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Abstract

Women with premenstrual dysphoric disorder (PMDD) experience mood deterioration and altered circadian rhythms during
the luteal phase (LP) of their menstrual cycles. Disturbed circadian rhythms may be involved in the development of clinical
mood states, though this relationship is not fully characterized in PMDD. We therefore conducted an extensive
chronobiological characterization of the melatonin rhythm in a small group of PMDD women and female controls. In this
pilot study, participants included five women with PMDD and five age-matched controls with no evidence of menstrual-
related mood disorders. Participants underwent two 24-hour laboratory visits, during the follicular phase (FP) and LP of the
menstrual cycle, consisting of intensive physiological monitoring under ‘‘unmasked’’, time-isolation conditions. Measures
included visual analogue scale for mood, ovarian hormones, and 24-hour plasma melatonin. Mood significantly (P#.03)
worsened during LP in PMDD compared to FP and controls. Progesterone was significantly (P = .025) increased during LP
compared to FP, with no between-group differences. Compared to controls, PMDD women had significantly (P,.05)
decreased melatonin at circadian phases spanning the biological night during both menstrual phases and reduced
amplitude of its circadian rhythm during LP. PMDD women also had reduced area under the curve of melatonin during LP
compared to FP. PMDD women showed affected circadian melatonin rhythms, with reduced nocturnal secretion and
amplitude during the symptomatic phase compared to controls. Despite our small sample size, these pilot findings support
a role for disturbed circadian rhythms in affective disorders. Possible associations with disrupted serotonergic transmission
are proposed.
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Introduction

Mood is influenced by a non-additive interaction between

circadian phase and duration of awakening [1]. A chronobiolog-

ical basis of affective disorders was proposed, and dysregulated

circadian rhythms in psychiatric disorders, including major

depressive disorder (MDD), seasonal affective disorder (SAD),

bipolar disorder, and schizophrenia were observed [2,3,4]. Clock

gene abnormalities are also implicated in bipolar disorder and

schizophrenia [5,6].

We observed [7] that an interaction between menstrual and

circadian processes alters the circadian variation of rapid eye

movement (REM) sleep and core body temperature (CBT) during

the luteal phase (LP) compared to the follicular phase (FP).

Furthermore, women are up to twice as likely as men to suffer

from affective disorders [8]. This raises the question of whether

a circadian and menstrual interaction also influences mood in

women, and whether altered circadian rhythms contribute to the

development of premenstrual dysphoric disorder (PMDD), a men-

strual cycle-related mood disorder.

PMDD is a mood disorder affecting 3–8% of women [9]. The

occurrence of PMDD is cyclical and defined by ovarian hormone

status across the menstrual cycle, with symptoms occurring during

LP and remission after menses [10]. Among several symptoms,

including sleep complaints, PMDD is marked by depression,

tension, affective lability, and irritability of sufficient intensity to

interfere with daily activities and relationships [10]. PMDD

women can experience circadian rhythm changes [11], and

a chronobiological basis for this disorder has been proposed [12].

In PMDD, it was hypothesized that ovarian hormone variations

may alter the expression of the endogenous circadian pacemaker

and precipitate mood disruption in predisposed females [12].

While chronobiological investigations in PMDD have been limited

and inconsistent, authors noted abnormal melatonin rhythm in
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PMDD, including phase-advanced offset [13], shorter duration of

secretion [13], and decreased levels [13,14] compared to controls.

Similar to MDD and SAD, PMDD women have responded to

non-pharmacologic chronotherapies [11]. Light therapy during

LP significantly reduced depressive symptoms in PMDD women

[15,16,17], with a response rate of up to 60% for either morning

or evening bright light [17] and in 89% of menstrual cycles treated

with evening bright light exposure [15]. PMDD women also

respond to both total and partial sleep deprivation with

improvements in mood [18,19], as was observed in 80% of

women with premenstrual depression after total sleep deprivation

[18] and up to 67% of patients after early-night partial sleep

deprivation [19].

The importance of circadian rhythms and the sleep-wake cycle

in the pathophysiology and potential treatment of PMDD

therefore becomes apparent. Few studies have focused on

circadian rhythms in PMDD. Here, we utilized a highly controlled

experimental procedure in time-isolation designed to minimize

confounding influences like postural changes, light levels, and meal

intake on the observed melatonin circadian rhythms. We

conducted a chronobiological characterization of PMDD, focusing

on melatonin, one of the most widely used measures of the

circadian pacemaker. Since PMDD symptoms appear during LP,

we expected to see an altered circadian melatonin rhythm

specifically during this menstrual phase.

To our knowledge, this pilot study is the first investigation of the

endogenous circadian rhythm of melatonin in PMDD women

under highly controlled time-isolation conditions. This line of

investigation has clinical potential by clarifying the role of the

endogenous circadian system in PMDD, and can lead to the

further development of innovative chronotherapeutic options.

Methods

Participants
Five PMDD women (age range: 28–41 years old) and 5 control

women (age range: 21–43 years old) were included in the study.

PMDD diagnoses were based on the Structured Clinical Interview

for DSM-IV (SCID), the Prospective Record of the Impact and

Severity of Menstrual Symptoms (PRISM) [20] and a Visual

Analogue Scale (VAS) [21] completed daily for $2 consecutive

menstrual cycles. The reliability and validity of the VAS and

PRISM as effective tools for the prospective tracking of menstrual

cycle-related mood disturbance has been documented [20]. The

11-item VAS (100-mm bipolar scale, with 0 mm being ‘‘not at all’’

and 100 mm being ‘‘extreme symptoms’’) was based on DSM-IV

criteria for PMDD diagnoses [10], including the measures

depressed mood, tension, affective lability, irritability, decreased

interest, difficulty concentrating, lack of energy, change in

appetite, change in sleep patterns, feeling out of control, and

physical symptoms. An individual mean score for each of the four

core PMDD symptoms (depressed mood, tension, affective lability,

irritability) was calculated for days 6–10 after menstruation (FP)

and also for the last five days of the menstrual cycle (late-LP).

Eligibility criteria required the presence of at least five of the

eleven overall symptoms during late-LP, and an increase of

$200% on one, or $100% on two or more of the core symptoms

for the mean late-LP score compared to FP. These diagnostic

criteria were developed as prospective criteria to be met, which

demonstrate an unambiguous and clinically relevant worsening of

symptoms during late-LP compared to FP, with the VAS scores

serving to illustrate prospective day-to-day objective differences in

the DSM-IV diagnostic symptoms. The criteria are modeled after,

but are more stringent than those used by Steinberg et al. [22] and

Steiner et al. [21], which were a 50% worsening in three core

symptoms or a 100% worsening of one core symptom. All

potential PMDD participants met with a psychiatrist (P.L.) twice,

at FP and late-LP, to confirm the diagnosis. All PMDD women

included indicated insomnia symptoms selectively during the

premenstrual phase with no clinical evidence of subjective sleep

disruption during FP. Participants were excluded if diagnosed with

another current Axis I disorder (i.e. clinical syndromes). From the

PMDD group, Subject#2 reported one past episode of depression

3–4 years prior to study. SAD was ruled out by the Seasonal

Pattern Assessment Questionnaire (SPAQ), a tool used for the

assessment of seasonal variations in mood and behavior [23]. Axis

II (i.e. personality) disorders were ruled out by clinical evaluation

but not systematically with screening questionnaires. Age-matched

controls completed the SCID and PRISM, and filled out the 11-

item VAS for 2 consecutive menstrual cycles during screening and

showed no evidence of PMDD or any other psychiatric disorder.

Controls did not meet individually with the diagnosing psychia-

trist, since none showed any evidence of PMDD based on VAS

questionnaires or any other psychiatric disorder based on the

SCID.

Participants were healthy and drug-free at the time of study. All

had a history of regular menstrual cycles (range: 25–3463 days),

and ovulation was confirmed via plasma progesterone test

scheduled on day 21 of the menstrual cycle preceding experimen-

tal procedures. All had no history of gynecological pathology, were

$6 months post-partum, not currently breast feeding, and free of

hormonal contraceptives. Participants had no history of night-shift

work or transmeridian travel within three months of study. Before

the experimental month, participants maintained a regular

schedule of 8 hours sleep/darkness per day for at least three

weeks, confirmed by a sleep-wake log, calls to the laboratory at

bed/wake times, and wrist actigraphy for $1 week (Actiwatch,

Mini-Mitter, Bend, OR). The Douglas Mental Health University

Institute Research Ethics Board approved all procedures, which

were in accordance with the Declaration of Helsinki, and all

participants provided written informed consent.

Design
Participants entered the laboratory twice for a 24-hour period of

intensive physiological monitoring, comprising a constant posture

(CP) procedure. Participants were studied individually in window-

less, light- and temperature-controlled time-isolation suites.

Throughout the CP, participants remained in constant conditions,

including a maintained semi-recumbent posture, a time-cue free

environment, iso-caloric snacks [24] served 1x/hour, and dim

ambient light levels (,10 lux) throughout the waking period before

and after the sleep episode. The CP included the requisite controls

of a constant routine procedure [25] but allowed for a sleep

episode since the current study was part of a larger investigation of

nocturnal sleep across the menstrual cycle. The first visit was

scheduled to occur within FP (mean days after menses onset 6

SEM: 7.26.59) and the second visit was scheduled to occur within

LP (mean days after menses onset6 SEM: 21.46.76). Participants

entered the laboratory at ,12:00 to begin the CP, and were

scheduled to have an 8-hour sleep episode based on their habitual

bedtime. Nocturnal polysomnographic sleep was also recorded as

part of a larger study on these control and PMDD participants,

and has been reported elsewhere [26].

Measures
Mood was measured during the screening phase with the 11-

item VAS described above. Mean scores were calculated across

days 6–10 after menstruation (FP) and across the last 5 days of the
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menstrual cycle (late-LP) for each of the four core PMDD

symptoms individually (depressed mood, tension, affective lability,

and irritability). The four core measures were averaged together to

yield a mean score representing overall mood symptoms called the

VAS-core [21,22].

CBT was monitored (4x/minute) throughout the CP via

a thermistor (Steri-Probe, Cincinatti Sub-Zero Products, Inc.,

Cincinnati, OH) inserted 10 cm into the rectum, connected to an

in-house data acquisition system. Data were inspected visually and

by an ad hoc program for probe malfunctions or ‘‘slips’’, which

were discarded.

Blood samples were collected 1x/hour via indwelling forearm

catheter connected to an extension allowing frequent sampling

without interrupting sleep. Between blood samples, heparinized-

saline was infused (7.5 iu/cc at 30cc/hour) to reduce risk of

clotting at the catheter insertion site. Heparinized-saline was

cleared from the line before obtaining samples. A morning sample

was assayed for estradiol and progesterone concentration. Assays

were performed on the Beckman Coulter DxI 800 system, using

Beckman reagents for chemiluminescence immunoassays (Beck-

man Coulter, Inc., Brea, CA; estradiol coefficient of variation

[CV]: 10.7%; progesterone CV: 6.8%). Hourly samples collected

throughout the CP were used to evaluate the circadian rhythm of

plasma melatonin. Levels were determined by radioimmunoassay,

using the LDN Melatonin Direct Assay Kit (Medicorp, Montreal,

QC), a highly sensitive and specific assay which involves the use of
125I-labeled melatonin. 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.

Circadian Parameter Assessment
A dual-harmonic regression model [27] without serial correlated

noise was applied to individual 24-hour CBT curves (1-min bins),

and time of fitted CBT minimum was obtained from this model.

For melatonin, time of fitted maximum and amplitude were

determined with a 3-harmonic regression model applied to

individual melatonin curves [28]. Amplitude of the circadian

curve was defined as the mean-to-trough difference of the first

harmonic of the regression [29]. Melatonin circadian profile also

included dim light melatonin onset (DLMOn), dim light melatonin

offset (DLMOff), duration of secretion (time from DLMOn to

DLMOff), and area under the curve (AUC; determined using

trapezoidal method). DLMOn and DLMOff were defined as the

clock-times of upward and downward crossing, respectively, of the

threshold set at 25% of the fitted amplitude [30]. To generate 24-

hour melatonin curves, each hourly data point throughout the CP

was assigned a circadian phase from 0u2359.9u, relative to the

fitted CBT minimum set at 0u. Data were collapsed per participant

into 15u circadian bins (1 hour), and across participants per group

and menstrual phase.

Statistics
T-tests were used to compare participant characteristics in-

cluding age, body mass index (BMI), and menstrual cycle length

between groups. For VAS-core scores, ovarian hormones, and

circadian parameters of melatonin (DLMOn, DLMOff, duration,

time of fitted maximum, amplitude, and AUC), Kruskal-Wallis

tests were used to determine main effects of group (Control vs.

PMDD), Friedman’s tests were used to determine main effects of

menstrual phase (FP vs. LP), and Kruskal-Wallis tests were used to

determine the group x menstrual phase interaction. Significant

interaction terms were further analyzed with Mann-Whitney tests

for the group effect and Wilcoxon test for the menstrual phase

effect. Three-way ANOVA for repeated measures (factors: group x

circadian phase x menstrual phase) was used to analyze melatonin

values across circadian phases. Simple main effects tests were used

to analyze significant interactions.

In addition to these primary analyses, additional analyses were

conducted in which the plasma melatonin results obtained from

two healthy young women previously studied with a constant

routine [31] and one healthy young woman studied with a CP

[32], all during FP, were pooled with the 5 controls of the current

study. This larger group of 8 controls was compared with the 5

PMDD women of the current study during FP. This was done in

an attempt to increase sample size and further confirm results from

our baseline group comparisons. No LP data were collected for the

3 supplementary control participants. As in the primary analyses,

plasma melatonin data for these three women were assigned

a circadian phase from 0u2359.9u, relative to their fitted CBT

minimum set at 0u. Since blood was sampled less frequently in

those studies (,1x/2 hr), plasma melatonin data for these extra 3

women as well as the FP values for the 5 controls and 5 PMDD

women of the current study were collapsed per participant into 30u
circadian bins (2 hours), and across participants per group. Two-

way between subjects ANOVA for repeated measures (factors:

group x circadian phase) was used to analyze melatonin values

across circadian phases during FP in PMDD women and the

expanded group of controls. Simple main effects tests were used to

analyze significant interactions. Unpaired-samples t-tests were

used to analyze circadian parameters of melatonin (DLMOn,

DLMOff, duration, time of fitted maximum, amplitude, and

AUC) during FP in PMDD women and the expanded group of

controls.

Results

Participant Characteristics
Controls (n = 5) and PMDD (n= 5) did not differ in age (t8 = -

.71, P= .50), BMI (t8 = 1.62, P= .14), or menstrual cycle length

(t8 = .00, P= .50) (Table 1). A significant group x menstrual phase

interaction for VAS-core score was observed (H1= 5.00, P = .025),

with significantly increased late-LP values observed for PMDD

compared to their own FP, and to controls (P#.03, Wilcoxon and

Mann-Whitney tests, respectively) (Table 1). Controls showed no

menstrual phase variation for VAS-core scores (P = .41, Wilcoxon

test). After the 3 supplemental controls were added to the original

group of 5 controls (see Statistics in Methods section above) there

were still no significant group differences in age (t11 =21.58,

P= .14) or BMI (t11 = .30, P = .77) (Table 2).

Sex Hormones
No significant group x menstrual phase interaction (H1= .175,

P= .676) nor main effect of group (H1= .011, P = .917) was seen

for plasma progesterone. A significant main effect of menstrual

phase was observed (x2 = 5.00, P= .025), with progesterone values

significantly increased during LP compared to FP in both groups

(Table 1). No significant group x menstrual phase interaction

(H1= 3.153, P= .076), main effect of group (H1= 0.011, P = .917),

or main effect of menstrual phase (x2 = .200, P = .655) was seen for

plasma estradiol.

Melatonin
Circadian profile. For AUC, a significant group x menstrual

phase interaction was observed (Table 3) (H1= 4.811, P = .028),

with decreased values observed within PMDD women during LP

compared to FP (P = .03, Wilcoxon test). For amplitude, no

significant group x menstrual phase interaction, main effect of

Circadian Melatonin Rhythm in PMDD
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group, or main effect of menstrual phase was seen (Table 3).

However, when compared only during LP, based on an priori

prediction of reduced melatonin secretion during this phase,

amplitude was reduced in PMDD compared to controls (P = .05,

unpaired-samples t-test). No significant interaction, or main effects

of group or menstrual phase, was observed for DLMOn, DLMOff,

duration of secretion, and time of fitted maximum (Table 3),

though a trend for a main effect of group was seen for duration of

secretion (H1= 3.153, P = .076).

Values across circadian phases. Three-way ANOVA

revealed a significant group x circadian phase interaction

(F23,184 = 2.24, P= .002) (Fig. 1), indicating a significant circadian

variation (P,.001, simple main effects), with peak levels through-

out the sleep period, in both groups, as well as significantly

reduced melatonin levels in PMDD compared to controls at

circadian phases centered in bins within the 270u20u range

(P,.05, simple main effects). A group x menstrual phase

interaction (F1,8 = 5.11, P= .05) was also observed, with no

menstrual phase variation of melatonin in controls (P = .31, simple

main effects), but a trend for a menstrual phase variation of

melatonin in PMDD (P= .07, simple main effects), with a reduction

in LP vs. FP more apparent during the falling limb of the

melatonin curve. A trend for a significant group x circadian phase

x menstrual phase interaction (F23,184 = 1.55, P= .06) was

observed for plasma melatonin. A significant main effect of

circadian phase (F23,184 = 44.63, P,.01) was seen. No significant

circadian phase x menstrual phase interaction (F23,184 = .68,

P = .86), nor main effects of group (F1,8 = 1.83, P = .21) or

menstrual phase (F1,8 = .51, P= .50), was observed.

Comparison of PMDD women and an expanded group of

controls. The baseline comparison of plasma melatonin during

FP in PMDD and the expanded group of controls (n = 8) revealed

a significant group x circadian phase interaction (F11,121 = 2.20,

P = .02), indicating a significant circadian variation (P,.001,

simple main effects) in both groups, as well as significantly reduced

melatonin levels in PMDD compared to controls at circadian

phases centered at 300u and 330u (P,.05, simple main effects)

during FP (Fig. 2).

No significant differences were observed for DLMOn, DLMOff,

duration of secretion, time of fitted maximum, amplitude, or AUC

(Table 4).

Discussion

We quantified melatonin rhythms in a small group of PMDD

women and compared it to that of controls at different menstrual

phases, under highly controlled experimental conditions.

Our main finding was decreased melatonin in PMDD

compared to controls throughout the nocturnal secretion period

at both menstrual phases, and decreased amplitude of the

circadian rhythm of plasma melatonin in PMDD compared to

controls during LP. The endogenous melatonin rhythm is masked

by postural changes [33] and light exposure [34], both of which

were well-controlled for in this study. Reduced melatonin in

PMDD vs. controls was initially reported [13,14], but not in

a recent study [35]. The reasons for this discrepancy are unclear,

but the authors point out differences in radioimmunoassay kits, as

well as methods of determining melatonin timing parameters that

were assessed either quantitatively based on threshold values

[13,14] or qualitatively based on visual inspection [35]. Consid-

ering the small sample size of both groups in the present study, we

cannot exclude the possibility that melatonin secretion might have

been higher than usual in our controls. However, this is unlikely as

the post-hoc analyses combining the data collected during the FP

in the present study to those of three additional women studied

either in a constant routine or CP protocol lead to similar

conclusions.

Within the PMDD group, we found a menstrual variation for

melatonin, with reduced AUC during LP vs. FP. Current results

differ from others [13] who found no menstrual variation in

PMDD, though not under constant conditions. Our results agree

with a follow-up study which observed reduced AUC during LP

compared to FP and reduced amplitude and mean levels during

LP in women with PMDD [14]. In the aforementioned studies, as

in ours, participants maintained their habitual sleep-wake patterns

throughout the month-long study period. Before laboratory entry,

our participants also underwent a rigorous preparatory phase,

consisting of maintaining regular timing of sleep/dark and wake/

light periods, with the aim of enforcing a stable entrainment of the

endogenous circadian pacemaker to the sleep-wake schedule.

Table 1. Characteristics of controls and PMDD participants{.

Variable Controls PMDD women

sample size 5 5

age, years 30.463.67 33.662.68

BMI, kg/cm2 23.56.58 22.026.70

menstrual cycle length,
days

26.461.03 26.46.75

VAS-core, mm

FP 3.1261.73 2.116.38

Late-LP 5.5761.93 47.0067.94 a

progesterone, nmol/l

FP 9.5361.17 7.466.50

LP 44.47611.30 b 51.73610.32 b

estradiol, pmol/l

FP 338.8666.7 473.0697.0

LP 719.86193.3 486.66141.1

PMDD: premenstrual dysphoric disorder; BMI: body mass index; FP: follicular
phase; LP: luteal phase; VAS-core: mean score of visual analogue scale measures
for depression, tension, affective lability and irritability values are mean 6 SEM.
{Participant characteristics were also included in a related manuscript [26].
aindicates PMDD late-LP value is significantly (P#.03) different than PMDD FP
value and pone.0051929.g003.tifcontrol values in both menstrual phases.
bindicates LP values are significantly (P = .025) different than FP values.
doi:10.1371/journal.pone.0051929.t001

Table 2. Characteristics of the expanded group of controls
and PMDD participants{.

Variable Controls PMDD women

sample size 8 5

age, years 27.362.68 33.662.68

BMI, kg/cm2 22.36.69 22.026.70

{This table presents characteristics from the 5 control participants and 5 PMDD
participants included in Table 1, but the control group is supplemented by
demographics data from 3 other young healthy women who were studied
under constant conditions in unrelated experiments. This larger group of 8
controls was compared to the 5 PMDD women of the current study during the
FP in an attempt to increase sample size and further confirm results from our
baseline group comparisons. Menstrual phase length, VAS-core scores, and
progesterone and estradiol levels were not available for the 3 supplementary
control participants. Values are mean 6 SEM.
doi:10.1371/journal.pone.0051929.t002
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Reduced melatonin amplitude suggests either an impaired

suprachiasmatic nucleus (SCN) signal that controls melatonin

secretion, or a disturbance downstream of the SCN in the

regulation of the overt melatonin rhythm in PMDD. Supporting

a role of underlying clock dysfunction, Parry and colleagues [36]

demonstrated a blunted and directionally altered melatonin phase-

shift in response to morning bright light during LP in PMDD.

Together, this decreased amplitude of pacemaker output and

a compromised resetting capacity [36] may contribute to an

increased susceptibility for mood disruption [3]. This interpreta-

tion is consistent with the report of higher prevalence of

subsyndromal depression in low endogenous melatonin secretors

compared to controls [37]. Reduced nocturnal melatonin secre-

tion could contribute to alterations in sleep sometimes reported in

PMDD [11].

PMDD shares similarities with MDD, in terms of mood

symptomatology [38] and altered circadian physiology [12]. Like

MDD, previous researchers have suggested a role of serotonergic

dysregulation in the etiology of PMDD [39]. Decreases were

observed for whole blood serotonin levels [40] and platelet

serotonin uptake [41] in PMS compared to controls during the

symptomatic phase. Furthermore, the efficacy of selective seroto-

nin reuptake inhibitors (SSRIs) [42], fenfluramine [43], and L-

tryptophan [22] in the treatment of PMDD symptoms also

supports a central role of serotonin in PMDD.

Unfortunately, in the current study, we did not measure levels of

serotonin, its metabolites, or markers of serotonergic activity. This

precludes us from making any definitive statements on the role of

serotonin in PMDD, and any proposed links between the

serotonergic system and the melatonin system within PMDD

patients is still speculative. Nevertheless, the serotonergic hypoth-

esis is possibly supported by our findings of reduced melatonin

secretion. Melatonin is synthesized in the pineal gland from the

precursor serotonin [44], and is secreted in a circadian manner via

inputs from the SCN. Melatonin seems to have a regulatory role

on serotonin, as melatonin caused increased serotonin release from

rat pineal glands in vitro [45], and pinealectomy in rats caused

significant reductions in serotonin within the hypothalamus,

midbrain and hippocampus [46]. Several anti-depressant drugs

induce increased melatonin secretion, as illustrated by significant

increases in plasma melatonin [47] and urinary 6-sulfatoxymela-

tonin [48] in depressed patients after treatment with a tricyclic

antidepressant and MAO inhibitor, respectively. The character-

ization of agomelatine, an effective anti-depressive agent with

MT1 and MT2 melatonin receptor agonist as well as 5-HT2C

receptor antagonist activity, also indicates a link between these two

systems with ramifications for both circadian rhythms and mood

disorders [49]. The presence of the 5-HT2C receptor as well as

MT1/MT2 receptors have been reported for various brain sites

involved in circadian and mood regulation, including the SCN

[50,51], hippocampus [50,52], nucleus accumbens [50,52], and

amygdala [50,52]. Indeed, it is hypothesized that the combined,

synergistic action of agomelatine on MT1/MT2 and 5-HT2C

receptors contributes to the clinical efficacy of the drug [49].

Considering the proposed relationships between melatonin and

serotonin within the context of affective disorders, it would be

interesting to determine whether SSRIs or agomelatine could be

used as a chronotherapeutic to restore nocturnal levels of

melatonin secretion. In SAD patients, fluoxetine appears to

reduce melatonin [53], whereas fluvoxamine increases melatonin

secretion, at least in healthy participants [54]. To our knowledge,

the effect of agomelatine on endogenous melatonin secretion is still

undetermined, though its effects, as well as those of different

SSRIs, on melatonin secretion in PMDD should be pursued.
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In the current study, nocturnal melatonin secretion in PMDD

was reduced at both menstrual phases, compared to controls,

which suggests a trait-vulnerability or a trait-marker for the

disorder. Interestingly, the predisposition for an altered melatonin

system in PMDD seems to be exacerbated by the onset of

progesterone secretion during the symptomatic LP, when PMDD

women showed a further reduction in circulating melatonin

compared to their own FP. The presence of progesterone

receptors at the SCN [55] may indicate a site of action, and

a direct effect of progesterone on melatonin secretion is also

possible since progesterone receptors were also localized at the

bovine pineal gland [56]. Thus, fluctuations in sex hormones seem

to alter the melatonin system, and may precipitate PMDD

symptoms, in predisposed women. Ovulation during the experi-

mental periods was confirmed in all participants via increased

progesterone during LP compared to FP. Consistent with others

[57,58], we observed similar progesterone levels between controls

and PMDD, which implies that a decrease in absolute circulating

progesterone levels is unlikely to play a causative role in the

development of PMDD symptoms. Nevertheless, we did observe

here that whereas estradiol levels were non-significantly increased

during LP compared to FP in controls, the menstrual phase

difference in estradiol within PMDD women was much smaller.

Throughout the course of a standard menstrual cycle, estradiol

levels start to rise during the mid-FP and show a high peak a few

days before ovulation. Estradiol levels then gradually decrease

before reaching a secondary, lower level peak near the mid-LP

[59]. In the current study, both groups were studied during their

second CP visit around day 21 after menses onset (control range of

days after menses: 19–25; PMDD range of days after menses: 19–

23), placing them within the LP. Since estradiol was not sampled

each day of the menstrual cycle, but only at two points, it is

possible that PMDD women were studied during the rising or

falling portion of the secondary LP peak time, thus accounting for

their non-significantly lower levels compared to controls. Nonethe-

less, it is also possible that variations in estradiol levels are

a characteristic or causative factor in the development of PMDD.

Indeed, clinical efficacy has been demonstrated in the treatment of

PMDD with a combination of drospirenone with ethinylestradiol,

leading some authors to suggest that low estrogen levels may

partially explain the mood symptoms observed in PMDD [60].

While the current study was not statistically powered or designed

to make such a comparison, the possibility of a role of estradiol in

the etiology of PMDD should be further studied in a larger group

of women.

There were limitations in this study. While participants were

studied in a controlled environment which limited the confound-

ing effects of posture, activity, light, and meals, the inclusion of

a nocturnal sleep episode may have influenced observed rhythms.

Furthermore, given the small number of participants and the inter-

Figure 1. Circadian variation of plasma melatonin during the follicular and luteal phases in PMDD women and controls. * indicates
significant differences between controls and PMDD women (P,.05). Data are double-plotted for illustration purposes. Values are mean 6 SEM.
doi:10.1371/journal.pone.0051929.g001
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individual variability in plasma melatonin levels, it is possible that,

regardless of clinical diagnosis, the controls included in the study

happened to be high melatonin secretors, or the limited number of

PMDD women studied happened to be particularly low melatonin

Figure 2. Circadian variation of plasma melatonin during the follicular phase in PMDDwomen and an expanded group of controls.{

* indicates significant differences between controls and PMDD women (P,.05). Data are double-plotted for illustration purposes. Values are mean 6
SEM. { This figure presents FP data from the 5 control participants and 5 PMDD participants included in Figure 1, but the control group is
supplemented by data from 3 other young healthy women who were studied under constant conditions in unrelated experiments. This larger group
of 8 controls was compared to the 5 PMDD women of the current study during the FP in an attempt to increase sample size and further confirm
results from our baseline group comparisons.
doi:10.1371/journal.pone.0051929.g002

Table 4. Circadian melatonin profile during the follicular phase in PMDD women and an expanded group of controls.{

Controls, n =8 PMDD women, n=5

FP FP Controls vs. PMDD

DLMOn, clock time 20.826.54 21.466.66 t11 =2.74, P = .48

DLMOff, clock time 9.536.44 8.296.81 t11 = 1.47, P = .17

melatonin duration of secretion, hours 12.896.51 11.086.92 t11 = 1.88, P = .09

time of fitted melatonin maximum, clock time 3.076.59 3.1961.07 t11 =2.11, P = .92

melatonin amplitude, pg/ml 51.3966.52 41.5769.16 t11 = .90, P = .39

melatonin AUC, 24-hour 1142.466193.82 769.346142.33 t11 = 1.30, P = .22

PMDD: premenstrual dysphoric disorder; FP: follicular phase; DLMOn: dim light melatonin onset; DLMOff: dim light melatonin offset; AUC: area under the curve values
are mean 6 SEM.
{This table presents FP data from the 5 control participants and 5 PMDD participants included in Table 1, but the control group is supplemented by data from 3 other
young healthy women who were studied under constant conditions in unrelated experiments. This larger group of 8 controls was compared to the 5 PMDD women of
the current study during the FP in an attempt to increase sample size and further confirm results from our baseline group comparisons.
doi:10.1371/journal.pone.0051929.t004
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secretors. The first scenario is less likely, however, since, as

described, FP melatonin levels were still higher in control vs.

PMDD after the inclusion of data from three additional control

women. It is also possible that, by chance, pre-study daytime light

exposure in PMDD women was lower which could account for

reduced nocturnal melatonin secretion in these women which is

not pathophysiologically related to the disorder. Another limita-

tion in the study related to small sample size in both groups is that

the two-way and three-way ANOVAs used in some cases may not

be ideal. Since there might not have been sufficient power to

detect differences, there is also increased potential for a type II

error. Nevertheless, a strength of the study is that all patients

reached the criteria for PMDD diagnoses, as opposed to a more

commonly utilized heterogeneous group comprising both PMS

and PMDD. This patient-group homogeneity should help to limit

variability in melatonin levels between PMDD women. We also

utilized a within-subject design, whereby all participants were

studied at both their follicular and luteal menstrual phases, which

we believe adds to the statistical control of the study. Finally, this

is, to our knowledge, the first investigation of plasma melatonin

rhythms in PMDD under CP conditions, including time isolation.

Despite the small sample size, the current report conducted under

constant time isolation conditions is consistent with a larger study

on melatonin secretion which utilized less vigorous circadian

control [14].

Here, we described abnormal circadian melatonin secretion,

which may relate to a serotonergic dysfunction in PMDD women.

Findings of this pilot study indicate that pharmacological

approaches such as exogenous nocturnal melatonin supplements,

melatonin receptor agonists, or agomelatine should be further

tested as therapeutic approaches for the management of depressive

symptoms, and encourage more work on the chronobiological

basis of psychiatric disorders including PMDD.
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Philippe Boudreau Jr Ing for statistical advice.

Author Contributions

Conceived and designed the experiments: DBB. Performed the experi-

ments: AS. Analyzed the data: AS. Contributed reagents/materials/

analysis tools: NMK PL. Wrote the paper: AS DBB. Conducted psychiatric

evaluations of patients for inclusion in study: PL. Conducted melatonin

assays: NMK. Revised manuscript critically for important intellectual

content: AS PL NMK DBB. Provided final approval of the submitted

manuscript: AS PL NMK DBB.

References

1. Boivin DB, Czeisler CA, Dijk DJ, Duffy JF, Folkard S, et al. (1997) Complex

interaction of the sleep-wake cycle and circadian phase modulates mood in

healthy subjects. Arch Gen Psychiatry 54: 145–152.

2. McClung CA (2007) Circadian genes, rhythms and the biology of mood

disorders. Pharmacol Ther 114: 222–232.

3. Boivin DB (2000) Influence of sleep-wake and circadian rhythm disturbances in

psychiatric disorders. J Psychiatry Neurosci 25: 446–458.

4. Germain A, Kupfer DJ (2008) Circadian rhythm disturbances in depression.

Hum Psychopharmacol 23: 571–585.

5. Lamont EW, Coutu DL, Cermakian N, Boivin DB (2010) Circadian rhythms

and clock genes in psychotic disorders. Isr J Psychiatry Relat Sci 47: 27–35.

6. Kripke DF, Nievergelt CM, Joo E, Shekhtman T, Kelsoe JR (2009) Circadian

polymorphisms associated with affective disorders. J Circadian Rhythms 7: 2.

7. Shechter A, Varin F, Boivin DB (2010) Circadian Variation of Sleep During the

Follicular and Luteal Phases of the Menstrual Cycle. Sleep 33: 647–656.

8. Kessler RC (2003) Epidemiology of women and depression. J Affect Disord 74:

5–13.

9. Steiner M (2000) Premenstrual syndrome and premenstrual dysphoric disorder:

guidelines for management. J Psychiatry Neurosci 25: 459–468.

10. American Psychiatric Association (1994) Diagnostic and statistical manual of

mental disorders: DSM-IV. Washington, DC.

11. Shechter A, Boivin DB (2010) Sleep, Hormones, and Circadian Rhythms

throughout the Menstrual Cycle in Healthy Women and Women with

Premenstrual Dysphoric Disorder. Int J Endocrinol 2010: 259345: 1–17.

12. Parry BL, Newton RP (2001) Chronobiological basis of female-specific mood

disorders. Neuropsychopharmacology 25: S102–108.

13. Parry BL, Berga SL, Kripke DF, Klauber MR, Laughlin GA, et al. (1990)

Altered waveform of plasma nocturnal melatonin secretion in premenstrual

depression. Arch Gen Psychiatry 47: 1139–1146.

14. Parry BL, Berga SL, Mostofi N, Klauber MR, Resnick A (1997) Plasma

melatonin circadian rhythms during the menstrual cycle and after light therapy

in premenstrual dysphoric disorder and normal control subjects. J Biol Rhythms

12: 47–64.

15. Lam RW, Carter D, Misri S, Kuan AJ, Yatham LN, et al. (1999) A controlled

study of light therapy in women with late luteal phase dysphoric disorder.

Psychiatry Res 86: 185–192.

16. Parry BL, Berga SL, Mostofi N, Sependa PA, Kripke DF, et al. (1989) Morning

versus evening bright light treatment of late luteal phase dysphoric disorder.

Am J Psychiatry 146: 1215–1217.

17. Parry BL, Mahan AM, Mostofi N, Klauber MR, Lew GS, et al. (1993) Light

therapy of late luteal phase dysphoric disorder: an extended study.

Am J Psychiatry 150: 1417–1419.

18. Parry BL, Wehr TA (1987) Therapeutic effect of sleep deprivation in patients

with premenstrual syndrome. Am J Psychiatry 144: 808–810.

19. Parry BL, Cover H, Mostofi N, LeVeau B, Sependa PA, et al. (1995) Early

versus late partial sleep deprivation in patients with premenstrual dysphoric

disorder and normal comparison subjects. Am J Psychiatry 152: 404–412.

20. Steiner M, Steinberg S, Stewart D, Carter D, Berger C, et al. (1995) Fluoxetine

in the treatment of premenstrual dysphoria. N Engl J Med 332: 1529–1534.

21. Steiner M, Streiner DL, Steinberg S, Stewart D, Carter D, et al. (1999) The

measurement of premenstrual mood symptoms. J Affect Disord 53: 269–273.

22. Steinberg S, Annable L, Young SN, Liyanage N (1999) A placebo-controlled

clinical trial of L-tryptophan in premenstrual dysphoria. Biol Psychiatry 45: 313–
320.

23. Hardin TA, Wehr TA, Brewerton T, Kasper S, Berrettini W, et al. (1991)

Evaluation of seasonality in six clinical populations and two normal populations.
J Psychiatr Res 25: 75–87.

24. Harris JA, Benedict FG (1918) A Biometric Study of Human Basal Metabolism.
Proc Natl Acad Sci U S A 4: 370–373.

25. Duffy JF, Dijk DJ (2002) Getting through to circadian oscillators: why use

constant routines? J Biol Rhythms 17: 4–13.

26. Shechter A, Lesperance P, Ng Ying Kin NM, Boivin DB (2012) Nocturnal

polysomnographic sleep across the menstrual cycle in premenstrual dysphoric
disorder. Sleep Med 13: 1071–1078.

27. Brown EN, Czeisler CA (1992) The statistical analysis of circadian phase and
amplitude in constant-routine core-temperature data. J Biol Rhythms 7: 177–

202.

28. Shanahan TL, Czeisler CA (1991) Light exposure induces equivalent phase shifts
of the endogenous circadian rhythms of circulating plasma melatonin and core

body temperature in men. J Clin Endocrinol Metab 73: 227–235.

29. Jewett ME, Kronauer RE, Czeisler CA (1994) Phase-amplitude resetting of the

human circadian pacemaker via bright light: a further analysis. J Biol Rhythms

9: 295–314.

30. Cain SW, Dennison CF, Zeitzer JM, Guzik AM, Khalsa SB, et al. (2010) Sex

differences in phase angle of entrainment and melatonin amplitude in humans.
J Biol Rhythms 25: 288–296.

31. James FO, Boivin DB, Charbonneau S, Belanger V, Cermakian N (2007)

Expression of clock genes in human peripheral blood mononuclear cells
throughout the sleep/wake and circadian cycles. Chronobiol Int 24: 1009–1034.

32. James FO, Cermakian N, Boivin DB (2007) Circadian rhythms of melatonin,
cortisol, and clock gene expression during simulated night shift work. Sleep 30:

1427–1436.

33. Deacon S, Arendt J (1994) Posture influences melatonin concentrations in

plasma and saliva in humans. Neuroscience Letters 167: 191–194.

34. Shanahan TL, Kronauer RE, Duffy JF, Williams GH, Czeisler CA (1999)
Melatonin rhythm observed throughout a three-cycle bright-light stimulus

designed to reset the human circadian pacemaker. J Biol Rhythms 14: 237–253.

35. Parry BL, Meliska CJ, Martinez LF, Lopez AM, Sorenson DL, et al. (2008) Late,

but not early, wake therapy reduces morning plasma melatonin: relationship to

mood in Premenstrual Dysphoric Disorder. Psychiatry Res 161: 76–86.

36. Parry BL, Udell C, Elliott JA, Berga SL, Klauber MR, et al. (1997) Blunted

phase-shift responses to morning bright light in premenstrual dysphoric disorder.
J Biol Rhythms 12: 443–456.

37. Rahman SA, Marcu S, Kayumov L, Shapiro CM (2010) Altered sleep
architecture and higher incidence of subsyndromal depression in low

Circadian Melatonin Rhythm in PMDD

PLOS ONE | www.plosone.org 8 December 2012 | Volume 7 | Issue 12 | e51929



endogenous melatonin secretors. Eur Arch Psychiatry Clin Neurosci 260: 327–

335.
38. Landen M, Eriksson E (2003) How does premenstrual dysphoric disorder relate

to depression and anxiety disorders? Depress Anxiety 17: 122–129.

39. Parry BL (2001) The role of central serotonergic dysfunction in the aetiology of
premenstrual dysphoric disorder: therapeutic implications. CNS Drugs 15: 277–

285.
40. Rapkin AJ, Edelmuth E, Chang LC, Reading AE, McGuire MT, et al. (1987)

Whole-blood serotonin in premenstrual syndrome. Obstet Gynecol 70: 533–537.

41. Ashby CR, Jr., Carr LA, Cook CL, Steptoe MM, Franks DD (1988) Alteration
of platelet serotonergic mechanisms and monoamine oxidase activity in

premenstrual syndrome. Biol Psychiatry 24: 225–233.
42. Shah NR, Jones JB, Aperi J, Shemtov R, Karne A, et al. (2008) Selective

serotonin reuptake inhibitors for premenstrual syndrome and premenstrual
dysphoric disorder: a meta-analysis. Obstet Gynecol 111: 1175–1182.

43. Brzezinski AA, Wurtman JJ, Wurtman RJ, Gleason R, Greenfield J, et al. (1990)

d-Fenfluramine suppresses the increased calorie and carbohydrate intakes and
improves the mood of women with premenstrual depression. Obstet Gynecol 76:

296–301.
44. Axelrod J (1974) The pineal gland: a neurochemical transducer. Science 184:

1341–1348.

45. Miguez JM, Simonneaux V, Pevet P (1995) Evidence for a regulatory role of
melatonin on serotonin release and uptake in the pineal gland.

J Neuroendocrinol 7: 949–956.
46. Aldegunde M, Miguez I, Veira J (1985) Effects of pinealectomy on regional brain

serotonin metabolism. Int J Neurosci 26: 9–13.
47. Thompson C, Mezey G, Corn T, Franey C, English J, et al. (1985) The effect of

desipramine upon melatonin and cortisol secretion in depressed and normal

subjects. Br J Psychiatry 147: 389–393.
48. Golden RN, Markey SP, Risby ED, Rudorfer MV, Cowdry RW, et al. (1988)

Antidepressants reduce whole-body norepinephrine turnover while enhancing 6-
hydroxymelatonin output. Arch Gen Psychiatry 45: 150–154.

49. de Bodinat C, Guardiola-Lemaitre B, Mocaer E, Renard P, Munoz C, et al.

(2010) Agomelatine, the first melatonergic antidepressant: discovery, character-
ization and development. Nat Rev Drug Discov 9: 628–642.

50. Jockers R, Maurice P, Boutin JA, Delagrange P (2008) Melatonin receptors,

heterodimerization, signal transduction and binding sites: what’s new?

Br J Pharmacol 154: 1182–1195.

51. Clemett DA, Punhani T, Duxon MS, Blackburn TP, Fone KC (2000)

Immunohistochemical localisation of the 5-HT2C receptor protein in the rat

CNS. Neuropharmacology 39: 123–132.

52. Lopez-Gimenez JF, Mengod G, Palacios JM, Vilaro MT (2001) Regional

distribution and cellular localization of 5-HT2C receptor mRNA in monkey

brain: comparison with [3H]mesulergine binding sites and choline acetyltrans-

ferase mRNA. Synapse 42: 12–26.

53. Childs PA, Rodin I, Martin NJ, Allen NH, Plaskett L, et al. (1995) Effect of

fluoxetine on melatonin in patients with seasonal affective disorder and matched

controls. Br J Psychiatry 166: 196–198.

54. Skene DJ, Bojkowski CJ, Arendt J (1994) Comparison of the effects of acute

fluvoxamine and desipramine administration on melatonin and cortisol

production in humans. Br J Clin Pharmacol 37: 181–186.

55. Kruijver FP, Swaab DF (2002) Sex hormone receptors are present in the human

suprachiasmatic nucleus. Neuroendocrinology 75: 296–305.

56. Vacas MI, Lowenstein PR, Cardinali DP (1979) Characterization of a cytosol

progesterone receptor in bovine pineal gland. Neuroendocrinology 29: 84–89.

57. Baker FC, Kahan TL, Trinder J, Colrain IM (2007) Sleep quality and the sleep

electroencephalogram in women with severe premenstrual syndrome. Sleep 30:

1283–1291.

58. Rapkin AJ, Morgan M, Goldman L, Brann DW, Simone D, et al. (1997)

Progesterone metabolite allopregnanolone in women with premenstrual

syndrome. Obstet Gynecol 90: 709–714.

59. Armitage R, Baker FC, Parry BL (2005) The Menstrual Cycle and Circadian

Rhythms. In: Kryger MH, Roth T, Dement WC, editors. Principles and

Practice of Sleep Medicine. Philadelphia: Elsevier. 1266–1277.

60. De Berardis D, Serroni N, Salerno RM, Ferro FM (2007) Treatment of

premenstrual dysphoric disorder (PMDD) with a novel formulation of

drospirenone and ethinyl estradiol. Ther Clin Risk Manag 3: 585–590.

Circadian Melatonin Rhythm in PMDD

PLOS ONE | www.plosone.org 9 December 2012 | Volume 7 | Issue 12 | e51929


