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Abstract

Introduction Prader—Willi syndrome is a complex neurodevelopmental genetic disorder due to lack of paternal expression
of critical imprinted genes in the 15q11.2-q13.1 chromosomal region, generally from a paternal deletion. Predominant fea-
tures include infantile hypotonia, a poor suck with failure to thrive, craniofacial features, and developmental and behavioral
problems including self-injury and childhood onset of obesity. In addition to severe obesity, patients with PWS present with
other symptoms of autonomic nervous system dysfunction.

Methods We examined the features seen in Prader—Willi syndrome and searched the literature for evidence of autonomic
nervous system involvement in this rare obesity-related disorder and illustrative findings possibly due to autonomic nervous
system dysfunction. Additionally, we reviewed the literature in relation to childhood obesity syndromes and compared those
syndromes to the syndromic obesity found in Prader—Willi syndrome.

Results We report autonomic nervous system-related symptoms associated with childhood obesity impacting features seen in
Prader—Willi syndrome and possibly other obesity-related genetic syndromes. We compiled evidence of both an autonomic
route for the obesity seen in PWS and other autonomic nervous system-related dysfunctions. These include decreased sal-
vation, sleep disordered breathing, increased pain and thermal threshold instability, delayed gastric emptying, altered blood
pressure readings, and pupillary constriction responses as evidence of autonomic nervous system involvement.
Conclusions We summarized and illustrated findings of autonomic nervous system dysfunction in Prader—Willi syndrome
and other obesity-related syndromes and genetic factors that may play a causative role in development.
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Introduction

Prader—Willi syndrome (PWS) is a complex neurodevelop-
mental genetic disorder caused by errors in genomic imprint-
ing of the 15q11.2-q13.1 region. PWS affects approxi-
mately 1:10,000-30,000 individuals with an estimated

>4 Merlin G. Butler
mbutler4 @kumc.edu

Departments of Psychiatry & Behavioral Sciences
and Pediatrics, University of Kansas Medical Center,
Kansas City, KS 66160, USA

Department of Neurology, The University of Tennessee
Health Science Center, Memphis, TN 38163, USA

IPBS Program, The University of Tennessee Health Science
Center, Memphis, TN 38163, USA

Department of Pediatrics and Anatomy & Neurobiology, The
University of Tennessee Health Science Center, Memphis,
TN 38163, USA

350,000-400,000 cases worldwide [1-5]. Features of PWS
include severe hypotonia with a poor suck and failure to
thrive during infancy with hypogonadism and hypogenital-
ism noted in both sexes. Additional presentations include
developmental delay, facial dysmorphology (bifrontal nar-
rowing, upslanting, almond-shaped eyes, high palate, small
chin), short stature, small hands and feet, as well as growth
and other hormone deficiencies with endocrine dysfunction
involving the thyroid, sex organs, pancreas, and adrenal
glands [5, 6]. Several of these endocrine disturbances can
be seen during infancy, childhood, or adolescence, including
hypothyroidism, adrenal insufficiency, and hypogonadism
with altered pubertal development [7]. Swallowing diffi-
culties and a poor suck reflex are common during infancy;
however, in early childhood and into adulthood, the patients
display excessive eating with hyperphagia and poor satiety,
decreased physical activity, and lower resting metabolism
that leads to severe obesity if not externally controlled.
Hyperphagia is a major problem in PWS and typically lasts
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over the lifetime with no known treatment options once
it develops. Mild intellectual disabilities and associated
psychiatric manifestations are present including addictive
behaviors, obsessive compulsive disorders, attention deficit
hyperactivity, violent outbursts, poor peer interactions, stub-
bornness, and skin picking with evidence of eating nonfood
or inedible items [5, 6, 8—10]. These patterns can continue
into adolescence and adulthood.

Genetic basis of PWS

Individuals with PWS show lack of expression of imprinted
genes from the paternally expressed 15q11.2-q13.1 chromo-
some region and are grouped into three molecular genetic
classes. These include a common paternal 15q11.2-q13.1
deletion, generally sporadic in origin, seen in approximately
60% of individuals with PWS, followed by maternal dis-
omy 15 seen in approximately 35% of cases. Most of the
remaining subjects have a defect in the imprinting center that
controls the activity of imprinted genes on chromosome 15
or other chromosome 15 abnormalities including transloca-
tions and inversions [2, 11-13]. Reported clinical differences
in those PWS individuals with the chromosome 15q11.2-
q13.1 deletion include hypopigmentation and greater clinical
homogeneity [14-16]. Those with maternal disomy 15 are
at an increased risk of developing psychiatric disorders and
behavioral problems including autism and cycloid psychosis
[17-23].

There are two typical deletion subtypes of the 15q11.2-
ql3.1 deletion (larger type I and smaller type II) involving
two proximal 15q11.2 breakpoints (BP1 seen in type I and
BP2 seen in type II) but the same distal breakpoint (BP3) in
both deletion subtypes. There are four genes in the 15q11.2
BP1 and BP2 region (NIPAI, NIPA2, CYFIPI, and TUB-
GCP5) that code for magnesium transporters, axon growth,
neurodevelopmental and bone morphogenic proteins known
to impact brain function and bone with cartilage develop-
ment. When these genes are deleted only, they play a role in
an emerging disorder [15q11.2 BP1-BP2 deletion or Burn-
side—Butler syndrome], which is a separate condition with
motor and speech delay, mood disorders and neurobehavio-
ral problems including autism and seizures [24-26]. Hence,
the individuals with PWS containing the larger type I dele-
tion, with the four genes deleted, are more prone to severe
clinical findings including lower functioning, increased skin
picking and compulsions than those with the smaller type II
deletion, where the four BP1-BP2 located genes are intact.

Individuals with PWS caused by maternal disomy 15
(or both chromosome 15s from the mother), due to non-
disjunction during female meiosis or gamete production, can
be grouped into three subclasses (maternal heterodisomy,
maternal segmental isodisomy, or maternal total isodisomy).
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Those with maternal heterodisomy have both chromosome
15s from the mother without crossover events which nor-
mally occur in maternal meiosis I; therefore, the genetic
pattern of each of the 15s found in the egg remain different
while those with segmental isodisomy will have the same or
identical chromosome 15 segments due to crossover events
in meiosis. Those with total isodisomy of the entire chromo-
some 15 will have identical DNA patterns on each of the
15s. Hence, if the mother is a carrier of a recessive gene that
causes disease, of which there are dozens on chromosome
15, then the child will have PWS due to two 15s from the
mother and a second genetic condition (e.g., Bloom syn-
drome) due to a homozygous mutation on chromosome 15.
This is important for genetic counseling and management of
the PWS child for additional genetic conditions if the gene
is located in the isodisomic region or for the entire chromo-
some 15 with many potential at risk disease-causing genes.
These PWS children should then be followed for PWS and
under-surveillance for other recessive disorders on chromo-
some 15, if needed [5].

Autonomic system dysfunction in PWS

Individuals with PWS present with varying degrees of auto-
nomic nervous system (ANS) dysfunction. Figure 1 shows
these affected systems and characteristics. PWS subjects
have thermal regulation problems resulting in hypo- or
hyperthermia with reduction in core temperature in response
to cold stress, decreased pain sensation with self-injury, gas-
trointestinal disturbances involving the oropharyngeal region
and bowel motility characterized by increased prevalence
of prolonged total gastrointestinal transit time and delayed
gastric emptying with decreased salivation and altered
sleep control with excessive daytime somnolence [27, 28].
Several of these findings represent an abnormality in cir-
cadian rhythm and rapid eye movement sleep, insensitivity
to hypoxia and hypercarbia, pain perception with learning,
and behavior problems along with poor executive plan-
ning [27]. Some features seen in PWS are similarly seen in
patients with classic peripheral ANS disorders such as famil-
ial dysautonomia, a recessive genetic condition caused by
mutations of the IKBKAP gene affecting the development,
migration, and survival of sensory and autonomic neurons
[29]. These features include sleep-disordered breathing and
reduced or inappropriate responses to hypoxia and hyper-
capnia [30, 31].

DiMario et al. evaluated 14 subjects with PWS and a
similar number of controls from 4 to 40 years of age using
anthropometric measurements, body mass index (BMI), and
simultaneous and serial electrocardiograms (ECGs) with
recordings of pulse rate and blood pressure, plasma nor-
epinephrine levels at rest after standing, and eye pupillary
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Fig. 1 Autonomic nervous
system dysfunction in Prader—
Willi syndrome. Created with
BioRender.com
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and hypoxia, sleep disordered {
breathing

increased pain and thermal
threshold

responses [8]. These assessments were done to monitor the
function of the ANS, both parasympathetic and sympathetic.
They observed abnormal findings in subjects with PWS
including a trend of lower resting diastolic blood pressure
and less change in diastolic blood pressure after standing.
The PWS subjects had greater BMI measurements than con-
trol subjects, which correlated significantly with all pulse-
rate measurements. Additionally, they found that those with
greater BMI measures had higher pulse rates at rest. The
pupillary constrictions to dilute pilocarpine were also found
in 50% of the PWS subjects and in no control subjects. The
R-R interval ratio in ECGs were abnormal in 40% of the
PWS subjects and in no controls. They concluded that their
results suggested that patients with PWS have a detectable
underlying ANS dysfunction characterized principally by
diminished parasympathetic nervous system activity. Later,
Kaur et al. reported an adult male with PWS undergoing a
battery of tests to assess vascular structure and function and
baroreflex sensitivity, blood pressure variability and auto-
nomic tone along with autonomic reactivity tests [32]. They
observed impaired baroreflex sensitivity along with ortho-
static tachycardia with normal vascular function tests and
concluded that their patient with PWS showed baroreflex
dysfunction with probable afferent and/or central autonomic
neural defects. In another study of 40 PWS patients, Bray
et al. found that, when compared to obese control subjects,
PWS subjects had disrupted body temperature regulation

increased pupillary
constriction in response to
pilocarpine

decreased diastolic blood
pressure, abnormal R-R interval
ratio, impaired baroreflex sensitivity

l 2 prolonged Gl transit time

6?.\\ /;f and delayed gastric
Syl | emptying

hypo-/hyperthermia

and reduced salivary secretion [33]. Priano et al. observed
increased thermal and pain thresholds in PWS subjects when
compared to both healthy and obese subjects [28].

In addition to the above symptoms of ANS dysfunction,
severe obesity beginning in childhood is a hallmark of PWS.
ANS dysfunction has been implicated in various forms of
childhood obesity [34-36]. The ANS is divided into two
systems with opposing states (sympathetic or stimulation
and parasympathetic or inhibition). Disturbed regulation of
either the parasympathetic or sympathetic branches in the
ANS, or both, may contribute to development of obesity
and related metabolic comorbidities associated with obesity-
related disorders such as PWS [33, 37]. Low sympathetic
activity could predispose to increased weight with decreased
energy expenditure while a decrease in parasympathetic
function may be associated with comorbid development with
altered regulation of food intake and satiety; important con-
tributors to onset, development, and progression of obesity
status [27, 38]. There are several nutritional phases of the
PWS clinical course starting with feeding difficulties due to
hypotonia in infancy followed by a transition to increased
weight gain with or without increased caloric intake. In the
final stages, food seeking, driven by hyperphagia, leads to
severe obesity in early childhood and continues into adult-
hood [5]. The complications that arise from this severe obe-
sity decrease the life expectancy and quality of PWS subjects
[10].
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PWS-driven obesity differs in several ways from non-
syndromic obesity. Figure 2 shows a PWS patient with the
classic PWS obesity phenotype. PWS subjects have lower
lean body mass compared to obese subjects and reduced
resting energy expenditure [39]. Additionally, PWS subjects
typically have excessive fat mass in the trunk and proximal
extremity of the limbs, which differs from the distribution of
fat mass in non-syndromic obese individuals [39]. PWS indi-
viduals also appear to have increased insulin sensitivity and
decreased levels of visceral fat and pro-inflammatory adi-
pokines when compared to obese control subjects [40—42].

Relationship to obesity-related genes
and syndromes

Over 500 obesity-related genes have been identified [43].
These genes play a role in appetite regulation and control,
body composition and fat distribution patterns, metabolic
regulation and energy expenditure, and storage and utiliza-
tion [5, 10, 43]. The current obesity epidemic worldwide can
be attributed to a complex interaction between genetic and
environmental factors including gene function, protein path-
ways, and biological processes. There are limited examples
in humans of obesity-related genetic disorders with marked

Fig.2 Frontal view of a 16-year-old female with Prader—Willi syn-
drome due to maternal disomy 15 showing typical craniofacial find-
ings, central obesity, and self-injury sites common in this genetic
obesity-related disorder
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early onset of severe or life-threatening obesity. PWS is a
classic example of this obesity type. Gabrielli et al. used
genome functional pathway analysis and found 46 disturbed
pathways, 62 biological processes, 22 molecular functions,
and 148 phenotypes that impact adipogenesis, signal trans-
ductions related to G-protein coupled receptors, and lipid
metabolism involving insulin-related genes [44]. Biological
processes identified included feeding behavior, cholesterol
metabolism, and glucose with cholesterol homeostasis path-
ways. Molecular processes pertained to receptor binding,
which affects glucose homeostasis, body weight, and circu-
lating insulin and triglyceride levels [44].

There are over 30 recognized syndromes with obesity as
a major manifestation. Currently, several dozen other obe-
sity-related disorders are understudied or undercharacter-
ized [5, 43]. Genetic obesity disorders have clinical features
that overlap with 52 known obesity syndromes that display
intellectual disability. Seven of these syndromes present with
macrocephaly and seven syndromes with microcephaly [45].
These syndromes exhibit complex forms of inheritance such
as autosomal dominant, autosomal recessive, X-linked (e.g.,
Borjeson—Forssman-Lehmann), genomic imprinting errors
(e.g., PWS), triallelic inheritance (e.g., Bardet—Biedel),
triplet repeat expansion (e.g., fragile X) or chromosomal
anomalies (e.g., 16p11.2 deletion) [5].

There is now a growing interest in an emerging disorder
with rapid onset of obesity with hypothalamic dysfunction,
hypoventilation, and autonomic dysregulation (ROHHAD)
evolving over time. This condition was first described over
50 years ago [46] and now there are fewer than 200 reported
cases [47] with an abrupt onset of extreme weight gain and
an unreported genetic cause but with a partially overlap-
ping natural history in those with PWS. Reports of those
with ROHHAD have now been described to further charac-
terize the spectrum of clinical manifestations, specifically
rapid-onset obesity (weight gain of 20-30 pounds over a
3—12-month interval) between 2 to 7 years in a previously
healthy child with normal neurocognitive development [48].
Compared to the onset of obesity in children with PWS,
children with ROHHAD show steeper growth curves [47].
Alveolar hypoventilation typically begins after weight gain
and within 1 to 2 years [47]. Hypothalamic and/or pituitary
hormone dysfunction is noted along with possible growth
hormone deficiency, central hypothyroidism, diabetes insipi-
dus, adrenal insufficiency hyperprolactinemia, and puber-
tal disturbances. In addition, autonomic dysregulation and
neuroendocrine tumors are present [47-50]. Autonomic
dysregulation may include ophthalmologic manifestations
(altered pupillary response to light and strabismus), thermal
dysregulation, gastrointestinal dysmotility, altered vasomo-
tor tone, an elevated pain threshold but without increased
pain cardiovascular involvement including bradycardia,
and neural crest tumors. Worsening or mismanagement of
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hypoventilation can result in impaired neurocognitive devel-
opment and/or cardiorespiratory arrest in those affected [47].

The identification of overlapping clinical manifestations
between ROHHAD and PWS has stimulated molecular
genetic testing to identify genetic causes of those meeting
the clinical criteria of ROHHAD using genes contributing
to features of PWS such as MAGEL? or other genes known
to cause obesity-related syndromes including the RAII gene
causing Smith—Magenis syndrome [43]. Barclay et al. per-
formed molecular genetic testing of imprinted genes in the
PWS chromosome 15q11.2-q13.1 region, but no disease-
causing mutations were found in the PWS candidate genes
[47]. However, more genetic testing should be undertaken
using advanced genetic testing with whole exome next-
generation sequencing in those meeting the criteria for
ROHHAD as currently over 120 obesity-related genes are
now available in obesity gene panels from commercial
genetic testing laboratories [43].

Conclusions

The pathogenesis of obesity is complex, with many underly-
ing contributing factors with evidence that progression of
obesity in children and adults may be linked to dysregulation
between the central nervous system and ANS, with involve-
ment of the peripheral endocrine system including fat mass
and regulation of appetite control and the gastrointestinal
tract [27, 51]. The ANS involves control of important func-
tions related to breathing, heart rate, blood pressure, body
temperature, appetite, and digestion with hormone produc-
tion regulating distribution of body fat and development of
related comorbidities. Understanding associated morbid
obesity and contributing factors in those individuals with
genetic causes of marked obesity or syndromes, such as
PWS, may impact therapeutic targets and interventions with
medical devices [27].

Adult studies in obesity and ANS dysfunction might not
be appropriate or accurate as pathogenic mechanisms that
are present in childhood may be confounded by the effects
of advancing age and age-related disease. The progression of
obesity in adults is often associated with adaptive increase in
sympathetic activity that may contribute to the development
of obesity-related complications such as high blood pres-
sure and associated increased weight compared to children
[27]. In addition, genes involved in or contributing to obesity
in humans would indicate the presence of 500 recognized
genes, about 20% of which are noted to play a role in pediat-
ric onset of obesity [43]. Further studies are warranted in the
involvement of the ANS and its role in onset and progression
of obesity to better understand their important contributions
in the regulation and development of body fat and distribu-
tion including comorbidities, which may ultimately guide

novel obesity therapeutics targeting specific ANS dysfunc-
tion disturbed in PWS.
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