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Abstract
Sleep spindles are characteristic electroencephalographic waveforms that may play functionally
significant roles in sleep-dependent memory consolidation, cortical development, and
neuropsychiatric disorders. Circumstantial evidence has connected endogenous progesterone and
its metabolites to the production of sleep spindles, however, the effects of exogenous progestins
on sleep spindles have not been described in women. We examined differences in sleep spindle
frequency and morphology in a clinical sample of women (n=21) referred for polysomnography
taking depot medroxyprogesterone acetate (MPA), relative to a matched comparison group.
Consistent with our hypotheses, women taking MPA demonstrated significantly higher sleep
spindle density and maximal amplitude relative to comparison patients. Our results suggest that
progestins potentiate the generation of sleep spindles, which may have significant implications for
research that examines the role of these waveforms in learning, development, and mental illness.
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Introduction
Sleep spindles are characteristic electroencephalographic (EEG) waveforms generated
during non-rapid eye movement (NREM) sleep. These waxing-waning oscillations are
thought to promote sleep maintenance, as well as play functionally significant roles in sleep-
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dependent memory consolidation and cortical development (Steriade, 2003; Khazipov et al.,
2004; Fogel and Smith, 2011). In addition, topographic decrements in sleep spindles in
schizophrenia may be a biomarker for the disorder and reflect thalamic reticular and/or
thalamocortical deficits (Ferrarelli et al., 2007; Ferrarelli et al., 2010). Thus, understanding
the endogenous and exogenous factors that affect sleep spindle generation is important for a
broad range of disciplines, including research related to sleep, cognitive function, plasticity,
and neuropsychiatric disorders.

There are several circumstantial lines of evidence that suggest progesterone and its
metabolites may affect the production of sleep spindles in women. First, high frequency
EEG spectral power that includes the spindle range (approximately 11–16 Hz) is elevated in
the luteal phase of the menstrual cycle (in both healthy women and those with severe
premenstrual symptoms), during which progesterone is elevated relative to the follicular
phase (Driver et al., 1996; Baker et al., 2007; Baker et al., 2012). Additionally, the
frequency of sleep spindles increases from the follicular to luteal phase, suggesting
modulation by neurohormonal changes across the menstrual cycle (Ishizuka et al., 1994).
Second, rats exposed to exogenous progesterone demonstrate increased spectral power from
10 to 25 Hz, which encompasses spindle range activity (Lancel et al., 1996). Third, recent
data from our laboratory demonstrates women with major depressive disorder (MDD) have
increased sleep spindles relative to age and sex-matched controls (Plante et al., 2013), which
could potentially be due to increased progesterone during both the follicular and luteal phase
in women with MDD (Hardoy et al., 2006; Holsen et al., 2011). However, because neither
increased sleep spindles (Goetz et al., 1983; Reynolds et al., 1985; de Maertelaer et al.,
1987; Lopez et al., 2010) nor increased progesterone (Young et al., 2000; Girdler et al.,
2012) in women with MDD has been a universal finding across studies, this link is
speculative, particularly since levels of progesterone and sleep spindles have not been
correlated within a single MDD cohort. Fourth, metabolites of progesterone are allosteric
modulators at the GABA-A receptor, which plays a crucial role in spindle formation in the
thalamic reticular nucleus, the anatomic site of sleep spindle generation (De Gennaro and
Ferrara, 2003; Belelli and Lambert, 2005). However, given myriad other neurohormonal
changes that are associated with the menstrual cycle (e.g. changes in estradiol) and mood
disorders (e.g. changes in the hypothalamic-pituitary–adrenal axis) (Cutler and García, 1980;
Pariante and Miller, 2001), lines of inquiry that assess more specifically the effects of
progestins on sleep spindles are required to advance the hypothesis that these steroids
enhance the production of sleep spindles in women. Thus, the primary aim of this study was
to examine changes in sleep spindles associated with use of medroxyprogesterone acetate
(MPA), a synthetic form of human progesterone. Our primary hypothesis was that MPA use
would be associated with increased spindle density and morphology (e.g. amplitude,
duration) during NREM sleep.

Methods
2.1. Subjects

All patients evaluated in this study were drawn from a clinical population of patients
referred to a sleep disorders laboratory for polysomnography in accordance with a chart
review protocol approved by the University of Wisconsin-Madison Health Sciences
Institutional Review Board. To identify individuals for inclusion, all diagnostic overnight
polysomnograms performed at Wisconsin Sleep™ (the sleep laboratory associated with the
University of Wisconsin School of Medicine and Public Health) from October 2, 2007 to
March 1, 2013 were initially cross-referenced with MPA medication history in the electronic
medical record (EpicCare, Epic Systems Incorporated, Verona WI). This list was further
narrowed by removing patients with benzodiazepine and/or benzodiazepine receptor
agonists in their medication history, due to known effects of these medications on sleep
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spindles (Suetsugi et al., 2001). Patients were excluded if they were on any other hormonal
(estrogen and/or progestin) therapy besides MPA. Additional exclusion criteria based on
information available in the medical record included the following: moderate or worse
obstructive sleep apnea [apnea-hypopnea index (AHI) ≥15/hr], periodic limb movement
disorder [periodic limb movement arousal index (PLMAI) ≥10/hr], total sleep time during
sleep study <90 minutes, significant neurologic disorder (e.g. history of stroke), or psychotic
disorder. To minimize risk of non-adherence or intermittent use of oral MPA influencing
results, only patients taking depot (i.e. intramuscular) MPA at the time of their sleep study
(i.e. injection within three months of study) were included.

Comparison patients were determined using a strategy to match subjects and minimize
known potential confounders that might affect sleep spindles. For each MPA patient, all
diagnostic polysomnograms performed in women not taking benzodiazepines or
benzodiazepine receptor agonists who were within 3 years of age relative to the MPA
patient were considered as potential matches. Patients with significant sleep disordered
breathing, sleep-related movement disorder, neurologic, or psychotic disorder (using the
above criteria), or use of any hormonal (including estrogen and/or progestin) therapy or
contraceptive were excluded as potential matches. From this subset, further matching was
performed based on presence or absence of concomitant antidepressant medication, to
minimize potential confounders of depression and/or antidepressant therapy (Dotan et al.,
2008; Plante et al., 2013). The final list of both MPA and comparison subjects was
determined prior to visual inspection, processing, or analyses of the polysomnographic data.

2.2. EEG Recording and Analysis
All patients underwent routine overnight in-laboratory polysomnography (using identical
amplifiers and other recording equipment) that utilized standard electroencephalogram
(EEG), electrooculogram (EOG), sub-mental electromyogram (EMG), electrocardiogram
(ECG), bilateral tibial EMG, respiratory inductance plethysmography, pulse oximetry, and a
position sensor. A registered polysomnographic technologist scored sleep stages in 30
second epochs using Alice® Sleepware (Philips Respironics, Murrysville, PA) according to
standard criteria (Iber et al., 2007). EEG signals were sampled at 200 Hz.

Data processing and analysis procedures were conducted using data from channel F3-A2.
This derivation was selected a priori because prior investigations have utilized this channel
for similar analyses (Lopez et al., 2010), and we did not have hypotheses regarding whether
there would be between-group differences in slow (e.g. 11–13 Hz) or fast (e.g., 13–16 Hz)
sleep spindles, which are more prominent in frontal and central regions, respectively
(Schabus et al., 2007). F3 was judged to be the best channel to balance topographic
differences in sleep spindles that vary depending on the frequency of the waveform because
topographic data have suggested comparable spindle density of fast spindles in frontolateral
(i.e. F3) and centrolateral (i.e. C3) channels (Ferrarelli et al., 2010; Plante et al., 2013), the
density of fast sleep spindles decreases dramatically with lateral displacement from the
midline, and the use of centrolateral EEG channels have missed pertinent between-group
differences in fast sleep spindles (Ferrarelli et al., 2007).

Semi-automatic artifact rejection (performed blind to study group) was used to remove
individual epochs with excessive artifact (e.g. muscle movement). To maintain congruence
between spectral analysis and traditional sleep staging based on 30-second epochs, spectral
analysis of NREM sleep was performed in consecutive 6-second epochs (Welch’s averaged
modified periodogram with a Hamming window), resulting in a frequency resolution of 0.17
Hz, consistent with prior studies from our laboratory (Goldstein et al., 2012; Plante et al.,
2012). Power spectra of artifact-free NREM epochs (stages N2 and N3) were compared for
all 0.17 Hz frequency bins from 1 to 25 Hz between MPA and control groups. Significant
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between-group differences in EEG spectral power within the spindle range (approximately
11–16 Hz) were used to focus the spindle detection algorithm (Iber et al., 2007).

2.3. Spindle Range Activity and Detection
Spindle detection and analyses were performed similar to prior studies in our laboratory
utilizing a customized spindle detection algorithm in MATLAB (MathWorks, Natick, MA)
(Ferrarelli et al., 2007; Ferrarelli et al., 2010; Plante et al., 2013). NREM epochs were
filtered within frequency bands for which between-group differences were observed, and
rectified filtered signals were used as the time series. Spindle detection occurred when the
mean signal amplitude exceeded an upper threshold (6 times the mean amplitude). The peak
amplitude for each spindle was defined as the local maximum above the upper threshold.
The beginning and end of the spindle occurred when the amplitude of the time series
dropped below a lower threshold (two times the mean amplitude), occurring ≥0.25 seconds
from the peak. Four spindle parameters were calculated for each patient: density (number of
spindles detected divided by NREM sleep time), maximal amplitude (mean peak amplitude
of all detected spindles), duration (mean duration of all detected spindles), and integrated
spindle activity (ISA; integrated absolute amplitude values of each spindle divided by
NREM sleep time) (Ferrarelli et al., 2010).

2.4. Statistics
Sleep architecture measures, spectral power, and spindle parameters were compared using
unpaired two-tailed t-tests. Statistical analyses were performed using MATLAB. All values
in the text are reported as mean±standard deviation.

Results
Twenty-one patients taking MPA who met inclusion/exclusion criteria were identified, along
with 21 matched comparison patients. MPA and comparison groups demonstrated similar
ages (range 16–54 years for MPA; 15–53 years for comparison patients) and body habitus
(Table 1). Elevated body mass indices in both groups were consistent with obese
populations frequently referred for polysomnography to evaluate for sleep-disordered
breathing. In terms of medical co-morbidities, 1 MPA patient and 1 comparison patient had
diabetes mellitus, 4 MPA patients and 1 comparison patient had hypertension, and two
healthy comparison patients had treated hypothyroidism. There were no significant
differences between groups in terms of sleep architecture variables, AHI, or PLMAI (Table
1).

Fifteen MPA patients and their matched comparison subjects were taking antidepressant
medication(s) at the time of their sleep study, either alone or in combination. Among MPA
patients, 9 were taking specific serotonin reuptake inhibitor/seritonin-norepinehprine
reuptake inhibitors (SSRIs/SNRIs), 3 were taking tricyclic antidepressants (TCAs), and 5
were taking bupropion; among comparison patients, 14 were taking SSRIs/SNRIs, 2 were
taking TCAs, and 2 were taking bupropion. Three MPA patients were also taking topirimate
and one comparison subject was taking lamotrigine. These agents were not exclusionary
because, to our knowledge, they have not been shown to alter sleep spindles. However, as
antiepileptic drugs (AEDs), they could theoretically have effects on the GABA-A receptor
and in turn, affect spindle activity (Greenfield, 2013). Otherwise, patients were not taking
other CNS active agents known or theorized to potentially alter spindle activity.

Semi-automated artifact rejection retained greater than 90% of NREM epochs in each group
for analyses, and the percent of retained NREM epochs did not differ between groups
(90.7±2.9% among MPA vs. 91.1±2.1% among comparison patients, p=0.57). Spectral
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analysis demonstrated significant increases in the high spindle range (14.0–16.0 Hz) in MPA
relative to comparison groups, with no other significant differences in spectral power
(Figure 1a). Spindle detection and analyses within this 14.0–16.0 Hz frequency range
demonstrated significantly greater spindle density (1.82±0.83 vs. 1.21±0.65 counts/min,
p=0.012) and peak amplitude (12.40±3.65 vs. 9.74±1.97 μV, p=0.006) among MPA relative
to control groups, without significant differences in spindle duration (1.22±0.16 vs.
1.19±0.14 seconds, p=0.51) or ISA (3.16±1.66 vs. 2.39±1.66, p=0.14) (Figure 1b–e).

Post hoc exploratory analyses using data extracted from C3-A2 demonstrated a similar
increase in spectral power among MPA patients relative to controls that was isolated to a
15.0–16.5 Hz band, with no other significant differences in spectral power from 1–25 Hz
(data not shown). Similar to data from F3-A2, MPA patients demonstrated increased spindle
density (1.19±0.63 vs. 0.73±0.50 counts/min, p=0.012) and maximal amplitude (9.31±2.09
vs. 7.35±1.89 μV, p=0.003) within this frequency range. In addition, MPA patients
demonstrated a significantly greater duration of sleep spindles (1.53±0.12 vs. 1.45±0.09
seconds, p=0.014) and a trend towards greater ISA (2.94±1.26 vs. 2.18±1.51, p=0.086)
relative to comparison subjects.

Additional post hoc investigation in which patients taking non-exclusionary AEDs were
removed from analyses did not alter statistical significance of any reported findings.

Discussion
Our findings demonstrate that use of depot medroxyprogesterone acetate (MPA) is
associated with increases in spindle range activity, as well as sleep spindle density and
maximal amplitude during NREM sleep in women. Our results corroborate prior
circumstantial research that has suggested a role of progesterone in the production of sleep
spindles, and provides more substantive evidence that progestins potentiate the generation of
sleep spindles.

These results have important implications for research that examines the role of sleep
spindles in several areas of neuroscientific inquiry, particularly sleep-dependent memory
consolidation and psychotic illness. Recent work by Genzel and colleagues has
demonstrated a sex and menstrual cycle effect on memory performance following naps in
healthy subjects, with women demonstrating both improvement and increased spindle
activity only during the mid-luteal phase of their menstrual cycle (Genzel et al., 2012).
Intriguingly, estrogen levels correlated with offline change in declarative memory, and
progesterone with motor learning, suggesting a complex relationship between sex steroids,
sleep spindles, and type of memory consolidation in healthy women. Moreover, both animal
models (Phillips et al., 2012) and patients with schizophrenia have demonstrated decreases
in sleep spindles (Ferrarelli et al., 2007; Ferrarelli et al., 2010). Schizophrenia patients have
also shown impairment of sleep-dependent memory consolidation of motor learning
(Wamsley et al., 2012), as well as alterations of steroids in the progesterone metabolic
pathway (Bicikova et al., 2013), suggesting further research that clarifies the relationships
between these variables may be a fruitful avenue of research. The results of our study
suggest that MPA, which has limited affinity for estrogen receptors and antiestrogenic
activity (Schindler et al., 2008), may be a useful pharmacologic probe to help disentangle
the complex, but important relationships between sleep-dependent memory consolidation,
sleep spindles, and sex steroids, both in healthy subjects and patients with psychiatric
disorders.

Prior investigations that have examined changes in spectral power in men administered
exogenous progesterone have demonstrated increases in spectral power above 15 Hz isolated
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to the later portions of the night, without significant increases observed when averaged
across all NREM sleep (Friess et al., 1997). Our findings of increased spindle range activity
among women taking MPA, that were derived from all-night NREM data, suggest the effect
of exogenous progestins on sleep spindles may be enhanced in women relative to men.
Moreover, it is interesting that our results suggest changes in spectral power associated with
MPA are isolated to the spindle range, and are not associated with higher frequency beta
activity (e.g. >17 Hz). Thus, although speculative, increases in beta activity above the
spindle range observed in prior studies that have compared the luteal to follicular phase of
the menstrual cycle (Baker et al., 2007), may be due to other factors associated with
transitions between menstrual phase, beyond changes in progesterone.

Although this study was not designed to determine the biological mechanism through which
MPA enhances the production of sleep spindles, the observed effects are most likely to be
mediated through interaction with GABA-A receptors in the thalamic reticular nucleus.
Animal models have demonstrated MPA increases central allopregnanolone (Bernardi et al.,
2006), which is also synthesized in the brain from endogenous progesterone by 5p-reductase
type I and 3p-hydroxysteroid dehydrogenase, both of which are co-expressed in GABAergic
reticular thalamic nuclei neurons (Agís-Balboa et al., 2006). Allopregnanolone is a potent
allosteric modulator of GABA action at GABA-A receptors, which play a crucial role in the
generation of sleep spindles in the reticular nucleus (De Gennaro and Ferrara, 2003; Belelli
and Lambert, 2005). However, because MPA is also an agonist at both androgen and
glucocorticoid receptors (although with substantially less affinity than progesterone
receptors) (Schindler et al., 2008), it is possible that increases in sleep spindles observed in
this study may be mediated by some other neurohormonal pathway. An alternative
mechanism through which progesterone may potentiate sleep spindles is via increased
temperature, since oral contraceptives (containing both estrogen and progestins) have been
demonstrated to increase core body temperature (Baker et al., 2001), which may in turn,
alter spindle range activity (Deboer, 1998). Because our study is not able to clarify the
pathway through which MPA potentiates sleep spindles, further research is indicated to
elucidate the direct mechanism through which MPA enhances sleep spindles in vivo.

There are limitations of this study that merit discussion. First, the number of available sleep
studies that met inclusion/exclusion criteria determined sample size, and thus we may have
had inadequate power to detect differences in spindle duration and/or ISA. Second, we do
not know if comparison patients were in the follicular or luteal phase of their menstrual
cycle, which may confound results and affect the magnitude of between-group differences.
In the same vein, we do not have measurements of serum levels of progesterone or
medroxyprogesterone, which would strengthen our results if these were to correlate with
measures of spindle density and/or morphology. Also, primary analyses were performed
using a single EEG channel, and thus further research that examines the topographic effects
of MPA on sleep spindles across the cortex is warranted, particularly given differences in
the regulation of slow and fast spindles (Schabus et al., 2007; Ayoub et al., 2013), and recent
evidence that sleep spindles are localized phenomena (Nir et al., 2011). Additionally, despite
careful matching of comparison patients and the use of depot MPA which limited potential
confounds (medication non-adherence, age, etc.), because these data were derived from a
clinical population, differences between groups may have been due to some other factor that
was not controlled for in our study design. In particular, the use of antidepressant medication
as a surrogate marker for depression has inherent limitations, and ideally, formal evaluation
for the presence or absence of a personal (or family) history of a mood disorder, as well as
assessment of active symptomatology at the time of the study, would have been preferred,
but was not possible given the constraints and accuracy of available data. Similarly, we do
not know menopausal status or the reasons patients were taking MPA, and thus, the
conditions for which MPA was prescribed could theoretically underlie the observed
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differences between groups. Conversely, the fact that the hypothesized increases in sleep
spindle density and peak amplitude were observed between potentially heterogeneous
patient groups suggests that the effects of MPA may be quite robust, since statistical
significance was evident despite the increased variability inherent to real world patient
populations. Finally, this study was retrospective rather than prospective, and thus future
research employing placebo controlled randomized trials would be more suitable to
demonstrate a causal relationship between MPA and increases in sleep spindles.

In conclusion, we have demonstrated depot medroxyprogesterone acetate is associated with
increased sleep spindle density and maximal amplitude during NREM sleep in a clinical
sample of women referred for overnight polysomnography. These findings provide evidence
that progestins play a role in the potentiation of sleep spindles. Further research that explores
the connections between progestins, cognitive functioning, neuropsychiatric disease, and
sleep spindles is warranted to clarify the functional significance of these findings.
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Figure 1.
Differences in sleep spindle parameters between women taking depot medroxyprogesterone
acetate (n=21) and matched controls (n=21) from F3-A2. A) EEG spectral power averaged
across NREM sleep and statistical group comparison of individual 0.17 Hz bins from 1 to 25
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Hz, B) spindle density, C) peak amplitude, D) duration, and E) integrated spindle activity
between MPA and control groups. All data plotted ± SEM.
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Table 1

Demographic, clinical, and polysomnographic data.

MPA CON p*

(N=21) (N=21)

Age (years) 34.1 (11.5) 34.0 (11.8) 0.98

BMI (kg/m2) 39.0 (9.5) 37.0 (9.6) 0.50

TST (min) 382.4 (99.8) 415.6 (109.1) 0.31

WASO (min) 73.8 (65.0) 58.6 (39.6) 0.36

SE (%) 79.2 (16.6) 83.7 (9.0) 0.28

SOL (min) 22.7 (29.6) 19.6 (15.5) 0.67

N1 (%) 11.8 (8.3) 9.9 (8.4) 0.48

N2 (%) 61.4 (10.8) 62.2 (10.3) 0.80

N3 (%) 12.1 (9.4) 9.7 (7.3) 0.36

REM (%) 14.7 (8.6) 18.2 (7.8) 0.18

REML (min) 137.9 (102.7) 148.9 (85.9) 0.71

AHI (#/hr) 3.3 (4.2) 1.8 (3.0) 0.19

PLMAI (#/hr) 3.3 (2.9) 2.0 (1.6) 0.09

MPA, (depot) medroxyprogesterone acetate; CON, control; BMI, body mass index (kg/m2), TST, total sleep time; WASO, wake after sleep onset;
AI, arousal index; SE, sleep efficiency (TST/time in bed); SOL, sleep onset latency; N1/2/3, NREM stage 1/2/3 (% of TST); REM, stage REM (%
of TST); REML, REM latency (time from sleep onset to first REM sleep epoch); AHI, apnea-hypopnea index; PLMAI, periodic limb movement
arousal index.

Values are displayed as mean (standard deviation).

*
p-value derived using 2-tailed, independent samples t-tests.
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