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Abstract

Sleep disturbance is a reported side effect of antidepressant drugs in children. Using a nonhuman 

primate model of childhood selective serotonin reuptake inhibitor (SSRI) therapy, sleep was 

studied quantitatively with actigraphy. Two 48-h sessions were recorded in the home cage 

environment of juvenile male rhesus monkeys at two and three years of age, after one and two 

years of treatment with a therapeutic dose of the SSRI fluoxetine, and compared to vehicle treated 

controls. A third session was conducted one year after discontinuation of treatment at four years of 

age. During treatment, the fluoxetine group demonstrated sleep fragmentation as indexed by a 

greater number of rest-activity transitions compared to controls. In addition fluoxetine led to more 

inactivity during the day as indexed by longer duration of rest periods and the reduced activity 

during these periods. The fluoxetine effect on sleep fragmentation, but not on daytime rest, was 

modified by the monkey’s genotype for polymorphisms of monoamine oxidase A (MAOA), an 

enzyme that metabolizes serotonin. After treatment, the fluoxetine effect on nighttime rest-activity 

transitions persisted, but daytime activity was not affected. The demonstration in this nonhuman 

primate model of sleep disturbance in connection with fluoxetine treatment and specific genetic 

polymorphisms, and in the absence of diagnosed psychopathology, can help inform use of this 

drug in children.
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1. Introduction

Fluoxetine was introduced as an antipsychotic in 1987 (Perez-Caballero et al., 2014) under 

the trade name Prozac® and became the premier member of the selective serotonin reuptake 

inhibitor (SSRI) class of antidepressants. It is estimated that 10% of US adults (> 12 years) 

are treated with antidepressants (Pratt et al., 2011). Fluoxetine was the third most prescribed 

antidepressant in a 2008 Medicare survey (Chen et al., 2008) and is widely used in children 

(O'Sullivan et al., 2015). The favorable efficacy and safety profile of fluoxetine in clinical 

practice has sustained high levels and expanded range of use of this drug. In addition to its 

competitive binding to the serotonin reuptake transporter, fluoxetine has been found to 

influence a number of biological processes important to brain development including 

neurogenesis, BDNF regulation, spine synapse formation and neurosteroid production (De 

Foubert et al., 2004; Norrholm and Ouimet, 2000; Pinna et al., 2006; Wu et al., 2014; 

Oberlander et al., 2009).

Drowsiness, insomnia and sleepiness are all symptoms commonly reported with SSRI 

therapy in adults. Early studies in depressed patients showed that fluoxetine increased 

nighttime awakenings, decreased rapid eye movement (REM) sleep, and increased leg 

movements and oculomotor activity (EOG) (Slater et al., 1978; Armitage et al., 1997). In 

normal adult subjects, similar electroencephalography (EEG) and EOG findings were seen 

with short term fluoxetine administration (Vasar et al., 1994; Saletu et al., 1991; Feige et al., 

2002). These studies indicate that fluoxetine affects biological pathways regulating sleep 

independent of underlying psychopathology.

Less is known about fluoxetine effects on sleep in children. Fluoxetine is approved by the 

FDA for treating depression (MDD) and obsessive compulsive disorder (OCD) in children 

(FDA, 2003) and is also widely used to treat a number of more common childhood behavior 

disorders including autism, Down’s syndrome, conduct disorder, separation anxiety, 

anorexia, and social anxiety (Dorks et al., 2013; Williams et al., 2013; Costa and Scott-

McKean, 2013; El-Chammas et al., 2013; Masi, 2004; Connor and Steingard, 1996; 

Markowitz, 1992; Riddle et al., 1990). It is valuable to know whether this widely used drug 

(O'Sullivan et al., 2015) influences sleep regulation in children. Sleep disturbances in 

children are associated with poorer performance on standardized tests, specifically cognitive 

function and hyperactivity-impulsivity (Touchette et al., 2007). More importantly, 

developmental sleep disturbance may predict long-term impairment of sleep regulation and 

executive function (Turnbull et al., 2013). Long-term changes in the brain’s serotonin 

system, a well known regulator of sleep (Ursin, 2002), were recently reported in rhesus 

monkeys 1.5 years after the end of a one year juvenile treatment with fluoxetine (Shrestha et 

al., 2014).

A limited number of studies of children diagnosed with MDD or OCD have addressed the 

effects of fluoxetine on sleep. A small study (N= 31) reported 13% incidence of insomnia in 

depressed children treated with fluoxetine (Jain et al., 1992). Later research showed that 

fluoxetine in six children with depression increased nighttime arousals and oculomotor 

activity and also dramatically increased leg movement (Armitage et al., 1997). In a chart 

review of 82 children and adolescents treated with SSRIs, 35% reported sleep disturbance 
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(Wilens et al., 2003). No studies of sleep in children not treated for depression were located 

in the published literature. When children are treated “off-label”, side effects may vary 

depending on the underlying biology of the disorder. A detailed study of fluoxetine and 

sleep disturbance in an appropriate animal model of childhood not specific to one of these 

disorders would allow identification of the undesirable side effects associated with this drug 

in the absence of childhood psychopathology. To address the question of whether fluoxetine 

treatment affects sleep regulation during childhood stages of brain maturation, we employed 

a juvenile nonhuman primate model.

Rhesus monkeys provide a valuable nonhuman primate model of both juvenile brain 

development and sleep architecture. Nonhuman primates, like children, have a prolonged 

period of brain development after infancy and prior to puberty that is not seen in rodent 

models (Pagel and Harvey, 2002). The consolidated pattern of nighttime sleep seen in 

humans is also seen in nonhuman primates but not in rodents (Lesku et al., 2006; Balzamo et 

al., 1977). Rhesus monkeys are particularly well studied as a model for human sleep 

(Balzamo et al., 1998; Benca et al., 2000; Daley et al., 2006; Barrett et al., 2009; Hsieh et 

al., 2008; Andersen et al., 2013; Andersen et al., 2010; Balzamo, 1995; Balzamo, 1997; 

Weitzman et al., 1968). Although most studies use adults, juvenile rhesus have also been 

studied (Barrett et al., 2009; Benca et al., 2000; Pryce et al., 2011).

In the present study, actimeters were used to measure sleep disturbance. In clinical studies 

questionnaire and symptom report data are important indices of sleep disturbance. Both EEG 

and actimeter studies are used to quantify sleep disturbance in nonhuman primates and 

humans. The EEG provides a record of brain electrical activity but requires head restraint or 

implantation of sensors. The actimeter, or accelerometer, is noninvasive, records movement, 

and is widely used in children (Veatch et al., 2015; De Crescenzo et al., 2015; Markovich et 

al., 2014; Meltzer et al., 2012). The primary indices of sleep disturbance derived from 

actimeter data are duration of nighttime rest (insomnia), time to onset of rest at night (sleep 

onset insomnia), the number of nighttime awakenings (sleep maintenance insomnia) and the 

number of nighttime awakenings and daytime sleep episodes (sleep fragmentation) 

(American Academy of Sleep Medicine, 2005; Morgenthaler et al., 2007). Sleep 

fragmentation, a measure of the disruption of the consolidated sleep pattern, is a major index 

of sleep disturbance in humans (Haba-Rubio et al., 2004; American Academy of Sleep 

Medicine, 2005; Balzamo et al., 1977).

The design of the current study included genotyping for high and low transcription 

monoamine oxidase A (MAOA) polymorphisms. Monoamine oxidase (MAO) metabolizes 

monoamine neurotransmitters and MAOA has high selectivity for serotonin. MAOA 

genotype interacts with SSRI therapeutic effects (Peters et al., 2004; Yu et al., 2005) but has 

not been studied for interaction with side effects. MAOA genotype is emerging as an 

important factor interacting with environmental influences on brain development in both 

human and nonhuman primates. We recently found that fluoxetine and MAOA genotype 

interact to influence metabolomic profiles in plasma and CSF of juvenile rhesus (He et al., 

2014). Also, in studies of nutritional effects on brain development, we found that MAOA 

genotype interacted with prenatal iron deficiency in affecting sleep fragmentation in juvenile 

rhesus monkeys (Golub and Hogrefe, 2014).
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2. Materials and Methods

2.1. Assurance of compliance with animal codes

All animal procedures followed the Guide for the Care and Use of Laboratory Animals of 

the US National Research Council and were approved by the UC Davis Institutional Animal 

Care and Use Committee.

2.2. Subjects and dosing

Thirty-two male rhesus monkeys (Macaca mulatta) born and raised in outdoor social groups 

at the California National Primate Research Center (CNPRC) were enrolled at one year of 

age in a four year study of fluoxetine effects on growth, social interaction, emotional 

responsiveness, impulsivity, attention, and cognition (Supplementary Table 1). A two year 

dosing period was used to cover chronic treatment and also several brain developmental 

stages that might be differentially sensitive to disruption. The sleep assessments were first 

conducted after one year of dosing, repeated at the end of the two year dosing period, and 

repeated again one year after the end of dosing, at four years of age. Male rhesus typically 

reach puberty in the breeding season of the fourth year of life.

The subjects were housed together in the same indoor caging room as described previously 

(He et al, 2014). Each monkey lived with a compatible peer in the same dosing group in a 

double cage with a connecting door. The caging partners were separated for activity 

assessment by closing the door of the double cage. This was necessary to prevent damage to 

the Actitrac monitor by the cagemate. Although the monitored animal could not reach the 

monitor, it could readily be manipulated and damaged by another animal in the same cage. 

Caging partners also were separated by closing the connecting door several times per week 

for behavioral assessments during the day, and also for longer periods for husbandry, 

veterinary, and experimental procedures. It is important to note that monitoring was 

conducted in the usual social environment of the cage room where peers were available for 

auditory and visual interactions and the vocal and locomotor activity of the cagemate was 

also accessible. A monitoring session was minimally stressful to the social environment 

because different groups of four cagemate pairs were monitored regularly on successive 

weekends.

Monkeys were trained with successive approximations and positive reinforcement to come 

forward to the front of the cage and place their mouths around the end of a 3 or 6 cc syringe 

to receive flavored syrup (Torani®) or liquefied baby food (Gerber®). Daily oral dosing 

with fluoxetine (Webster Veterinary Supply, Devens, MA) dissolved in a favored vehicle was 

then conducted at doses which resulted in plasma levels in the range of therapeutic doses in 

children as determined in preliminary pharmacokinetic studies (Golub and Hogrefe, 2014). 

Control animals received daily dosing with the vehicle (flavored syrup or baby food) only. 

Syrup and food flavors were changed throughout the study to maintain interest. Plasma 

fluoxetine plus norfluoxetine concentrations in samples taken 23 h after a daily dosing with 

2.4 mg/kg at 3 years of age were 273±31 ng/mL (mean ± s.e.m.) as compared to 363 ng/mL 

measured 8–12 h after dosing in a pharmacokinetic study of pediatric patients treated with 

fluoxetine at therapeutic doses (Wilens et al., 2002). All but two of the animals consumed 
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99+% of the scheduled dose over the 110 weeks of treatment; the other two consumed 85% 

and 97%.

Subjects were genotyped for behaviorally relevant polymorphisms of the serotonin 

transporter (SERT, 5HTTLPR VNTR polymorphisms) and serotonin metabolizing enzyme 

monoamine oxidase A (MAOA, uVNTR polymorphisms) (Kinnally et al., 2008; Capitanio 

et al., 2012). Treatment groups were balanced for polymorphisms resulting in different 

transcription rates for these genes (5HTTLPR: SS, SL, LL groups; MAOA: hi-MAOA, low-

MAOA groups) (Lesch et al., 1997; Newman et al., 2005).

2.3. Animal selection, care and maintenance

Monkeys were not considered for the study if they had low birth weight, history of diarrhea 

or BioBehavioral Assessment (BBA) scores outside colony norms. The BBA scores were 

obtained during a 25 h period of behavioral assessment performed on most 3–4 month old 

rhesus in the CNPRC colony. Data from several thousand infants are available to compare 

potential experimental subjects to historical norms. Excluded monkeys had scores greater or 

lesser than two standard deviations from the CNPRC colony mean for factors derived from 

multivariate analysis of behavioral observation data from the BBA database (Golub et al., 

2009). The male rhesus monkeys meeting these criteria were randomly assigned to treatment 

groups (control and fluoxetine), balancing for weight, cage of origin, MAOA polymorphism 

genotype and 5HTTLPR polymorphism genotype. Group sizes (N=16/group) were based on 

previous studies of effect sizes for independent variables administered to rhesus monkeys 

during development at levels relevant to human populations. The Vehicle group size was 

reduced to 14 for the third session at 4 years of age due to displacement of the monitors 

during the session. All animals were cared for following standard CNPRC animal husbandry 

and health care protocols, as described previously (Golub et al., 2015).

2.4. Activity monitoring

Activity was recorded from individual animals in the home cage over a 48 h (weekend) 

period using actimeters (Actitrac, IM Systems, Baltimore, MD) (Golub et al., 2004; Golub et 

al., 2007; Golub et al., 2006; Golub et al., 2005). The actimeters were packaged in tape and 

attached to the upper back between the shoulders, out of reach of the animals, with a 

harness. Actimeters were placed on Friday afternoon and monitoring was initiated the next 

morning. Methods for attaching and removing the monitor were designed to minimize stress 

to the animals. Light anesthesia (5 mg/kg ketamine, i.m.) was administered, and the animals 

were quickly removed from the cage, held for harness attachment and returned to the cage. 

For removing the monitors, animals were isolated in the front of the cage and briefly 

restrained by hand while the tie holding the harness in place was cut. Ketamine anesthesia 

was also used for removal in the oldest (4 year old) animals.

Three monitoring sessions were conducted one and two years after initiation of fluoxetine 

treatment, and one year after ending fluoxetine treatment, when the animals were two, three 

and four years old. All animals in the study were housed in the same indoor cageroom with a 

12:12 (6 a.m. – 6 p.m.) cycle of artificial light and no access to sunlight. Lux levels at the 

front of the cage averaged 347 during the day and 0 at night. Actitrac software provides 
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measures of onset, duration and level of each active and inactive period (see Supplemental 

Figure 1 for an illustration of an actigram). An inactive period is defined as a two min period 

(epoch) for which that epoch and the epoch prior to and following it average to be below a 

software-defined activity threshold of 18 counts/2 min. This index of sleep was developed 

for humans (Gorney et al., 1996). The relationships between EEG and actimeter indices of 

sleep have not been elucidated in young rhesus. Thus we are designating activity below the 

threshold as “rest”.

2.5. Statistical approach

Data sets were screened for normal distribution prior to analysis. To minimize Type 1 error, 

a tiered approach to analysis was used, looking first at total amount of rest at night, onset of 

the first rest period at night, and number of rest-activity transitions over the 48 h period 

(fragmentation index). Other endpoints were then examined to aid in interpretation.

Potential covariates (body weight, cage location, etc.) were screened for relevance to the 

sleep parameters but few were significant and none influenced fluoxetine findings when 

included in ANOVAs with the exception of MAOA genotype. Thus selected parameters were 

analyzed with two-way ANOVA (fluoxetine, MAOA genotype) including the interaction 

(JMP, SAS, Cary, NC). Post hoc planned comparisons looked at the effect of fluoxetine 

within the two MAOA genotype subgroups. 5HTTLPR alleles were also examined for main 

effects and interaction with fluoxetine treatment by comparing SL and LL subgroups but no 

effects were identified. SS genotypes could not be evaluated due to limited number of 

subjects with this genotype (n=4).

3. Results

During dosing, maturational changes were seen in the diurnal activity pattern of the 

monkeys from two to three years of age. The amount of sleep was similar in two-year olds 

(10% rest during the day, 58% rest at night) and three-year olds (6% rest day, 56% rest 

night). However, three-year olds had a 35% longer delay to their first rest period at night 

(F1,30=9.74, p=0.004), and 29% more rest-activity transitions during the 48 h monitoring 

period (F1,30=36.32, p<0.0001). They also were 36% less active overall than two-year olds, 

had 45% less activity during active periods, and differed in the average durations of active 

and rest periods. Because of the different structure of activity in two-and three-year olds, the 

two monitoring sessions were analyzed separately for the effects of fluoxetine during dosing.

3.1 Fluoxetine did not affect total sleep or sleep onset during dosing

The total duration of rest at night, though lower in the fluoxetine group, was not significantly 

different from controls at either age (Table 1). Time to sleep onset was also somewhat 

shorter on the average but not significantly different from controls at either age.

3.2. Fluoxetine increased sleep fragmentation during dosing

Sleep consolidation and continuity in primate species are reflected in a small number of 

transitions between rest and activity, that is few awakenings at night and few rest periods 

during the day. The sleep fragmentation index sums all transitions in both day and night 
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segments of the monitoring session. It has long been used as a clinical index of sleep 

disturbance (Stepanski et al., 1984), or sleep-maintenance insomnia (as opposed to sleep-

onset insomnia).

Sleep fragmentation was increased by fluoxetine at both two and three years of age (Figure 

1A). In the case of the younger animals, an interaction with MAOA genotype was also 

suggested (p=0.057) in that the fluoxetine effect occurred primarily in the hi-MAOA 

genotype monkeys (p=0.006). As seen in Figure 1B, a drug*genotype interaction appeared 

specifically for the transitions at night at two years of age (F1,28=5.00, p=0.032), and was 

also suggested for three-year olds at night (F1,28=3.78, p=0.062). As was the case for the 

fragmentation index, the fluoxetine effect occurred in the hi-MAOA subgroup, but not the 

low-MAOA subgroup. The high-MAOA vehicle group initially had a lower number of active 

periods at night compared to the low-MAOA vehicle group, but the number increased to 

comparable levels when hi-MAOA genotype animals were dosed with fluoxetine.

3.3. Fluoxetine-treated monkeys had less daytime activity during dosing

Daytime sleepiness is a potential concern when sleep is disrupted (Stepanski et al., 1984). 

Fluoxetine-treated two-year olds were less active during the day as reflected in total rest 

duration (F=4.40, p=0.045), average duration of rest periods (F=5.46, p=0.027), and the 

amount of activity during rest (F=7.75, p=0.010) (Figure 2). As three-year olds, during the 

first active period the fluoxetine-treated animals had a shorter amount of time to the first rest 

period (F=4.89, p=0.035), a longer average duration of rest periods (F=3.98, p=0.056) and 

less activity during rest period epochs (F=8.76, p=0.006). No statistically significant MAOA 

interactions were seen for these daytime indices.

3.4. Sleep fragmentation and daytime activity were negatively correlated during dosing

The amount of sleep fragmentation correlates with daytime sleepiness in humans (Stepanski 

et al., 1984). To determine whether these measures were associated in our sample, regression 

analyses were conducted. At two years of age, the fragmentation index was positively 

correlated with daytime rest (duration of rest periods r=+0.44, p=0.013), and negatively 

correlated with the daytime activity (total daytime activity r=−0.40, p=0.027, activity during 

daytime rest epochs r=−0.49, p=0.013, time to first daytime rest period r=−0.33, ns). At 

three years of age, these correlations were no longer significant.

3.6. Effects on sleep persisted after discontinuation of dosing

A third actimeter monitoring session was conducted one year after the end of the two year 

dosing period. At that time the monkeys were four years old. Data analyses tested the 

hypothesis that the effects seen during dosing persisted (see dosing/post-dosing comparisons 

in Table 1). The fluoxetine effect on sleep fragmentation index was not significant (p=.072), 

but nighttime awakenings (nighttime active periods) were significantly more frequent in the 

fluoxetine group (F1,26=4.71, p=.039) (Table 1). Unlike the sessions conducted during 

dosing, there was no fluoxetine*MAOA interaction, but a significant main effect of MAOA 

genotype was seen for nighttime active periods (F1,26=6.06, p=.020). Fewer nighttime active 

periods were seen in the hi-MAOA vs low-MAOA group, a similar pattern as in previous 

sessions. Although the interaction was not significant (p=.44), the fluoxetine effect was seen 
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in the hi-MAOA group (p=.039), but not the low-MAOA group, as during dosing. In 

addition, the total nighttime rest duration in the post-dosing session was significantly lower 

in the fluoxetine group (F1,28=4.55, p=.043). During the day, the rest duration was not 

affected, but the amount of activity during rest periods was lower in the fluoxetine group 

(F1,28=7.03, p=.013), as was the case in the two year dosing session.

4. Discussion

Juvenile rhesus macaque monkeys dosed chronically with fluoxetine demonstrated sleep 

fragmentation as well as increased daytime inactivity when assessed one and two years after 

initiation of dosing. One year after the discontinuation of dosing the same effect on sleep 

disruption, as reflected in nighttime active periods, was identified, but daytime inactivity was 

not increased.

Sleep disruption has been reported in children treated with fluoxetine, but only in patient 

populations and only during treatment. The present study demonstrates that fluoxetine can 

produce sleep disruption in an appropriate animal model (juvenile rhesus macaques) in the 

absence of diagnosed psychopathology, that the extent of disruption is greater at younger 

ages and that the effect can persist after discontinuation of treatment. This suggests that the 

treatment during the period of brain maturation and establishment of sleep regulation can 

have long-term or perhaps permanent effects on individual sleep patterns. Long-term effects 

on sleep from childhood exposure to fluoxetine, or indeed any other psychoactive drug, have 

not been studied to our knowledge.

There are a number of limitations in generalizing from the current study to a clinical setting. 

Only male subjects were studied to facilitate study of polymorphisms of the MAOA gene, 

which is X-linked. Actimeters were the only indicator of sleep; no information on EEG, 

EOG or leg movement was available to better translate the fluoxetine effects in juvenile 

primates to children. Some commercial actimeters, but not the Actritrac actimeter, have been 

validated with EEG measures of sleep (polysomnography) in children (Meltzer et al., 2015; 

Meltzer et al., 2015; Meltzer et al., 2012). Also, we are not able to assess the subjective 

quality of sleep disturbance and sleepiness which are the basis for symptom reports in 

humans. Interestingly, actigraphy data have been found to reflect clinical sleep reporting 

instruments better than EEG data in children, particularly for nighttime awakenings 

(Markovich et al., 2014). Finally, aspects of the controlled environment under which the 

study was conducted may have modified the treatment effect. Monkeys were housed indoors 

with artificial 12:12 light cycles and limited opportunity for motor activity and social 

interaction.

Fluoxetine effects were much less prominent at three years of age than two years of age but 

emerged again in the post-dosing session at four years of age. As previously described 

(Golub et al., 1998), prepubertal monkeys (three years old) had a longer delay to sleep onset 

after dark onset than younger monkeys (two years old) paralleling the later bedtimes seen in 

pubertal children (Carskadon et al., 1993). Older monkeys also had less daytime activity, 

paralleling decreases in activity with age in children as measured with actimeters (Trost et 

al., 2002). Nighttime sleep and daytime activity were correlated at two years of age, but not 
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in the older animals (three and four years of age). In additional to maturational changes, time 

on study, length of fluoxetine dosing, and environment may have played a role in the sleep 

changes across sessions. Although the physical environment was the same throughout the 

study, all animals were housed together in the same room and the social environment and 

available cage space also changed as they grew and matured.

MAOA polymorphisms resulting in high gene transcription (hi-MAOA) were more 

susceptible to fluoxetine effects on sleep fragmentation. Fluoxetine effects on sleep 

fragmentation were greater in the younger hi-MAOA subjects and in the post-dosing session 

there was a main effect of MAOA genotype. Hi-MAOA VNTR polymorphisms were also 

shown to increase the risk for sleep disturbance in Alzheimer’s patients (Craig et al., 2006), 

and for restless leg syndrome in women (Desautels et al., 2002). Daytime sleepiness was 

more prominent in depressed patients with high transcribing MAOA genotypes (Ojeda et al., 

2014). These studies were performed with adult patients. Understanding genetic risk for 

sleep disturbance as a side effect of fluoxetine use in children could be a valuable 

contribution to personalized medicine in children.

Notably, comparison of SL and LL genotypes did not yield any indication of effects of the S 

allele on the sleep measures recorded. The present study was not able to study effects of the 

homogeneous SS genotype as there were only two SS subjects in each treatment group. 

Homogeneous SS 5HTTLPR alleles showed a strong association with insomnia as a side 

effect of fluoxetine (Perlis et al., 2003), the was reported to interact with stress in affecting 

sleep quality (Brummett et al., 2007), and was more prevalent in 18 year-olds who reported 

low amounts of sleep and high amounts of depression (Carskadon et al., 2012).

A large number of sites in the brain for fluoxetine*MAOA interactions could be proposed. 

Both fluoxetine and MAOA have extensive impacts throughout the monoamine systems, and 

influences on endocrine systems and metabolism are also well known. MAOA degrades 

serotonin intracellularly, and can interact with cellular uptake transport to alter extracellular 

serotonin levels as demonstrated in experiments in transgenic mice (Mossner et al., 2006). 

The relationship between serotonin and sleep is well known (Ursin, 2002). The dorsal raphe 

nucleus, the major origin of serotonin pathways, projects to the suprachiasmatic nucleus and 

is involved in sleep regulation. Serotonin is a precursor of melatonin, the hormone that 

regulates light-dark cycles. Interesting potential direct interactions include fluoxetine 

inhibition of MAOA as demonstrated in vitro (Fisar et al., 2010).

5. Conclusion

Sleep disturbance during fluoxetine treatment is recognized in adults and has been 

documented in studies of depressed children. This study in an appropriate animal model of 

juvenile sleep demonstrates fluoxetine effects during dosing independent of a diagnosed 

behavioral disorder and indicates that a genetic polymorphism common to human and 

nonhuman primates modifies this effect. Further, after discontinuation of dosing for one 

year, the sleep disturbance effect was still apparent. This information may help anticipate 

and mitigate sleep disturbance as a side effect of fluoxetine therapy in children.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Young monkeys were treated daily with fluoxetine

• Rest-activity cycles were recorded by actimeter at two ages

• Sleep fragmentation was greater in the fluoxetine than the control group

• Activity during the day was lower in the fluoxetine group

• Fluoxetine effects were diminished in older monkeys

• Fluoxetine effects persisted after dosing ended
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Figure 1. 
Sleep disturbance in two and three-year old male rhesus monkeys treated with fluoxetine. 

(A) Sleep Fragmentation Index. (B) Number of active periods at night. The sleep 

fragmentation is the sum of active periods initiated at night and rest periods initiated during 

the day. Based on 48 h continuous actimeter monitoring period. N=16 control and fluoxetine 

groups. N=8 hi- and low-MAOA subgroups
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Fig 2. 
Fluoxetine effects on indices of daytime inactivity. Based on sum of two 12 h light periods. 

(A) Total activity during the day, (B) Average inactive duration during the day and (C) 

Average inactive epoch activity during the day.
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Table 1

Comparison of fluoxetine effects during and after the two year dosing period. Veh=vehicle, Flx=fluoxetine. 

N=16/group, except N=14 for the vehicle group for the 1 y post-dosing session.

Session

1 y dosing 2 y dosing 1 y post-dosing

Nighttime active periods (#) Veh 52±2 54±2 54±3

Flx 55±1§ 58±2 63±2*

Nighttime rest duration (min) Veh 779±34 839±35 783±35

Flx 763±20 793±27 674±33*

Time to first rest period at
night (min)

29±3
23±3

39±4
32±4

49±4
40±3

Daytime rest duration (min) Veh 32±8 99±12 175±20

Flx 70±16* 123±14 161±19

Daytime activity during rest
periods (activity counts)

Veh 4.5±0.5 5.6±0.4 3.1 ±0.2

Flx 3.8±0.5 4.6±0.2* 2.4±0.1**

§
fluoxetine*MAOA interaction p=.03, hi-MAOA Flx vs Veh p=.02

*
p<.05,

**
p<.02 main effect of fluoxetine
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