
High Plasma Neurotensin Levels in Children with Prader–Willi 
Syndrome

Merlin G. Butler1,*, Tommy A. Nelson1, Daniel J. Driscoll2, Ann M. Manzardo1

1Departments of Psychiatry & Behavioral Sciences and Pediatrics, University of Kansas Medical 
Center, Kansas City, Kansas

2Department of Pediatrics and Center for Epigenetics, University of Florida Medical Center, 
Gainesville, Florida

Abstract

Prader-Willi syndrome (PWS) is an obesity-related genetic condition, most commonly due to a 

paternal deletion of the chromosome 15q11-q13 region. PWS is characterized by growth hormone 

deficiency, infantile hypotonia and feeding problems, hypogenitalism/hypogonadism, increased 

pain threshold and thermal instability, decreased gastric motility, and hyperphagia in childhood 

leading to severe obesity. Neuro-endocrine peptides are known to influence gastric function and 

pain sensation which led us to measure a specific peptide that may be involved [i.e., neurotensin 

(NT)] in PWS and compared with unrelated control siblings. Overnight fasting plasma NT levels 

were obtained from 23 children with confirmed PWS (age: 8.2 ± 2.0 years; range: 5–11 years) and 

18 unaffected, unrelated siblings (age: 8.2 ± 2.3 years; range: 5–11 years) and measured using 

Multiplex sandwich immunoassays with the Luminex magnetic-bead based platform. Plasma NT 

levels were natural log-transformed and analyzed by ANOVA with adjustments for age, gender, 

and body mass index (BMI). No difference was found in plasma NT levels for gender, age or BMI 

or significant correlations seen with age or BMI. Higher plasma NT levels (P < 0.001) were seen 

in PWS children (mean of 626 ± 238 pg/ ml) compared with unaffected, unrelated siblings (mean 

of 371 ± 236pg/ml). Plasma levels were also higher in children with maternal disomy 15 (736 

± 182 pg/ml) compared with those having the deletion subtype (548 ± 247 pg/ml, P < 0.04). 

Although no measures for pain threshold, thermal instability or gastric motility were performed in 

our study participants, higher plasma NT levels were found in PWS children.
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INTRODUCTION

Prader-Willi syndrome (PWS) is a rare genomic imprinting disorder with obesity as a major 

feature. It is caused by loss of expression of paternal genes from the chromosome 15q11-q13 

region most often from a deletion (about 70% of cases) but may result from maternal disomy 

15 (UPD) having both 15s from the mother (about 25% of cases) or imprinting center 

defects in the remaining subjects. Decreased fetal activity is noted during preg-nancy 

followed by severe infantile hypotonia and feeding difficulties with diminished swallowing 

and sucking reflexes [Butler, 1990; Bittel and Butler, 2005; Cassidy et al., 2011]. These 

symptoms resolve slowly in early childhood with the development of overeating and 

hyperphagia, leading to severe obesity and corresponding comorbidities, if not controlled.

Other symptoms of PWS include hypogenitalism/hypogonadism, cognitive impairment 

(mean IQ of 65), behavioral findings of temper tantrums, OCD, and skin picking, abnormal 

temperature regulation, increased pain threshold, decreased gastric motility, and growth 

hormone deficiency with short stature along with small hands and feet. Endocrine 

disturbances with central adrenal insufficiency and hypothyroidism are also reported in 

about 10% of cases [Butler et al., 2009]. Disturbed FSH, LH, estrogen, and testosterone 

levels are found along with an arrested pubertal growth pattern [Butler et al., 2006; Brandau 

et al., 2008]. Cranio-facial findings in PWS include a narrow forehead with dolichol-

cephaly, almond-shaped eyes, a small upturned nose with down-turned corners of the mouth, 

and a small chin. Enamel hypoplasia and dry, sticky saliva are common. PWS occurs in 

about 1 in 10,000 live births, with gastric dilatation, necrosis, and rupture as a common 

cause of death [Butler, 1990; Butler et al., 2006; Stevenson et al., 2007; Butler, 2011; 

Cassidy et al., 2011]. PWS was first reported and described by Prader et al. [1956], but the 

mechanism(s) for symptom development and progression have not yet been elucidated. 

Many protein coding genes and transcripts are localized to the 15q11-q13 region, but 

definitive genetic disturbances and causative pathophysiology in this rare obesity-related 

disorder have escaped characterization.

Although neuro-related peptides are thought to contribute to PWS, there is a paucity of 

laboratory data in humans including neurotensin, a neuropeptide known to be stimulated by 

food intake. Neurotensin (NT) is a 13 amino acid peptide produced from the NTS gene, 

located at 12q21.31 [Marondel et al., 1996; Mustain et al., 2011]. It is one of two gene 

products including neuromedin N (NN), a 5 amino acid peptide and synthesized by ileal 

mucosa cells. NT induces analgesia, hypothermia, hyperglycemia, and inhibits gastric 

motility. It is present throughout the CNS [Mai et al., 1987; Kalafatakis and Triantafyllou, 

2011; Mustain et al., 2011; Kleczkowska and Lipkowski, 2013] with the highest levels in the 

hypothalamus, amygdala, and nucleus accumbens but measurable in peripheral blood 

[Mustain et al., 2011]. The release of NT leads to pancreatic polypeptide and pancreatic 

bicarbonate secretion with downstream products of NT stimulation being LH, FSH, and 

ACTH with release of GHRH and CRH from the central nervous system. This release by the 

brain is stimulated by food intake and bombesin, a peptide that is 14 amino acids in size, 

with fat intake as the strongest stimulus [Rosell and Rökaeus, 1979]. It plays a role in pain 

regulation, gastric emptying, and thermal stability, all common findings in PWS [Mai et al., 

1987; Ferris, 1989; Bean et al., 1992; DiMario and Burleson, 2002; Mustain et al., 2011; 
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Kleczkowska and Lipkowski, 2013]. NT levels have not previously been analyzed in patients 

with PWS with unexplained increases in pain threshold, thermal instability, and decreased 

gastric motility in addition to abnormal eating behavior. PWS provides an excellent model to 

study and the basis of our pilot or “proof of principle” investigation to measure fasting 

plasma NT levels with disturbances predicted in PWS.

MATERIALS AND METHODS

Patients

Forty-one individuals were recruited 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 of Kansas Medical Center and the University of Florida School of 

Medicine. The investigators at these two sites are experienced in the treatment of PWS. 

Twenty-three children (13 males, 10 females, age: 8.2 ± 2.0 years, range 5–11 years) were 

diagnosed clinically and confirmed with PWS using cytogenetic and molecular genetic 

testing with methylation, chromosomal microarray methylation specific—multiplex ligation 

probe amplification (MS-MLPA), genotyping, and/or chromosome analyses with 

fluorescence in situ hybridization (FISH) along with 18 unaffected, unrelated siblings (10 

males, eight females; age of 8.2±2.3; range 5–11 years). Fifteen pre-pubertal children with 

PWS had the 15q11-q13 deletion and eight had maternal disomy 15 or UPD. All children 

were Caucasian Americans and those with PWS were receiving growth hormone treatment. 

The PWS and study participants were receiving dietary intervention (60–80% of the caloric 

intake for age) and engaged in exercise programs (e.g., 30 min of walking per day) to 

maintain caloric intake and weight control, common in the care and treatment of PWS 

[Butler, 2006; Butler et al., 2006; Miller et al., 2011]. No child was receiving sex steroids or 

treated for adrenal insufficiency. Four PWS children had a history of insulin resistance and 

three were being treated for hypothyroidism. One PWS child was prescribed an atypical 

anti-psychotic medication. Other parameters including genetic subtype, age, gender weight, 

height, BMI and BMI-z score, and total body fat percentage in relationship to selected 

plasma cytokine levels on each child within this cohort have been reported elsewhere [Butler 

et al., 2014].

Peripheral blood was collected in anti-coagulant EDTA tubes in the morning after an 

overnight supervised fasting monitored by parents with plasma separated immediately then 

stored at —80°C until use. Height (cm) and weight (kg) were also routinely obtained on 

each subject using standing stadiometers and calibrated electronic weight balances in the 

clinical setting with body mass index (BMI) calculated. Body composition and total body fat 

percentage were determined using dual-energy X-ray absorptiometry (DXA) and the Lunar 

DXA Scanner (General Electric, Atlanta, GA).

Neurotensin Assay

Plasma NT levels were analyzed with multiplex sandwich immunoassays from the Milliplex 

Human Neuropeptide Kit (Millipore; Billerica, MA) and the Luminex 200™ (Luminex 

Molecular Diagnostic; Toronto, ON) instrument using established protocols following 

manufacturer’s guidelines [Manzardo et al., 2012]. Plasma (25 μl) from peripheral blood 
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was collected in EDTA tubes and stored at —80°C until use. Plasma and a Milliplex control 

standard for quality were combined with pre-mixed antibody-coupled magnetic beads along 

with an assay buffer for overnight incubation at 4°C. No internal cross-reactivity was 

observed by the manufacturer when testing individual standards within each neuropeptide. 

The incubation steps were carried out using a micro-titer plate shaker at 300 RPM and 

samples washed on the following day then incubated at room temperature with secondary 

detection antibodies for 1 hr. Another series of washes were carried out followed by adding 

fluorescent Streptavidin-Phycoerythrin detection solution. The sample mixture was 

incubated at room temperature for 30 min. Each sample was then run in duplicate. After 

incubation, the sheath fluid was added to each sample well with the plate read using 

Luminex 200™ equipment based on magnetic-bead technology and level of magnetic field 

to separate the beads. Plasma NT levels were analyzed using the Luminex 200™ v2.3 

software in both PWS and control specimens and the indicated minimum detectable 

concentration (pg/ml) levels recorded. NT plasma concentrations were calculated using a 

standard curve that was derived from the reference neurotensin concentration standards 

furnished and supplied by the manufacturer of the reagents. The inter-assay coefficient of 

variation for NT levels ranged from 0–20% while the intra-assay coefficient of variation 

ranged from 0–10%. Plasma samples were blinded as to gender and control versus PWS 

diagnosis during each assay run and subsequently analyzed.

Statistical Analysis

Descriptive data were presented as mean ± standard deviation of plasma NT levels by 

diagnosis (PWS or unaffected, unrelated siblings), gender and PWS genetic subtype. Raw 

data were natural log-transformed and examined using multiple linear regression to test for 

differences in NT level by diagnosis and PWS genetic subtype when considering the 

influence of age, gender, and BMI. Natural log-transformed data met necessary statistical 

criteria for assumption of normality by showing equal variance and near linear residual 

plots. Findings with P-values of <0.05 were considered significant. Statistical analyses 

including descriptive statistics were generated using SAS statistical analysis software 

version 9.4 (SAS Inc., Cary, NC) and R statistics software version 2.14.2 (R Foundation, 

Vienna, Austria).

RESULTS

No significant differences in age or BMI were found by diagnostic subgroup or PWS 

subtype and gender did not contribute significantly to changes in NT levels (see Table I). 

Plasma NT levels for PWS subjects (626 ± 238 pg/ml; range 231–1025 pg/ml) were 

significantly greater than unaffected, unrelated sibling controls (371 ± 236 pg/ml; range: 80–

860 pg/ml; t = 3.49; P < 0.002; see Figs.1 and 2). This relationship was independent of age, 

BMI and gender controls (F = 0.023; P > 0.05); plasma NT levels for the PWS UPD subtype 

were significantly higher than what is found for the PWS deletion subtype (t = 1.9; P = 

0.07). Both PWS deletion and UPD subtypes were significantly greater than unaffected, 

unrelated sibling controls.

Butler et al. Page 4

Am J Med Genet A. Author manuscript; available in PMC 2019 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

There was notable overlap between the symptoms of PWS and the effects of NT. Children 

with PWS presented with statistically significant elevations in fasting morning plasma NT 

levels compared to age and gender matched unaffected, unrelated siblings. Overeating or 

increased food consumption that produces profound obesity is a characteristic symptom of 

PWS. While hunger is typically managed by the hormones ghrelin and leptin, neuropeptides 

like NT can also modulate appetite. Work by Luttinger et al. [1982] demonstrated that NT 

leads to decreased food consumption in food-deprived rats. When NT is administered 

directly to the CNS, it can yield up to a 40% decrease in baseline food intake. Inhibition of 

intake was apparently not due to any toxic effects of the peptide, and removal of this 

compound allowed for recovery of baseline food intake [Luttinger et al., 1982].

In humans, plasma NT levels approximately double following food consumption [Mashford 

et al., 1978]. This elevation in NT levels is likely homeostatic in nature, preventing 

overeating. However, in PWS there appears to be no negative feedback on appetite as hunger 

increases following food consumption as indicated by fMRI brain studies [Holsen et al., 

2006]. Even at significantly elevated levels in PWS as seen in our study, NT appears not to 

produce downstream effects. Thus, if NT is involved in the pathophysiology of PWS, it is 

clear that NT is unable to function properly in hunger maintenance and its function in the 

CNS may be disturbed.

Gastric Motility, Necrosis, and Rupture

A rare but serious complication in patients with PWS is gastric dilatation, necrosis, and 

rupture, the etiology of which is still not completely understood. An explanation posited by 

Wharton et al. [1997] for this phenomenon is a potential genetic predisposition for acute 

gastric dilatation in PWS due to abnormal gastric homeostasis. Clearly, if the rate of gastric 

emptying were severely depressed, gastric dilatation and rupture would be serious risks. 

While no prior studies have fully elucidated the pathophysiology of the gastric dilatation, the 

expected effects of NT in the GI system may provide some insight.

When infused intravenously, NT has been shown to inhibit gastric acid and pepsin output as 

well as delay gastric emptying [Blackburn et al., 1980]. Therefore, if NT were present 

consistently at high levels in the GI system, sustained gastric immobility could lead to 

gastric dilatation and possible rupture. Since no explicit quantification of gastric mobility 

was performed on the patients in this study and since the patients with PWS were on a well-

controlled diet, no correlation can be drawn between NT levels and gastric dilatation/rupture 

status at this time.

Analgesia

The analgesic effects of NT appear to be either facilitatory or inhibitory, depending on NT 

levels [Smith et al., 1997; Kleczkowska and Lipkowski, 2013]. When NT is administered 

intracisternally to mice and rats at high levels, hot plate reactivity and writhing response to 

acetic acid were decreased, indicating an antinociceptive response; the minimum effective 

dose was 25 ng and the maximum effect dose was 250 ng [Clineschmidt et al., 1979]. In 
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contrast, low (picomolar) doses of NT that were injected into the rostroventral medial 

medulla yielded hyperalgesia [Smith et al., 1997]. Intravenous administration of 2,500 ng of 

NT did not yield an analgesic effect [Clineschmidt et al., 1979].

NT signaling occurs through one of three receptors: NTS1, NTS2, and NTS3/sortilin 

[Luttinger et al., 1982]. Both NTS1 and NTS2 belong to the G protein-coupled receptor 

superfamily and can be distinguished by their affinities for NT [Vincent et al., 1999]. NTS2 

has a lower affinity for NT, but this receptor is strongly associated with the nociceptive 

properties of NT. Inhibition of NTS1 using a selective antagonist SR48692 at low doses had 

no effect on NT-induced analgesia [Dubuc et al., 1994], whereas levocabastine, an NTS2 

agonist, induced an antinoci-ceptive effect [Dubuc et al., 1999]. However, more recent 

studies have shown that NTS1 is involved in the analgesic effect of NT, at least modestly 

[Sarret et al., 2005]; both NTS1 and NTS2 are expressed in the PAG and raphe nuclei [Sarret 

et al., 2003; Buhler et al., 2005; Katsanos et al., 2008].

In children with PWS in our study, plasma levels of NT appear to be persistently elevated. If 

NT is able to act on its receptors in the CNS and if replicated, this could partially explain the 

analgesic effects seen in PWS although no recording of pain threshold measures were 

obtained in our study participants. Alternatively, NT may not function properly in the CNS, 

meaning elevated levels of other neuropeptides such as beta-endorphin may explain the 

antinociception common in PWS; this idea should be explored further in other studies. Since 

there is no humane and reliable way to measure NT levels in the CNS in living patients with 

PWS, it is difficult to explore its function directly.

Genetic abnormalities coupled with complex environmental pressures modify specific 

complications in PWS such as gastric dilatation and rupture, increased pain threshold and 

thermal instability. It is unlikely that a single neuropeptide would explain the complete 

pathophysiology of PWS, but NT may provide insight into some complications and 

symptoms of this disorder.

Based on the expected effects of NT, it appears that this neuropeptide is functioning locally 

to decrease gastric motility (and perhaps to increase gastric enzymes) but not yielding 

downstream effects in the CNS. In the GI system, an elevation in NT levels in patients with 

PWS could be related to reduce gastric mobility, thereby increasing the risk for gastric 

dilatation and rupture. In the CNS, elevation of NT levels should produce decreased appetite 

and antinociception, only one of which is seen in PWS. To reconcile this disparity in 

function, one may suggest that an abnormality in NT receptors or production is present in 

the CNS of patients with PWS. Since NT levels in the CNS are not readily or humanely 

quantifiable, and since NT is produced in both the GI and central nervous systems, it is 

possible to merely speculate on the role of NT in the GI symptoms and other features seen in 

PWS. Although a limitation of our study was the lack of measures to assess thermal 

instability, delayed gastric motility and increased pain threshold, all impacted by 

neurotensin, NT levels found in this patient group support involvement of NT. The authors 

would encourage further exploration to replicate the NT findings in this pilot study and 

undertake a more thorough investigation and data collection on gastric motility, thermal 

stability, and pain threshold patterns in PWS and correlation with NT levels.

Butler et al. Page 6

Am J Med Genet A. Author manuscript; available in PMC 2019 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ACKNOWLEDGMENTS

We thank Carla Meister for preparation of the manuscript and Carlos Sulsona for technical assistance. Partial 
funding support was received from the Angelman, Rett, and Prader-Willi Syndrome Consortium (U54 HD06122) 
which is a part of the National Institute of health (NIH) Rare Disease Clinical Research Network (RDCRN) 
supported through collaboration between the NIH Office of Rare Disease Research (ORDR) at the National Center 
of Advancing Translational Science (NCATS) and the National Institute of Child Health and Human Development 
(NICHD). NICHD grant number HD02528 is also acknowledged along with support from the Headley Family 
Scholarship. The content is solely the responsibility of the authors and does not necessarily represent the office 
views of the National Institutes of Health.

Grant sponsor: Angelman, Rett, and Prader-Willi Syndrome Consortium; Grant number: U54 HD06122; Grant 
sponsor: NIH Office of Rare Disease Research (ORDR) at the National Center of Advancing Translational Science 
(NCATS); Grant sponsor: National Institute of Child Health and Human Development (NICHD); Grant number: 
HD02528; Grant sponsor: Headley Family Scholarship.

REFERENCES

Bean AJ, Dagerlind A, Hokfelt T, Dobner PR. 1992 Cloning of human neurotensin/neuromedin N 
genomic sequences and expression in the ventral mesencephalon of schizophrenics and age/sex 
matched controls. Neuroscience 50:259–268. [PubMed: 1436492] 

Bittel DC, Butler MG. 2005 Prader-Willi syndrome: Clinical genetics, cytogenetics and molecular 
biology. Expert Rev Mol Med 7:1–20.

Blackburn AM, Bloom SR, Long RG, Fletcher DR, Christofides ND, Fitzpatrick ML, Baron JH. 1980 
Effect of neurotensin on gastric function in man. Lancet 315:987–989.

Brandau DT, Theodoro M, Garg U, Butler MG. 2008 Follicle stimulating and leutinizing hormones, 
estradiol and testosterone in Prader-Willi syndrome. Am J Med Genet Part A 146A:665–669. 
[PubMed: 18241068] 

Buhler AV, Choi J, Proudfit HK, Gebhart GF. 2005 Neurotensin activation of the NTR1 on spinally-
projecting serotonergic neurons in the rostral ventromedial medulla is antinociceptive. Pain 
114:285–294. [PubMed: 15733655] 

Butler MG. 1990 Prader-Willi syndrome: Current understanding of cause and diagnosis. Am J Med 
Genet 35:319–332. [PubMed: 2309779] 

Butler MG. 2006 Management of obesity in Prader-Willi syndrome. Nat Clin Pract Endocrinol Metab 
2:592–593. [PubMed: 17082801] 

Butler MG, Lee PDK, Whitman BY, editors. (2006) In: Management of Prader-Willi syndrome, 3rd 
edition New York: Springer pp 1–550.

Butler MG, Brandau DT, Theodoro M, Garg U. 2009 Cortisol levels in Prader-Willi syndrome support 
changes in routine care. Am J Med Genet Part A 149A:138–139. [PubMed: 19133690] 

Butler MG. 2011 Prader-Willi syndrome: Obesity due to genomic im-printing. Curr Genomics 12:204–
215. [PubMed: 22043168] 

Butler MG, Hossain W, Sulsona C, Driscoll DJ, Manzardo AM. 2014 Increased plasma chemokine 
levels in children with PraderWilli syndrome. Am J Med Genet Part A 167A:563–571.

Cassidy SB, Schwartz S, Miller JL, Driscoll SJ. 2011 Prader-Willi syndrome. Genet Med 14:10–26. 
[PubMed: 22237428] 

Clineschmidt BV, McGuffin JC, Bunting PB. 1979 Neurotensin: Anti-nocisponsive action in rodents. 
Eur J Pharmacol 54:129–139. [PubMed: 421735] 

DiMario FJ Jr., Burleson JA. 2002 Cutaneous blood flow and thermoregulation in Prader-Willi 
syndrome patients. Pediatr Neurol 26:130–133. [PubMed: 11897477] 

Dubuc I, Costentin J, Terranova JP, Barnouin MC, Soubrie, Le Fur G, Rostene W, Kitabgi P. 1994 The 
nonpeptide neurotensin antagonist, SR 48692, used as a tool to reveal putative neurotensin receptor 
subtypes. Br J Pharmacol 112:352–354. [PubMed: 8075852] 

Dubuc I, Remande S, Costentin J. 1999 The partial agonist properties of levocabastine in neurotensin-
induced analgesia. Eur J Pharmacol 381:9–12. [PubMed: 10528128] 

Butler et al. Page 7

Am J Med Genet A. Author manuscript; available in PMC 2019 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ferris CF. 1989 Neurotensin in handbook of physiology, section 6: The gastrointestinal system, vol. 2 
In: Schultz SG, Makhlouf GM, Rauner BB, editors. Neural and endocrine biology. Baltimore, MD: 
Waverly Press Inc pp 559–586.

Holsen LM, Zarcone JR, Brooks WM, Butler MG, Thompson TI, Ahluwalia JS, Nollen NL, Savage 
CR. 2006 Neural mechanisms underlying hyperphagia in Prader-Willi syndrome. Obesity 
14:1028–1037. [PubMed: 16861608] 

Kalafatakis K, Triantafyllou K. 2011 Contribution of neurotensin in the immune and neuroendocrine 
modulation of normal and abnormal enteric function. Regul Pep 170:7–17.

Katsanos GS, Anogianaki A, Castellani ML, Ciampoli C, De Amicis D, Orso C, Pollice R, Vecchiet J, 
Tetè S, Salini V, Caraffa A, Patruno A, Shaik YB, Kempuraj D, Doyle R, Antinolfi PL, Cerulli G, 
Conti CM, Fulcheri M, Neri G, Sabatino G. 2008 Biology of neurotensin: Revisited study. Int J 
Immunopathol Pharmacol 21:255–259. [PubMed: 18547468] 

Kleczkowska P, Lipkowski AW. 2013 Neurotensin and neurotensin receptors: Characteristic, structure-
activity relationship and pain mod-ulation-a review. Eur J Pharmacol 716:54–60. [PubMed: 
23500196] 

Luttinger D, King RA, Sheppard D, Strupp J, Nemeroff CB, Prange AJ. 1982 The effect of neurotensin 
on food consumption in the rat. Eur J Pharmacol 81:499–503. [PubMed: 6811292] 

Mai JK, Triepel J, Metz J. 1987 Neurotensin in human brain. Neuroscience 22:499–524. [PubMed: 
3670596] 

Marondel I, Renault B, Lieman J, Ward D, Kucherlapati R. 1996 Physical mapping of the human 
neurotensin gene (NTS) between markers D12S1444 and D12S81 on chromosome 12q21. 
Genomics 38:243–245. [PubMed: 8954810] 

Mashford ML, Nilsson G, Rokaeus A, Rosell S. 1978 The effect of food ingestion on circulating 
neurotensin-like immunoreactivity (NTLI) in the human. Acta Physiol Scand 104:244–246. 
[PubMed: 716977] 

Manzardo AM, Henkhaus R, Dhillon S, Butler MG. 2012 Plasma cytokine levels in children with 
autistic disorder and unrelated siblings. Int J Dev Neurosci 30:121–127. [PubMed: 22197967] 

Miller JL, Lynn CH, Driscoll DC, Goldstone AP, Gold JA, Kimonis V, Dykens E, Butler MG, Shuster 
JJ, Driscoll DJ. 2011 Nutritional phases in Prader-Willi syndrome. Am J Med Genet Part A 155A:
1040–1049. [PubMed: 21465655] 

Mustain WC, Rychahou PG, Evers BM. 2011 The role of neurotensin in physiologic and pathologic 
processes. Curr Opin Endocrinol Diabetes Obes 18:75–82. [PubMed: 21124211] 

Prader A, Labhart A, Willi H. 1956 Ein syndrom von adipositas, kleinwuchs, kryptorchismus und 
oligophrenie nach myatonieartigem zustand im neugeborenenalter. Schweiz Med Wschr 86:1260–
1261.

Rosell S, Rokaeus A. 1979 The effect of ingestion of amino acids, glucose and fat on circulating 
neurotensin-like immunoreactivity. Acta Physiol Scand 107:263–267. [PubMed: 539456] 

Sarret P, Esdaile MJ, Perron A, Martinez J, Stroh T, Beaudet A. 2005 Potent spinal analgesia elicited 
through stimulation of NTS2 neurotensin receptors. J Neurosci 25:8188–8196. [PubMed: 
16148226] 

Sarret P, Perron A, Stroh T, Beaudet A. 2003 Immunohistochemical distribution of NTS2 neurotensin 
receptors in the rat central nervous system. J Comp Neurol 461:520–538. [PubMed: 12746866] 

Smith DJ, Hawranko AA, Monroe PJ, Gully D, Urban MO, Craig CR, Smith JP, Smith DL. 1997 
Dose-dependent pain-facilitatory and -inhibitory actions of neurotensin are revealed by SR 48692, 
a nonpeptide neurotensin antagonist: influence on the antinociceptive effect of morphine. J 
Pharmacol Exp Ther 282:899–908. [PubMed: 9262357] 

Stevenson DA, Heinemann J, Angulo M, Butler MG, Loker J, Rupe N, Kendell P, Cassidy SB, 
Scheimann A. 2007 Gastric rupture and necrosis in Prader-Willi syndrome. J Pediatr Gastr Nutr 
45:272–274.

Vincent JP, Mazella J, Kitabgi P. 1999 Neurotensin and neurotensin receptors. Trends Pharmacol Sci 
20:302–309. [PubMed: 10390649] 

Wharton RH, Wang T, Graeme-Cook F, Briggs S, Cole RE. 1997 Acute idiopathic gastric dilation with 
gastric necrosis in individuals with Prader-Willi syndrome. Am J Med Genet 73:437–441. 
[PubMed: 9415471] 

Butler et al. Page 8

Am J Med Genet A. Author manuscript; available in PMC 2019 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 1. 
Plasma neurotensin levels grouped by gender, diagnosis and PWS genetic subtype. *P<0.05.
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FIG. 2. 
Box and whisker plot of log-transformed NT levels. Box plots representing the 25th and 

75th quartile ranges. Bars represent maximum and minimum natural log-transformed values.
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