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Abstract

Prader-Willi syndrome (PWS) is a rare genetic disorder associated with distinct abnormal
behaviors including hyperphagia, profound social deficits, and obsessive-compulsive tendencies.
PWS males showed reduced oxytocin receptor (OTR) gene expression and density in the
hypothalamic paraventricular nucleus that may play a role in PWS psychopathology. Oxytocin is
an anorexigenic neuropeptide similar to vasopressin that is associated with social cognition and
obsessive-compulsive behavior. To evaluate oxytocin biology in PWS, we examined overnight
fasting plasma oxytocin levels in 23 children with PWS (mean SD age: 8.2 + 2.0 year) having
genetic confirmation and 18 age matched healthy unrelated siblings without PWS (mean = SD
age: 8.2 + 2.3 year) and a similar gender ratio under the same clinical assessments, specimen
processing and laboratory conditions. Multiplex immune assays were carried out using the
Milliplex Human Neuropeptide Magnetic panel and the Luminex system. Natural log-transformed
oxytocin levels were analyzed using general linear model adjusting for diagnosis, gender, age and
body mass index (BMI). Oxytocin plasma levels were significantly elevated in children with PWS
(168 £ 121 pg/ml) compared with unrelated and unaffected siblings without the diagnosis of PWS
(64.8 + 83.8 pg/ml, F = 8.8, < 0.01) and the diagnosis of PWS predicted oxytocin level (F = 9.5,
P<0.003) in controlled regression analysis with an overall model fit R2 = 0.33 (P< 0.01). The
symptoms of hyperphagia, anxiety and repetitive behaviors classically seen in PWS may be related
to the disruption of oxytocin responsivity or feedback in the hypothalamic paraventricular nucleus
possibly influencing vasopressin signaling. Further study is needed to characterize oxytocin
function in PWS.
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INTRODUCTION

Prader-Willi syndrome (PWS) is a rare neurodevelopmental disorder due to errors in
genomic imprinting caused by absent expression of paternally active genes on chromosome
15911.2—q13 region. Diagnostic criteria for PWS in children include a history of hypotonia
with a poor suck and feeding difficulties, global developmental delay, hypogonadism/
hypogenitalism, growth hormone deficiency with short stature and small hands/feet and
excessive eating with central obesity, if uncontrolled during early childhood. Additional
clinical features include mental deficiency, hypothalamic hypogonadism, and behavioral
problems including, but not limited to self-injury, temper tantrums, poor social skills, and
obsessive-compulsive behaviors [Butler, 1990, 2011; Holm et al., 1993; Gunay-Aygun et al.,
2001; Butler et al., 2006; Cassidy et al., 2011].

PWS affects approximately 1 in 20,000 individuals and is commonly caused by a de novo
deletion of the proximal long arm of the paternal chromosome 15 in 70% of the cases or
maternal disomy 15 in 25% with both chromosome 15s from the mother [Nicholls et al.,
1989; Butler, 1990, Bittel and Butler, 2005, Butler et al., 2006, Cassidy et al., 2011]. The
remaining individuals with PWS are caused by defects (i.e., epimutations or microdeletions)
in the genomic imprinting center [Ohta et al., 1999] and other chromosome 15
rearrangements or translocations [Butler, 1990; Butler and Thompson, 2000; Bittel and
Butler, 2005]. Individuals with PWS caused by paternal chromosome 15q11-g13 deletions
often have more cognitive and behavioral problems and a lower incidence of autism
spectrum disorder (ASD) compared to individuals with PWS with maternal disomy 15 [Roof
et al., 2000; Butler et al., 2004, 2006; Bittel et al., 2006; Ogata et al., 2014].

While infants with PWS display characteristic clinical features of hypotonia, decreased
feeding activity, and failure to thrive [Butler, 1990; Butler et al., 2006; Lu et al., 2014],
young children with PWS exhibit hyperphagia, which can lead to childhood obesity, if not
properly managed. Hypothalamic dysfunction, which is the most likely cause of
hyperphagia, results in decreased growth and thyroid-stimulating hormone deficiencies in
affected individuals [Butler et al., 2006; Elena et al., 2012]. In addition to an insatiable
appetite, hypogonadism and short stature among patients with PWS further suggest
abnormalities of the hypothalamic-pituitary axis. Early morbid obesity, short stature, and
small hands and feet are associated with growth hormone (GH) deficiency. When individuals
with PWS are given GH treatment, improvements are seen with increased muscle size and
decreased fat mass [Carrel et al., 2004; Butler et al., 2006; Sode-Carlsen et al., 2010;
Cadoudal et al., 2014]. In addition to their characteristic physical features, individuals with
PWS also have dysfunctional behavioral patterns. Their inability to control emotion is linked
to stereotypic behavior and temper tantrums. These behaviors inhibit normal socialization
and affected individuals often suffer from poor relationships with their peers [Tauber et al.,
2011]. It is theorized that the neuropeptide oxytocin plays a significant role in modulating
behavior, and therefore may be an important factor in treatment of PWS.

Neuropeptides are chains of linked amino acids produced in the brain, formed from the
cleavage of larger polypeptides [Swaab, 2004]. Oxytocin is a nine amino acid peptide
produced by the hypothalamus and stored and secreted by the posterior pituitary gland. The
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biologically active form is an oxidized octapeptide (oxytocin disulfide) but it may also exist
in a reduced dithiol nonapeptide form called oxytoceine [duVigneaud, 1960]. In addition to
its better-known reproductive effects on the uterus and the breast, oxytocin acts within the
central nervous system as an anorexigenic signal to decrease food intake. It regulates
reward-driven energy intake and hypothalamic-pituitary-adrenal axis activity in humans [Ott
et al., 2013]. Central administration of oxytocin can decrease food intake and meal duration
in animal models and limit the intake of more palatable food by inhibiting the reward
pathway [Sabatier et al., 2013]. Oxytocin is also thought to act on neurons in the nucleus
tractus solitarius to modulate the neurotensin response to peripheral satiety signals [Parker
and Bloom, 2012]. High plasma neurotensin levels have recently been reported in PWS
children in comparison with healthy unrelated children [Butler et al., 2015].

Long-term administration of oxytocin reduces body weight and food intake in diet-induced
obesity and in genetic obese animal models [Blevins and Ho, 2013]. Increased oxytocin
levels have also been positively associated with improved social cognition, facial
recognition, and communication [Donaldson and Young, 2008]. Increased oxytocin levels
have also been reported in behavioral disorders and correlated with severity measures
[Leckman et al., 1994; Taurines et al., 2014]. A deficit in the expression of oxytocin receptor
(OXTR) gene was reported using a whole genome micro-array expression analysis of RNA
isolated from lymphoblasts in PWS males [Bittel et al., 2007]. In addition, individuals with
PWS were also found to have significantly decreased numbers of oxytocin (OXT)
expressing neurons representing an associated decrease in the total volume of the
paraventricular nucleus containing the OXT-expressing neurons [Swaab et al., 1995]. The
full implication of these findings on individuals with PWS has yet to be understood, but may
explain select traits and behaviors seen in this syndrome.

Understanding the significance of oxytocin in individuals with PWS may be an important
step in developing new treatments for the significant health and behavioral complications
associated with this rare obesity related genetic disorder. In order to further appreciate the
role this neuropeptide may play in the hypothalamic dysfunction seen in PWS, we examined
plasma oxytocin levels in 23 children with PWS between the ages of 5 and 11 years and
compared with 18 healthy unrelated siblings matched for age with a similar gender ratio.

MATERIALS AND METHODS

Subjects

All forty-one subjects in this study were recruited using signed consent forms approved by
the local human subjects committee from a large, ongoing multi-site rare disease consortium
on PWS in the USA carried out with oversight from the Institutional Review Board of the
University at Kansas Medical Center and the University of Florida School of Medicine.
Morning fasting peripheral blood samples were collected in EDTA vacutainer tubes and
plasma separated immediately then frozen at —80° until use. Blood was collected from ten
females (mean age + SD = 8.46 years + 1.94 years; age range = 5-11 years) and 13 males
(mean age + SD = 7.70 years + 1.91 years; age range 5-11 years) with PWS. The children
with PWS were diagnosed clinically and confirmed using genetic testing protocols of DNA
methylation, chromosomal microarray, methylation specific-multiplex ligation probe
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amplification (MS-MLPA), genotyping of informative chromosome 15 DNA markers,
and/or chromosome analyses with fluorescence in situ hybridization (FISH). Fifteen of the
children with PWS had the 15q11-g13 deletion and eight had maternal disomy 15. Control
children were selected from a pool of unaffected siblings of families where at least one child
has PWS but data from that affected child was not included in the current sample.
Unaffected siblings absent the PWS 15q11-g13 methylation abnormality should be
representative of the general population. The control group consisted of eight healthy
unrelated female siblings (mean age + SD = 8.19 years + 2.07 years; age range 5-11 years)
and ten healthy unrelated male siblings (mean age + SD = 8.27 years + 2.52 years; age range
= 5-11 years). All children were Causcasian Americans and those with PWS were
prescribed growth hormone. All PWS study participants received dietary intervention with
caloric restriction and participated in daily exercise programs (e.g., 30 min walking per day)
for weight control and caloric maintenance. No child received sex steroids or treatment for
adrenal insufficiency; four of the children with PWS were insulin resistant and three were
being treated for hypothyroidism. Height (cm) and weight (kg) were obtained for each
individual using standing stadiometers and calibrated electronic weight balances in the
clinical setting; body mass index (BMI) was calculated from growth data. Body composition
and body-fat percentages were determined using dual-energy X-ray absorptiometry (DXA)
and the Lunar DXA Scanner (General Electric, Atlanta, GA).

Oxytocin Assay and Analysis

Plasma levels of oxytocin were determined using the multiplex sandwich immunoassays
with the Milliplex Human Neuropeptide Kit (Millipore; Billlerica, MA) and the Luminex
200TM magnetic-based instrument (Luminex Molecular Diagnostic; Toronto, ON)
following established protocols. Twenty-five micro liter of plasma, concentration standard,
or Milliplex quality control standard were combined with assay buffer and 25 pl of pre-
mixed antibody-coupled magnetic beads for overnight incubation at 4°C. The plate was then
foil-wrapped and incubated with agitation on a plate shaker for 2 hr at room temperature
(20-25°C). The next day, the plates were washed, detection antibodies added, and then
incubated at room temperature for 1 hr. Streptavidin—Phycoerythrin was added and the plate
covered, incubated and agitated on a plate shaker for 30 min. After incubation, the plates
were washed again and 100 pl of Sheath Fluid added to each sample well. The plate was
resuspended on a plate shaker for 5 min at room temperature and then read on the
Luminex®200™with XPONENT software based on magnetic-bead technology and level of
magnetic field to separate the beads. Median fluorescent intensity data were analyzed using
a weight 5-parameter curve-fitting method for calculating analyte concentrations in the
sample wells. The minimum detectable concentration level for oxytocin was 9.35 pg/ml.
Plasma oxytocin levels were calculated using a standard curve derived from reference
oxytocin concentration standards provided by the manufacturer. The inter-assay coefficient
of variation for oxytocin levels ranged from 0% to 20% with an intra-assay coefficient of
variation ranging from 0% to 10%. Plasma samples were then analyzed and blinded to
gender and control versus PWS during each assay run.
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Statistical Analysis

RESULTS

Data were presented as mean and/or median + standard deviation of raw and/or natural log-
transformed oxytocin levels by diagnosis (PWS or unrelated siblings). Natural log-
transformed oxytocin levels were utilized to meet normality criteria required for analysis
using simple analysis of variance (ANOVA) and general linear model adjusting for
diagnosis, gender, age and body mass index (BMI). Data falling below detection limits of
the Milliplex assay were replaced with one half of the minimum detectable level of oxytocin
(4.675 pg/ml) as reported in previous studies using this methodology [Ashwood et al., 2010;
Manzardo et al., 2012]. Final transformed data met statistical criteria for the assumption of
normality with equal variance and near linear residual plots. The frequency of oxytocin
levels below detection limits were statistically analyzed by PWS diagnosis and gender using
Fisher Exact Test. Statistical analyses and descriptive statistics were generated with SAS
statistical analysis software version 0.4 (SAS Inc., Cary, NC) with P-values <0.05 were
considered significant.

A significant elevation in plasma oxytocin levels was found between the cohort of 23
children with PWS (167 £ 121; range 4.68-391 pg/ml) when compared to the 18 healthy
unrelated siblings of children with PWS (64.8 £ 83.8; range 4.68-247 pg/ml, F = 8.8, P<
0.01, see Table I, Fig. 1). PWS individuals also had significantly higher total body-fat than
control subjects but did not differ in age, BMI or BMI z-scores (Table I). The PWS
diagnosis predicted the oxytocin level (F = 9.5, < 0.003) in controlled regression analyses
with an overall model fit of R2= 0.33 (< 0.01). Age (F = 2.1, £< 0.16), gender (F = 3.6, P
<0.07), BMI (F = 3.9, P< 0.06) and the interaction between age and gender (F = 3.3, P<
0.08) failed to meet significance criteria as predictors in these analyses (see Table II). A
statistically significant correlation was observed between oxytocin level and age in PWS
females (r 0.68, £< 0.03) which was not observed for control females, PWS or control
males (see Fig. 2). No other correlations were noted between oxytocin levels and body-fat
content, BMI or PWS genetic subtype. Healthy unrelated siblings had a statistically
significant probability of having oxytocin levels at or below the minimum level of detection
for the assay (N = 10) compared to PWS subjects (N = 4) (P< 0.02, odds ratio= 5.9, 95%Cl:
1.4-24.6). This relationship did not differ by gender.

DISCUSSION

Previous research has highlighted the importance of the neuropeptide oxytocin and its
numerous effects in biology, pharmacology, and social behavior but a paucity of data exists
in PWS particularly in relationship to plasma levels and correlations with genetic subtype,
age, gender, and body composition measures. Reported age and sex effects in oxytocin
biology including the presence and direction of sex differences in oxytocin plasma levels are
inconsistent and remain inconclusive. Miller et al. [2013] reported higher plasma oxytocin
concentrations in adolescent girls compared to boys, but the majority of studies found no sex
difference in oxytocin levels in adults. This is similar to our observations between male and
female control children. The posterior pituitary gland releases oxytocin in response to
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stimulation by birthing, nursing, stress, eating, and sex leading to a great deal of individual
variability in oxytocin levels. Low levels of oxytocin are also produced by peripheral tissues
such as muscle and fat which may also vary by age [Swaab, 2004; Harony and Wagner,
2010].

In this study, we measured morning fasting plasma levels of oxytocin in a cohort of 23
children with PWS and compared with 18 healthy unrelated siblings matched for age with
similar gender ratio and no significant differences in BMI. The children with PWS were
found to have significantly increased levels of plasma oxytocin (167.71 pg/ml + 121.36) as
compared to unrelated siblings (64.78 pg/ml = 83.84). This finding is consistent with a study
conducted by Martin et al. [1998] who reported elevated CSF oxytocin levels in PWS.
Plasma oxytocin levels are significantly and positively correlated with CSF oxytocin levels,
suggesting that plasma oxytocin levels may act as a surrogate for central nervous system
measures of oxytocin activity [Carson et al., 2014]. We also observed an age-related increase
in plasma oxytocin levels among females with PWS. The basis for the association is unclear
but was not related to body-fat content or BMI. Changes in hormone status or peripheral
oxytocin synthesis at the tissue level due to increased muscle or bone mass or possibly
secondary to growth hormone exposure may have contributed to this change, but further
studies are needed to ascertain the relevance of this observation.

Increased oxytocin levels have been reported in individuals with obsessive-compulsive
disorder (OCD), a disorder that shares many common behavioral traits with individuals with
PWS. Furthermore, Leckman et al. [1994] reported a positive correlation between cerebral
spinal fluid oxytocin levels and OCD severity. Individuals with PWS show similar levels of
symptom severity and number of compulsions as seen in non-PWS individuals with normal
intelligence and OCD [Dykens et al., 1996]. A recent study measuring plasma oxytocin
levels in patients with autism also found increased levels when compared to normally
developing boys and in boys with ADHD [Taurines et al., 2014]. Furthermore, Greaves et al.
[2006] reported that children with PWS and children with autism spectrum disorder
displayed similar levels of repetitive and ritualistic behavior, extending beyond behavior
limited to food. Behavioral problems, similar to those found in pervasive developmental
disorder, are often seen in children with PWS [Greaves et al., 2006].

The increased oxytocin levels found in our children with PWS are in contrast to an
oxytocin’s known role as an anorexigenic peptide such as following exogenous oxytocin
administration in animal models, the volume of food consumption and time spent eating
were both reduced [Arletti et al., 1989]. Oxytocin has also been positively associated with
enhanced social behavior; consequently our finding of elevated levels in children with PWS
would be unexpected in the presence of normal hypothalamic function and oxytocin receptor
expression, which appears not to be the case in PWS. High levels of oxytocin have also been
associated with increased facial processing and human interpersonal communication, a
marked deficit in individuals with PWS. Furthermore, intranasal oxytocin administration
leads to an enhanced ability to interpret facial cues and to determine the affective state of
other individuals [Domes et al., 2007]. A separate randomized, double-blind trial involving
the administration of intranasal oxytocin into adults with autism spectrum disorder showed
significant improvements in social cognition and quality of life after 6 weeks duration
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[Anagnostou et al., 2012]. Given the pronounced communication and social deficits found in
individuals with PWS, the high levels of oxytocin found in this study may be failing to
achieve such normal physiological effect.

Despite elevated levels of oxytocin in our children with PWS, a significant deficit in
oxytocin receptors and reduction in the volume of hypothalamic paraventricular nuclei-
containing oxytocin-expressing neurons in PWS have been reported [Swaab et al., 1995], as
well as whole genome microarray expression analysis of lymphoblasts from males with
PWS showing significantly reduced expression of the oxytocin receptor (OXTR) gene [Bittel
et al., 2007]. Gregory et al. [2009] further showed that the OXTR gene was hypermethylated
in individuals with autism when compared with normal control subjects resulting in
decreased levels of OXTR expression in the temporal cortex. Classical autism or ASD are
reported components of a subset of children with PWS [Butler et al., 2006].

A reduced number of oxytocin receptors may lead to increased oxytocin secretion by the
posterior pituitary due to loss of negative feedback. Human oxytocin (OXT) and arginine
vasopressin (AVP) genes are both linked on chromosome 20p13, separated by 12 kilobases
of DNA. Though they each have specific receptors, their close evolutionary relationship
allows for interacting molecular systems and binding of OXT to the AVP receptor, and vice-
versa [Francis et al., 2014]. Upregulation of oxytocin is necessary in order to maintain
percent saturation and physiological oxytocin binding results. At high levels, as seen with
our patient cohort, oxytocin may stimulate AVP receptors and produce the behavioral
symptoms associated with vasopressin [Cho et al., 1999]. Stimulation of the AVP receptor in
the paraventricular nucleus of the hypothalamus has been associated with increased levels of
anxiety and arousal, in contrast to oxytocin, which typically induces relaxation and
decreased anxiety [Domes et al., 2007, Harony and Wagner, 2010]. Increased AVP levels
have also been linked to restrictive and repetitive behaviors in female children with autism
spectrum disorder [Miller et al., 2013]. Interestingly, the same study also found a positive
correlation between oxytocin levels and anxiety in these children. Due to OXTR deficits
reported in PWS and elevated levels of oxytocin found in our PWS cohort, the expected
effects of this peptide (i.e., decreased feeding and increased social functionality) may not be
present. This reduced activity of oxytocin neurons in the paraventircular nucleus may
account for hyperphagia and lack of satiety, common in PWS [Swaab, 2004]. If a significant
reduction in oxytocin receptors leads to deficient oxytocin activity, then high plasma levels
of oxytocin found in our study may not be as counter-intuitive as previously imagined. The
results of this study support the hypothesis that the dysregulation of the oxytocin and AVP
system in humans leads in marked changes in behavior including hyperphagia, social
deficits, and increased anxiety, common in PWS.

The strengths of our study included that the laboratory conditions and data analysis were the
same for all subjects and the PWS and control children cohorts had a similar age and gender
ratio with no significant differences in BMI. All children with PWS included in this study
were genetically confirmed. The findings of this study must be evaluated in the context of
methodological limitations and inability to repeat the oxytocin measures with a second assay
such as ELISA due to the small sample quantity of plasma available for experimentation
which is often the case in the study of children with rare diseases. The multiplex method
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shows high sensitivity and good selectivity for oxytocin with minimal to no cross-reactivity
to similar neuropeptides such as orexin A (0% cross-reactivity) and vasopressin (<1% cross-
reactivity). Radioimmunoassay (RIA) methods combined with high pressure liquid
chromatography or mass spectroscopy separation have been shown to discriminate the active
oxidized (disulfide) form of oxytocin from the inactive oxytoceine nonapeptide more
effectively than enzyme immunoassay methods [Szeto et al., 2011; McCullough et al.,
2013]. The Luminex assay employs a capture antibody technique combined with
biotinylated detection antibodies and has not been directly compared to results obtained by
standard RIA.

Furthermore, most of our PWS participants were undergoing growth hormone treatment at
the time of sampling which is standard therapy to improve stature, increase lean body mass
and improve outcomes in PWS. Sparse and inconsistent data are available regarding possible
cross-reactivity between oxytocin and growth hormone biology. In vitro growth hormone
dose dependently stimulated oxytocin release in cultured bovine granulosa [Sirotkin and
Nitray, 1994] while oxytocin dose dependently inhibited growth hormone release in cell
cultures of rat anterior pituitary [Hulting et al., 1996]. A more recent study of humans found
no relationship between exogenous oxytocin with ghrelin administration on growth hormone
levels in normal males [Coiro et al., 2011]. More research is needed to fully characterize the
obviously complex relationship between these neuropeptide and hormone levels. Additional
weaknesses in our study include the small subject sample size, high variability in measured
levels and lack of obsessive-compulsive, anxiety, cognitive and hyperphagia symptom
quantification data per individual to correlate with the oxytocin levels. It is not possible to
draw definitive connections between increased neuropeptide levels and expected behavior
patterns due to limited access to our PWS subject cohort over time which would require
long-term follow-up research studies.

An increased number of well-characterized subjects are needed for study to replicate our
observations and for a longer period of time with analysis and quantification of hyperphagia,
anxiety and other related symptomatology data that may relate to abnormal oxytocin levels.
If behaviors in PWS are explained by incomplete oxytocin receptor activation or
overstimulation of arginine vasopressin, then additional research should be performed to
better understand the complex dysregulation and physiological compensation taking place
leading to treatment modalities.
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FIG. 1.
Distribution of plasma oxytocin levels for individuals with Prader—Willi syndrome (PWS)

and healthy unrelated sibling control children. Box plots represent mean (line), median
(diamond), and interquartile ranges (25% and 75%). Error bars indicate maximum and
minimum values form natural log-transformed data for each subject group. *P-value <0.05.
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Correlation between oxytocin level and age by gender in Prader—Willi syndrome (PWS) and
healthy unrelated sibling control children. [Color figure can be seen in the online version of
this article, available at http://wileyonlinelibrary.com/journal/ajmga].
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TABLE Il

Linear Regression Model of Natural Log Plasma Oxytocin Level

F-value P-value
Diagnosis 105@df=1)  0.003"
Gender 3.6 (df =1) 0.07
Age 21 (df=1) 0.16
BMI 3.9 (df=1) 0.06
Age* gender 3.3(df=1) 0.08

Overall model fit (R2=0.33) 3.4 (df=535) 001~

*
Indicated statistical significance.
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