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Abstract 

 

Title of Dissertation: Identification of Key Preoptic Area Nuclei Mediating Sex 
Differences and Estrogenic Modulation of Sleep in a Rodent Model 
 
Danielle M. Cusmano, Doctor of Philosophy, 2014 

 
Dissertation Directed by: Dr. Jessica A. Mong, Associate Professor, Department of 
Pharmacology 
 

 

Women are twice as likely as men to experience sleep disruptions and insomnia 

throughout their lifespan. The reason for this sex difference in sleep is unknown. In 

females, findings from clinical and basic research studies strongly implicate a role for 

gonadal steroids in sleep modulation. Sleep disruptions and complaints in women 

typically coincide with marked changes in the gonadal steroidal profile during puberty, 

the menstrual cycle, pregnancy, and menopause. Likewise, fluctuations in the ovarian 

hormonal milieu across the estrous cycle in female rodents correlate with changes in 

sleep and wakefulness, such that when estradiol levels are elevated sleep is suppressed. In 

male rodents, sleep remains relatively unchanged following changes in testosterone 

levels. Here, we sought to address the mechanism by which gonadal steroids selectively 

suppress sleep in females. Using a rat model, we found that sex differences in sleep 

resulted from activational effects of estradiol on sexually differentiated brain circuitry. 

Sexual differentiation of the brain organized the sleep circuitry, specifically the 

ventrolateral peroptic area (VLPO) and the median preoptic nucleus (MnPN). We found 

that estrogen receptor alpha expression in the MnPN was higher in females compared to 

males, making this nucleus an ideal target for estradiol’s actions on sleep. In females, 



antagonism of estrogen receptors within the MnPN attenuated the estradiol-mediated 

suppression of sleep. Furthermore, direct infusion of estradiol into the MnPN induced 

wakefulness and suppressed sleep. The orexinergic neurons in the lateral hypothalamus 

are regulated by MnPN activity and orexin is a key neuropeptide involved in arousal and 

suppression of sleep. We hypothesized that estradiol action in the MnPN would release 

the inhibitory tone on orexin but antagonism of orexin receptors did not completely block 

estradiol’s suppressive effects on sleep. We also found a sex difference in the sleep-

promoting effect of the dual orexin receptor antagonists, such that females experienced 

prolonged wake suppression compared to males. Together, these data begin to address 

major gaps in our knowledge regarding sex differences and hormonal modulation of 

sleep. Advancing our understanding of the mechanisms underlying hormonal modulation 

of sleep is imperative for better treatment of sleep disruption in women. 
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Chapter 1: General Introduction 
 

For decades, scientists have been plagued with questions of how and why we 

sleep. Until the early 20th century, sleep was thought to be a passive process, caused by 

the cessation of stimuli that maintain consciousness. The first sleep-active nucleus was 

discovered less than 20 years ago, and since its discovery our understanding of how sleep 

is initiated and regulated has grown at a rapid pace. However, many unanswered 

questions still remain regarding underlying mechanisms of sleep and even its function. 

Much of what we know about sleep has been generalized to the male physiology. Women 

and female lab animals have been underrepresented in sleep research, even though sleep 

complaints are twice as prevalent in women throughout all stages of life. The cause of sex 

differences in sleep remains unknown.          

 

Sleep  

Sleep is defined as a reversible physiological state of reduced consciousness and 

activity. Behavioral states defined as sleep or sleep-like should meet the following 

criteria: (i) a state of inactivity that reoccurs on a daily basis, (ii) a stable but reversible 

state that has an increased arousal threshold to stimuli, (iii) a state that is regulated by 

homeostatic responses, (iv) a state specified stereotypic posture that is species-specific, 

and (vii) state-related changes in neural functioning [for review (1,2)]. Based on these 

criteria, all organisms in the animal kingdom, from insects, mollusks, fish, reptiles, 

amphibians, birds, to mammals experience daily states of sleep-like behavior [for review 

(1,3)].  
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The amount and timing of sleep varies greatly between species but the presence 

and need for sleep is evolutionarily conserved [for review (1)]. Incredibly diverse sleep 

patterns exist even within mammals that have the more classically defined sleep periods 

[for review (1)]. Diurnality influences when in the 24h day sleep occurs. Diurnal animals 

sleep during the night, whereas nocturnal animals sleep during the day and are active at 

night. Sleep can also be consolidated (monophasic) or fragmented (polyphasic). Humans 

have consolidated periods throughout the night that average ~7-8 hours. Rodents have 

fragmented sleep, cycling though sleep and wake quickly. Rats sleep about 12-13 hours 

per day but their average sleep bout duration is ~3-5 minutes. They accumulate the 

majority of their sleep during the quiescent phase, but still sleep during their active phase. 

It is unclear why this diversity exists. One hypothesis is predation pressure (4). The 

reduced state of consciousness characteristic of sleep leaves organisms vulnerable to their 

environment. Animals that are easily preyed upon such as rodents must frequently survey 

their environment and thus have adapted sleep patterns that are interrupted by shorts 

period of wakefulness. Marine mammals have a unique form of sleep that occurs only in 

one hemisphere of the brain. This type of sleep may have evolved to allow for surfacing 

to breathe while sleeping [for review (5)].  

Daily reoccurrence of sleep is controlled by endogenous circadian, or daily, 

rhythms [for review (6)]. Circadian rhythms are endogenous changes that occur in 

biological processes throughout a period of about 24h. The suprachiasmatic nucleus 

(SCN) is the brain’s master clock and pacemaker and controls circadian rhythms [for 

review (7)]. Sleep is just one type of circadian rhythm. There are also rhythms in core 

body temperature and melatonin. Body temperature is elevated during the day and drops 
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at night. Melatonin, the sleep hormone, is produced by the pineal gland a couple hours 

before an individual’s bedtime and peaks around 2-3AM. These rhythms can occur in the 

absence of external cues because the SCN has an endogenous rhythm. For example, 

periods of sleep and wakefulness will occur even in the absence of light. Rhythms can be 

entrained, or reset, around a given stimulus, like light or food [for review (8)]. Despite 

circadian influences on sleep, the SCN does not have direct connections to the sleep 

circuitry. The duration of sleep remains unchanged in animals with SCN lesions, but the 

sleep is fragmented (9-11). Although the circadian system influences sleep timing, sleep 

behavior is mediated by sleep-specific factors and circuitry. 

 

Characteristics of Sleep 

Before advances in technology, sleep was thought to be due to termination of 

brain activity and ultimately a state of unconsciousness (12). With the advent of 

electroencephalography (EEG), it became clear that the brain exhibits characteristic 

activity during sleep (13). The EEG consists of multiple surface electrodes that measure 

brain activity. The output is the summation of synaptic activity of the cortical neurons 

below the surface of the skull. Using this device, Hans Berger discovered that the brain 

was not quiet during sleep. He described the wake EEG recording as desynchronized, 

being composed of two types of waveforms: alpha and beta waves (Fig. 1) (13). These 

waveforms are high frequency (8-12Hz and 16-24Hz, respectively), low amplitude 

waves. Alpha waves typically occur during quiet wake and periods of relaxation and 

drowsiness, while beta waves are more prominent during active wake and consciousness. 

The transition from wake to sleep is often characterized by the changes in the alpha 
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rhythm. Unlike the wake EEG, the sleep EEG displays slow, synchronized cortical 

activity, not the absence of activity as was predicted (Fig. 1). We now know that cortical 

activity is driven by thalamocortical system and forebrain projections so EEGs reflect the 

underlying activity of these brain regions.  

 

 

Figure 1. Representative traces of EEG and EMG waveforms from a telemetric recording. 

 

Sleep Stages 

Loomis, Harvey, and Hobart were the first to describe sleep based on 

characteristic EEG activity (14). They noticed 5 distinct stages of EEG activity: alpha, 

low voltage, spindles, spindles plus random, and random. These brain waves characterize 

the sleep state known as non-rapid eye movement sleep (NREMS). NREMS consists of 3 

stages (N1-N3), ranging from light sleep (N1) to deep sleep (N3) (15). Stage N1 is a 

relaxed state of drowsiness; individuals have slow eye movements and can be easily 

aroused from stage N1 sleep. The stage N1 EEG is composed predominately of theta 

waves in the 4-8Hz frequency range. Stage N2 is a deeper sleep than N1, but individuals 

are still easily awakened. During stage N2, the EEG is characterized by the presence of 

K-complexes and sleep spindles. K-complexes are high amplitude bi- or tri-phasic waves 

and can be both spontaneous and evoked by sensory stimuli (16). K-complexes are 

common during the transition into stage N3 and proposed to protect the sleep state from 
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sensory stimuli [for review (17)]. Sleep spindles are quick bursts of activity in the 11-

16Hz frequency range generated in the thalamus (18). Sleep spindles are thought to be 

involved in synaptic plasticity and learning and memory and, like K-complexes, are 

believed to protect the sleep state from sensory stimuli [for review (19)]. Stage N3, also 

called slow wave sleep (SWS), is the deepest stage of sleep. It is characterized by the 

predominance of the low frequency and high amplitude delta waves in the EEG. 

Quantification of these slow waves is referred to as slow wave activity (SWA) and 

considered a neurophysiological marker of sleep depth and intensity.  

A second sleep state was discovered serendipitously by Aserinsky and Kleitman 

in the early 1950s (20). Researchers did not typically stay for observation after their 

subjects began to drift to sleep. Aserinsky was monitoring recordings from his son when 

he noticed transitions in his sleep EEG and rapid, jerky eye movements not reminiscence 

of sleep (21). This was the first observation of rapid eye movement sleep (REMS). 

Further investigation of the sleep state revealed that it is also associated with increased 

cardiac and respiratory rates as well as dreaming (20). In 1959, work by Jouvet and 

colleagues in animals demonstrated that REMS is unique from NREMS, as it is 

characterized by high frequency EEG and muscle atonia (Fig. 1) (22). The EEG during 

REMS is more reminiscent of wakefulness and was thus termed “Le sommeil paradoxal,” 

paradoxical sleep, by Jouvet (22).  

More recently, EEG has been combined with other physiological measurements 

that include muscle tone, eye movements, heart rate and respiratory rate, for a more 

complete measure of sleep behavior. Polysomnography (PSG) incorporates these 

physiological parameters to determine stage, depth, intensity, and quality of sleep. 
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Muscle tone is reduced from wake to NREMS and absent during REMS. Rapid eye 

movements are characteristic of the REMS state. Additionally, both cardiac and 

respiratory rates are lower during NREMS than wake and REMS. These physiological 

measures can also aid in the diagnosis of sleep disorders. For example, sleep apnea is a 

disorder where sleep is disrupted by pauses in breathing. A PSG sleep study can identify 

the duration, timing and sleep-stage association of these events. 

 

Sleep Patterning 

Sleep occurs in cycles throughout the night. Individuals typically transition 

through the stages of NREMS from light sleep to deep sleep (N1-N3) and then to REMS. 

On average, sleep cycles occur about every 90 minutes, roughly 3-5 times per night (23). 

Stage N3 is more prominent during the early part of the night, while REMS periods 

increase in duration as the night progresses (Fig. 2A). 

The amount of time spent in each sleep phase is strongly influenced by age (Fig. 

2B) (24,25). Following birth, infants spend more than 14 hours asleep. About 50% of that 

time is spent in REMS. The amount of REMS sharply declines following early 

development and remains relatively stable until older age (24,26). During the adolescent 

period, sleep and EEG sleep characteristics undergo significant changes. Studies 

consistently find delays in sleep onset, or shifts to later bedtimes during adolescence [for 

review (27,28)]. Total sleep is reduced during this time (29-31), but it is mainly due to a 

significant decrease in SWS by about 40% (32). Delta power is also reduced (33-35), and 

this reduction occurs earlier in girls than in boys, mainly due to the earlier onset of 

puberty in girls (33,36). This decline in SWS is associated with brain reorganization and  
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Figure 2. Sleep characteristics. (A) Individuals cycle through the stages of sleep multiple times 

throughout the night. NREMS stage N3, or SWS, is longer and occurs earlier in the night while 

REMS increases in duration and frequency as the night progresses. (B) Sleep declines with 

increasing age. Infants have the highest amount of total sleep and REMS. There is a sharp decline 

in REMS following infancy, which remains relatively stable before it begins to slowly decline 

later in life. Total sleep time (TST), on the other hand, continually declines with increasing age. 

Figure was modified from Rofffwarg et al [1966] Science. 
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maturation during adolescence. The decrease in delta is hypothesized to be due to 

reductions in synaptic density and cortical grey matter (36-38) [for review (39)]. It is 

unclear if hormonal factors during puberty significantly influence the cortical changes 

underlying the reduction in delta power.      

In the elderly population, the intensity and quality of sleep is greatly reduced 

(24,25). Older individuals commonly report disrupted sleep, which is characterized by 

increased sleep latency, frequent night awakenings, and daytime sleepiness. Stage N1 and 

N2 sleep are increased and SWS is decreased (40). Due to frequent sleep difficulties, the 

use of sleep aids is also more common in the aged population (41,42). These changes in 

sleep may be due to age-related changes in sleep-wake circuitry activity or circadian 

rhythms, decreases in homeostatic sleep pressure, or comorbidities like depression [for 

review (43)]. 

 

Function of Sleep 

Sleep has been extensively studied, yet the function of sleep remains elusive. One 

prevailing theory is that sleep serves a restorative function for the brain and body. Energy 

expenditure is high during wake. Neuronal activity requires energy, specifically ATP. It 

is metabolized to adenosine, accumulates with wakefulness and dissipates during sleep. 

The accumulation of adenosine is implicated in the onset of sleep [for review (44)]. Sleep 

may serve as a time to restore the cellular pools of energy by reducing energy utilization 

and by facilitating the recycling of adenosine back to ATP [for review (45)]. The synaptic 

homeostasis hypothesis proposes that sleep is a period of “renormalization” [for review 

(46)]. Synapses are pruned and strengthened to form stable memories and cellular 
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homeostasis is restored [for review (46,47)]. Many studies have highlighted the 

importance of sleep in brain plasticity associated with learning and memory. Sleep is 

critical for the formation and consolidation of new memories [for review (48,49)]. 

Memory retention and performance of learned tasks improves after periods of sleep (50-

55). Electrophysiological correlates of learning and memory, particularly long term 

potentiation (LTP) in hippocampal neurons, are attenuated by periods of sleep 

deprivation (56-59), specifically cyclic adenosine monophosphate (cAMP) and protein 

kinase A (PKA)-dependent LTP (60). At a molecular level, sleep loss impairs cAMP-

PKA signaling by increasing the amount and activity of enzyme responsible for cAMP 

degradation, phosphodiesterase (PDE4), and ultimately leading to decreased 

phosphorylation of the downstream target, cAMP response element binding protein 

(CREB) (60). These findings implicate that the cellular and molecular underpinnings of 

memory and memory formation are regulated by sleep.  

A recent study emphasizes a critical role for sleep in cellular homeostasis. During 

sleep, the interstitial space of the brain increases by more than 60% enabling clearance of 

metabolic byproducts by the glymphatic, or brain lymphatic, system in rats (61). Xie and 

colleagues report that sleep improves the clearance of amyloid beta, which is a toxic 

cellular byproduct and component of protein aggregates associated with Alzheimer’s 

disease. Waste clearance may play a key part in the restorative function of sleep and may 

aid in the prevention of neurotoxicity associated with neurodegeneration. 

The sleep theories described above mainly focus on a functional role for NREMS, 

particularly SWS. It is unclear if REMS significantly contributes to these functional roles 

of sleep. Two main functional hypotheses for the role of REMS include the ontogenetic 
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and readying the brain for wake hypotheses. REMS is high during early development and 

drastically declines with age, implicating a role for REMS in brain development and the 

formation of mature circuits which is readily occurring during this time (24). Roffwarg 

and colleagues hypothesized that the brain stimulation during REMS assisted in 

developmental processes (24). It is now understood that REMS enhances cortical 

plasticity during development which enables the sculpting of the sensory systems in the 

brain [for review (62)]. But REMS occurs in adults as well so what role does it play 

during adulthood? Studies investigating the effects of sleep loss on neurogenesis suggest 

that REMS may be important hippocampal cell proliferation [for review (63)]. The 

prevailing REMS theory is that REMS prepares the brain for wakefulness [for review 

(3)]. REMS increases towards the end of the night and individuals typically awaken from 

a REM episode. Therefore, it is hypothesized that the REMS state aids the brain in 

recovering from sleep and helps get it back online. REMS deprivation due to lesions or 

monoamine oxidase inhibitors does not lead to any difficulties waking up, challenging 

this longstanding hypothesis for the role of REMS.  

 

Consequences of Sleep Loss 

Studies investigating the consequences of sleep loss highlight the importance of 

sleep for both the brain and body. Partial sleep deprivation can result from sleep 

fragmentation (frequent night awakenings disrupting sleep), selective sleep state loss 

(NREMS vs. REMS) or sleep restriction (reduced sleep duration) [for review (64)]. Sleep 

restriction commonly occurs in our society. It causes impaired alertness and cognitive 

functioning, and impaired physiological responses including cardiovascular, metabolic, 
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immunological functioning [for review (64,65)]. Chronic insufficient sleep also increases 

one’s risk for affective mood disorders like depression and anxiety [for review (66,67)], 

and mortality (68,69).  

Sleep loss in children has similar effects on physiology and cognition. Childhood 

insufficient sleep is associated with behavioral problems (70,71) [for review (72)], 

anxiety and depression (70,73), as well as metabolic problems associated with an 

increased risk for obesity (74). Studies using animal models indicate that sleep loss 

during development impairs sensory system development and can affect adult behaviors. 

In fruit flies, learning (75) and courtship behaviors (76) are impaired due to sleep loss 

during developmental and in rats, selective REMS loss reduces adult male sexual 

behavior (77). 

 There is a prominent role for sleep in endocrine functioning so it is not surprising 

that sleep loss has profound effects on endocrine regulated processes. Many hormones 

are secreted during sleep. Growth hormone, for example, is secreted during sleep and is 

predicted to involved in the restorative function of sleep (78). Conversely, cortisol, the 

stress hormone, is reduced during sleep and rises just before the onset of wake. Metabolic 

function is strongly influenced by sleep [for review (79)]. Sleep loss disrupts satiety 

signals and alters glucose metabolism and tolerance. This increases the risk for obesity, 

insulin resistance and type II diabetes. [for review (80)]. Additionally, sleep influences 

the activity of the hypothalamic-pituitary-gonadal axis, which is important for the normal 

reproductive functioning. Shifts in sleep patterns like during jetlag or shift work are 

associated with menstrual disturbances and reproductive dysfunction [for review (81)]. 
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These are just a few examples of how chronic insufficient can have adverse effects 

endocrine system function.  

Sleep-Wake Circuitry 

It was long assumed that sleep was caused by the lack of stimuli or signaling to 

the areas that control wakefulness, and therefore, a passive process. In 1930, Constantin 

von Economo proposed that sleep was actually an active process, regulated by distinct 

brain areas (12). During the late 1910 and early 1920s, there was an outbreak of the 

encephalitis lethargica. The cause was unknown, but now possibly linked to a rare 

streptococcal infection that induces a strong immune response (82). von Economo 

observed patients that showed behaviorally distinct symptomology. One group 

experienced extreme sleepiness, while another had insomnia. Lesions were found in 

patients with both types of sleep disruptions, “localized anteriorly in the lateral wall of 

the third ventricle, near the corpus striatum … [and] in the posterior wall of the third 

ventricle near the nuclei of the oculomotorius in the cap of the interbrain” for patients 

with insomnia and extreme sleepiness, respectively (12). Based on his observations, he 

states: “we must insist on the anatomical fact that the center for regulation of sleep is in 

the immediate vicinity of the other important vegetative centers located in the 

infundibular region […]” (12). It was not until 66 years after von Economo’s proposal 

that the sleep-switch was identified in the preoptic area.  

 

Sleep-Switch 

 Key to the existence of a sleep-switch is the identification of a nucleus or nuclei 

that is/are (i) active during sleep but not wake, (ii) innervate and inhibit wake-promoting 
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nuclei, and (iii) when inhibited, will induce arousal. In 1996, Sherin and colleagues 

identified the ventrolateral preoptic area (VLPO) in rats as a sleep-active nucleus and 

potentially the sleep-switch von Economo proposed (83). This was the first anatomical 

characterization of a sleep-active area. VLPO neurons express the Fos protein, a proxy 

marker for recently activated neurons (84), during sleep (83,85-88) and show increased 

firing rates during both NREMS and REMS sleep compared to wake (89). These neurons 

are not active during periods of increased sleep propensity, or sleep need, like during 

sleep deprivation, suggesting that the VLPO is not involved in sleep homeostasis (83,89). 

 Lesions of the VLPO reduce total sleep time (90). NREMS loss is linearly 

correlated with the number of cells lost within the VLPO cluster. Near complete ablation 

of the VLPO cluster (~80-90 cell loss) reduces NREMS by ~50% and a near 60% 

reduction in EEG delta power (90). Lesions to the extended portion of the VLPO 

(eVLPO), which is dorsal and medial to the VLPO cluster, are not associated with 

reductions in NREMS but rather to reductions in REMS, indicating that the role of VLPO 

neurons in sleep regulation is different for subpopulations of VLPO cell groups (90). This 

notion is further supported by more recent work indicating that a subpopulation of VLPO 

cells is responsive to changes in REMS homeostasis (91), since they increase wake firing 

during short-term sleep deprivation (92).  

 The VLPO sleep-active neurons contain the inhibitory neurotransmitter gamma-

aminobutyric acid (GABA) and the inhibitory neuropeptide galanin (85,93). These 

inhibitory neurons strongly innervate brain regions associated with arousal (Fig. 3A) [for 

review (94,95)], including the tuberomammilary nucleus [TMN, (83,85,96)], the lateral 

hypothalamus [LH, (96-99)], and brainstem nuclei like the dorsal raphe nucleus [DRN, 
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(96,100)] and locus coeruleus [LC, (96)]. The VLPO receives reciprocal inhibitory 

projections from these arousal nuclei (101). It is this reciprocal, inhibitory connectivity 

that is postulated to mediate the switching between sleep and wake and referred to as the 

“sleep-switch” (95,102).  

The median preoptic nucleus (MnPN) is the only other identified sleep-active 

nucleus. Like the VLPO, the MnPN contains GABAergic sleep-active cells, as well as 

glutamatergic cells (103). The MnPN is a critical nucleus in physiological homeostasis, 

as it is involved in temperature, body fluid and cardiovascular regulation [for review 

(104,105)]. The MnPN is located adjacent to and connected with circumventricular 

organs (106) that lack a complete blood brain barrier and transport humeral factors to the 

brain. These circumventricular organs include the organum vasculosum of the lamina 

terminalis and the subfornical organ. This situates the MnPN in such a way as to respond 

to factors influencing homeostasis from the brain and body.  

The MnPN is a key site for sleep homeostasis. The firing rates of sleep-active 

MnPN neurons increase just prior to sleep, during NREMS and increase even further 

during REMS (107). Similar to the VLPO, Fos expression in the MnPN is also correlated 

to the preceding amount of sleep acquired, however; these neurons also express Fos 

during sleep deprivation (86-88,108). In fact, the number of Fos-positive GABAergic 

cells is greatest when sleep propensity is at its peak. The activity of these neurons 

indicates that the MnPN is sensitive to changes in sleep pressure making it a key 

regulator of sleep homeostasis.   

The MnPN innervates similar arousal nuclei as the VLPO including the LH, DR, 

and LC as well as the periaqueductal gray (vPAG) and the magnocellular preoptic area  
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Figure 3. Sleep-wake circuitry. Sleep-active cells primarily found within the (A) VLPO and (B) 

MnPN project to and inhibit arousal nuclei to promote sleep. (C) REMS-ON in the brainstem are 

under inhibitory control of the REMS-OFF cells. When the REMS-OFF cells are inhibited and 

the inhibitory tone is release on the REMS-ON cells, they become activated and induce REMS. 

(D) Wake-promoting nuclei within the ascending reticular activating system of the brainstem 

project to the hypothalamus and forebrain where they join arousal projections like histaminergic 

and cholinergic neurons from the TMN and BF, respectively, to promote wake. These regions 

also actively inhibit sleep-promoting nuclei in the POA. Adapted from Brown et al. [2012] 

Physiological Reviews.  
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(Fig. 3B) (109). GABAergic MnPN neurons have direct inhibitory control over the 

orexinergic neurons in the perifornical area/ lateral hypothalamus (PF/LH) (110). These 

orexinergic neurons are a key source of arousal signaling, suggesting a sleep-promoting 

mechanism of the MnPN. The MnPN also densely innervates the VLPO and may 

influence sleep by regulating the activity of sleep-active VLPO neurons (101).  

Within the LH, a subpopulation of sleep-active cells was identified (111). These 

neurons express the cyclic neuropeptide melanin-concentrating hormone (MCH) and 

intermingled with neurons expressing the arousal neuropeptide orexin (112-114). 

Intracerebroventricular administration of MCH induces a dose-dependent increase in both 

SWS and REMS, but the promotion of REMS is greater (114). Pharmacological 

antagonism of the MCH receptor induces wakefulness at the expense of SWS and REMS 

(115). Genetic knockout of the MCH receptor report, however, produced conflicting 

results. One study found that MCH receptor knockout mice have increased wakefulness 

and decreased sleep (116), while another reports excess sleepiness in knockout animals 

(117). The exact role of the MCH neurons in sleep is unclear.  

Recent optogenetic studies suggest that MCH plays a key role in sleep onset and 

intensity (118), involved in the transition from NREMS to REMS (119), and help 

maintain REMS (120). Stimulation of MCH cells reduces sleep onset, the duration of 

wake bouts, and increases EEG delta power (118). Stimulation during NREMS sleep 

induces transitions from NREMS to REMS (119) and activation of MCH cells or MCH 

terminals in the TMN increases the duration of the REMS bouts (120). Silencing of MCH 

cells does not affect vigilance state, but controlled ablation via cell-specific expression of 

diphtheria toxin A increases wake and suppresses NREMS only (119).  
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The circuit mediating REMS is localized to the brainstem (Fig. 3C). In the rat, 

three REMS-ON, or REMS-active, nuclei have been identified by their increased Fos 

expression during periods of REMS. These regions include the sublaterodorsal nucleus 

(SLD) and the precoeruleus region (PC) (121,122). Direct infusion of GABA receptor 

antagonists into the SLD disinhibits the SLD and its activation induces REMS (121). 

Lesions of the SLD reduce and fragment REMS (122). The REMS generating neurons of 

the SLD are glutamatergic and induce the muscle atonia associated with REMS 

(123,124). Descending SLD neurons project to premotor neurons in the ventral medulla, 

which inhibit motor neurons in the spinal cord, or directly to the spinal cord to produce 

atonia (122). The SLD also has GABAergic neurons that project to REM-OFF regions 

(122). REMS-OFF cells are localized in the ventrolateral periaqueductal gray (vlPAG) 

and lateral pontine tegmentum (LPT) and have GABAergic projections to REMS-ON 

regions and exert inhibitory control over REMS-ON cell activity (121,122). Chemical 

inactivation and lesions of this region increase REMS (122,125,126). The forebrain 

sleep-switch, particularly the eVLPO, sends inhibitory projections to the vlPAG/LTP to 

potentially aid in the switch to REMS, while orexinergic neurons, which inhibit REMS, 

also project to and activate vlPAG/LTP neurons (122). Cortical activation during REMS 

is generated by activation of the cholinergic neurons of the brainstem. The 

pedunculopontine and laterodorsal tegmental nuclei (PPT/LDT), Electrical stimulation of 

these neurons increases REMS (127,128) and lesions significantly reduce it (129,130).  

 Two hypotheses have been proposed regarding REMS switching. The first is that 

there is a REMS-switch mediated by the reciprocal inhibitory connections between 

REMS-ON and REMS-OFF (122). This model has been proposed because the reciprocal 
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inhibitory connections would allow for the quick transitioning between NREMS and 

REMS. The second hypothesis is that MCH/GABAergic neurons in the LH initiate 

REMS by inhibiting the REMS-OFF cells in the vlPAG [for review (131)]. A large 

number of Fos+ cells are found in the posterior hypothalamus, particularly in the PF/LH, 

following during REMS deprivation. About 75% of those cells were identified as being 

GABAergic and 1/3 of those also express MCH (114,132).  It is currently unclear what 

triggers the switch into REMS. However, optogenetic activation of MCH neurons during 

NREMS triggers a transition into REMS, suggesting that the MCH/GABAergic neurons 

initiate the switch (119).  

 

Wake-promoting nuclei  

In the early 1930s, Frederic Bremer discovered where the nuclei involved in the 

maintenance of arousal were localized. He induced “sleep-like” behavior and delta waves 

following transection at the mid-collicular level of the midbrain in cats but transection at 

the mid-pons or lower did not affect wake (133) [for review (94,134)]. Moruzzi and 

Magoun supported these findings by inducing a “wake-like” EEG through stimulation of 

the reticular formation of the brainstem (135) [for review (94)].  

The nuclei involved in the generation of arousal have been collectively called the 

ascending reticular activating system (ARAS). The ARAS is a network of brainstem 

nuclei involved in forebrain activation during wake and behavioral arousal (Fig. 3D) [for 

review (94)]. There are two pathways making up the ARAS. The first includes brainstem 

nuclei that induce cortical activation via a relay through the thalamus.  The nuclei include 

the cholinergic PPT/LDT, which are active during wake and REMS, and exhibit little 
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activity during NREMS (136-138). The EEG during wake and REMS is similar so it is 

not surprising then that the PPT/LDT are active during both behavioral states.  

The second ARAS pathway consists of brainstem nuclei that project to the 

hypothalamus and to the cortex. These nuclei include the noradrenergic neurons in the 

LC, the serotonergic neurons of the DRN and median raphe nucleus (MRN), and 

dopaminergic neurons in the vlPAG. The noradrenergic neurons of the LC are most 

active during wake, decrease their firing during NREMS and are essentially silent doing 

REMS (139,140). Serotonergic neurons of the DRN and MRN exhibit similar firing 

patterns, such that they fire during wake, slow firing during NREMS, and cease firing 

during REMS (141,142). The dopaminergic neurons in the vlPAG are primarily wake 

active and loss of these neurons significantly reduces wake by >20% (143). Lesions of 

neither the LC nor the DRN/MRN cause significant reductions in wake, suggesting that 

multiple pathways are involved in the induction and maintenance of arousal [for review 

(94,134)]. These brainstem projections along with hypothalamic and basal forebrain (BF) 

projections are involved in the onset and maintenance of arousal. 

In the hypothalamus, the histaminergic neurons of the TMN and the orexinergic 

neurons in the PF/LH promote arousal. The histaminergic neurons exclusively fire during 

wake (144,145). Pharmacological and genetic reduction of histamine signaling increases 

sleep, while enhancing signaling increases wake (146-148). Orexinergic neurons in the 

PF/LH are also more active and release more orexin during wake and towards the end of 

REMS (149-152). Orexin, or hypocretin, is neuropeptide involved in arousal.  The loss of 

orexin leads to the sleep disorder narcolepsy, in which sleep and wakefulness are 

abnormally regulated [for review (153)]. Periods of wake are punctuated by extreme and 
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sudden sleepiness and transitions into REMS. Animal models of narcolepsy have 

revealed the key role orexin plays in vigilance state stabilization (154-158). Orexin 

promotes consolidated wakefulness and also inhibits REMS (155,156,158-162).  

The basal forebrain contains a group of cholinergic neurons that are wake-active 

and involved in high frequency cortical activation. These neurons fire primarily during 

wake and REMS and are involved in cortical activation, especially in the theta (4-8Hz ) 

and gamma (> 30Hz) frequency ranges (163). Wake duration is unaffected by lesions of 

these neurons, but cholinergic loss reduces gamma frequency oscillations in the EEG 

(164,165). The basal forebrain also contains a population of GABAergic neurons that 

project to the cortex and inhibit cortical interneurons during wake, which leads to cortical 

activity (166). 

Clinical and animal models have been profoundly useful in elucidating the 

circuitry underlying sleep and wake. The main focus of current research is to understand 

the factors that influence sleep and affect the activity of the underlying circuitry. Many 

compounds, like adenosine, cytokines, neurotransmitters, and prostaglandins were found 

to influence sleep [for review (167)]. But one currently understudied area of research is 

on sex differences in sleep. We know so little about basic sex differences and gonadal 

steroid modulation of sleep. It is unclear what differences are present and how gonadal 

steroids play a role. The main goal of this dissertation is to begin to explore some of these 

unanswered questions, to ask how sex differences in sleep occur, if the sleep circuitry is 

different, and how and where gonadal steroids act to modulate sleep.  
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Sex Differences in Circadian Rhythms and Sleep 

Biological sex influences circadian rhythms in humans. The timing of the 

circadian rhythms for melatonin and core body temperature occurs earlier in women 

compared to men (168). The duration of the endogenous circadian period, or tau, is 

shorter in women compared to men (169) and the entrainment of the rhythms are 

different in men and women (168). The circadian timing of sleep is different as well. 

Women tend to go to bed earlier and wake up earlier than men (170,171). This difference 

is apparent during puberty and remains until menopause [for review (172)].  

In addition to the timing of sleep, subjective and objective sleep parameters vary 

amongst the sexes. Typically, women complain of disrupted and insufficient sleep more 

frequently than men (173-177). They report poorer sleep quality, difficulties falling 

asleep, frequent night awakenings and longer periods of time awake throughout the night 

(173,177). While subjective sleep studies suggest that women sleep worse than men 

(41,173,176,177), objective sleep studies indicate that women actually sleep better than 

men, having higher amounts of total sleep, more SWA, better sleep quality and a slower 

decline in sleep with aging (178-184). It is unclear what accounts for these paradoxical 

findings between self-report and PSG sleep studies. It is possible that sleep time 

(percentage or total time), sleep onset, number of arousals, and SWS/SWA are not 

sensitive enough measures of poor sleep. More in depth studies of sleep intensity as 

measured via quantitative EEG or spectral analysis are needed.   

The sleep complaints commonly reported in women make up the core 

symptomology of the sleep disorder insomnia. By definition, insomnia is persistent 

difficulties initiating and maintaining sleep associated with poor sleep quality. Along 
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with changes in sleep onset, sleep time, and the number of night arousals, insomniacs 

have an increase in the higher frequency power, specifically in sigma and beta power 

during NREMS (185-190). The presence of these higher frequency bands associated with 

cortical activation may be a better marker of poor sleep quality or insufficient sleep. 

Not surprisingly, there is a gender bias in insomnia, with women at a two-fold 

greater risk for developing insomnia throughout their lifetime compared to men (177,191-

194). This difference in risk emerges at puberty (195-197) and increases with age. More 

recently, EEG spectral analyses found that women have increased high frequency power 

compared to men during NREMS (198). In fact, women have higher spectral density 

across all frequency bands compared to men (183,199,200). These higher frequency 

bands may be the marker for poorer sleep in women that previous studies did not account 

for in their PSG analysis.  

Sleep debt appears to accumulate more quickly in women and may have more 

debilitating effects on overall health. Women experience greater SWA rebound compared 

to men, following a period of sleep deprivation (201). These data suggest that sleep may 

be regulated differently in men and women and that the effects of sleep loss may be more 

severe in one sex over the other. Insomnia and sleep disturbances are risk factors for the 

development of depression (191,202,203). Therefore, women are at even greater risk for 

affective disorders like depression and anxiety due to the higher prevalence of insomnia 

and sleep disruption throughout the lifespan (202,204,205). Emerging clinical findings 

indicate that women suffering from insufficient sleep are at a greater risk of metabolic 

and cardiovascular dysfunction (206-210), affective mood disorders [for review (211)], 

and immune function dysregulation compared to men (212).       
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Hormonal Influences on Sleep Across the Lifespan 

Gonadal steroids are potent modulators of behavior. Gonadal steroids are steroid 

hormones synthesized from cholesterol by the gonads (testes in males, ovaries in 

females), and include testosterone, estradiol, and progesterone. In women, sleep 

complaints typically coincide with periods of hormonal fluctuation like during puberty, 

across the menstrual cycle, during pregnancy or across the menopausal transition [for 

review (213)]. Following menopause, sleep disruptions persist but they are alleviated by 

hormone replacement. This together with the fact that the onset of the sex difference and 

risk for insomnia at puberty implicates a role for the gonadal steroids, estradiol and 

progesterone, in the regulation of sleep in women. 

Women experience the greatest or most marked changes during times of 

hormonal fluctuation with menstrual cycle and menopause being the best-characterized 

periods of sleep disruptions in women. Less is known about the hormonal changes during 

puberty and pregnancy and their association with sleep disruptions. Hormonal changes at 

the onset of puberty are associated with an increased prevalence of sleep disruptions and 

prompt the emergence of sex differences in insomnia (197). During pregnancy, women 

experience significant changes in sleep [for review (214)]; however, it is difficult to parse 

out the direct effects of hormonal changes or those caused by physiological changes due 

to the growth and development of the fetus. As early as the first trimester, women 

experience increased fatigue and report poor sleep quality and restless sleep (215-220). 

Studies indicate that initially total sleep is increased but then declines throughout the 

course of the pregnancy (216,217,219). Pregnancy and puberty, though significant, are 

relatively short periods of time in a woman’s life when gonadal steroids can affect sleep. 
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Nonetheless, sleep loss during these periods may have long-term adverse effects on sleep. 

It is unclear if hormonal events during puberty or pregnancy can influence the sleep 

circuitry or its response to gonadal steroids or challenge long term. It is possible that 

sleep insufficiency during these periods can affect endocrine functioning long term, 

which can then negatively affect sleep and woman’s overall health.  

 

Sleep Across the Menstrual Cycle 

From the onset of puberty until menopause, women experience fluctuations in 

gonadal steroids monthly across the menstrual cycle. In the earlier follicular phase, 

estradiol levels begin to rise, ultimately reaching a peak at mid-cycle which triggers 

ovulation (Fig. 4). Following ovulation, estradiol levels begin to decline but remain 

elevated compared to the early follicular phase. The post-ovulatory phase of the 

menstrual cycle is referred to as the luteal phase during which time progesterone levels 

reach a peak (Fig. 4).  

Studies investigating sleep disruptions throughout the menstrual cycle report 

mixed findings as to the extent of sleep disruptions. Typically, sleep complaints in 

women are commonly reported during the luteal phase, when estradiol and progesterone 

are high compared to during the follicular phase, when levels are low (221-223). PSG 

studies only report increased NREMS spindle activity (224,225) and reduced REMS 

during the luteal phase (224,226-229). These studies highlight the inconsistency between 

subjective and objective measuring of sleep in women.  

 Exogenous hormones, like oral contraceptive use, also influence sleep in women. 

PSG studies find that women taking oral contraceptives have more stage N2 NREMS 
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Figure 4. Fluctuation in ovarian hormonal milieu across the menstrual cycle. During the follicular 

phase, progesterone is at low level, whereas estradiol begins to rise mid-phase and peaks just 

before ovulation. Estradiol dips during ovulation but then remains at a steady elevated level 

during the luteal phase. Progesterone begins to rise just after ovulation and reaches a peak mid-

luteal phase before dropping at the end of the phase.   
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compared to their placebo phase and naturally cycling women (230). SWS sleep is 

reduced (228,230,231) and REMS is increased (231). It remains unclear, however, which 

ovarian hormones are directly affecting sleep.  

Women suffering from menstrual-related disorders, like premenstrual dysphoric 

disorder (PMDD) and polycystic ovarian syndrome, experience significant sleep 

disruptions as well. Women with PMDD, for example, commonly suffer from insomnia 

and complain of poor sleep quality and frequent night awakenings (229,232,233). PSG 

studies found few changes in objective sleep parameters. One study found that women 

with PMDD have more stage 2 NREMS compared to controls but less REMS (229). 

Other studies found increased SWS in women with PMDD (234,235), while another did 

not find differences in objective sleep parameters (233). Subjective sleep parameters in 

women are not congruent with objective measures, providing further evidence that the 

parameters studied may not be indicative of sleep problems in women. EEG spectral 

analyses especially focusing on the higher frequency range may reveal more objective 

changes in sleep during these periods of poor subjective sleep in women.       

 

Sleep Across the Menopausal Transition 

 As a woman ages, she undergoes changes in hypothalamic and ovarian function 

that leads to the cessation of reproductive capacity. The Stages of Reproductive Aging 

Workshop defined the stages of change (236). During the late reproductive stage, there 

are decreases in fecundity and changes in menstrual cycles may become noticeable. 

When a woman enters the menopausal transition, which is often referred to as 

perimenopause, menstrual cycle lengths become variable and hormones along the 
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reproductive axis begin to change. Amenorrhea longer than 60 days begins to occur and 

cycles occur with increasing variability. There are also extreme fluctuations in hormone 

levels and ovulation becomes sparse. Menopause is considered complete when 

menstruation ends and does not reappear for a year. Estradiol levels decline since the 

ovarian functioning ceased. During the postmenopausal period, estradiol levels and other 

hormones remain at low constant levels.  

Along with the physiological changes in hormones, perimenopausal and 

postmenopausal women experience vasomotor symptoms, like hot flushes and night 

sweats, sleep disturbances, changes in mood and affect, and changes in sex drive and 

function (237). 44% to 61% of peri- and postmenopausal women report symptoms of 

insomnia, including difficulties initiating and maintaining sleep [for review (213)]. 

Postmenopausal women have more frequent night awakenings, restless and poor quality 

sleep compared to premenopausal women (238-242). Subjective sleep complaints do not 

correspond to objective markers of sleep during menopause. One study found that post-

menopausal women sleep longer and have more SWS compared to premenopausal 

women (243). The disparity between subjective sleep complaints and objectively 

measured sleep in peri- and postmenopausal women is similar to that observed in 

younger and reproductive age women. A more recent study found that beta power in the 

EEG is elevated in peri- and postmenopausal women compared to premenopausal women 

(236). These findings suggest more cortical arousal during sleep during and after 

menopause.  

 Hot flushes affect 75-85% of women across the menopausal transition. Hot 

flushes are often associated with subjective sleep disruption in menopausal women 
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(239,242,244-249); however, the exact relationship between them remains controversial. 

Some studies indicate that hot flushes are not associated with objective measures of sleep 

disruption (249-252).  However, pharmacologically induced hot flushes in young, non-

menopausal women correlates directly with the degree of sleep fragmentation and 

increased light sleep (253). These data suggest that there is a link between hot flushes, 

night awakenings, and poor sleep, but the nature of this link needs to be further explored.  

 The effects of hormone replacement therapy during menopause on sleep 

disruptions are inconsistent. Many studies have found that hormone replacement therapy 

improves sleep quality and menopausal symptoms, including hot flushes (254-258). 

Other studies indicate that estradiol replacement (with and without progesterone) 

alleviates vasomotor systems (hot flush) but does not significantly improve any sleep 

parameter in post-menopausal women (259-261). Antonijevic and colleagues found that 

estradiol replacement improves subjective sleep quality and EEG but not objective 

measures of sleep (262). Inconsistencies in these findings may be due to differences in 

hormone replacement (type and duration) or the groups of women studied (age, reason 

for and duration of hypogonadism).   

 

Hormone-related Sleep Changes in Men  

It is unclear if gonadal steroids, mainly testosterone, affect sleep in men. 

Testosterone levels closely correspond to the sleep cycle. Testosterone is secreted during 

sleep and peak levels occur just before or after REMS onset (263,264). Sleep disruption 

decrease the amount of circulating testosterone (265,266) and lower levels of 

testosterone, which decline naturally with age, are correlated with less consolidated sleep 
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(267). Sleep apnea, a sleep disorder where there are pauses or disruptions in breathing 

during sleep, is common in men. Some studies found that testosterone influences the 

sleep apnea condition. High-dose testosterone replacement in older men decreases sleep 

efficiency and total sleep time and worsens sleep apnea (268). Others have also shown 

that testosterone administration is associated with sleep apnea (268-271); however, 

blocking androgen action, via flutamide administration, does not affect sleep architecture 

or breathing parameters in men with sleep apnea (272). The exact relationship between 

sleep and testosterone remains unclear.  

 Androgen deprivation therapy for prostate cancer is associated with high reports 

sleep disruptions [for review (273)]. Men undergoing this therapy frequently complain of 

hot flushes and night sweats that disturb their sleep (274-276). Though uncommon, 

estradiol therapy can be used to treat the hot flushes and sleep disruption, as it has been 

shown to effectively alleviate hot flush in men and thereby improves sleep quality (277-

279). It is unclear through if estradiol has any effects on sleep in men.  

 Sleep studies regarding the effects of gonadal steroids in both men and women 

have been rather inconsistent in their findings. The use of animal models is critical for 

furthering our understanding of how gonadal steroids affect sleep. We may clarify some 

discrepancies in our clinical findings if we better understand the circuits gonadal steroids 

can modulate and how they may impact sleep behavior.  

 

Rodent Models of Sleep  

 Animal models are extensively used in sleep research. The rodent’s neurocircuitry 

and neurochemistry of sleep share similarities with humans. Unlike humans, rats and 
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mice have less consolidated vigilance states (Fig. 5). They cycle through bouts of sleep 

(both NREMS and REMS) and wake during both the dark (active) and light (quiescent) 

phases. A higher percentage of sleep occurs in the light phase where as more 

consolidated bouts of wake occurring in the dark phase. In humans, sleep occurs during 

one consolidated period at night (Fig. 2A). Historian A. Roger Ekirch found that this was 

not always the case (280). Before the advent of artificial light, humans had segmented 

sleep consisting of two sleep periods. Technological advances enable us to work and live 

beyond sunrise and sunset forcing our sleep behavior to evolve.  

Rodents also proved to be excellent models for studying sex differences and 

hormonal modulation of sleep. Male rats and mice are typically used in sleep studies to 

avoid complications of the estrous cycle in females. But like humans, there are sex 

differences and hormonal modulation of sleep in both rats and mice. It is unclear what 

drives these differences.  

 

Sex Differences in Rodent Sleep 

Few comparative sleep studies in male and female rodents have been conducted 

(281-284), therefore; our understanding of the underlying cause of sex differences in 

sleep is still unclear. In general, female rodents sleep less than male rodents (281-286). 

Total sleep and NREMS are significantly lower in female mice compared to males 

(281,283,284) but REMS is significantly less in female rats compared to males (285,286). 

Sleep studies in mice indicate that females have more consolidated sleep-wake patterning 

than males with less state transitions, fewer arousals (or awakenings), and longer bout 

durations (281).  



	   31	  

  

 

 

 

 

 

 

Figure 5. Representative hypnograms of rodent sleep-wake behavior. Wake (W), NREMS (N), 

and REMS (R) are represented throughout both phases, but rodents acquire more sleep during the 

(A) light phase and have consolidated periods of W during the (B) dark phase.   
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Sleep pressure is also different between male and female rodents. Data suggest 

that sleep pressure is greater in females compared to males. NREMS delta power, a 

quantitative measure of sleep pressure, is higher in females (281,287,288) and the percent 

increase in NREMS following sleep deprivation is greater in females. (281). Sex 

differences in sleep behavior and EEG power are eliminated following gonadectomy 

(GDX), suggesting that these differences are dependent on gonadal steroid hormones.  

 

Hormonal Modulation of Sleep in Rodents 

In rodents, gonadal steroid hormones exert robust effects on sleep-wake behavior. 

Fluctuations in the ovarian hormonal milieu across the estrous cycle correlate with 

changes in sleep and wakefulness in female rodents (285,289-294). On the night of 

proestrus, when the ovarian steroids estradiol and progesterone are elevated, both 

NREMS and REMS are significantly reduced compared to other phases of the estrous 

cycle (Fig. 6). Few studies found REMS rebound following proestrus (289,291,295). 

Ovariectomy (OVX) eliminates these fluctuations in time spent asleep or awake typically 

observed throughout the estrous cycle and hormone replacement (estradiol and 

progesterone or estradiol alone) is sufficient to recapitulate the suppression of sleep 

observed during proestrus in OVX rats (286,296-301) and to a lesser extend in mice 

(281,302). In aged OVX females, treatment with estradiol and progesterone or estradiol 

alone significantly increases wake and suppresses NREMS sleep compared to controls 

(303). Unlike in younger females, treatment of aged females with estradiol fragments 

sleep, such that there is a higher number of awakenings from NREMS compared to oil 

(303).  
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Figure 6. Fluctuation in ovarian hormonal milieu across the estrous cycle. Estradiol levels rise 

during the end of diestrus and peaks during proestrus. Progesterone levels rise on proestrus and 

peak toward the end of proestrus and beginning of estrus. 
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Sleep and wake behaviors in male rodents are insensitive to changes in gonadal 

steroids. Orchidectomy (ORDX) does not affect sleep or wake duration (281,304). 

However, NREMS is increased in ORDX mice treated with testosterone compared 

ORDX controls (302). A recent finding in adult male rats suggests that chronic estradiol 

replacement (via silastic capsule implants) induces arousal at the expense of sleep (304). 

The magnitude of change in males induced by chronic estradiol exposure compared to 

females is uncertain as only males were examined in that particular study.  

It is clear that gonadal steroids influence sleep, especially in females, but there are 

still significant gaps in our understanding related to how and why these changes occur. In 

1990, Matsushima and colleagues implanted crystalline estradiol benzoate directly into 

the 3rd ventricle and observed similar suppression of sleep to systemic estradiol (305). 

These findings indicate that estradiol is acting centrally to suppress sleep in female 

rodents.    

 

Influences of Sex and Hormones on the Sleep 

Sex difference in sleep may be caused by underlying genotypic differences 

between males and females or due to organizational and activational effects of gonadal 

steroids. Genotypic differences result from males having XY sex chromosomes and 

females having XX sex chromosomes. Sex chromosomes influence whether a male- or 

female-like phenotype develops. The presence of the SRY gene on the Y-chromosome 

leads to the expression of testis-determining factor and development of the testes (306). 

It is well established that genetic sex influences the development of the brain [for 

review (307-310)].  Beginning around embryonic day 18 until postnatal day 10, the 
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processes of masculinization, defeminization, and feminization occur [for review (307)]. 

These processes organize the neural substrate so that sex-specific behaviors occur when 

exposed to gonadal steroids in adulthood (Fig. 7). This defines the 

Organizational/Activational hypothesis of hormone action originally described by 

Phoenix, Goy, Gerall, and Young in 1959 (311). Their seminal work in guinea pigs 

showed that androgens (or their metabolites) during development permanently organize, 

or alter, the substrates mediating sexual behavior (311).  

Since 1959, our understanding of the mechanisms underlying sexual 

differentiation of the rodent brain has grown. In males, there is a surge in testosterone 

perinatally, around E18. The testosterone secreted during this period is aromatized into 

estradiol and it is the estradiol that organizes the neural substrates by influencing 

neuronal survival, dendritic branching and spines, axonal projections, and glial 

environment (312) [for review (308)]. Since the critical period extends into early 

postnatal life, sexual differentiation of the rodent brain can be manipulated. Males can be 

feminized by neonatal castration blocking estradiol’s action or by preventing the 

conversion of testosterone to estradiol (313-315). Conversely, females can be 

masculinized by exogenous administration of testosterone or estradiol (311,316-318). 

Postnatal manipulation of sexual differentiation of the brain is a valuable tool for 

studying sex differences in brain and in behavior.  

It is unclear if genetic or gonadal sex affects sleep-wake circuitry, as the majority 

of studies investigating the neurobiological basis of sleep has been done in males. It is 

possible that the sleep circuitry is organized differently during masculinization or 

feminization of the brain, which may lead to differences in sleep amongst the sexes.  
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Figure 7. The organizational/activational hypothesis of hormone action. Phoenix et al. determined 

that androgens (or their metabolites) during development permanently organize, or alter, the 

substrates mediating sexual behavior (311). Organization occurs during the critical period of 

development (~E18-P10). During this time, the processes of masculinization and defeminization 

occur to get a male brain. The presence of the Y-chromosome leads to the development of the 

testes, which releases testosterone during the critical period. Testosterone is aromatized to 

estradiol and it is the estradiol that organizes the neural substrate. In females, feminization occurs 

in the absence of testosterone/estradiol during the critical period. In adulthood, circulating levels 

of gonadal steroids activate the neural circuits organized during development. If masculinization 

and defeminization occurred then males will exhibit male-typical behaviors. Feminization of the 

brain will leads to female-like behaviors during adulthood.   
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Steroid Action 

Gonadal steroids have multiple mechanisms of action in target tissue. These 

actions are classified as either genomic or non-genomic effects [for review (319,320)]. 

Genomic effects are initiated when the steroid hormone binds its receptor and 

homodimerizes with another activated receptor. The homodimers translocate to the 

nucleus where it binds to steroid response elements within promoter gene sequences or 

interacts with other transcription factors to influence transcription of responsive genes. 

These effects are typically slow acting, taking hours to days to occur. Non-genomic 

effects can be mediated through interactions with kinase cascades, intracellular signaling 

pathway, and interactions with neurotransmitter receptors to have fast acting effects on 

the target cell.  

Both genomic and non-genomic effects of estradiol are generally initiated by 

estradiol binding one of its receptors (Fig. 8). There are two classical estrogen receptors 

(ER), ER alpha and ER beta. These receptors were originally thought to just act as 

transcription factors, but ER alpha and beta can also be tethered to the membrane and in a 

position to interact with intracellular signaling cascades ultimately leading to the 

phosphorylation of proteins and possibly changes in transcription. GPR30 is another 

receptor that binds estradiol. It is an orphan G-protein coupled receptor, localized to the 

membrane of the endoplamic reticulum (321). GPR30 activation leads to increased 

intracellular calcium and transduction of signaling cascades. Estradiol also has receptor-

independent actions by acting as allosteric modulators of neurotransmitter receptors [for 

review (319)].  
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Figure 8. Estradiol has genomic and non-genomic mechanisms of action. Genomic actions occur 

when estradiol (red circle) binds to its receptor in (ER; purple oval) in the cytoplasm of the cell. 

Once bound, activated ERs will homodimerize and translocate to the nucleus where they will 

either bind to estrogen response elements (ERE) or interact with other transcription factors (TF) 

to influence transcription of estrogen responsive genes. Estradiol can also have non-genomic 

actions by activating ER along the membrane that interacts with signaling cascades leading to 

phosphorylation of proteins. GPR30 is a G-protein coupled receptor on the membrane of the 

endoplasmic reticulum. Estradiol binding causes increased calcium in the cytoplasm, which can 

then activate signaling cascades. Lastly, estradiol can also bind to neurotransmitter receptors to 

modify their cellular signaling. Adapted from Stice and Knowlton [2008] Molecular Medicine.  
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Targets for Estradiol Action 

Estradiol may have direct actions within the sleep-wake circuitry. Many rodent 

studies indicate that wake-nuclei are target sites for gonadal steroids. Brainstem nuclei, 

specifically the LC and DRN contain ER alpha and beta and as well as androgen receptor 

(AR) expressing cells (322-327). It is less clear if sleep-active nuclei contain ER or AR. 

The POA contains ER mRNA expressing cells (323) and the MnPN contains ER protein, 

at least during early development in females (328). It is possible then that estradiol can 

act directly within key sleep-active areas to suppress sleep.  

Indirect evidence suggests a role for estradiol in the VLPO. Our lab has 

previously shown that there are both sex differences and hormonal modulation of VLPO 

activation. Fos expression in the VLPO is greater in females compared to males in the 

absence of circulating hormones (293). Fos expression in the VLPO is lower in females 

treated with estradiol compared to those treated with oil and Fos expression is unaffected 

by changes in circulating testosterone levels (293). Conversely, Fos expression is 

increased in the TMN in females following estradiol treatment (293). Deurveilher and 

colleagues also found increased Fos expression in the TMN, the laterodorsal subnucleus 

of the bed nucleus of stria terminalis and PF/LH (329). Our lab also discovered that 

lipocalin-type prostaglandin D synthase (L-PGDS), the enzyme responsible for the 

synthesis of the potent somnogen (sleep-promoting factor) prostaglandin D2, is also 

reduced following estradiol treatment (293). Similarly, in mice, others have shown that 

estradiol reduces mRNA expression of L-PGDS in the VLPO and mRNA expression of 

adenosine 2A receptors, a receptor critical for sleep induction by the somnogen 

adenosine, in the POA and VLPO are reduced following estradiol treatment in OVX mice 
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(330). It is plausible then that estradiol is actively reducing sleep-promoting signals 

within the POA to suppress sleep.  

The MnPN and VLPO are potential sites of estradiol action on REMS 

homeostasis. Estradiol modulates REMS homeostasis in a time-dependent manner. 

Following a period of sleep deprivation, estradiol treatment attenuates REMS rebound if 

females are allowed to recover in the dark phase (300,301), but enhances REMS rebound 

if they recover in the light (301). Neurons within the MnPN and VLPO were identified as 

sites for REMS homeostasis (91); therefore, it is possible then that estradiol has direct 

actions within the VLPO and MnPN to influence the homeostatic regulation of REMS.  

Based on these findings, we have targets within the sleep circuitry for exploring 

estradiol’s actions on sleep. Using our established hormone replacement and sleep 

analysis paradigm, we can address the unanswered questions of how and why there are 

sex differences in sleep and how estradiol suppresses sleep in females in our model. 

Because most sleep studies are done in men or male rodents, treatment generalized to the 

male physiology may not effectively alleviate sleep disruptions in women. Advancing our 

understanding of the mechanisms underlying hormonal modulation of sleep is imperative 

for better treatment of sleep disruption in women. 
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Chapter 2: Goals of the Dissertation 
 

Since the early 1950s, studies investigating the influence of gonadal steroid 

hormones on sleep have focused on behavioral endpoints. Because of this, many gaps in 

our understanding still remain. While it is quite clear that gonadal steroid hormones, 

especially estradiol, suppress sleep in female rats and mice, what remains unclear is how 

estradiol suppresses sleep and why this sleep suppression seems to be sex-specific? Based 

on the literature and preliminary data in the lab, we propose the following hypothesis:     

  

Hypothesis: Estradiol suppresses activation of sleep-promoting neurons in the preoptic 

area to suppress sleep in a sex-specific manner. 

 

Prediction 1: Sex differences in sleep-wake behavior are due to activational 

effects of gonadal steroids on organized brain circuitry. 

 

Prediction 2: Estrogenic action in the preoptic area is required for estradiol’s 

suppression of sleep in females. 

 

Prediction 3: Estradiol suppresses sleep by increasing downstream arousal signals 

like the orexinergic system. 
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Chapter 3: General Methods 
 

Animals 

     All experiments were performed in Sprague-Dawley female (250-300g) and male 

(350-400g) rats.  For developmental studies, adult females were mated in our animal 

facility to allow for manipulations of the pups immediately following birth when 

necessary. Animals for non-developmental studies were ordered from Charles River 

Laboratories. 

     Due to a limited number of transmitters, recording slots, and/or animals per litter, all 

experiments were run in multiple cohorts, containing a minimum of two experimental 

groups per cohort. Animals were housed under a 12:12 light:dark or reversed cycle with 

free access to food and water for the duration of the study. The timing of treatments were 

determined based on zeitgeber time (ZT; lights on = ZT0), not the 24h clock time, to keep 

paradigms as similar as possible when light cycles switched between normal and revered. 

     All procedures were performed in accordance with the NIH guide for care and use of 

laboratory animals. All experiments were approved by and were in accordance with the 

guidelines of the University of Maryland Institutional Animal Care and Use Committee. 

 

Surgeries 

All surgical procedures followed aseptic technique and were performed under 

isoflurane anesthesia. Prior to the start of surgery, pressure was applied to the animal’s 

hind paws to confirm it was non-responsive to stimuli.  
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In all studies, adult female rats were ovariectomized (OVX), while some males 

were orchidectomized (ORDX) and some remained gonadally intact. For each 

experiment, the gonadal status of each animal will be noted. The flanks of each female rat 

were shaved and incisions were made into the skin and muscle wall. The ovary was 

located, ligated and removed. Sutures were used to close the muscle wall and the skin 

was closed using wound clips. This process was repeated on the opposite side of the 

animal. For male ORDX, a 1.5cm incision was made into the scrotum followed by a 

small incision into the muscle. The blood supply to each testis was ligated and both testes 

were removed. The muscle wall and skin were both sutured closed.  

Immediately following gonadectomy (GDX), each animal was implanted with 

TL11M2-F40-EET transmitters (Data Sciences International, MI, USA). A bi-potential-

lead transmitter was implanted subcutaneously through a 3.0cm dorsal incision of the 

abdominal region. Another incision, approximately 4.0cm, was made along the midline 

of the head and neck to expose the skull and neck muscle. Two burr holes were drilled 

asymmetrically and stainless steel screws (Plastics One, Roanoke, VA) were implanted at 

3.0mm anterior/ +1.5mm lateral and 7.0mm posterior/ -1.5mm lateral relative to bregma. 

The four transmitter leads were threaded subcutaneously to the opening of the head 

incision. Electroencephalographic (EEG) leads were wrapped around the screws and 

secured with dental cement. Electromyogram (EMG) leads were implanted directly in the 

dorsal cervical neck muscle, approximately 1.0mm apart, and sutured in place. The skin 

along the head was sutured closed while the dorsal incision was stapled closed with 

wound clips. All animals were treated with antibiotic ointment and topical lidocaine as 
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well as carpofen (5mg/kg) post-operatively, and then allowed 7 days to recover before the 

start of the experiments.  

 

Hormone Replacement Paradigm 

All experiments follow a within-animal design. All animals received an oil 

injection for baseline data recordings followed by two injections of gonadal steroids 24h 

apart (Fig. 9). Estradiol benzoate (EB; 5µg then 10µg; Sigma-Aldrich, St. Louis, MO) 

was used to exogenously replace estradiol. EB is a synthetic ester of estradiol. 

Nonspecific steroidal esterases remove the conjugated ester to produce biologically active 

estradiol in vivo (331,332). This replacement paradigm delivers physiological doses of 

estradiol that mimic the gradual rise in estradiol that occurs during proestrus (301). 

Testosterone propionate (TP; 500µg; Sigma-Aldrich, St. Louis, MO) was used to 

exogenously replace testosterone. The dosage of TP has been reported to reinstate 

physiological levels of testosterone in males within 24h (333). 

 

 

Figure 9. Gonadal steroid replacement paradigm. Arrows indicate injection times. 

 

Data Acquisition  

     EEG and EMG data were collected using Dataquest ART 4.0 software (DSI). For each 

animal, data collected during the periods of interest were scored in 10-second epochs 
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with Neuroscore 2.0 (DSI). Each epoch was scored as wake (low-amplitude, high 

frequency EEG with high amplitude EMG), NREMS (high-amplitude, low frequency 

EEG with low amplitude EMG), or REMS (low amplitude, high frequency EEG with 

muscle atonia or periodic muscle twitches). Figure 1 shows representative EEG and EMG 

traces from Neuroscore for recordings scored as wake, NREMS, and REMS. Transitions 

into a new vigilance state were only considered if 2 epochs (20 sec) of the new vigilance 

state was observed.  The total duration (in minutes) for each vigilance state was analyzed 

for the light and dark phase for each scoring period. 

 

Immunocytochemistry  

     Animals were overdosed with a ketamine/acepromazine mix before being 

transcardially perfused with 0.9% sodium chloride + 2% sodium nitrite solution followed 

by 4% paraformaldehyde in 0.05M potassium phosphate buffered saline (KPBS). The 

brains were removed and postfixed overnight in 4% paraformaldehyde. Brains were 

cryoprotected in 30% sucrose in KPBS, frozen on dry ice, and stored at -80oC. Each brain 

was cut on a cryostat along the coronal plane at 30µm thick into 4 series and stored in an 

ethylene glycol-based storage solution at -20oC until processed. Sections in each series 

are separated by 120µm.  

     Cohorts containing animals from all treatment groups were immunocytochemically 

processed in the same tray. Briefly, sections were rinsed free of the cryoprotectant in 

0.05M KPBS, reacted with 1% sodium borohydride in KPBS and rinsed. Sections were 

then incubated in 1.0% hydrogen peroxide to release endogenous peroxidase activity, 

rinsed and incubated with specific primary antibodies for the protein of interest. After 
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primary incubation, sections were rinsed in KPBS and incubated in biotinylated 

secondary antibodies for 1h, followed by washes in KPBS. Finally, the samples were 

incubated with an avidin-biotin horseradish-peroxidase complex (Vectastain ABC, Elite 

Kit; Vector Laboratories) for 1h at room temperature then washed in 1X Tris-buffered 

saline (TBS). The sections were visualized with nickel sulfate (25 mg⁄mL) and 3,3’-

diaminobenzidine tetrahydrochloride (DAB; 0.2 mg⁄mL; Polysciences, Warrington, PA, 

USA) in TBS solution containing 0.005% H2O2, rinsed in TBS and transferred to KPBS. 

After visualization, the sections were mounted serially on 2% gelatin-coated glass slides 

and coverslipped. 
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Chapter 4: Neonatal Exposure to Gonadal Steroids Organizes Adult Sleep Behavior. 

Introduction 

Basic research studies show that female rodents sleep less than males (281-286). 

In mice, total sleep and NREMS are significantly lower compared to males 

(281,283,284), whereas female rats have significantly less REMS than males (285,286). 

These differences are eliminated following GDX, suggesting that these sex differences 

are dependent on gonadal steroid hormones (281,285,286). 

It is unclear whether sex differences in sleep are due to gonadal steroid hormone-

specific effects, i.e. estradiol and/or progesterone-mediated effects, or if underlying 

differences due to sexual differentiation of the brain contribute to these effects as well. 

Two early studies began investigating these questions. First, Branchey and colleagues 

feminized male rats by neonatal castration and found that it reduces NREMS and REMS 

in adulthood following a systemic injection of estradiol (334). Conversely, estradiol does 

not reduce REMS in intact adult male rats. Second, Yamaoka showed that the circadian 

NREMS and REMS rhythms in female rats masculinized at birth do not change following 

an injection of estradiol (286). Neither study, however, directly compare the effects of 

estradiol in feminized males or masculinized females to control females. Furthermore, it 

remains unclear what masculinization and/or feminization does to the sleep wake 

circuitry to lead to this sex-specific effect of estradiol on sleep.  

The VLPO is sensitive to changes in estradiol levels. Previously, we have shown 

that there is a sex difference in the hormonal modulation of both the activity and 

expression of enzymes responsible for producing known somnogens in the VLPO (293). 

There sex difference in gonadal steroid hormone mediated suppression of (a) sleep-active 
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neurons and (b) protein levels of lipocalin-type prostaglandin D synthase, the 

synthesizing enzyme for the somnogen prostaglandin D2. Female rats but not male rats 

respond to changes in the hormonal milieu (via estradiol replacement following OVX or 

castration, respectively). These differences may not only be dependent on gonadal steroid 

hormones but also on sexually differentiated circuitry.  

In order to address the origin of the sex differences observed in sleep, we 

systematically tested the basic principles defining sex differences in the brain as recently 

outlined by McCarthy et al. (310). These sex differences may be due to activational 

effects (transient actions following exposure to gonadal steroids), organizational effects 

(permanent changes in the neural substrate induced by exposure to gonadal steroids 

during perinatal development or puberty that can alter how the brain responds), or both. 

We hypothesize that sex differences in sleep are due to activational effects of estradiol on 

organized sleep-circuitry. To test this, we first GDX adult male and female rats and 

analyzed their sleep behavior following sex-specific steroidal manipulations. We also 

tested whether pubertal events in females sensitize their sleep behavior to estradiol’s 

effects. Then, to test whether organization of the brain circuitry by early exposure to 

gonadal steroids contributes to sex differences in sleep, female pups were masculinized 

via neonatal exposure to testosterone. These manipulations allowed for a direct 

comparison in the magnitude of change following steroid replacement in males and 

females. Finally, we used Fos-immunoreactivity within the VLPO to determine whether 

sexual differentiation during early development organized a component of the sleep 

circuitry, a significant gap in our knowledge.   



	   49	  

Methods 

Sleep Recordings and Analysis 

In adulthood, all animals were GDX and simultaneously implanted with 

TL11M2-F40-EET transmitters (Data Sciences International, MI, USA) under isoflurane. 

Briefly, immediately following GDX, a bi-potential-lead transmitter was implanted 

subcutaneously to allow for collection of EEG and EMG data. All animals were treated 

with antibiotic ointment and topical lidocaine as well as carpofen (5mg/kg) post-

operatively, and then allowed 7 days to recover before the start of the experiments.  

The total duration (in minutes) for each vigilance state was analyzed for the light 

and dark phase for each scoring period. To compare the magnitude of change induced by 

gonadal steroid hormone replacement, the percent change from oil baseline for each 

gonadal steroid was calculated [((hormone-oil)/oil) *100].      

 

Effects of Sex-Specific Gonadal Steroid Replacement on Sleep 

Female (n=8) and male (n=4) rats were used to determine if there are sex 

differences in the effects of sex-specific gonadal steroid replacement on sleep. A subset 

(n=4) of control females was OVX on postnatal (PN) day 22, prior to puberty. Vaginal 

opening, a commonly used marker of puberty, did not occur in any of these females, 

based on visual inspection. Prepubertal OVX effectively eliminates the onset of adult 

ovarian hormones and estrous cyclicity and thus was used to determine whether females’ 

responsivity to the modulatory effects of estradiol on sleep and wakefulness in adulthood 

is set during development or if further modification at the time of puberty is required. 
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All animals received an oil injection for baseline recording. Then, females 

received two injections, 24h apart of EB (5µg then 10µg), while males received two 

injections 500µg of TP, according to our standard paradigm (General Methods, Fig. 9). 

Sleep analysis was done on the 24h period 24h following the last gonadal steroid 

hormone injection.  

 

Effects of Brain Organization and Gonadal Steroids on Sleep  

A subset of female pups (n=5) received subcutaneous injections of 100µg of TP 

on the day of birth and PN day 1 to masculinize the neural substrates, as previously 

described (335,336). These females are referred to as “masculinized females” or 

throughout the manuscript and represent genetic females with male-like brain 

organization. Control female (n=6) and male littermates (n=7) were treated with 100µl 

sesame oil on the same treatment days. All animals were raised to adulthood (~80 days 

old) and used for the sleep studies described below.  

Neonatal androgen treatment results in an anovulatory condition characterized by 

lack of estrous cyclicity and reduced ovarian weight that has been attributed to a reduced 

numbers of ovulatory follicles (316-318,337), traits indicative of a masculinized 

hypothalamic-pituitary-gonadal axis. Paired ovarian weights were recorded at the time of 

adult ovariectomies, as an independent measure of the masculinizing effects of neonatal 

TP exposure in females. These control females and masculinized females were used in 

the Fos-immunoreactivity experiment described below. Neonatal TP exposure 

significantly reduced the paired ovarian weight by 31% compared to females treated with 
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oil (two tailed t-test; t10 = 3.96, P < 0.003; mean weights ± SEM in grams were: 

masculinized females = 0.142 ± 0.01 and females = 0.206 ± 0.01).   

These cohorts of animals were used to test whether exposure to gonadal steroids 

neonatally organizes the sleep circuitry in such a way, which alters the effects of estradiol 

and testosterone on sleep behavior. The order of hormone replacement (either EB or TP) 

was randomized in each group to control for timing. The second round of injections 

began 7 days following the end of the first recording period to ensure that gonadal 

steroids were no longer in circulation.  

 

Androgen’s Effect on Sleep 

Dihydrotestosterone (DHT) benzoate (DHTB; Sigma-Aldrich, St. Louis, MO, 

USA), a non-aromatizable androgen was administered to GDX male and female rats (n=4 

per group) to determine whether testosterone exerts its effects through androgens or via 

aromatization to estradiol. Similarly to the EB and TP injection paradigm, two injections 

of 500 µg DHTB were given 24h apart (General Methods, Fig. 9). This dose of DHTB 

has been reported to effectively restore copulation in GDX males (333).       

 

Fos-immunoreactivity (Fos-ir)  

In a separate cohort of masculinized females (n=5), control females (n=6), and 

males (n=6), animals were overdosed using ketamine/acepromazine mix before being 

transcardially perfused with 0.1 M phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde in PBS. The brains were removed, post-fixed in 2.5% acrolein / 4% 

paraformaldehyde in PBS; cryoprotected in 30% sucrose in PBS; frozen on dry ice and 
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stored at -80ºC before being sectioned in a cryostat into 30µm thick sections along the 

coronal plane. The sections were placed into an ethylene glycol-based storage solution at 

-20ºC until processed for Fos-ir. Cohorts containing animals from all treatment groups 

were immunocytochemically processed in the same tray. Sections were processed for 

Fos-ir following our standard protocol (General Methods). Sections were incubated for 

48h at 4°C with rabbit polyclonal Fos antibodies (Ab 4191; Oncogene Science, MA, 

USA) at a dilution of 1:250 000 in 10% normal goat serum and 0.3% Triton X-100 in 

PBS. Sections were visualized with a nickel sulfate-enhanced DAB in sodium acetate 

solution containing 0.005% H2O2, rinsed in acetate solution and transferred to PBS. After 

visualization, the sections were mounted serially on 2% gelatin-coated glass slides and 

coverslipped. 

 

Fos-ir Quantification and Analysis 

We systematically counted the number of Fos-ir cells in the VLPO with the aid of 

the Neurolucida software, an image-combining computer microscopy program 

(MicroBrightField, Colchester, VT, USA) as previously described (293). Briefly, slides 

were anatomically matched and numerically coded so that the investigator conducting the 

analysis was blind to the experimental group. Sections analyzed were from one-in-three 

series (adjacent sections were separated by 90µm). Three brain sections corresponding to 

Plates 19 and 20 of the Paxinos and Watson rat brain atlas (90) were used in the analysis. 

The placement and size of the contours were in accordance with previously defined 

parameters (338). The contour began ~1mm from the ipsilateral ventricular wall and 
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extended 0.7mm laterally and 0.3mm dorsally. Six contours per bilateral section of the 

VLPO were counted and an average count of Fos-ir was derived. 

 

Estrogen receptor alpha -ir (ER alpha-ir)  

In a separate cohort of animals, females and males were collected 5h into the light 

phase and 5h into the dark phase. Females were treated with either oil or estradiol and all 

males were gonadally intact. Groups were collapsed and analyzed for sex differences in 

ER alpha-ir expression in the MnPN and VLPO (female n=16; males n=6). All animals 

were overdosed with overdosed with a ketamine/acepromazine mix before being 

transcardially perfused with 0.1M KPBS followed by 4% paraformaldehyde in KPBS. 

The brains were removed, post-fixed, cryoprotected, frozen on dry ice and stored at -80ºC 

before being sectioned in a cryostat into 30µm-thick sections along the coronal plane. 

The sections were placed into an ethylene glycol-based storage solution at -20ºC until 

processed for ER alpha-ir.  

Sections were processed for ER alpha-ir following our standard protocol (General 

Methods). Sections were incubated for 48h at 4°C with rabbit polyclonal anti-estrogen 

receptor alpha antibodies (06-935; EMD Millipore, MA, USA) at a dilution of 1:50,000 

in 5% normal goat serum and 0.05% Triton X-100 in KPBS. Sections were visualized 

with a nickel sulfate-enhanced DAB (Polysciences, Warrington, PA, USA) in sodium 

acetate solution containing 0.005% H2O2, rinsed in acetate solution and transferred to 

PBS. After visualization, the sections were mounted serially on 2% gelatin-coated glass 

slides and coverslipped. 
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ER alpha-ir Quantification and Analysis 

Slides were anatomically matched and numerically coded so that the investigator 

conducting the analysis was blind to the experimental group. Sections analyzed were 

from two-in-four series (adjacent sections were separated by 60µm). Six brain sections 

corresponding to Plates 33 to 35 of the Paxinos and Watson rat brain atlas (90). The 

Optical Fractionator workflow in StereoInvestigator (MicroBrightField, Colchester, VT, 

USA) was used to determine an estimated population of ER alpha-ir cells in MnPN. A 

grid was placed within MnPN contours measuring 100 x 100µm and ER alpha-ir cells 

were counted within 50 x 50µm counting frames. The total estimated population 

calculated using mean thickness of the sections was used for each animal.  

 ER alpha expression in the VLPO was too low for accurate estimates using 

stereological technique. Instead, all ER alpha positive cells were counted in three sections 

from one-in-four series (adjacent sections were separated by 120µm). Sections 

corresponding to Plates 19 and 20 of the Paxinos and Watson rat brain atlas (90) were 

used in the analysis. The placement and size of the VLPO contours were in accordance 

with previously defined parameters (338). The contour began ~1mm from the ipsilateral 

ventricular wall and extended 0.6mm laterally and 0.3mm dorsally. Three contours per 

bilateral section of the VLPO were counted and an average count of ER alpha-ir per 

section was derived. 

 

Statistical Analysis 

Student’s t-tests were used to determine if there were differences in the total time 

females and males spent in wake, total sleep, NREMS, and REMS under baseline and 
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steroid hormone replaced conditions. Two-way repeated measures ANOVAs were run on 

the mean times spent in each vigilance state between GDX, oil treated males and females 

and steroid hormone replaced males and females during the light and dark phase of the 

24h baseline day. Data were binned into 3h blocks across the light:dark cycle. 

     Paired t-tests were used to determine whether estradiol in females and 

testosterone in males alter the mean time in wake, NREM or REM sleep in both phases 

compared to their oil-baselines. Mann-Whitney U nonparametric tests were used to 

compare the percent change of a vigilance state induced by sex-specific gonadal steroids 

between males and females. Mann-Whitney U nonparametric tests were also used to 

determine whether undergoing puberty is required for estradiol’s effects on sleep in 

adulthood 

      The mean times in each vigilance state were analyzed using two-way repeated 

measures ANOVAs followed by Bonferroni post hoc tests with the adult hormone status 

(oil baseline vs. gonadal steroid replacement) and brain organization (feminization vs. 

masculinization) as independent variables. A Kruskal-Wallis test was used to compare 

the percent change between females, males and masculinized females for each steroid 

hormone treatment.  

      One-way ANOVA was performed on the mean number of Fos-ir cells in the 

VLPO and a Tukey’s Multiple Comparison post hoc test was used to determine 

significance between groups. Student’s t-tests were run to determine if there are sex 

differences in ER alpha-ir expression in the MnPN and VLPO.  
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Results 

Effects of sex-specific gonadal steroid replacement on sleep 

Quantitative analysis of the EEG/EMG traces demonstrated no significant 

differences in the total time spent in wake, total sleep, NREMS, or REMS in both the 12h 

light (wake: t6 = 0.28, P > 0.05; total sleep: t6 = 0.20, P > 0.05; NREMS: t6 = 0.43, P > 

0.05; REMS: t6 = 0.38, P > 0.05) and dark (wake: t6 = 0.31, P > 0.05; total sleep: t6 = 0.20, 

P > 0.05; NREMS: t6 = 0.37, P > 0.05; REMS: t6 = 0.07, P > 0.05) phases between GDX 

females and males (Fig. 10; left panels). Since 12h totals can mask any significant 

changes that occur during specific times throughout the phase, we also looked at 3h bins 

across each phase. There were no significant differences in wake (F1,42 = 0.11, P > 0.05), 

total sleep (F1,42 = 0.09, P > 0.05) NREM sleep (F1,42 = 0.17, P > 0.05) and REM sleep 

(F1,42 = 0.31, P > 0.05 ) between GDX males and females in either the dark or light phase 

(Fig. 10, right panel). For each vigilance state, there was a main effect of time (wake: 

F7,42= 61.43 P < 0.0001, NREM: F7,42 = 87.53 P < 0.0001, total sleep: F1,42 = 60.75, P < 

0.0001, REM: F7,42 = 8.34 P < 0.0001). Both males and females showed a circadian 

rhythm in sleep and wake behaviors. During the dark (or active) phase, both sexes are 

awake more, while they acquire more NREMS and REMS during the light (or quiescent) 

phase. From this point, sleep in the absence of gonadal steroids is referred to as baseline 

sleep. 

Estradiol and testosterone replacement in females and males, respectively, was 

used to examine the effects of gonadal steroids on time spent in each vigilance state. 

First, we found a difference in the amount of REMS between estradiol-treated females 

and testosterone-treated males during the dark phase (Fig. 11D, left). Following sex-  
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Figure 10. Sleep-wake behavior in GDX female and male rats. There are no differences in (A) 

wake, (B) total sleep, (C) NREMS, (D) or REMS during the light or dark phase in GDX female 

and male rats. Not 12h totals (left) nor 3h bins across the 24h day (right) revealed sex differences 

in any vigilance state.  
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specific gonadal steroid replacement, females acquire less REMS than males (t6 = 2.40; P 

= 0.05). There is not a significant difference in 3h binned time (F1,42 = 0.12, P > 0.05; 

Fig. 11D, right). Wake, total sleep, and NREMS did not differ between estradiol-treated 

females and testosterone-treated males in either the light (wake: t6 = 0.64, P > 0.05; total 

sleep: t6= 0.64 P > 0.05; NREMS: t6 = 0.24, P > 0.05) or dark (wake: t6 = 1.50, P > 0.05; 

total sleep: t6 = 1.50, P > 0.05; NREMS: t6 = 1.20, P > 0.05) phase (Fig. 11A-C, left and 

right). REMS was not significantly different in the light phase (REMS: t6 = 1.04, P > 

0.05).    

     Similar to our previous findings (293,300,301), estradiol in females increased wake at 

the expense of sleep, during the 12h dark phase (Fig. 12). On average, estradiol 

significantly increased wakefulness (t3 = 11.51, P < 0.001) by about 12.5% or 63.5 

minutes. Total sleep (t3 = 11.25, P < 0.01), NREMS (t3 = 6.698, P < 0.01) and REMS 

(t3=20.86, P < 0.001) are significantly suppressed by estradiol by about 30.7% (62.3 

mins), 21% (33.7 mins) and 64% (28.6 mins), respectively. In males, testosterone did not 

significantly change any vigilance state (Fig. 12); however, there were trends for 

testosterone-mediated increased wakefulness (t3 = 2.925, P = 0.06) and decreased total 

sleep (t3 = 2.80, P = 0.07) REMS (t3 = 3.039, P = 0.06). In the light phase, gonadal steroid 

replacement had fewer effects on behavior (Table 1). In females, there was a small but 

significant suppression of wake by estradiol (~17 mins; t3 = 3.189, P < 0.05). There were 

no additional effects on either sleep phase or any significant effects of testosterone in 

males during the light phase. 

Analysis of the percent change from baseline for each vigilance state 

demonstrates a sex difference in the magnitude of change induced by the sex-specific  
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Figure 11. Sleep-wake behavior following sex-specific gonadal steroid replacement in female and 

male rats. There were no differences in 12h totals or 3h bins across time for (A) wake, (B) total 

sleep, or (C) NREMS, but estradiol-treated females had less REMS than testosterone-treated 

males in the 12h dark phase (D, left) but not across the 3h bins (right).  
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Figure 12. Effects of sex-specific gonadal steroid replacement on sleep-wake behavior in female 

and male rats. Estradiol significantly increased (A) wake and decreased (B) total sleep, (C) 

NREMS, and (D) REMS in female rats. In males, testosterone increased (A) wake and decreased 

(B) total sleep and (D) REMS but these effects did not reach statistical significance. *, P < 0.05 

vs. oil. 
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Table 1. Effects of sex-specific gonadal steroid replacement on sleep-wake behaviors 
during the light phase 

Sex 
Wake (min) NREMS (min) REMS (min) 

Oil  Sex-Steroid Oil Sex-Steroid Oil Sex-Steroid 

Female 176.2 ± 9.7 159.1 ± 11.3* 447.7 ± 16.4 456.0 ± 14.0 95.8 ± 13.6 104.9 ± 10.4 
Male 170.8 ± 16.1 168.2 ± 8.5 457.6 ± 16.1 460.6 ± 12.8 89.3 ± 10.1 91.2 ± 8.1 

 

Data are represented as mean ± SEM. *, P < 0.05 vs. oil. 
 

steroid replacement for total sleep (U = 0.00, P < 0.05; Fig. 13A) and REMS (U = 0.00, P 

< 0.05; Fig. 13A). Estradiol significantly suppressed total sleep in females by about 31% 

whereas testosterone suppressed sleep in males by about 12% compared to baseline. 

REMS in females was suppressed by about 64% while T only suppresses REMS in males 

by about 25%.  

Finally, neither the timing of the OVX (pre- or postpuberty) nor the timing of the 

first exposure to estradiol significantly affected the magnitude of estradiol’s increase in 

wake or suppression of sleep (Fig. 13B). 

 

Estradiol and testosterone affect sleep and wake in females only 

Sleep and wake analysis following estradiol and testosterone replacement 

(randomized) in females, males, and masculinized females was used to determine 

whether brain organization (e.g., masculinized vs. feminized) underlies the responsivity 

of the sleep circuitry to the modulatory effects of gonadal steroids. All groups were 

compared back to their oil baseline following estradiol replacement (Fig. 14). There was 

a significant interaction between estradiol and brain organization for wake (F2,15 = 5.277, 

P < 0.05) and REMS (F2,15 = 5.708, P < 0.05). Estradiol in females significantly increased 

wakefulness (t = 3.406, P < 0.05) and decreased REMS (t = 5.507, P < 0.001); however,  
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Figure 13.  Magnitude of change in vigilance states following gonadal steroid replacement. (A) 

Estradiol suppresses sleep in females significantly more than testosterone suppresses sleep in 

males. (B) Prepubertal OVX does not affect estradiol ability to suppress sleep in adulthood. *, P 

< 0.05. 
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Figure 14. Effects of estradiol and testosterone replacement on sleep-wake behavior in females, 

males and masculinized females. (A) Estradiol increased wake at the expense of NREMS and 

REMS sleep in female rats. REMS was significantly reduced following testosterone-

administration in females, but the increased wake and suppressed NREMS did not reach 

statistical significance. (B) Males and (C) masculinized females were insensitive to the 

modulatory effects of estradiol and testosterone on sleep. *, P < 0.05 vs oil. 
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estradiol was ineffective at modulating sleep and wakefulness in animals with 

masculinized brain circuitry.  

There was a significant interaction between estradiol and brain organization for 

NREMS (F2,15 = 3.967, P < 0.05); however, due to the stringency of the Bonferroni post  

hoc analysis and the increase in comparisons no significant effects were found. Since 

estradiol has been previously shown to suppress NREMS in females in our lab 

(293,300,301), an uncorrected Fisher’s LSD test was applied and demonstrated that 

estradiol significantly suppressed NREMS (t = 2.196, P < 0.05).  

Next, all groups were compared back to their oil baseline following testosterone 

replacement (Fig. 14). Testosterone also had a significant main effect on REMS (F1,15 = 

10.60, P < 0.01), as it suppressed REMS in females (t = 3.819, P < 0.01) but not 

masculinized females or males. There were no significant effects of testosterone or brain 

organization on wake or NREMS.  

      Analysis of the percent change in each vigilance state induced by gonadal steroid 

replacement further supports the notion that brain organization underlies the responsivity 

to the modulatory effects of gonadal steroids on sleep. The magnitude of estradiol’s 

suppression of REMS is significantly different (H2 = 7.630, P < 0.05; Fig. 15). Dunn’s 

Multiple Comparison test revealed a significant difference between females and males (P 

< 0.05) but not between females and masculinized females or males and masculinized 

females. There was not a significant difference in the percent change in REMS induced 

by testosterone-replacement amongst the 3 groups (H2 = 4.841, P > 0.05). The percent 

change induced by estradiol for wake and NREMS did not reach statistical significance 

but there was a trend for estradiol to increase wake in females compared to males and  
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Figure 15. The magnitude of change following estradiol and testosterone on sleep and wake in 

females, males and masculinized females. (A) There was a trend for a significant effect of brain 

organization on the magnitude of estradiol-induced arousal. (B) Estradiol and testosterone 

suppressed NREMS sleep in females but increased NREMS in males and masculinized females 

(did not reach statistical significance). (C) Estradiol suppresses REMS significantly more in 

females than in males. The magnitude of REMS suppresses was not different between 

masculinized females and females or males. There was a trend for testosterone suppressing 

REMS greater in females but that did not reach significance.  
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masculinized females (H2 = 5.68, P = 0.06) and to decrease NREMS in females while it 

increases NREMS in males and masculinized females (H2 = 5.42, P = 0.07). 

 

Fos expression in the VLPO is sensitive to the organizing effects of gonadal steroids.  

We showed previously that there is a sex difference in the number of sleep- active 

cells (via the expression of Fos) in the VLPO. Females have more Fos-ir cells at baseline 

than males (293). Here, Fos-ir cells in the VLPO of females, males, and masculinized 

females collected 8h into their sleep (light) phase were quantified to examine whether 

this sleep-associated brain nucleus is sensitive to the organizing effects of gonadal 

steroids. Females possessed 58% and 46% more Fos-ir cells compared to males and 

masculinized females, respectively (F2,12 = 15.80, P < 0.01; Fig. 16).  

 

Androgen does not mediate changes in sleep and wakefulness. 

DHT, a non-aromatizable androgen, does not significantly affect wake, NREMS, 

or REMS in females or male, indicating that it is estradiol that suppresses sleep, not 

androgen. Data are presented in Table 2.  

 

ER alpha expression in the MnPN and VLPO. 

	   ER alpha is expressed in both the MnPN and VLPO but there is much less 

expression in the VLPO (Fig. 17A). In the MnPN, females have significantly more ER 

alpha-ir cells than males (t20 = 3.42, P = 0.003; Fig. 17B). ER alpha expression in the 

VLPO was similar in females and males (t20 = 0.82, P > 0.05; Fig. 17C).  
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Figure 16. Developmental organization of Fos expression in the VLPO. (Left) Photomicrographs 

of Fos-ir in the VLPO. (Right) Males and masculinized females have 58% and 46% less Fos-ir 

cells, respectively, compared to females. *, P < 0.05 vs. all other groups. 
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Figure 17. ER alpha expression in the MnPN and VLPO. (A) Representative photomicrographs of 

ER alpha-ir cells in the MnPN (left) and VLPO (right). The MnPN has significantly more ER 

alpha expression than the VLPO. (B) Representative photomicrographs of ER alpha-ir cells in the 

MnPN in females (left) and males (right). Females have significantly more ER alpha expression 

in the MnPN compared to males. (C) Representative photomicrographs of ER alpha-ir cells in the 

VLPO in females (left) and males (right). ER alpha expression in the VLPO is similar in females 

and males. *, P < 0.05 vs. females. 
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Table 2. Effects of DHT-replacement on the duration of sleep-wake behaviors females 
and males during the dark phase. 

Sex 
 Wake (min) NREMS (min) REMS (min) 
 Oil  DHT Oil DHT Oil DHT 

Female  510.8 ± 43.3 523.4 ± 36.5 173.9 ± 35.3 165.3 ± 28.7 35.3 ± 8.1 30.8 ± 8.2 
Male  541.8 ± 13.8 506.2 ± 17.1 146.4 ± 6.4 174.0 ± 16.0 31.4 ± 7.9 39.8 ± 5.6 

 

Data are represented as mean ± SEM. *, P < 0.05 vs. oil. 

 

Discussion 

Here, the role of gonadal steroid hormones was tested in the organization and 

modulation of sleep in male and female rats. First, we found that exogenously 

administered estradiol has a greater magnitude of effect on sleep in females compared to 

males and masculinized females. Such a finding indicates a sex difference in the 

sensitively of the sleep circuitry to the modulatory effects of estradiol. Second, our data 

strongly indicate that estradiol suppresses sleep, and that androgens do not play a 

significant role. Finally, significant differences in Fos expression in the VLPO suggest 

that a component of the preoptic neural circuitry involved in sleep is organized by early 

exposure to gonadal steroids. Together, these data indicate that sex differences in sleep 

and wakefulness are due to activational effects of estradiol on organized brain circuitry. 

Previous studies raised the possibility that sexual differentiation of the brain 

played a significant role in the sex differences observed in sleep. Branchey et al. were 

able to suppress sleep in males who were feminized by neonatal ORDX but not in ORDX 

males in adulthood (334). Conversely, Yamaoka showed that masculinization of the 

female brain prevents estradiol from altering the circadian NREMS and REMS rhythms 

(286).  Our findings support this early work and demonstrate that the critical period for 

brain sexual differentiation contributes to the foundations of sex differences in the 
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physiological processes mediating sleep. By directly comparing females, males and 

masculinized females under the same hormonal conditions, we determined that the sex 

difference in sleep is due to differences in the sensitivity of the circuitry to gonadal 

steroids.  

The VLPO is organized by early exposure to gonadal steroids. The sex difference 

in Fos expression in the VLPO was observed under baseline conditions when sleep 

behavior is the same between females and males. To our knowledge, this is the first 

report of clear evidence that a sleep-related nucleus is organized by early exposure to 

gonadal steroids. Organization of the VLPO can cause differences in cell number, type 

and connectivity. The lower levels of Fos expression in males and masculinized females 

may be due to the absence of neurons, not just the lack of activation, and it may be those 

neurons that are sensitive to estradiol, which may explain why estradiol only modulates 

sleep in females.  

Following the onset of puberty, which marks the activation of the hypothalamic-

pituitary-gonadal axis and gonadal maturation [for review (339)], women and female 

rodents experience changes in their sleep behavior along the menstrual and estrous cycle. 

Using a rat model, Sieck et al. assessed sleep and wakefulness before and after either 

natural or precociously induced puberty (340,341). Following their designated pubertal 

event, vaginal opening, there is an increase in wake at the expense of both NREM and 

REM sleep, suggesting that these changes in sleep and wake are mediated by the 

hormonal events occurring during puberty, not age-related changes (340,341). Until now, 

it was unclear whether the hormonal events during puberty were necessary for the adult-

like suppress of sleep induced by estradiol. Our data suggest that the responsivity of the 
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circuitry underlying estradiol’s effects on sleep in females is set early during 

development and that hormone-dependent changes that occur during puberty have no 

further effects on adult sleep organization. 

Unlike the robust and reproducible suppression of sleep in females induced by 

estradiol, our behavioral findings in males following gonadal steroid replacement were 

inconsistent. We initially found a trend towards increased wake and suppressed sleep in 

males in our first experiment investigating the effects of sex-specific gonadal steroids on 

sleep. This suppression of sleep by testosterone in males was not significant or 

reproducible (compare Fig. 12 and 14). The magnitude of the effect in males is relatively 

small and any statistically significant effect is tenuous at best because of variability in a 

cohort. A recent study showed that chronic estradiol replacement (via silastic capsule 

implants) significantly induces arousal at the expense of sleep in males (304). 

Nonetheless, as we demonstrated, differences between males and females are due to 

differences in the sensitivity of the circuitry and behavior to gonadal steroids. Here, we 

show that masculinization of the brain renders sleep behavior in males and masculinized 

females less sensitive to the suppressive effects of estradiol compared to females.  

Differences in ER expression may underlie differences in the sensitivity of the 

sleep circuitry and behavior. Estradiol has multiple mechanisms of action and many are 

mediated through binding its receptors (ER alpha or beta). The MnPN has abundant ER 

alpha expression of which there is a sex difference. Greater expression of ER alpha in the 

MnPN of females highlights this region as a potential target for estradiol’s sex-specific 

effects on sleep.     
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Overall, the current findings implicate a significant role of sexual differentiation 

in the effects of gonadal steroids on sleep. Understanding why estradiol only affects sleep 

in females may help elucidate possible mechanisms of action. Sleep-circuits organized 

during develop are targets for isolating estradiol’s effects on sleep and wake.  
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Chapter 5: The sleep-active preoptic area as a key site in estradiol’s suppression of sleep 
 

Introduction 

As previously described in Chapter 4, sleep behavior in female rats is sensitive to 

changes in gonadal steroids, specifically estradiol, whereas sleep behavior in males is 

insensitive. Sexual differentiation of the brain during development plays a key role in the 

differences found in the hormonal modulation of sleep in rats. What remains unclear is 

where in the brain estradiol is acting to suppress sleep in females. 

Sleep-wake behaviors are regulated by reciprocal connections between sleep-

promoting nuclei in the POA (MnPN and VLPO), and arousal centers in the 

hypothalamus and brainstem [for review (95)]. The VLPO and MnPN are two key sleep-

active nuclei involved in the onset and maintenance of sleep (83,86,88,90). Previously, 

we found ER alpha protein expression in both the MnPN and VLPO, but expression was 

markedly greater in the MnPN. We also found a sex difference in ER alpha expression in 

the MnPN. Females had higher levels of expression compared to males. These expression 

patterns of ER alpha highlight the MnPN as a potential target for estradiol’s sex-specific 

effects on sleep.     

Indirect evidence suggests that the VLPO is sensitive to changes in estradiol. 

Neuronal activation and protein expression of L-PGDS within the VLPO is lower in 

estradiol-treated females compared to oil-treated (293). Others have shown that estradiol 

reduces mRNA expression for L-PGDS in the VLPO and leptomeninges in mice (330). 

Estradiol also reduces mRNA expression of the adenosine 2A receptor, a receptor critical 

for sleep induction by the somnogen adenosine, in the POA and VLPO of female mice 

(330). Together, these data suggest that estradiol alters critical factors involved in the 
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induction of sleep in the VLPO but it remains unknown if these are direct or indirect 

effects of estradiol.  

Estradiol may act within in the MnPN and VLPO to regulate the homeostatic 

response to sleep deprivation. Estradiol suppresses the homeostatic drive to sleep 

following sleep deprivation and strengthens the circadian factors influencing the time to 

sleep (300,301). The MnPN and subpopulations of VLPO cells are responsive to sleep 

pressure and thought to mediate sleep homeostasis (88). The presence of ER in the POA, 

as well as our finding of an estradiol-mediated reduction in sleep drive, strongly implicate 

a direct role of estradiol in the MnPN and VLPO. 

We hypothesize that the sleep-active POA is a key site for estradiol-mediated 

changes in sleep in females. We predict that antagonism of ERs in the MnPN will 

attenuate the suppression of sleep following estradiol administration. Conversely, we do 

not anticipate a change in estradiol’s suppression of sleep following antagonism of ERs 

in the VLPO due to lower expression of ER alpha compared to the MnPN. Furthermore, 

we predict that the signaling cascade initiated by estradiol bindings to ER in the MnPN is 

not only necessary but also sufficient to suppress sleep. Therefore, we anticipate that 

direct infusion of estradiol into the MnPN will induce wake and suppress sleep. Lastly, 

we predict that the production of peripheral somnogens that are involved in the induction 

of sleep, particularly prostaglandin D2 and adenosine from the leptomeninges, is not 

influenced by estradiol [for review (342)].      

In the following experiments, we micro-infused the ER antagonist, ICI 182,780 

(ICI), either into the MnPN or the VLPO. Following infusion, we assessed sleep-wake 

behavior at baseline and following a systemic injection of EB. Next, we tested whether 
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estradiol directly infused into the MnPN is sufficient to recapitulate the systemic effects 

of estradiol. Finally, we systemically administered ICI to address whether peripheral 

actions of estradiol, particularly in the leptomeninges, play a role in estradiol’s 

suppression of sleep.  

 

Methods 

Animals 

All experiments were performed in adult, female Sprague-Dawley rats (250-

300g). Animals were housed under a 12h light, 12h dark cycle with free access to food 

and water for the duration of the study. All procedures were performed in accordance 

with the National Institutes of Health guide for care and use of laboratory animals. All 

experiments were approved by and were in accordance with the guidelines of the 

University of Maryland Institutional Animal Care and Use Committee.   

 

Surgeries 

 All animals were OVX and simultaneously fitting for a TL11M2-F40-EET 

transmitters (DSI), according to our previously described protocols (see General 

Methods). For animals used in micro-infusion experiments, either (i) a single guide 

cannula (C315G, 26-gauge; Plastics One) targeted to the MnPN was implanted at a 9o 

angle at the stereotaxic coordinates 0.04mm posterior/ +1.0mm lateral/ 6.5mm ventral 

relative to bregma or (ii) a bilateral guide cannula (C235G, 26-gauge; Plastics One) 

targeted to the VLPO was implanted at the stereotaxic coordinates 0.1mm posterior/ 

1.0mm lateral/ 7.0mm ventral relative to bregma. The cannula and EEG leads were 
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secured together with dental cement. Dummy stylets were used to cover and maintain the 

guide. The skin along the head was sutured closed around the guide and dummy cap, and 

the dorsal incision was closed with wound clips. All animals were treated with antibiotic 

ointment and topical lidocaine as well as carpofen (5 mg/kg) postoperatively and then 

allowed 7 days to recover before the start of the experiments. 

 

Hormone replacement 

 Following a within-animal design, all animals received one injection of sesame oil 

(baseline) followed by two injections, 24h apart of estradiol benzoate (EB; 5 µg, then 10 

µg; Sigma-Aldrich, St. Louis, MO) in sesame oil, as described in the General Methods 

(Fig. 9). 

  

Drugs and Infusion Paradigm 

 Animals were randomly assigned into either the vehicle [VEH; 0.25% dimethyl 

sulfoxide (DMSO) in sterile water] or ICI (50ng in 0.25% DMSO in sterile water; Sigma-

Aldrich) infusion groups, and reversed the following week for a second round of 

infusions. For targeted infusions to the MnPN, the dummy stylet was removed and 

replaced with a 33-gauge micro-infusion needle (Plastics One), which extends 0.5mm 

below the tip of the guide cannula. For targeted infusions to the VLPO, the dummy stylet 

was removed and replaced with a 33-gauge micro-infusion needle, which extends 2.0mm 

below the tip of the guide cannula. The needle was connected to a Hamilton 1705 RNR 

50ul syringe (Hamilton, Reno, NV) via polyethylene tubing. A BASi Bee pump and Bee 

Hive controller (Bioanalytical Systems, Inc., West Lafayette, IN) was used to deliver ICI 
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or VEH at a rate of 0.1µl/min. Following infusion, the needle remained in place for 5 

minutes to ensure diffusion. ICI or VEH was infused 3 times per injection: (i) 6-12h prior 

to, (ii) 30 minutes prior to and (iii) 12h after injections (Fig. 18A). 

 In a separate cohort of OVX animals, either water-soluble estradiol (3ug 

cyclodextrin-encapsulated 17β-estradiol in sterile saline, Sigma-Aldrich) or VEH [3ug 2-

hydropropyl- β-cyclodextrin (CD) in sterile saline; Santa Cruz Biotechnology, Dallas, 

TX] was infused into the MnPO at lights on (ZT0) in the absence of systemic estradiol 

(Fig 18B). Infusions of soluble estradiol or VEH were at a rate of 0.1 µl/min and the 

needle remained in place for 5 minutes following infusion to ensure diffusion. 

 

 

 Figure 18. Injection and infusion paradigm for ER-antagonism studies. (A) ICI infusions in the 

MnPN and VLPO, (B) Estradiol infusions into the MnPN, and (C) Peripheral ICI study. Arrows 

indicate timing of infusion, solid lines indicate timing of injection 
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 In the last cohort of animals, systemic injections of ICI [1mg/kg ICI in 0.01% 

ethanol (EtOH) in oil] or VEH (1mg/kg 0.01% EtOH in oil) were simultaneously 

administered with oil/EB injections at lights out (Fig. 18C). 

 

Cannula placement 

 At the end of the experiment, animals were overdosed with a ketamine/ 

acepromazine mix before being transcardially perfused with 0.9% saline + 2% sodium 

nitrite followed by 4% paraformaldehyde in 0.05M KPBS. The brains were removed and 

post-fixed overnight in 4% paraformaldehyde. Brains were cryoprotected in 30% sucrose 

in KPBS, frozen on dry ice, and stored at -80oC. Each brain was cut on a cryostat along 

the coronal plane at 30µm thick into 4 series and stored in an ethylene glycol-based 

storage solution at -20oC. Sections in each series are separated by 120µm.  

 Sections corresponding to the MnPN and VLPO from one series were mounted on 

2% gelatin-coated slides. The slides were processed for cresyl violet (0.1% solution; 

cresyl violet acetate, Sigma-Aldrich) staining to examine cannula placement. MnPN hits 

were counted as placement within sections 33-35 of the brain atlas (343) and VLPO hits 

were counted as placement within sections 32-36. For the MnPN cannulations, animals 

with cannula placement outside of this area were removed from analysis; 3 animals were 

removed. There was 1 animal whose cannula placement was a miss but she remained in 

the analysis. This animal was infused with VEH and her behavior was not different from 

VEH-hits.  For the VLPO, one animal was a miss and excluded from the study, while 3 

animals were euthanized prior to completion and therefore removed from the study.  
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Data analysis 

 The scored epochs were summed over the 12h light phase and 12h dark phase and 

reported as the total time (in minutes) spent in each state (wake, total sleep, NREMS, and 

REMS). Within each 12h phase, the percent change induced by estradiol was calculated 

for each vigilance state Percent change from oil baseline = [(estradiol_time – 

baseline_time) / baseline_time] x 100.   

 

Statistical Analysis 

 All data are represented as mean ± SEM. Two-way, repeated measures ANOVAs 

followed by Bonferroni post-hoc tests were run for each vigilance state to determine if 

direct MnPN and VLPO infusions significantly altered estradiol’s effects on sleep-wake. 

Since this was a within-animal study, systemic injection (oil vs. estradiol) was the 

repeated factor and infusion (VEH vs. ICI) was the independent factor. An a prior 

comparison of interest was between the VEH and ICI infused estradiol days of analysis. 

We ran an unpaired t-test to compare means on the estradiol day between VEH and ICI 

infused animals. T-tests were used to compare estradiol and VEH MnPN infusions and 

two-way, repeated measures ANOVAs followed by Bonferroni post-hoc tests were run 

for analysis across the phase in 1h bins. Mann-Whitney U nonparametric tests were run 

to analyze differences between mean percent changes of each vigilance state.  

	  

Results 

Direct infusion of ICI into the MnPN attenuates estradiol’s suppression of sleep. 

 In all groups, systemic estradiol significantly modulated sleep-wake behavior 

(Table 3). There was a main effect of estradiol treatment for wake (F1,12 = 53.48, P <  
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     Table 3. Effects of direct infusion of ICI into the MnPN on the duration of  
     sleep-wake behaviors in oil and estradiol-treated females 

 
Dark Phase 

VEH (n=6) ICI (n=8) 

Oil  Estradiol Oil Estradiol 

Wake 515.1 ± 17.2 599.1 ± 16.0* 501.6 ± 16.3 551.9 ± 12.3* 
Sleep 204.9 ± 17.2 120.9 ± 16.0* 218.4 ± 16.3 168.1 ± 12.3* 

NREMS 170.3 ± 12.7 106.1 ± 14.4* 181.3 ± 12.3 143.0 ± 10.2* 
REMS 34.6 ± 5.2 14.8 ± 2.4* 37.1 ± 4.7 25.1 ± 3.1* 

     
  Light Phase  

 
VEH ICI 

Oil  Estradiol Oil Estradiol 

Wake 184.1 ± 9.9 152.7 ± 7.6 174.0 ± 15.8 173.3 ± 14.5 
Sleep 534.5 ± 9.7 564.0 ± 6.5 541.8 ± 17.8 545.8 ± 14.3 

NREMS 469.7 ± 9.2 487.0 ± 6.3 471.0 ± 18.2 469.0 ± 16.0 
REMS 64.8 ± 2.8 77.0 ± 3.6* 70.8 ± 4.6 76.8 ± 6.0 

 

Data are represented as mean ± SEM. *, P < 0.05 vs. oil. 
 

0.001), total sleep (F1,12=53.48, P < 0.001), NREMS (F1,12=39.93, P < 0.001) and REMS 

(F1,12=57.03, P < 0.001) during the dark phase (Table 3), as well as for REMS 

(F1,12=12.24, P =0.004) in the light phase. Estradiol treatment increased the time spent in 

wake and decreased sleep, both NREMS and REMS during the dark phase. In this study, 

pairwise comparisons of VEH infused animals given oil then estradiol revealed that 

estradiol treatment increased wake duration (t5 = 2.56, P = 0.05) and decreased total sleep 

(t5 = 2.68, P = 0.04) and REMS (t5 = 2.78, P = 0.04; Table 3). Direct infusion of ICI into 

the MnPN significantly attenuated these effects during the dark phase (Fig. 19). Animals 

who received direct infusions of ICI into the MnPN acquire about 47 minutes less wake 

(t12 = 2.376, P = 0.04) than VEH and about 37 more minutes of NREMS (t12 = 2.158, P = 

0.05) and 10 more minutes of REMS (t12 = 2.518, P = 0.03; Fig.19A) during the dark 

phase. The percent change in wakefulness induced by estradiol was not significantly 
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different between VEH and ICI infusion groups (U = 16.0; P = 0.35; Fig.19B). The 

percent changes in total sleep (U = 7.0; P = 0.03), NREMS (U = 8.0; P = 0.04) and 

REMS (U = 2.0; P = 0.003) induced by estradiol were significantly attenuated by ICI. 

The percent changes in wake, total sleep, NREMS and REMS were not affected by ICI 

during the light phase (data not shown).   

 

Direct infusion of estradiol into the MnPN increases wake and suppresses sleep. 

 Estradiol infusion occurring at the beginning of the light phase, significantly 

increased wake (t12 = 2.20; P = 0.05; Fig. 20A) and decreased total sleep (t12 = 2.19; P = 

0.05; Fig. 20B) over 6h after infusion. The first 6h and the last 6h of the dark phase were 

unaffected by direct estradiol infusion into the MnPN. Analysis of wake during the dark 

period in 1h bins revealed a significant main effect of the infusion (F1,60 = 4.86, P = 0.05) 

and an interaction (F5, 60 = 2.78, P = 0.03). Across the 6h period, wakefulness was 

elevated following estradiol infusion but did not reach significance until ZT 11 (t = 3.25, 

P < 0.05; Fig. 21A).  For total sleep, there was a significant main effect of the infusion 

(F1,60 = 4.82, P = 0.05) and an interaction (F5, 60 = 2.79, P = 0.03). Total sleep was 

significantly decreased during ZT 11 (t = 3.26, P < 0.05). There was a main effect of the 

time (F5,60 = 2.61, P = 0.03) and an interaction (F5, 60 = 3.32, P = 0.03) for REMS. Across 

the 6h period, REMS was decreased following estradiol infusion but did not reach 

significance until ZT 11 (t = 3.76, P < 0.05; Fig. 19D). There were no significant effects 

found for NREMS. Wake, total sleep, NREMS, and REMS were not different during 

across the dark phase (Fig. 21E-H). 
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Figure 19. Effects of direct infusion of ICI into the MnPN on estradiol-mediated changes in sleep. 

(A) Antagonism of ER in the MnPN significantly attenuates the effects of estradiol on wake, total 

sleep, NREMS, and REMS.  (B) The change in sleep, both NREMS and REMS, is significantly 

attenuated by direct infusion of ICI in to the MnPN, by about 50%. *, P <0.05 vs. VEH.  
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Figure 20. Effects of direct infusion of estradiol into the MnPN on sleep and wakefulness. (A) 

Wakefulness was increased 6h following a local infusion of estradiol into the MnPN. (B) Total 

sleep is reduced 6h following infusion of estradiol into the MnPN. (C-D) NREMS and REMS 

were not significantly decreased. (A-D) Sleep-wake behavior was not affected during the dark 

phase.   
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Figure 21. Effects of direct infusion of estradiol into the MnPN on sleep and wakefulness across 

the light and dark phase.  Local infusion of estradiol at ZT0 significantly increased (A) wake and 

suppressed (B) sleep, specifically (D) REMS during ZT 11. (E-H) Sleep-wake behavior across 

the dark phase was unaffected. *, P < 0.05 vs. Vehicle.  
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Direct infusion of ICI into the VLPO may attenuate estradiol’s suppression of sleep. 

 Preliminary findings suggest that ICI infusion into the VLPO does not attenuate 

estradiol’s effects on wake and sleep (Fig. 22; Table 4). However, the variability in 

REMS data makes it difficult to interpret any potential effect of ICI. This study is 

ongoing in the lab and more animals will be added. We calculated the effect size of this 

preliminary cohort for total sleep (d=0.52) and REMS (d=0.24). These effect sizes are 

lower than what we calculated for our preliminary cohort when we began the MnPN 

infusion experiments (total sleep d=0.67 and REMS d=1.36). 

 

Estradiol does not affect peripheral somnogens to suppress sleep. 

 Systemic injections of ICI did not affect estradiol’s ability to suppress sleep or 

increase wake (P > 0.05). Percent change data for wake, total sleep, NREMS and REMS 

are presented in Figure 23.  

 

 
 
 
       Table 4. Effects of direct infusion of ICI into the VLPO on sleep-wake  
       behaviors in oil and estradiol-treated females. 

 
Dark Phase 

VEH (n=4) ICI (n=3) 

Oil  Estradiol Oil Estradiol 

Wake 444.3 ± 29.5 508.3 ± 16.3 470.0 ± 15.0 486.9 ± 37.9 
Sleep 275.7 ± 29.5 211.7 ± 16.0 249.9 ± 15.0 233.0 ± 37.9 

NREMS 238.7 ± 29.5 186.9 ± 20.2 223.8 ± 23.0 210.9 ± 33.8 
REMS 37.0 ± 1.1 24.8 ± 4.5 26.1 ± 11.0 22.1 ± 9.6 

 

       Data are represented as mean ± SEM. 
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Figure 22. Effects of direct infusion of ICI into the VLPO on estradiol-mediated changes in sleep 

and wake. (A-B) ICI did not attenuate estradiol’s effects on sleep-wake. n=4 for VEH, n=3 for 

ICI.   
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Figure 23. Effects of a systemic injection of ICI on sleep and wake following estradiol treatment. 

In both VEH and ICI treated animals, estradiol increased wake and suppressed sleep, both 

NREMS and REMS. Peripheral ICI did not attenuate the effects of estradiol on sleep and wake.	  	  
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Discussion	  

 Here, we show that the sleep-active POA is a direct target for estradiol’s 

suppression of sleep. The MnPN is a necessary site of estradiol action for its full 

suppression of sleep. Antagonism of ERs in the MnPN attenuated the estradiol-mediated 

suppression of sleep, by ~50%. Preliminary data from ongoing studies in the lab indicate 

that the VLPO may not be critical for estradiol’s effects as the MnPN. We also found that 

peripheral effects of estradiol did not suppress sleep. Together, our findings begin to 

elucidate key sites for estradiol within the sleep-wake circuitry.  

In years past, much research has focused on understanding the role of estradiol in 

the induction of arousal and it was unclear if estradiol directly affected sleep-promoting 

nuclei [for review (344)]. Both the MnPN and VLPO have been extensively studied for 

their role in sleep initiation and maintenance [for review (94,95,102)]. Both nuclei 

express ER, with the MnPN having markedly higher expression compared to the VLPO. 

Here, we found that ER-activity in the MnPN was critical for estradiol’s suppression of 

sleep. Direct infusion of ICI into the MnPN attenuated the estradiol-mediated suppression 

of sleep, both NREMS and REMS, suggesting that ER-action in the MnPN is necessary 

for estradiol’s full sleep suppressive effect. These effects were specific to the dark phase. 

OVX females treated with estradiol had increased sleep and decreased wake compared to  

oil treatment during the light phase. These findings support the hypothesis that estradiol 

strengthens circadian factors regulating sleep; however, ER antagonism did not block this 

effect.  

Micro-infusion of estradiol into the MnPN significantly modulated sleep and 

wakefulness. Estradiol increased wake and suppressed sleep compared to VEH infusion. 
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Here, the effects of a local estradiol infusion were less in magnitude and shorter in 

duration. Estradiol increased wake and suppresses sleep across the last 6h of the light 

phase, but did not have an effect on sleep-wake behavior during the following dark 

period. Furthermore, the effects were greatest during the last hour of the light phase, 

suggesting that transition periods may be most sensitive to estradiol.  

 Based on our findings, we predict that estradiol directly suppresses sleep-

promotion. Antagonism of ER partially blocked the estradiol-mediated suppression of 

both NREMS and REMS and activation of ER via direct infusion of estradiol suppressed 

total sleep for a short period of time. Estradiol may suppress sleep by either reducing 

excitatory input or by hyperpolarizing resting membrane potential of MnPN neurons. 

Direct modulation of the MnPN neuronal activity affects the activity of the orexinergic 

neurons in the PF/LH, such that activation of the MnPN inhibits the PF/LH 

(110,345,346). Therefore, one likely downstream effect of estradiol decreasing MnPN 

activation would be a release of the inhibitory tone on orexinergic neurons. 

The direct role of estradiol in the VLPO remains unclear. Previously, we reported 

that exogenous estradiol reduces the activation of VLPO neurons (293). Here, our 

preliminary data suggest the VLPO is not likely a critical target for estradiol’s 

suppression of sleep. Our effect size calculations indicate that any effects of ICI in the 

VLPO will most likely be in total sleep but not REMS and may not be as robust as in the 

MnPN. Peripherally derived somnogens can also mediate VLPO activity [for review 

(342)]. Estradiol reduces L-PGDS transcript levels in the leptomeninges of the POA 

(347), potentially representing a peripheral effect of estradiol. However, peripheral ICI at 

a dose that does not to cross the blood brain barrier did not block estradiol’s effects on 
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sleep and wakefulness, but did block the increase in uterine horn weight (348). These 

data suggest that peripherally derived somnogens are unaffected by estradiol. Ongoing 

studies in the lab are exploring the effect of peripheral ICI on the expression of L-PGDS 

in the leptomeninges to determine if ICI was able to gain access to the meningeal layer.   

 Together, these data highlight a key area within the sleep-circuitry that estradiol 

targets to suppress sleep, but it is clear that estradiol has other targets as well. Local 

infusion of ICI into the MnPN only attenuated estradiol’s effects by about 50%. It is 

likely that estradiol acts more globally, like in the arousal nuclei of the brainstem, to 

enhance arousal. The identification of the MnPN as a direct site of estradiol action now 

allows for more mechanistic research in these regions to determine how estradiol is 

suppressing sleep in females. 

  

 

 

  



	   91	  

Chapter 6: Orexin is not the mediator of estradiol’s effects on sleep 

Introduction 

The sleep-active nuclei in the POA have dense projections to many nuclei 

involved in the onset and maintenance of arousal. The MnPN contains ERs and 

antagonism of these receptors attenuated the estradiol-mediated suppression of sleep 

(previously described in Chapter 5). What remains unclear is what downstream signaling 

is changed by direct estradiol action in the MnPN.    

Orexin, an arousal neuropeptide, is an ideal candidate for mediating estradiol’s 

effects. Orexin is involved in arousal, consolidates or stabilizes vigilance states, and it is 

a potent inhibitor of REMS. Orexin receptors (orexin receptor 1 and 2) are G-protein 

receptors coupled to Gq, which have excitatory effects on target cells [for review (349)]. 

Both the MnPN and VLPO send inhibitory projections to the orexinergic neurons in the 

PF/LH (96-99,109). In fact, there is evidence that MnPN and PF/LH neurons reciprocally 

modulate activity, such that activation of the MnPN reduces arousal related firing and 

increases sleep-active activity in the PF/LH (110). Orexinergic neurons send projections 

to arousal nuclei in the brainstem, like the locus coeruleus (LC) and dorsal raphe nucleus 

(DRN), which are also targets of the MnPN and VLPO (350). Modulation of MnPN 

activation by estradiol may lead to changes in orexin signaling inducing arousal. 

The orexinergic system is influenced by estradiol. Females treated with estradiol 

have greater expression of activated orexinergic neurons compared to oil-treated females 

(329). Fluctuation in endogenous gonadal steroids across the estrous cycle, as well as 

treatment with exogenous estradiol in OVX females, increases expression of orexin (351) 
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and its receptors (352-354). Additionally, prepro-orexin mRNA expression in the 

hypothalamus is higher in females compared to males (355). 

We hypothesize that orexin is the mediator of estradiol’s suppressive effects on 

sleep. To test this, we obtained dual orexin receptor antagonists (DORA-12), which 

blocks the activation of orexin receptors 1 and 2. DORA-12 promotes both NREMS and 

REMS in rats (356). We predict that if orexin were the mediator of estradiol’s 

suppressive effects on sleep then antagonism of orexin receptors would attenuate the 

estradiol-mediated suppression of sleep. Additionally, due to the sex difference in prepro-

orexin mRNA and steroidal modulation of receptor expression, we predict that sleep-

promotion by DORA-12 will be sex and estradiol dependent. We also quantified the 

number of Fos-ir cells, orexin-ir cells, and Fos+ orexinergic-ir cells in the PF/LH when 

ICI attenuates estradiol’s effects on sleep. We predict that if estradiol increases orexin 

activation to suppress sleep, then ICI infusion into the MnPN will attenuate the increase 

in colabeled cells in the PF/LH following estradiol treatment.  

 

Methods 

Experiment 1: Effects of DORA-12  

Animals and Drug Paradigm 

Gonadectomized female (300-350g) and gonadally intact male (350-400g) rats 

were fitted with EEG/EMG transmitters (DSI). All animals were treated with antibiotic 

ointment and topical lidocaine as well as carpofen (5mg/kg) post-operatively, and then 

allowed 7 days to recover before the start of the experiments.  
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All female rats were treated with oil and EB following our established hormone 

replacement paradigm, while males just received oil injections as a control. Animals were 

randomly assigned to either DORA-12 or vehicle treatment groups. Following a wash-out 

period of 5 days, all animals were reassigned to the other treatment group.  

DORA-12 was suspended in 20% D-α-tocopheryl polyethylene glycol 1000 

succinate (Vitamin E TPGS) at a concentration of 10mg/ml. First, we ran a dose response 

(n=2 per group) to determine the concentration to use in females. DORA-12 (3mg/kg, 

10mg/kg, or 30mg/kg) or vehicle (VEH; equal volume of Vitamin E TPGS) was given 

orally prior to lights out (ZT12). For the experiment, DORA-12 (30mg/kg) or VEH was 

given orally prior to lights out (ZT12) each day of injections (Fig. 24). 

 

 

Figure 24. Gavage and hormone replacement paradigm. Arrows indicate injection times, lines 

indicate administration of DORA-12. 

 

Sleep Analysis 

The total duration (in minutes) for each vigilance state was analyzed for the dark 

phase for each scoring period. To compare the magnitude of change induced by either 

estradiol replacement or DORA-12, the percent change was calculated [((treated-

baseline)/baseline) *100].       



	   94	  

To test whether orexin is the mediator of estradiol’s suppressive effects on sleep, 

we first compared the total wake, sleep time, NREMS and REMS between oil and 

estradiol days in VEH and DORA-12 treated females using a two-way repeated measured 

ANOVA. The repeated factor was treatment (oil vs estradiol) and independent factor was 

drug treatment (VEH or DORA-12).  

Next, we compared the sleep-promoting effect of DORA-12 in males, oil-treated 

females, and estradiol-treated females to test whether sleep promotion by DORA-12 is 

sex and estradiol dependent. Here, we looked at the amount of wake across the 12h dark 

phase in 3h bins. Two-way repeated measures ANOVAs were run for each group. The 

repeated factor was time and independent factor was drug treatment (VEH or DORA-12). 

A student’s t-test was used to compare the total time in wake for VEH vs DORA-12 

treated animals in each group. Lastly, comparisons for the DORA-12 treatment alone 

were done between all groups. Two-way repeated measures ANOVA was used compare 

wake time following DORA-12 in males, oil-treated females, and estradiol-treated 

females across the dark phase in 3h bins. A one-way ANOVA was used to compare total 

wake time in the dark phase following DORA-12 in males, oil-treated females, and 

estradiol-treated females. A Mann-Whitney U non-parametric t-test was used to compare 

the percent change in each wake during 3h intervals across the dark phase in females.  

 

Experiment 2: Effects of ICI infusion into the MnPN on orexinergic activation 

 A cohort of female Sprague-Dawley rats (275-300g) was simultaneously 

implanted with EEG/EMG telemetry transmitters (DSI) and a single guide cannula 

targeted to the MnPN. Following the infusion paradigm described in Chapter 5, all 
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females were overdosed with a ketamine/acepromazine mix before being transcardially 

perfused with 0.9% sodium chloride + 2% sodium nitrite solution followed by 4% 

paraformaldehyde in 0.05M KPBS 5h into the dark phase (ZT 17). The brains were 

removed, postfixed overnight, cryoprotected and stored -80oC.  

Briefly, each brain was cut on a cryostat along the coronal plane at 30µm thick 

into 4 series and stored in an ethylene glycol-based storage solution at -20oC until 

processed. Sections in each series are separated by 120µm. Cohorts containing animals 

from all treatment groups [(i) VEH-Oil, (ii) VEH-EB, (iii) ICI-Oil, (iv) ICI-EB] were 

immunocytochemically processed in the same tray. Sections were first processed for Fos-

ir for 48h at 4oC with rabbit IgG anti-c-Fos (Ab-5) antibodies corresponding to amino 

acids 4-17 of human c-Fos (1:50,000; Calbiochem PC38) and visualized with nickel 

sulfate-enhanced DAB in TBS solution containing 0.005% H2O2. The sections were 

rinsed overnight and then processed for orexin-ir using goat polyclonal IgG anti-orexin A 

antibodies (1:20,000; Santa Cruz SC-8070) for 48h at 4oC and visualized with DAB in 

TBS solution containing 0.005% H2O2. Sections were mounted serially on 2% gelatin-

coated glass slides and coverslipped. 

We systematically counted the number of Fos-ir, orexin-ir, and colabeld cells in 

the PF/LH with the aid of the Neurolucida software as previously described (293). 

Sections analyzed were from two-in-four series (adjacent sections were separated by 60 

µm). Three brain sections corresponding to Plates 57-60 of the Paxinos and Watson rat 

brain atlas were used in the analysis (90). We used an 800µm x 1200µm contour; with 

the ventral edge was center on the ventral edge of the fornix. Two contours per bilateral 
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section of the PF/LH were counted and a total number of Fos-ir, orexin-ir, and co-labeled 

cells were averaged between the two series. 

 

Results 

Dose response for DORA-12 in females. 

 In females, DORA-12 (30mg/kg) significantly suppressed wake (F3,4 = 13.1, P = 

0.016; Fig 25A) and increased sleep (F3,4 = 12.19; P = 0.018; Fig. 25B) compared to 

VEH. The lower doses of DORA-12 (3mg/kg and 10mg/kg) were not efficient at 

reducing 12h total time in wake and promoting sleep compared to VEH (Fig. 25).  

 

Orexin is not the mediator of estradiol’s suppressive effects on sleep 

 DORA-12 significantly suppressed wake and increased sleep, both NREMS and 

REMS in oil and estradiol-treated females (Fig. 26). There was a significant main effect 

of DORA-12 treatment for wake (F1,13 = 111.4, P < 0.001), total sleep (F1,13 = 109.1, P < 

0.001), NREMS (F1,13 = 80.6, P < 0.001) and REMS (F1,13 = 49.5, P < 0.001). There was 

also a significant main effect of hormone treatment for wake (F1,13 = 32.4, p < 0.001), 

total sleep (F1,13 = 33.2, P < 0.001), NREMS (F1,13 = 13.4, P = 0.003) and REMS (F1,13 = 

7.6, P < 0.001), such that estradiol significantly increased wake (Fig. 26A) and 

suppressed sleep (Fig. 26B), specifically REMS (Fig. 26D) in both VEH and DORA-12 

treated females. Estradiol did not, however, suppress NREMS in DORA-12 treated 

females (t13 = 1.89, P > 0.05; Fig. 26C).  
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Figure 25. DORA-12 dose response. (A) DORA-12 significantly suppressed 12h wake duration in 

females treated with 30mg/kg, but not 3mg/kg or 10mg/kg. (B) DORA-12 significantly increased 

total sleep duration during the 12h dark phase following administration in females treated with 

30mg.kg, but not 3mg/kg or 10mg/kg. n=2 per group. *, P < 0.05.   
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Figure 26. Effects of DORA-12 in oil and estradiol-treated females. DORA-12 suppressed wake 

and promoted sleep, both NREMS and REMS in all animals. Estradiol was able to (A) increase 

wake and (B) suppress sleep. (C) NREMS was unaffected by estradiol in DORA-12 treated, but 

(D) REMS was significantly reduced. *, P < 0.05 from oil.  



	   99	  

The sleep-promoting effect of DORA-12 is sex dependent in rats 

 In males, there was a significant main effect of time (F3,12 = 7.50, p = 0.004; Fig. 

27A). DORA-12 treatment significantly suppressed dark-phase wake for the 3h period 

following administration in males (t=2.92, P < 0.05). It did not significantly affect the 

12h total wake in the dark phase (t4=1.51, P > 0.05). In oil-treated females, there was a 

significant main effect of both drug treatment (F1,13 = 76.88, P < 0.001) and time (F3,39 = 

21.37, P < 0.001) and there was a significant interaction (F3,39 = 3.11, P = 0.04; Fig. 

27B). DORA-12 significantly suppressed wake during the first 3h (t=5.65, P < 0.001) 

following administration and the last 6h of the dark phase (t=5.22, p < 0.001; t = 5.13, P 

< 0.001). DORA-12 significantly suppressed total wake time in the dark phase by ~ 40% 

(t13 = 8.77, P < 0.001). In estradiol-treated females (Fig. 27C), there was a significant 

main effect of drug treatment (F1,13 = 66.92, P < 0.001) and trend of time (F3,39 = 2.47, P 

= 0.08).  DORA-12 significantly suppressed wake across the entire dark phase (each 3h 

bin: t = 5.43, p < 0.001; t = 4.39, P < 0.001; t = 5.05, P < 0.001; t = 4.43, P < 0.001). 

DORA-12 significantly suppressed total wake time in the dark phase by ~ 37% (t13 = 

8.18, P < 0.001). Using a two-way RM ANOVA analyzing DORA-12 effects in all 

groups, there was a significant main effect of both group (F2,18 = 14.50, P = 0.002; Fig. 

28A) and time (F3,54=18.58, P < 0.001) and there was a significant interaction (F6,54 = 

2.48, P = 0.03). The magnitude of DORA-12’s wake suppressing effect was significantly 

attenuated in males compared to oil-treated females across the entire dark phase (Fig. 

28B) and during ZT 15-18 compared to estradiol-females (t = 4.41, P < 0.05; Fig. 28B). 

The magnitude of DORA-12’s effect was significantly attenuated in males compared to 

estradiol-treated females during ZT 21-0 (t = 3.71, P < 0.05; Fig. 28B). 
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Figure 27. Effects of DORA-12 across the 12h dark period. (A) In males, DORA-12 suppressed 

wake 3h post-administration, but it did not affect the 12h wake total. (B) In oil-treated females, 

DORA-12 significantly suppressed wake during most of the dark phase, reducing the 12h wake 

total by ~40%. (C) In estradiol-treated females, DORA-12 significantly suppressed wake during 

across the dark phase, reducing the 12h wake total by ~37%. *, P < 0.05 from vehicle. 
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Figure 28. The sleep-promoting effect of DORA-12 is sex dependent. (A). Following DORA-12 

administration, wake was significantly more suppressed in oil-treated females compared to males 

across the dark phase. (B) 12h totals for wake in the dark phase were significantly different 

between all groups. a, P < 0.05 from oil; b, P < 0.05 from male; c, P < 0.05 from estradiol.   

  



	   102	  

Estradiol does not influence the efficacy of DORA-12 

 Since estradiol increases wake, we calculated the percent change in wake 

following DORA-12 in both oil- and estradiol-treated females to determine if the 

differences listed above are due to a change in baseline wake or if estradiol influences the 

efficacy of DORA-12. The percent change in wake following DORA-12 is not 

significantly different across the 12h dark phase between oil and estradiol-treated females 

(Fig. 29).  

 

Effects of ICI infusion into the MnPN on orexinergic neuronal activation 

 Preliminary data point to potential changes in Fos-ir (Fig. 30A) and orexin-ir (Fig. 

30B) in the PF/LH following ICI infusion in the MnPN. However, due to a small sample 

size, statistical power is lacking to draw definitive conclusions. The current data suggest 

that ICI infusion into the MnPN does not affect the activational state of orexinergic 

neurons in the PF/LH (Fig. 30C). Lastly, these findings indicate that estradiol treatment 

does not increase orexinergic activation compared to oil treatment.  

 

Discussion 

 In this set of experiments, we tested the role of orexin in estradiol’s suppression 

of sleep. First, we found that antagonism of both orexin receptor 1 and 2 did not 

completely block the estradiol-mediated suppression of sleep, especially REMS. We 

found that wake suppression by DORA-12 was sex dependent, such that the sleep-

promoting effects of DORA-12 persisted longer in females compared to males. 

Furthermore, we found that the activational state of orexinergic neurons was unaffected  
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Figure 29. Effects of hormonal status on DORA-12 efficacy. Wake suppression was 

similar in oil- and estradiol-treated females. 
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Figure 30. Effects of ICI infusion in the MnPN on orexinergic activation. (A) Fos-ir, (B) orexin-

ir, and (C) co-labeled cells may be elevated in ICI-oil animals compared to all other groups.   
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by direct ICI infusion into the MnPN or by estradiol treatment. Together, these findings 

indicate that orexin is not increased following estradiol’s inactivation of the MnPN and 

does not mediate estradiol’s suppression of sleep and induction of arousal. 

Our finding that antagonism of ERs in the MnPN attenuated the estradiol-

mediated suppression of sleep (see Chapter 5) strongly implicates the orexinergic neurons 

as potential downstream targets of estradiol action in the MnPN. It is well known that 

orexin plays a key role in arousal, particularly in the stabilization of vigilance. 

Orexinergic neurons receive dense projections from the MnPN and this innervation has 

been shown to directly regulate orexinergic activity (110). Our lab has preliminary data 

indicating that estradiol increased orexin activation, which was similar to previously 

reported findings (329). These findings further supported our hypothesis that orexin is a 

key downstream target of estradiol’s action in the MnPN.  

In our current study, we did not replicate our finding that estradiol increases the 

activation of orexinergic neurons. Unlike our earlier findings and those by Deurveilher 

and colleagues (329), these data were collected 5h into the dark phase, whereas the others 

were collected during the light phase. Since this was a small sample, more animals need 

to be added before we can draw any definitive conclusions, but there may be circadian 

differences in hormonal modulation of orexinergic activation. Since estradiol did not 

increase orexinergic activation, it was difficult to assess the effects of ICI infusion in the 

MnPN on orexinergic activation. ICI-Oil animals seemed to have the highest level of 

orexinergic action compared to all groups. It is possible that there is local synthesis of 

estradiol in the MnPN, which has basal effects on MnPN neuronal activity, or that ICI 

has additional non-antagonistic effects. 
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A direct test of our hypothesis was assessing the effects of estradiol on sleep 

following administration of dual orexin receptor antagonists. DORA-12 significantly 

suppressed wake and promoted sleep in both oil- and estradiol-treated females. When we 

compared the effects of estradiol treatment to oil in animals receiving the DORA-12, we 

found that estradiol was still able to significantly induce arousal at the expense of sleep. 

This suppression of sleep, however, was mainly due to estradiol suppressing REMS, as 

NREMS suppression was attenuated in DORA-12 females. These data strongly suggest 

that orexin is not the key mediator of estradiol’s suppression of sleep. It is likely that 

orexinergic signaling is increased by estradiol since DORA-12 was able to block the 

suppression of NREMS; however, other neurotransmitters are probably involved as well, 

leading to the more robust suppression of sleep.  

 There are many other potential targets underlying estradiol’s suppression of sleep. 

One such target may be histamine. The histaminergic neurons in the TMN are under 

direct inhibitory control of VLPO neurons. Previously, we found that estradiol causes a 

decrease in Fos expression in the VLPO and a concomitant increase in Fos expression in 

the TMN (293). It is possible that estradiol action in the MnPN feeds forward to the 

VLPO, which in turn releases the break on histamine, promoting wake. This suggested 

mechanism supports the “flip-flop” model proposed by Saper et al. to switch between 

sleep and wake states (102).    

 In the current study, we found that the sleep-promoting effect of DORA-12 was 

sex dependent in rats. In males, DORA-12 suppressed wake for ~3h post-administration 

and does not affect overall time awake during the dark period. In females, the sleep-

promoting effect of DORA-12 was more robust, significantly suppressing wake by ~40% 
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in the dark phase. DORA-12 similarly suppressed wake in both oil and estradiol-treated 

animals. Baseline levels of wake are higher in estradiol-treated females so the total 

amount of wake was significantly higher in estradiol vs. oil DORA-12 treated females.  

Sex differences in hepatic drug metabolism have been well defined in humans and 

rodents [for review (357,358)]. Differences in the hypnotic effect of barbiturates were the 

first reports of sex differences in drug metabolism, such that males slept less than females 

following drug administration (359,360). To determine if our findings are simply due to a 

sex difference in the metabolism of DORA-12, we are running a pharmacokinetic study 

to determine plasma levels of DORA-12 1, 2, 4 and 6h following administration in males 

and oil- and estradiol-treated females.  

Sex differences in the organization and/or sensitivity of the sleep circuitry can 

affect the modulation of sleep by various drugs. We have previously described (Chapter 

4) that there was a sex difference in the sleep circuitry, particularly in the VLPO. It 

remains unclear if there are sex differences in the MnPN. In humans, olanzapine has sex-

specific effects on sleep that are independent of drug metabolism (361). Women show an 

increase in SWS following olanzapine, while men show a decrease in SWS (361). It is 

possible then, that sex differences in circuitry can underlie the differences we see here 

with sleep-promotion by DORA-12. Sex differences and hormonal modulation of the 

orexinergic system may also contribute to this difference (351-353,355). To directly test 

if this difference is due to sexually dimorphic circuitry, we plan to infuse DORA-12 i.c.v 

to bypass hepatic metabolism and see if the sex difference in sleep-promotion duration 

can be recapitulated.  
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Overall, these findings suggest that orexin is not the key mediator of estradiol’s 

effects on sleep. While orexin seemed like the ideal candidate, antagonism of orexin 

receptors 1 and 2 was not able to block the estradiol-mediated arousal and suppression of 

REMS. Additionally, preliminary data indicate that antagonizing ERs in the MnPN has 

little to no effect on orexinergic activation. Together, these data suggest that other 

neurotransmitter systems are involved in estradiol’s suppression of sleep.  
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Chapter 7: In utero exposure to valproic acid changes sleep in juvenile rats: a model for 

sleep disturbances in autism 

Introduction 

Autism spectrum disorders (ASD) are an array of developmental disorders, 

primarily disrupting social interactions, communication, and behavioral patterns. The 

prevalence of ASD is male-biased, with the averaged male-to-female ratio ~4:1 [for 

review (362,363)]. Clinical observations have also indicated a high prevalence of sleep 

disturbances in children with ASD [for review (364-369)]. Recent clinical studies report 

that the prevalence of sleep problems in children with ASD is roughly 44% to 83% of 

diagnosed cases (370-372). These sleep dysfunctions typically manifest as difficulties 

initiating and maintaining sleep, sleep fragmentation, insomnia, and 

parasomnias.(371,373-383). Quality sleep is imperative for the maintenance of good 

health and sleep loss can lead to or exacerbate existing behavioral problems associated 

with ASD (377,384)  [for review (72,385)]. Alterations in the sleep architecture have 

been linked with cognitive and behavioral deficits as well as stress and anxiety  [for 

review (72,385,386)]. Since children diagnosed with ASD share similar symptoms to 

those experiencing sleep loss, it is plausible to suspect that sleep disturbances in ASD 

may contribute to its symptomology. However, it appears that sleep problems in ASD are 

not influenced by the severity of cognitive deficits or ASD subtypes (379,387).  

Although these sleep disruptions are characterized, their cause remains unknown 

and relatively unexplored.  It is also unclear if there is a sex difference in sleep behavior 

in ASD. The rodent’s neurocircuitry and neurochemistry of sleep share similarities with 

humans, suggesting that rats would be a good model system for these basic investigations 



	   110	  

(388). To date, the current animal models of ASD have been underutilized in the 

investigation of ASD associated sleep disturbances. Here, we present data supporting the 

use of a rodent model in elucidating the etiology of sleep disruptions in ASD.    

One animal model of ASD is prenatal exposure to valproic acid (VPA) or the salt, 

sodium valproate. VPA is an antiepileptic drug used to treat seizure disorders. While 

VPA can prevent the induction of seizures during pregnancies, it has been classified as a 

teratogen and linked to a clinical phenotype known as fetal valproate syndrome (FVS), 

which includes various types of craniofacial malformations and developmental and 

cognitive delays (389) [for review (390,391)]. Many studies have also shown that FVS is 

associated with autistic behaviors and it is now thought that VPA exposure during a 

critical period of development significantly increases the risk of ASD (389,392,393). In a 

rodent model, animals exposed to VPA prenatally show similar alterations in brain 

architecture and sex-specific behavioral deficits seen in children with ASD (394-402). 

Therefore, it is thought to be a valid animal model for studying ASD. 

To our knowledge, only one study has indirectly evaluated sleep/wake behavior in 

an animal model of ASD using locomotor and feeding behaviors (403). With the VPA 

model, Tsujino and colleagues have shown abnormal circadian rhythms in their animals, 

marked by increased locomotor activity and feeding behaviors during their sleep phase 

(403). Additionally, using microdialysis, they found that basal levels of serotonin (5-HT) 

are higher in VPA-exposed animals and that there is a caudal shift of 5-HT positive 

neurons in the dorsal raphe nucleus (403). Interestingly, the dorsal raphe supplies the 

serotinergic input involved in the ascending arousal system of the sleep/wake circuitry.  
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In this study, we investigated sleep/wake behaviors, including the sleep 

patterning, and electroencephalogram (EEG) characteristics related to the individual 

vigilance states in juvenile rats. The majority of studies investigating sleep in ASD report 

findings from children and adolescents with ASD; therefore, we recorded from 

juvenile/prepubertal rats to better model brain maturation and sleep in children and young 

adults. We were unable to look for sex differences in sleep in this model as we originally 

intended because we could not generate enough female VPA-exposed animals. Since 

sleep/wake cycles are controlled by a complex system of reciprocal connections between 

sleep-promoting nuclei and arousal centers, we investigated whether VPA exposure alters 

some aspect of the sleep-wake neurocircuitry. Specifically, we investigated whether VPA 

alters the GABAergic system, which plays a significant role in sleep onset and 

maintenance [for review (95)], through quantification of the expression of glutamic acid 

decarboxylase (GAD), the rate-limiting enzyme in gamma-aminobutyric acid (GABA) 

synthesis. Here, we measured GAD expression in the cortex and basal forebrain (BF), 

which is involved in sleep/wake and has been shown to regulate activity of cortical 

neurons (404,405).  

 

Methods 

Animals	  

All experimental procedures were performed in accordance with the NIH guide 

for care and use of laboratory animals. All experiments were approved by and were in 

accordance with the guidelines of the University of Maryland Institutional Animal Care 

and Use Committee.  
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Female Sprague-Dawley rats were mated overnight (12 hours) and the next day 

was designated day one of gestation. Pregnancy was determined by percent weight gain 

by gestational day 12. Valproic acid sodium salt (purchased from Sigma) was dissolved 

in 0.9% sterile saline, pH 7.4. Pregnant dams received a single intraperitoneal injection of 

400 mg/kg VPA (VPA-exposed) or sterile saline (SAL-exposed) on gestational day 12.5. 

Each female was housed individually and raised her own litter. For this study, 2 SAL-

exposed and 2 VPA-exposed litters were used. Pups were weaned on postnatal day 21.  

The following experiments were performed in SAL- (n=5) and VPA-exposed 

(n=6) juvenile male and female rats (~70 -80g). Tail malformations that manifest as a 

distal bend or a kink have been reported as a marker of VPA toxicity during development 

(390,406,407). Only VPA-exposed rats with tail malformations were used in this study 

(see below). Only 1 VPA-exposed female had a tail malformation. Therefore, we were 

unable to look at sex differences in sleep in this model. All animals were housed with a 

littermate under a 12:12 hour, reverse light:dark cycle with free access to food and water 

for the duration of the experiment.  

 

 

Surgery 

 A bi-potential-lead transmitter (TL11M2-F20-EET, Data Sciences International, 

Minnesota, USA) was implanted subcutaneously through a dorsal incision of the 

abdominal region. Two burr holes (0.5mm diameter) were drilled asymmetrically and 

two dental screws (Plastics One, Roanoke, VA, USA) were implanted into the skull at 

+2.0mm AP/+1.5mm ML and -6.0mm AP/-1.5 ML from bregma. Animals were treated 
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with antibiotic ointment and topical lidocaine, as well as 0.1cc buprenorphine, post-

operatively, and allowed 7 days to recover before being reunited with their non- 

experimental cage mate. 

 

Data acquisition and analysis 

 All recordings took place in a designated room shielded from noise or other 

background disturbances. EEG and EMG waveform data for post-natal days 31-34 were 

collected using the Dataquest ART 4.0 software (DSI, Minnesota, USA) set to a 

continuous sampling mode. Sleep is typically measured as a function of EEG and 

electromyogram (EMG) activity. For each of the animals, the 24h (12:12 light:dark cycle) 

period on post-natal day 32 was scored using the NeuroScore software (DSI, Minnesota, 

USA). EEG⁄EMG waveforms were scored according to visual inspection of 5s epochs 

into wake (low-amplitude, high-frequency EEG combined with high- amplitude EMG), 

NREM (high-amplitude, low-frequency EEG combined with low-EMG tone) or REM 

(low-amplitude, high-frequency EEG combined with muscle atonia and occasional 

muscle twitches). Transitions were scored when 4 or more epochs of the new state were 

noted within another stage. This rule was followed unless there was a period punctuated 

by a new state, which then persisted; this was considered a transition period so these 

epochs were scored as the new state. 

 The scored epochs were summed over the 12h light phase, 12h dark phase, and 24h 

period and reported as the total time (in minutes) spent in each state. Within each 12h 

phase, the average bout duration (in seconds) and the number of each bout and transition 

were also determined for each vigilance state. 
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 The DSI module for periodogram powerbands in NeuroScore was used to generate 

the mean power of frequencies present in the three vigilance states (Wake, NREM sleep 

and REM sleep) across the light and dark. The periodgrams estimate the power for each 

defined frequency band (delta: 0.5-4 Hz, theta: 4-8 Hz, alpha: 8-12 Hz, sigma: 12-16 Hz, 

beta: 16-24, and gamma: 30-80 Hz) on the Fast Fourier Transform (FFT) designed for 

continuous data. The relative power band value (percentage; desired band over total 

power in the signal) was determined in 1h bins and then averaged across each 12h phase 

for each vigilance state. 

 

Western Blotting 

 Following the recording period, on postnatal day 40, brains were collected and 

frozen on dry ice. Sections (180µm) were cut on a cryostat and micropunches were 

collected from the somatosensory cortex and BF of each animal, as well as three extra 

age-matched SAL-controls (total SAL n=7). The tissue was then homogenized via 

sonication in a cell lysis buffer containing a protease inhibitor cocktail. The protein 

concentration for each sample was determined using a bicinchoninic acid (BCA) assay kit 

(Pierce, Rockford, IL). Protein (1 µg) of each sample (SAL=7, VPA=6) was loaded into a 

10% Tris-glycine SDS-PAGE gel (Invitrogen, Carlsbad, CA), and then the 

electrophoresed proteins were blotted onto a polyvinyl difluoride membrane (Invitrogen). 

The membrane was washed in 20 mM Tris-buffered saline solution with 0.05% Tween 20 

(T-TBS). The membrane was blocked overnight in 5% powdered milk at 4oC and 

incubated the next day in the anti-GAD65/67 primary antibody solution (1:30,000 in T-

TBS; Millipore AB1511) for 2h at room temperature. Following the primary antibody 
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incubation, the membrane was washed three times in T-TBS, and incubated for 1h at 

room temperature in a anti-rabbit IgG, HRP-linked secondary antibody solution (1:2000 

in T-TBS; Cell Signaling Technologies #7074). The Phototype-HRP chemiluminescent 

system (Cell Signaling Technology, Danvers, MA) was used for detection of the protein 

recognized by the antisera. To correct for errors in sample loading, the membrane was 

also probed with an antibody to the housekeeping gene glyceraldehyde- 3-phosphate 

dehydrogenase (GAPDH; 1:1,000,000; Millipore MAB374) as previously described 

(408-410). Membrane was exposed to Hyperfilm-ECL (Kodak, Rochester, NY) for 

varying exposure times. The films were then scanned into a computer at 1200 dpi and 

analyzed using ImageJ64 software (http://rsbweb.nih.gov/ij/download.html). The optical 

densities (o.d.) were measured for each individual band and normalized to the o.d. of the 

GAPDH bands. 

 

Statistical Analysis 

 Statistical differences between SAL- and VPA-exposed animals were determined 

with Student’s t-tests for each sleep parameter studied. Differences in the power spectrum 

densities were determined with a Mann-Whitney U for non-parametric data. A two-way 

repeated measures ANOVA was used to analyze wake gamma power across the 24h 

period. Two-way ANOVAs were used to analyze NREM sleep and REM sleep gamma 

power across the 24h period since these sleep states were not represented in every hour. 

Student’s t-tests were used comparing o.d. for SAL- and VPA-exposed tissue. One-way 

ANOVA followed by a Newman-Keuls post-hoc test was used to compare the o.d. values 

for SAL- and VPA-exposed GAD expression by tail malformation severity.  
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Results 

VPA exposure increases wakefulness at the expense of sleep in juvenile rats. 

 Nocturnal adult rodents, like the Spague-Dawley rat, cycle through bouts of sleep 

(NREMS and REMS) and wake in both the dark (active) and light (quiescent) phases. 

Typically, a higher percentage of accumulated sleep occurs in the light phase with 

consolidated bouts of wake occurring in the dark phase.  Visual inspection of 

hypnograms generated from the scored EEG traces from SAL- and VPA-exposed animals 

suggested the juvenile controls (SAL-exposed) followed a normal adult-like pattern with 

consolidated bouts of wake primarily present in the dark phase.  In contrast, the VPA-

exposed rats appeared to experience consolidated bouts of wake in both the light and dark 

phases (Fig. 31).   

 Quantitative analysis of the scored traces for the total time spent in NREMS, REMS 

and wake revealed significant differences between the SAL- and VPA-exposed groups. 

Across the 12h of the light phase, the VPA-exposed animals spent significantly more 

time in wake (~35 minutes; t9 = 2.741, P = 0.023; Fig. 32A) with no significant 

differences in the dark phase (t9 = 0.788, P > 0.05).  Moreover, across the 24h light:dark 

period, VPA-exposed rats again spent significantly more time in wake with the difference 

increasing to approximately 48 minutes compared to the SAL-exposed controls (t9 = 

2.382, P = 0.041; Fig. 32A).  

 As a consequence of the increased wake time in the light phase, total sleep time 

(TST; sum of the time spent in NREMS and REMS) decreased significantly in the VPA-

exposed animals by approximately 38 minutes compared to controls (t9 = 3.126, P = 

0.012; data not shown). Changes in NREMS accounted for the overall difference in TST. 
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Figure 31. Representative hypnograms of juvenile rats exposed to SAL and VPA in utero across a 

24h period. W = wake, N = NREMS, and R = REMS. The solid black bar is highlighting 

consolidated wake bouts during the light phase of VPA-exposed rats, which are absent in the 

SAL-controls.  
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In the light phase, the VPA-exposed animals spent significantly less time in NREMS 

(~30 minutes; t9 = 2.621, P = 0.028; Fig. 32B) with no significant differences in the dark 

phase (t9 = 0.553, P = 0.594), whereas REMS was unaffected by VPA-exposure in either 

the light or dark phase (Fig. 2C; t9 = 0.920, P = 0.382, light phase and t9 = 1.905, P = 

0.09, dark phase).  In contrast to individual 12hr phases, the 24h total of REMS revealed 

that VPA-exposed animals spent significant less time in REMS (~17 minutes) compared 

to the controls (t9 = 2.799, P = 0.021; Fig. 32C).  

 

VPA exposure disrupts the pattern of juvenile sleep/wake cycles.   

  In utero exposure to VPA markedly changed the sleep/wake architecture (mean 

bout duration, bout number and number of transitions into Wake, NREMS or REMS) 

compared to controls.  VPA exposure significantly increased the mean duration of a wake 

bout in the light and dark phases by ~117% and ~70%, respectively, compared to the 

SAL-exposed animals (t9 = 6.966, P < 0.0001, light phase and t9 = 2.552, P < 0.031, dark 

phase; Fig. 33A). The increase in bout duration was associated with a significant decrease 

in the number of wake bouts in the light phase only (t9 = 6.532, P = 0.0001, Fig. 33A).  

 For sleep, only NREMS demonstrated significant changes in architecture.  

Curiously, in the light phase, VPA exposure significantly increased the average duration 

of a NREMS bout by ~35% (t9 = 3.517, P = 0.007; Fig. 33B) while the number of 

NREMS bouts was significantly reduced by ~32% compared to SAL-exposed animals (t9 

= 6.646, P < 0.0001, Fig. 33B). For REMS, there were no significant differences in the 

mean bout duration or bout number in either phase (data not shown). 
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Figure 32. Effects of in utero exposure to VPA on sleep-wake behavior in juvenile rats. (A) 

During the light phase, VPA-exposed rats spend more time in wake (~35 minutes) compared to 

SAL-exposed rats. Across the 24h period, VPA-exposed rats spend ~48 minutes more in wake 

than SAL-exposed controls. (B) VPA exposure reduced NREMS time by ~30 minutes during the 

light phase only. (C) REMS during the individual light and dark phases was not affected by VPA-

exposure, however; the 24hr REMS total is reduced by ~ 17 minutes in the VPA-exposed 

juveniles compared to SAL-exposed controls. *, P < 0.05 vs. SAL-exposed controls. Data are 

represented as mean ± SEM. 
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Figure 33. Effects of in utero exposure to VPA on sleep-wake architecture in juvenile rats. (A-

top) During both the light and dark phases, VPA-exposed rats have, on average, longer bouts of 

wakefulness. (A-bottom) The increased duration of wake bouts is associated with a decrease in 

the number of wake bouts during the light phase only. (B-top) NREMS bouts, on average, are 

significantly increased in VPA-exposed rats as well during the light phase. (B-bottom) This 

increase in NREMS bout duration is also associated with a decrease in the number of NREMS 

bouts during the light phase. *, P < 0.05 vs. SAL-exposed controls. Data are represented as mean 

± SEM.    
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 To assess whether VPA exposure affects the stability of maintaining a wake or 

sleep state, the number of transitions into and out of wake, NREMS and REMS were 

quantified across the light and dark phases. In the light phase, the number of transitions to 

and from wake was significantly reduced by approximately 50% in VPA exposed animals 

compared to the SAL exposed animals (Table 5; wake to NREMS: t9 = 6.460, P = 0.0001, 

NREMS to wake: t9 = 6.509, P = 0.0001, and REM to wake: t9 = 3.484, P = 0.007).  No 

significant differences were observed in the dark phase or when transitioning between 

sleep states (Table 5). 

 

VPA-exposure results in changes to the power spectra. 

 Power spectral analysis was utilized to study the cortical EEG of the juvenile rats 

exposed to VPA or SAL in utero during the light and dark phase. We also investigated 

differences in power in wake, NREMS, and REMS. In the spectral analysis of all 

frequencies in the continuous EEG, VPA-exposure reduced the theta power in both the 

12hr light and dark phases (Table 6). When we calculated the mean power for each 

frequency band in for the individual vigilance states (wake, NREMS, and REMS) we  

 

 

  Table 5. Effects of in utero exposure to VPA on vigilance state transitions. 
 Light Phase  Dark Phase 

Transition SAL VPA  SAL VPA 
Wake to NREMS 104.0 ± 5.7 58.0 ± 5.3*  55.5 ± 7.2 45.9 ± 6.5 
NREMS to Wake 83.2 ± 6.1 46.0± 4.5*  39.5 ± 4.7 32.2 ± 5.1 
NREMS to REM 66.8 ± 5.2 60.7 ± 4.3  60.8 ± 2.6 51.8 ± 3.7 
REMS to Wake 20.5 ± 2.0 11.5 ± 1.1*  17.2 ± 2.4 13.3 ± 1.7 

REMS to NREMS 46.2 ± 4.6 44.3 ± 0.5   44.2 ± 2.0 38.6 ± 4.3 
   

  Data are represented as mean ± SEM. *, P < 0.05 vs. SAL 
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found that VPA exposure reduced mid-range frequencies while increasing higher range 

frequencies primarily in wake and REMS; the two states characterized by EEG 

desynchrony (Fig. 34A & C and Table 7). In all vigilance states, VPA exposure 

decreased theta band densities (4-8hz) in both the light phase (wake: U = 0.0, P = 0.004; 

NREMS: U = 2.0, P = 0.017; REMS: U=0.0, P = 0.004; Fig. 34A-C) and the dark phase 

(wake: U = 2.0, P = 0.017; NREMS: U = 3.0, P = 0.03; REMS: U = 0.0, P = 0.004); Fig. 

34A-C). Most notable was the approximate 20% decrease in theta band density during 

REMS regardless of phase (Fig. 34C).  Alpha band densities (8-12hz) were also 

significantly decreased during wake in the light (9.5%) and dark (13.%) phases in VPA-

exposed rats compared to SAL-exposed controls (Table 7; light: U = 1.0, P = 0.009; dark: 

U = 0.0, P = 0.004). 

 Conversely, VPA exposure increased high frequency gamma band densities (30-80 

Hz) during wake and REMS in the light phase (Figure 34A & C; wake: U = 1.0, P = 

0.009; REMS: U = 0.0, P = 0.004) and dark phase (wake: U = 0.0, P = 0.004; REMS: U 

= 0.0, P = 0.004) compared to the SAL-exposed controls. Interestingly, the greatest 

magnitude of change in the frequency spectrum occurred in REMS gamma power in the 

light (~50%) and dark (~37%) phases. To a lesser degree, sigma and beta, also increased 

during wake and sleep, primarily REMS, in the light phase (Table 7; wake: sigma, U = 

0.0, P = 0.004; beta, U = 4.0, P = 0.052, and REMS: sigma, U = 4.0, P = 0.052; beta: U = 

3.0, P = 0.03) and dark phase (Table 7; wake: sigma, U = 3.0, P = 0.03; beta, U = 0.0, P 

= 0.004; NREMS: sigma. U = 4.0, P = 0.052; and REMS: beta, U = 3.0, P = 0.004) in 

VPA-exposed animals. Again, the most prominent changes were during REMS; there 

was approximately a 30% change in beta and a 22% change in sigma. 



	   123	  

 
 
Figure 34. Effects of in utero exposure to VPA on cortical power spectra in juvenile rats. The 

average theta power in (A) wake, (B) NREMS, and (C) REMS is reduced during both the light 

and dark phases of VPA-exposed rats. In both the light and dark phases, gamma power is 

increased during (A) wake and (C) REMS in VPA-exposed rats compared to SAL-exposed 

controls. *, P < 0.05 vs. SAL-exposed controls. Data are represented as mean ± SEM.
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Table 6. Effects of in utero exposure to VPA on averaged power spectra (% total power) 

in the light and dark phase. 

Power Band (Hz) Light Phase Dark Phase 
 SAL VPA SAL VPA 

Delta (0.5-4) 44.9 ± 1.6 43.7 ± 1.8 47.2 ± 2.5 46.6 ± 1.7 
Theta (4-8) 30.04 ± 0.8 26.3 ± 0.96* 31.0 ± 0.8 26.6 ± 0.7* 

Alpha (8-12) 10.5 ± 0.7 11.0 ± 0.7 11.3 ± 1.1 12.1 ± 0.7 
Sigma (12-16) 4.2 ± 0.3 5.8 ± 0.6 4.7 ± 0.6 6.5 ± 0.6 
Beta (16-24) 4.4 ± 0.3 5.6 ± 0.4 4.3 ± 0.5 5.5 ± 0.4 

Gamma (30-80) 7.2 ± 0.7 7.8 ± 0.5 4.8 ± 0.4 5.4 ± 0.3 
 

Data are represented as mean ± SEM. *, P < 0.05 vs. SAL 
 
 

 Since spectral analysis removes time as a factor, it is difficult to address whether 

changes in the mean spectral powers are due to the power itself or longer/shorter 

durations of the vigilance states. To address this, we specifically analyzed the mean 

gamma power by hour across the 24h period. There was a main effect (F1,23 = 14.50; P = 

0.004; Fig. 34D) of in utero exposure on wake gamma power across the 24h period. 

Similarly, there was a main effect (F1,23 = 147.9; P < 0.0001; Fig. 34F) of in utero 

exposure on REMS gamma power across the 24h period. VPA-exposed animals had 

elevated gamma power across the 24h period during wake and REMS bouts compared to 

SAL-exposed animals. There was no significant difference in NREM sleep gamma power 

across the 24h period (Fig. 33E).  

 

VPA-exposure results in changes to the cortical GABAergic system. 

 In the present study, we observed varying degrees of tail malformations in the 

VPA-exposed animals that included barely discernable changes (Fig. 35A; arrows) or 
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Table 7. Effects of in utero exposure to VPA on mean power (% total power) for alpha, 
sigma, and beta frequency bands 

Power Band (Hz)  WAKE  
 Light Phase Dark Phase 
 SAL VPA SAL VPA 

Alpha (8-12) 6.3 ± 0.1 5.7 ± 0.1* 6.9 ± 0.0 6.0 ± 0.1* 
Sigma (12-16) 2.6 ± 0.04 2.8 ± 0.05* 2.7 ± 0.05 2.9 ± 0.05* 
Beta (16-24) 3.5 ± 0.2 3.9 ± 0.2 3.7 ± 0.1 4.1 ± 0.1* 

  NREMS  
 Light Phase Dark Phase 
 SAL VPA SAL VPA 

Alpha (8-12)  5.9 ± 0.3 6.1 ± 0.3 6.1 ± 0.4 6.3 ± 0.3 
Sigma (12-16) 2.4 ± 0.2 3.3 ± 0.3 2.5 ± 0.2 3.4 ± 0.3* 
Beta (16-24) 2.1 ± 0.2 2.6 ± 0.3 2.4 ± 0.3 2.8 ± 0.2 

  REMS  
 Light Phase Dark Phase 
 SAL VPA SAL VPA 

Alpha (8-12) 7.8 ± 0.6  7.4± 0.3 8.5 ± 0.6 7.6 ± 0.3 
Sigma (12-16) 3.2 ± 0.3 4.0 ± 0.2* 3.2 ± 0.2 3.9 ± 0.3 
Beta (16-24) 4.0 ± 0.4 5.3 ± 0.3* 4.0 ± 0.2 5.4 ± 0.2* 

Data are represented as mean ± SEM. *, P < 0.05 vs. SAL 
 
 
 

kinks and bends (Fig 5A; asterisks). Western blot analysis of protein isolated from 

primary somatosensory cortex micropunches from all animals revealed no differences in 

the cortical GABAergic system in VPA-treated animals compared to SAL-treated 

controls (GAD67: t11 = 0.5943, P > 0.05; GAD65: t11 = 0.9328; P > 0.05; Fig. 35B & C). 

Interestingly, the o.d. values for the two VPA-exposed animals with the barely 

discernable tail malformations (n=2, circled in Fig. 35C) appeared more similar to the 

controls. Thus, if the VPA-exposed animals were re-grouped according to the severity of 

the tail malformations (minor, M and severe, S), then both isoforms of GAD (65 and 67) 

were significantly reduced in VPA-exposed animals with severe tail malformations 

(GAD67: F2,10 = 6.294, P = 0.02; GAD65: F2,10 = 4.616, P = 0.04)  compared to SAL  



	   126	  

 
 

Figure 35. Effects of in utero exposure to VPA on cortical expression of GAD65 and GAD67 in 

juvenile rats. (A) Images of the tails of juvenile rats exposed to either SAL or VPA. The tails of 

VPA-exposed rats had varying degrees of malformations, including barely discernable changes 

(arrows; referred to as minor) to more severe kinks and bends (asterisks; referred to as severe). 

(B) Representative immunoblots from micropunches of the primary somatosensory cortex of 

SAL- and VPA-exposed rats. (C) Plots of the individual o.d. values from Sal and VPA exposed 

animals. The circled points are values from VPA-exposed animals with minor tail malformations. 

(D) GAD65 and GAD67 protein expression is reduced in VPA-exposed rats with severe tail 

malformations compared to SAL-exposed controls and VPA-exposed animals with minor tail 

malformations. *, P < 0.05 vs. SAL-exposed controls and VPA-exposed animals with minor tail 

malformations. Data are represented as mean ± SEM.    
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(Newman-Keuls post hoc GAD67 P = 0.04  GAD65 P = 0.04; Fig. 35C) and to VPA-

exposed animals with minor tail malformations (Newman-Keuls post hoc GAD67 P = 

0.006  GAD65 P = 0.02; Fig. 35C). There were no changes in GAD expression in the BF 

(data not shown; GAD65: SAL-1.76 ± 0.67, VPA-2.07 ± 0.14, t9 = 1.204, P > 0.05; 

GAD67: SAL-0.61 ± 0.07, VPA-0.69 ± 0.05, t9 = 0.870, P > 0.05). 

 

Discussion 

 In this study, sleep and wake behaviors as well as cortical EEG power spectral 

frequencies were analyzed in an animal model of ASD. We found that animals exposed 

to VPA in utero displayed consolidated bouts of arousal during the expected sleep phase 

compared to SAL-exposed controls. Perhaps equally exciting is our finding that changes 

in the cortical spectral densities and cortical GABAergic system correlate with this 

enhanced behavioral arousal. Together, our data suggest the occurrence of developmental 

changes in the neurocircuitry and/or neurochemistry intimately involved in sleep-wake 

behavior in a teratogenic model of ASD. 

 

Sleep in ASD 

 Studies investigating sleep in children with ASD have ranged from parent-reported 

and sleep diary studies to more objective studies including actigraphy, and 

polysomnographic (PSG) studies. Commonly, these studies indicate that children with 

ASD suffer from insomnia, particularly difficulties initiating and maintaining sleep, and 

parasomnias (371,373-383). Parents report that bedtime routines are often challenging 

which may lead to delayed sleep onset and increase sleep anxiety 
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(371,375,377,378,380,381,383,411). Both questionnaire and PSG studies show that 

children with ASD acquire less total sleep compared to typically developing children, 

awaken frequently during the night and remain awake for periods of time, and overall 

experience less efficient sleep (371,375,380,383,412) More specifically, sleep spindles 

(413) and the time spent in stage 3 NREMS (414) and REM (375,415) are decreased in 

ASD subjects compared to control subjects.  

 Parental reports indicate that children’s sleep problems negatively impact both the 

children’s and the families’ daily functioning (378). Sleep disruptions in children with 

ASD are correlated with their daytime behavior and the quality of their sleep may predict 

the severity of their behaviors (376,384). In fact, treating the sleep problems has been 

shown to alleviate the severity of some of the characteristic behaviors associated with 

ASD (416-418).   

 Our findings are consistent with the clinical findings of sleep disruptions and 

patterns reported in the ASD phenotypes. Sprague Dawley rats are nocturnal and acquire 

the majority of sleep during their quiescent, or light, phase. In our model, in utero VPA 

exposure increases wakefulness at the expense of sleep, specifically NREMS, during the 

light phase. Once awake, these VPA-treated animals maintain consolidated wake bouts 

compared to SAL-exposed controls. These consolidated, lengthy periods of wake during 

sleep mirrors the behavior seen in ASD.  

 

 GABAergic dysfunction in ASD and potential impact on sleep 

 Sleep is a complex behavior that requires cooperative actions of multiple brain 

regions. The GABAergic system is involved in the onset and regulation of sleep [for 
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review (419)]. There are reciprocal GABAergic connections between major sleep-

promoting regions, such as preoptic area, and wake-promoting areas, such as the lateral 

hypothalamus, which control the transitioning between vigilance states [for review 

(420)]. There is also a strong GABAergic innervation of the cortex by neurons in the BF, 

which influence cortical output and behavior (404,421).  Together, these GABAergic 

networks orchestrate the balance between sleep and wake states.   

 Like our behavioral findings, the decreases in GAD65 and GAD67 protein 

expression in the VPA-exposed rats compared to SAL are consistent with the clinical 

findings.  Surprisingly, these differences in GAD65 and GAD67 protein expression were 

specific to the cortex and not found in the BF. While we anticipated decreases in GAD65 

and GAD67 in the BF, due to its role in the control of vigilance states, it is possible that 

our micropunches limited our analysis of GAD expression in this region. Micropunches 

only contain the components within the local circuit. GAD65 is localized mainly to 

synaptic terminals, while GAD67 is found both in cell bodies and in terminals (422,423). 

Thus, the origin of the GAD in the current cortical punch technique cannot distinguish 

between GAD in terminal regions of BF projection neurons or cortical somas. 

Nevertheless, reduced cortical GAD65/67 will result in decreased GABA production and 

ultimately decreased inhibitory tone, which will have a direct effect on EEG oscillations 

and may affect behavioral outputs. Ongoing studies in the lab are investigating 

GAD65/67 protein in critical sleep nuclei to determine whether mechanisms controlling 

the onset and maintenance of sleep are disrupted in this model. 

 In ASD, there is clear evidence that the GABAergic system is significantly 

disrupted. GABAergic receptor expression and binding in various brain regions are 
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significantly reduced in ASD (424-427). Furthermore, GAD65/67 mRNA and protein 

levels are reduced in parietal cortex and cerebellum port-mortem tissue from individuals 

who had an ASD (428-430). Since GAD is the enzyme responsible for the synthesis of 

GABA, it is likely that there is also a reduction in inhibitory signals. Indeed a recent in 

vivo study of ASD children reports that GABA concentrations are reduced in the frontal 

cortex leading to a lower [GABA]/[Glutamate] ratio as measured by 3 T-MRI (431).  

Such findings are indicative of cortical disinhibition, which contribute to a more aroused 

state.  

 

Excitatory/Inhibitory Imbalance in ASD 

 Imbalance in the excitatory/inhibitory (E/I) ratio has been implicated in the etiology 

of ASD [for review (432-434)]. Since balanced excitation and inhibition amongst local 

neural circuits is critical for the stable functioning of these circuits, it is plausible that this 

E/I imbalance can disrupt the delicate interplay between brain regions involved in 

complex behaviors, like communication, sensory processing, social behaviors, and even 

sleep. Many studies support this notion that an imbalance, particularly an elevation, in the 

E/I ratio may underlie that behavioral deficits associated with ASD. The abundance of 

evidence implicating an aberrant GABAergic system in ASD, described above, could 

suggest that the inhibitory tone in ASD brains is reduced. Furthermore, various studies 

have linked ASD (435-438) and ASD-like behaviors in animal models (439-442) to a 

hyper-excited brain.  
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Spectral Analysis of EEG in ASD 

 Clinically, spectral analysis of EEG in ASD children has consistently revealed 

abnormal EEG characteristics.  Recently in preclinical models, it has been shown that 

increasing the E/I ratio via optogenetic manipulations in the medial prefrontal cortex 

increases high frequency activity, specifically in the gamma range (442). Higher 

frequency bands, especially gamma (30-80 Hz) frequencies, are associated with 

cognition, attention, and sensory processing [for review(443,444)]. Elevated E/I ratio also 

impairs social behavior and conditioning (442), behavioral deficits observed in ASD and 

animal models of ASD. In our study, VPA-exposure increases high frequency EEG bands 

in the sigma, beta, and gamma range during wake and REM sleep. The decreases in 

GAD65/67 protein expression in the cortex may influence the EEG frequency bands such 

that lower inhibitory tone (GABA) would lead to increased higher frequency oscillations.  

 Several clinical findings consistently demonstrate a reduction in the alpha power in 

ASD children compared to control children (445-448) In humans the alpha bands have 

been associated with suppression of non-salient inputs allowing for selective attention 

(449,450). Our current data demonstrates that VPA-exposed rats also have significantly 

less alpha power during wake. This finding further supports the use of this model for 

future investigations not only into the mechanisms underlying changes in sleep but also 

changes in EEG oscillations in ASD. 

 

Circadian Disruptions in ASD 

 Sleep disruptions, especially those related to the timing of sleep, may be due to 

disruptions in one’s circadian rhythm. Many studies indicate that children with ASDs 
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may also suffer from circadian rhythm disorders [for review (369,451)]. The pineal 

gland, whose activity is regulated by the master pacemaker, secretes melatonin during the 

night. The rhythm of melatonin secretion as well as the amount is a proxy for circadian 

rhythmicity and duration of sleep acquired. In ASD, many studies report that melatonin 

levels as well as its metabolite are reduced (452-457). Studies also show that melatonin is 

effective in treating some sleep disruptions in ASD (416,418,458,459). Our data, and 

others, suggest there are also circadian disruptions in the VPA model of ASD. Here, we 

show that prenatal VPA exposure decreases the amount of time animals spend asleep and 

increases wakefulness during the animals’ circadian sleep phase. These data support 

Tsujino and colleagues’ findings that VPA-exposure increases animals’ locomotor and 

feeding behaviors during the quiescent phase compared to saline controls (403). While 

melatonin levels have not been measured in the VPA model, chronic melatonin treatment 

has recently been shown to be effective at restoring social interaction, phosphorylation of 

calcium/calmodulin-dependent protein kinase II, NMDA receptor 1, and protein kinase 

A, as well as long term potentiation deficits in the hippocampus of VPA-treated rats 

(460).  

 

Consequence to Sleep Loss 

 Sleep loss can have a significant impact on a child’s overall health and quality of 

daily life [for review (72,385)]. As in adults, sleep loss not only leads to fatigue but can 

also negatively impact physiological functions, mood, cognition, and behavior in children 

and adolescents [for review (72,461,462)]. Insufficient sleep can cause poor academic 

performance (462,463), increase irritability and aggressiveness, impair attention, and lead 
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to hyperactivity [for review (72,464)]. In fact, sleep problems are often associated with 

behavioral problems seen in attention deficit hyperactivity disorders (ADHD) (465,466). 

Insufficient sleep is also associated with depression and anxiety(73,386,467). Children 

diagnosed with ASD share similar symptoms and disrupted sleep may lead to these 

symptoms or exacerbate ASD symptomology (376,384) [for review (468)]. Loss of REM 

sleep during critical periods during development can have profound effects on the 

developing brain, particularly the development on the sensory systems [for review (469)]. 

Adolescence is a time of brain maturation and reorganization [for review (470)]; 

therefore, it is possible that insufficient REM sleep during this period can alter further 

brain maturation in children with ASD.  

 

Conclusion 

 Surprisingly, animal models of ASD have been underutilized in advancing our 

understanding of the etiology of sleep disruptions in ASD. Our findings suggest that 

juvenile rats exposed to VPA in utero display sleep behavior similar to that seen in 

children with ASD. These similarities validate the use of this model to further investigate 

whether there are biological mechanisms underlying these changes in sleep or if they are 

consequences ASD symptomology.  
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Chapter 8: General Discussion 

Summary 

 Prior to the experiments described here, very little was known about the 

mechanisms underlying sex differences in and hormonal modulation of sleep and 

wakefulness. Previous research studies using animal models, particularly rodents, 

described the changes in sleep across the female estrous cycle, following gonadectomy in 

males and females and after hormone replacement. Studies consistently report that 

estradiol suppresses NREMS and REMS sleep in females, while changes in gonadal 

steroids cause little to no change in sleep in males. Here, we sought to address the 

mechanism by which gonadal steroids selectively suppress sleep in females.  

 First, we found a sex difference in the sensitivity of sleep to modulation by 

gonadal steroids. This difference was due to sexual differentiation of the brain during 

early development, which organized the sleep circuitry. We found that masculinization 

rendered sleep behavior in males less sensitive to the suppressive effects of gonadal 

steroids, particularly estradiol. Our second major finding is that estradiol had direct 

actions within the sleep-active POA. Antagonism of ERs in the MnPN attenuated the 

estradiol-mediated suppression of NREMS and REMS. To our knowledge, this is the first 

evidence to show that estradiol has direct actions within a sleep-active nucleus. Lastly, 

we explored possible downstream targets of estradiol’s effects in the POA and found that 

estradiol does not suppress sleep by inducing arousal through orexinergic signaling. Dual 

orexin receptor antagonism did not completely block estradiol’s suppressive effects on 

sleep. We also found a sex difference in the sleep-promoting effect of DORA-12, such 

that females experienced prolonged wake suppression compared to males. Together, 
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these data begin to address major gaps in our knowledge regarding sex differences and 

hormonal modulation of sleep.  

 

Using a Rodent Model for Studying Estradiol’s Effects on Sleep  

Epidemiological data are useful in identifying salient sex differences in the human 

population and directing mechanistic research in animal models of these phenomena. In 

women, the majority of reports suggest that SWS and activity remain stable across the 

menstrual cycle, indicating that sleep homeostasis is unaffected by the hormonal 

fluctuations in reproductively capable women. However, REMS is slightly reduced and 

REMS episodes are shorter in the luteal phase [for review (471)]. Higher progesterone 

and estradiol levels correlate with less REMS [for review (472)], a finding consistent 

with observations in the gonadally intact female rats (292,293), although rats show a 

corresponding increase in wakefulness not seen in humans. In the case of menopause, 

estradiol’s effects on sleep seem paradoxical in rodents and women. In rodents, estradiol 

suppresses sleep, whereas the absence of ovarian steroid hormones in women is 

associated with consistent reports of sleep disruption, which are alleviated by hormone 

replacement therapy [for review (472)]. Together, these findings suggest a dual role for 

estradiol in sleep in women that may be dependent on other physiological factors 

associated with the age studied.  

Nonetheless, it is clear that sleep behavior is sensitive to changes in estradiol in 

both rodents and women. Rodents provide a model system for studying the mechanism 

underlying the sensitivity of the sleep circuitry and behavior to estradiol. Such a model is 

highly significant in the identification of neuronal targets for estradiol within the sleep 
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circuitry. Elucidating such targets will aid in the development of better sleep aids for 

women. If estradiol selectively affects activation of GABAerigc or glutamatergic neurons 

in the MnPN, drug development may target those neurotransmitter systems to overcome 

or mimic estradiol’s effects depending on the age group of women they are aiming to 

treat. This would be particularly beneficial for postmenopausal women where hormone 

replacement therapy is not indicated due to increased risk of breast cancer or heart 

disease.  

 

Developmental Organization of Sleep 

 In rodents, sexual differentiation of the brain begins around day 18 of embryonic 

development and continues until postnatal day 10 [for review (312,473)]. During this 

critical period, cellular and molecular processes result in the masculinization, 

defeminization or feminization of the neural circuits. In adulthood, the production and 

release of gonadal steroids activates these differentiated neural circuitries resulting in 

appropriate behaviors specific to the sex of the animals. This two step process of 

developmental and adult exposure to gonadal steroids is classically referred to as the 

Organization/Activational Hypothesis [for review (307)]. Prior to the current study, few 

studies provided a thorough investigation into the organization of the sleep circadian 

rhythm and behavior. Our findings demonstrate that the neonatal critical period for brain 

sexual differentiation contributes to the foundations of sex differences in the 

physiological processes mediating sleep and wake in rats. It is this organization that 

determines the sensitivity of the circuitry and behavior to gonadal steroids.   
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Sexual differentiation of the brain during development may also underlie sex 

differences in human sleep. These findings mainly include: (i) the frequency of 

complaints of poor sleep in women compared to men and (ii) the coincident occurrence 

of sleep complaints with hormonal changes in women but not men. From the onset of 

puberty (197) through the menopausal transition [for review (213)], women are at a 

higher risk for insufficient sleep. Conversely, it is difficult to discern in men whether 

changes in sleep are directly related to changes in testosterone or age (267). Unlike the 

dramatic fluctuations in ovarian hormones across the menstrual cycle and the drastic 

decrease during menopause, testosterone levels in men decline more slowly with aging, 

about 1% per year [for review (474)]. In general, sleep behavior in men is unaffected by 

gonadal steroids, which supports the hypothesis that masculinization of brain renders 

sleep insensitive to the modulatory effects of gonadal steroids. Individuals undergoing 

male to female transgender therapy consisting of estrogens and anti-androgens show little 

change in sleep (475). Stages N1 NREMS and beta waves during NREMS increase 

following hormone therapy compared to baseline values, indicating increased cortical 

arousal. Even with supraphysiological levels of gonadal steroids, sleep behavior is 

relatively unchanged in men.  

 

Impact of Sex and Hormonal Status on Sleep Loss   

Sex differences in the sensitivity of sleep behavior and sleep circuitry to gonadal 

steroids has potential implications on an individual’s overall health. Insufficient sleep is a 

growing problem and it is associated with metabolic, cardiovascular, and inflammatory 

dysfunction and cognitive deficits [for review (64)]. In fact, both insufficient sleep and 
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too much sleep is associated with an increased mortality risk (68,69,476). The inverted U 

shaped relationship between sleep duration and mortality was initially described in 1964 

(477). Short sleep duration mortality risk is often associated with comorbidities but the 

reason for increased mortality risk in long sleepers is unclear (478).  

Developmental organization of sleep and sensitivity of the circuitry puts women 

more at risk for poor health associated with insufficient sleep. Clinical findings support 

that women suffering from insufficient sleep are at a greater risk of immune and 

inflammatory dysregulation (212,479), cardiovascular and metabolic dysfunction (206-

210), affective mood disorders [for review (211)], and mortality (480)  compared to men.  

Endocrine dysregulation from insufficient sleep, like in the hypothalamic-pituitary-

gonadal axis and estradiol secretion, can also feedback and negatively influence sleep. 

These findings highlight the importance of understanding how and why sleep in women 

is disrupted and the need for more effective treatments for sleep dysfunction in women. 

 

The MnPN as a Key Site of Estradiol’s Effects on Sleep 

Sleep problems associated with changes in estradiol are difficult to address 

without understanding how estradiol is acting to affect sleep. Rodent studies investigating 

how and why estradiol can modulate sleep are crucial for furthering our understanding of 

sex differences in sleep in the clinical population. Our findings in a rodent model of a sex 

difference in the sensitivity of sleep behavior and circuitry to estradiol will inform future 

research into the mechanisms underlying estradiol suppression of sleep in females.  

The activational state of the VLPO, a known sleep-active nucleus, is sensitive to 

changes in the gonadal steroid milieu in females but not males (293). The work in this 
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thesis has furthered this finding to shown that this difference is due to masculinization of 

the brain during development but also that estradiol is most likely not acting directly on 

the neural circuits of the VLPO. The decrease in Fos-ir cells in the presence of estradiol 

may be the result of reduced inhibition. The MnPN sends inhibitory projections to 

interneurons within the VLPO. It is proposed that the MnPN, through this disinhibition, 

influences the activity of the VLPO during sleep [for review (95)]. Thus, a decrease in 

MnPN activation by estradiol may lead to a similar decrease downstream in the VLPO.   

Our findings, do, however, demonstrate that estradiol has direct actions within a 

sleep-active nucleus. Here, we show for the first time that the MnPN is a key site of 

estradiol action in the suppression of both NREMS and REMS. Based on our findings, 

we predict that estradiol reduces the activation of MnPN sleep active cells, thereby 

releasing the inhibitory tone on downstream targets. Several known mechanisms through 

which estradiol could suppress neuronal activation exist and include but are not limited to 

(i) upregulation of  GABA receptors, (ii) reduction in excitatory neurotransmitter receptor 

expression, (iii) changes in chloride homeostasis and/ or (iv) hyperpolarization of the 

resting membrane potential.   Moreover, the sex difference in ER alpha expression in the 

in the MnPN may account for the difference in sensitivity of males and females to the 

suppressive effects of estradiol on sleep. While the number of receptors may not mediate 

the difference in sensitivity, what these findings may represent is a sex difference in the 

population of estradiol responsive sleep-active cells.  
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The MnPN as a potential site mediating sleep disruptions in menopause.  

 The MnPN is not only involved in sleep homeostasis, but also thermoregulation 

as it plays a particular role in heat dissipation (481). Hot flushes are transient but intense 

sensations of warmth or heat, associated with a number of heat dissipation responses, 

including vasodilation, sweating, and flushing [for review (482)]. When exposed to heat, 

OVX leads to increased core body temperature and tail skin temperature in rats, whereas 

estradiol treatment reduces tail vasodilation and helps maintains core body temperature 

(483-486). Core temperature has also been shown to fluctuate across the estrous cycle, 

being lowest during the dark phase of proestrus due to elevated estradiol levels (487). 

The MnPN has been implicated as a key site for estradiol’s regulation of temperature and 

proposed to be involved in the pathway mediating hot flushes (488). It is hypothesized 

that the temperature sensitive neurons in the MnPN generate hypnotic output (87). Sleep-

related Fos expression in the MnPN is higher under warmer ambient temperatures (87). 

When temperature is elevated, sleep behavior and delta power are increased (489,490). 

Since estradiol replacement alleviates hot flush in women and in rodent models, it is 

possible that direct estradiol actions on thermosensitive cells in the MnPN influence the 

activity of the sleep active neurons. Currently, it is unclear which MnPN cells are 

sensitive to estradiol but determining the cell specificity of estradiol action is key to 

further elucidating relationship between estradiol, temperature, and sleep in females.  

 

Other Potential Sites for Estradiol’s Suppression of Sleep 

The MnPN is only one site for estradiol’s suppression of sleep. ER antagonism in 

the MnPN did not restore baseline sleep and wake. It is likely that estradiol has direct 
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actions in other nuclei involved in sleep or wake. Based on our preliminary data, estradiol 

does not directly act within the VLPO. The fact that estradiol reduces the activation of 

VLPO neurons (293) may be explained by non-receptor mediated actions of estradiol or 

indirect effects of estradiol through modulation of MnPN activity (101).   

Arousal nuclei may also be targets for estradiol’s effects on sleep. Histamine is 

involved in arousal and is a direct downstream target of the VLPO (83,85,96) [for review 

(491)]. Fos expression is higher in OVX females treated with estradiol compared to oil, 

indicating increases arousal following estradiol treated (293). But it is unclear if this is a 

direct or indirect effect of estradiol. Nuclei within the ARAS contain ER and are potential 

target sites for estradiol-mediated arousal (322-325,327). For example, the noradrenergic 

neurons of the LC are directly involved in arousal and contain binding sites for estradiol, 

suggesting that estradiol may directly increase arousal by increasing activation of the LC. 

Additionally, the cholinergic neurons of the BF and PPT/LDT, which play a key role in 

cortical activation during arousal, can also be target sites for estradiol [for review (94)]. 

Increased activation of these regions by estradiol may account for increased high 

frequency oscillations in sleep EEGs, which may be an objective measure of poor sleep 

quality (492). 

 The exact mechanism by which estradiol suppresses sleep in female rats remains 

unknown; however, we now have a key target for studying estradiol’s effects on sleep. 

Estradiol may act to reduce sleep homeostasis by reducing the likelihood of MnPN 

neuronal activation, which would make it more difficult to induce sleep. Additionally, 

estradiol may target and reduce the activation of REMS specific nuclei. The extended 

portion of the VLPO contains a subpopulation of sleep active cells that are involved in 
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REMS. It was unclear based on our preliminary data if ICI infusion into the VLPO 

attenuated the estradiol-mediated suppression of REMS. It is unclear which cell types in 

the VLPO express ER. The little ER that is expressed may be specifically in these 

REMS-active cells. One proposed REMS switch involves the eVLPO inhibiting the 

REMS-OFF cells in the brainstem (122).  If estradiol reduces the activation of the 

eVLPO cells, then REMS-OFF cells will continue to suppress the activity of REMS-ON 

cells, preventing the switch into REMS. MCH/GABAergic neurons are also proposed to 

control the switch into REMS by inhibiting REMS-OFF cells (131). MCH neurons do not 

express ER (493); however, the neighboring GABAergic population in the LH might. 

Estradiol may reduce the activity of MCH/GABAergic cells in the LH (directly or 

indirectly) to suppress REMS. Given that REMS occurs following NREMS, not wake, 

and that REMS is the most sensitive to estradiol, it is likely that estradiol directly 

modulates the activity of the REMS circuitry.  

  Given the interconnected circuitry [(101,494-496), for review (497)] and 

interactions between sleep homeostasis and circadian processes [for review (6,498,499)], 

it is likely that estradiol also modulates circadian output. Women go to bed earlier than 

men (172) and have a phase-advanced endogenous temperature and melatonin rhythm 

(168), but the circadian phase of core body temperature and melatonin are unaffected by 

ovarian hormones (500). Core body temperature amplitude, however, does vary over the 

menstrual cycle (500). In rodents, gonadal steroids modify various aspects of daily 

rhythms, including the amplitude, period (tau), and circadian phase [for review (501)]. 

The suprachiasmatic nucleus (SCN), the master pacemaker for circadian rhythms, 

contains gonadal steroid receptors; however, ARs predominate over ERs but there is 
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abundant expression of ERs in regions projecting to the SCN [for review (472,501)]. The 

exact role of gonadal steroids in the regulation of SCN function remains an active area of 

research. Work from our lab has shown that estradiol dampens the homeostatic sleep 

response and strengthens entrainment by restricting sleep recovery to the animal’s 

quiescent phase (300,301). Together, these findings suggest that estradiol may influence 

sleep by acting on the circuitry underlying circadian rhythms.          

 

Implications for Hypnotic Use and Development 

Hypnotics are commonly used worldwide. A news brief by the Center for Disease 

Control reported that about 4% of adults (20 years and older) in the United States used 

sleep aids in the 30 days prior to surveying (502). Sleep aid use is more common among 

women and older individuals (41,174,502,503). Recently, it has become apparent that 

hypnotics affect men and women differently. Women are at greater risk for impaired 

vigilance following sleep aid use containing zolpidem. Zolpidem-related emergency 

room visits have increased in recent years, but more so in women (504). Now, the US 

Food and Drug Administration recommend half the dosage of zolpidem for women (505).  

Sleep aids function by making it more difficult to initiate arousal, by increasing 

the inhibitory tone in the brain. Zolpidem, commonly known as Ambien, promotes sleep 

by increasing GABA through binding to the benzodiazepine site of the GABAA receptor 

(alpha1 subunit containing the gamma-subunit) (506) [for review (507)]. The CYP-3A4 

enzyme metabolizes zolpidem and sex differences in this metabolism are thought to 

mediate the prolonged effects of the drug in women, as they have slower clearance rates 

of the drug (508). Sex differences in underlying circuitry may also mediate the difference 



	   144	  

in zolpidem’s effects. Women show increased spindle frequency compared to men 

following zolpidem use (509). Similarly, gaboxadol increases delta and theta power more 

in women (509). Gaboxadol is a GABAA receptor agonist that binds to alpha4-delta-

GABAA receptors. These receptors are found predominately extrasynaptically on the 

postsynaptic membrane and found in the thalamus, cortex, and regions projecting to the 

VLPO (510-512). Extrasynaptic alpha4-delta-GABAA receptors mediate tonic inhibition 

and binding of gaboxadol increases the inhibitory tone of the thalamic relay and cortical 

neurons making it more difficult to induce and maintain arousal. Additionally, there are 

sex differences in sleep following the anti-psychotic drug olanzapine, thought to act 

through antagonism of dopamine and serotonin receptors involved in arousal. In women, 

olanzapine increases SWS and decreases light sleep, whereas it decreases SWS and 

increases light sleep in men (361). While some sex differences may be mediated by 

differences in pharmacokinetics, the effects of olanzapine are not (361). These findings 

indicate that sex differences in the sleep circuitry may underlie differences in hypnotic 

effects.   

Sex differences in drug metabolism and sleep circuitry should be considered 

during the development of novel sleep aids. Dual orexin receptor antagonism is the new 

approach for treating sleep difficulties and insomnia [for review (513)]. Here, we showed 

a sex difference in the sleep promoting effects of DORA-12, a dual orexin receptor 

antagonist developed by Merck. Sex differences in metabolism [for review (357)] or 

sleep circuitry may mediate these effects. In light of the literature showing sex 

differences in prepro-orexin mRNA and hormonal modulation of orexin (351) and orexin 

receptor expression (352,353), it is a likely explanation for the differences we see in 
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DORA-12 between males and female. Generalizing drug development and use to the 

male physiology can have profound effects on women since it is becoming more clear 

that not only do men and women metabolize drugs differently but the circuits these drugs 

are acting on may be different as well.  

 

Conclusion  

Together, these findings begin to address some of the many gaps in our 

knowledge regarding sex differences and hormonal modulation of sleep. We now have a 

better understanding of the cause of sex differences in rodent sleep and have begun to 

elucidate the mechanism by which estradiol suppresses sleep in females. The factors 

influencing sleep are different in males and females. Estrogenic modulation of the sleep 

circuitry should be considered as part of normal sleep physiology in females. Furthering 

our understanding of where and how estradiol is acting in the female brain may lead to 

novel targets for treating sleep dysfunction in women. 

 

 
	    



	   146	  

References: 

1. Campbell SS, Tobler I. Animal sleep: a review of sleep duration across 
phylogeny. Neuroscience and biobehavioral reviews. 1984;8(3):269-300. 

2. Hendricks JC, Sehgal A, Pack AI. The need for a simple animal model to 
understand sleep. Prog Neurobiol. 2000;61(4):339-351. 

3. Siegel JM. Clues to the functions of mammalian sleep. Nature. 
2005;437(7063):1264-1271. 

4. Lima SL, Rattenborg NC, Lesku JA, Amlaner CJ. Sleeping under the risk of 
predation. Animal Behaviour. 2005;70(4):723-736. 

5. Rattenborg NC, Amlaner CJ, Lima SL. Behavioral, neurophysiological and 
evolutionary perspectives on unihemispheric sleep. Neuroscience and 
biobehavioral reviews. 2000;24(8):817-842. 

6. Mistlberger RE. Circadian regulation of sleep in mammals: role of the 
suprachiasmatic nucleus. Brain research Brain research reviews. 2005;49(3):429-
454. 

7. Saper CB. The central circadian timing system. Curr Opin Neurobiol. 
2013;23(5):747-751. 

8. Golombek DA, Rosenstein RE. Physiology of circadian entrainment. 
Physiological reviews. 2010;90(3):1063-1102. 

9. Ibuka N, Nihonmatsu I, Sekiguchi S. Sleep-wakefulness rhythms in mice after 
suprachiasmatic nucleus lesions. Waking and sleeping. 1980;4(2):167-173. 

10. Ibuka N, Inouye SI, Kawamura H. Analysis of sleep-wakefulness rhythms in male 
rats after suprachiasmatic nucleus lesions and ocular enucleation. Brain research. 
1977;122(1):33-47. 

11. Ibuka N, Kawamura H. Loss of circadian rhythm in sleep-wakefulness cycle in 
the rat by suprachiasmatic nucleus lesions. Brain research. 1975;96(1):76-81. 



	   147	  

12. von Economo C. Sleep as a problem of localization. The Journal of nervous and 
mental disease. 1930;71:249-259. 

13. Berger H. Über das Elektrenkephalogramm des Menschen. Archiv für Psychiatrie 
und Nervenkrankheiten. 1929;87(1):527-570. 

14. Loomis AL, Harvey EN, Hobart G. Cerebral states during sleep, as studied by 
human brain potentials. Journal of experimental psychology. 1937;21(2):127-144. 

15. Silber MH, Ancoli-Israel S, Bonnet MH, Chokroverty S, Grigg-Damberger MM, 
Hirshkowitz M, Kapen S, Keenan SA, Kryger MH, Penzel T, Pressman MR, Iber 
C. The visual scoring of sleep in adults. Journal of clinical sleep medicine : JCSM 
: official publication of the American Academy of Sleep Medicine. 2007;3(2):121-
131. 

16. Loomis AL, Harvey EN, Hobart G. DISTRIBUTION OF DISTURBANCE-
PATTERNS IN THE HUMAN ELECTROENCEPHALOGRAM, WITH 
SPECIAL REFERENCE TO SLEEP. Journal of neurophysiology. 1938;1:413-
430. 

17. Colrain IM. The K-complex: a 7-decade history. Sleep. 2005;28(2):255-273. 

18. Morison RS, Bassett DL. ELECTRICAL ACTIVITY OF THE THALAMUS 
AND BASAL GANGLIA IN DECORTICATE CATS. Journal of 
neurophysiology. 1945;8:309-314. 

19. Lüthi A. Sleep Spindles: Where They Come From, What They Do. The 
Neuroscientist. 2014;20(3):243-256. 

20. Aserinsky E, Kleitman N. Regularly occurring periods of eye motility, and 
concomitant phenomena, during sleep. Science. 1953;118(3062):273-274. 

21. Division of Sleep Medicine at Harvard Medical School. Sleep: A Historical 
Perspective. Historical and Cultural Perspectives of Sleep  1953 Discovery of 
REM Sleep. Available at: 
http://healthysleep.med.harvard.edu/interactive/timeline. Accessed June 15, 
2014. 



	   148	  

22. JOUVET M, Michel F, Courjon J. Sur un stade d'activité électrique cérébrale 
rapide au cours du sommeil physiologique. C R Seances Soc Biol Fil. 
1959;153(3):1024-1028. 

23. Dement W, Kleitman N. Cyclic variations in EGG during sleep and their relation 
to eye movements, body motility, and dreaming. Electroencephalography and 
clinical neurophysiology. 1957;9(4):673-690. 

24. Roffwarg HP, Muzio JN, Dement WC. Ontogenetic development of the human 
sleep-dream cycle. Science. 1966;152(3722):604-619. 

25. Feinberg I, Carlson VR. Sleep variables as a function of age in man. Archives of 
General Psychiatry. 1968;18:239. 

26. Floyd JA, Janisse JJ, Jenuwine ES, Ager JW. Changes in REM-sleep percentage 
over the adult lifespan. Sleep. 2007;30(7):829-836. 

27. Carskadon MA. Patterns of sleep and sleepiness in adolescents. Pediatrician. 
1990;17(1):5-12. 

28. Crowley SJ, Acebo C, Carskadon MA. Sleep, circadian rhythms, and delayed 
phase in adolescence. Sleep Med. 2007;8(6):602-612. 

29. Anders TF, Carskadon MA, Dement WC, Harvey K. Sleep habits of children and 
the identification of pathologically sleepy children. Child psychiatry and human 
development. 1978;9(1):56-63. 

30. Coble PA, Kupfer DJ, Taska LS, Kane J. EEG sleep of normal healthy children. 
Part I: Findings using standard measurement methods. Sleep. 1984;7(4):289-303. 

31. Olds T, Blunden S, Petkov J, Forchino F. The relationships between sex, age, 
geography and time in bed in adolescents: A meta-analysis of data from 23 
countries. Sleep medicine reviews. 2010;14(6):371-378. 

32. Carskadon MA, Harvey K, Duke P, Anders TF, Litt IF, Dement WC. Pubertal 
changes in daytime sleepiness. Sleep. 1980;2(4):453-460. 



	   149	  

33. Campbell I, Darchia N, Khaw WY, Higgins LM, Feinberg I. Sleep EEG evidence 
of gender differences in adolescent brain maturation. Sleep. 2005;28(5):637-643. 

34. Gaudreau H, Carrier J, Montplaisir J. Age-related modifications of NREM sleep 
EEG: from childhood to middle age. J Sleep Res. 2001;10(3):165-172. 

35. Jenni OG, Carskadon MA. Spectral analysis of the sleep electroencephalogram 
during adolescence. Sleep. 2004;27(4):774-783. 

36. Feinberg I, Higgins LM, Khaw WY, Campbell IG. The adolescent decline of 
NREM delta, an indicator of brain maturation, is linked to age and sex but not to 
pubertal stage. Am J Physiol-Reg I. 2006;291(6):R1724-1729. 

37. Feinberg I, March J, Flach K, Maloney T, Chern W-J, Travis F. Maturational 
changes in amplitude, incidence, and cyclic pattern of the 0 to 3 Hz (delta) 
electroencephalogram of human sleep. Brain Dysfunction. 1990;3:183-192. 

38. Huttenlocher PR. Synaptic density in human frontal cortex - developmental 
changes and effects of aging. Brain research. 1979;163(2):195-205. 

39. Colrain IM, Baker FC. Changes in Sleep as a Function of Adolescent 
Development. Neuropsychol Rev. 2011;21(1):5-21. 

40. Ohayon MM, Carskadon MA, Guilleminault C, Vitiello MV. Meta-analysis of 
quantitative sleep parameters from childhood to old age in healthy individuals: 
developing normative sleep values across the human lifespan. Sleep. 
2004;27(7):1255-1273. 

41. McGhie A, Russel SM. The Subjective Assessment of Normal Sleep Patterns. The 
British Journal of Psychiatry. 1962;108:642-654. 

42. Rediehs MH, Reis JS, Creason NS. Sleep in old age: focus on gender differences. 
Sleep. 1990;13(5):410-424. 

43. Vitiello MV. Sleep in Normal Aging. Sleep Medicine Clinics. 2006;1:171-176. 

44. Porkka-Heiskanen T, Kalinchuk AV. Adenosine, energy metabolism and sleep 
homeostasis. Sleep medicine reviews. 2011;15(2):123-135. 



	   150	  

45. Porkka-Heiskanen T, Zitting KM, Wigren HK. Sleep, its regulation and possible 
mechanisms of sleep disturbances. Acta physiologica. 2013;208(4):311-328. 

46. Tononi G, Cirelli C. Sleep and the price of plasticity: from synaptic and cellular 
homeostasis to memory consolidation and integration. Neuron. 2014;81(1):12-34. 

47. Turrigiano G. Homeostatic synaptic plasticity: local and global mechanisms for 
stabilizing neuronal function. Cold Spring Harbor perspectives in biology. 
2012;4(1):a005736. 

48. Abel T, Havekes R, Saletin JM, Walker MP. Sleep, plasticity and memory from 
molecules to whole-brain networks. Current biology : CB. 2013;23(17):R774-
788. 

49. Diekelmann S, Born J. The memory function of sleep. Nature reviews 
Neuroscience. 2010;11(2):114-126. 

50. Stickgold R, James L, Hobson JA. Visual discrimination learning requires sleep 
after training. Nature neuroscience. 2000;3(12):1237-1238. 

51. Korman M, Doyon J, Doljansky J, Carrier J, Dagan Y, Karni A. Daytime sleep 
condenses the time course of motor memory consolidation. Nature neuroscience. 
2007;10(9):1206-1213. 

52. Plihal W, Born J. Effects of early and late nocturnal sleep on declarative and 
procedural memory. Journal of cognitive neuroscience. 1997;9(4):534-547. 

53. Lahl O, Wispel C, Willigens B, Pietrowsky R. An ultra short episode of sleep is 
sufficient to promote declarative memory performance. Journal of sleep research. 
2008;17(1):3-10. 

54. Mednick S, Nakayama K, Stickgold R. sleep-dependent learning: a nap is as good 
as a night. Nature neuroscience. 2003;6(7):697-698. 

55. Nishida M, Pearsall J, Buckner RL, Walker MP. REM sleep, prefrontal theta, and 
the consolidation of human emotional memory. Cerebral cortex. 
2009;19(5):1158-1166. 



	   151	  

56. Campbell IG, Guinan MJ, Horowitz JM. Sleep deprivation impairs long-term 
potentiation in rat hippocampal slices. J Neurophysiol. 2002;88(2):1073-1076. 

57. Tartar JL, Ward CP, McKenna JT, Thakkar M, Arrigoni E, McCarley RW, Brown 
RE, Strecker RE. Hippocampal synaptic plasticity and spatial learning are 
impaired in a rat model of sleep fragmentation. Eur J Neurosci. 
2006;23(10):2739-2748. 

58. Ravassard P, Pachoud B, Comte JC, Mejia-Perez C, Scote-Blachon C, Gay N, 
Claustrat B, Touret M, Luppi PH, Salin PA. Paradoxical (REM) sleep deprivation 
causes a large and rapidly reversible decrease in long-term potentiation, synaptic 
transmission, glutamate receptor protein levels, and ERK/MAPK activation in the 
dorsal hippocampus. Sleep. 2009;32(2):227-240. 

59. McDermott CM, LaHoste GJ, Chen C, Musto A, Bazan NG, Magee JC. Sleep 
deprivation causes behavioral, synaptic, and membrane excitability alterations in 
hippocampal neurons. The Journal of neuroscience : the official journal of the 
Society for Neuroscience. 2003;23(29):9687-9695. 

60. Vecsey CG, Baillie GS, Jaganath D, Havekes R, Daniels A, Wimmer M, Huang 
T, Brown KM, Li XY, Descalzi G, Kim SS, Chen T, Shang YZ, Zhuo M, Houslay 
MD, Abel T. Sleep deprivation impairs cAMP signalling in the hippocampus. 
Nature. 2009;461(7267):1122-1125. 

61. Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, O'Donnell J, 
Christensen DJ, Nicholson C, Iliff JJ, Takano T, Deane R, Nedergaard M. Sleep 
drives metabolite clearance from the adult brain. Science. 2013;342(6156):373-
377. 

62. Blumberg MS. Beyond Dreams: Do Sleep-Related Movements Contribute to 
Brain Development? Frontiers in Neurology. 2010;1(140):1-10. 

63. Meerlo P, Mistlberger RE, Jacobs BL, Heller HC, McGinty D. New neurons in 
the adult brain: the role of sleep and consequences of sleep loss. Sleep medicine 
reviews. 2009;13(3):187-194. 

64. Banks S, Dinges DF. Behavioral and physiological consequences of sleep 
restriction. Journal of clinical sleep medicine : JCSM : official publication of the 
American Academy of Sleep Medicine. 2007;3(5):519-528. 



	   152	  

65. Van Cauter E, Spiegel K, Tasali E, Leproult R. Metabolic consequences of sleep 
and sleep loss. Sleep Med. 2008;9 Suppl 1:S23-28. 

66. Baglioni C, Battagliese G, Feige B, Spiegelhalder K, Nissen C, Voderholzer U, 
Lombardo C, Riemann D. Insomnia as a predictor of depression: a meta-analytic 
evaluation of longitudinal epidemiological studies. Journal of affective disorders. 
2011;135(1-3):10-19. 

67. Spiegelhalder K, Regen W, Nanovska S, Baglioni C, Riemann D. Comorbid sleep 
disorders in neuropsychiatric disorders across the life cycle. Current psychiatry 
reports. 2013;15(6):364. 

68. Hublin C, Partinen M, Koskenvuo M, Kaprio J. Sleep and mortality: a population-
based 22-year follow-up study. Sleep. 2007;30(10):1245-1253. 

69. Kripke DF, Garfinkel L, Wingard DL, Klauber MR, Marler MR. Mortality 
associated with sleep duration and insomnia. Arch Gen Psychiatry. 
2002;59(2):131-136. 

70. Gregory AM, O'Connor TG. Sleep problems in childhood: a longitudinal study of 
developmental change and association with behavioral problems. Journal of the 
American Academy of Child and Adolescent Psychiatry. 2002;41(8):964-971. 

71. Bonuck K, Freeman K, Chervin RD, Xu L. Sleep-disordered breathing in a 
population-based cohort: behavioral outcomes at 4 and 7 years. Pediatrics. 
2012;129(4):e857-865. 

72. Dahl RE. The impact of inadequate sleep on children's daytime cognitive 
function. Seminars in pediatric neurology. 1996;3(1):44-50. 

73. Gregory AM, Caspi A, Eley TC, Moffitt TE, O'Connor TG, Poulton R. 
Prospective longitudinal associations between persistent sleep problems in 
childhood and anxiety and depression disorders in adulthood. Journal of 
Abnormal Child Psychology. 2005;33(2):157-163. 

74. Taveras EM, Gillman MW, Pena MM, Redline S, Rifas-Shiman SL. Chronic 
Sleep Curtailment and Adiposity. Pediatrics. 2014. 



	   153	  

75. Seugnet L, Suzuki Y, Donlea JM, Gottschalk L, Shaw PJ. Sleep deprivation 
during early-adult development results in long-lasting learning deficits in adult 
Drosophila. Sleep. 2011;34(2):137-146. 

76. Kayser MS, Yue Z, Sehgal A. A critical period of sleep for development of 
courtship circuitry and behavior in Drosophila. Science. 2014;344(6181):269-274. 

77. Mirmiran M, Scholtens J, van de Poll NE, Uylings HB, van der Gugten J, Boer 
GJ. Effects of experimental suppression of active (REM) sleep during early 
development upon adult brain and behavior in the rat. Brain research. 
1983;283(2-3):277-286. 

78. Takahashi Y, Kipnis DM, Daughaday WH. Growth hormone secretion during 
sleep. The Journal of clinical investigation. 1968;47(9):2079-2090. 

79. Trenell MI, Marshall NS, Rogers NL. Sleep and metabolic control: waking to a 
problem? Clinical and experimental pharmacology & physiology. 2007;34(1-2):1-
9. 

80. Knutson KL, Spiegel K, Penev P, Van Cauter E. The metabolic consequences of 
sleep deprivation. Sleep medicine reviews. 2007;11(3):163-178. 

81. Mahoney MM. Shift work, jet lag, and female reproduction. International journal 
of endocrinology. 2010;2010:813764. 

82. Dale RC, Church AJ, Surtees RA, Lees AJ, Adcock JE, Harding B, Neville BG, 
Giovannoni G. Encephalitis lethargica syndrome: 20 new cases and evidence of 
basal ganglia autoimmunity. Brain : a journal of neurology. 2004;127(Pt 1):21-
33. 

83. Sherin JE, Shiromani PJ, McCarley RW, Saper CB. Activation of ventrolateral 
preoptic neurons during sleep. Science. 1996;271(5246):216-219. 

84. Sagar SM, Sharp FR, Curran T. Expression of c-fos protein in brain: metabolic 
mapping at the cellular level. Science (New York, NY). 1988;240:1328-1331. 

85. Sherin JE, Elmquist JK, Torrealba F, Saper CB. Innervation of histaminergic 
tuberomammillary neurons by GABAergic and galaninergic neurons in the 



	   154	  

ventrolateral preoptic nucleus of the rat. The Journal of neuroscience : the official 
journal of the Society for Neuroscience. 1998;18(12):4705-4721. 

86. Gong H, McGinty D, Guzman-Marin R, Chew K-T, Stewart D, Szymusiak R. 
Activation of c-fos in GABAergic neurones in the preoptic area during sleep and 
in response to sleep deprivation. The Journal of Physiology. 2004;556:935-946. 

87. Gong H, Szymusiak R, King J, Steininger T, McGinty D. Sleep-related c-Fos 
protein expression in the preoptic hypothalamus: effects of ambient warming. Am 
J Physiol Regul Integr Comp Physiol. 2000;279(6):R2079-2088. 

88. Gvilia I, Xu F, McGinty D, Szymusiak R. Homeostatic regulation of sleep: a role 
for preoptic area neurons. The Journal of neuroscience : the official journal of the 
Society for Neuroscience. 2006;26:9426-9433. 

89. Szymusiak R, Alam N, Steininger TL, McGinty D. Sleep-waking discharge 
patterns of ventrolateral preoptic/anterior hypothalamic neurons in rats. Brain 
research. 1998;803(1-2):178-188. 

90. Lu J, Greco MA, Shiromani P, Saper CB. Effect of lesions of the ventrolateral 
preoptic nucleus on NREM and REM sleep. Journal of Neuroscience. 
2000;20(10):3830-3842. 

91. Gvilia I, Turner A, McGinty D, Szymusiak R. Preoptic area neurons and the 
homeostatic regulation of rapid eye movement sleep. The Journal of neuroscience 
: the official journal of the Society for Neuroscience. 2006;26:3037-3044. 

92. Alam MA, Kumar S, McGinty D, Alam MN, Szymusiak R. Neuronal activity in 
the preoptic hypothalamus during sleep deprivation and recovery sleep. J 
Neurophysiol. 2014;111(2):287-299. 

93. Gaus SE, Strecker RE, Tate BA, Parker RA, Saper CB. Ventrolateral preoptic 
nucleus contains sleep-active, galaninergic neurons in multiple mammalian 
species. Neuroscience. 2002;115(1):285-294. 

94. Brown RE, Basheer R, McKenna JT, Strecker RE, McCarley RW. Control of 
sleep and wakefulness. Physiological reviews. 2012;92(3):1087-1187. 



	   155	  

95. Saper CB, Fuller PM, Pedersen NP, Lu J, Scammell TE. Sleep state switching. 
Neuron. 2010;68:1023-1042. 

96. Steininger TL, Gong H, McGinty D, Szymusiak R. Subregional organization of 
preoptic area/anterior hypothalamic projections to arousal-related monoaminergic 
cell groups. The Journal of comparative neurology. 2001;429(4):638-653. 

97. Sakurai T, Nagata R, Yamanaka A, Kawamura H, Tsujino N, Muraki Y, 
Kageyama H, Kunita S, Takahashi S, Goto K, Koyama Y, Shioda S, Yanagisawa 
M. Input of orexin/hypocretin neurons revealed by a genetically encoded tracer in 
mice. Neuron. 2005;46(2):297-308. 

98. Yoshida K, McCormack S, España Ra, Crocker A, Scammell TE. Afferents to the 
orexin neurons of the rat brain. The Journal of comparative neurology. 
2006;494:845-861. 

99. Uschakov A, Gong H, McGinty D, Szymusiak R. Sleep-active neurons in the 
preoptic area project to the hypothalamic paraventricular nucleus and perifornical 
lateral hypothalamus. The European journal of neuroscience. 2006;23:3284-3296. 

100. Peyron C, Petit JM, Rampon C, Jouvet M, Luppi PH. Forebrain afferents to the 
rat dorsal raphe nucleus demonstrated by retrograde and anterograde tracing 
methods. Neuroscience. 1998;82(2):443-468. 

101. Chou TC, Bjorkum AA, Gaus SE, Lu J, Scammell TE, Saper CB. Afferents to the 
ventrolateral preoptic nucleus. The Journal of neuroscience : the official journal 
of the Society for Neuroscience. 2002;22(3):977-990. 

102. Saper CB, Chou TC, Scammell TE. The sleep switch: hypothalamic control of 
sleep and wakefulness. Trends Neurosci. 2001;24(12):726-731. 

103. Grob M, Trottier JF, Drolet G, Mouginot D. Characterization of the 
neurochemical content of neuronal populations of the lamina terminalis activated 
by acute hydromineral challenge. Neuroscience. 2003;122(1):247-257. 

104. Whyte DG, Johnson AK. Thermoregulatory role of periventricular tissue 
surrounding the anteroventral third ventricle (AV3V) during acute heat stress in 
the rat. Clinical and experimental pharmacology & physiology. 2005;32(5-6):457-
461. 



	   156	  

105. McKinley MJ, Allen AM, May CN, McAllen RM, Oldfield BJ, Sly D, 
Mendelsohn FA. Neural pathways from the lamina terminalis influencing 
cardiovascular and body fluid homeostasis. Clinical and experimental 
pharmacology & physiology. 2001;28(12):990-992. 

106. Saper CB, Levisohn D. Afferent connections of the median preoptic nucleus in 
the rat: anatomical evidence for a cardiovascular integrative mechanism in the 
anteroventral third ventricular (AV3V) region. Brain research. 1983;288(1-2):21-
31. 

107. Suntsova N, Szymusiak R, Alam MN, Guzman-Marin R, McGinty D. Sleep-
waking discharge patterns of median preoptic nucleus neurons in rats. The 
Journal of Physiology. 2002;543:665-677. 

108. Gvilia I, Angara C, McGinty D, Szymusiak R. Different neuronal populations of 
the rat median preoptic nucleus express c-fos during sleep and in response to 
hypertonic saline or angiotensin-II. The Journal of Physiology. 2005;569:587-
599. 

109. Uschakov a, Gong H, McGinty D, Szymusiak R. Efferent projections from the 
median preoptic nucleus to sleep- and arousal-regulatory nuclei in the rat brain. 
Neuroscience. 2007;150:104-120. 

110. Suntsova N, Guzman-Marin R, Kumar S, Alam MN, Szymusiak R, McGinty D. 
The median preoptic nucleus reciprocally modulates activity of arousal-related 
and sleep-related neurons in the perifornical lateral hypothalamus. The Journal of 
neuroscience : the official journal of the Society for Neuroscience. 2007;27:1616-
1630. 

111. Bittencourt JC, Presse F, Arias C, Peto C, Vaughan J, Nahon JL, Vale W, 
Sawchenko PE. The melanin-concentrating hormone system of the rat brain: an 
immuno- and hybridization histochemical characterization. The Journal of 
comparative neurology. 1992;319(2):218-245. 

112. Modirrousta M, Mainville L, Jones BE. Orexin and MCH neurons express c-Fos 
differently after sleep deprivation vs. recovery and bear different adrenergic 
receptors. Eur J Neurosci. 2005;21(10):2807-2816. 

113. Hassani OK, Lee MG, Jones BE. Melanin-concentrating hormone neurons 
discharge in a reciprocal manner to orexin neurons across the sleep-wake cycle. 
Proc Natl Acad Sci U S A. 2009;106(7):2418-2422. 



	   157	  

114. Verret L, Goutagny R, Fort P, Cagnon L, Salvert D, Leger L, Boissard R, Salin P, 
Peyron C, Luppi PH. A role of melanin-concentrating hormone producing 
neurons in the central regulation of paradoxical sleep. BMC neuroscience. 
2003;4:19. 

115. Ahnaou A, Drinkenburg WH, Bouwknecht JA, Alcazar J, Steckler T, 
Dautzenberg FM. Blocking melanin-concentrating hormone MCH1 receptor 
affects rat sleep-wake architecture. European journal of pharmacology. 
2008;579(1-3):177-188. 

116. Ahnaou A, Dautzenberg FM, Huysmans H, Steckler T, Drinkenburg WH. 
Contribution of melanin-concentrating hormone (MCH1) receptor to 
thermoregulation and sleep stabilization: evidence from MCH1 (-/-) mice. 
Behavioural brain research. 2011;218(1):42-50. 

117. Adamantidis A, Salvert D, Goutagny R, Lakaye B, Gervasoni D, Grisar T, Luppi 
PH, Fort P. Sleep architecture of the melanin-concentrating hormone receptor 1-
knockout mice. Eur J Neurosci. 2008;27(7):1793-1800. 

118. Konadhode RR, Pelluru D, Blanco-Centurion C, Zayachkivsky A, Liu M, Uhde 
T, Glen WB, Jr., van den Pol AN, Mulholland PJ, Shiromani PJ. Optogenetic 
stimulation of MCH neurons increases sleep. The Journal of neuroscience : the 
official journal of the Society for Neuroscience. 2013;33(25):10257-10263. 

119. Tsunematsu T, Ueno T, Tabuchi S, Inutsuka A, Tanaka KF, Hasuwa H, Kilduff 
TS, Terao A, Yamanaka A. Optogenetic Manipulation of Activity and Temporally 
Controlled Cell-Specific Ablation Reveal a Role for MCH Neurons in 
Sleep/Wake Regulation. The Journal of neuroscience : the official journal of the 
Society for Neuroscience. 2014;34(20):6896-6909. 

120. Jego S, Glasgow SD, Herrera CG, Ekstrand M, Reed SJ, Boyce R, Friedman J, 
Burdakov D, Adamantidis AR. Optogenetic identification of a rapid eye 
movement sleep modulatory circuit in the hypothalamus. Nature neuroscience. 
2013;16(11):1637-1643. 

121. Boissard R, Gervasoni D, Schmidt MH, Barbagli B, Fort P, Luppi PH. The rat 
ponto-medullary network responsible for paradoxical sleep onset and 
maintenance: a combined microinjection and functional neuroanatomical study. 
Eur J Neurosci. 2002;16(10):1959-1973. 



	   158	  

122. Lu J, Sherman D, Devor M, Saper CB. A putative flip-flop switch for control of 
REM sleep. Nature. 2006;441(7093):589-594. 

123. Krenzer M, Anaclet C, Vetrivelan R, Wang N, Vong L, Lowell BB, Fuller PM, 
Lu J. Brainstem and spinal cord circuitry regulating REM sleep and muscle 
atonia. PloS one. 2011;6(10):e24998. 

124. Clement O, Sapin E, Berod A, Fort P, Luppi PH. Evidence that Neurons of the 
Sublaterodorsal Tegmental Nucleus Triggering Paradoxical (REM) Sleep Are 
Glutamatergic. Sleep. 2011;34(4). 

125. Crochet S, Onoe H, Sakai K. A potent non-monoaminergic paradoxical sleep 
inhibitory system: a reverse microdialysis and single-unit recording study. Eur J 
Neurosci. 2006;24(5):1404-1412. 

126. Sastre JP, Buda C, Kitahama K, Jouvet M. Importance of the ventrolateral region 
of the periaqueductal gray and adjacent tegmentum in the control of paradoxical 
sleep as studied by muscimol microinjections in the cat. Neuroscience. 
1996;74(2):415-426. 

127. Datta S. Excitation of the Brain Stem Pedunculopontine Tegmentum Cholinergic 
Cells Induces Wakefulness and REM Sleep. Journal of neurophysiology. 
1997:2975-2988. 

128. Thakkar M, Portas C, McCarley RW. Chronic low-amplitude electrical 
stimulation of the laterodorsal tegmental nucleus of freely moving cats increases 
REM sleep. Brain research. 1996;723:223-227. 

129. Deurveilher S, Hennevin E. Lesions of the pedunculopontine tegmental nucleus 
reduce paradoxical sleep (PS) propensity: evidence from a short-term PS 
deprivation study in rats. The European journal of neuroscience. 2001;13:1963-
1976. 

130. Webster HH, Jones BE. Neurotoxic lesions of the dorsolateral 
pontomesencephalic tegmentum-cholinergic cell area in the cat. II. Effects upon 
sleep-waking states. Brain research. 1988;458:285-302. 

131. Luppi PH, Clement O, Fort P. Paradoxical (REM) sleep genesis by the brainstem 
is under hypothalamic control. current opinion in neurobiology. 2013;23(5):786-
792. 



	   159	  

132. Sapin E, Berod A, Leger L, Herman PA, Luppi PH, Peyron C. A very large 
number of GABAergic neurons are activated in the tuberal hypothalamus during 
paradoxical (REM) sleep hypersomnia. PloS one. 2010;5(7):e11766. 

133. Bremer F. L’activite cerebrale et physiolgie du sommeil. Bull Acad Royale 
Medicine Belgique. 1937;4:68-86. 

134. Saper CB. The neurobiology of sleep. Continuum. 2013;19(1 Sleep Disorders):19-
31. 

135. Moruzzi G, Magoun HW. Brain stem reticular formation and activation of the 
EEG. Electroencephalogr Clin Neurophysiol. 1949;1(4):455-473. 

136. Steriade M, Datta S, Pare D, Oakson G, Curro Dossi RC. Neuronal activities in 
brain-stem cholinergic nuclei related to tonic activation processes in 
thalamocortical systems. The Journal of neuroscience : the official journal of the 
Society for Neuroscience. 1990;10(8):2541-2559. 

137. Datta S, Siwek DF. Single cell activity patterns of pedunculopontine tegmentum 
neurons across the sleep-wake cycle in the freely moving rats. Journal of 
neuroscience research. 2002;70:611-621. 

138. Kayama Y, Ohta M, Jodo E. Firing of 'possibly' cholinergic neurons in the rat 
laterodorsal tegmental nucleus during sleep and wakefulness. Brain research. 
1992;569:210-220. 

139. Aston-Jones G, Bloom FE. Activity of norepinephrine-containing locus coeruleus 
neurons in behaving rats anticipates fluctuations in the sleep-waking cycle. The 
Journal of neuroscience : the official journal of the Society for Neuroscience. 
1981;1(8):876-886. 

140. Hobson JA, McCarley RW, Wyzinski PW. Sleep cycle oscillation: reciprocal 
discharge by two brainstem neuronal groups. Science. 1975;189(4196):55-58. 

141. McGinty DJ, Harper RM. Dorsal raphe neurons: depression of firing during sleep 
in cats. Brain research. 1976;101(3):569-575. 



	   160	  

142. Lydic R, McCarley RW, Hobson JA. Serotonin neurons and sleep. II. Time 
course of dorsal raphe discharge, PGO waves, and behavioral states. Arch Ital 
Biol. 1987;126(1):1-28. 

143. Lu J, Jhou TC, Saper CB. Identification of wake-active dopaminergic neurons in 
the ventral periaqueductal gray matter. The Journal of neuroscience : the official 
journal of the Society for Neuroscience. 2006;26(1):193-202. 

144. Ko EM, Estabrooke IV, McCarthy M, Scammell TE. Wake-related activity of 
tuberomammillary neurons in rats. Brain research. 2003;992(2):220-226. 

145. Takahashi K, Lin JS, Sakai K. Neuronal activity of histaminergic 
tuberomammillary neurons during wake-sleep states in the mouse. The Journal of 
neuroscience : the official journal of the Society for Neuroscience. 
2006;26(40):10292-10298. 

146. Parmentier R, Ohtsu H, Djebbara-Hannas Z, Valatx JL, Watanabe T, Lin JS. 
Anatomical, physiological, and pharmacological characteristics of histidine 
decarboxylase knock-out mice: evidence for the role of brain histamine in 
behavioral and sleep-wake control. The Journal of neuroscience : the official 
journal of the Society for Neuroscience. 2002;22(17):7695-7711. 

147. Lin JS, Sakai K, Jouvet M. Evidence for histaminergic arousal mechanisms in the 
hypothalamus of cat. Neuropharmacology. 1988;27(2):111-122. 

148. Monti JM, Jantos H, Boussard M, Altier H, Orellana C, Olivera S. Effects of 
selective activation or blockade of the histamine H3 receptor on sleep and 
wakefulness. European journal of pharmacology. 1991;205(3):283-287. 

149. Lee MG, Hassani OK, Jones BE. Discharge of identified orexin/hypocretin 
neurons across the sleep-waking cycle. The Journal of neuroscience : the official 
journal of the Society for Neuroscience. 2005;25(28):6716-6720. 

150. Estabrooke IV, McCarthy MT, Ko E, Chou TC, Chemelli RM, Yanagisawa M, 
Saper CB, Scammell TE. Fos expression in orexin neurons varies with behavioral 
state. The Journal of neuroscience : the official journal of the Society for 
Neuroscience. 2001;21:1656-1662. 

151. Mileykovskiy BY, Kiyashchenko LI, Siegel JM. Behavioral correlates of activity 
in identified hypocretin/orexin neurons. Neuron. 2005;46:787-798. 



	   161	  

152. Kiyashchenko LI, Mileykovskiy BY, Maidment N, Lam Ha, Wu M-F, John J, 
Peever J, Siegel JM. Release of hypocretin (orexin) during waking and sleep 
states. The Journal of neuroscience : the official journal of the Society for 
Neuroscience. 2002;22:5282-5286. 

153. Leschziner G. Narcolepsy: a clinical review. Practical neurology. 2014. 

154. Beuckmann CT, Sinton CM, Williams SC, Richardson Ja, Hammer RE, Sakurai 
T, Yanagisawa M. Expression of a poly-glutamine-ataxin-3 transgene in orexin 
neurons induces narcolepsy-cataplexy in the rat. The Journal of neuroscience : the 
official journal of the Society for Neuroscience. 2004;24:4469-4477. 

155. Chemelli RM, Willie JT, Sinton CM, Elmquist JK, Scammell T, Lee C, 
Richardson JA, Williams SC, Xiong Y, Kisanuki Y, Fitch TE, Nakazato M, 
Hammer RE, Saper CB, Yanagisawa M. Narcolepsy in orexin knockout mice: 
molecular genetics of sleep regulation. Cell. 1999;98(4):437-451. 

156. Hara J, Beuckmann CT, Nambu T, Willie JT, Chemelli RM, Sinton CM, 
Sugiyama F, Yagami K, Goto K, Yanagisawa M, Sakurai T. Genetic ablation of 
orexin neurons in mice results in narcolepsy, hypophagia, and obesity. Neuron. 
2001;30(2):345-354. 

157. Lin L, Faraco J, Li R, Kadotani H, Rogers W, Lin X, Qiu X, de Jong PJ, Nishino 
S, Mignot E. The sleep disorder canine narcolepsy is caused by a mutation in the 
hypocretin (orexin) receptor 2 gene. Cell. 1999;98:365-376. 

158. Willie JT, Chemelli RM, Sinton CM, Tokita S, Williams SC, Kisanuki YY, 
Marcus JN, Lee C, Elmquist JK, Kohlmeier KA, Leonard CS, Richardson JA, 
Hammer RE, Yanagisawa M. Distinct narcolepsy syndromes in Orexin receptor-2 
and Orexin null mice: molecular genetic dissection of Non-REM and REM sleep 
regulatory processes. Neuron. 2003;38(5):715-730. 

159. Mieda M, Hasegawa E, Kisanuki YY, Sinton CM, Yanagisawa M, Sakurai T. 
Differential roles of orexin receptor-1 and -2 in the regulation of non-REM and 
REM sleep. The Journal of neuroscience : the official journal of the Society for 
Neuroscience. 2011;31:6518-6526. 

160. Mochizuki T, Crocker A, McCormack S, Yanagisawa M, Sakurai T, Scammell 
TE. Behavioral state instability in orexin knock-out mice. The Journal of 
neuroscience : the official journal of the Society for Neuroscience. 
2004;24(28):6291-6300. 



	   162	  

161. Anaclet C, Parmentier R, Ouk K, Guidon G, Buda C, Sastre JP, Akaoka H, 
Sergeeva OA, Yanagisawa M, Ohtsu H, Franco P, Haas HL, Lin JS. 
Orexin/hypocretin and histamine: distinct roles in the control of wakefulness 
demonstrated using knock-out mouse models. The Journal of neuroscience : the 
official journal of the Society for Neuroscience. 2009;29(46):14423-14438. 

162. Diniz Behn CG, Klerman EB, Mochizuki T, Lin SC, Scammell TE. Abnormal 
sleep/wake dynamics in orexin knockout mice. Sleep. 2010;33(3):297-306. 

163. Lee MG, Hassani OK, Alonso A, Jones BE. Cholinergic basal forebrain neurons 
burst with theta during waking and paradoxical sleep. The Journal of 
neuroscience : the official journal of the Society for Neuroscience. 
2005;25(17):4365-4369. 

164. Kapas L, Obal F, Jr., Book AA, Schweitzer JB, Wiley RG, Krueger JM. The 
effects of immunolesions of nerve growth factor-receptive neurons by 192 IgG-
saporin on sleep. Brain research. 1996;712(1):53-59. 

165. Berntson GG, Shafi R, Sarter M. Specific contributions of the basal forebrain 
corticopetal cholinergic system to electroencephalographic activity and 
sleep/waking behaviour. Eur J Neurosci. 2002;16(12):2453-2461. 

166. Jones BE. From waking to sleeping: neuronal and chemical substrates. Trends 
Pharmacol Sci. 2005;26(11):578-586. 

167. Obal F, Jr., Krueger JM. Biochemical regulation of non-rapid-eye-movement 
sleep. Frontiers in bioscience : a journal and virtual library. 2003;8:d520-550. 

168. Cain SW, Dennison CF, Zeitzer JM, Guzik AM, Khalsa SB, Santhi N, Schoen 
MW, Czeisler CA, Duffy JF. Sex differences in phase angle of entrainment and 
melatonin amplitude in humans. Journal of biological rhythms. 2010;25(4):288-
296. 

169. Duffy JF, Cain SW, Chang AM, Phillips AJ, Munch MY, Gronfier C, Wyatt JK, 
Dijk DJ, Wright KP, Jr., Czeisler CA. Sex difference in the near-24-hour intrinsic 
period of the human circadian timing system. Proc Natl Acad Sci U S A. 2011;108 
Suppl 3:15602-15608. 

170. Tonetti L, Fabbri M, Natale V. SEX DIFFERENCE IN SLEEP-TIME 
PREFERENCE AND SLEEP NEED: A CROSS SECTIONAL SURVEY 



	   163	  

AMONG ITALIAN PRE-ADOLESCENTS, ADOLESCENTS, AND ADULTS. 
Chronobiology international. 2008;25(5):745-759. 

171. Adan A, Natale V. Gender differences in morningness-eveningness preference. 
Chronobiology international. 2002;19(4):709-720. 

172. Roenneberg T, Kuehnle T, Juda M, Kantermann T, Allebrandt K, Gordijn M, 
Merrow M. Epidemiology of the human circadian clock. Sleep medicine reviews. 
2007;11(6):429-438. 

173. Lindberg E, Janson C, Gislason T, Bjornsson E, Hetta J, Boman G. Sleep 
disturbances in a young adult population: can gender differences be explained by 
differences in psychological status? Sleep. 1997;20(6):381-387. 

174. Middelkoop HA, Smilde-van den Doel DA, Neven AK, Kamphuisen HA, 
Springer CP. Subjective sleep characteristics of 1,485 males and females aged 50-
93: effects of sex and age, and factors related to self-evaluated quality of sleep. 
The journals of gerontology Series A, Biological sciences and medical sciences. 
1996;51(3):M108-115. 

175. Groeger J, Zijlstra F, Dijk D. Sleep quantity, sleep difficulties and their perceived 
consequences in a representative sample of some 2000 British adults. Journal of 
sleep research. 2004;13(4):359-371. 

176. Reyner LA, Horne JA, Reyner A. Gender- and age-related differences in sleep 
determined by home-recorded sleep logs and actimetry from 400 adults. Sleep. 
1995;18(2):127-134. 

177. Zhang B, Wing YK. Sex differences in insomnia: a meta-analysis. Sleep. 
2006;29(1):85-93. 

178. Redline S, Kirchner HL, Quan SF, Gottlieb DJ, Kapur V, Newman A. The effects 
of age, sex, ethnicity, and sleep-disordered breathing on sleep architecture. 
Archives of internal medicine. 2004;164(4):406-418. 

179. Walsleben JA, Kapur VK, Newman AB, Shahar E, Bootzin RR, Rosenberg CE, 
O'Connor G, Nieto FJ. Sleep and reported daytime sleepiness in normal subjects: 
the Sleep Heart Health Study. Sleep. 2004;27(2):293-298. 



	   164	  

180. Goel N, Kim H, Lao RP. Gender differences in polysomnographic sleep in young 
healthy sleepers. Chronobiology international. 2005;22(5):905-915. 

181. Vitiello MV, Larsen LH, Moe KE. Age-related sleep change: Gender and 
estrogen effects on the subjective-objective sleep quality relationships of healthy, 
noncomplaining older men and women. J Psychosom Res. 2004;56(5):503-510. 

182. Bixler EO, Papaliaga MN, Vgontzas AN, Lin H-M, Pejovic S, Karataraki M, 
Vela-Bueno A, Chrousos GP. Women sleep objectively better than men and the 
sleep of young women is more resilient to external stressors: effects of age and 
menopause. Journal of sleep research. 2009;18:221-228. 

183. Dijk DJ, Beersma DG, Bloem GM. Sex differences in the sleep EEG of young 
adults: visual scoring and spectral analysis. Sleep. 1989;12(6):500-507. 

184. Fukuda N, Honma H, Kohsaka M, Kobayashi R, Sakakibara S, Kohsaka S, 
Koyama T. Gender difference of slow wave sleep in middle aged and elderly 
subjects. Psychiatry and clinical neurosciences. 1999;53(2):151-153. 

185. Freedman RR. EEG power spectra in sleep-onset insomnia. Electroencephalogr 
Clin Neurophysiol. 1986;63(5):408-413. 

186. Krystal AD, Edinger JD, Wohlgemuth WK, Marsh GR. NREM sleep EEG 
frequency spectral correlates of sleep complaints in primary insomnia subtypes. 
Sleep. 2002;25(6):630-640. 

187. Perlis ML, Smith MT, Andrews PJ, Orff H, Giles DE. Beta/Gamma EEG activity 
in patients with primary and secondary insomnia and good sleeper controls. Sleep. 
2001;24(1):110-117. 

188. Merica H, Blois R, Gaillard JM. Spectral characteristics of sleep EEG in chronic 
insomnia. Eur J Neurosci. 1998;10(5):1826-1834. 

189. Lamarche CH, Ogilvie RD. Electrophysiological changes during the sleep onset 
period of psychophysiological insomniacs, psychiatric insomniacs, and normal 
sleepers. Sleep. 1997;20(9):724-733. 



	   165	  

190. Spiegelhalder K, Regen W, Feige B, Holz J, Piosczyk H, Baglioni C, Riemann D, 
Nissen C. Increased EEG sigma and beta power during NREM sleep in primary 
insomnia. Biological psychology. 2012;91(3):329-333. 

191. Ford DE, Kamerow DB. Epidemiological Study of Sleep Disturbances and 
Psychiatric Disorders. JAMA : the journal of the American Medical Association. 
1989;262(11):1479-1484. 

192. Li RH, Wing YK, Ho SC, Fong SY. Gender differences in insomnia--a study in 
the Hong Kong Chinese population. J Psychosom Res. 2002;53(1):601-609. 

193. Klink ME, Quan SF, Kaltenborn WT, Lebowitz MD. Risk factors associated with 
complaints of insomnia in a general adult population. Influence of previous 
complaints of insomnia. Archives of internal medicine. 1992;152(8):1634-1637. 

194. Jaussent I, Dauvilliers Y, Ancelin ML, Dartigues JF, Tavernier B, Touchon J, 
Ritchie K, Besset A. Insomnia symptoms in older adults: associated factors and 
gender differences. The American journal of geriatric psychiatry : official journal 
of the American Association for Geriatric Psychiatry. 2011;19(1):88-97. 

195. Calhoun SL, Fernandez-Mendoza J, Vgontzas AN, Liao D, Bixler EO. Prevalence 
of insomnia symptoms in a general population sample of young children and 
preadolescents: gender effects. Sleep Med. 2014;15(1):91-95. 

196. Hysing M, Pallesen S, Stormark KM, Lundervold AJ, Sivertsen B. Sleep patterns 
and insomnia among adolescents: a population-based study. Journal of sleep 
research. 2013;22:549-556. 

197. Johnson EO, Roth T, Schultz L, Breslau N. Epidemiology of DSM-IV insomnia 
in adolescence: lifetime prevalence, chronicity, and an emergent gender 
difference. Pediatrics. 2006;117(2):e247-256. 

198. Buysse DJ, Germain A, Hall ML, Moul DE, Nofzinger EA, Begley A, Ehlers CL, 
Thompson W, Kupfer DJ. EEG spectral analysis in primary insomnia: NREM 
period effects and sex differences. Sleep. 2008;31(12):1673-1682. 

199. Carrier J, Land S, Buysse DJ, Kupfer DJ, Monk TH. The effects of age and 
gender on sleep EEG power spectral density in the middle years of life (ages 20-
60 years old). Psychophysiology. 2001;38(2):232-242. 



	   166	  

200. Brenner RP, Ulrich RF, Reynolds CF, 3rd. EEG spectral findings in healthy, 
elderly men and women--sex differences. Electroencephalogr Clin Neurophysiol. 
1995;94(1):1-5. 

201. Armitage R, Smith C, Thompson S, Hoffmann R. Sex differences in slow wave 
activity in response to sleep deprivation. Sleep Res Online. 2001;4:33-41. 

202. Mallon L, Broman J, Hetta J. Relationship Between Insomnia, Depression, and 
Mortality: A 12-Year Follow-Up of Older Adults in the Community. 
International Psychogeriatrics. 2000;12(3):295-306. 

203. Taylor DJ, Lichstein KL, Durrence HH, Reidel BW, Bush AJ. Epidemiology of 
insomnia, depression, and anxiety. Sleep. 2005;28(11):1457-1464. 

204. Terauchi M, Hiramitsu S, Akiyoshi M, Owa Y, Kato K, Obayashi S, Matsushima 
E, Kubota T. Associations between anxiety, depression and insomnia in peri- and 
post-menopausal women. Maturitas. 2012;72:61-65. 

205. de Wild-Hartmann J, Wichers M, van Bemmel A, Derom C, Thiery E, Jacobs N, 
van Os J, Simons C. Day-to-day associations between subjective sleep and affect 
in regard to future depression in a female population-based sample. The British 
journal of psychiatry : the journal of mental science. 2013. 

206. Cappuccio FP, Stranges S, Kandala NB, Miller MA, Taggart FM, Kumari M, 
Ferrie JE, Shipley MJ, Brunner EJ, Marmot MG. Gender-specific associations of 
short sleep duration with prevalent and incident hypertension: the Whitehall II 
Study. Hypertension. 2007;50(4):693-700. 

207. Gangwisch JE, Malaspina D, Babiss LA, Opler MG, Posner K, Shen S, Turner 
JB, Zammit GK, Ginsberg HN. Short Sleep Duration as a Risk Factor for 
Hypercholesterolemia: Analyses of the National Longitudinal Study of 
Adolescent Health. Sleep. 2010;33(7):956-961. 

208. Kerkhofs M, Boudjeltia KZ, Stenuit P, Brohee D, Cauchie P, Vanhaeverbeek M. 
Sleep restriction increases blood neutrophils, total cholesterol and low density 
lipoprotein cholesterol in postmenopausal women: A preliminary study. 
Maturitas. 2007;56(2):212-215. 



	   167	  

209. Lyytikainen P, Rahkonen O, Lahelma E, Lallukka T. Association of sleep 
duration with weight and weight gain: a prospective follow-up study. J Sleep Res. 
2011;20(2):298-302. 

210. Simpson NS, Banks S, Dinges DF. Sleep Restriction Is Associated With Increased 
Morning Plasma Leptin Concentrations, Especially in Women. Biol Res Nurs. 
2010;12(1):47-53. 

211. Krystal AD. Depression and insomnia in women. Clinical cornerstone. 2004;6 
Suppl 1B:S19-28. 

212. Miller MA, Kandala NB, Kivimaki M, Kumari M, Brunner EJ, Lowe GDO, 
Marmot MG, Cappuccio FP. Gender Differences in the Cross-Sectional 
Relationships Between Sleep Duration and Markers of Inflammation: Whitehall II 
Study. Sleep. 2009;32(7):857-864. 

213. Moline ML, Broch L, Zak R. Sleep in women across the life cycle from adulthood 
through menopause. Med Clin N Am. 2004;88(3):705-+. 

214. Lee KA. Alterations in sleep during pregnancy and postpartum: a review of 30 
years of research. Sleep medicine reviews. 1998;2(4):231-242. 

215. Brunner DP, Munch M, Biedermann K, Huch R, Huch A, Borbely AA. Changes 
in sleep and sleep electroencephalogram during pregnancy. Sleep. 
1994;17(7):576-582. 

216. Hedman C, Pohjasvaara T, Tolonen U, Suhonen-Malm AS, Myllyla VV. Effects 
of pregnancy on mothers' sleep. Sleep Med. 2002;3(1):37-42. 

217. Karacan I, Williams RL, Hursch CJ, McCaulley M, Heine MW. Some 
implications of the sleep patterns of pregnancy for postpartum emotional 
disturbances. The British journal of psychiatry : the journal of mental science. 
1969;115(525):929-935. 

218. Lee KA, Zaffke ME. Longitudinal changes in fatigue and energy during 
pregnancy and the postpartum period. Journal of obstetric, gynecologic, and 
neonatal nursing : JOGNN / NAACOG. 1999;28(2):183-191. 



	   168	  

219. Lee KA, Zaffke ME, McEnany G. Parity and sleep patterns during and after 
pregnancy. Obstetrics and gynecology. 2000;95(1):14-18. 

220. Mindell JA, Jacobson BJ. Sleep disturbances during pregnancy. Journal of 
obstetric, gynecologic, and neonatal nursing : JOGNN / NAACOG. 
2000;29(6):590-597. 

221. Baker FC, Driver HS. Self-reported sleep across the menstrual cycle in young, 
healthy women. J Psychosom Res. 2004;56(2):239-243. 

222. Manber R, Bootzin RR. Sleep and the menstrual cycle. Health psychology : 
official journal of the Division of Health Psychology, American Psychological 
Association. 1997;16(3):209-214. 

223. Patkai P, Johannson G, Post B. Mood, alertness and sympathetic-adrenal 
medullary activity during the menstrual cycle. Psychosomatic medicine. 
1974;36(6):503-512. 

224. Driver HS, Dijk DJ, Werth E, Biedermann K, Borbely AA. Sleep and the sleep 
electroencephalogram across the menstrual cycle in young healthy women. The 
Journal of clinical endocrinology and metabolism. 1996;81(2):728-735. 

225. Ishizuka Y, Pollak CP, Shirakawa S, Kakuma T, Azumi K, Usui A, Shiraishi K, 
Fukuzawa H, Kariya T. Sleep spindle frequency changes during the menstrual 
cycle. J Sleep Res. 1994;3(1):26-29. 

226. Baker FC, Driver HS, Paiker J, Rogers GG, Mitchell D. Acetaminophen does not 
affect 24-h body temperature or sleep in the luteal phase of the menstrual cycle. 
Journal of Applied Physiology. 2002;92(4):1684-1691. 

227. Baker FC, Driver HS, Rogers GG, Paiker J, Mitchell D. High nocturnal body 
temperatures and disturbed sleep in women with primary dysmenorrhea. The 
American journal of physiology. 1999;277(6 Pt 1):E1013-1021. 

228. Baker FC, Waner JI, Vieira EF, Taylor SR, Driver HS, Mitchell D. Sleep and 24 
hour body temperatures: a comparison in young men, naturally cycling women 
and women taking hormonal contraceptives. J Physiol. 2001;530(Pt 3):565-574. 



	   169	  

229. Parry BL, Mostofi N, LeVeau B, Nahum HC, Golshan S, Laughlin GA, Gillin JC. 
Sleep EEG studies during early and late partial sleep deprivation in premenstrual 
dysphoric disorder and normal control subjects. Psychiatry research. 
1999;85(2):127-143. 

230. Baker FC, Mitchell D, Driver HS. Oral contraceptives alter sleep and raise body 
temperature in young women. Pflugers Archiv : European journal of physiology. 
2001;442(5):729-737. 

231. Burdick RS, Hoffmann R, Armitage R. Short note: oral contraceptives and sleep 
in depressed and healthy women. Sleep. 2002;25(3):347-349. 

232. Hurt SW, Schnurr PP, Severino SK, Freeman EW, Gise LH, Rivera-Tovar A, 
Steege JF. Late luteal phase dysphoric disorder in 670 women evaluated for 
premenstrual complaints. Am J Psychiatry. 1992;149(4):525-530. 

233. Baker FC, Kahan TL, Trinder J, Colrain IM. Sleep quality and the sleep 
electroencephalogram in women with severe premenstrual syndrome. Sleep. 
2007;30(10):1283-1291. 

234. Shechter A, Lesperance P, Ng Ying Kin NM, Boivin DB. Nocturnal 
polysomnographic sleep across the menstrual cycle in premenstrual dysphoric 
disorder. Sleep Med. 2012;13(8):1071-1078. 

235. Lee K, Shaver J, Giblin E. Sleep patterns related to menstrual cycle phase and 
premenstrual affective symptoms. Sleep: Journal of Sleep. 1990. 

236. Harlow SD, Gass M, Hall JE, Lobo R, Maki P, Rebar RW, Sherman S, Sluss PM, 
de Villiers TJ, Group SC. Executive summary of the Stages of Reproductive 
Aging Workshop + 10: addressing the unfinished agenda of staging reproductive 
aging. The Journal of clinical endocrinology and metabolism. 2012;97(4):1159-
1168. 

237. Al-Safi ZA, Santoro N. Menopausal hormone therapy and menopausal symptoms. 
Fertility and sterility. 2014;101(4):905-915. 

238. Lampio L, Polo-Kantola P, Polo O, Kauko T, Aittokallio J, Saaresranta T. Sleep 
in midlife women: effects of menopause, vasomotor symptoms, and depressive 
symptoms. Menopause. 2014. 



	   170	  

239. Baker A, Simpson S, Dawson D. Sleep disruption and mood changes associated 
with menopause. J Psychosom Res. 1997;43(4):359-369. 

240. Shaver J, Giblin E, Lentz M, Lee K. Sleep patterns and stability in 
perimenopausal women. Sleep. 1988;11(6):556-561. 

241. Owens JF, Matthews KA. Sleep disturbance in healthy middle-aged women. 
Maturitas. 1998;30(1):41-50. 

242. Kravitz HM, Zhao X, Bromberger JT, Gold EB, Hall MH, Matthews KA, Sowers 
MR. Sleep disturbance during the menopausal transition in a multi-ethnic 
community sample of women. Sleep. 2008;31(7):979-990. 

243. Young T, Rabago D, Zgierska A, Austin D, Laurel F. Objective and subjective 
sleep quality in premenopausal, perimenopausal, and postmenopausal women in 
the Wisconsin Sleep Cohort Study. Sleep. 2003;26(6):667-672. 

244. Kuh DL, Hardy R, Wadsworth M. Women's health in midlife: the influence of the 
menopause, social factors and health in earlier life. British journal of obstetrics 
and gynaecology. 1997;104(12):1419. 

245. Kravitz HM, Ganz PA, Bromberger J, Powell LH, Sutton-Tyrrell K, Meyer PM. 
Sleep difficulty in women at midlife: a community survey of sleep and the 
menopausal transition. Menopause. 2003;10:19-28. 

246. Burleson MH, Todd M, Trevathan WR. Daily vasomotor symptoms, sleep 
problems, and mood: using daily data to evaluate the domino hypothesis in 
middle-aged women. Menopause. 2010;17(1):87-95. 

247. Woods NF, Mitchell ES. Sleep symptoms during the menopausal transition and 
early postmenopause: observations from the Seattle Midlife Women's Health 
Study. Sleep. 2010;33(4):539-549. 

248. Erlik Y, Tataryn IV, Meldrum DR, Lomax P, Bajorek JG, Judd HL. Association 
of waking episodes with menopausal hot flushes. JAMA : the journal of the 
American Medical Association. 1981;245(17):1741-1744. 

249. Polo-Kantola P, Erkkola R, Irjala K, Helenius H, Pullinen S, Polo O. Climacteric 
symptoms and sleep quality. Obstetrics and gynecology. 1999;94(2):219-224. 



	   171	  

250. Freedman RR, Benton MD, Genik RJ, 2nd, Graydon FX. Cortical activation 
during menopausal hot flashes. Fertility and sterility. 2006;85(3):674-678. 

251. Freedman RR, Roehrs TA. Lack of sleep disturbance from menopausal hot 
flashes. Fertility and sterility. 2004;82(1):138-144. 

252. Freedman RR, Roehrs TA. Effects of REM sleep and ambient temperature on hot 
flash-induced sleep disturbance. Menopause. 2006;13(4):576-583. 

253. Joffe H, Crawford S, Economou N, Kim S, Regan S, Hall JE, White D. A 
Gonadotropin-Releasing Hormone Agonist Model Demonstrates That Nocturnal 
Hot Flashes Interrupt Objective Sleep. SLEEP. 2013;36(12):1977-1985. 

254. Schiff I, Regestein Q, Tulchinsky D, Ryan KJ. Effects of estrogens on sleep and 
psychological state of hypogonadal women. JAMA : the journal of the American 
Medical Association. 1979;242(22):2405-2404. 

255. Thomson J, Oswald I. Effect of oestrogen on the sleep, mood, and anxiety of 
menopausal women. British medical journal. 1977;2(6098):1317-1319. 

256. Polo-Kantola P, Erkkola R, Helenius H, Irjala K, Polo O. When does estrogen 
replacement therapy improve sleep quality? American journal of obstetrics and 
gynecology. 1998;178(5):1002-1009. 

257. Scharf MB, McDannold MD, Stover R, Zaretsky N, Berkowitz DV. Effects of 
estrogen replacement therapy on rates of cyclic alternating patterns and hot-flush 
events during sleep in postmenopausal women: a pilot study. Clinical 
therapeutics. 1997;19(2):304-311. 

258. Welton AJ, Vickers MR, Kim J, Ford D, Lawton BA, MacLennan AH, Meredith 
SK, Martin J, Meade TW, team W. Health related quality of life after combined 
hormone replacement therapy: randomised controlled trial. Bmj. 2008;337:a1190. 

259. Polo-Kantola P, Erkkola R, Irjala K, Pullinen S, Virtanen I, Polo O. Effect of 
short-term transdermal estrogen replacement therapy on sleep: a randomized, 
double-blind crossover trial in postmenopausal women. Fertility and sterility. 
1999;71(5):873-880. 



	   172	  

260. Purdie DW, Empson JA, Crichton C, Macdonald L. Hormone replacement 
therapy, sleep quality and psychological wellbeing. British journal of obstetrics 
and gynaecology. 1995;102(9):735-739. 

261. Scharf MB, Berkowitz DV, Reape KZ. Effects of synthetic conjugated estrogens 
A on sleep quality in postmenopausal women with nocturnal diaphoresis and/or 
hot flushes: a pilot study. Fertility and sterility. 2007;88(3):654-656. 

262. Antonijevic IA, Stalla GK, Steiger A. Modulation of the sleep 
electroencephalogram by estrogen replacement in postmenopausal women. 
American journal of obstetrics and gynecology. 2000;182(2):277-282. 

263. Evans JI, MacLean AW, Ismail AA, Love D. Concentrations of plasma 
testosterone in normal men during sleep. Nature. 1971;229(5282):261-262. 

264. Roffwarg HP, Sachar EJ, Halpern F, Hellman L. Plasma testosterone and sleep: 
relationship to sleep stage variables. Psychosomatic medicine. 1982;44(1):73-84. 

265. Cortes-Gallegos V, Castaneda G, Alonso R, Sojo I, Carranco A, Cervantes C, 
Parra A. Sleep deprivation reduces circulating androgens in healthy men. Archives 
of andrology. 1983;10(1):33-37. 

266. Luboshitzky R, Zabari Z, Shen-Orr Z, Herer P, Lavie P. Disruption of the 
nocturnal testosterone rhythm by sleep fragmentation in normal men. The Journal 
of clinical endocrinology and metabolism. 2001;86(3):1134-1139. 

267. Barrett-Connor E, Dam TT, Stone K, Harrison SL, Redline S, Orwoll E, Grp 
OFMS. The association of testosterone levels with overall sleep quality, sleep 
architecture, and sleep-disordered breathing. J Clin Endocr Metab. 
2008;93(7):2602-2609. 

268. Liu PY, Yee B, Wishart SM, Jimenez M, Jung DG, Grunstein RR, Handelsman 
DJ. The short-term effects of high-dose testosterone on sleep, breathing, and 
function in older men. The Journal of clinical endocrinology and metabolism. 
2003;88(8):3605-3613. 

269. Matsumoto AM, Sandblom RE, Schoene RB, Lee KA, Giblin EC, Pierson DJ, 
Bremner WJ. Testosterone replacement in hypogonadal men: effects on 
obstructive sleep apnoea, respiratory drives, and sleep. Clinical endocrinology. 
1985;22(6):713-721. 



	   173	  

270. Sandblom RE, Matsumoto AM, Schoene RB, Lee KA, Giblin EC, Bremner WJ, 
Pierson DJ. Obstructive sleep apnea syndrome induced by testosterone 
administration. N Engl J Med. 1983;308(9):508-510. 

271. Schneider BK, Pickett CK, Zwillich CW, Weil JV, McDermott MT, Santen RJ, 
Varano LA, White DP. Influence of testosterone on breathing during sleep. J Appl 
Physiol. 1986;61(2):618-623. 

272. Stewart DA, Grunstein RR, Berthonjones M, Handelsman DJ, Sullivan CE. 
Androgen Blockade Does Not Affect Sleep-Disordered Breathing or 
Chemosensitivity in Men with Obstructive Sleep-Apnea. Am Rev Respir Dis. 
1992;146(6):1389-1393. 

273. Engstrom CA. Hot flashes in prostate cancer: state of the science. American 
journal of men's health. 2008;2(2):122-132. 

274. Schow DA, Renfer LG, Rozanski TA, Thompson IM. Prevalence of hot flushes 
during and after neoadjuvant hormonal therapy for localized prostate cancer. 
Southern medical journal. 1998;91(9):855-857. 

275. Ulloa EW, Salup R, Patterson SG, Jacobsen PB. Relationship between hot flashes 
and distress in men receiving androgen deprivation therapy for prostate cancer. 
Psycho-oncology. 2009;18(6):598-605. 

276. Sakai H, Igawa T, Tsurusaki T, Yura M, Kusaba Y, Hayashi M, Iwasaki S, 
Hakariya H, Hara T, Kanetake H. Hot flashes during androgen deprivation 
therapy with luteinizing hormone-releasing hormone agonist combined with 
steroidal or nonsteroidal antiandrogen for prostate cancer. Urology. 
2009;73(3):635-640. 

277. Smith JA, Jr. A prospective comparison of treatments for symptomatic hot flushes 
following endocrine therapy for carcinoma of the prostate. The Journal of 
urology. 1994;152(1):132-134. 

278. Miller J, Ahmann F. Treatment of castration induced menopausal symptoms with 
low dose diethylstilbestrol in men with advanced prostate cancer. Urology. 
1992;40:499-502. 

279. Gerber GS, Zagaja GP, Ray PS, Rukstalis DB. Transdermal estrogen in the 
treatment of hot flushes in men with prostate cancer. Urology. 2000;55(1):97-101. 



	   174	  

280. Ekirch AR. At Day's Close: Night in Times Past. New York, NY: W.W. Norton & 
Company, Inc.; 2005. 

281. Paul KN, Dugovic C, Turek FW, Laposky AD. Diurnal sex differences in the 
sleep-wake cycle of mice are dependent on gonadal function. Sleep. 
2006;29(9):1211-1223. 

282. Koehl M, Battle S, Meerlo P. Sex differences in sleep: the response to sleep 
deprivation and restraint stress in mice. Sleep. 2006;29(9):1224-1231. 

283. Franken P, Dudley CA, Estill SJ, Barakat M, Thomason R, O'Haran BF, 
McKnight SL. NPAS2 as a transcriptional regulator of non-rapid eye movement 
sleep: Genotype and sex interactions. Proceedings of the National Academy of 
Sciences of the United States of America. 2006;103(18):7118-7123. 

284. Ehlen JC, Hesse S, Pinckney L, Paul KN. Sex Chromosomes Regulate Nighttime 
Sleep Propensity during Recovery from Sleep Loss in Mice. PloS one. 
2013;8(5):e62205. 

285. Fang J, Fishbein W. Sex differences in paradoxical sleep: influences of estrus 
cycle and ovariectomy. Brain research. 1996;734(1-2):275-285. 

286. Yamaoka S. Modification of circadian sleep rhythms by gonadal steroids and the 
neural mechanisms involved. Brain research. 1980;185(2):385-398. 

287. Juarez J, Corsi-Cabrera M, del Rio-Portilla I. Effects of prenatal testosterone 
treatment on sex differences in the EEG activity of the rat. Brain research. 
1995;694(1-2):21-28. 

288. Del Rio-Portilla I, Ugalde E, Juarez J, Roldan A, Corsi-Cabrera M. Sex 
differences in EEG in adult gonadectomized rats before and after hormonal 
treatment. Psychoneuroendocrinology. 1997;22(8):627-642. 

289. Colvin GB, Whitmoyer DI, Lisk RD, Walter DO, Sawyer CH. Changes in sleep-
wakefulness in female rats during circadian and estrous cycles. Brain research. 
1968;7(2):173-181. 

290. Sawyer CH. Some effects of hormones on sleep. Experimental medicine and 
surgery. 1969;27(1-2):177-186. 



	   175	  

291. Kleinlogel H. The female rat's sleep during oestrous cycle. Neuropsychobiology. 
1983;10(4):228-237. 

292. Schwierin B, Borbely AA, Tobler I. Sleep homeostasis in the female rat during 
the estrous cycle. Brain research. 1998;811(1-2):96-104. 

293. Hadjimarkou MM, Benham R, Schwarz JM, Holder MK, Mong Ja. Estradiol 
suppresses rapid eye movement sleep and activation of sleep-active neurons in the 
ventrolateral preoptic area. The European journal of neuroscience. 2008;27:1780-
1792. 

294. Koehl M, Battle SE, Turek FW. Sleep in female mice: a strain comparison across 
the estrous cycle. Sleep. 2003;26(3):267-272. 

295. Yokoyama A, Domingo Ramirez V, Sawyer CH. Sleep and wakefulness in female 
rats under various hormonal and physiological conditions. General and 
Comparative Endocrinology. 1966;7(1):10-17. 

296. Branchey M, Branchey L, Nadler RD. Effects of estrogen and progesterone on 
sleep patterns of female rats. Physiology & behavior. 1971;6(6):743-746. 

297. Colvin GB, Whitmoyer DI, Sawyer CH. Circadian sleep-wakefulness patterns in 
rats after ovariectomy and treatment with estrogen. Experimental neurology. 
1969;25(4):616-625. 

298. Deurveilher S, Rusak B, Semba K. Estradiol and progesterone modulate 
spontaneous sleep patterns and recovery from sleep deprivation in ovariectomized 
rats. Sleep. 2009;32(7):865-877. 

299. Deurveilher S, Rusak B, Semba K. Female reproductive hormones alter sleep 
architecture in ovariectomized rats. Sleep. 2011;34(4):519-530. 

300. Schwartz MD, Mong Ja. Estradiol suppresses recovery of REM sleep following 
sleep deprivation in ovariectomized female rats. Physiology & behavior. 
2011;104:962-971. 

301. Schwartz MD, Mong JA. Estradiol modulates recovery of REM sleep in a time-
of-day-dependent manner. Am J Physiol Regul Integr Comp Physiol. 2013. 



	   176	  

302. Paul KN, Laposky AD, Turek FW. Reproductive hormone replacement alters 
sleep in mice. Neurosci Lett. 2009;463(3):239-243. 

303. Deurveilher S, Seary ME, Semba K. Ovarian hormones promote recovery from 
sleep deprivation by increasing sleep intensity in middle-aged ovariectomized 
rats. Hormones and behavior. 2013;63(4):566-576. 

304. Wibowo E, Deurveilher S, Wassersug RJ, Semba K. Estradiol treatment 
modulates spontaneous sleep and recovery after sleep deprivation in castrated 
male rats. Behavioural brain research. 2012;226(2):456-464. 

305. Matsushima M, Takeichi M. Effects of intraventricular implantation of crystalline 
estradiol benzoate on the sleep-wakefulness circadian rhythm of ovariectomized 
rats. The Japanese journal of psychiatry and neurology. 1990;44(1):111-121. 

306. Koopman P, Gubbay J, Vivian N, Goodfellow P, Lovell-Badge R. Male 
development of chromosomally female mice transgenic for Sry. Nature. 
1991;351(6322):117-121. 

307. Arnold AP. The organizational–activational hypothesis as the foundation for a 
unified theory of sexual differentiation of all mammalian tissues. Hormones and 
behavior. 2009;55(5): 570–578. 

308. McCarthy MM. Estradiol and the developing brain. Physiological reviews. 
2008;88(1):91-124. 

309. McCarthy MM, Arnold AP. Reframing sexual differentiation of the brain. Nature 
neuroscience. 2011;14(6):677-683. 

310. McCarthy MM, Arnold AP, Ball GF, Blaustein JD, De Vries GJ. Sex differences 
in the brain: the not so inconvenient truth. The Journal of neuroscience : the 
official journal of the Society for Neuroscience. 2012;32(7):2241-2247. 

311. Phoenix CH, Goy RW, Gerall AA, Young WC. Organizing action of prenatally 
administered testosterone propionate on the tissues mediating mating behavior in 
the female guinea pig. Endocrinology. 1959;65:369-382. 

312. MacLusky NJ, Naftolin F. Sexual differentiation of the central nervous system. 
Science. 1981;211(4488):1294-1302. 



	   177	  

313. Feder HH, Whalen RE. Feminine Behavior in Neonatally Castrated and Estrogen-
Treated Male Rats. Science. 1965;147(3655):306-307. 

314. Booth JE. Sexual behaviour of neonatally castrated rats injected during infancy 
with oestrogen and dihydrotestosterone. The Journal of endocrinology. 
1977;72(2):135-141. 

315. McEwen BS, Liebergurg I, Maclusky N, Plapinger L. Do estrogen receptors play 
a role in the sexual differentiation of the rat brain? Journal of Steroid 
Biochemistry. 1977;8(5):593-598. 

316. Hendricks SE, McArthur DA, Pickett S. The delayed anovulation syndrome: 
influence of hormones and correlation with behaviour. The Journal of 
endocrinology. 1977;75(1):15-22. 

317. McCoy SJ, Shirley BA. Effects of prenatal administration of testosterone and 
cortisone on the reproductive system of the female rat. Life sciences. 
1992;50(9):621-628. 

318. Slob AK, den Hamer R, Woutersen PJ, van der Werff ten Bosch JJ. Prenatal 
testosterone propionate and postnatal ovarian activity in the rat. Acta 
endocrinologica. 1983;103(3):420-427. 

319. Falkenstein E, Tillmann HC, Christ M, Feuring M, Wehling M. Multiple actions 
of steroid hormones--a focus on rapid, nongenomic effects. Pharmacological 
reviews. 2000;52(4):513-556. 

320. Wierman ME. Sex steroid effects at target tissues: mechanisms of action. 
Advances in physiology education. 2007;31(1):26-33. 

321. Thomas P, Pang Y, Filardo EJ, Dong J. Identity of an estrogen membrane 
receptor coupled to a G protein in human breast cancer cells. Endocrinology. 
2005;146(2):624-632. 

322. Haywood SA, Simonian SX, van der Beek EM, Bicknell RJ, Herbison AE. 
Fluctuating estrogen and progesterone receptor expression in brainstem 
norepinephrine neurons through the rat estrous cycle. Endocrinology. 
1999;140(7):3255-3263. 



	   178	  

323. Shughrue PJ, Lane MV, Merchenthaler I. Comparative distribution of estrogen 
receptor-alpha and -beta mRNA in the rat central nervous system. The Journal of 
comparative neurology. 1997;388(4):507-525. 

324. Helena CV, de Oliveira Poletini M, Sanvitto GL, Hayashi S, Franci CR, 
Anselmo-Franci JA. Changes in alpha-estradiol receptor and progesterone 
receptor expression in the locus coeruleus and preoptic area throughout the rat 
estrous cycle. The Journal of endocrinology. 2006;188(2):155-165. 

325. Sheng Z, Kawano J, Yanai A, Fujinaga R, Tanaka M, Watanabe Y, Shinoda K. 
Expression of estrogen receptors (alpha, beta) and androgen receptor in serotonin 
neurons of the rat and mouse dorsal raphe nuclei; sex and species differences. 
Neuroscience research. 2004;49(2):185-196. 

326. Hamson DK, Jones BA, Watson NV. Distribution of androgen receptor 
immunoreactivity in the brainstem of male rats. Neuroscience. 2004;127(4):797-
803. 

327. Simerly RB, Chang C, Muramatsu M, Swanson LW. Distribution of androgen and 
estrogen receptor mRNA-containing cells in the rat brain: an in situ hybridization 
study. The Journal of comparative neurology. 1990;294(1):76-95. 

328. Yokosuka M, Okamura H, Hayashi S. Postnatal development and sex difference 
in neurons containing estrogen receptor-alpha immunoreactivity in the preoptic 
brain, the diencephalon, and the amygdala in the rat. The Journal of comparative 
neurology. 1997;389(1):81-93. 

329. Deurveilher S, Cumyn EM, Peers T, Rusak B, Semba K. Estradiol replacement 
enhances sleep deprivation-induced c-Fos immunoreactivity in forebrain arousal 
regions of ovariectomized rats. American journal of physiology Regulatory, 
integrative and comparative physiology. 2008;295:R1328-1340. 

330. Ribeiro AC, Pfaff DW, Devidze N. Estradiol modulates behavioral arousal and 
induces changes in gene expression profiles in brain regions involved in the 
control of vigilance. European Journal of Neuroscience. 2009;29(4):795-801. 

331. Lund-Pero M, Jeppson B, Arneklo-Nobin B, Sjogren HO, Holmgren K, Pero RW. 
Non-specific steroidal esterase activity and distribution in human and other 
mammalian tissues. Clinica chimica acta; international journal of clinical 
chemistry. 1994;224(1):9-20. 



	   179	  

332. Oriowo MA, Landgren BM, Stenstrom B, Diczfalusy E. A comparison of the 
pharmacokinetic properties of three estradiol esters. Contraception. 
1980;21(4):415-424. 

333. Putnam SK, Sato S, Hull EM. Effects of testosterone metabolites on copulation 
and medial preoptic dopamine release in castrated male rats. Hormones and 
behavior. 2003;44(5):419-426. 

334. Branchey L, Branchey M, Nadler RD. Effects of sex hormones on sleep patterns 
of male rats gonadectomized in adulthood and in the neonatal period. Physiology 
& behavior. 1973;11(5):609-611. 

335. Mong JA, Glaser E, McCarthy MM. Gonadal steroids promote glial 
differentiation and alter neuronal morphology in the developing hypothalamus in 
a regionally specific manner. The Journal of neuroscience : the official journal of 
the Society for Neuroscience. 1999;19(4):1464-1472. 

336. Mong JA, Roberts RC, Kelly JJ, McCarthy MM. Gonadal steroids reduce the 
density of axospinous synapses in the developing rat arcuate nucleus: an electron 
microscopy analysis. The Journal of comparative neurology. 2001;432(2):259-
267. 

337. Wolf CJ, Hotchkiss A, Ostby JS, LeBlanc GA, Gray LE, Jr. Effects of prenatal 
testosterone propionate on the sexual development of male and female rats: a 
dose-response study. Toxicol Sci. 2002;65(1):71-86. 

338. Lu J, Bjorkum AA, Xu M, Gaus SE, Shiromani PJ, Saper CB. Selective activation 
of the extended ventrolateral preoptic nucleus during rapid eye movement sleep. 
The Journal of neuroscience : the official journal of the Society for Neuroscience. 
2002;22(11):4568-4576. 

339. Sisk CL, Foster DL. The neural basis of puberty and adolescence. Nature 
neuroscience. 2004;7(10):1040-1047. 

340. Sieck GC, Ramaley Ja, Harper RM, Taylor aN. Sleep-wakefulness changes at the 
time of puberty in the female rat. Brain Research. 1976;116(2):346-352. 

341. Sieck G, Ramaley J, Harper R, Taylor A. Puberty-related alterations in the 
organization of sleep--wakefulness states: differences between spontaneous and 
induced pubertal conditions. Experimental neurology. 1978;61(2):407-420. 



	   180	  

342. Urade Y, Hayaishi O. Prostaglandin D2 and sleep/wake regulation. Sleep 
medicine reviews. 2011;15(6):411-418. 

343. Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates. 2004. 

344. Devidze N, Lee AW, Zhou J, Pfaff DW. CNS arousal mechanisms bearing on sex 
and other biologically regulated behaviors. Physiology & behavior. 
2006;88(3):283-293. 

345. Alam MN, Kumar S, Bashir T, Suntsova N, Methippara MM, Szymusiak R, 
McGinty D. GABA-mediated control of hypocretin- but not melanin-
concentrating hormone-immunoreactive neurones during sleep in rats. The 
Journal of Physiology. 2005;563:569-582. 

346. Kumar S, Szymusiak R, Bashir T, Suntsova N, Rai S, McGinty D, Alam MN. 
Inactivation of median preoptic nucleus causes c-Fos expression in hypocretin- 
and serotonin-containing neurons in anesthetized rat. Brain research. 
2008;1234:66-77. 

347. Mong JA, Devidze N, Frail DE, O'Connor LT, Samuel M, Choleris E, Ogawa S, 
Pfaff DW. Estradiol differentially regulates lipocalin-type prostaglandin D 
synthase transcript levels in the rodent brain: Evidence from high-density 
oligonucleotide arrays and in situ hybridization. Proc Natl Acad Sci U S A. 
2003;100(1):318-323. 

348. Wade G, Blaustein J, Gray J, Meredith J. ICI 182,780: a pure antiestrogen that 
affects behaviors and energy balance in rats without acting in the brain. The 
American journal of physiology. 1993;265(6 Pt 2):R1392-1398. 

349. Ohno K, Sakurai T. Orexin neuronal circuitry: role in the regulation of sleep and 
wakefulness. Frontiers in neuroendocrinology. 2008;29:70-87. 

350. Peyron C, Tighe DK, van den Pol aN, de Lecea L, Heller HC, Sutcliffe JG, 
Kilduff TS. Neurons containing hypocretin (orexin) project to multiple neuronal 
systems. The Journal of neuroscience : the official journal of the Society for 
Neuroscience. 1998;18:9996-10015. 

351. Porkka-Heiskanen T, Kalinchuk a, Alanko L, Huhtaniemi I, Stenberg D. Orexin A 
and B levels in the hypothalamus of female rats: the effects of the estrous cycle 



	   181	  

and age. European journal of endocrinology / European Federation of Endocrine 
Societies. 2004;150:737-742. 

352. Silveyra P, Catalano PN, Lux-Lantos V, Libertun C. Impact of proestrous milieu 
on expression of orexin receptors and prepro-orexin in rat hypothalamus and 
hypophysis: actions of Cetrorelix and Nembutal. American journal of physiology 
Endocrinology and metabolism. 2007;292:E820-828. 

353. Silveyra P, Cataldi NI, Lux-Lantos V, Libertun C. Gonadal steroids modulated 
hypocretin/orexin type-1 receptor expression in a brain region, sex and daytime 
specific manner. Regulatory peptides. 2009;158:121-126. 

354. Wang JB, Murata T, Narita K, Honda K, Higuchi T. Variation in the expression 
of orexin and orexin receptors in the rat hypothalamus during the estrous cycle, 
pregnancy, parturition, and lactation. Endocrine. 2003;22(2):127-134. 

355. Johren O, Neidert SJ, Kummer M, Dominiak P. Sexually dimorphic expression of 
prepro-orexin mRNA in the rat hypothalamus. Peptides. 2002;23(6):1177-1180. 

356. Gotter AL, Winrow CJ, Brunner J, Garson SL, Fox SV, Binns J, Harrell CM, Cui 
D, Yee KL, Stiteler M, Stevens J, Savitz A, Tannenbaum PL, Tye S, McDonald 
T, Yao L, Kuduk SD, Uslaner J, Coleman PJ, Renger JJ. The duration of sleep 
promoting efficacy by dual orexin receptor antagonists is dependent upon receptor 
occupancy threshold. BMC neuroscience. 2013;14. 

357. Waxman DJ, Holloway MG. Sex differences in the expression of hepatic drug 
metabolizing enzymes. Molecular pharmacology. 2009;76(2):215-228. 

358. Shapiro BH, Agrawal AK, Pampori NA. Gender differences in drug metabolism 
regulated by growth hormone. The international journal of biochemistry & cell 
biology. 1995;27(1):9-20. 

359. Nicholas JS, Barron DH. The use of sodium amytal in the production of 
anesthesia in the rat. Journal of Pharmacology and Experimental Therapeutics. 
1932;46:125-129. 

360. Holck HGO, Kanan MA, Mills LM, Smith EL. Studies upon the sex-difference in 
rats in tolderance to certain barbiturates and to nicotine Journal of Pharmacology 
and Experimental Therapeutics. 1937;60:323-346. 



	   182	  

361. Gimenez S, Romero S, Gich I, Clos S, Grasa E, Antonijoan RM, Barbanoj MJ. 
Sex differences in sleep after a single oral morning dose of olanzapine in healthy 
volunteers. Human psychopharmacology. 2011;26(7):498-507. 

362. Werling DM, Geschwind DH. Sex differences in autism spectrum disorders. 
Current Opinion in Neurology. 2013;26(2):146-153. 

363. Fombonne E. Epidemiological surveys of autism and other pervasive 
developmental disorders: An update. Journal of Autism and Developmental 
Disorders. 2003;33(4):365-382. 

364. Kotagal S, Broomall E. Sleep in children with autism spectrum disorder. Pediatr 
Neurol. 2012;47(4):242-251. 

365. Johnson KP, Malow BA. Sleep in children with autism spectrum disorders. Curr 
Neurol Neurosci Rep. 2008;8(2):155-161. 

366. Johnson K, Giannotti F, Cortesi F. Sleep patterns in autism spectrum disorders. 
Child and Adolescent Psychiatry Clinics of North America. 2009;18:917-928. 

367. Malow BA. Sleep disorders, epilepsy, and autism. Ment Retard Dev Disabil Res 
Rev. 2004;10(2):122-125. 

368. Reynolds AM, Malow BA. Sleep and autism spectrum disorders. Pediatr Clin 
North Am. 2011;58(3):685-698. 

369. Cortesi F, Giannotti F, Ivanenko A, Johnson K. Sleep in children with autistic 
spectrum disorder. Sleep Med. 2010;11(7):659-664. 

370. Johnson CR. Sleep problems in children with mental retardation and autism. 
Child and Adolescent Psychiatric Clinics of North America. 1996;5(3):673-+. 

371. Miano S, Bruni O, Elia M, Trovato A, Smerieri A, Verrillo E, Roccella M, 
Terzano MG, Ferri R. Sleep in children with autistic spectrum disorder: a 
questionnaire and polysomnographic study. Sleep Med. 2007;9(1):64-70. 

372. Schreck KA, Mulick JA. Parental report of sleep problems in children with 
autism. J Autism Dev Disord. 2000;30(2):127-135. 



	   183	  

373. Elia M, Ferri R, Musumeci SA, Del Gracco S, Bottitta M, Scuderi C, Miano G, 
Panerai S, Bertrand T, Grubar JC. Sleep in subjects with autistic disorder: a 
neurophysiological and psychological study. Brain Dev. 2000;22(2):88-92. 

374. Gail Williams P, Sears LL, Allard A. Sleep problems in children with autism. J 
Sleep Res. 2004;13(3):265-268. 

375. Giannotti F, Cortesi F, Cerquiglini A, Vagnoni C, Valente D. Sleep in children 
with autism with and without autistic regression. J Sleep Res. 2011;20(2):338-
347. 

376. Hoffman CD, Sweeney DP, Gilliam JE, Apodaca DD, Lopez-Wagner MC, 
Castillo MM. Sleep Problems and Symptomology in Children With Autism. 
Focus on Autism and Other Developmental Disabilities. 2005;20(4):194-200. 

377. Hoffman CD, Sweeney DP, Gilliam JE, Lopez-Wagner MC. Sleep Problems in 
Children With Autism and in Typically Developing Children. Focus on Autism 
and Other Developmental Disabilities. 2006;21(3):146-152. 

378. Krakowiak P, Goodlin-Jones B, Hertz-Picciotto I, Croen LA, Hansen RL. Sleep 
problems in children with autism spectrum disorders, developmental delays, and 
typical development: a population-based study. J Sleep Res. 2008;17(2):197-206. 

379. Limoges E, Mottron L, Bolduc C, Berthiaume C, Godbout R. Atypical sleep 
architecture and the autism phenotype. Brain : a journal of neurology. 
2005;128(Pt 5):1049-1061. 

380. Malow BA, Marzec ML, McGrew SG, Wang L, Henderson LM, Stone WL. 
Characterizing sleep in children with autism spectrum disorders: a 
multidimensional approach. Sleep. 2006;29(12):1563-1571. 

381. Patzold, Richdale, Tonge. An investigation into sleep characteristics of children 
with autism and Asperger's Disorder. Journal of Paediatrics & Child Health. 
1998;34(6):528-533. 

382. Wiggs L, Stores G. Sleep patterns and sleep disorders in children with autistic 
spectrum disorders: insights using parent report and actigraphy. Dev Med Child 
Neurol. 2004;46(6):372-380. 



	   184	  

383. Souders MC, Mason TB, Valladares O, Bucan M, Levy SE, Mandell DS, Weaver 
TE, Pinto-Martin J. Sleep behaviors and sleep quality in children with autism 
spectrum disorders. Sleep. 2009;32(12):1566-1578. 

384. Schreck KA, Mulick JA, Smith AF. Sleep problems as possible predictors of 
intensified symptoms of autism. Research in Developmental Disabilities. 
2004;25(1):57-66. 

385. Maski KP, Kothare SV. Sleep deprivation and neurobehavioral functioning in 
children. International journal of psychophysiology : official journal of the 
International Organization of Psychophysiology. 2013;89(2):259-264. 

386. Chorney DB, Detweiler MF, Morris TL, Kuhn BR. The interplay of sleep 
disturbance, anxiety, and depression in children. Journal of pediatric psychology. 
2008;33(4):339-348. 

387. Polimeni MA, Richdale AL, Francis AJ. A survey of sleep problems in autism, 
Asperger's disorder and typically developing children. Journal of intellectual 
disability research : JIDR. 2005;49(Pt 4):260-268. 

388. Datta S, Hobson JA. The rat as an experimental model for sleep neurophysiology. 
Behav Neurosci. 2000;114(6):1239-1244. 

389. Christianson AL, Chesler N, Kromberg JG. Fetal valproate syndrome: clinical and 
neuro-developmental features in two sibling pairs. Dev Med Child Neurol. 
1994;36(4):361-369. 

390. Kini U. Fetal valproate syndrome: a review. Paediatr Perinat Drug Ther. 
2006;7(3):123-130. 

391. Nicolai J, Vles JSH, Aldenkamp AP. Neurodevelopmental delay in children 
exposed to antiepileptic drugs in utero: A critical review directed at structural 
study-bias. Journal of the Neurological Sciences. 2008;271(1–2):1-14. 

392. Rasalam AD, Hailey H, Williams JHG, Moore SJ, Turnpenny PD, Lloyd DJ, 
Dean JCS. Characteristics of fetal anticonvulsant syndrome associated autistic 
disorder. Developmental Medicine & Child Neurology. 2005;47(8):551-555. 



	   185	  

393. Williams G, King J, Cunningham M, Stephan M, Kerr B, Hersh JH. Fetal 
valproate syndrome and autism: additional evidence of an association. 
Developmental Medicine & Child Neurology. 2001;43(3):202-206. 

394. Binkerd PE, Rowland JM, Nau H, Hendrickx AG. Evaluation of valproic acid 
(VPA) developmental toxicity and pharmacokinetics in Sprague-Dawley rats. 
Fundam Appl Toxicol. 1988;11(3):485-493. 

395. Ingram JL, Peckham SM, Tisdale B, Rodier PM. Prenatal exposure of rats to 
valproic acid reproduces the cerebellar anomalies associated with autism. 
Neurotoxicol Teratol. 2000;22(3):319-324. 

396. Kim KC, Kim P, Go HS, Choi CS, Yang SI, Cheong JH, Shin CY, Ko KH. The 
critical period of valproate exposure to induce autistic symptoms in Sprague-
Dawley rats. Toxicol Lett. 2011;201(2):137-142. 

397. Miyazaki K, Narita N, Narita M. Maternal administration of thalidomide or 
valproic acid causes abnormal serotonergic neurons in the offspring: implication 
for pathogenesis of autism. Int J Dev Neurosci. 2005;23(2-3):287-297. 

398. Rodier PM, Ingram JL, Tisdale B, Croog VJ. Linking etiologies in humans and 
animal models: studies of autism. Reprod Toxicol. 1997;11(2-3):417-422. 

399. Rodier PM, Ingram JL, Tisdale B, Nelson S, Romano J. Embryological origin for 
autism: developmental anomalies of the cranial nerve motor nuclei. The Journal 
of comparative neurology. 1996;370(2):247-261. 

400. Schneider T, Przewlocki R. Behavioral alterations in rats prenatally exposed to 
valproic acid: animal model of autism. Neuropsychopharmacology. 
2005;30(1):80-89. 

401. Schneider T, Roman A, Basta-Kaim A, Kubera M, Budziszewska B, Schneider K, 
Przewlocki R. Gender-specific behavioral and immunological alterations in an 
animal model of autism induced by prenatal exposure to valproic acid. 
Psychoneuroendocrinology. 2008;33(6):728-740. 

402. Schneider T, Ziolkowska B, Gieryk A, Tyminska A, Przewlocki R. Prenatal 
exposure to valproic acid disturbs the enkephalinergic system functioning, basal 
hedonic tone, and emotional responses in an animal model of autism. 
Psychopharmacology (Berl). 2007;193(4):547-555. 



	   186	  

403. Tsujino N, Nakatani Y, Seki Y, Nakasato A, Nakamura M, Sugawara M, Arita H. 
Abnormality of circadian rhythm accompanied by an increase in frontal cortex 
serotonin in animal model of autism. Neuroscience research. 2007;57(2):289-295. 

404. Gritti I, Mainville L, Mancia M, Jones BE. GABAergic and other noncholinergic 
basal forebrain neurons, together with cholinergic neurons, project to the 
mesocortex and isocortex in the rat. The Journal of comparative neurology. 
1997;383(2):163-177. 

405. Henny P, Jones BE. Projections from basal forebrain to prefrontal cortex 
comprise cholinergic, GABAergic and glutamatergic inputs to pyramidal cells or 
interneurons. Eur J Neurosci. 2008;27(3):654-670. 

406. Ehlers K, Sturje H, Merker HJ, Nau H. Valproic acid-induced spina bifida: a 
mouse model. Teratology. 1992;45(2):145-154. 

407. Gogolla N, Leblanc JJ, Quast KB, Sudhof TC, Fagiolini M, Hensch TK. Common 
circuit defect of excitatory-inhibitory balance in mouse models of autism. J 
Neurodev Disord. 2009;1(2):172-181. 

408. Blutstein T, Baab PJ, Zielke HR, Mong JA. Hormonal modulation of amino acid 
neurotransmitter metabolism in the arcuate nucleus of the adult female rat: a novel 
action of estradiol. Endocrinology. 2009;150(7):3237-3244. 

409. Blutstein T, Devidze N, Choleris E, Jasnow AM, Pfaff DW, Mong JA. Oestradiol 
up-regulates glutamine synthetase mRNA and protein expression in the 
hypothalamus and hippocampus: implications for a role of hormonally responsive 
glia in amino acid neurotransmission. Journal of neuroendocrinology. 
2006;18(9):692-702. 

410. Hadjimarkou MM, Benham R, Schwarz JM, Holder MK, Mong JA. Estradiol 
suppresses rapid eye movement sleep and activation of sleep-active neurons in the 
ventrolateral preoptic area. The European journal of neuroscience. 
2008;27(7):1780-1792. 

411. Giannotti F, Cortesi F, Cerquiglini A, Miraglia D, Vagnoni C, Sebastiani T, 
Bernabei P. An investigation of sleep characteristics, EEG abnormalities and 
epilepsy in developmentally regressed and non-regressed children with autism. J 
Autism Dev Disord. 2008;38(10):1888-1897. 



	   187	  

412. Malow B, McGrew S. Sleep Disturbances and Autism. Sleep Medicine Clinics. 
2008;3:479–488. 

413. Vriend JL, Corkum PV, Moon EC, Smith IM. Behavioral interventions for sleep 
problems in children with autism spectrum disorders: current findings and future 
directions. Journal of pediatric psychology. 2011;36(9):1017-1029. 

414. Maes JHR, Eling PATM, Wezenberg E, Vissers CTWM, Kan CC. Attentional set 
shifting in autism spectrum disorder: Differentiating between the role of 
perseveration, learned irrelevance, and novelty processing. Journal of Clinical 
and Experimental Neuropsychology. 2011;33(2):210-217. 

415. Buckley AW, Rodriguez AJ, Jennison K, Buckley J, Thurm A, Sato S, Swedo S. 
Rapid eye movement sleep percentage in children with autism compared with 
children with developmental delay and typical development. Arch Pediatr 
Adolesc Med. 2010;164(11):1032-1037. 

416. Malow B, Adkins KW, McGrew SG, Wang L, Goldman SE, Fawkes D, Burnette 
C. Melatonin for sleep in children with autism: a controlled trial examining dose, 
tolerability, and outcomes. J Autism Dev Disord. 2012;42(8):1729-1737; author 
reply 1738. 

417. Malow BA, McGrew SG, Harvey M, Henderson LM, Stone WL. Impact of 
treating sleep apnea in a child with autism spectrum disorder. Pediatr Neurol. 
2006;34(4):325-328. 

418. Paavonen EJ, Nieminen-von Wendt T, Vanhala R, Aronen ET, von Wendt L. 
Effectiveness of melatonin in the treatment of sleep disturbances in children with 
Asperger disorder. J Child Adolesc Psychopharmacol. 2003;13(1):83-95. 

419. Saper CB, Fuller PM, Pedersen NP, Lu J, Scammell TE. Sleep state switching. 
Neuron. 2010;68(6):1023-1042. 

420. Saper CB, Scammell TE, Lu J. Hypothalamic regulation of sleep and circadian 
rhythms. Nature. 2005;437(7063):1257-1263. 

421. Gritti I, Manns ID, Mainville L, Jones BE. Parvalbumin, calbindin, or calretinin in 
cortically projecting and GABAergic, cholinergic, or glutamatergic basal 
forebrain neurons of the rat. The Journal of comparative neurology. 
2003;458(1):11-31. 



	   188	  

422. Kaufman D, Houser C, Tobin A. Two forms of the gamma-aminobutyric acid 
synthetic enzyme glutamate decarboxylase have distinct intraneuronal 
distributions and cofactor interactions. J Neurochem. 1991;56(2):720-723. 

423. Esclapez M, Tillakaratne N, Kaufman D, Tobin A, Houser C. Comparative 
localization of two forms of glutamic acid decarboxylase and their mRNAs in rat 
brain supports the concept of functional differences between the forms. The 
Journal of neuroscience : the official journal of the Society for Neuroscience. 
1994;14(3):1834-1855. 

424. Fatemi SH, Folsom TD, Reutiman TJ, Thuras PD. Expression of GABA(B) 
Receptors Is Altered in Brains of Subjects with Autism. Cerebellum. 
2009;8(1):64-69. 

425. Fatemi SH, Reutiman TJ, Folsom TD, Thuras PD. GABA(A) Receptor 
Downregulation in Brains of Subjects with Autism. Journal of Autism and 
Developmental Disorders. 2009;39(2):223-230. 

426. Blatt GJ, Fitzgerald CM, Guptill JT, Booker AB, Kemper TL, Bauman ML. 
Density and distribution of hippocampal neurotransmitter receptors in autism: an 
autoradiographic study. J Autism Dev Disord. 2001;31(6):537-543. 

427. Collins AL, Ma D, Whitehead PL, Martin ER, Wright HH, Abramson RK, 
Hussman JP, Haines JL, Cuccaro ML, Gilbert JR, Pericak-Vance MA. 
Investigation of autism and GABA receptor subunit genes in multiple ethnic 
groups. Neurogenetics. 2006;7(3):167-174. 

428. Fatemi SH, Halt AR, Stary JM, Kanodia R, Schulz SC, Realmuto GR. Glutamic 
acid decarboxylase 65 and 67 kDa proteins are reduced in autistic parietal and 
cerebellar cortices. Biol Psychiatry. 2002;52(8):805-810. 

429. Yip J, Soghomonian JJ, Blatt GJ. Decreased GAD67 mRNA levels in cerebellar 
Purkinje cells in autism: pathophysiological implications. Acta Neuropathol. 
2007;113(5):559-568. 

430. Yip J, Soghomonian JJ, Blatt GJ. Decreased GAD65 mRNA levels in select 
subpopulations of neurons in the cerebellar dentate nuclei in autism: an in situ 
hybridization study. Autism Res. 2009;2(1):50-59. 



	   189	  

431. Harada M, Taki MM, Nose A, Kubo H, Mori K, Nishitani H, Matsuda T. Non-
Invasive Evaluation of the GABAergic/Glutamatergic System in Autistic Patients 
Observed by MEGA-Editing Proton MR Spectroscopy Using a Clinical 3 Tesla 
Instrument. Journal of Autism and Developmental Disorders. 2011;41(4):447-
454. 

432. Hussman JP. Suppressed GABAergic inhibition as a common factor in suspected 
etiologies of autism. Journal of Autism and Developmental Disorders. 
2001;31(2):247-248. 

433. Rubenstein JLR, Merzenich MM. Model of autism: increased ratio of 
excitation/inhibition in key neural systems. Genes Brain and Behavior. 
2003;2(5):255-267. 

434. Pizzarelli R, Cherubini E. Alterations of GABAergic Signaling in Autism 
Spectrum Disorders. Neural Plasticity. 2011. 

435. Gomot M, Belmonte MK, Bullmore ET, Bernard FA, Baron-Cohen S. Brain 
hyper-reactivity to auditory novel targets in children with high-functioning 
autism. Brain : a journal of neurology. 2008;131:2479-2488. 

436. Dichter GS, Felder JN, Bodfish JW. Autism is characterized by dorsal anterior 
cingulate hyperactivation during social target detection. Social Cognitive and 
Affective Neuroscience. 2009;4(3):215-226. 

437. Orekhova EV, Stroganova TA, Nygren G, Tsetlin MM, Posikera IN, Gillberg C, 
Elam M. Excess of high frequency electroencephalogram oscillations in boys with 
autism. Biol Psychiatry. 2007;62(9):1022-1029. 

438. Rojas DC, Maharajh K, Teale P, Rogers SJ. Reduced neural synchronization of 
gamma-band MEG oscillations in first-degree relatives of children with autism. 
BMC Psychiatry. 2008;8:66. 

439. Han S, Tai C, Westenbroek RE, Yu FH, Cheah CS, Potter GB, Rubenstein JL, 
Scheuer T, de la Iglesia HO, Catterall WA. Autistic-like behaviour in Scn1a+/- 
mice and rescue by enhanced GABA-mediated neurotransmission. Nature. 
2012;489(7416):385-390. 



	   190	  

440. Lin HC, Gean PW, Wang CC, Chan YH, Chen PS. The amygdala 
excitatory/inhibitory balance in a valproate-induced rat autism model. PloS one. 
2013;8(1):e55248. 

441. Rinaldi T, Kulangara K, Antoniello K, Markram H. Elevated NMDA receptor 
levels and enhanced postsynaptic long-term potentiation induced by prenatal 
exposure to valproic acid. Proc Natl Acad Sci U S A. 2007;104(33):13501-13506. 

442. Yizhar O, Fenno LE, Prigge M, Schneider F, Davidson TJ, O'Shea DJ, Sohal VS, 
Goshen I, Finkelstein J, Paz JT, Stehfest K, Fudim R, Ramakrishnan C, 
Huguenard JR, Hegemann P, Deisseroth K. Neocortical excitation/inhibition 
balance in information processing and social dysfunction. Nature. 
2011;477(7363):171-178. 

443. Engel AK, Fries P, Singer W. Dynamic predictions: oscillations and synchrony in 
top-down processing. Nature reviews Neuroscience. 2001;2(10):704-716. 

444. Wang XJ. Neurophysiological and computational principles of cortical rhythms in 
cognition. Physiological reviews. 2010;90(3):1195-1268. 

445. Cantor DS, Chabot R. QEEG studies in the assessment and treatment of childhood 
disorders. Clin EEG Neurosci. 2009;40(2):113-121. 

446. Chan AS, Leung WW. Differentiating Autistic Children With Quantitative 
Encephalography: A 3-Month Longitudinal Study. J Child Neurol. 
2006;21(5):392-399. 

447. Machado C, Estevez M, Leisman G, Melillo R, Rodriguez R, Defina P, 
Hernandez A, Perez-Nellar J, Naranjo R, Chinchilla M, Garofalo N, Vargas J, 
Beltran C. QEEG Spectral and Coherence Assessment of Autistic Children in 
Three Different Experimental Conditions. J Autism Dev Disord. 2013. 

448. Chan AS, Sze SL, Cheung MC. Quantitative electroencephalographic profiles for 
children with autistic spectrum disorder. Neuropsychology. 2007;21(1):74-81. 

449. Fiebelkorn IC, Foxe JJ, McCourt ME, Dumas KN, Molholm S. Atypical category 
processing and hemispheric asymmetries in high-functioning children with 
autism: Revealed through high-density EEG mapping. Cortex. 2013;49(5):1259-
1267. 



	   191	  

450. Banerjee S, Snyder AC, Molholm S, Foxe JJ. Oscillatory Alpha-Band 
Mechanisms and the Deployment of Spatial Attention to Anticipated Auditory 
and Visual Target Locations: Supramodal or Sensory-Specific Control 
Mechanisms? Journal of Neuroscience. 2011;31(27):9923-9932. 

451. Glickman G. Circadian rhythms and sleep in children with autism. Neuroscience 
and biobehavioral reviews. 2010;34(5):755-768. 

452. Kulman G, Lissoni P, Rovelli F, Roselli MG, Brivio F, Sequeri P. Evidence of 
pineal endocrine hypofunction in autistic children. Neuro Endocrinol Lett. 
2000;21(1):31-34. 

453. Tordjman S, Anderson GM, Pichard N, Charbuy H, Touitou Y. Nocturnal 
excretion of 6-sulphatoxymelatonin in children and adolescents with autistic 
disorder. Biol Psychiatry. 2005;57(2):134-138. 

454. Nir I, Meir D, Zilber N, Knobler H, Hadjez J, Lerner Y. Brief report: circadian 
melatonin, thyroid-stimulating hormone, prolactin, and cortisol levels in serum of 
young adults with autism. J Autism Dev Disord. 1995;25(6):641-654. 

455. Melke J, Goubran Botros H, Chaste P, Betancur C, Nygren G, Anckarsater H, 
Rastam M, Stahlberg O, Gillberg IC, Delorme R, Chabane N, Mouren-Simeoni 
MC, Fauchereau F, Durand CM, Chevalier F, Drouot X, Collet C, Launay JM, 
Leboyer M, Gillberg C, Bourgeron T. Abnormal melatonin synthesis in autism 
spectrum disorders. Mol Psychiatry. 2008;13(1):90-98. 

456. Leu RM, Beyderman L, Botzolakis EJ, Surdyka K, Wang L, Malow BA. Relation 
of melatonin to sleep architecture in children with autism. J Autism Dev Disord. 
2011;41(4):427-433. 

457. Tordjman S, Anderson GM, Bellissant E, Botbol M, Charbuy H, Camus F, 
Graignic R, Kermarrec S, Fougerou C, Cohen D, Touitou Y. Day and nighttime 
excretion of 6-sulphatoxymelatonin in adolescents and young adults with autistic 
disorder. Psychoneuroendocrinology. 2012;37(12):1990-1997. 

458. Giannotti F, Cortesi F, Cerquiglini A, Bernabei P. An open-label study of 
controlled-release melatonin in treatment of sleep disorders in children with 
autism. J Autism Dev Disord. 2006;36(6):741-752. 



	   192	  

459. Cortesi F, Giannotti F, Sebastiani T, Panunzi S, Valente D. Controlled-release 
melatonin, singly and combined with cognitive behavioural therapy, for persistent 
insomnia in children with autism spectrum disorders: a randomized placebo-
controlled trial. J Sleep Res. 2012;21(6):700-709. 

460. Tian Y, Yabuki Y, Moriguchi S, Fukunaga K, Mao PJ, Hong LJ, Lu YM, Wang 
R, Ahmed MM, Liao MH, Huang JY, Zhang RT, Zhou TY, Long S, Han F. 
Melatonin reverses the decreases in hippocampal protein serine/threonine kinases 
observed in an animal model of autism. J Pineal Res. 2013. 

461. O'Brien LM. The neurocognitive effects of sleep disruption in children and 
adolescents. Child Adolesc Psychiatr Clin N Am. 2009;18(4):813-823. 

462. Dewald JF, Meijer AM, Oort FJ, Kerkhof GA, Bogels SM. The influence of sleep 
quality, sleep duration and sleepiness on school performance in children and 
adolescents: A meta-analytic review. Sleep medicine reviews. 2010;14(3):179-
189. 

463. Wolfson AR, Carskadon MA. Understanding adolescents' sleep patterns and 
school performance: a critical appraisal. Sleep medicine reviews. 2003;7(6):491-
506. 

464. Fallone G, Owens JA, Deane J. Sleepiness in children and adolescents: clinical 
implications. Sleep medicine reviews. 2002;6(4):287-306. 

465. Perfect MM, Archbold K, Goodwin JL, Levine-Donnerstein D, Quan SF. Risk of 
behavioral and adaptive functioning difficulties in youth with previous and 
current sleep disordered breathing. Sleep. 2013;36(4):517-525B. 

466. Bonuck K, Freeman K, Chervin RD, Xu LZ. Sleep-Disordered Breathing in a 
Population-Based Cohort: Behavioral Outcomes at 4 and 7 Years. Pediatrics. 
2012;129(4):E857-E865. 

467. Gregory AM, Rijsdijk FV, Dahl RE, McGuffin P, Eley TC. Associations between 
sleep problems, anxiety, and depression in twins at 8 years of age. Pediatrics. 
2006;118(3):1124-1132. 

468. Lai MC, Lombardo MV, Baron-Cohen S. Autism. Lancet. 2013. 



	   193	  

469. Graven S. Sleep and brain development. Clin Perinatol. 2006;33(3):693-706, vii. 

470. Arain M, Haque M, Johal L, Mathur P, Nel W, Rais A, Sandhu R, Sharma S. 
Maturation of the adolescent brain. Neuropsychiatr Dis Treat. 2013;9:449-461. 

471. Driver HS, Werth E, Dijk D-J, Borbély AA. The Menstrual Cycle Effects on 
Sleep. Sleep Medicine Clinics. 2008;3(1):1-11. 

472. Mong Ja, Baker FC, Mahoney MM, Paul KN, Schwartz MD, Semba K, Silver R. 
Sleep, rhythms, and the endocrine brain: influence of sex and gonadal hormones. 
The Journal of neuroscience : the official journal of the Society for Neuroscience. 
2011;31:16107-16116. 

473. Arnold AP, Gorski RA. Gonadal steroid induction of structural sex differences in 
the central nervous system. Annual review of neuroscience. 1984;7:413-442. 

474. Matsumoto AM. Andropause: Clinical Implications of the Decline in Serum 
Testosterone Levels With Aging in Men.    The journals of gerontology Series A, 
Biological sciences and medical sciences. 2002;57(2):M76-99. 

475. Kunzel HE, Murck H, Stalla GK, Steiger A. Changes in the sleep 
electroencephalogram (EEG) during male to female transgender therapy. 
Psychoneuroendocrinology. 2011;36(7):1005-1009. 

476. Heslop P, Smith GD, Metcalfe C, Macleod J, Hart C. Sleep duration and 
mortality: The effect of short or long sleep duration on cardiovascular and all-
cause mortality in working men and women. Sleep Med. 2002;3(4):305-314. 

477. Hammond EC. Some preliminary findings on physical complaints from a 
prospective study of 1,064,004 men and women. American journal of public 
health and the nation's health. 1964;54:11-23. 

478. Kripke DF, Simons RN, Garfinkel L, Hammond EC. Short and Long Sleep and 
Sleeping Pills. Is Increased Mortality Associated? Archives of general psychiatry. 
1979;36(1):103-116. 

479. Irwin MR, Carrillo C, Olmstead R. Sleep loss activates cellular markers of 
inflammation: sex differences. Brain, behavior, and immunity. 2010;24(1):54-57. 



	   194	  

480. Patel SR, Ayas NT, Malhotra MR, White DP, Schernhammer ES, Speizer FE, 
Stampfer MJ, Hu FB. A prospective study of sleep duration and mortality risk in 
women. Sleep. 2004;27(3):440-444. 

481. Nakamura K, Morrison SF. A thermosensory pathway mediating heat-defense 
responses. Proc Natl Acad Sci U S A. 2010;107(19):8848-8853. 

482. Freedman RR. Menopausal hot flashes: mechanisms, endocrinology, treatment. 
The Journal of steroid biochemistry and molecular biology. 2014;142:115-120. 

483. Kobayashi T, Tamura M, Hayashi M, Katsuura Y, Tanabe H, Ohta T, Komoriya 
K. Elevation of tail skin temperature in ovariectomized rats in relation to 
menopausal hot flushes. Am J Physiol Regul Integr Comp Physiol. 
2000;278(4):R863-869. 

484. Hosono T, Chen XM, Miyatsuji A, Yoda T, Yoshida K, Yanase-Fujiwara M, 
Kanosue K. Effects of estrogen on thermoregulatory tail vasomotion and heat-
escape behavior in freely moving female rats. Am J Physiol Regul Integr Comp 
Physiol. 2001;280(5):R1341-1347. 

485. Dacks PA, Rance NE. Effects of estradiol on the thermoneutral zone and core 
temperature in ovariectomized rats. Endocrinology. 2010;151(3):1187-1193. 

486. Opas EE, Rutledge SJ, Vogel RL, Rodan GA, Schmidt A. Rat tail skin 
temperature regulation by estrogen, phytoestrogens and tamoxifen. Maturitas. 
2004;48(4):463-471. 

487. Williams H, Dacks PA, Rance NE. An improved method for recording tail skin 
temperature in the rat reveals changes during the estrous cycle and effects of 
ovarian steroids. Endocrinology. 2010;151(11):5389-5394. 

488. Rance NE, Dacks PA, Mittelman-Smith MA, Romanovsky AA, Krajewski-Hall 
SJ. Modulation of body temperature and LH secretion by hypothalamic KNDy 
(kisspeptin, neurokinin B and dynorphin) neurons: a novel hypothesis on the 
mechanism of hot flushes. Front Neuroendocrinol. 2013;34(3):211-227. 

489. Roussel B, Turrillot P, Kitahama K. Effect of ambient temperature on the sleep-
waking cycle in two strains of mice. Brain research. 1984;294(1):67-73. 



	   195	  

490. McGinty D, Szymusiak R, Thomson D. Preoptic/anterior hypothalamic warming 
increases EEG delta frequency activity within non-rapid eye movement sleep. 
Brain research. 1994;667(2):273-277. 

491. Haas H, Panula P. The role of histamine and the tuberomamillary nucleus in the 
nervous system. Nature reviews Neuroscience. 2003;4(2):121-130. 

492. Steriade M, Dossi R, Pare D, Oakson G. Fast oscillations (20-40 Hz) in 
thalamocortical systems and their potentiation by mesopontine cholinergic nuclei 
in the cat. Proceedings of the National Academy of Sciences of the United States 
of America. 1991;88(10):4396-4400. 

493. Santollo J, Eckel LA. Oestradiol decreases melanin-concentrating hormone 
(MCH) and MCH receptor expression in the hypothalamus of female rats. J 
Neuroendocrinol. 2013;25(6):570-579. 

494. Deurveilher S, Burns J, Semba K. Indirect projections from the suprachiasmatic 
nucleus to the ventrolateral preoptic nucleus: a dual tract-tracing study in rat. Eur 
J Neurosci. 2002;16(7):1195-1213. 

495. Deurveilher S, Semba K. Indirect projections from the suprachiasmatic nucleus to 
the median preoptic nucleus in rat. Brain research. 2003;987(1):100-106. 

496. Deurveilher S, Semba K. Indirect projections from the suprachiasmatic nucleus to 
major arousal-promoting cell groups in rat: implications for the circadian control 
of behavioural state. Neuroscience. 2005;130(1):165-183. 

497. Rosenwasser AM. Functional neuroanatomy of sleep and circadian rhythms. 
Brain research reviews. 2009;61(2):281-306. 

498. Franken P, Dijk DJ. Circadian clock genes and sleep homeostasis. Eur J Neurosci. 
2009;29(9):1820-1829. 

499. Saper CB, Cano G, Scammell TE. Homeostatic, circadian, and emotional 
regulation of sleep. The Journal of comparative neurology. 2005;493(1):92-98. 

500. Shechter A, Boivin DB. Sleep, Hormones, and Circadian Rhythms throughout the 
Menstrual Cycle in Healthy Women and Women with Premenstrual Dysphoric 
Disorder. International journal of endocrinology. 2010;2010:259345. 



	   196	  

501. Bailey M, Silver R. Sex differences in circadian timing systems: implications for 
disease. Front Neuroendocrinol. 2014;35(1):111-139. 

502. Chong Y, Fryar CD, Gu Q. Prescription Sleep Aid Use Among Adults: United 
States, 2005–2010. NCHS Data Brief. 2013(127):1-8. 

503. Jacquinet-Salord MC, Lang T, Fouriaud C, Nicoulet I, Bingham A. Sleeping 
tablet consumption, self reported quality of sleep, and working conditions. Group 
of Occupational Physicians of APSAT. Journal of epidemiology and community 
health. 1993;47(1):64-68. 

504. Substance Abuse and Mental Health Services Administration, Center for 
Behavioral Health Statistics and Quality. Emergency Department Visits for 
Adverse Reactions Involving the Insomnia Medication Zolpidem. May 1, 2013. 

505. FDA Drug Safety Communication. Risk of next-morning impairment after use of 
insomnia drugs; FDA requires lower recommended doses for certain drugs 
containing zolpidem (Ambien, Ambien CR, Edluar, and Zolpimist). January 10, 
2013. 

506. Crestani F, Martin JR, Mohler H, Rudolph U. Mechanism of action of the 
hypnotic zolpidem in vivo. British journal of pharmacology. 2000;131(7):1251-
1254. 

507. Sanger DJ, Depoortere H. The Pharmacology and Mechanism of Action of 
Zolpidem. CNS Drugs Reviews. 1998;4(4):323-340. 

508. Greenblatt DJ, Harmatz JS, von Moltke LL, Wright CE, Durol AL, Harrel-Joseph 
LM, Shader RI. Comparative kinetics and response to the benzodiazepine agonists 
triazolam and zolpidem: evaluation of sex-dependent differences. The Journal of 
pharmacology and experimental therapeutics. 2000;293(2):435-443. 

509. Dijk DJ, James LM, Peters S, Walsh JK, Deacon S. Sex differences and the effect 
of gaboxadol and zolpidem on EEG power spectra in NREM and REM sleep. 
Journal of psychopharmacology. 2010;24(11):1613-1618. 

510. Jia F, Pignataro L, Schofield CM, Yue M, Harrison NL, Goldstein PA. An 
extrasynaptic GABAA receptor mediates tonic inhibition in thalamic VB neurons. 
J Neurophysiol. 2005;94(6):4491-4501. 



	   197	  

511. Drasbek KR, Jensen K. THIP, a hypnotic and antinociceptive drug, enhances an 
extrasynaptic GABAA receptor-mediated conductance in mouse neocortex. 
Cerebral cortex. 2006;16(8):1134-1141. 

512. Araki T, Tohyama M. Region-specific expression of GABAA receptor alpha 3 
and alpha 4 subunits mRNAs in the rat brain. Brain research Molecular brain 
research. 1992;12(4):293-314. 

513. Mieda M, Sakurai T. Orexin (hypocretin) receptor agonists and antagonists for 
treatment of sleep disorders. Rationale for development and current status. CNS 
drugs. 2013;27(2):83-90. 

 


