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1. INTRODUCTION:

 
 
 
 
 
 
   
 
 

2. KEYWORDS:

 

3. ACCOMPLISHMENTS:

What were the major goals of the project?

What was accomplished under these goals? 
For this reporting period describe: 1) major activities; 2) specific objectives; 3) significant results 
or key outcomes, including major findings, developments, or conclusions (both positive and 
negative); and/or 4) other achievements.  Include a discussion of stated goals not met. Description 
shall include pertinent data and graphs in sufficient detail to explain any significant results 
achieved.  A succinct description of the methodology used shall be provided.  As the project 
progresses to completion, the emphasis in reporting in this section should shift from reporting 
activities to reporting accomplishments.   

Specific Aim 1: To evaluate melanocortin biology by measuring α-MSH, ACTH, and POMC in 
serum and CSF of RLS patients and age-sex matched controls in the nighttime.  
 

Specific Aim 2: To characterize RLS by measuring severity of RLS symptoms, physiology (sleep, 
PLMS, pain), and neurobehavior (mood, impulsivity, suicidality); and to correlate these changes to 
MC levels in RLS patients. 

Major Task 1: Complete Regulatory Requirements for Study and Administrative Tasks 
IRB protocol was submitted and approved within the first two month. Research staff were 
appropriately hired in the first two months. Amendments were appropriately submitted. Protocol 
deviations were not appropriately submitted which was part of the CAPA identified by the Yale 
IRB. Annual IRB continuing review was appropriately submitted throughout the conduct of the 
study.  

Major Task 2: Set up Infrastructure for Research 
Setting up logistics of subjects visits in the hospital research unit and Church Street research unit 
had been done prior to receiving funds. This includes the patient visits themselves, behavioral 
assessment, blood and CSF collection as well as hormone assays.  

The objective of this proposal is to study the underlying biological mechanisms of restless legs 
syndrome (RLS). We propose to study the hormonal melanocortin (MC) system in humans with 
RLS, based upon similarities between the MC hormones and features of RLS. Central to RLS are an 
urge to move associated with sensory discomfort and increased movement to alleviate symptoms. 
The MC hormones are well known to mediate increased locomotion and pain sensitivity in rats and 
cause motor restlessness when administered in humans. In this proposal, we will evaluate MC 
biology in humans by measuring MC hormone levels in blood and CSF of 40 persons with RLS 
compared to 40 persons without RLS. We hypothesize that MC hormone levels will be higher in 
persons with RLS and will correlate to the severity of RLS.  
 

Restless legs syndrome, RLS; hormones, melanocortin, sleep, cerebrospinal fluid 
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What opportunities for training and professional development has the project provided?   

 

How were the results disseminated to communities of interest?   

 
 
 

What do you plan to do during the next reporting period to accomplish the goals?   

Nothing to report 

Nothing to report, although the manuscript has been published as noted above. We will also 
submit the results of this study to be presented at the Associated Professional Sleep Societies 
meeting in Houston in 2024.  

We will also submit the results of this study to be presented at the Associated Professional Sleep 
Societies meeting in Houston in 2024.  

Major Task 3: Research implementation 
We exceeded our original recruitment goal of 80 subjects by recruiting 87 subjects. We had 
submitted a request to DoD to increase our target enrollment number to 120 which was approved. 
Biospecimen processing was done by my research staff throughout the conduct of the study. 
Hormone measurements were carried out by Yale Clinical Center of Investigation and Sharon 
Wardlaw as stated in the grant and protocol. Data was collected and handled throughout the study. 
Dr. Koo performed interim analyses as appropriate as well as final data analysis. The manuscript 
was written in August and September of 2023 and was submitted to Annals of Neurology, where it 
has been reviewed and accepted for publication.  Koo BB, Abdelfattah A, Eysa A, Lu L. The 
Melanocortin and Endorphin Neuropeptides in Patients with Restless Legs Syndrome. Annals of 
Neurology 2024; Feb 3. doi: 10.1002/ana.26876

We have included our publication of this work as an addendum to this final report.  Please see 
figures 2 and 3 for the main results of the study which show that Plasma POMC was significantly 
greater in RLS than controls (17.0 ± 11.5 vs 12.7 ± 6.1fmol/ml, p = 0.048). CSF β-MSH was 
significantly higher in painful than nonpainful RLS or controls (48.2 ± 24.8 vs 32.1 ± 14.8 vs 32.6 ± 
15.2pg/ml, analysis of variance [ANOVA] p = 0.03). CSF α-MSH was higher in RLS than controls 
(34.2 ± 40.9 vs 20.3 ± 11.0pg/ml, p = 0.062). CSF β-EDP was lowest in painful RLS, 

intermediate in nonpainful RLS, and highest in controls (8.0 ± 3.4 vs 10.8 ± 3.1 vs 12.3 ± 
5.0pg/ml, ANOVA p = 0.049). 
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4. IMPACT:
What was the impact on the development of the principal discipline(s) of the project?

 
 
 
 
 

 
 
 
 
 
 
 
What was the impact on other disciplines?   

 
 
 
 
 
 
 
 

What was the impact on technology transfer?  
 
 

What was the impact on society beyond science and technology? 

 

     Our major findings were that levels of alpha-MSH are higher in CSF of RLS patients than controls and 
that levels of beta-EDP are lower in CSF of RLS patients. When RLS patients were split into those with 
painful and non-painful RLS, levels of beta-EDP were lowest in those with painful RLS, intermediate in 
those with non-painful RLS and highest in controls. 
     We believe that these new findings will be highly impactful in that to date there is no explanation for 
what causes the idiosyncratic symptoms of RLS. In other words, we do not know the biology underlying 
RLS. This work is the first of its kind and highlights a hormonal system which has not been previously 
considered in the pathophysiology of RLS. Therefore, this work is potentially paradigm shifting. From 
this work could come identification of novel drug targets for RLS.  
     Furthermore, the finding of low B-EDP in RLS is very significant for the field and for patients. Severe 
medication refractory RLS is very difficult to treat. These patients often require low dose opioid 
medication nightly to control RLS symptoms and allow for normal sleep. In today’s climate where opioid 
use disorder is common, physicians, pharmacists, and healthcare payers are often skeptical concerning the 
use of opioids to treat RLS. This research explains why such a treatment may be needed in many 
individuals with RLS. 

We hope that our findings will have an impact on the treatment of severe RLS. Currently, RLS 
patients are predominantly treated with dopamine agonist medications, which often results in 
worsening of RLS over time in a phenomenon called augmentation. Once an RLS patient has 
experienced augmentation, to achieve control the patient must come off the dopamine 
medication. In order to do this and achieve long term control, the use of opioid medications is 
often needed. Our results of low beta-endorphin in CSF of RLS patients legitimizes the use of 
opioids to treat RLS. We hope that these results will help to validate and make acceptable the use 
of opioids to treat RLS.  

Nothing to report 

     We hope that our findings will have an impact on the treatment of severe RLS. Currently, 
RLS patients are predominantly treated with dopamine agonist medications, which often results 
in worsening of RLS over time in a phenomenon called augmentation. Once an RLS patient has 
experienced augmentation, to achieve control the patient must come off the dopamine 
medication. In order to do this and achieve long term control, the use of opioid medications is 
often needed. Our results of low beta-endorphin in CSF of RLS patients legitimizes the use of 
opioids to treat RLS. We hope that these results will help to validate and make acceptable the use 
of opioids to treat RLS.  
     We also hope that these findings will soften the negative view of physicians, pharmacists, 
insurance payers, and the public in general regarding the use of opioid medications in the 
treatment of severe RLS.  
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5. CHANGES/PROBLEMS:  The PD/PI is reminded that the recipient organization is required to 
obtain prior written approval from the awarding agency grants official whenever there are 
significant changes in the project or its direction.  If not previously reported in writing, provide 
the following additional information or state, “Nothing to Report,”  if applicable: 
 
Changes in approach and reasons for change  
Describe any changes in approach during the reporting period and reasons for these changes.  
Remember that significant changes in objectives and scope require prior approval of the agency. 
 
 
 
 
 
 
 
Actual or anticipated problems or delays and actions or plans to resolve them 
Describe problems or delays encountered during the reporting period and actions or plans to 
resolve them. 
 
 
 
 
 
 
 
 
 
 
Changes that had a significant impact on expenditures 
 
 
 
 
 
 
Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 
select agents 
 
Significant changes in use or care of human subjects 

 
 
 
 
 

 
 

Nothing to report 

Nothing to report 

During study conduct, we were audited by Yale IRB on account of a patient adverse event. During 
the audit, the Yale IRB identified serious noncompliance and thus our protocol was suspended. We 
worked through the Corrective and Preventative action Plan over 7-8 months to correct each of the 
issues identified. Major issues included the use of expired version of informed consent and the lack 
of appropriate case report forms. The completed CAPA was shared with DoDIssues were corrected 
and measures were set to prevent similar mistakes from happening in the future. Since this time, we 
have been able to hire a research coordinator which has greatly aided in maintaining the appropriate 
records.  
 

As part of the IRB suspension of the protocol, there were deviations noted. These deviations included 
incomplete regulatory documentation of enrollment logs, delegation of authority, adverse event log, and 
deviation tracking. It was also identified that outdated informed consent forms were used at times and that 
opt in or opt out sections were sometimes not appropriately completed. These issues were addressed in a 
corrective and preventative action plan and submitted to Yale IRB as well as DoD.  
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Significant changes in use or care of vertebrate animals 

 

Significant changes in use of biohazards and/or select agents 

 

6. PRODUCTS:

• Publications, conference papers, and presentations

Journal publications.

Books or other non-periodical, one-time publications.  

Other publications, conference papers and presentations.  

• Website(s) or other Internet site(s)

• Technologies or techniques

 
 

Nothing to report 

Nothing to report 

Koo BB, Abdelfattah A, Eysa A, Lu L. The Melanocortin and Endorphin 
Neuropeptides in Patients with Restless Legs Syndrome. Annals of Neurology 2024;
Feb 3. doi: 10.1002/ana.26876 

Nothing to report 

Nothing to report 

Nothing to report 

Nothing to report 
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• Inventions, patent applications, and/or licenses

 

• Other Products

 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?
Provide the following information for: (1) PDs/PIs; and (2) each person who has worked at least
one person month per year on the project during the reporting period, regardless of the source of
compensation (a person month equals approximately 160 hours of effort). If information is
unchanged from a previous submission, provide the name only and indicate “no change”.

 
 

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel 
since the last reporting period?  
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 

 

What other organizations were involved as partners?   

• Other. 
 
 

Nothing to report

Nothing to report 

Nothing to report 

Nothing to report 

Columbia University
New York, NY
Dr. Sharon Wardlaw performed some of the hormone assays used in this study.
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8. SPECIAL REPORTING REQUIREMENTS

COLLABORATIVE AWARDS:  

Nothing to report

QUAD CHARTS:  

Not applicable 

9. APPENDICES: 

See attached paper

https://www.usamraa.army.mil/Pages/Resources.aspx


RESEARCH ARTICLE

The Melanocortin and Endorphin
Neuropeptides in Patients with Restless

Legs Syndrome
Brian B. Koo, MD ,1 Ahmed Abdelfattah, MD,1 Athar Eysa, MD,2 and Lingeng Lu, PhD3

Objective: Based upon similarities between the urge to move and sensory discomfort of restless legs syndrome (RLS)
and properties of melanocortin hormones, including their incitement of movement and hyperalgesia, we assessed
plasma and cerebrospinal fluid (CSF) α-melanocyte-stimulating hormone (α-MSH) and β-endorphin in RLS patients and
controls.
Methods: Forty-two untreated moderate-to-severe RLS patients and 44 matched controls underwent venipuncture at
19:00, 20:30, and 22:00; 37 RLS and 36 controls had lumbar puncture at 21:30. CSF and plasma were analyzed for pro-
opiomelanocortin (POMC), adrenocorticotropin hormone (ACTH), α-MSH, β-MSH, and β-endorphin by immunoassay.
RLS severity was assessed by International RLS Study Group Severity Scale.
Results: RLS participants were 52.7 � 12.0 years old, 61.9% were women, 21.4% had painful RLS, and RLS severity was
24.8 � 9.0. Controls had similar age and sex. Plasma ACTH, α-MSH, and β-endorphin were similar between groups.
Plasma POMC was significantly greater in RLS than controls (17.0 � 11.5 vs 12.7 � 6.1fmol/ml, p = 0.048). CSF ACTH
was similar between groups. CSF β-MSH was significantly higher in painful than nonpainful RLS or controls (48.2 � 24.8
vs 32.1 � 14.8 vs 32.6 � 15.2pg/ml, analysis of variance [ANOVA] p = 0.03). CSF α-MSH was higher in RLS than con-
trols (34.2 � 40.9 vs 20.3 � 11.0pg/ml, p = 0.062). CSF β-EDP was lowest in painful RLS, intermediate in nonpainful
RLS, and highest in controls (8.0 � 3.4 vs 10.8 � 3.1 vs 12.3 � 5.0pg/ml, ANOVA p = 0.049). The ratio of the sum of
CSF α- and β-MSH to CSF β-endorphin was highest, intermediate, and lowest in painful RLS, nonpainful RLS, and con-
trols (p = 0.007).
Interpretation: CSF β-MSH is increased and CSF β-endorphin decreased in RLS patients with painful symptoms.

ANN NEUROL 2024;00:1–12

Introduction
Restless legs syndrome (RLS) is a common sensorimotor
sleep disorder characterized by an unrelenting urge to
move, occurring at night during periods of inactivity,
when patients assume recumbency for sleep. RLS and its
canonical urge to move prevent sleep by forcing the suf-
ferer to move or walk during times of rest when sleep is
most desired. RLS is the most common neurologically
based sleep disorder with a prevalence of 7.2% in North
American and European populations.1 The disease is
chronic and progressive and in moderate-to-severe RLS,
when symptoms occur at least twice weekly, lifelong medi-
cal therapy is needed. Despite this, treatment options for
RLS are finite and the medicines most commonly used to

treat RLS actually cause a paradoxical worsening of RLS
over months to years in the clinical phenomenon of aug-
mentation.2 The use of these medicines, the dopamine
agonists, in part was popularized by an erroneous
pathobiologic assumption of dopamine deficiency in RLS,
whereas it is now known that dopamine exists in excess in
the brain of RLS patients.3,4 This clinical entity of aug-
mentation exposes a pathobiology–treatment mismatch
and underscores the critical need to further clarify the
pathobiology of RLS.

RLS is characterized by an urge to move and sensory
discomfort that arise at night, suggesting that a biological
substance with diurnal release may underlie RLS.
Hormones of the melanocortin (MC) system are produced

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.26876
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in the hypothalamic arcuate nucleus, are released
diurnally, and possess properties that parallel these core
features of RLS. The MC system prohormone, pro-
opiomelanocortin (POMC), is cleaved to yield adrenocor-
ticotropin hormone (ACTH) and β-lipotropin, which sub-
sequently are cleaved to yield the neuropeptides
α-melanocyte-stimulating hormone (α-MSH) and
β-endorphin (β-EDP), respectively. The main MC ago-
nist, α-MSH, stimulates excessive locomotion and
grooming in rodents as well as a state of hyperalgesia,
when administered centrally.5,6 Alternately, the actions of
β-EDP oppose those of α-MSH, as it promotes passivity
and analgesia.7 Like α-MSH, ACTH administered into
periaqueductal gray matter of rats provokes motor behav-
ior and hyperalgesia.7,8 We created a rodent RLS model
through intracerebroventricular administration of α-MSH
or ACTH, which caused increased locomotion and
grooming, fragmented sleep, and periodic hindlimb move-
ments during sleep, recapitulating core RLS features.9

Based upon similarities between core RLS features
and the properties of MC peptides as well as our prelimi-
nary animal data, we aimed to test our hypothesis that
changes in MC peptides, and in particular increased
α-MSH and/or ACTH and decreased β-EDP, occur in
patients with RLS and could underlie RLS pathophysiol-
ogy. In the current study, we enrolled patients with idio-
pathic RLS and age-/sex-matched controls without RLS
and collected blood as well as cerebrospinal fluid (CSF) in
the evening/nighttime to measure levels of MC peptides,
including POMC, α-MSH, ACTH, β-MSH, and β-EDP.
Neuropeptide levels were measured using enzyme-linked
immunoassay or radioimmunoassay. Our hypothesis is
that CSF and plasma levels of POMC, ACTH, α-MSH,
and β-MSH are increased whereas CSF and plasma levels
of β-EDP are decreased in persons with RLS compared to
age-/sex-matched controls without RLS.

Subjects and Methods
Study Cohort
This observational case–control study was conducted at Yale
University’s Church Street Research Units between February
2020 and September 2022 and was approved by the Yale Uni-
versity Institutional Review Board. Adults at least 18 years of age
with moderate-to-severe RLS occurring at least twice weekly were
eligible. RLS diagnosis was confirmed by the principal investiga-
tor, a board-certified sleep neurologist (B.B.K.), using Interna-
tional RLS Study group diagnostic criteria for RLS.10 Individuals
with ambiguous leg symptoms or symptoms suggesting an RLS
mimic were excluded. Only persons with primary RLS were
included, meaning persons with comorbid Parkinson disease,
multiple sclerosis, renal failure, or symptomatic peripheral neu-
ropathy were excluded. Enrolled individuals could not be taking

the following medications within 7 days of sample collection:
(1) dopaminergic medications, (2) opioids, (3) steroids,
(4) amphetamines, or (5) alpha-2-δ ligands. Recreational drugs
including opioids (heroin, morphine, methadone), cocaine, and
methamphetamine were also exclusionary. RLS subjects were rec-
ruited from the Yale RLS Center of Excellence, through outreach
to other Connecticut sleep providers, or through advertisement
on the RLS Foundation website or RLS Facebook group sites.
Persons with RLS were further divided into those with painful
RLS and those with nonpainful RLS based upon their response
to the following question: "Are your RLS symptoms painful? Do
the feelings that you experience as RLS hurt, rather than just
being uncomfortable?"

Controls were age- and sex-matched to those in the RLS
cohort and must have answered "No" to the first two questions
of the Cambridge-Hopkins RLS Questionnaire: (1) "Do you
have, or have you had, recurrent uncomfortable feelings or sensa-
tions in your legs while you are sitting or lying down?" and (2)
"Do you have, or have you had, a recurrent need or urge to
move your legs while you were sitting or lying down?"11 RLS
was also excluded by personal interview with a board certified
neurologist and sleep provider (B.B.K.). There were 42 RLS par-
ticipants and 44 controls.

Study Visit and Biospecimen Collection
All subjects provided written informed consent as per the Decla-
ration of Helsinki and with approval of the Yale ethical institu-
tional review board. Enrolled subjects arrived at the clinical
research unit between 18:00 and 18:30. Urine toxicology was
performed to confirm that subjects were not using amphet-
amines, cocaine, morphine, heroin, or methadone. An intrave-
nous catheter was placed in an antecubital vein by a trained
research nurse. Blood (8ml) was collected in a purple top tube
containing ethylenediaminetetraacetic acid (EDTA) at 3 different
time points: 19:00, 20:30, and 22:00. To prevent further pep-
tide breakdown, 0.6 trypsin inhibitor units (TIU) aprotinin per
milliliter of blood was added. Samples were mixed and placed on
ice, then promptly centrifuged at 500 � g and 4�C for
10 minutes. Plasma was then separated, aliquoted, and stored at
�70�C for future peptide analysis. At 21:30, a lumbar puncture
was performed using a 22-gauge Whitacre needle with the sub-
ject seated upright with the spine flexed. The first 0.5ml of CSF
was discarded. Fourteen milliters of CSF was collected by gravity
in 2 purple top polypropylene EDTA tubes, each containing 5.0
TIU aprotinin. Tubes were mixed by vortex, placed on ice, and
promptly centrifuged at 3,000 � g and 4�C for 5 minutes. CSF
supernatant was separated, aliquoted, and stored at �70�C for
future peptide analysis.

Following the first blood collection at 19:00, the first
suggested immobilization test (SIT) was performed. SIT was per-
formed to assess the propensity to RLS symptom onset and was
also used to provoke RLS symptoms; the SIT test was conducted
as previously described.12 Subjects (both RLS and controls) were
instructed to sit on a hospital bed with knees flexed at 60–70�.
The head of the bed was elevated for comfort. Windows were
covered with opaque shading material to account for seasonal
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variability of outside light. Overhead lights were turned off, and
portable ambient lighting was used to light the room at approxi-
mately 20–50 lux. Patients were instructed to maintain wakeful-
ness and not to move, save for slight adjustments to avoid
discomfort or slight movements of the feet. Large movements of
the body or legs were discouraged. Discomfort from RLS was
rated on a Likert scale from 0 to 10, 10 being the most severe, at
10 minutes and every 10 minutes thereafter until the final
60-minute time point. Following the first SIT test, the subject
was given a 10-minute break, and then the second SIT test was
performed in an identical fashion. RLS symptom severity during
each SIT was expressed as the mean of the 6 reported RLS symp-
tom severity ratings. Lumbar puncture was then performed at
21:30 and the final blood draw at 22:00. Finally, pain sensitivity
was measured by digital algometry (FPIX; Wagner, Greenwich,
CT). The algometer was affixed with a 1cm2 rubber tip and
measured pressure applied from this tip to a skin area. Pressure
was delivered with increasing levels from 0 to 10lbs at �1lb/s to
the anterior forearm, dorsal hand, and shin, until the subject
reported feeling pain. This was repeated 3 times per site, and
pressure readings were averaged for each site and then averaged
overall to give a total algometer score from 0 to 10lbs. The
assessment of different sites with 3 repetitions at a constant rate
of force has been previously described.13

Immunoassays
Plasma was assessed for POMC, ACTH, α-MSH, and β-EDP,
and CSF was assessed for POMC, ACTH, α-MSH, β-MSH,
and β-EDP. POMC was measured using a custom 2-site
enzyme-linked immunosorbent assay (ELISA) with the capture
antibody directed to ACTH10–18 and the detection antibody
directed to γ-MSH research resource identifier (RRID:
AB_2756529 and AB_2756530).14 Antibodies have no cross-
reactivity with ACTH, α-MSH, β-MSH, or β-EDP. Affinity-
purified human 31 K POMC peptide with a sensitivity of
8fmol/ml was used as a standard. α-MSH was measured using
a commercially available ELISA kit for human α-MSH (EKX-
KWLBSG; Nordic Biosite, Täby, Sweden), with a sensitivity
of 7.5pg/ml and range of 12.5 to 800pg/ml with an intra-
assay precision coefficient of variation (CV) < 8%. β-MSH
was measured by radioimmunoassay, using human β-MSH
antiserum and isolated human β-MSH peptide for tracer
iodination and standards (Phoenix Pharmaceuticals, Burlin-
game, CA); there is 10% cross-reactivity with POMC. β-EDP
was measured using an ELISA kit for human β-EDP
(EKH1392, Nordic Biosite), with a sensitivity of 9.375pg/ml
and range of 15.625 to 1,000pg/ml with an intra-assay preci-
sion CV < 8%. ACTH was assayed by double-antibody radio-
immunoassay using 125I (hACTH Double Antibody RIA kit,
07–106,102; MP Biomedicals, Solon, OH) as per the manu-
facturer’s protocol. All assays were performed in duplicate,
and there was >90% agreement between measurements.

Questionnaires
As an assessment of sleep quality, the Insomnia Severity Index
(ISI) was administered to all participants; the ISI is a 7-question

scale validated to assess sleep difficulty was scored from 0 to 28.
ISI questions assess, in the past 2 weeks, difficulty falling asleep,
difficulty staying asleep, sleep satisfaction, and disruption of life
quality from sleep difficulty, scored from 0 to 4 as "non,"
"mild," "moderate," "severe," and "very severe," respectively; 0–
7 = no clinically significant insomnia, 8–14 = subthreshold
insomnia, 15–21 = moderate clinical insomnia, and 22–
28 = severe clinical insomnia. The Barratt Impulsiveness Scale-
11 (BIS) was administered to all participants; the BIS is a
30-item scale validated to assess the level of impulsiveness and
impulsive personality traits. Items included statements like “I
plan tasks carefully” or “I do things without thinking.” Answer
choices were "rarely," "occasionally," "often," and "almost
always." Choices were scored from 1 to 4, with greater impul-
siveness indicated by higher scores (range = 30–120).

For participants with RLS, RLS severity was assessed using
the International RLS Study Group Severity Rating Scale
(IRLS), which assesses severity of RLS-related symptoms over the
past 2 weeks.15 The IRLS contains 10 questions that are
answered with a score between 0 and 4 for none, mild, moder-
ate, severe, or very severe, respectively. Representative questions
include: "Overall, how would you rate the RLS discomfort in
your legs or arms?"; "Overall, how severe is your sleep distur-
bance from your RLS symptoms?"; and "How often do you get
RLS symptoms?" (answered as 0 = never, 1 = 1 day per week or
less, 2 = 2–3 days per week, 3 = 4–5 days per week, 4 = 6–
7 days per week). IRLS scores 1–10, 11–20, 21–30, and 31–40
are considered as mild, moderate, severe, and very severe RLS,
respectively.

Statistical Analysis
Descriptive statistics were conducted to describe categorical
variables as number and percentage and continuous variables
as mean and standard deviation. Characteristics were com-
pared between the RLS and control groups with χ2 tests for
categorical variables and Student t tests for comparison of con-
tinuous variables between RLS and control groups and analy-
sis of variance for comparison among painful RLS, nonpainful
RLS, and control groups; statistical significance was consid-
ered as a 2-sided p value < 0.05. If comparison among the
groups with ANOVA indicated a statistically different
result (p < 0.05), then post hoc testing was carried out with
Student t tests between the different groups. Although
there were no data from CSF α-MSH in RLS patients to per-
form a power analysis, one study of 14 healthy adult women
showed a mean � standard deviation CSF α-MSH of
25.5 � 2.5pg/ml.16 Estimating conservatively that we would
find a 20% increase in CSF α-MSH in RLS patients with a
standard deviation of 7.5pg/ml, 35 subjects would be needed
in each group to find a statistically significant difference. With
36 subjects in each group, we would have 81.2% power to
detect a 5.1pg/ml difference with a standard deviation of
7.5pg/ml and a significance level of 0.05. Statistical analyses
were performed with the R statistical package 4.1.3
(Auckland, New Zealand).
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Results
Characteristics of RLS and Control Groups
A total of 86 individuals participated in the study,
51 being female (42 RLS and 44 control participants).
Subjects were middle-aged, with an average age of
51.5 � 12.8 years. RLS and control cohorts were compa-
rable in age, sex distribution, and body mass index (BMI;
Table 1) as were controls, those with painful RLS, and
those with nonpainful RLS. Those with RLS scored signif-
icantly higher on the ISI, falling in the moderate clinically
significant insomnia range compared to controls, who gen-
erally did not have clinically significant insomnia. Pain
sensitivity as measured by algometry and impulsiveness as
measured by the BIS were similar among the groups.

On average, participants with RLS scored in the
severe range on the IRLS, with an average score of
24.8 � 9.0; IRLS was similar between those with painful
RLS and nonpainful RLS. Nine of the RLS subjects or
21.4% described their RLS symptoms as painful. Those
with painful RLS did not differ from those with non-
painful RLS or controls in terms of age, sex distribution,
or BMI. Pain sensitivity as measured by algometry did not
differ in the RLS group compared to controls (8.7 � 3.0
vs 8.5 � 2.3, p = 0.84), nor did it differ between those
with painful RLS and nonpainful RLS (7.8 � 1.7 vs
8.9 � 3.3, p = 0.26).

Plasma Hormone Measurements
Table 2 shows the average plasma levels of ACTH,
α-MSH, and β-EDP for 3 different times points of 19:00,
20:30, and 22:00 and for plasma POMC at 22:00.

There was no difference in levels of ACTH, α-MSH, or
β-EDP between RLS and control participants at any of
the time points. This is also shown graphically in
Figure 1A–C. Similarly, there were no differences in levels
of ACTH, α-MSH, or β-EDP at any time point among
the painful RLS, nonpainful RLS, and control groups
(data not shown). Plasma POMC levels in femtomoles per
milliliter at 22:00 were significantly greater in RLS
(n = 39) than in control (n = 39) subjects (17.0 � 11.5
vs 12.7 � 6.1, p = 0.048). Plasma POMC levels were signifi-
cantly different among those with nonpainful RLS (n = 30),
those with painful RLS (n = 9), and controls (18.7 � 12.1
vs 11.2 � 7.4 vs 12.7 � 6.1, ANOVA p = 0.01) with levels
being significantly higher in those with non-painful RLS com-
pared to RLS patients with painful RLS (18.7 � 12.1 vs
11.2 � 7.4, p = 0.04) and also compared to controls
(18.7 � 12.1 vs 12.7 � 6.1, p = 0.02; Fig 2A,B).

CSF Hormone Measurements
Lumbar puncture was performed at 21:30, and CSF was
collected for 37 RLS and 36 control participants. CSF
was analyzed for ACTH, α-MSH, β-MSH, β-EDP, and
POMC (Table 3). Levels of CSF ACTH (pg/ml) were
similar between those with RLS and controls
(22.0 � 10.6 vs 24.4 � 14.0, p = 0.42) and among con-
trols, painful RLS sufferers, and nonpainful RLS sufferers.
CSF α-MSH trended toward being higher in RLS patients
compared to controls (34.2 � 40.9 vs 20.3 � 11.0,
p = 0.062). CSF α-MSH was highest in nonpainful RLS
sufferers, intermediate in those with painful RLS, and low-
est in controls, although this was not statistically

TABLE 1. Patient Demographics and Characteristics

Characteristic Controls, n = 44 Nonpainful RLS, n = 33 Painful RLS, n = 9 pa

Age, mean � SD 50.4 � 13.5 53.8 � 12.3 50.8 � 11.2 0.52b

BMI, mean � SD 26.8 � 5.0 25.7 � 3.6 28.7 � 5.1 0.20b

Female, n (%) 25 (56.8) 20 (60.1) 6 (66.7) 0.84c

ISI 5.3 � 6.4 14.4 � 6.7 16.8 � 5.8 <0.0001b

Algometer, lbs 8.5 � 2.1 8.9 � 3.3 7.8 � 1.7 0.63b

Barratt scale 66.0 � 10.2 67.7 � 8.1 69.9 � 6.5 0.50b

IRLS — 24.3 � 9.5 26.3 � 7.3 0.50d

BMI = body mass index in kg/m2; IRLS = International RLS Study Group Severity Rating Scale; ISI = Insomnia Severity Index; RLS = restless legs
syndrome.
aComparing RLS patients to controls; superscript letter indicates type of test used.
bAnalysis of variance.
cChi-squared test.
dStudent t test.
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significant (36.0 � 45.3 vs 28.5 � 23.0 vs 20.3 � 11.0,
ANOVA p = 0.14; Fig 3A–C).

CSF β-MSH (pg/ml) was similar between RLS sub-
jects and controls (36.2 � 18.9 vs 32.6 � 15.2,
p = 0.38), but when RLS subjects were subclassified, CSF
β-MSH was higher in those with painful RLS than in
nonpainful RLS or in controls (48.2 � 24.8 vs
32.1 � 14.8 vs 32.6 � 15.2, ANOVA p = 0.03;
Figure 3). CSF β-EDP (pg/ml) trended toward being
lower in the RLS compared to the control cohort
(10.3 � 3.2 vs 12.3 � 5.0, p = 0.059), and was signifi-
cantly different among the different cohorts, with those
with painful RLS having the lowest, nonpainful RLS hav-
ing intermediate, and controls having the highest CSF
β-EDP (8.0 � 3.4 vs 10.8 � 3.1 vs 12.3 � 5.0, ANOVA
p = 0.049; Figure 3). With post hoc testing, those with
painful RLS had significantly lower CSF β-EDP than con-
trols (8.0 � 3.4 vs 12.3 � 5.0, p = 0.02). In the overall
cohort, severity of RLS as determined by the IRLS did
not correlate significantly to levels of any hormone. In
women with RLS, severity of RLS by IRLS correlated pos-
itively with CSF β-MSH (r = +0.57, p = 0.007) and
marginally with CSF ACTH (r = +0.40, p = 0.059), but
not levels of other CSF hormones. Also in women, CSF
β-MSH correlated with severity of RLS symptoms in the
first SIT (r = +0.48, p = 0.04) but not the second SIT
(r = +0.31, p = 0.19). In men with RLS, RLS severity
by IRLS correlated negatively with CSF POMC
(r = �0.55, p = 0.0501) but not other CSF hormones.

Ratios of the MSH hormones to β-EDP were calcu-
lated and compared among the groups. The ratio of
α-MSH to β-EDP was significantly higher for those with
RLS than for controls (3.45 � 3.8 vs 1.90 � 1.72,
p = 0.03). The ratio of β-MSH to β-EDP was similar in
RLS and control cohorts, but was significantly higher
in those with painful RLS than those with nonpainful
RLS or controls (6.87 � 3.63 vs 3.18 � 1.77 vs
3.18 � 2.08, ANOVA p = 0.0004). The ratio of the sum
of α-MSH and β-MSH to β-EDP was significantly higher
in those with RLS compared to controls (7.66 � 5.14 vs
5.15 � 2.95, p = 0.02) and was highest in painful RLS,
intermediate in nonpainful RLS, and lowest in controls
(10.6 � 6.18 vs 6.77 � 4.56 vs 5.15 � 2.95, p = 0.007).

Discussion
This is the first study to evaluate the potential involve-
ment of the MC system in humans with RLS. POMC-
derived peptides were measured in blood and CSF to
determine whether the MSH peptides are increased and
β-EDP decreased in RLS patients compared to age-/sex-
matched controls. The major findings demonstrated
higher CSF α-MSH and lower CSF β-EDP in RLS
patients, although results did not differ with statistical sig-
nificance. Following RLS subtyping, those with painful
RLS had the lowest, nonpainful RLS intermediate, and
controls the highest CSF β-EDP levels. CSF β-MSH was
significantly higher in those with painful RLS than in

TABLE 2. Plasma Hormone Levels in Controls and RLS Patients

Plasma Hormone Sample Size (controls, RLS) Controls RLS p

Plasma ACTH19:00, pg/ml (40, 42) 87.2 � 67.2 75.9 � 32.0 0.33

Plasma ACTH20:30, pg/ml (40, 42) 82.4 � 68.2 77.8 � 46.4 0.72

Plasma ACTH22:00, pg/ml (39, 41) 101.0 � 71.9 122.8 � 99.4 0.27

Plasma α-MSH19:00, pg/ml (40, 41) 259.6 � 155.5 254.2 � 161.0 0.62

Plasma α-MSH20:30, pg/ml (38, 40) 261.9 � 151.9 231.4 � 143.5 0.88

Plasma α-MSH22:00, pg/ml (38, 39) 262.9 � 151.9 225.7 � 128.7 0.26

Plasma β-EDP19:00, pg/ml (38, 43) 434.6 � 180.5 409.0 � 172.7 0.52

Plasma β-EDP20:30, pg/ml (41, 44) 428.7 � 187.5 412.1 � 154.8 0.66

Plasma β-EDP22:00, pg/ml (40, 43) 450.5 � 195.2 444.4 � 144.1 0.87

Plasma POMC22:00, fmol/ml (39) 12.7 � 6.1 17.0 � 11.5 0.048a

ACTH = adrenocorticotropin hormone; POMC = pro-opiomelanocortin; RLS = restless legs syndrome; α-MSH = α-melanocyte-stimulating hor-
mone; β-EDP = β-endorphin.
ap < 0.05.
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those with nonpainful RLS or controls. There were statis-
tically significant differences in the ratios of CSF β-MSH
to CSF β-EDP and of CSF α-MSH + β-MSH to CSF
β-EDP among groups, with ratios being highest in painful
RLS. In plasma, ACTH, α-MSH, and β-EDP were similar
between groups at all time points. Plasma POMC at
22:00 was significantly higher in RLS than controls. Con-
sidering these data as a whole, nonpainful RLS is associ-
ated with increased plasma POMC and increased CSF
α-MSH, perhaps reflecting increased MC tone. Painful
RLS is associated with normal plasma POMC, yet
increased CSF β-MSH and decreased CSF β-EDP, not

reflecting increased MC tone, yet a shift toward β-MSH
and away from β-EDP, which both arise from β-lipotropin
cleavage.

This study provides evidence that MC hormone
levels may be altered in RLS. These findings should be
interpreted with caution, as it is the first case–control
study to assess CSF levels of the MC hormones in patients
with RLS. Furthermore, RLS is a very complex pheno-
type, with numerous genes influencing its expression and
different behavioral traits, such as impulsivity, anxiety,
and poor sleep, which are difficult to control for. Thus, in
a relatively small number of patients with RLS, it is

A C

B

FIGURE 1: Nighttime plasma melanocortin levels in restless legs syndrome (RLS) and control cohorts are shown as mean and
standard deviation in picograms per milliliter of (A) adrenocorticotropin hormone (ACTH) in RLS (n = 40, 40, 39) compared to
controls (n = 42, 42, 41), (B) α-melanocyte-stimulating hormone (α-MSH) in RLS (n = 41, 38, 38) compared to controls (n = 40,
40, 39), and (C) β-endorphin (β-EDP) in RLS (n = 38, 41, 40) compared to controls (n = 43, 44, 43) at 17:00, 20:30, and 22:00 in
RLS (black circles) and controls (open squares; n = N17:00, N20:30, N22:00). There were no differences between RLS and control
groups at any time point for plasma ACTH, α-MSH, or β-EDP. Error bars indicate standard deviation.
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possible that controls and/or the RLS subtype groups dif-
fered in one or more particular genes or traits and that this
group difference accounted for the observed changes in
CSF hormones observed in the study. A future study
should take into account these aspects of the disease when
aiming to confirm these findings. Nevertheless, the
observed alterations in MC hormones in RLS patients,
when combined with similarities between MC properties
and RLS features, suggest that the MC system may play

an important role in RLS pathogenesis. Furthermore, the
biology of the MC system may provide a clue as to what
may cause the symptoms of RLS, namely the urge to
move and sensory discomfort, which we discuss below.

POMC undergoes various cleavage steps to yield the
peptides γ-MSH, ACTH, and β-lipotropin. ACTH is fur-
ther cleaved to α-MSH, whereas β-lipotropin is cleaved to
β-MSH and β-EDP (Fig 4). POMC is highly conserved
across higher vertebrate species and underlies basic life
behaviors/functions, which include feeding, sex, move-
ment, and pain sensitivity.17 Study of MC-related behav-
ioral effects date back to 1955 and descriptions of the
ACTH-induced stretching and yawning syndrome.18 In
this syndrome, animals appear tired, while stretching and
yawning repeatedly, reminiscent of the tiredness and desire
to stretch that RLS sufferers report. Yawning and stretch
are also induced by intracerebral α-MSH or β-MSH.19

The most extensively described of the MC-related behav-
iors is excessive grooming and locomotion, caused by cen-
tral α-MSH, β-MSH, or ACTH administration.9,20,21

Excessive locomotion is the animal corollary of the urge to
move, which compels the RLS sufferer to walk at night,
giving them the colloquial title, "nightwalker." Sleep fol-
lowing this initial state of α-MSH-induced hyperactivity
displays periodic cortical arousal and periodic hindlimb
movements,9,22 similar to the RLS-related phenomena of
periodic limb movements during sleep and arousal.23 Cen-
trally administered ACTH and α-MSH result in a
decreased time to tail-flick in response to a painful thermal
stimulus, reflecting hyperalgesia.6,8 RLS is experienced as
painful in approximately 20% of cases24 and dysesthetic
in the majority of cases. Moreover, persons with RLS
exhibit hyperalgesia to pinprick.25

Although the MSH peptides and β-EDP arise from
the same prohormone, POMC, their actions are opposing.
The MSH peptides promote movement and pain hyper-
sensitivity, whereas β-EDP decreases locomotion and
pain.26 Intracerebroventricular β-EDP and nucleus
solitarius microinjection enhance slow wave sleep27,28 and
produce analgesia, inhibiting ACTH-/α-MSH-induced
hyperalgesia.26,29,30 Thus, CSF β-EDP being low in RLS
and lowest in painful RLS is fitting, as are findings of high
CSF α-MSH in RLS given the promotor properties of
MC agonists. In nonpainful RLS, both plasma POMC
and CSF α-MSH were increased, which may reflect gener-
ally increased MC activity. In painful RLS, neither plasma
POMC nor CSF α-MSH were increased; rather, CSF
β-MSH was increased and CSF β-EDP was decreased.
Both β-MSH and β-EDP are β-lipotropin cleavage prod-
ucts, so the abnormality in painful RLS may be a shift
toward β-MSH at the expense of β-EDP, not an overall
increase in MC activity.

A

B

FIGURE 2: Plasma prohormone pro-opiomelanocortin
(POMC) levels are shown in femtomoles per liter at 22:00 for
(A) restless legs syndrome (RLS; black; n = 39) and controls
(white; n = 39) and (B) nonpainful RLS (light gray; n = 30),
painful RLS (dark gray; n = 9), and controls (white; n = 39).
(A) Plasma POMC levels are significantly higher in RLS
patients compared to controls (17.0 � 11.5 vs 12.7 � 6.1,
p = 0.048). (B) Plasma POMC levels are significantly different
among RLS patients with nonpainful RLS, RLS patients with
painful RLS, and controls (18.7 � 12.1 vs 11.2 � 7.4 vs
12.7 � 6.1, analysis of variance p = 0.01). Plasma POMC
levels are significantly higher in RLS patients with nonpainful
RLS compared to RLS patients with painful RLS (18.7 � 12.1
vs 11.2 � 7.4, p = 0.04) and also compared to controls
(18.7 � 12.1 vs 12.7 � 6.1, p = 0.02). *p < 0.05; error bars
indicate standard deviation.
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As the MSH peptides and β-EDP originate from the
same transcript, one could ask, "Why are the MSH pep-
tides increased and β-EDP decreased in RLS?" The answer
may come through consideration of POMC processing.
POMC undergoes extensive post-translational processing
in the hypothalamic arcuate nucleus and pituitary.31 At
the cellular level, POMC is ferried to the endoplasmic
reticulum, where it is amidated and marked for transport
to the trans-Golgi network.31,32 Here, vesicles bud to pro-
duce secretory granules, where proteolytic processing
occurs by diverse regulatory mechanisms, yielding varying
degrees of ACTH and β-lipotropin, then secretion of vari-
able amounts of MSH peptide and β-EDP.33 In this way,
both increased and decreased levels of different POMC-
derived peptides could occur in the same individual and
in RLS a favoring toward MC and away from β-EDP
activity. Our data reflect this, as ratios of α-MSH
+ β-MSH to β-EDP are increased in RLS.

The ratio of CSF α-MSH + β-MSH to β-EDP was
highest in painful RLS, intermediate in nonpainful RLS,
and lowest in controls. This result was driven by 3 factors.
First, CSF β-EDP was lowest, intermediate, and highest
in painful, nonpainful RLS, and controls, respectively; sec-
ond, CSF α-MSH was higher in RLS than controls; and

third, CSF β-MSH was higher in painful than nonpainful
RLS or controls. Whereas CSF α-MSH was similar in
RLS subtypes, CSF β-MSH was higher in painful than
nonpainful RLS. Biochemically, both α-MSH and
β-MSH show affinity for the MC-1 and MC-4 receptors,
the activity of which underlies hyperalgesia and non-
neuropathic and neuropathic pain, respectively.34–37 We
focused on α-MSH and β-MSH, but not γ-MSH, as the
latter MSH peptide has little pain-modulating activity.34

Given their pain-modulating involvement, α- and β-MSH
may act synergistically, with pain sensitivity being greatest
when both MSH peptides are elevated, in particular when
β-EDP is low. As reflected in an increased ratio of CSF
α-MSH + β-MSH to β-EDP, an increase in α-MSH and
β-MSH and decreased β-EDP would favor motor activity
and hyperalgesia over passivity and analgesia.7

RLS pharmacology is also consistent with MC-
endorphin RLS pathobiology. RLS treatment with L-dopa
was described in 1982.38 Dopamine inhibits ACTH and
α-MSH secretion from the pituitary, and inhibits α-MSH
acetylation to active α-MSH,39,40 thereby decreasing MSH
tone and treating RLS. Opioid medications are used mostly
in medication-refractory RLS.41 Like β-EDP, opioids bind
μ-opioid receptors to produce analgesia and passivity.42,43

TABLE 3. CSF Hormone Levels in Controls and RLS Patients

CSF Analyte

Sample Size
(controls, RLS,
nonpainful RLS,
painful RLS)

Controls,
n = 36

All RLS,
n = 37 pa

Nonpainful
RLS Painful RLS pb

ACTH (35, 37, 28, 9) 24.4 � 14.0 22.0 � 10.6 0.42 21.4 � 11.1 24.0 � 9.1 0.62

α-MSH (34, 34, 26, 8) 20.3 � 10.9 34.2 � 40.9 0.062 36.0 � 45.3 28.5 � 23.0 0.14

β-MSH (35, 35, 26, 9) 32.6 � 15.2 36.2 � 18.9 0.38 32.1 � 14.8 48.2 � 24.8 0.03c

β-EDP (34, 35, 27, 7) 12.3 � 5.0 10.3 � 3.2 0.059 10.8 � 3.1 8.0 � 3.4 0.049c

POMC (36, 37, 28, 9) 241.9 � 108 225.5 � 69 0.44 228.5 � 68 216 � 74.0 0.70

α-MSH:β-EDP (33, 32, 25, 7) 1.90 � 1.72 3.45 � 3.8 0.03c 3.37 � 3.93 3.73 � 3.53 0.09

β-MSH:β-EDP (33, 32, 25, 7) 3.18 � 2.08 4.00 � 2.71 0.19 3.18 � 1.77 6.87 � 3.63 0.0004d

α-MSH+β-MSH:
β-EDP

(32, 30, 23, 7) 5.15 � 2.95 7.66 � 5.14 0.02c 6.77 � 4.56 10.6 � 6.18 0.007e

":" indicates ratio.
ACTH = adrenocorticotropin hormone; CSF = cerebrospinal fluid; POMC = pro-opiomelanocortin; RLS = restless legs syndrome; α-MSH = α-
melanocyte-stimulating hormone; β-EDP = β-endorphin.
aStudent t test comparing means for all RLS patients to controls.
bAnalysis of variance comparing means among nonpainful RLS, painful RLS, and controls.
cp < 0.05.
dp < 0.001.
ep < 0.01.
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In our study, CSF β-EDP was lowest in painful RLS. Given
that β-EDP deficiency may be a cause of RLS, it is under-
standable why opioid medications treat RLS.

In addition to being the first study to assess MC hor-
mones in RLS patients, our study has other strengths. Only
patients with moderate-to-severe RLS were included to

A B

C

FIGURE 3: Cerebrospinal fluid (CSF) α-melanocyte-stimulating hormone (α-MSH), β-MSH, and β-endorphin (β-EDP) levels are shown
in picograms per milliliter in restless legs syndrome (RLS; black), painful RLS (dark gray), nonpainful RLS (light gray), and controls
(white). (A) CSF α-MSH was higher in RLS patients than controls (34.2 � 40.9 vs 20.3 � 11.0, p = 0.062). CSF α-MSH was highest in
nonpainful RLS (n = 26), intermediate in painful RLS (n = 8), and lowest in controls (n = 34), although this was not statistically
significant (36.0 � 45.3 vs 28.5 � 23.0 vs 20.3 � 11.0, analysis of variance [ANOVA] p = 0.14). (B) CSF β-MSH was similar between
RLS and controls (36.2 � 18.9 vs 32.6 � 15.2, p = 0.38). CSF β-MSH was higher in painful RLS (n = 9) than in nonpainful RLS (n = 26)
or in controls (n = 35; 48.2 � 24.8 vs 32.1 � 14.8 vs 32.6 � 15.2, ANOVA p = 0.03). (C) CSF β-EDP was lower in the RLS compared
to the control cohort (10.3 � 3.2 vs 12.3 � 5.0, p = 0.059). CSF β-EDP was lowest in painful RLS (n = 7), intermediate in nonpainful
RLS (n = 27), and highest in controls (n = 34; 8.0 � 3.4 vs 10.8 � 3.1 vs 12.3 � 5.0, ANOVA p = 0.049). With post hoc testing, those
with painful RLS had significantly lower CSF β-EDP than controls (8.0 � 3.4 vs 12.3 � 5.0, p = 0.02). *p < 0.05 between 2 groups
using Student t test; **over the <�> refers to p < 0.05 among 3 groups using ANOVA test. Error bars indicate standard deviation.
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increase chances of seeing hormonal abnormalities. Patients
taking RLS medicines, specifically dopamine agonists,
alpha-2 delta ligands, or opioids, were ineligible or had to
stop medications for 7 days, as these medicines could influ-
ence MC hormone levels. It should be noted that only
2 RLS patients had to be tapered from an opioid medica-
tion, one from the painful RLS group and the other from
the nonpainful RLS group. Our CSF sample size of
37 RLS and 36 control subjects was large and based upon
CSF α-MSH results in healthy women and a conservative
20% α-MSH change estimate.16 We inquired about painful
RLS, which accounts for approximately 20% of RLS.24

This subclassification produced arguably the most interest-
ing finding that CSF β-EDP was lowest in painful RLS,
intermediate in nonpainful RLS, and highest in controls.
Whereas CSF β-EDP levels differed among the groups, this
was not true for plasma β-EDP. Research in other human
disease has also shown discordance of plasma and CSF
β-EDP. One study of US veterans showed that those with
post-traumatic stress disorder had significantly higher CSF
β-EDP than veterans without the disorder, whereas levels of
plasma β-EDP were similar between the groups. This dis-
cordance between CSF and plasma β-EDP was similarly
seen in our study.

There are important limitations to note. CSF was
collected at one time point, as the principal investigator, a
neurologist, had no experience with lumbar drains. Thus,
we approximated a time when many prepare for sleep and
experience RLS, and chose 21:30. Eight control
and 5 RLS subjects were enrolled in whom lumbar punc-
ture was unsuccessful. The number of samples successfully
assayed for various plasma/CSF hormones differed slightly

on account of varying sample numbers available at times
assays were performed as well as rare assay failure. There
were many statistical comparisons conducted for different
peptides between groups, which increased potential for
type I errors. However, directionality of the differences,
increased MSH and decreased β-EDP in RLS, and the
hormone level gradient in RLS subtypes make it more
likely that findings are real. Nevertheless, it is possible that
the observed findings occurred by chance or that signifi-
cant changes were the result of other factors not necessar-
ily related to RLS; thus, it is important to reproduce these
findings in other studies. There is great complexity in the
RLS phenotype, wherein the expression of the disease is
influenced by numerous risk genes and differs based upon
predilection to different behavioral traits, such as anxiety,
poor sleep, and impulsivity. These complexities challenge
the selection of a truly representative group of individuals
with RLS.

The ISI was used rather than the Pittsburgh Sleep
Quality Index and may not have adequately assessed
sleep quality.

In summary, our study represents a first step toward
integration of the POMC-derived peptides into the patho-
genetic RLS framework. For the first time, there is a bio-
logical explanation as to what may cause the sensorimotor
idiosyncrasies of RLS. These results should be interpreted
with caution and need replication. Future studies should
explore how the MC system interacts with iron and dopa-
mine systems in idiopathic RLS, focusing on the painful
subtype. As a field, there is much to learn and study
regarding the involvement of MSH peptides and β-EDP
in RLS. Investigation into the behavioral effects of MCs

FIGURE 4: Processing of the prohormone pro-opiomelanocortin (POMC). The prohormone POMC undergoes extensive post-
translational processing and is cleaved to yield γ-melanocyte-stimulating hormone (γ-MSH), adrenocorticotropin hormone
(ACTH), and β-lipotropin. ACTH is cleaved to give α-MSH and corticotropinlike intermediate peptide (CLIP), whereas β-lipotropin
is broken down into γ-lipotropin and β-endorphin. Finally, γ-lipotropin is cleaved into β-MSH.
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in humans is needed. A study conducted in 1968 to inves-
tigate effects of intravenous α-MSH on menstruation
noted that 3 of 6 women experienced “severe motor rest-
lessness.”44 Replication and further characterization of the
behavioral effect of MC agonism and the hormonal profile
in patients with RLS should be a future goal.
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