of repeated nights of short and disrupted sleep with intermittent recovery sleep; and (2) a sleep control
protocol consisting of nights with an 8-hour sleep opportunity. Pain inhibition (conditioned pain modulation, habituation to repeated
pain), COX-2 expression at monocyte level (lipopolysaccharide [LPS]-stimulated and spontaneous), and eCBs (arachidonoylethanol-
amine, 2-arachidonoylglycerol, docosahexaenoylethanolamide [DHEA], eicosapentaenoylethanolamide, docosatetraenoylethanola-
mide) were measured every other day throughout the protocol.

Results: The central pain-inhibitory pathway was compromised by sleep disturbances in females, but not in males (p < 0.05 condition
x sex effect). The COX-2 pathway (LPS-stimulated) was activated by sleep disturbances (p < 0.05 condition effect), and this effect was
exclusively driven by males (p < 0.05 condition x sex effect). With respect to the eCB pathway, DHEA was higher (p < 0.05 condition
effect) in the sleep disturbance compared to the control condition, without sex-differential effects on any eCBs.

Conclusions: These findings suggest that central pain-inhibitory and COX mechanisms through which sleep disturbances may con-
tribute to chronic pain risk are sex specific, implicating the need for sex-differential therapeutic targets to effectively reduce chronic
pain associated with sleep disturbances in both sexes.

Clinical Trials Registration: NCT02484742: Pain Sensitization and Habituation in a Model of Experimentally-induced Insomnia
Symptoms. https://clinicaltrials.gov/ct2/show/NCT02484742.
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Central pain-inhibitory and COX mechanisms, through which sleep disturbances may contribute to
chronic pain risk, are sex specific, implicating the need for sex-specific therapeutic targets to most
effectively reduce chronic pain associated with sleep disturbances in both sexes.

Statement of Significance

Sleep disturbances are not only highly comorbid with chronic pain conditions, but they are also increasingly recognized as a strong
risk factor for the development and nonresolution of chronic pain conditions, such as headache disorders, back pain, or wide-
spread chronic pain. Mechanistic knowledge is urgently needed for the development of novel and targeted therapies. We here show
that experimental prolonged sleep disturbances compromise pathways involved in pain initiation/resolution in a sex-dependent
manner, with females predominantly responding with a deficit in the central pain-inhibitory pathway, while males predominantly
responded with an activation of the inflammatory cyclooxygenase pathway to sleep disturbances. These findings suggest the need
of sex-differential therapeutic targets to effectively reduce chronic pain associated with sleep disturbances in both sexes.

Introduction

About 20% of individuals in the United States and worldwide suf-
fer from chronic pain conditions [1], with more than 70% of these
individuals also suffering from comorbid sleep disturbances [2, 3].
There is increasing evidence from prospective longitudinal cohort
studies showing that sleep disturbances predict increased risk of
developing a chronic pain condition [4-8]. These findings high-
light the need to identify causal pain pathways by which sleep
disturbances contribute to chronic pain development.

Several mechanisms have been suggested by which sleep dis-
turbances may contribute to increased chronic pain risk [9]. This
investigation focused on (1) the central pain-modulatory path-
ways, (2) the inflammatory cyclooxygenase (COX) pathway, and
(3) the endocannabinoid (eCB) pathway. The central pain-modula-
tory pathways (1) consist of descending pathways projecting from
various cortical structures to the dorsal horn of the spinal cord,
where the transmission of nociceptive information can be mod-
ulated (either inhibited or facilitated) [10]. Dysfunctions in these
pathways have been observed in various chronic pain conditions
and appear to determine whether pain becomes chronic [11, 12].
Pain-inhibitory circuits, in particular, have been found to be com-
promised in response to experimental sleep restriction or sleep

disruption in humans [13-16], suggesting a mechanism by which
short or disrupted sleep increase risk for chronic pain over time.
Another potential mechanism underlying the contribution of sleep
disturbances to pain is the COX pathway (2). COX-2 is the enzyme
that converts omega-6 arachidonic fatty acid to prostaglandin (PG)
H,, which then is converted to inflammatory PGs, such as PGE,.
Inflammatory PGs sensitize peripheral nociceptive neurons and
pain transmission neurons in the central nervous system, thereby
increasing their responsiveness to nociceptive input [17]. Inhibition
of COX enzymes is the main mechanism of action of many non-
steroidal anti-inflammatory drugs (NSAIDs) [18]. To our knowledge,
COX-2 has not been assessed in the context of short or disturbed
sleep in humans, despite its central role in pain induction and per-
sistence. A third potential mechanistic candidate underlying the
pain promoting effect of sleep disturbances is the eCB pathway
(3). ECBs, such as the most studied ligands 2-arachidonoylglycerol
(2-AG) and arachidonoylethanolamine (anandamide, AEA), are
lipid mediators that exert analgesic properties in various diseases
associated with chronic pain, but appear to have no analgesic
effect in acute pain conditions [19]. ECB system activation through
cannabinoid drugs suggests that they alter the affective compo-
nent of pain (making pain less unpleasant), but not the sensory



(nociceptive) component [20]. Investigations of eCBs in the context
of short or disrupted sleep are scarce, but those that exist suggest
that acute, short-term sleep restriction in healthy individuals acti-
vates the eCB pathway, as indicated by increased circulating levels
of 2-AG [21, 22]. The effect of prolonged sleep disturbances on eCB
lipids is currently unknown.

The goal of the current study was to investigate potential mech-
anisms through which sleep disturbance contributes to increased
pain risk, focusing on (1) the central pain-inhibitory pathway, (2)
the COX pathway, and (3) the eCB pathway. We utilized an exper-
imental model mimicking sleep disturbance patterns character-
ized by short and disrupted sleep. Such patterns are common in
individuals with chronic pain conditions [2] and also frequently
found in the general population [23]. Given that most pain disor-
ders and insomnia disorder are more common in females [24, 25],
we further explored sex differences in the response of these pain
pathways to sleep disturbances.

Methods

Participants

This study was approved by the Institutional Review Board for the
Protection of Human Subjects at the Beth Israel Deaconess Medical
Center (BIDMC) in Boston, MA, and registered at clinicaltrials.gov
(NCT02484742). Participants were recruited via community and
website advertisements. Twenty-four healthy young females and
males were included in the analysis (see CONSORT flow diagram
Figure 1). Twenty-two participants completed the first and second
in-hospital protocols (see study protocol below); two participants
did not complete the second in-hospital protocol due to work/fam-
ily requirements or difficulties in following study procedures. With
respect to occupational status, 22 of the enrolled participants were
freelance or self-employed workers or were able to work remotely,
two participants were college students.

Inclusion criteria were age between 18 and 45 years, a body
mass index between 18.5 and 30 kg/m?, habitual nightly sleep
duration between 7 and 9 hours (verified by sleep diary data col-
lected over 7 days), habitual time of sleep onset within 1 hour of
the study bedtime of 2300 hours (to ensure entrainment), blood
chemistry levels within the normal range (including white blood
cell and differential blood cell counts, T-cell subsets, thyroid hor-
mones, glucose, insulin, creatinine, liver enzymes, erythrocyte
sedimentation rate), and negative urine toxicology. Female par-
ticipants were eligible if they had regular menstrual cycles and
no significant discomfort during premenses/menses. Exclusion
criteria included presence or history of medical or psychiatric
disorders (determined by diagnostic interview, physician’s med-
ical history, and physical examination), sleep disorders (based
on questionnaires and in-hospital polysomnography), pregnant
or nursing status, regular medication use other than hormonal
contraceptives, NSAID use in the 2 weeks prior to the in-hospital
stays, and donation of blood or platelets 3 months prior to (or
in-between) in-hospital stays. Blood tests and urine toxicology
screening were repeated prior to the second 19-day in-hospital
stay to ensure values remained in the normal range.

Study protocol

Model of experimental sleep disturbance

This study employed an intraindividual balanced 2 x 19-day (18
nights) in-hospital protocol where each participant completed
the experimental sleep disturbance (ESD) and the control sleep
condition. The first two nights of each 19-day in-hospital stay
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were adaptation nights and the third night served as the base-
line night, with a sleep opportunity of 8 hours (2300-0700 hours)
on all three nights. In the ESD condition, disturbed sleep was
induced during the next three nights, where sleep was both short-
ened and disrupted resulting in a sleep opportunity of 4 hours.
These three nights were followed by one night of recovery sleep
with an undisturbed sleep opportunity of 8 hours. This cycle of
three nights of disturbed sleep followed by one night of recovery
sleep was repeated two more times. This temporal patterning of
disturbed with intermittent undisturbed sleep nights was chosen
to mimic sleep patterns observed in individuals with sleep distur-
bances (i.e. after one to three nights of poor sleep, a better night
of sleep follows, likely resulting from a buildup of homeostatic
sleep pressure during the previous nights of disrupted sleep) [26].
After the third ESD cycle, participants had three additional recov-
ery nights each with an 8-hour sleep opportunity (see Figure 2 for
the full ESD protocol). In the control sleep condition, participants
received an 8-hour sleep opportunity on all nights of the protocol.

During each of the ESD nights, the timing of sleep onset was
delayed by 1 hour (from 2300 to 0000 hours). This was followed
by a 6-hour interval (between 0000 and 0600 hours) where sleep
was interrupted by 20-minute awakenings every hour, resulting
in a 4-hour sleep opportunity and 2 hours of induced wake time.
Lastly, sleep offset was advanced by 1 hour (from 0700 to 0600
hours). This combination of frequent and prolonged awaken-
ings across the nighttime period together with a delayed sleep
onset time and advanced morning awakening time is common in
chronic pain disorders.

To implement nighttime awakenings, the research nurse
entered the room, turned on the light to less than 20 lux, and
woke up the participant by calling their name. During the 20-min-
ute awakenings at night, participants interacted with the attend-
ing research assistant while staying in bed in a semi-recumbent
position until the next sleep opportunity began.

The two in-hospital conditions were separated by an inter-
val of at least 2 months in order to allow recovery from blood
sampling and from potential residual effects related to exposure
to ESD. During the 19-day in-hospital stays, participants had 8
days of intensive monitoring (second baseline day, every second
sleep disturbance day and every recovery day of each of the three
cycles, and the third recovery day at the end of the protocol, see
Figure 2). Measurements during the intensive monitoring days
included assessment of central pain modulation, blood sampling,
and polysomnographic (PSG) recordings. In addition, blood sam-
ples for eCB pathway measurements were collected on the first
baseline day. The PSG findings have been reported in [27].

Research environment

Throughout both in-hospital stays, participants stayed in a pri-
vate room at the Clinical Research Center at BIDMC. Ambient
room temperature was based on the individually tailored comfort
level and kept stable throughout all study days. Participants were
maintained on a balanced diet (NA* and K* controlled) and regi-
mented fluid intake (no caffeine) in order to prevent changes in
body weight/composition throughout the study. Meals and fluids
were served at standardized times (0730 hours breakfast, 1230
hours lunch, 1830 hours dinner, 2050 hours snack).

To prevent sedentary conditions and maintain constant activ-
ity levels, the attending research assistant took participants on
a 10- to 15-minute walk within the Clinical Research Center or
outside on hospital property every 2-3 hours throughout the wak-
ing periods of the protocol (except during induced wake periods
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Figure 1. CONSORT flow diagram.

at night). Participants were encouraged to follow their prestudy
exercise habits by visiting the hospital gym on the nonintensive
monitoring days. Participants could have visitors during daytime
periods and had access to internet and phone, in order to mini-
mize disruptions to their social networks.

Blood collection

Blood was collected by the study nurse at the 1100 hours time
point on each of the intensive monitoring days and used to meas-
ure COX and eCB pathway activation. Participants refrained from
food and fluid intake for 60 minutes, and remained in a seated
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Figure 2. Study protocol. Depicted is the ESD condition. The sleep control condition consisted of 19 days (18 nights) with a sleep opportunity of 8

hours per night.

position for 15 minutes, prior to blood collection. Blood was taken
through direct venipuncture on the arm not used for pain testing
procedures. Sodium heparinized whole blood was immediately
processed for cell stimulation to investigate COX expression and
extracted EDTA plasma was stored at —80°C to assess eCBs.

Assessment of pain pathways

(1) Central pain-inhibitory pathway:.
Two testing paradigms were used:

(a) Conditioned pain modulation (CPM)

CPM is based on the “pain-inhibits-pain” model, in which a painful
conditioning stimulus exerts an analgesic effect on a painful test
stimulus applied to another body site. For this study, the noxious
conditioning stimulus was the immersion of the foot in hot water
and the test stimulus was a sequence of 10 heat pulses applied to
the contralateral arm and leg, respectively, with an inter-pulse
interval was 2.5 seconds and a pulse duration of 0.5 seconds. Heat
pulses were delivered using a thermode attached to the volar
forearm (TSA-II NeuroSensory Analyzer, Medoc, Minneapolis,
MS). The temperature of the heat pulses was individually tailored
by determining the maximal tolerable temperature for each par-
ticipant (for details, see [28]). The maximal tolerable temperature
was then reduced by 1.5°C, in order to prevent participants need-
ing to end the CPM testing protocol before completion because of
a potential pain sensitization effect following sleep disturbance.
The conditioning stimulus consisted of the immersion of the con-
tralateral foot into a hot water bath (Techne water baths, Bibby
Scientific US, Burlington, NJ). The temperature of the water bath
was maintained at 47°C with a clip-on Tempette thermoregulator
(TE-10D, Bibby Scientific US, Burlington, NJ). Shortly before foot
immersion, the thermoregulator was removed from the water
to comply with hospital safety regulations. Potential changes of
water temperature during foot immersion was recorded with
a traceable thermometer (Control Company, Friendswood, TX)
attached to the water bath. After 20 seconds of foot immersion,

the test stimulus (heat-pulse sequence) was applied to the fore-
arm or leg, respectively, and the participant was prompted to
rate the pain intensity of the 1st, 4th, 7th, and 10th heat pulse
using visual analog scales. The heat-pulse sequence was further
applied in presence of a neutral stimulus (i.e. foot wrapped in
towel), serving as a control condition. Four CPM trials were con-
ducted in total (i.e. two on the forearm with random exposure to
the conditioning and neutral stimulus, respectively, followed by
two trials on the leg, again with exposure to the conditioning and
neutral stimulus in random order). There was a 10-minute long
rest period between each of the four trials, following CPM prac-
tice recommendations [29]. During the rest periods, the thermode
delivering the heat pulses was systematically moved from the
distal to proximal sites along the C8-T1 dermatomes of the fore-
arm, and along L5-S1 for the leg. The CPM magnitude was calcu-
lated as the pain intensity ratings of the test stimulus (heat-pulse
sequence) in the presence of the conditioning stimulus (painfully
hot water) minus the pain ratings of the test stimulus in the pres-
ence of the neutral stimulus (foot wrapped in towel). Area under
the curve for the pain intensity ratings of the heat pulses was cal-
culated to reflect CPM magnitude. Lower values indicated more
efficient pain inhibition.

(b) Habituation to repeated pain (HRP)

The ability to habituate to the repeated exposure to a painful
(nonthreatening) stimulus reflects the efficiency of pain-inhibi-
tory pathways [30]. HRP in this protocol was assessed using the
repeated administration of the cold pressor test on the intensive
recording days. For each HRP test, participants were asked to
insert their hand in a temperature-controlled water bath (Techne
water baths, Bibby Scientific US, Burlington, NJ), kept at 3°C, and
instructed to leave their hand immersed in the cold water bath
until the pain became intolerable. Participants rated the inten-
sity of the pain prior to hand immersion into the cold water
bath, and at time of hand removal, using visual analog scales.
The degree of HRP was calculated as the change in pain toler-
ance (seconds) across the repeated cold pain exposure across the
intensive recording days of the study The greater the increase
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in pain tolerance upon repeated noxious cold stimulation, the
higher the ability to habituate to pain, indicating more efficient
pain inhibition.

(2) COX pathway

Intracellular COX-2 expression in monocytes was investi-
gated in lipopolysaccharide (LPS)-stimulated and unstimulated
blood samples drawn at 1100 hours on the intensive monitor-
ing days. Whole blood was stimulated with LPS from Escherichia
coli 0127:B8 (100 pg/mL, L3137, Sigma-Aldrich) or left unstimu-
lated, brefeldin A (10 pg/mL, B5936, Sigma-Aldrich) was added,
and the samples were incubated for 4 hours at 37°C in a 5% CO,
atmosphere. Following fixation and permeabilization (IntraPrep
Permeabilization Reagent, A07803, Beckman Coulter), fluores-
cence-conjugated antibodies were added (CD45 KrO, CD14 APC
[both Beckman Coulter], and COX-1 FITC/COX-2 PE antibody
cocktail [BD Biosciences]), and the samples were incubated for
15 minutes at room temperature in the dark. Then, the samples
were washed with phosphate-buffered saline solution (PBS 1X,
Sigma Aldrich), resuspended in PBS containing 0.5% formalde-
hyde and stored at 4°C in the dark until flow cytometric measure-
ment (Gallios, Beckman Coulter, Flow Cytometry Core at BIDMC).
Preparations were analyzed within 24 hours and 100 000 events
were acquired per sample. Percentage of COX-2-positive mono-
cytes (LPS-stimulated and unstimulated) was quantified using
Kaluza Analysis Software (Beckman Coulter).

(3) eCB pathway

The following eCBs were measured in plasma of the 1100 hours
blood draw on four of the intensive monitoring days, day 3 (first
baseline), day 14 (last sleep disturbance cycle), days 16 and 18
(after first and third night of recovery sleep): The omega-6
derivatives AEA (anandamide), 2-AG, and docosatetraenoyleth-
anolamide (DTEA), and the omega-3 derivatives docosahexae-
noylethanolamide (DHEA) and eicosapentaenoylethanolamide
(EPEA). Values were assessed by the contract research company
Ambiotis SAS, France, using a liquid chromatography-mass spec-
trometry (LC-MS/MS) platform (for method details see [31]). For
2-AG, 12.2% of values were below the limit of quantification (LOQ)
but above the limit of detection (LOD) and were included in sta-
tistical analyses; 13.3% of values were below the LOD and were
set to half the LOD.

Statistical analysis

The main analysis employed generalized linear mixed models
(GLMM, SPSS 28) with condition (ESD vs. control sleep [CONTROLY),
study day (representing the intensive monitoring days), and sex
(females vs. males) as well as their interactions as fixed factors.
Participant’s ID was included as random factor. To control for
baseline differences at the beginning of the protocol between con-
ditions, all GLMM analyses were performed on delta values (i.e.
values in response to sleep disturbances or control sleep minus
baseline). This approach was preferred to the approach of using
baseline as a covariate because of potential differences not only
in the factor condition but also in the factor sex. Satterthwaite’s
approximation was used to calculate denominator degrees of
freedom. Robust estimation was used in order to protect against
potential violations of model assumptions, i.e. homogeneity and
normal distribution. Homogeneity of variances and normality
were assessed by plotting residuals against predicted values as

well as plotting histograms of residuals, respectively. Significant
interaction effects with study day were considered appropriate
for follow-up with pairwise comparisons at single days. Data
are presented as estimated marginal means (EMMs) + standard
errors (SEMs). The level of significance was set to an alpha value
of rejection of p < 0.05 for main and interaction effects. Power
was estimated in the planning phase of this study and aimed at
detecting differences between groups of ESD and CONTROL with
80% power using an alpha value of p < 0.05. The study was not
powered for the detection of sex differences.

Results

Participant characteristics are shown in Table 1.

Pain pathways
(1) Central pain-inhibitory pathway

CPM responses were averaged across the two body testing sites
(forearm and leg), since there was no main or interaction effect for
testing site (leg vs. arm) with condition (p > 0.05). CPM did not differ
between the ESD and control sleep condition in the combined group
of females and males (p > 0.05 for condition and condition x day
effect, respectively, Figure 3, A). There was a sex-differential effect (p
< 0.05 for condition x sex effect), indicating an impairment in CPM
(i.e. less pain-inhibitory capacity) in the ESD condition in females
and an improvement of CPM in the ESD condition in males when
compared to the sleep control condition.

HRP is depicted in Figure 3, B. As expected, participants habit-
uated to cold pain across testing days in the control sleep con-
dition, as indicated by an increase of cold pain tolerance by 14.2

Table 1. Participant characteristics at baseline (day 1 of stay 1)

All Female Male

(N = 24) (n=12) (n=12)
Age (years, mean + SEM) 280+12 267+14 294+19
BMI (kg/m? mean + SEM) 239+07 242+12 23.5+0.8
Follicular/luteal menstrual ESD: 4/8

cycle phase at study day Control: 4/7
1 of conditions ESD and

control sleep!

Hormonal contraceptive 2

use

Race (N)
Black/African American 10 5 5
White 10 5 5
Asian 1 0 1
Multiracial* 1 1 0
Other® 1 1 0
Not provided 1 0 1

Ethnicity (N)
Hispanic 6 3 3
Non-Hispanic 14 8 6
Not provided 4 1 3

BMI, body mass index.

"Twenty-two participants completed both conditions (ESD condition and
control sleep condition), 2 participants completed 1 stay only.

Two females did not have regular menstrual cycles; one due to an
intrauterine device.

*Reported as “mixed Black and Alaska Native.”

SReported as “Peruvian.”
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Figure 3. Change in pain-inhibitory pathway in response to ESD and modulation by sex. (A) CPM testing paradigm (N = 24). Lower values indicate
better pain-inhibitory capacity. (B) HRP testing paradigm (N = 23). Greater pain tolerance indicates better habituation, thus greater pain-inhibitory
capacity. Presented are EMM + SEM from GLMM analysis performed on delta values (values minus baseline). Study day 4 is the baseline day. Gray

shaded areas depict sleep recovery periods. AUC, area under the curve; sec, seconds. *p < 0.05 for pairwise comparison between conditions.

+ 8.7 seconds from baseline to day 18. The increase in cold pain
tolerance in the ESD condition from baseline to day 18 was 11.5 +
8.6 seconds, and did not differ from the control condition in the
combined group of females and males (p > 0.05 for condition x
study day effect). There was a sex-differential effect (condition x
sex interaction (p < 0.05), indicating that females were less able
to habituate to pain in the ESD condition while males showed
the opposite effect and were more able to habituate to pain in
the ESD compared to the sleep control condition. This indicates
greater pain-inhibitory capacity in males and impaired pain-in-
hibitory capacity in females when exposed to sleep disturbance.

(2) COX pathway

LPS-stimulated COX-2 expression in monocytes was higher in the ESD
compared to the sleep control condition (p < 0.05 for condition x
study day effect, Figure 4, A). The condition x sex effect (p < 0.05)
indicated that the LPS-stimulated COX-2 expression was higher
in males in the ESD compared to the sleep control condition,
while in females, there was no difference between conditions.
Spontaneous COX-2 expression in monocytes did not differ between
the ESD and the sleep control condition (p > 0.05 for condition

effect, Figure 4, B). The condition x sex effect (p < 0.05) indicated
that males expressed slightly more and females less spontaneous
COX-2 in the ESD compared to the sleep control condition.

(3) eCB pathway

AEA, 2-AG, and DTEA did not differ between the ESD and sleep
control condition (Figure 5, A, B, and E). DHEA was higher in the
ESD compared to the sleep control condition (p< 0.05 for condi-
tion effect, Figure 5, C), and EPEA was higher in the ESD com-
pared to the sleep control condition (p < 0.07 for condition effect,
Figure 5, D). For both DHEA and EPEA, elevations continued into
the sleep recovery period at the end of the protocol. None of the
eCBs showed a sex-differential effect (all p > 0.05 condition x sex
effect).

Discussion

This study examined the effects of prolonged experimental sleep
disturbance on three pathways that are known to play a role
in pain initiation and resolution: (1) the central pain-inhibitory
pathway, (2) the COX pathway, and (3) the eCB pathway. Overall,



8 | SLEEP, 2023, Vol. 46, No. 6

(A) LPS-stimulated COX-2 expression -A- ESD -® Control
Percentage of COX-2 positive monocytes

—_ 154 p<.05 for Condition
é 4 n.s. for Condition x Study Day
.“E’ 10

g -

© 5

m

€

g o

o 4

2

& °7

< -

(&]

7] p<.05 for Condition x Sex
*

1+t+ =

10 12
Study Day

14

T T 1 T T
16 18 Female Male

(B) Spontaneous COX-2 expression
Percentage of COX-2 positive monocytes

10 n.s. for Condition

n.s. for Condition x Study Day

p<.05 for Condition x Sex

S

o

£

% 57 - "

3]

T ' T

: [

s 0 -

=)

c

© b -

=

(&)

ST T T T T T T T T T T T T T T T
4 6 8 10 12 14 16 18 Female Male
Study Day

Figure 4. Change in COX-2 pathway in response to ESD and modulation by sex. (A) COX-2 expression in LPS-stimulated monocytes. (B) Spontaneous
COX-2 expression in unstimulated monocytes. COX-2 expression in monocytes is defined as the portion of COX-2-positive monocytes among all
monocytes. Presented are EMM + SEM from GLMM analysis performed on delta values (values minus baseline). Study day 4 is the baseline day. Gray
shaded areas depict sleep recovery periods. N = 24, *p < 0.05 for pairwise comparisons between conditions.

the central pain-inhibitory pathway was not affected by experi-
mental sleep disturbances in the combined group of females and
males; the COX-2 pathway was activated as indicated by higher
LPS-stimulated intracellular expression of COX-2 in monocytes in
response to experimental sleep disturbances; and the eCB path-
way showed activation of DHEA by sleep disturbances, without
significant changes in the eCBs AEA, 2-AG, EPEA, and DTEA. The
most striking finding of this investigation was that experimental
sleep disturbances affected the central pain-inhibitory and the
COX pathway in a sex-dependent manner. In females, a weaken-
ing of the pain-inhibitory pathway of the central nervous system
in response to sleep disturbances was indicated by a decrease
in the capacity to inhibit pain. Males showed the opposite
effect, specifically, they demonstrated a stronger pain-inhibitory
response to sleep disturbances. With respect to the inflamma-
tory COX pathway, males showed a stronger stimulated COX-2
response to sleep disturbances, while females showed a reduced
unstimulated COX-2 response. Sex differences were not observed
for the eCB pathway. These findings provide preliminary evidence

that sleep disturbances alter the central pain-inhibitory and the
COX pathway is a sex-specific manner. If the sexual dimorphic
alterations in pain pathways that were observed in the current
study are replicated in larger studies, it would suggest the need
for sex-specific therapeutics to effectively and equally prevent or
alleviate pain.

Alterations of pain pathways across the repeated
exposure to sleep disturbance with intermittent
recovery sleep

The current study is among the first to model prolonged expo-
sure to sleep disturbances in the experimental setting. This was
accomplished by mimicking frequent and prolonged awakenings
throughout the sleep period in combination with delayed sleep
onset times and advanced awakening times in the morning, as are
common in individuals with chronic pain conditions. Such pro-
longed exposure to experimental sleep disruption helps us better
understand to which degree biological systems adapt to periods
of disrupted sleep, and to which degree they can recover during
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Figure 5. Change in eCB pathway in response to ESD and modulation by sex. (A) AEA (anandamide), (B) 2-AG, (C) DHEA, (D) EPEA, and (E) DTEA.
Presented are EMM + SEM from GLMM analysis performed on delta values (values minus baseline). Study day 3 is the baseline day. Gray shaded areas

depict sleep recovery periods. N = 24.

intermittent good sleep [32]. Overall, we did not observe adaptive
responses for any of the pain-inhibitory, COX, or eCB measures
in the form of a progressive response decrease or increase over
the course of the sleep disturbance challenge. We further did not
observe complete normalization of some of the measures follow-
ing recovery sleep. For instance, the eCB DHEA continued to be
enhanced in the sleep disturbance condition after three nights of
recovery sleep. With respect to the LPS-stimulated COX-2 expres-
sion by monocytes, values appear to increase during the final
recovery period at end of protocol. These findings suggest a delay
in the impact of sleep disturbance on some pathways. Incomplete
normalization of immune responses following recovery from
sleep loss has similarly been observed in limited human studies
[33-35]. In animals, extended sleep loss or fragmentation affects
select populations of neurons and glia cells that do not readily
reverse even with extended recovery sleep [36]. These long lasting
effects of sleep disturbance further emphasize the importance of
adequate sleep in maintaining optimal physiological functioning
and, consequently, health.

The central pain-inhibitory pathway in the current study was
assessed by using two testing paradigms, the CPM test and the
HRP test. The impairment of descending inhibitory modulation
can contribute to the manifestation of chronic pain states and
can affect treatment outcomes. For example, in patients with a

systemic inflammatory condition, such as rheumatoid arthri-
tis, drug treatment responses are poor if central pain inhibition,
as assessed with the CPM test, is impaired [37-39]. The current
findings show that experimental sleep disturbance did not affect
pain inhibition in the combined group of females and males.
However, for both testing paradigms (CPM and HRP), a sex-dif-
ferential effect was observed, indicating impaired pain inhibition
in females and improved pain inhibition in males in response to
sleep disturbances. A few other studies have suggested a sex-dif-
ferential effect of sleep disturbances on pain inhibition. Two
nights of experimental sleep disturbance in females have been
reported to reduce CPM [15], as did a single night of total sleep
deprivation in females, but not in males [40]. With respect to more
chronic naturally occurring forms of sleep disturbance, we pre-
viously reported a profound deficiency in the capacity to inhibit
pain using the same CPM test in a sample consisting mostly of
females with insomnia disorder, compared to healthy sleepers
[28]. A weaker CPM effect has been reported in a mixed-sex sam-
ple following a night of total sleep deprivation in healthy partici-
pants [41]. Interestingly, a stronger, rather than weaker, inhibitory
CPM effect has been also found in a mixed-sex sample of healthy
participants following two nights of sleep restriction [42], which
is consistent with the stronger inhibitory CPM effect observed
in the current study in males only. However, analysis was not
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stratified by sex in this study. Similarly, HRP using ischemia-in-
duced deep muscle pain has been found reduced in females in
response to two nights of experimental sleep disturbance, sug-
gesting less efficient pain inhibition (males were not studied [13]).
With respect to the effect of recovery sleep on the pain-inhibi-
tory pathway, the current results show that neither intermittent
nor extended recovery sleep at the end of the protocol improved
pain-inhibitory efficacy in females, suggesting that the impact of
sleep disturbance on this pathway is longer lasting. Similarly, the
study by Simpson et al. suggested a longer lasting effect of pro-
longed sleep restriction on HRP, as indicated by the persistence
of poor HRP following several nights of full sleep [14]. Deficits in
HRP have been reported in clinical pain populations, including
disorders of migraine, low back pain, or fibromyalgia (reviewed in
[43]), and have been found to be the best predictor of neuropathic
pain emergence in patients with spinal cord injury [44]. To con-
clude, the current findings of a sex-differential effect on central
pain-inhibitory pathways suggest that these pathways may play
a mechanistic role in the association between sleep disturbance
and pain in females but not in males.

COX pathway

To our knowledge, this is the first study investigating the COX
pathway in response to sleep disturbance in humans. Inhibition of
COX enzymes is the mechanism of action of NSAIDs used in the
treatment of acute and chronic pain [45]. We found that COX-2
expression by monocytes following in vitro stimulation with LPS
was overall greater when exposed to sleep disturbances compared
to control sleep. This effect was sex specific, such that only males
showed higher stimulated COX-2 expression. This finding suggests
that in the context of a LPS-challenge, sleep disturbance may con-
tribute to pain and inflammation by activating the COX-2 pathway
in males, but not in females. This may mean that sleep disturbance
potentially contributes to more severe manifestations of acute
infections in males, an effect that has been reported, for instance,
for the infection with SARS-CoV-2 [46]. In contrast to LPS-stimulated
COX-2 expression, unstimulated (i.e. in the absence of a pathogenic
challenge) COX-2 expression in monocytes was lower in females and
slightly higher in males in response to sleep disturbances compared
to control sleep. The observed suppression of spontaneous COX-2
expression during the ESD protocol in females could be explained
by increased activation of the major stress system, manifested by
elevated morning cortisol levels in these female participants, as
reported before [27]. Cortisol is known to suppress COX-2 expression
in monocytes [47] and cortisol levels have been found to be higher
in females compared to males in response to sleep disturbance [27],
which is fitting with the observed stronger suppression of spontane-
ous COX-2 in females compared to males. A similar sex-differential
effect of the inflammatory response to experimental sleep distur-
bances was observed for the stimulated production of IL-6 [27],
which corroborates sex differences observed here for the COX-2 pro-
duction. To conclude, the current findings suggest that activation of
the COX-2 pathway may underlie the association between sleep dis-
turbances and pain, and this effect appears to be specific to males.

ECB pathway

Two out of the five assessed eCBs, DHEA and EPEA, showed an
increase during the last cycle of sleep disturbance when com-
pared to control sleep, which was significant for DHEA. These two
eCBs showed a continued elevation after initiation of recovery
sleep, suggesting a longer lasting effect of sleep disturbances.
Studies on acute sleep restriction over three nights reported

higher peak afternoon concentrations of 2-AG [22] and higher
2-AG levels in the morning [21], contrasting with the current
study that did not find an effect of sleep disturbances on 2-AG
when measured in the late morning. ECBs act as anti-inflamma-
tory and analgesic lipid mediators [48], and exogenous CBs have
received attention in the treatment of sleep disturbances and in
particular in the treatment of pain. In light of the current find-
ings, the assessed eCBs may not be involved in the pain promot-
ing effects of sleep disturbances, given that they do not change
or are increased following sleep disturbances. However, they may
be responsible for other physiological changes following sleep
disturbances, such as changes in appetite [49]. In addition, other
eCBs not assessed here may play a potential role in the associa-
tion between sleep and pain.

Limitations

Although our study provides a basis for further investigation into
how the mechanisms linking sleep disturbances and chronic pain
risk may differ between females and males, it is important to note
that this study was statistically powered for detecting a differ-
ence between the sleep disturbance and sleep control condition,
but not for the detection of sex-differential effects. The current
findings on sex-differential effects are therefore preliminary and
need replication in adequately powered studies. Such larger stud-
ies will also allow the investigation of menstrual cycle influences
on sleep and pain regulation, which could not be performed in
the current study due to the small sample size of female and
male participants.

Conclusions

In summary, experimental sleep disturbances with intermittent
recovery sleep over a period of more than 2 weeks affect pain
pathways in a sex-dependent manner. Specifically, an impair-
ment in the central pain-inhibitory pathway was observed only
in females, while an activation of the inflammatory COX pathway
was observed only in males. If follow-up investigations replicate
the current findings in larger samples, females and males likely
need different therapeutic approaches to prevent pain develop-
ment and resolve pain associated with sleep disturbance. Given
that treatments for sleep disturbances are often associated with
only moderate clinical sleep improvements [50], there is a criti-
cal need to address pain associated with sleep disturbances from
alternate mechanistic pathways.
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