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Abstract

Prader-Willi syndrome (PWS) is a rare genetic neurodevelop-mental disorder associated with 

maladaptive social behavior, hyperphagia and morbid obesity. Orexin A is a hypothalamic 

neuropeptide important as a homeostatic regulator of feeding behavior and in energy metabolism 

through actions in the lateral hypothalamus. Dysregulation of orexin signaling may contribute to 

behavioral problems and hyperphagia seen in PWS and we sought to assess orexin A levels in 

PWS relative to controls children. Morning fasting plasma orexin A levels were analyzed in 23 

children (aged 5–11 years) with genetically confirmed PWS and 18 age and gender matched 

healthy unrelated siblings without PWS. Multiplex immune assays utilized the Milliplex Human 

Neuropeptide Magnetic panel and the Luminex platform. Natural log-transformed orexin A data 

were analyzed using general linear model adjusting for diagnosis, gender, age, total body fat, and 

body mass index (BMI). Plasma orexin A levels were significantly higher (P < 0.006) in children 

with PWS (average ±SD = 1,028 pg/ml ± 358) compared with unrelated siblings (average ±SD = 

609pg/ml ± 351; P < 0.001). Orexin A levels correlated with age in females and were significantly 

elevated in PWS even after these effects were controlled. These findings support the hypothesis 

that dysregulation of orexin signaling may contribute to behavioral problems and hyperphagia in 

PWS. Further studies are warranted to better understand the complex relationship between orexin 

A levels and the problematic behaviors consistently found in individuals with PWS.
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INTRODUCTION

Prader-Willi syndrome (PWS) is a genetic neurodevelopmental disorder characterized by 

failure to thrive during infancy, hypo-gonadotropic hypogonadism, hyperphagia-induced 

obesity, growth hormone deficiency, and mental deficiencies with behavioral problems. 

About 70% of PWS cases result from a paternal deletion of the chromosome 15q11-q13 
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region, and less frequently, uniparental disomy of the maternal chromosome 15 (25% of 

cases), or imprinting defects within this chromosome region [Butler, 1990, 2011; Bittel and 

Butler, 2005; Cassidy et al., 2011; Angulo et al., 2015]. PWS affects approximately 1 in 

every 15,000 live births with an estimated 400,000 people affected by PWS worldwide 

[Butler and Thompson, 2000; Butler and Lee, 2006].

The classic phenotype of PWS is illustrative of relative growth hormone deficiency, as 

evidenced by an affected individual’s short stature and small hands and feet. Sex hormone 

defects also lead to hypogonadism, hypogenitalism, and underdeveloped secondary sex 

characteristics. Growth hormone is utilized as a treatment to increase stature and improve 

body composition [e.g., de Souza et al., 2013; Angulo et al., 2015]. PWS is the most 

common genetic cause of morbid obesity in children [Butler, 1990]; contributing factors 

include hyperphagia, reduced metabolic rate and decreased physical activity [Butler et al., 

2007]. Interventions to decrease the incidence of childhood obesity in patients with PWS 

include locking refrigerators, constant supervision during food-related activities, and 

rewarding desirable behavior with non-food items [Butler and Lee, 2006; Butler, 2011]. The 

morbid obesity often seen in children and adults with PWS can lead to significant health 

problems, if not managed properly.

Appetite and feeding behavior are regulated by neuropeptides within the hypothalamus, 

particularly orexin A, through a complex network involving physiological effects both 

within the hypothalamus and at other appetite centers in the brain [Parker and Bloom, 2012; 

Sakurai, 2014a,b]. Compared to neurotransmitters, neuropeptides are able to elicit biological 

effects at low concentrations and travel to more distant sites within the CNS [Parker and 

Bloom, 2012]. In addition to appetite regulation, orexin signaling is involved in arousal, 

sleep and wakefulness, metabolism and energy expenditure, pleasure and reward-seeking 

behavior as well as stress response [Kuru et al., 2000; DiLeone et al., 2003; Yamanaka et al., 

2003; Winsky-Sommerer et al., 2005; Borgland et al., 2006,2009; Ganjavi and Shapiro, 

2007; Hoyer and Jacobson, 2013; Jalewa et al., 2014]. Changes in peripheral metabolic 

signals (i.e., glucose, ghrelin, leptin, and blood pH) impact the activity of orexin A (or 

hypocretin 1) neurons in the lateral hypothalamus which increase eating behaviors through 

binding to orexin receptor type 1 (OX1R) in the ventromedial hypothalamus, hippocampus, 

locus coeruleus and limbic centers [Sakurai, 2014a,b]. Decreased brain orexin A signaling 

has been observed in patients with functional gastrointestinal disorders in addition to 

secondary symptoms including appetite loss, sleep disturbance, and inhibition of gut 

function consistent with disruption of multiple endocrine systems [Okumura and Nozu, 

2011].

Reward-based feeding behavior beyond homeostatic necessity contributes significantly to 

obesity and is driven in part by palatability, taste, and texture of food [Erlanson-Albertsson, 

2005]. Activation of the orexin pathway stimulates reward-seeking behavior in animals and 

can lead to overconsumption of palatable foods (i.e., high fat) [Choi et al., 2010, 2012]. The 

lateral hypothalamus and the orexin pathway also regulates food anticipation and feeding 

motivation presumably leading to morbid obesity associated with PWS [Erlanson-

Albertsson, 2005]. Orexin and its receptors have also been implicated in brain reward 

pathways involved with addictive behaviors and measures in animal models [DiLeone et al., 
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2003; Georgescu et al., 2003; Borgland et al., 2006, 2009]. In addition, heighten arousal 

states associated with psychological stress can elevate orexinergic neurotransmission and 

cause or prolong binge-eating episodes [Piccoli et al., 2012]. Bittel et al. [2007] also 

reported significantly increased expression of the orexin A gene in RNA isolated from 

lymphoblasts derived from adult males with PWS when compared with non-syndromic 

obese males which may indicate a primary dysfunction in hypothalamic signaling in PWS 

related to orexin A activity.

Understanding the role of orexin A in individuals with PWS could be considered an 

important step in elucidating the underlying psychopathology of PWS and development of 

potential treatments to address significant health risks associated with this overeating 

syndrome. We measured fasting morning plasma orexin A levels in a cohort of 23 children 

with PWS compared with 18 healthy unrelated children at similar ages to examine the role 

of orexin A in hypothalamic dysfunction.

MATERIALS AND METHODS

Subjects

Plasma was obtained for study from 23 children with PWS, diagnosed clinically and 

confirmed with cytogenetic and molecular genetic testing and methylation analysis. Those 

included 10 females (mean age ± SD = 8.5 ± 1.9 years, age range = 5–11 years) and 13 

males (mean age ± SD = 7.7 ± 1.9 years, age range = 5–11 years). Fifteen of the children 

with PWS had the 15q11-q13 deletion and eight had maternal disomy 15. The control group 

consisted of 18 unaffected siblings selected from families where at least one child has PWS 

but data from that affected child was not included in the current sample. Due to the precise 

nature and specificity of the effects of the PWS genetic finding which is well-characterized, 

unaffected and unrelated siblings without PWS should be representative of the normal 

population and suffice as control subjects. Additionally, siblings of an individual with PWS 

are likely to live in a similar food-restricted environment unlike traditional childhood rearing 

environments and as such offer advantages over typically developing control subjects. The 

control siblings included eight females (mean age ± SD = 8.2 ± 2.1 years; age range = 5–11 

years) and 10 males (mean age ± SD = 8.3 ± 2.5 years; age range = 5–11 years). All children 

recruited in this study were consented using approved forms by the local Human Subjects 

Committee with oversight from the Institutional Review Board of the University of Kansas 

Medical Center and the University of Florida School of Medicine as part of a large ongoing 

multi-site rare disease consortium on PWS. All children were Caucasian-American and 

those with PWS were treated with growth hormone.

The PWS and control subjects received dietary intervention (60–80% of the average caloric 

intake for their age) and engaged in exercise programs to maintain caloric intake and weight 

control. No children received sex steroids or were treated for adrenal insufficiency. Four 

children with PWS had a history of insulin resistance and three were being treated for 

hypothyroidism. One child with PWS was prescribed an atypical antipsychotic medication. 

Height to the nearest 0.1 cm and weight to the nearest 0.1 kg were obtained for each 

individual in the clinical setting using standing stadiometer and electronic scales. Body mass 

index (BMI) was calculated (i.e., kg/m2). Body composition and total body fat percentages 
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were determined using dual-energy X-ray absorptiometry (DEXA) and the Lunar DXA 

Scanner (Atlanta, GA). Demographic and descriptive data on each subject are found in a 

previously reported study on plasma cytokine levels in this cohort of subjects [Butler et al., 

2015]. Peripheral blood was collected in the morning at time of fasting in anti-coagulant 

vacutainer tubes (e.g., EDTA) and plasma immediately separated then stored at − 80°C.

Orexin A Assay and Analysis

Neuropeptide levels were determined with the multiplex assays with Milliplex Human 

Neuropeptide Magnetic panel and the Luminex platform using established protocols 

following manufacturer’s guidelines. Twenty-five microliter of blood plasma, concentration 

standard or Milliplex quality control standard was combined with assay buffer and 25 μl of 

primary antibody. The plate was then foil-wrapped and incubated with agitation on a plate 

shaker for 2 hr at room temperature (20–25°C). Twenty-five microliter of antibody-

immobilized beads were added, followed by overnight incubation and agitation overnight at 

4°C. The next day, the plates were washed, detection antibodies added and incubation at 

room temperature for 1 hr. Streptavidin-Phycoerythrin was added; the plate was covered, 

incubated and agitated on a plate shaker for 30 min. After incubation, the plates were 

washed again and 100 μl of Sheath Fluid was added to each sample well. The plate was 

resuspended on a plate shaker for 5 min at room temperature then read using the Luminex® 

200™ xPONENT software. Median fluorescent intensity data were analyzed using a weight 

5-parameter curve-fitting method for calculating analyte concentrations in the sample wells. 

Orexin A levels were analyzed using the Lumi-nex® 200™ software with a minimum 

detectable concentration of 301 pg/ml. Plasma orexin A levels were calculated using a 

standard curve derived from reference neuropeptide concentration standards provided by the 

manufacturer. The inter-assay coefficient of variation for orexin A levels ranged from 0% to 

20% while the intra-assay coefficient of variation ranged from 0% to15%. No to very low 

cross-reactivity was seen between orexin and other neuropeptides (e.g., 0% cross-reactivity 

with oxytocin), using the immunoassay multiplex method indicating high sensitivity and 

good selectivity for orexin A. Plasma samples were analyzed using numbers and blinded to 

gender and control versus PWS during each assay run.

Statistical Analysis

Data were presented as mean and/or median ± standard deviation of raw and/or natural log-

transformed orexin A levels by diagnosis (PWS or healthy unrelated siblings) and gender. 

Natural log-transformed orexin levels were analyzed using analysis of variance (ANOVA) 

and the general linear model with controls for age, gender, body mass index (BMI) or total 

body fat. Data falling below the limits of detection for the Milliplex assay were replaced 

with one half the minimum detectable level of orexin A (150.5 pg/ml) as described 

previously [Butler et al., 2015]. Final transformed data met statistical criteria for the 

assumption of normality with equal variance and near linear residual plots. Statistical 

analyses and descriptive statistics were generated with SAS statistical analysis software 

version 0.4 (SAS Inc., Cary, NC) with P values <0.05 considered significant.
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RESULTS

The 23 PWS and 18 control subjects did not significantly differ by age or BMI, but PWS 

participants did have significantly more total body fat than controls (see Table I). Plasma 

orexin A levels for children with PWS (average ± SD = 1,028 ± 358 pg/ml; range 475–1,910 

pg/ml) were significantly higher than the unaffected, unrelated sibling controls (average ± 

SD = 609 ± 351ml; range 165–1,220 pg/ml; t = 2.02, P = 0.0064), and plasma levels of 

orexin A remained significantly higher in PWS than controls among males when isolated 

bygender (see Fig. 1). No significant correlations were found between plasma orexin A 

levels and age, BMI or total body fat for PWS or control subjects. However, plasma orexin A 

levels were significantly positively correlated with age in females with and without PWS (F 

= 4.61, P = 0.048; see Fig. 2) but was not correlated with age in males. Orexin A levels were 

also not correlated with BMI or total body fat. Linear regression modeling showed a 

significant effect of the PWS diagnosis when age and gender were controlled (see Table II). 

The effect of diagnosis remained significant among females after controlling for the effects 

of age and males when age and total body fat were controlled.

DISCUSSION

The results of this study support orexigenic dysfunction in a cohort of children with PWS in 

relation to unrelated siblings without PWS. These findings are consistent with orexin’s 

association with serious neurological dysfunction involving consummatory behaviors 

including feeding and addictions [Wolf, 1998; Dube et al., 1999; Harris et al., 2005; Sakurai, 

2014a,b]. Orexin A stimulates appetite and increases food consumption and its genes are 

expressed bilaterally in the lateral hypothalamus, also termed the “feeding center” of that 

region [Wolf, 1998; Dube et al., 1999]. The dopamine-rich ventral tegmental area (VTA) and 

nucleus accumbens (NA) also modulate behaviors motivated by food and drug rewards; both 

structures are heavily innervated by the orexin neurons and express high levels of orexin 

receptors [Trivedi et al., 1998]. Overstimulation of orexin signaling in the hypothalamus, as 

well as the VTA and NA may significantly contribute to hyperphagia by increasing the 

reward value of food in patients with PWS. Orexin A gene expression in lympho-blastoid 

cells derived from adult males with PWS was elevated relative to non-syndromic obese 

males reported by Bittel et al. [2007] further supporting this hypothesis. Hence, the 

insatiable appetite and unusual food-related problems exhibited by PWS patients suggests an 

abnormality in the orexin system.

Previous studies have shown significant decreases in orexin A levels (13%, P =0.023) as 

healthy and unaffected infants aged into young adults [Hunt et al., 2015]. The PWS and 

control female subjects in our study demonstrated increasing plasma orexin A levels as they 

aged. Given the accelerated maturation and growth that occurs from infancy to pubescence, 

very high levels of orexin would be expected. Hence, orexin’s role as a coordinator of 

energy homeostasis and a long-term satiety factor support an elevation of this neuropeptide 

in the plasma of young children; a finding consistent with previous research [Tomasik et al., 

2004]. Orexin A levels in female children with PWS increased more rapidly than in the 

unaffected female sibling controls consistent with previously suggested orexigenic 
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dysfunction inpatients with PWS. We did not find a significant correlation between age and 

plasma orexin levels for the PWS and control male subjects.

The Luminex assay utilizes a capture antibody technique combined with biotinylated 

detection antibodies but has not been directly compared with standard radioimmunoassays 

(RIA) or enzyme-linked immunosorbent assays (ELISA) in measuring neuropeptides. 

Additionally, the present study is limited by a relatively small sample size as an expected 

restriction due to the nature of rare disorders. This study also lacks data on the behavioral 

characteristics of the children with PWS, as compared to normal controls which limits our 

ability to correlate the observed elevation in neuropeptide levels to the expected 

symptomology (i.e., hyper-phagia, anxiety, repetitive behaviors, etc.). Also, neuropeptide 

levels may be abnormally increased or decreased in siblings of individuals with PWS 

compared to children with no family history of PWS. However, strengths of our study would 

include age-matching with a similar gender ratio and BMI. All children with PWS in our 

study received a genetically confirmed diagnosis and had no other known or recognizable 

genetic disorders or chromosomal disorders. Evaluations of the children were similar for 

both subject groups and laboratory conditions, time to specimen processing, and data 

analysis were the same across both study groups.

Our findings support further research to examine the relationship between orexin and its 

effect on the behavior, physical findings, genetic subtypes and gender in PWS. Further 

studies are also necessary using other biochemistry assays (e.g., ELISA, RIA) to replicate 

our findings and prior to exploring possible therapeutic options with the use of orexin 

antagonists and potential effect on the disturbed behavior often seen in PWS which could be 

related to this neuropeptide.
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FIG. 1. 
Distribution of plasma or orexin A levels for individuals with Prader-Willi syndrome (PWS) 

and healthy unrelated sibling control children by gender. Box plots represent mean (line), 

median (diamond), and interquartile tranges (25% and 75%). Error bars indicate maximum 

and minimum values form natural log-transformed data for each subject group. *P-value 

<0.05.

Manzardo et al. Page 9

Am J Med Genet A. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 2. 
Correlation between orexin A level and age by gender in Prader–Willi syndrome (PWS) and 

healthy unrelated sibling control children.
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TABLE II.

Linear Regression Modeling of Natural Log Plasma Orexin A Levels in Prader-Willi Syndrome and Healthy 

Unrelated Sibling Control Children

F-value P-value

Model 1: Total sample

 Diagnosis 14.1 (df = 1) 0.001*

 Gender 0.18 (df = 1) 0.68

 Age 0.06 (df = 1) 0.81

 Overall model fit (R2 = 0.27)   4.8 (df = 3.37) 0.01*

Model 2: Female subjects

 Diagnosis   4.9 (df = 1) 0.04*

 Age   4.6 (df = 1) 0.05*

 Overall model fit (R2 = 0.39)   4.8 (df = 2.15) 0.03*

Model 3: Male subjects

 Diagnosis 10.9 (df = 1) 0.004*

 Age   1.5 (df = 1) 0.23

 Total fat 0.18 (df = 1) 0.68

 Overall model fit (R2 = 0.40)   4.2 (df = 3.19) 0.02*

*
Indicated statistical significance for controlled linear regression analysis at P< 0.05 level of alpha.
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