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Background: Oxytocin and vasopressin systems are altered in Prader Willi

syndrome (PWS). However, investigations into endogenous oxytocin and

vasopressin levels as well as clinical trials evaluating the effect of

exogenous oxytocin on PWS symptoms have had mixed results. It is also

unknown whether endogenous oxytocin and vasopressin levels are

associated with certain PWS behaviours.

Method: We compared plasma oxytocin and vasopressin and saliva oxytocin

levels in 30 adolescents and adults with PWS to 30 typically developing age-

matched controls. We also compared neuropeptide levels between gender and

genetic subtypes within the PWS cohort and examined the relationship between

neuropeptide levels and PWS behaviours.

Results:While we did notmeasure a group difference in plasma or saliva oxytocin

levels, plasma vasopressin was significantly lower in individuals with PWS

compared to controls. Within the PWS cohort, saliva oxytocin levels were

higher in females compared to males and individuals with the mUPD

compared to the deletion genetic subtype. We also found the neuropeptides

correlated with different PWS behaviours for males and females and for genetic

subtypes. For the deletion group, higher plasma and saliva oxytocin levels were

related to fewer behaviour problems. For the mUPD group, higher plasma

vasopressin levels were related to more behaviour problems.

Conclusion: These findings support existing evidence of a vasopressin system

defect in PWS and for the first time identify potential differences in the oxytocin

and vasopressin systems across PWS genetic subtypes.
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1 Introduction

Prader Willi syndrome (PWS) is a neurodevelopmental

disorder that arises from the absence of expression of paternally

inherited imprinted genes in the chromosome 15q11-q13 region

(1). In 60-70% of cases, this loss of expression is due to paternal

deletion of whole or part of the region; in 20–35% of cases, it is due

to maternal uniparental disomy (mUPD) of chromosome 15; and in

fewer than 5% of cases, it is due to gene translocation or mutation of

the imprinting centre (2, 3). Physical characteristics of PWS include

hypotonia, hypogonadism, obesity, dysmorphic facial features,

short stature, hypopigmentation, and thick saliva (4). Individuals

with PWS can exhibit a range of behaviours, known as the PWS

behaviour phenotype, that often begins in childhood and can persist

into adulthood (5–8). These behaviours include hyperphagia,

temper outbursts, repetitive and ritualistic behaviours, skin-

picking, rigidity, and social skill difficulties (5, 9, 10). People with

PWS also have an increased risk of developing psychosis (more

commonly in the mUPD subtype) and/or depression (more

commonly in the deletion subtype), which usually present in

adolescence or early adulthood (10, 11). PWS behaviour

problems, like hyperphagia, temper outbursts, skin-picking, and

psychosis, are the primary cause of morbidity for individuals with

PWS and their families (12–14). Unfortunately, there are few if any

effective treatments for most PWS behaviour problems. So, there is

an urgent need to better understand the nature of and mechanisms

underlying these behaviours to inform the development of targeted

interventions (10, 15).

Oxytocin (OT) and Arginine Vasopressin (AVP) are two

neuropeptides thought to be involved in the PWS phenotype (16,

17). Considered sister-neuropeptides as they share evolutionary

origins and differ by only two of the nine amino acids, OT and AVP

can act as neurotransmitters, neuromodulators, and hormones (18–

20). OT and AVP are primarily produced in the paraventricular

nucleus and supraoptic nuclei of the hypothalamus and secreted

from the posterior pituitary gland. However, AVP-producing

neurons are also found in other limbic regions (21, 22) and a

smaller amount of OT and AVP are released peripherally in various

tissue (23). The OT receptor and AVP receptors (AVPR1A and

AVPR1B) are 85% homologous allowing OT and AVP actions to

partly overlap (24, 25).

At the genetic level, people with PWS have reduced expression

of the OT receptor gene on chromosome 3p25 in RNA (26);

hypomethylation of the OT gene and hypermethylation of 12 of

32 genes in the OT pathway (27). A recent study reported lower

methylation in the intron 1 region of the OT receptor gene in DNA

blood samples of individuals with PWS compared to age-, sex- and

body mass index (BMI) matched controls. The authors further

found males with PWS and psychosis showed significantly lower

methylation of the OXTR exon region 1 than those without

psychosis, suggesting that an OT deficiency in PWS might be

associated with the higher rate of psychosis found in PWS (28).

Regarding brain function, PWS has long been considered a disorder

of the hypothalamus. The hypothalamus plays an integral role in

controlling body temperature, hunger, thirst, fatigue, sleep, sexual

development, and circadian cycles. All of these are disrupted in
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PWS (29, 30). Post-mortem studies suggest that compared to

typically developing controls, people with PWS have smaller than

average hypothalamic periventricular nuclei as well as reduced OT-

producing neurons (17); OT mRNA and cells immunoreactive for

OT in the hypothalamic paraventricular nuclei (31). These findings

suggest a potential OT deficiency in PWS, which is supported by

preclinical studies; for a recent summary see (32).

Höybye et al. (33, 34) compared plasma OT levels in people

with PWS to a ‘normal range’ level (15 ± 5 pmol/L) that was

established in a previous study. Plasma samples from a previous

cohort of typically developing people with obesity were also used in

this study therefore, the controls were not age- or sex-matched to

the PWS participants (33, 34). Höybye et al. (33, 34) found that

plasma OT levels in PWS adults were no different from the ‘normal

range’ levels but were significantly lower than plasma OT levels of

typically developing people with obesity. The authors suggested that

reduced plasma OT levels might be associated with hyperphagia in

PWS. In contrast, other studies suggest plasma OT levels (35); and

cerebrospinal fluid OT levels (36) are higher in people with PWS

compared to typically developing controls. The inconsistency in

these findings highlights the need for more research to better

understand the nature and potential role of abnormal endogenous

OT levels in PWS.

Clinical trials examining the efficacy of exogenous OT on PWS

symptomology have also produced mixed findings. Trials that

reported positive results suggesting intranasal OT may reduce

food-related problematic behaviours (37–39) and improve

emotion and behaviour problems and social functioning (37–40)

and infant sucking (41). Some trials found that the positive effects of

intranasal OT were limited to younger children (38), boys and

individuals with the genetic deletion subtype (37). In contrast, two

trials found that OT does not produce positive effects on any PWS

symptoms (42, 43). One trial found children 12 years of age and

older reported significantly more sadness and anger, and less

happiness (38) while another found higher doses of OT increased

temper tantrums (42), one of the most debilitating behavioural

characteristics of PWS (8). Together, these findings suggest that OT

may be involved in the PWS behaviour phenotype. However, the

inconsistent findings mean the synthetic exogenous OT that has

been trialled might not be the most effective treatment and more

research is needed to understand the nature of the altered OT

system in PWS.

We hypothesised that the increase in temper outbursts observed

after the administration of exogenous OT might be explained by the

binding of OT to AVP receptors (42). AVP has been shown to play

a role in aggressive behaviours (44) and the regulation of emotion

and autonomic systems (45). Since people with PWS have reduced

OT-producing neurons (17) and their OT receptor gene may be

methylated (28) it is possible that they also have a deficit in OT

receptors (42). However, even if the OT receptor is not available,

exogenous OT might potentially stimulate the AVP receptors,

assuming these are still functional in PWS.

Five studies have examined the AVP system in individuals with

PWS. The first reported no difference in the number of

hypothalamic AVP-producing neurons in people with PWS

compared to controls (17). The second found lower CSF AVP
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levels (36) in females with PWS compared to female controls.

However, this difference did not persist when the two males with

PWS were removed; that study did not include male controls (36).

The third study found the AVP precursor 7B2 was present in two

out of five PWS patients. However, the processed AVP was absent

in the supraoptic- and paraventricular- nucleus, which the authors

suggested might mean that some people with PWS may have a AVP

processing deficit (46). Finally, a recent magnetic resonance

imaging study found the signal intensity of the ‘bright spot’ in the

posterior pituitary gland was negatively correlated with

hyperphagia and ASD-like behaviours in adolescents and adults

with PWS. The signal intensity is thought to reflect the secretion of

the AVP precursor (47). Together, these findings support an AVP

system defect in PWS.

We are not aware of a published study that has examined the

relationships between endogenous OT and AVP levels and PWS

behaviours. This information would help determine what

behaviours might be related to OT-AVP system defects and could

be used as primary outcome variables in future clinical trials.

The specific aims of the present study are to:
Fron
1. Compare plasma OT and AVP and saliva OT levels in

individuals with PWS to typically developing age-matched

controls.

2. Evaluate whether plasma OT and AVP and saliva OT levels

differ across sex, genetic subtype, or the presence of

psychosis in individuals with PWS.

3. Examine whether plasma OT levels correlate with saliva OT

levels and plasma AVP levels in PWS and controls.
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4. Examine the relationship between plasma OT and AVP and

saliva OT levels and PWS symptoms.
2 Methods

2.1 Participants

The study was reviewed and approved by The University of

Sydney and the Royal Children’s Hospital Human Research Ethics

Committees. Participants were invited into the study via a flyer

circulated by Australian and international PWS associations and on

The University of Sydney website. Participants with PWS were

accompanied by a parent or primary caregiver who had known

them for at least 12 months. Informed consent was obtained from

all participants and the primary caregiver of the person with PWS.

Participants included 30 people with PWS (11 female/19 male)

and 30 typically developing age-matched controls (19 female/11

male). Genetic subtype was known for 27 of the 30 participants with

PWS: 15 had PWS due to deletion, 11 had PWS due to mUPD, and

one had an imprinting centre defect. Six participants with PWS had

a history of psychosis, three with mUPD, two with deletion and one

with an imprinting centre defect. See Table 1 for a summary of

participant characteristics. Of the 30 participants with PWS, 29

were taking at least one medication. The number of medications

ranged from 0-10 with an average of two. The most common

medications were antipsychotics (n=11), antidepressants (n=10),

and growth hormone (n=8). See Table 2 for a summary. None of the
TABLE 1 Participant characteristics, time of blood draw, and neuropeptides measured by group presented as frequency, or mean (SD).

Variables

PWS (n=30)

Controls (n=30)Frequency N (%)

Sex Male 19 (31.7%) 11 (18.3%)

Female 11 (18.3%) 19 (31.7%)

Genetic subtype mUPD 15 (25%) 0

Deletion 11 (18.3%) 0

Mean (SD) Mean (SD)

Age 22.57a (6.17) 22.43a (3.43)

Height 160.07a (12.06) 170.13b (9.10)

Weight 84.66a (35.18) 64.46b (12.68)

BMI 32.58a (12.73) 22.47b (3.09)

Full IQ 64.14a (15.50) 116.70b (12.19)

Time of blood draw 13.26 (1.85) 13.23 (2.16)

Ln plasma OT 5.14 (0.47) 5.20 (0.51)

Ln plasma AVP 3.80 (0.64) 4.26 (0.58)

Ln saliva OT 3.12 (0.26) 3.12 (0.37)
Values highlighted in blue on the same row not sharing the same subscript are significantly different at p< 0.05.
Cells with no subscript are not included in the test. Tests assume equal variances.
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control participants had a health condition, but one female control

was using contraception.
2.2 Measures

The intelligence test was completed by people with PWS and

typically developing controls. All other measures focused on PWS

behaviours and thus were only completed for the PWS cohort by a

parent or primary caregiver.

2.2.1 Intelligence
The Wechsler Abbreviated Scale of Intelligence Second Edition

(WASI-II) (48) was used to assess intelligence quotient (IQ). People

who had aWechsler IQ test administered within the last two years did

not have to do this test if data from the previous test were available.

2.2.2 Emotion and behaviour problems
The Developmental Behaviour Checklist (DBC) Primary Carer

(49) and Adult Versions (49) were used to assess emotion and

behaviour problems as reported by parents of people with PWS.

The DBC is an informantmeasure that has been successfully used in a

number of PWS studies (6, 7, 9, 42, 50). The Total Behaviour Problem

Score (TBPS) gives an overall measure of emotion and behaviour

disturbance, the subscale scores describe domains of disturbance, and

the individual items can give a fine-grained indication of specific

problems. The DBC has high inter-rater reliability (ICC =0.80), high

internal consistency (0.941) and high concurrent validity and has

been tested with other measures of behaviour disturbance. The

sensitivity to change of these measures has been documented (51).

The DBC-A subscales were used in the present study, subscale item

examples are provided in the Supplementary Material to provide an

indication of the constructs they measure.
2.2.3 Hyperphagia
The Hyperphagia Food Questionnaire for Clinical Trials (HQ-

CT) was used to measure eating behaviours (52). Based on the

Dykens Hyperphagia (53); the HQ-CT includes nine items that

assess the severity of hyperphagic behaviours specific to PWS on a
Frontiers in Endocrinology 04
5-point Likert scale and are summed for a total score, with higher

scores indexing more hyperphagic symptoms.

2.2.4 Emotion recognition
The Ekman Emotion Recognition Task is themost widely used and

validated series of photographs in facial expression research (54). This

test was used to assess participants’ abilities to recognise emotions from

faces. This test comprises 60 photographs of faces posed by actors, each

photograph depicting one of the basic emotions: happiness, sadness,

anger, fear, surprise, and disgust. This measure has previously been

used with individuals with PWS (55).

2.2.5 Sleep
The Epworth sleepiness scale (ESS) is a simple 8-item measure

widely used in sleep research including in people with intellectual

disabilities and PWS (42, 56, 57). It has been shown to have good

content validity when used with people with PWS (58). The primary

caregiver of the person with PWS completed the ESS.
2.3 Procedure

The study was conducted at The University of Sydney’s Brain

and Mind Centre and the Royal Children’s Hospital in Melbourne.

2.3.1 Plasma collection
Participants underwent a blood draw. Approximately 2000 µl of

blood was collected in chilled glass tubes containing disodium

EDTA and kept in ice. After collection, the blood sample was

centrifuged at 3000-3500 rpm for ten min at 4°C. The plasma

(supernatant) was collected (400 µl per aliquot), and aliquoted into

two microcentrifuge tubes (1.5 ml Eppendorf tubes) immediately

and stored at -80°C (for long term) until assay.

2.3.2 Saliva collection
Participants’ saliva samples were collected using a Salivette.

Participants were asked to leave the Salivette swab in their mouth

for two minutes without chewing. The swab was then sealed,

labelled, and stored for analysis. Salivettes were ice-chilled for up
TABLE 2 Medications for participants with PWS, frequency (%).

Medication Total (n=30) Male (n=19) Female (n=11)

Antipsychotic 11 (37%) 8 (42%) 3 (27%)

SSRI 10 (33%) 6 (32%) 4 (36%)

Levothyroxine 7 (23%) 4 (21%) 3 (27%)

Testosterone 7 (23%) 7 (37%) –

Growth Hormone 8 (22%) 6 (32%) 2 (18%)

Oestrogen 5 (17%) – 5 (46%)

Metformin 5 (17%) 4 (21%) 1 (9%)

Gliclazide 4 (13%) 2 (11%) 2 (18%)

Progesterone 2 (7%) – 2 (19%)
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to 1 hour before being centrifuged at 4°C at 1500 × g for 15 minutes.

The liquid samples were stored at −80°C.

2.3.3 Plasma and saliva processing
To measure the concentrations of OT and AVP, highly sensitive

Enzyme Immunoassay kits (EIA; Arbor Assays LLC., Ann Arbor,

Michigan, USA) were used. The EIA has a minimal detection rate of

16.38 pg/mL for OT and 4.096 pg/mL for AVP. The EIA has minimal

cross-reactivity for other neuropeptides. To ensure the reliability of the

assays, all samples were run at the same time by an investigator blind to

the origins of the samples. All but one of each of the plasma coefficients

of variance were less than 14.4 (m=6.03) for OT and 18.4 (m=3.5) for

AVP in intra-assays, and less than 4.97 for OT and 1.42 for AVP in

inter-assays. Removing the two samples that had higher coefficients

made no difference to the findings, so they were retained. Similarly, the

saliva CV were less than 8.88 for OT in intra-assays and less than 3.88

for OT in inter-assays. The samples were not extracted as previous

research has shown that accurate measurement of OT in human blood

plasma can be obtained without extraction (59, 60). Additional

information on extracted vs. non-extracted plasma OT measurement

can be found in the study by Plasencia et al. (61).
2.4 Statistical analyses

Analyses were conducted using IBM SPSS Statistics 28 for

Windows. Two-tailed unpaired independent t-tests were conducted

to determine the between-group differences (PWS vs. typically

developing controls) for participant demographic characteristics.

Categorical variables such as sex and genetic subtype are presented

as frequencies while continuous variables are presented as mean (SD).

Known confounders of endogenous OT levels include sex, time of

day, age and menstrual cycle variation (62, 63). We controlled for all

but menstruation as only 3/11 females with PWS had a menstrual

cycle, which is not uncommon in females with PWS (64).

Comparisons of plasma and saliva neuropeptide levels between

categorical variables like group allocations (PWS vs. control), sex

(male vs. female) genetic subtype (mUPD vs. deletion), and

psychosis (Yes vs. No) were analysed by building multifactorial

one-way analysis of covariance (ANCOVA) models using the

general linear model (GLM) function in SPSS. The GLM was
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chosen to ascertain if a combination of the categorical predictor

variables explains the variability in neuropeptide levels. Age and

time of blood draw were included as covariates to account for

possible confounding effects. For significant results from the GLM,

pairwise comparisons were made using Bonferroni as a post hoc test

to determine if a significant difference was present in each group.

ANCOVA adjusts for continuous covariates so there is a distinctive

assessment of the impacts of discrete predictors. The significance

level was set at p<0.05 but given the exploratory nature of the study,

near-significant trends at p<0.1 were highlighted in the results.

Pearson’s correlation coefficients were used to correlate

neuropeptides against each other in the entire participant cohort

followed by correlation by subgroups including PWS only, typically

developing control group only, the male and female cohort

respectively as seen in Table 3.

Correlations were also conducted for neuropeptides against

variables representing emotion and behaviour problems

including, TBPS from the DBC, single subscale items from the

DBC, Ekman Emotion Recognition Task, ESS, and HQ-CT. Mean

item scores were used to combine the TBPS and shared DBC-P and

DBC-A subscales. However, some DBC-P and A subscales differ

slightly between the two measures. We used the DBC-A subscale, so

the subscales that are unique to the DBC-A only included data from

adults with PWS and have a slightly smaller sample size.

3 Results

The natural log transformations (Ln) of neuropeptides were

used for statistical analyses as tests of normality resulted in non-

normally distributed (skewed) outputs. All other respective data

assumptions were met for the parametric test conducted, including

normality, constant variance, and parallel lines.
3.1 Participant characteristics

Independent samples t-test revealed thatagewas similaracross those

withPWSand controls.Weight andBMIwere significantly higher in the

PWS group while height and IQwere higher in the typically developing

group (Table 1). AVP was significantly different (t= -2.93, p= 0.005)

between groups, i.e., lower in PWS compared to typically developing
TABLE 3 Independent samples t-test results of neuropeptides and time of blood draw across sex, genetic subtype, and psychosis in PWS group only.

Variables

PWS ONLY

Sex Genetic Subtype Psychosis

Male Female Deletion mUPD Yes No

Mean (SD)

Ln Plasma OT 5.09 (0.55) 5.22 (0.29) 5.19 (0.39) 5.23 (0.39) 5.10 (0.45) 5.16 (0.49)

Ln Plasma AVP 3.77 (0.66) 3.84 (0.62) 3.89 (0.72) 3.81 (0.58) 4.02 (0.52) 3.75 (0.68)

Ln Saliva OT 3.06 (0.24) 3.21 (0.28) 3.11 (0.25) 3.22 (0.32) 3.33 (0.38) 3.10 (0.24)

Time of Blood Draw 13.10 (1.88) 13.54 (1.86) 13.47 (1.35) 12.82 (1.99) 14.40 (2.41) 12.90 (1.61)
fr
There was no significant difference.
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controls (Table 1). The t-test results for neuropeptides and time of blood

drawacross sexes, genetic subtypes andpresenceof psychosis showedno

significant differences (Table 3). There were 14 participants with PWS

taking sex (testosterone, oestrogen and/or progesterone) and/or thyroid

medication, which holds the potential to influence neuropeptide levels.

Differences in AVP levels between people with PWS and controls

remained when these participants were removed. The sample size was

too small to conduct comparisons within the PWS participants (sex,

genetic subtype, and presence of psychosis) if levels from these 14

were removed.
3.2 Comparing neuropeptides in the full
cohort across group allocations and sex
with covariates

ANCOVAmodels were developed to compare the impact of group

allocation (PWS vs. control) and sex (male vs female) categories on the

neuropeptides i.e., plasma OT, plasma AVP and saliva OT levels while

controlling for age and the time of blood draw as covariates. There were

no significant differences in plasma OT levels between PWS and

controls [F (1,55) = 0.184, p= 0.669] or between males and females

[F (1,55) = 0.037, p = 0.848]. Non-significant results were also found for

saliva OT levels between sex and group allocation at [F (1,51) = 3.729,

p = 0.059] and [F (1,51) = 0.266, p = 0.608], respectively. However,

for the plasma AVP neuropeptide, levels were significantly lower

[F (1,55) = 6.564, p = 0.013)] in PWS (M = 3.142, SE= 0.064)

compared to controls (M = 3.096, SE = 0.060) as depicted in the

boxplot (Figure 1). There were no significant differences in AVP

between males and females [F (1,55) = 1.058, p = 0.308]. See Table 4.
3.3 Comparing neuropeptides in the PWS
group across genetic subtypes and sex
with covariates

The same modelling process was carried out to examine

whether neuropeptides differed across genetic subtypes and sex

within the PWS cohort. There were no differences recorded between

plasma OT and AVP levels across both groups (genetic subtype and

sex). However, saliva OT was significantly higher [F (1,17) = 6.543,
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p= 0.020] in females with PWS (M = 3.340, SE = 0.081) compared to

males with PWS (M = 3.087, SE = 0.059) (Figure 2). Similarly,

significant saliva OT levels F (1,17) = 4.398, p = 0.050] were found

in the genetic subtype with higher levels in the mUPD group (M =

3.319, SE = 0.083) compared to deletion (M = 3.107, SE = 0.059)

also shown in the boxplot, Figure 3. The effect size was evaluated

from the partial ETA squared result of 0.278 indicating that a 27.8%

change/variance in saliva OT can be accounted for by sex. Similarly,

the effect size from the partial ETA squared result for the genetic

subtype was 0.206, meaning a 20.6% change in saliva OT was

attributed to the genetic subtype. See Table 4.
3.4 Comparing neuropeptides in the
PWS group across psychosis and sex
with covariates

An ANCOVA model was generated to examine whether

neuropeptides differed between those with and without psychosis

and sex categories focusing on the PWS group only and controlling

for age and time of blood draw as covariates. Results show no

significant differences in plasma OT and plasma AVP levels across

both psychosis and sex groups. In saliva OT, there were significant

results for sex [F (1,20) = 5.492, p = 0.030] with females (M = 3.340,

SE = 0.081) having higher level of saliva OT than males (M = 3.087,

SE = 0.059). The effect size was evaluated from the partial ETA

squared result of 0.215 indicating that a 21.5% change/variance in

saliva OT can be attributed to sex.
3.5 Relationship between OT and
AVP levels

As presented in Table 5, plasma OT had a significant positive

correlation with plasma AVP and saliva OT levels in the full cohort

(r2 = 0.550, p < 0.001, r2 = 0.411, p = 0.002), typically developing

control group (r2 = 0.561, p = 0.001, r2 = 0.518, p = 0.003) and

female group (r2 = 0.485, p = 0.007, r2 0.483 = 0.008), respectively.

Scatterplots of neuropeptides by group allocation and gender are

shown in Figures 4, 5. However, there were only significant

correlations between plasma OT and plasma AVP for PWS

(r2 = 0.574, p < 0.001) and male-only groups (r2 = 0.636, p <

0.001). All other correlations across neuropeptides were not

significant but there was a positive trend between plasma AVP

and saliva OT (r2 = 0.224, p = 0.097) in the full cohort.
3.6 Relationship between OT and AVP
levels and behaviour

Given that differences were found in neuropeptide levels across

sex and genetic subtype within the PWS cohort, we examined the

association between neuropeptide levels and behaviours separately

for males and females and for deletion and mUPD groups, see

Table 6. Given the number of analyses (9 behaviours for each sex

and genetic subtype) and the small sample size (n=30), these

findings must be interpreted with caution.
FIGURE 1

Simple boxplot of vasopressin by group of allocation (PWS and control).
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TABLE 4 General Linear model/Univariate analyses of covariance of neuropeptides across fixed factor variables controlling for age and time of blood
draw as covariates.

Cases Neuropeptides Categorical Variables Statistics

Subgroup 1 Subgroup 2 ANCOVA adjusted for Age and Time of Blood Draw

Mean ± SE Mean ± SE F p-value

Full Cohort Ln Plasma OT

Group Allocation PWS Control

5.143 (0.093) 5.201 (0.093) 0.184 0.669

Sex Male Female

5.159 (0.094) 5.185 (0.094) 0.037 0.848

Ln Plasma AVP

Group Allocation PWS Control

3.142 (0.064) 3.096 (0.060) 6.564 0.013

Sex Male Female

3.032 (0.063) 3.206 (0.062) 1.058 0.308

Ln Saliva OT

Group Allocation PWS Control

3.142 (0.064) 3.096 (0.060) 0.266 0.608

Sex Male Female

3.032 (0.063) 3.206 (0.062) 3.729 0.059

PWS only Ln Plasma

Genetic Subtype mUPD Deletion

5.259 (0.133) 5.190 (0.109) 0.163 0.691

Sex Male Female

5.182 (0.100) 5.267 (0.140) 0.243 0.627

Ln Plasma AVP

Genetic Subtype mUPD Deletion

3.880 (0.221) 3.872 (0.182) 0.001 0.977

Sex Male Female

3.826 (0.167) 3.926 (0.234) 0.121 0.732

Ln Saliva OT

Genetic Subtype mUPD Deletion

3.319 (0.083) 3.107 (0.059) 4.398 0.050

Sex Male Female

3.087 (0.059) 3.340 (0.081) 6.543 0.020

PWS only Ln Plasma OT

Psychosis Yes No

4.972 (0.219) 5.218 (0.100) 1.036 0.319

Sex Male Female

5.016 (0.134) 5.175 (0.165) 0.765 0.390

(Continued)
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3.6.1 PWS cohort
The relationship between OT and AVP levels and behaviour was

examined within the PWS group only. For the entire PWS cohort, we

found higher levels of plasma OT level were related to lower disruptive

behaviours (r2 = -0.38, p = 0.04) as well as DBC TBPS, although the

latter was not statistically significant. Plasma AVP levels positively

correlated with daytime sleepiness (r2 = 0.37, p = 0.05). Saliva OT also

positively correlated with depressive symptoms (r2 = 0.47, p = 0.05).

3.6.2 PWS males
For PWS males, significant correlations were recorded between

plasma OT with the strongest negative correlation in the DBC TBPS

overall (r2 = -0.58, p= 0.009) followed by social relating difficulties

(r2 = -0.57, p= 0.01), symptoms of hyperphagia (r2 = -0.51, p = 0.03)

and disruptive behaviour scales (r2 = -0.46, p= 0.05). This means

that increased plasma OT in PWS males was related to decreased

behaviour problems, disruptive behaviour, social relating difficulties

and hyperphagia.
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3.6.3 PWS females
For PWS females, significant correlations among specific PWS

symptoms were observed across all three neuropeptides (plasma OT

and AVP and saliva OT). Plasma OT was positively correlated with

being self-absorbed (r2 = 0.76, p= 0.007) and negatively related to

emotion recognition abilities (r2 = -0.61, p= 0.02). Plasma AVP

positively correlated with daytime sleepiness (r2 = 0.60, p = 0.05).

Finally, saliva OT was positively correlated with social relating

difficulties (r2 = 0.82, p = 0.004).
3.6.4 Deletion subtype
In the deletion group, there was a negative correlation between

plasma OT and disruptive behaviour (r2 = -0.54, p= 0.04). All other

correlations in the deletion subtype were negative and trending

towards significance between plasma OT and TBPS (Figure 6) as

well as saliva OT and self-absorbed and depressive behaviour but

did not reach statistical significance.
TABLE 4 Continued

Cases Neuropeptides Categorical Variables Statistics

Subgroup 1 Subgroup 2 ANCOVA adjusted for Age and Time of Blood Draw

Mean ± SE Mean ± SE F p-value

Ln Plasma AVP

Psychosis Yes No

3.912 (0.312) 3.788 (0.143) 0.129 0.722

Sex Male Female

3.816 (0.192) 3.884 (0.235) 0.070 0.794

Ln Saliva OT

Psychosis Yes No

3.319 (0.083) 3.107 (0.059) 2.642 0.120

Sex Male Female

3.087 (0.059) 3.340 (0.081) 5.492 0.030
Values highlighted in blue, and green are significant or near significant at p < 0.05 and p < 0.1, respectively.
FIGURE 2

Simple boxplot of salivary oxytocin by gender (male and female) in
the PWS group.
FIGURE 3

Simple boxplot of salivary oxytocin by genetic subtype (deletion and
mUPD) in the PWS group.
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3.6.5 mUPD subtype
In the mUPD genetic subtype, although there were no

significant correlations recorded against plasma OT and any PWS

symptom, plasma AVP was significantly and positively correlated

with five PWS symptoms including TBPS (Figure 7), hyperphagia,

social relating difficulties and self-absorbed and depressive

behaviours (r2 = 0.71, p= 0.015; r2 = 0.79, p= 0.011; r2 = 0.72,

p= 0.013; r2 = 0.65, p= 0.029; r2 = 0.71, p= 0.047, respectively).

There was also a trend towards significance for a negative

correlation between saliva OT and emotion recognition.
4 Discussion

In the present study, we examined differences in plasma OT and

plasma AVP and saliva OT levels in people with PWS and age-

matched typically developing controls and the relationship between

these neuropeptides and PWS behaviours. People with PWS had

lower plasma AVP levels than controls. No difference was found in

plasma or saliva OT levels between the cohorts. For people with

PWS, there was no difference in neuropeptide levels between those

with and without psychosis. However, saliva OT levels were lower in

people with the deletion genetic subtype compared to the mUPD

genetic subtype and in males compared to females.

We found plasma AVP levels were lower in people with PWS

compared to age-matched controls. Our findings support the

existing literature, which suggests a potential AVP system defect

in PWS (36, 46, 47). Studies that have compared AVP levels in

individuals with autism spectrum disorder (ASD) to typically

developing controls have reported mixed results (65–69). The

sparsity of studies and variability in methodology and findings

make it difficult to draw conclusions about the role of AVP in ASD

(70) However, a randomised-controlled trial (RCT) of intranasal

AVP reported improvements in social abilities, anxiety, and some

repetitive behaviours in those taking AVP compared to placebo

(71). The only other trial of an AVP product in ASD was an RCT of

Balovaptan, a selective AVP 1a receptor antagonist. This large

multi-centre study found no improvements (72). AVP has not

been trialled in individuals with PWS. However, centrally

administered AVP has been shown to “rescue” social deficits in

Magel2-deficient mice (73). Magel2 is one of the genes that is

reduced in expression in the PWS critical region of chromosome 15.

The findings from two meta-analyses suggest endogenous OT

(plasma, urine, or saliva) levels are lower in children with ASD

compared to typically developing controls but that this difference is

not present in adolescents and adults with ASD (74, 75). Age

differences might explain why our findings differed from a study

that reported plasma OT levels to be higher in children with PWS

(mean age 8.2 years; SD 2) compared to controls (35) but aligned

with a study conducted with adults with PWS that reported similar

rates of plasma OT with a ‘normal’ range (33). Our findings also

differed from a study that reported higher CSF OT levels in

adolescents and adults with PWS compared to typically

developing controls (36), which might be due to differences in

plasma and CSF. A meta-analysis of 17 studies found that plasma

and CSF OT levels did not correlate at baseline but did after
T
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experimentally inducing stress. However, this meta-analysis did not

control for covariates like age and sex and the methodologies varied

greatly across studies, including both humans and other

species (76).

Recent studies have found stronger correlations in OT levels

between CSF and saliva than between CSF and plasma (77, 78),

suggesting that saliva might be a better biomarker of central OT

levels. Our study is the first to examine saliva OT levels in

individuals with PWS, we found no difference to typically

developing controls. However, saliva OT levels were lower in

people with PWS due to deletion compared to the mUPD genetic

subtype and in males compared to females with PWS. These

differences were not found in our plasma samples or plasma

samples collected from children with PWS (35). We also found

that for those with deletion, PWS behaviours positively correlated

with plasma and saliva OT but not with plasma AVP. Conversely,

for those with mUPD behaviours negatively correlated with plasma

AVP but not plasma OT. These findings are discussed in more

detail below. Interestingly, the longest clinical trial of intranasal OT

conducted in PWS reported more significant improvements in
Frontiers in Endocrinology 10
eating and socialising behaviours in children with deletion than

mUPD subtype and in males compared to females, which aligns

with our findings (37). Individuals with mUPD tend to have more

social communication difficulties and are more likely to meet the

criteria for ASD than people with PWS due to deletion (79). Based

on these behavioural differences and the known decrease in OT in

children with ASD (74, 75), one might expect the PWS mUPD

cohort to have lower OT levels than those with deletion. It might be

that the higher rate of ASD-like behaviours in those with mUPD is

associated with AVP system defects rather than OT. Future studies

comparing saliva OT levels across genetic subtypes are needed to

verify our findings.

Research conducted within the typically developing population

has also reported lower OT levels in males compared to females (80,

81). A meta-analysis of studies conducted with people with ASD

found that lower OT levels in children with ASD compared to

typically developing controls were only present in males (75).

However, studies conducted with adult psychiatric populations,

such as major depressive disorder and obsessive-compulsive

disorder reported no difference in OT levels across sexes (81). It
FIGURE 4

Scatterplot matrix of neuropeptides by group allocation (PWS and control).
FIGURE 5

Scatterplot matrix of neuropeptides by gender (male and female).
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might be that reduced OT in males with PWS is not related to the

syndrome but rather part of typical development.

A recent study reported lower methylation of the OXTR exon

region 1 in males with PWS with psychosis compared to those

without psychosis (28). We found no difference in OT or AVP levels

between people with PWS with and without psychosis, however,

only five individuals with PWS in our cohort had psychosis. So, our

sample size might have been too small to detect a difference.

We examined the relationship between neuropeptides and PWS

symptoms. Given differences were found in saliva OT levels across

sex and genetic subtype, we examined the relationship between

neuropeptides in males and females and the deletion and mUPD
Frontiers in Endocrinology 11
genetic subtype separately. For males, higher plasma OT correlated

with fewer behaviour problems, including disruptive behaviour,

social relating (ASD-like) difficulties and hyperphagia. For females,

higher OT was associated with being self-absorbed and having

difficulty with emotion recognition. These findings suggest OT and

AVP might be related to different behaviour and social skill

difficulties across sexes in PWS and highlight the need to identify

sex differences when examining OT-AVP system abnormalities in

PWS or trialling related interventions.

In people with the deletion subtype of PWS, higher plasma OT

correlated with fewer behaviour problems and higher saliva OT

correlated with fewer depressive and self-absorbed difficulties.
TABLE 6 Relationships between plasma OT, AVP and saliva OT levels and symptoms in the PWS groups.

ALL PWS PWS MALES PWS FEMALES PWS Deletion PWS UPD

OT AVP OTS OT AVP OTS OT AVP OTS OT AVP OTS OT AVP OTS

DBC MIS TBPS

-0.34 0.05 0.00 -0.58** -0.10 -0.21 0.41 0.34 0.31 -0.47 -0.30 -0.15 0.19 0.71* 0.15

0.07 0.79 0.99 0.009 0.68 0.43 0.21 0.31 0.38 0.080 0.285 0.601 0.585 0.015 0.717

30 30 26 19 19 16 11 11 10 15 15 14 11 11 8

DBC MIS Disruptive

-0.38* -0.03 -0.08 -0.46* -0.22 -0.03 -0.19 0.32 -0.12 -0.54* -0.38 0.01 -0.07 0.41 -0.03

0.04 0.90 0.69 0.05 0.36 0.93 0.58 0.33 0.75 0.040 0.167 0.986 0.847 0.209 0.941

30 30 26 19 19 16 11 11 10 15 15 14 11 11 8

DBC MIS Communication

-0.17 0.18 -0.01 -0.34 0.13 -0.25 0.49 0.31 0.42 -0.26 0.00 -0.03 0.08 0.59 -0.04

0.37 0.34 0.98 0.16 0.61 0.34 0.12 0.35 0.22 0.349 0.992 0.925 0.810 0.056 0.922

30 30 26 19 19 16 11 11 10 15 15 14 11 11 8

DBC MIS Self-absorbed

-0.08 0.20 0.05 -0.27 0.18 -0.21 0.76** 0.30 0.48 -0.07 0.03 -0.47 0.29 0.65* 0.38

0.67 0.28 0.80 0.27 0.45 0.44 0.007 0.38 0.16 0.800 0.923 0.088 0.389 0.029 0.358

30 30 26 19 19 16 11 11 10 15 15 14 11 11 8

DBC MIS Depressive

-0.13 0.18 0.47* -0.38 -0.04 0.12 0.43 0.46 0.78 -0.39 -0.10 0.56 0.33 0.71* 0.37

0.58 0.44 0.05 0.16 0.89 0.72 0.34 0.30 0.07 0.206 0.749 0.072 0.418 0.047 0.539

22 22 18 15 15 12 7 7 6 12 12 11 8 8 5

DBC MIS Social relating

-0.21 0.13 0.33 -0.57* -0.08 -0.34 0.45 0.39 0.82** -0.38 -0.14 0.31 0.29 0.72* 0.35

0.26 0.51 0.11 0.01 0.73 0.19 0.17 0.24 0.004 0.167 0.609 0.276 0.386 0.013 0.390

30 30 26 19 19 16 11 11 10 15 15 14 11 11 8

Epworth daytime sleepiness
scale

-0.08 0.37* 0.09 -0.15 0.24 -0.16 0.13 0.60* 0.42 -0.05 0.39 0.21 0.14 0.53 0.04

0.68 0.05 0.67 0.55 0.33 0.55 0.70 0.05 0.23 0.849 0.151 0.474 0.688 0.093 0.926

30 30 26 19 19 16. 11 11 10 15 15 14 11 11 8

Hyperphagia questionnaire
total score

-0.23 0.16 0.13 -0.51* -0.12 -0.06 0.14 0.56 0.06 -0.41 -0.09 0.03 0.49 .790* 0.61

0.24 0.41 0.54 0.03 0.63 0.81 0.71 0.09 0.88 0.124 0.763 0.907 0.184 0.011 0.146

28 28 25 18 18 16. 10 10 9 15 15 14 9 9 7

Ekman emotion recognition

-0.02 0.01 -0.18 0.18 0.03 -0.14 -.61* -0.05 -0.37 0.10 -0.04 0.12 -0.38 -0.17 -0.68

0.92 0.95 0.39 0.49 0.89 0.62 0.02 0.89 0.29 0.715 0.887 0.677 0.314 0.662 0.062

28 28 26 17 17 16. 11 11 10 15 15 14 9 9 8
frontier
Highlighted in green is a nearly statistically significant trend at <0.1; highlighted in blue is statistically significant at <0.05. Each cell provides Pearson r2, p-value, and the number of participants
(n), respectively. Correlation is significant at the 0.01 level (2-tailed)**. Correlation is significant at the 0.05 level (2-tailed)*. Full table is available in the Supplementary Material (Table 3). DBC
MIS TBPS, Developmental Behaviour Checklist Mean Item Score Total Behaviour Problem Score.
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There was no relationship with AVP. For people with the mUPD

subtype the reverse was true, higher AVP correlated with higher

behaviour problems, including depressive, communication, social

relating, and self-absorbed difficulties as well as with higher rates of

hyperphagia. There was no relationship with plasma OT and only a

nearly significant negative correlation with saliva OT and emotion

recognition. These findings suggest that for PWS, some behaviour

problems might relate to OT system abnormalities for those with

deletion and AVP system abnormalities for those with mUPD.

Future studies are needed to validate our findings.

There are several study limitations worth mentioning. First,

peripheral neuropeptide levels can differ from those of central

levels (63, 76). While some studies suggest saliva OT might be a

better biomarker of central OT than plasma (77, 78), more research is

needed to confirm this hypothesis. Second, 14 participants with PWS

in the current study were taking sex (testosterone, oestrogen and/or

progesterone) and/or thyroid medication that could alter

neuropeptide levels. Differences in AVP levels between people with

PWS and controls remained significant when these participants were

removed. The sample size was too small to conduct comparisons

within the PWS participants if levels from these 14 were removed.

While children with PWS are given growth hormones from a young

age, sex hormones are typically prescribed post-puberty, so studies

conducted with children could help control for this confound. Third,

some authors have recommended sample extraction prior to assay for
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measuring OT; as unextracted samples provide higher levels than

those that are extracted (82). As explained elsewhere, OT has unique

properties that make this molecule both biologically active and

difficult to measure (60, 83). However, recent research suggests that

this discrepancy in estimates of OT may result from the removal of

bound OT during the extraction step (60, 84). Whether the bound or

unbound OT is more biologically active is unclear. However, several

recent studies comparing functional relationships between extracted

versus unextracted samples have suggested that stronger relationships

between OT and behaviour are detected in measurements of

unextracted plasma samples (85, 86).

Finally, this was an exploratory study with several analyses and

relatively small sample size, so our findings, particularly the

correlation analyses between the neuropeptides and behaviour,

must be interpreted with caution.
5 Conclusions

This is the first study to examine saliva OT levels in PWS and to

examine the relationship between endogenous OT and AVP and

PWS behaviour. We found plasma AVP was significantly lower in

individuals with PWS compared to age-matched controls. Within

the PWS cohort, saliva OT levels were lower in males compared to

females and individuals with the deletion vs mUPD genetic subtype.

We also found that the neuropeptides correlated with different PWS

behaviours for males and females and for genetic subtypes. For the

deletion group, higher plasma and saliva OT levels were related to

fewer behaviour problems and for mUPD higher plasma AVP levels

were related to more PWS behaviours. Our findings highlight the

need to consider sex and genetic subtype differences in future

investigations of these neuropeptides.
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