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Abstract

We previously found normal polysomnographic (PSG) sleep efficiency, increased slow-wave sleep (SWS), and a blunted melatonin secretion in
women with premenstrual dysphoric disorder (PMDD) compared to controls. Here, we investigated the effects of exogenous melatonin in five
patients previously studied. They took 2 mg of slow-release melatonin 1 h before bedtime during their luteal phase (LP) for three menstrual
cycles. At baseline, patients spent every third night throughout one menstrual cycle sleeping in the laboratory. Measures included morning
urinary 6-sulfatoxymelatonin (aMt6), PSG sleep, nocturnal core body temperature (CBT), visual analog scale for mood (VAS-Mood), Prospective
Record of the Impact and Severity of Menstrual Symptoms (PRISM), and ovarian plasma hormones. Participants also underwent two 24-hour
intensive physiological monitoring (during the follicular phase and LP) in time-isolation/constant conditions to determine 24-hour plasma
melatonin and CBT rhythms. The same measures were repeated during their third menstrual cycle of melatonin administration. In the
intervention condition compared to baseline, we found increased urinary aMt6 (p < 0.001), reduced objective sleep onset latency (p = 0.01),
reduced SWS (p < 0.001), and increased Stage 2 sleep (p < 0.001). Increased urinary aMt6 was correlated with reduced SWS (r = -0.51, p < 0.001).
Circadian parameters derived from 24-hour plasma melatonin and CBT did not differ between conditions, except for an increased melatonin
mesor in the intervention condition (p = 0.01). Ovarian hormones were comparable between the conditions (p > 0.28). Symptoms improved

in the intervention condition, as measured by the VAS-Mood (p = 0.02) and the PRISM (p < 0.001). These findings support a role for disturbed
melatonergic system in PMDD that can be partially corrected by exogenous melatonin.

Statement of Significance

Reduced melatonin secretion and increased slow-wave sleep were previously found in women with premenstrual dysphoric disorder
(PMDD) and insomnia compared to controls. Using a within-subject design, we studied women with PMDD and insomnia across a full
menstrual cycle before and after the administration of 2 mg of slow-release melatonin. We have shown a reduction in slow-wave sleep
and in self-reported PMDD symptoms after administrating exogenous melatonin. These changes may relate to an abnormal MT1/MT2 ratio
and appear independent from melatonin effects on circadian phase, temperature, or steroidogenesis. This study could pave the way for
new treatments of PMDD. A large randomized-controlled trial for slow-release exogenous melatonin as an adjunct/treatment in PMDD is
warranted.
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Introduction

Around 2%-5% of women suffer from premenstrual dys-
phoric disorder (PMDD) [1], a constellation of mood and som-
atic symptoms causing clinically significant distress/functional
interference during the luteal phase (LP) of their menstrual
cycle. A majority of PMDD patients report sleep disturbances
[2]. Previously our group conducted a study of the objective
polysomnographic (PSG) sleep profile in women with PMDD and
insomnia. We observed that despite no differences in sleep dur-
ation and efficiency, PMDD patients had increased slow-wave
sleep (SWS) across the menstrual cycle compared to controls
(large effect size, d = 1.74) [3]. Likewise, Baker et al. [4] found in-
creased SWS during the follicular phase (FP) and LP in a group
of women with severe premenstrual syndrome (PMS; a milder
version of PMDD) compared to controls. The only other study
comparing PMDD and controls found no differences between
the groups [5].

PMDD is thought to result from the interaction between
cyclic changes in ovarian steroids and the functioning of central
neurotransmitters including serotonin and gamma-aminobu-
tyric acid (GABA) [6-8]. Ovarian hormones also interact with
the circadian system and PMDD patients responded favorably
to chronotherapies including light therapy and sleep depriv-
ation [9-14]. PMDD patients appear to have a disturbed circa-
dian system (trait-marker) that is further dysregulated during
the LP (state-marker), which might contribute to their symp-
tomatology [15]. Across several studies, reduced melatonin
levels were found in PMDD patients compared to controls, with
reduced secretion during LP compared to FP [16-18].

To our knowledge, exogenous melatonin use has never been
studied as a potential therapy in PMDD. In prior uses of “mela-
tonin replacement” therapy in low melatonin secretors, it was
recommended to administer 2 mg of prolonged-release mela-
tonin 60 min before bedtime [19]. Here, we applied this approach
to compare PMDD patients before and after taking melatonin
during their LP. We hypothesized exogenous melatonin could
improve sleep and reduce symptoms in PMDD. Primary out-
comes included changes in PSG sleep, core body temperature
(CBT), and melatonin circadian rhythms. Secondary outcomes
included changes in PMDD symptoms and subjective sleep
across the menstrual cycle. An N-of-1 approach was used due
to the intensity and intrusiveness of the protocol required to as-
sess these outcomes.

Methods

This study is the third part of a larger research project and more
details on the protocol can be found in previous publications
3, 18].

Participants

The sample size was determined to detect variation of sleep
across the menstrual cycle. An average sigma of 2.7% is attrib-
uted to the variation of rapid eye movement (REM) sleep observed
throughout the menstrual cycle in women [20]. Therefore, to de-
tect a mean difference of 4.5% at key phases of the menstrual
cycle, a minimum of five subjects was necessary. We targeted the
recruitment of nine subjects to detect an average within-group

difference of 3% for REM sleep across phases of the menstrual
cycle (beta = 0.1 and alpha = 0.05). Patients were recruited from
January 20, 2001 to December 31, 2012. Five PMDD patients from
the original research project were studied. The diagnosis was
confirmed by two psychiatric assessments (at FP and late-LP, by
P.L.) and supported by two validated scales completed daily for
>2 consecutive menstrual cycles: (1) the Prospective Record of
the Impact and Severity of Menstrual Symptoms (PRISM) and
(2) a Visual Analog Scale (VAS) [3, 18]. The PRISM score includes
12 physical symptoms, 11 psychological symptoms, and lifestyle
impact resulting from the symptoms. The 11-item VAS (100-mm
bipolar scale, with 0 mm being “not at all” and 100 mm being
“extreme symptoms”) was based on the four core symptoms
for PMDD diagnosis (depressed mood, tension, affective lability,
and irritability) and the seven secondary symptoms (anhedonia,
difficulty concentrating, decreased energy, change in appetite,
change in sleep, feeling out of control, and physical symptoms).
The study was developed under DSM-IV but those criteria are
in line with DSM-5 [21]. Eligibility criteria required the presence
of =5 symptoms during late-LP, and an increase of >200% on
one, or >100% on two core symptoms for the mean late-LP score
compared to FP. Recruited PMDD patients indicated insomnia
symptoms during LP, but not FP, and were screened for primary
sleep disorders. Two indicated sleep-onset insomnia, two indi-
cated sleep-maintenance insomnia, and one reported general
insomnia (not specified). The severity of insomnia was not sys-
tematically documented by a scale. Participants were otherwise
healthy, drug-free, and had no psychiatric comorbidity. All had a
history of regular menstrual cycles (range: 24-29 + 2 days), were
>6 months postpartum and were non-lactating. Participants had
no history of night-shift work or transmeridian travel within
3 months of study.

For >3 weeks before the experimental procedures, partici-
pants maintained a regular schedule of 8-hour sleep/darkness
(no naps allowed) confirmed by sleep-wake log, calls to the la-
boratory, and wrist actigraphy (Actiwatch, Mini-Mitter, Bend,
OR). Chronotype was assessed with the Horne and Ostberg
Morningness-Eveningness Questionnaire [22]. The mean
morningness-eveningness score was within the range of “mod-
erately morning type” (mean + SEM = 59.2 + 3.6). Two participants
were “neither type” and three were “moderately morning type”
[22]. The Douglas Mental Health University Institute Research
Ethics Board approved all procedures, which were in accordance
with the Declaration of Helsinki. All participants provided in-
formed written consent. The study was retrospectively registered
as when study procedures were done, registering trials were not
common (https://www.isrctn.com/ISRCTN96702191).

Design

Atbaseline, participants entered the laboratory for PSG record-
ings every third night of a complete menstrual cycle and left
upon awakening. Data were allocated into one of eight men-
strual phases: menses (ME), early follicular (EF), mid-follicular
(MF), late follicular (LF), ovulation (OV), early luteal (EL), mid-
luteal (ML), and late luteal (LL) phases. Menstrual cycle de-
lineation is detailed in previous publications [3, 18]. The day
of the first laboratory visit ranged from day one to three of
the menstrual cycle (mean + SD: 2.20 + 0.63). Data from ME
was excluded as it served as an adaptation and screening
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night. Wakefulness occurred in regular lighting (~150 lux)
and 8-hour sleep episodes occurred in darkness (< 0.3 lux)
following each participant’s regular sleep/wake schedule.
Photoperiod duration on the day of laboratory admission
was defined as dawn-dusk difference according to https://
nrc.canada.ca/en/research-development/products-services/
software-applications/sun-calculator/.

Participants underwent 24-hour intensive physiological
monitoring under constant posture (CP) conditions during FP
and LP. The CP included the requisite controls of a constant
routine procedure [23] but allowed for an 8-hour sleep episode.
Throughout the wake period of the CP, conditions remained
constant, including semi-recumbent posture, time-cue-free en-
vironment, hourly iso-caloric snacks [24], and dim light levels
(<10 lux).

During the intervention condition, the same participants
were given 2-mg slow-release melatonin tablets (Rx Balance,
Port Coquitlam, BC, Canada) to be taken 60 min prior to bedtime
during the LP. On average, melatonin use per menstrual cycle
was 13.5 + 2 days (mean + SEM). Melatonin administration lasted
three consecutive menstrual cycles. During the third month,
participants returned to the laboratory to repeat procedures but
continued taking melatonin in LP. The order of conditions was
not randomized.

Measures

PSG recordings, including central and occipital electroenceph-
alogram, submental electromyogram, and electrooculogram,
were made on a computerized system (Harmonie, Stellate
Systems, Montreal, QC, Canada) at a sampling rate of 250 Hz
and high- and low-pass filtered at 0.3 and 35 Hz, respectively.
Sleep apnea/hypopnea and periodic limb movements in sleep
were screened using established criteria [3]. Sleep was visu-
ally scored in 30-s epochs according to Rechtschaffen and
Kales criteria [25] to be consistent with our prior publica-
tion [3]. Total sleep time (TST) was the sum of sleep Stages
1-4 plus REM sleep. Sleep stages are expressed as a percent
of TST. Sleep efficiency (SE) was the percentage of TST in the
period from lights-off to lights-on. Sleep onset latency (SOL)
was the time from lights-off to the first appearance of at least
two epochs of Stage 1 sleep or the first appearance of deeper
sleep. SWS was the sum of sleep Stages 3-4.

CBT was continuously monitored (4x/min) in laboratory via
a thermistor (Steri-Probe, Cincinatti Sub-Zero Products, Inc.,
Cincinnati, OH) inserted 10 cm into the rectum. Probe malfunc-
tions or “slips,” identified visually and/or by an ad hoc program,
were discarded. Mean 8-hour CBT, from lights-off to lights-on,
was calculated.

Participants were requested to empty their bladder at bed-
time and urine samples were collected at rising time. Urinary
progesterone concentration was assessed using the Beckman
Coulter DxI 800 system and Beckman reagents for chemilumin-
escence immunoassays (Beckman Coulter Inc., Brea, CA; coeffi-
cient of variation [CV]: 6.8%). 6-Sulfatoxymelatonin (aMt6) was
measured in duplicate using a commercially available radio-
immunoassay kit (Stockgrand Ltd., Surrey, UK). The sensitivity
of the assay was 0.05 ng/mL, with a CV ranging from 11.3%
to 12.4%.
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Throughout the CPs, blood samples were collected 1x/hour via
an indwelling catheter connected to an extension allowing sam-
pling without disruption. The heparinized-saline infused (7.5 iu/
cc at 30 cc/hour) to prevent clotting was cleared from the line be-
fore sampling. A morning sample was assayed for estradiol and
progesterone concentration using Beckman reagents for chemilu-
minescence immunoassays (Beckman Coulter, Inc., Brea, CA; es-
tradiol CV: 10.7%,; progesterone CV: 6.8%). Hourly melatonin levels
were determined by radioimmunoassay (**I-labeled melatonin)
using the LDN Melatonin Direct Assay Kit (Medicorp, Montreal, QC,
Canada). The sensitivity of the assay is 2 pg/mL. The intra-assay CV
is 9.9%-12.3% for mean melatonin concentrations of 15-157 pg/mL,
and the inter-assay CV is 9.6%-16.2% for 21-205 pg/mL.

PMDD symptoms were measured daily with the 11-item
VAS. Mean scores per menstrual phase were calculated for each
symptom. The four core symptoms were averaged together to
yield a mean score called the VAS-Mood [26, 27]. Symptoms were
also tracked using the PRISM calendar. Participants completed
post-sleep questionnaires including a VAS (0-100 mm) for anx-
iety, subjective report of SOL, and 7-point Likert scales assessing
sleep quality (1 = extremely bad, 7 = extremely good).

Circadian parameter assessment

Plasma melatonin data were log, -transformed due to the non-
normal distribution. The area under the curve (AUC, spline
method) was used to determine the total amount of circulating
melatonin per 24-hour. Mesor (thythm-adjusted mean), amp-
litude (mean-to-trough difference), and acrophase (peak time)
were determined using a 3-harmonic regression model applied
to individual melatonin curves [28]. To generate 24-hour mela-
tonin curves, each hourly data point throughout the CP was
assigned a time relative to the lights-on (time since lights on;
TSLOn). Data were collapsed per participant into 2-hours bins
and across participants per condition and menstrual phase.
Mesor, amplitude, nadir (minimum time), and phase angle
(between waketime and nadir) were obtained from a dual-
harmonic regression model applied to individual CBT curves
(1-min bins) [28]. To generate 24-hour CBT curves, each hourly
data point throughout the CP was assigned a time relative to
TSLOn. Data were collapsed per participant into 1-hour bins,
and across participants per condition and menstrual phase.

Statistics

Before analyses, SOL and urinary aMt6 levels were log, -
transformed. Two-way repeated-measures ANOVAs (factors:
baseline or intervention condition x menstrual phase) were
used to analyze (1) sleep parameters, aMt6, mean 8-hour CBT,
and questionnaires across seven menstrual phases and (2) circa-
dian parameters derived from CPs and ovarian hormones across
two menstrual phases. Tukey’s post hoc test was used to analyze
significant effects. Effect sizes were calculated using partial eta-
squared (nf,) with pooled standard deviation. Small, medium, and
large effect sizes were 0.01, 0.06, and 0.14 [29]. Based on a priori
hypotheses, Pearson’s correlations were computed between
anxiety and reported sleep quality [4], and between aMt6 and
SWS [3]. Analyses were performed using R Statistical Software
[30]. Significance was set at p < 0.05. Data are presented as mean
+ standard deviation (SD), except when specified otherwise.
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Results
Participant characteristics

Five women with PMDD completed the study (33.6 + 2.7 years
old; Figure S1 in the Supplementary Appendix). Baseline la-
boratory visits for Subjects #1, #2 occurred in Winter, Subject
#3 in Winter/Spring, Subject #4 in Summer, and Subject #5 in
Fall. Intervention laboratory visits for Subjects #4, #5 occurred
in Winter and Subjects #1, #2, #3 in Spring. On average, photo-
period duration on the day of laboratory admission was similar
in the two conditions (baseline: 12.7 + 2.4 h, intervention: 13.1 +
2.3 h; Figure S2 in the Supplementary Appendix).

Ovarian hormones

Ovulation was confirmed for each participant and a main effect
of menstrual phase was observed for urinary and plasma pro-
gesterone (p < 0.005; Table 1) with increased levels in LP versus
FP (p < 0.001). Two-way ANOVA did not show an intervention
condition x menstrual phase interaction or main effect of con-
dition for progesterone or estradiol.

Polysomnographic sleep

There was a main effect of menstrual phase and a main effect of
intervention condition on SOL with a reduced SOL in interven-
tion versus baseline condition (p = 0.01; Figure 1 and S3 in the
Supplementary Appendix). There was a significant main effect
of condition for Stage 2 sleep % and SWS % (p < 0.001; 72 > 0.30)
with increased Stage 2 sleep and reduced SWS in intervention
versus baseline condition (p < 0.001). Two-way ANOVAs did not
show any condition x menstrual phase interaction for TST, SE,
WASO, Stage 1 sleep %, Stage 2 sleep %, SWS %, and REM sleep
%. SWS was negatively associated with aMt6 (r = -0.53,p < 0.001).

Melatonin

Values across menstrual phases. Two-way ANOVA revealed a
condition x menstrual phase interaction for aMt6é (F,, = 5.42,
p < 0.001, 77 = 0.41; Figure 2). Post hoc comparisons revealed
between-condition differences throughout the LP with increased
levels aMt6 in the intervention versus baseline condition (p < 0.01).

Circadian profile. Melatonin curves from the CPs are depicted
in Figure 3. There was a main effect of condition for the mesor

(Table 2; F,,, = 7.7, p = 0.01, 7} = 0.36), with an increased mesor
in the intervention versus baseline condition. Two-way ANOVAs
did not show any condition x menstrual phase interaction.

Core body temperature

Values across menstrual phases. Two-way ANOVA showed a main
effect of menstrual phase for mean 8-hour sleep episode CBT
(F&41 =17.67,p < 0.001, VIS = 0.72; Figure 2) with increased CBT in
EL, ML, and LL versus EF, MF, and LF (p < 0.001). Two-way ANOVA
did not show a condition x menstrual phase interaction.

Circadian profile. CBT curves from the CPs are depicted in Figure
3. There was a main effect of menstrual phase for the mesor
(F . = 24.6, p < 0.001, 55 = 0.61; Table 2) and the amplitude
(F 6 = 541, p = 0.03, 75 = 0.25) with an increased mesor and
reduced amplitude in LP versus FP (p < 0.001). Two-way ANOVAs
did not show any condition x menstrual phase interaction.

1,16

PMDD symptom scales

Two-way ANOVA showed a condition x menstrual phase inter-
action for the VAS-Mood (F,,, = 2.87, p = 0.02, 53 = 0.28, Figure 4).
Post hoc comparisons revealed reduction of VAS-Mood in LL during
intervention versus baseline (mean difference: -44.5 mm, p = 0.04).

Two-way ANOVA revealed a main effect of menstrual phase
(F,s, = 5.90, p < 0.001, 52 = 0.40) and a main effect of condition
(F,5, = 12,40, p < 0.001, n2 = 0.19) for the PRISM score with a score
reduction during intervention versus baseline (p < 0.001). Two-
way ANOVA showed a main effect of condition (F ,, = 21.65,
p < 0.001, 7 = 0.40) for the PRISM Lifestyle Impact with a score
reduction during intervention versus baseline (p < 0.001). Two-
way ANOVAs did not show a condition x menstrual phase inter-
action for the PRISM and the PRISM Lifestyle Impact. No harms
or unintended effects were reported.

6,52

Post-sleep questionnaires

Two-way ANOVA showed a main effect of condition (F, ,, = 15.64,
p < 0.001, 2 = 0.25; Figure 4) for VAS-anxiety with decreased
post-sleep anxiety scores in the intervention versus baseline
(p < 0.001). Two-way ANOVAs did not show any condition x men-
strual phase or main menstrual effect for VAS-anxiety. Two-
way ANOVAs did not show any condition x menstrual phase

Table 1. Ovarian hormones across the menstrual cycle at baseline and intervention conditions (mean + SD)

Follicular phase

Luteal phase

Baseline Intervention Baseline Intervention ANOVA n
Urinary progesterone (nmol/L) 153+64 13.1+10.6 31.0+233 24.1+16.8 CF,,=127,p=028 0.09
MP:F, , = 11.3,p = 0.005 0.47
CxMP:F,,=0.34,p=057 0.03
Plasma progesterone (nmol/L) 72+14 9.1+2.7 52.1+22.4 51.6 +8.3 C:F,,=001,p=091 <0.01
MP:F, , = 40.9, p < 0.001 0.77
CxMP:F,,,=0.03,p =086 <0.01
Plasma estradiol (pmol/L) 403.8 +175.4 536.3 +186.1 549.0 + 264.2 648.4+281.9 C:F,,,=105p=032 0.07
MP: F, = 1.29,p = 0.27 0.09

CxMP:F,,,=0.02,p =0.88 <0.01

C, condition; MP, menstrual phase; nﬁ, partial eta-squared.
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Figure 1. PSG sleep measures across the menstrual cycle at baseline and intervention conditions (mean + SEM).

A): Sleep onset latency across the menstrual cycle in baseline and intervention conditions. Data reported in minutes, but analyses performed in log,.
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(B): Percentage of Stage 2 sleep across the menstrual cycle.
(C): Percentage of slow-wave sleep across the menstrual cycle.
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Figure 2. Morning excretion of urinary aMt6 and CBT and across the menstrual cycle at baseline and intervention conditions (mean + SEM).

(A): Log,,-transformed concentration of urinary aMt6 across the menstrual cycle in baseline and intervention conditions.
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(B): Nocturnal mean 8-hour CBT across the menstrual cycle in baseline and intervention conditions.
aMt6, 6-sulfatoxymelatonin; CBT, core body temperature, EF, early follicular; MF, mid-follicular; LF, late follicular; OV, ovulation; EL, early luteal; ML, mid-luteal; and LL,

late luteal.

interaction or main effects of menstrual phase or condition for
subjective sleep quality and SOL. Anxiety in the morning was
negatively associated with sleep quality (r = -0.44, p < 0.001).

Discussion

This study is the first, to our knowledge, to investigate the ef-
fects of exogenous melatonin on sleep, body temperature, and
mood in women with PMDD.

One of our main findings is the large effect-size reduction
of SWS in the intervention condition. The synchronized EEG
pattern typical of SWS consists of multiple oscillation patterns,
which are associated with the cortical slow oscillations at the
cellular level in the thalamocortical network [31]. Neuroimaging
studies in PMDD/PMS revealed abnormal thalamocortical path-
ways and clinical scales correlated with these findings sup-
porting a role for the thalamocortical connectivity in the etiology

of PMDD/PMS [32, 33]. Compared to controls, women with
PMDD/PMS were found to have increased gray matter volume in
the thalamus [33] and hyperconnectivity of the thalamus with
cortical structures during FP and LP, suggesting the altered con-
nectivity is a trait rather than a state marker of PMDD/PMS [32,
34]. Altered thalamocortical connectivity could contribute to the
increased levels of SWS measured across the menstrual cycle in
PMDD/PMS women versus healthy controls [3, 4].

In our prior analysis, increased SWS co-occurred with a
reduced melatonin secretion across the menstrual cycle in
PMDD patients compared to controls [3]. In the current study,
melatonin replacement led to a reduction of SWS, and the re-
lationship between SWS and melatonin is supported by a sig-
nificant negative correlation between aMt6 and SWS. Recent
evidence suggests that manipulation of circulating melatonin
can modify brain connectivity in humans, although the neuro-
physiological processes underlying this remain to be clarified
[35, 36]. Melatonin acts mostly through the G protein-coupled
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Figure 3. Circadian variation of plasma melatonin and CBT during the FP and LP during baseline and intervention conditions (mean + SEM).
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A): Circadian variation of plasma melatonin during the FP at baseline and intervention conditions.
B): Circadian variation of plasma melatonin during the LP at baseline and intervention conditions.
C): Circadian variation of CBT during the FP at baseline and intervention conditions.
D): Circadian variation of CBT during the LP at baseline and intervention conditions.

Time of the day corresponds to clock time for a woman with a bedtime at midnight and waketime at 8:00. The dotted lines represent timing of slow-released melatonin
ingestion. Gray shaded areas represent projected sleep. Detailed information about melatonin secretion and circadian parameters derived from 24-hour melatonin

secretion can be found in a previous publication [18].
CBT, core body temperature; FP, follicular phase; LP, luteal phase.

melatonin receptors termed MT1 and MT2, and structures in-
volved in SWS, namely the reticular thalamus and the cortex,
are rich in MT2 receptors [37, 38]. Animal models furthermore
suggest MT2 receptors activation promote deep sleep, whereas
MT1 receptors are thought to be involved in reducing neuron
firing and regulating REM sleep [39, 40]. Interestingly, studies
have shown that MT1 and MT2 receptors react differently to
melatonin [39, 41]. Exposure of MT1 receptors to melatonin does
not induce observable changes in melatonin-receptor density,
affinity, or functional sensitivity [42]. Exposure of MT2 receptors
to melatonin induced receptor desensitization and internaliza-
tion [39, 41, 43]. Since PMDD patients have chronically low levels
of melatonin, we hypothesize they might have overexpression
of MT2 receptors leading to increased SWS, likely by contrib-
uting to the development/maintenance of abnormal thalamo-
cortical connectivity. Exogenous melatonin could have led to an
internalization of MT2 receptors [44] and concomitant reduction
of SWS, possibly via alteration of thalamocortical connectivity.

The persistence of SWS reduction through the entire menstrual
cycle could be a carry-over effect from the previous interven-
tion cycles and could represent the correction of a sleep trait-
marker. Once internalized, the MT2 receptors depend on new
protein synthesis for regeneration and this process is known
to take more than 24 h after a single supraphysiological dose
of melatonin [43, 45]. MT1 receptors (regulating REM sleep) are
not involved in this model. Accordingly, %REM sleep is similar in
PMDD/PMS and controls [3, 4], and exogenous melatonin did not
alter REM sleep. In our study, the decrease of SWS came with
increased Stage 2 sleep. Likewise, daytime administration of ex-
ogenous melatonin, when endogenous melatonin levels are low,
was shown to reduce SWS and increase Stage 2 sleep without
effect on Stage 1 or REM duration [46, 47]. In patients using beta-
blockers (which are melatonin-suppressing), exogenous mela-
tonin increased Stage 2 sleep with no effects on SWS [48].
Prolonged-release melatonin has otherwise minor effects
on nocturnal PSG in healthy people [49] and modest effects on
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Table 2. Circadian melatonin and CBT profiles at baseline and intervention conditions (mean + SD)

Follicular phase Luteal phase
Baseline Intervention Baseline Intervention ANOVA nf,
MT Mesor 1.20+0.28 1.34+0.18 1.24+0.23 1.71+0.29 CF,,,=7.7,p=001 0.36
MP: F,, =3.02,p=0.10 0.17
CxMP:F,, =2.10,p=0.16 0.13
Amplitude 0.70 + 0.42 0.55+0.23 0.60 + 0.24 0.92 £ 0.26 C:F ,=064,p=043 0.04
MP:F,,, =1.02,p=0.32 0.06
CxMP:F, ,=3.02,p=0.10 0.17
Acrophase
TOD 2.77 £0.77 2.55+0.79 2.89 +1.03 247 +£1.36 C:F,,,=045p=051 0.03
MP:F,,, =0.01,p=0.96 <0.01
CxMP:F,,, =0.03,p=085 <0.01
TSLOn 19.71+0.71 19.61+0.71 19.84 + 0.55 19.22 £ 0.92 CF,,=124,p=028 0.08
MP:F,,, =0.13,p = 0.72 <0.01
Cx MP:F,, = 0.54,p =0.47 0.04
AUC 112133 + 19100 113159 + 27089 116249 + 14417 147342 + 25744 C:F,,,=354,p=0.08 0.20
MP:F, ,, =2.08,p=0.17 0.13
CxMP:F,, =182,p=019 0.12
CBT Mesor 37.14 £ 0.15 37.16 +0.13 37.36 £ 0.09 37.45 + 0.07 C:F ,=095p=034 0.06
MP:F, , =24.6, p < 0.001 0.61
CxMP:F ,=049,p=049 0.03
Amplitude 0.4 +0.09 0.41 +0.07 0.32 +£0.05 0.33 £ 0.09 C:F =007,p=078 <0.01
MP:F, , =541, p = 0.03 0.25
CxMP:F, ,=0.01,p=009 <0.01
Nadir
TOD 4.4 +1.18 4.82 +0.87 4.33+09 457 +1 C:F ,=055p=046 0.03
MP:F, ,=0.13,p=071 <0.01
CxMP:F, =0.04,p =084 <0.01
TSLOn 21.35+1.24 21.57 +0.74 21.28 +0.58 21.32+0.97 C:F =010,p=0.75 <0.01
MP: F, = 0.15,p = 0.69 0.01
CxMP:F,, =0.04,p =082 <0.01
Phase angle 2.65+1.24 243 +£0.74 2.72 £0.58 2.68 £ 0.97 C:F =010,p=0.75 <0.01
MP: F, = 0.15,p = 0.69 0.01
CxMP:F,, =0.04,p =082 <0.01

C, Condition; MP, Menstrual Phase; MT, melatonin; CBT, core body temperature; TOD; time of the day, TSLOn, time since lights on; AUC, area under the curve; ng, par-

tial eta-squared.

reducing objective and subjective SOL in patients with primary
sleep disorders [50]. We found reduced objective, but not sub-
jective SOL in the intervention condition compared to baseline,
likely due to a lack of statistical power. Subjective SOL was over-
estimated compared with objective SOL at a similar extent to
women with and without PMS [4]. A correlation between anxiety
and subjective sleep quality was reported in women with severe
PMS [4]. As morning anxiety levels are known to influence self-
reported sleep quality [51], Baker et al. suggested that reducing
mood symptoms in PMDD/PMS would improve subjective sleep
quality [4]. We found a similar correlation between anxiety and
subjective sleep quality but the significant (large effect-size) re-
duction of anxiety in the intervention condition did not improve
subjective sleep quality.

Besides sleep regulation, melatonin receptors contribute to
the regulation of circadian rhythms. MT1 and MT2 receptors were
identified along the retinohypothalamic tract and could be in-
volved in the photic entrainment of the suprachiasmatic nucleus
(SCN) neuronal activity [37, 39, 52]. The abnormal response in the
phase-shift of SCN activity in PMDD suggests an abnormal MT1/
MT?2 ratio. Parry and colleagues indeed demonstrated a blunted
and directionally altered melatonin phase shift in response
to morning bright light during LP, but not in FP [17, 53]. In our
studies, CBT nadir and melatonin acrophase were similar in both

conditions and compared to controls, which could be explained
by the experimental stabilization of the sleep-wake cycle [18].
Melatonin is a weak circadian synchronizer compared to light,
and a phase-shift was not expected due to the timing and dosage
of the exogenous melatonin used [54]. Moreover, exogenous mela-
tonin is not expected to change the strength of the circadian pace-
maker, and accordingly, similar CBT amplitudes were observed
between baseline and intervention. The increased mesor and
reduced amplitude of the CBT rhythm during LP compared to FP
are consistent with findings in women with [55-59] and without
PMDD/PMS [58, 60], and with the thermogenic properties of pro-
gesterone [58, 61] which modulates thermosensitive neurons in
the preoptic anterior hypothalamus [62]. The absence of CBT re-
duction despite exogenous melatonin use is consistent with the
progesterone-induced resistance to the hypothermic properties
of melatonin reported during the LP of healthy women [60, 63].
Cagnacci et al. also reported that the LP was one of the exceptions
to which the inverse association between melatonin and CBT did
not apply [64].

Another major finding is the large effect-size reduction
in PMDD symptoms with exogenous melatonin. Importantly,
the reduction of symptoms translated into improved reported
functioning. A placebo effect cannot be excluded, but the long
intervention duration and the high frequency of assessments
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Figure 4. Morning questionnaires scores across the menstrual cycle at baseline and intervention conditions (mean + SEM).

A): VAS-Mood across the menstrual cycle in baseline and intervention conditions. * indicates p < 0.05.
B): PRISM across the menstrual cycle in baseline and intervention conditions. Main between condition difference.

D): Subjective sleep onset latency across the menstrual cycle in baseline and intervention conditions.
E): Anxiety across the menstrual cycle in baseline and intervention conditions. Main between condition difference.
ME, menses; EF, early follicular; MF, mid-follicular; LF, late follicular; OV, ovulation; EL, early luteal; ML, mid-luteal; LL, late luteal.
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(C): Sleep quality across the menstrual cycle in baseline and intervention conditions.
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at baseline might mitigate its extent [12, 65, 66]. Ovarian hor-
mones are at the core of the PMDD symptomatology and
ovarian hormones suppression can induce a remission of
the symptoms [8, 67]. Whether exogenous melatonin can im-
prove gonadotropin secretion in PMDD remains unclear [68].
Despite in vitro studies supporting the modulation of ovarian
steroidogenesis by melatonin [69-71], in vivo studies in healthy
women failed to reproduce these findings [72-74] and no
modulation of steroidogenesis by exogenous melatonin was
noted in our study. Mounting evidence shows that levels of
ovarian hormones [75] and their neurometabolites (namely
allopregnanolone) do not differ significantly between PMDD
patients and healthy controls [76]. Alternative hypotheses,
such as differences in the rate of change of ovarian hormones
or alterations in GABA receptors sensitivity (hypo/hypersensi-
tivity) have been proposed [8]. Our study design did not allow
us to investigate the effects of melatonin on these parameters.
The progesterone metabolite allopregnanolone potentiates
GABA receptor-mediated inhibition of 5-HT neuronal activity
[77]. The serotonergic system was postulated to be central to
PMDD physiopathology and serotonin levels were found to be
low in PMDD compared to controls [78]. Since melatonin is
synthesized in the pineal gland from the precursor serotonin,

the low melatonin levels observed in PMDD compared to
controls could be explained by lower serotonin levels [18, 79].
The rate-limiting effects of noradrenergic mechanisms on
melatonin synthesis might also help explain the lower mela-
tonin secretion noted in PMDD compared to control. Markers
of serotonergic and noradrenergic activity were not meas-
ured in this study which precludes us from making any de-
finitive statements on the interaction between these systems
in PMDD.

Selective serotonin reuptake inhibitors (SSRIs) are the
first-line treatment for PMDD and their rapid-onset efficacy
suggests a mechanism of action different than in other de-
pressive disorders [80]. SSRIs can provoke adverse effects re-
sulting in poor compliance and treatment dropout in PMDD
[81-83]. Exogenous melatonin is generally well tolerated [84]
and the VAS-Mood reduction we found during the LL (when
symptoms usually peak [8, 85]) is larger than what was re-
ported in randomized controlled trials with paroxetine (12.5
or 25 mg) [86-88]. Although melatonin seems to have a regula-
tory role on serotonin based on in vitro and animal studies [89,
90], melatonin is generally not expected to have antidepres-
sant properties in humans and its clinical efficacy is limited at
best [91]. Nevertheless, the effects of exogenous melatonin on



sleep noted in our study are unlikely to explain by themselves
the reduction in PMDD symptoms, as several antidepressants
(e.g. SSRIs) can improve mood without improving sleep. Thus,
melatonin may have improved mood ratings in this study be-
cause of, in conjunction with, or despite its effect on SWS.
Melatonin and SSRIs share some mechanisms of action,
which might offer some insight into the improvement of the
symptoms noted in our study. They can both alter the MT1/
MT?2 ratio which can potentially restore brain signaling and
reduce affective symptoms [92, 93]. They can also modulate
neuroplasticity and restore connectivity in key brain regions
[94-96]. More studies are needed to understand the interaction
between sex hormones, serotonin, melatonin receptors, brain
connectivity, and symptoms in PMDD.

There were limitations in this study including the absence of
placebo and the small sample size increasing the possibility of
type II errors and reducing power (especially while investigating
condition x menstrual phase interactions). Person-to-person
variability in the bioavailability of melatonin should also be
noted [97]. The inclusion of a sleep episode in the CPs may have
influenced observed circadian rhythms. A strength of the study
is that all patients reached the criteria for PMDD diagnosis, as
opposed to commonly studied heterogeneous groups of PMS
and PMDD. We also utilized a within-subject design, whereby
all participants were studied at both FP and LP, at baseline and
intervention which we believe adds to the statistical control of
the study.

In conclusion, we have shown normalization of SWS and
reduction in self-reported symptoms after administration of
exogenous melatonin in women with PMDD and insomnia
symptoms. These changes may relate to an abnormal MT1/
MT2 ratio and appear independent from melatonin effects
on circadian phase, temperature, or steroidogenesis. A large
randomized-controlled trial for slow-release exogenous mela-
tonin as an adjunct/treatment in PMDD is warranted.
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