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Abstract

Restless legs syndrome (RLS) is characterized by an irresistible need to move the legs while 

sitting or lying at night with insomnia as a frequent consequence. Human RLS has been associated 

with abnormalities in the endogenous opioid system, the dopaminergic system, the iron regulatory 

system, anemia, and inflammatory and auto-immune disorders. Our previous work indicates that 

mice lacking all three subtypes of opioid receptors have a phenotype similar to that of human RLS. 

To study the roles of each opioid receptor subtype in RLS, we first used mu opioid receptor 

knockout (MOR KO) mice based on our earlier studies using postmortem brain and cell culture. 

The KO mice showed decreased hemoglobin, hematocrit, and red blood cells (RBCs), with an 

appearance of microcytic RBCs indicating anemia. Together with decreased serum iron and 

transferrin, but increased ferritin levels, the anemia is similar to that seen with chronic 

inflammation in humans. A decreased serum iron level was also observed in the wildtype mice 

treated with an MOR antagonist. Iron was increased in the liver and spleen of the KO mice. 

Normal circadian variations in the dopaminergic and serotoninergic systems were absent in the KO 

mice. The KO mice showed hyperactivity and increased thermal sensitivity in wakefulness 

primarily during what would normally be the sleep phase similar to that seen in human RLS. 
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Deficits in endogenous opioid system transmission could predispose to anemia of inflammation 

and loss of circadian variations in dopaminergic or serotonergic systems, thereby contributing to 

an RLS-like phenotype.
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Introduction:

Restless legs syndrome (RLS) is a common heterogeneous sensorimotor disorder, which 

affects up to 10% of the population across the world (Garcia Borreguero, Winkelmann, & 

Allen, 2017). The prevalence of the disease is five times higher in iron-deficient people 

(Allen, Auerbach, Bahrain, Auerbach, & Earley, 2013; Allen & Earley, 2007; Connor, 

Patton, Oexle, & Allen, 2017; Trotti, 2017). RLS patients typically have a strong urge to 

move legs starting or worsening during the rest phase or inactivity, especially in the evening 

or at night, usually accompanied by abnormal sensations (Allen et al., 2014). There is at 

least partial and temporary relief of symptoms by movements (Trotti, 2017). Oral or 

intravenous iron can be used to improve symptoms in some RLS patients (Trotti & Becker, 

2019). One of the primary treatments for RLS is dopaminergic agonists (Trotti, 2017). 

Oxycodone, an agonist for opioid receptors, in combination with naloxone, an antagonist for 

opioid receptors added to relieve constipation, has been approved in Europe as second-line 

therapy for refractory RLS (Trenkwalder et al., 2013).

Previous studies have shown that RLS patients exhibit an endogenous opioid deficiency of 

beta-endorphin and met-enkephalin in the thalamus (A. S. Walters, Ondo, Zhu, & Le, 2009). 

A brain imaging study demonstrates significant negative correlations between opioid 

receptor binding potential in brain regions involved in the medial affective pain system and 

the severity of RLS symptoms (von Spiczak et al., 2005). Our in vitro work showed that 

cultured dopaminergic neurons treated with deferoxamine, an iron-chelating agent, show 

decreased cell survival (Sun, Hoang, Neubauer, & Walters, 2011). The damage is mostly 

prevented by the application of endogenous opioid analog before iron chelation (Sun et al., 

2011), suggesting interactions among the opioid system, iron deficiency, and dopaminergic 

dysfunction. Our recent in vivo work showed that mice with genetic disruption of all three 

subtypes of opioid receptor (MOR, DOR, KOR) genes (triple KO) exhibit hyperactivity and 

a trend of increased probability of waking during the rest period (day) akin to that in human 

RLS (night) (Lyu, DeAndrade, et al., 2019). Surprisingly, triple KO mice also show 

decreased serum iron concentration, evidence of anemia, altered dopamine metabolism, as 

well as decreased thermal sensation (Lyu, DeAndrade, et al., 2019) similar to that seen in 

human RLS. However, it is not known which subtype of opioid receptors is directly 

responsible for the RLS-like phenotypes in the triple KO mice.

The current investigation extended our previous work to allow allocation to a specific 

receptor subtype, mu opioid receptor (MOR). We started from the MOR instead of DOR and 
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KOR because our earlier work on postmortem human RLS brains shows a deficiency of 

beta-endorphin and met-enkephalin in the thalamus (A. S. Walters et al., 2009), suggesting 

the involvement of MOR in RLS. With MOR knockout (KO) mice, we analyzed both 

behavioral and biochemical abnormalities relevant to the human RLS. Instead of aiming for 

developing an RLS animal model for preclinical drug testing and model the disease, the 

study is to test the role of the endogenous opioid system in the iron homeostasis, the 

development of anemia, and circadian rhythm changes in the dopaminergic and serotonergic 

systems. We hypothesized that genetic disruption of only MOR gene would cause 

dysregulated iron homeostasis and monoamine systems.

Material and methods:

Animals

The MOR KO mice (Oprm1tm1Kff) were from Jackson Laboratory (Stock No: 007559, 

RRID: IMSR_JAX:007559). The original MOR KO mice were bred with the wild-type 

(WT) mice to generate heterozygous males and females, which were interbred to generate 

experimental animals. Pups were weaned about 21 days after birth and housed as 5 pups per 

cage within a specific-pathogen-free (SPF) facility in standard mouse cages at 21°C under 

normal 12-hr light, 12-hr dark (12 LD) cycle condition. The light was on at 6:00 am and off 

at 6:00 pm. The colony had a quarterly monitoring program of common rodent pathogens 

conducted by the Animal Care Service of the University of Florida. All experimental 

animals (97 male MOR KOs, 4 female MOR KOs, 77 male WTs, 5 female WTs) were 

littermates except for the experiment with naloxonazine, in which 21 WT mice were used. 

The generation and maintenance of animals varied due to natural survival. The mean age of 

animals was 163 days, with a 95% confidence interval from 149 to 176 days. Most of the 

experiments were conducted with males to minimize the variations caused by estrous cycles 

in females. The tissue iron measurement was conducted in both males and females. All 

animal experiments that comply with the ARRIVE guidelines were carried out in accordance 

with the National Institutes of Health guide for the care and use of laboratory animals (NIH 

Publications No. 8023, revised 1978). When euthanized by asphyxiation of CO2, mice were 

placed in the animal cage with euthanasia lid on and 1.3 LPM CO2 for at least 3 min plus 10 

LPM CO2 for at least 1 min, followed by cervical dislocation. Investigators who conducted 

the experiments were unaware of the genotypes of the animals studied.

Colorimetric assay for serum iron, ferritin, and transferrin

Blood was collected by cardiac puncture method from nine MOR KO and four WT male 

mice with an average age of six months. The blood was allowed to clot and then separated 

by centrifugation at 1,500 g for 10 min. The serum was removed and centrifuged again at 

1,500 g for 10 min for further purification. The serum transferrin levels were determined 

using the Mouse Transferrin ELISA Kit (Immunology Consultants Laboratory Inc.). Only 

six KO samples were available for iron and ferritin quantification, which were measured by 

QuantiChrom Iron Assay Kit (BioAssay Systems Inc.) and Mouse Ferritin ELISA Kit 

(Immunology Consultants Laboratory Inc.), respectively.
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Quantification of tissue iron

Spleen, liver, and striatum were dissected from ten MOR KO (seven males, four females) 

and ten WT (five males, five females) mice with an average age of four months and 

immediately frozen in liquid nitrogen. The tissue samples were stored at −80 °C until use. 

The experiment was done as described previously (DeAndrade et al., 2012). Striata and 

spleens were thawed on ice and homogenized in phosphate buffered saline (PBS, 9.1 mM 

Na2HPO4, 1.7 mM NaH2PO4, 150 mM NaCl, pH 7.4) containing protease inhibitors 

(10mL/g tissue; Roche, Indianapolis IN). For iron analysis, ultra-purified nitric acid was 

added to a total of 10 ul of each homogenate in a polypropylene microfuge tube. Samples 

were digested for 48 hrs at 50ºC and then diluted 1:10 for striata and 1:500 for spleens with 

3.12 mmol/L nitric acid. Prepared samples were analyzed in duplicate using a graphite 

furnace atomic absorption spectrometer (PerkinElmer AAnalyst 600, Shelton, CT). 

Standards were prepared by diluting a Perkin Elmer iron standard (PE#N9300126) in 0.2% 

ultra-purified nitric acid, and blanks were prepared with digesting and diluting reagents to 

control for possible contamination. Only six male samples were available for measuring 

levels of the liver iron, which were determined by colorimetric assay using the procedure 

described before (Torrance & Bothwell, 1968), with ferrozine as the color reagent. 

Absorbances of duplicate samples were measured at a wavelength of 535 nm. The standard 

curves for all iron measurements exceeded r > 0.99.

Mineral measurement in striatal tissues

Thirteen MOR KO males and eleven WT males with an average age of four months were 

sacrificed and perfused with ice-cold saline. Their striata were dissected out and quickly 

frozen with liquid nitrogen. The samples were shipped to the Veterinary Diagnostic 

Laboratory of Michigan State University and measured by atomic absorption spectroscopy.

In vivo pharmacology

Naloxonazine (Sigma-Aldrich, CAS No. 880759-65-9) (an irreversibly binding MOR 

antagonist) was injected into twelve WT male mice intraperitoneally at 20 mg/kg. The other 

nine WT male mice received saline injection as control. The average for the mice was three 

months. After seven consecutive days of injections, mice were sacrificed on the eighth day, 

and their serums were collected. Serum iron, ferritin, and transferrin were measured as 

described above.

Complete blood count (CBC)

Blood was collected by cardiac puncture from eleven MOR KO and four WT male mice 

with an average age of five months. The blood was analyzed with a HemaVet machine (The 

Americas Drew Scientific Inc.) by the ACS Clinical Diagnostics Laboratory of the 

University of Florida.

Striatal monoamine analysis

Nine MOR KO and eight WT male mice, and another cohort of twelve MOR KO and ten 

WT male mice, with an average age of seven months, were sacrificed during the midday and 

the midnight, respectively. Their striata were dissected out and quickly frozen with liquid 
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nitrogen. The samples were analyzed by the Neurochemical Core of Vanderbilt University to 

obtain dopamine (DA) and serotonin (5-HT) as well as their respective metabolites 3,4-

dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA) and 5-hydroxyindoleacetic 

acid (5-HIAA) (DeAndrade et al., 2012).

Western blot

Antibodies used and their concentrations.

Name Structure of the 
immunogen RRID Concentration

D1DR Antibody D1DR (G-18) Santa Cruz Biotechnology, Cat# sc-31478, 
RRID: AB_2261889, goat, polyclonal 1:200

D2DR Antibody D2DR (B-10) Santa Cruz Biotechnology, Cat# sc-5303, 
RRID: AB_668816, mouse, monoclonal 1: 1000

DAT Antibody DAT (C-20) Santa Cruz Biotechnology Cat# sc-1433, 
RRID: AB_631362, goat, polyclonal 1: 1000

GAPDH Antibody GAPDH (V-18) Santa Cruz Biotechnology, Cat# sc-20357, 
RRID: AB_641107, goat, polyclonal 1:2000

IRDye® 680RD Donkey 
anti-Goat IgG Secondary 
Antibody

Goat IgG LI-COR Biosciences, Cat# 926-68074, 
RRID: AB_10956736, donkey 1:15,556

IRDye® 800CW Donkey 
anti-Mouse IgG 
Secondary Antibody

Mouse IgG LI-COR Biosciences, Cat# 926-32212, 
RRID: AB_621847, donkey 1:15,556

IRDye® 800CW Donkey 
anti-Goat IgG Secondary 
Antibody

Goat IgG, whole 
molecule

LI-COR Biosciences, Cat# 926-32214, 
RRID: AB_621846, donkey 1:15,556

Western blot was performed as previously described (Yokoi et al., 2015). The striata were 

dissected from six MOR KO and six WT male mice with an average age of two months and 

homogenized in 200 µl of ice-cold lysis buffer (Tris/HCL 50mM, pH=7.4; NaCl 175mM; 

EDTA 5mM, pH=8.0) containing protease inhibitor cocktail (Roche). 22 µl of ice-cold 10% 

Triton X100 was added in the homogenate. The mixtures were incubated for 30 min on ice 

and centrifuged at 10,000 × g for 15 min at 4°C. The supernatant was used as protein 

samples for western blots. The protein concentration of the supernatant was measured by 

protein assay reagent (Bio-Rad). An aliquot of the supernatant was mixed with loading 

buffer containing 2-mercaptoethanol and boiled for 5 min, chilled on ice and spun down. 

The proteins were separated on a 10% SDS-PAGE gel and transferred to Millipore 

Immobilon –FL transfer membranes (PVDF). The PVDF membranes were washed in 0.1M 

PBS for 5 min and blocked with LI-COR Odyssey blocking buffer for 1 hr. The membranes 

were incubated overnight at 4°C with goat polyclonal D1R antibody (Santa Cruz 

Biotechnology Cat# sc-31478, RRID: AB_2261889) at 1:200 dilution, mouse monoclonal 

D2R antibody (Santa Cruz Biotechnology Cat# sc-5303, RRID: AB_668816) at 1:1000 

dilution, goat polyclonal dopamine transporter (DAT) antibody (Santa Cruz Biotechnology 

Cat# sc-1433, RRID:AB_631362) at 1:1000 dilution, or goat glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) antibody (Santa Cruz Biotechnology Cat# sc-20357, RRID: 

AB_641107) at 1:2000 dilution in the blocking buffer. The membranes were washed with 

0.1M PBS containing 0.1% Tween 20 for 4 times of 5 min each, then treated for 1 hour with 
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LI-COR IRDye 680RD donkey anti-goat IgG (H+L) (LI-COR Biosciences Cat# 926-68074, 

RRID: AB_10956736), LI-COR IRDye 800CW donkey anti-mouse IgG (H+L) (LI-COR 

Biosciences Cat# 926-32212, RRID: AB_621847), or LI-COR IRDye 800CW donkey anti-

goat IgG (H+L) (LI-COR Biosciences Cat# 926-32214, RRID: AB_621846) at 1:15,556 

dilution. After washing four times of 5 min each with 0.1M PBS containing 0.1% Tween 20 

and 0.1M PBS 3 times for 5 min each, the membranes were dried, and the signals were 

detected and quantified by an LI-COR Odyssey imaging system.

Behavioral studies

Five MOR KO and five wild type (WT) adult male mice with an average age of twelve 

months were used in the wheel running analysis as previously described (DeAndrade et al., 

2012). Briefly, each mouse was placed in a wheel running chamber with enough corncob 

bedding, nestlets, food and water under the 12 LD condition. Wheel running activity was 

recorded as the number of wheel revolutions occurring during 5 min bins using Lafayette 

Instrument Activity Wheel Monitor software. The activity from the last two days was 

included in the data analysis, grouped by light and dark phases.

Fourteen MOR KO and fourteen WT male mice with an average age of four months were 

tested for the perception of warm stimuli (Lyu, Xing, DeAndrade, Perez, et al., 2019). Each 

mouse was placed in an acrylic restrainer with the distal end of its tail protruding on a metal 

surface maintained at 55°C during the day or rest period. The timer was turned on once the 

tail touched the surface and immediately stopped when the mouse flicked its tail away from 

the heat.

The second cohort of six MOR KO and five WT male mice with an average age of ten 

months were tested for the circadian variation of the thermal sensation and the effect of 

dopaminergic treatment. The tail-flick experiment was conducted during the middle of the 

active phase (approximately 0:00 AM), the middle of the rest phase (approximately 12:00 

PM), and 30 min following an intraperitoneal injection of ropinirole at 0.1 mg/kg of body 

weight (approximately 3:00 PM). Ropinirole is a common dopaminergic treatment of RLS.

Food and water intake

The experiment was conducted essentially according to others (Bachmanov, Reed, 

Beauchamp, & Tordoff, 2002). Five MOR KO and five WT male mice with an average age 

of eight months were acclimated to individual cages for 6 days. Food and water intakes were 

measured daily for 4 days. During the test, deionized water was available from a 25 ml 

plastic serological pipette with 0.2 ml gradations inserted into the cage. The top of the 

pipette was closed with a rubber stopper. The drinking tubes were placed to the mouse’s 

right of the food hopper. The sprouts were 25 mm above the cage bottom. Water intake was 

calculated from the scale on the pipette and food intake was derived from the weight of the 

whole cage. The body weights of the mice were measured at the beginning and the end of 

the 4-day test period.
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Data processing and statistical analysis

Peripheral iron and Western blot results were compared with the Student’s t-test. Other data 

were first tested for normality using an SPSS version 25 statistical package. Tissue iron, 

ferritin and transferrin levels in the serum after the drug injection, striatal mineral 

measurements, most of the blood profiles, HPLC data and food-water consumption of the 

WT and the MOR KO were normally distributed and therefore compared by mixed model 

ANOVA (SAS 9.1 statistical package). The results from Student’s t-test and mixed model 

ANOVA were presented as mean ± standard deviation (SD) in the text. Serum iron after the 

drug injection, platelet count and tail-flick data were not normally distributed and analyzed 

by the generalized linear mixed model (GENMOD) with a gamma distribution. Wheel 

running data was analyzed by GENMOD with a negative binomial distribution. 

Observations of microcytic or hypochromic anemia were analyzed by Fisher’s exact test. 

The p values in the HPLC data have been adjusted for multiple comparisons using the 

Benjamini-Hochberg-Yekutieli false discovery rate [FDR (p < 0.05)].

To generate hourly activities as presented in Figures 5A and B, we processed the data as 

described before (Lyu, Xing, DeAndrade, Liu, et al., 2019). The interval counts collected 

every 5 min during each hour were summed for each animal. Wheel running activity during 

the last 48 hrs was analyzed. Each animal had 12 data points for each hour in the wheel 

running test. The average interval counts within each hour were calculated for each 

genotype. The significant p values, calculated by GENMOD with a negative binomial 

distribution grouped by each hour, were marked above the corresponding times in the 

figures.

Age was considered as a variable in the statistical model for the data in Figures 4 (Table 3) 

and 6 (Table 5). This is because, within each experimental cohorts, individual animals 

differed in age and were not born on the same date. For Figure 4 (Table 3), animals sampled 

during midday were 213 ± 64 (mean ± standard deviation) days old, and animals tested at 

midnight were 214 ± 17 days of age. For Figure 6 (Table 5), the first cohort was 120 ± 37 

days of age, and the second cohort was 303 ± 236 days of age. A mixed model or the 

GENMOD can adjust the age difference.

Results:

Altered iron metabolism, blood profile and striatal mineral concentrations in the MOR KO 
mice

Lower peripheral iron level is thought to be correlated with the development of RLS, and the 

occurrence of RLS is higher in people with the iron deficiency than in the general population 

(Connor et al., 2017). Ferritin is predominantly a cytosolic iron storage protein and helps to 

protect cells from potentially toxic effects such as hydroxyl radical formation. Transferrin 

binds to iron and helps iron transportation to cells, which take up transferrin via transferrin 

receptors 1 and 2 (Tfr1, Tfr2). Both ferritin and transferrin are important proteins involved in 

iron homeostasis (Anderson & Frazer, 2017). Ferritin is also considered as an inflammatory 

biomarker, which is increased in several disease states such as NFALD, type 2 diabetes 

mellitus and metabolic syndrome (Kell & Pretorius, 2014). Therefore, we first measured the 
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concentrations of iron, ferritin, and transferrin in the serum. We found that iron and 

transferrin levels were decreased, while the ferritin level was increased in the MOR KO mice 

(Figure 1A, WT, 212.85 ± 28.72, n=4; KO, 167.45 ± 31.76, n=6; t8=2.29, p=0.05; B, WT, 

2695.49 ± 816.53, n=4; KO, 3947.81 ± 583.20, n=6; t7=2.69, p=0.03; C, WT, 590.60 ± 

64.01, n=4; KO, 344.08 ± 172.70, n=9; t11=3.74, p<0.01; all unpaired Student’s t-test). 

Further, in a CBC test, we found significantly decreased levels of red blood cells (RBCs), 

hemoglobin (HB) and hematocrit (HCT) (Table 1, RBC: WT, 9.91 ± 1.12, n=4; KO, 8.01 ± 

1.03, n=11; F1,12=5.74, p=0.03; HB: WT, 12.26 ± 1.09, n=4; KO, 9.77 ± 1.52, n=11; 

F1,12=5.42, p=0.04; HCT: WT, 40.21 ± 4.23, n=4; KO, 32.26 ± 4.69, n=10; F1,11=5.18, 

p=0.04; all mixed model ANOVA) in the MOR KO mice. HB is a protein in RBCs that 

carries oxygen throughout the body. HCT measures the percentage of RBCs in the blood. A 

reduced number of RBCs, as well as low values of HB and HCT, indicate a state of anemia. 

Also, we observed a trend of more microcytic and hypochromic RBCs in mutant mice, 

which was absent in the WTs (Table 1, microcytic or hypochromic RBC: WT, n=4, KO, 

n=11, p=0.10, Fisher’s exact test). The results suggest that MOR KO mice show signs of 

anemia of inflammation (AI) with low serum iron, decreased transferrin levels and increased 

ferritin levels. We also measured iron levels in tissues, including striatum, spleen, and liver 

(Table 2). Both males and females were used in the experiment so that we first tested the 

interaction between sex and genotype (sex X genotype) in each case. We found that the iron 

level in spleen had no sex and genotype interaction (F1,17=0.01, p=0.91; Figure 2B, WT, 

739.20 ± 467.63, n=10; KO, 1118.70 ± 336.62, n=11; F1,18=4.38, p=0.05; sex, F1,18=1.00, 

p=0.33; all mixed model ANOVA) and were elevated. For the liver, sex and genotype did not 

interact (sex X genotype, F1,16=0.89, p=0.36, mixed model ANOVA) and sex was significant 

(F1,17=9.92, p<0.01) when the interaction was removed. Therefore, we analyzed the iron 

level in the liver as post hoc, with the two sexes separated. Increased iron level was found in 

the male liver (Figure 2C, male, WT, 98.16 ± 45.37, n=5; KO, 154.34 ± 58.89, n=6; 

F1,9=3.03, p=0.05, mixed model ANOVA). WT female mice had higher iron levels than WT 

male mice but showed no difference vs MOR KO female mice (Figure 2C, female, WT, 

178.75 ± 34.46, n=5; KO, 197.46 ± 12.66, n=4; F1,7=1.04, p=0.53, mixed model ANOVA). 

The liver is the site for iron storage while the spleen is the site for iron recycling (Anderson 

& Frazer, 2017). Increased hepatic and splenic iron implies a dysfunction in iron storage and 

recycling. In AI patients, iron is sometimes elevated in the body tissues (Wessling-Resnick, 

2010). In this sense, the findings of elevated iron in the liver and spleen are compatible with 

AI. Despite the marked decrease in serum iron and transferrin levels, we did not find striatal 

iron changes (sex X genotype, F1,17=0.59, p=0.45; Figure 2A, WT, 23.87 ± 4.70, n=10; KO, 

23.16 ± 6.46, n=11; F1,18=0.10, p=0.76; sex, F1,18=5.10, p=0.04; all mixed model ANOVA; 

Supplementary Table 1, WT, 78.27 ± 16.36, n=11; KO, 115.10 ± 122.93, n=13; F1,20=0.91, 

p=0.35, mixed model ANOVA). When analyzed the data separately by sex since it reached 

significance after the interaction was removed, the striatal iron levels were still the same 

between the two groups (Male: WT, 22.18 ± 4.00, n=5; KO, 19.92 ± 4.95, n=7; F1,18=0.70, 

p=0.42; Female: WT, 25.57 ± 5.15, n=5; KO, 26.88 ± 6.99, n=4; F1,18=0.11, p=0.75; all 

mixed model ANOVA). However, significant increases of other minerals, like copper, 

molybdenum, selenium, and zinc were observed in the striata of MOR KO male mice 

(Supplementary Table 1, copper: WT, 17.54 ± 1.60, n=11; KO, 19.18 ± 1.74, n=13; 

F1,20=5.53, p=0.03; molybdenum: WT, 0.18 ± 0.03, n=11; KO, 0.21 ± 0.03, n=13; 
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F1,20=5.45, p=0.03; selenium: WT, 1.13 ± 0.09, n=11; KO, 1.23 ± 0.10, n=13; F1,20=8.46, 

p<0.01; zinc: WT, 69.99 ± 6.80, n=11; KO, 76.84 ± 7.70, n=13; F1,20=8.82, p<0.01; all 

mixed model ANOVA). Increased incorporation of zinc into protoporphyrin IX and heme in 

RBCs has been reported in 19 patients with AI, which is probably caused by an impairment 

of iron metabolism (Hastka, Lasserre, Schwarzbeck, Strauch, & Hehlmann, 1993). The 

higher level of zinc found in the MOR KO striatum is therefore consistent with a state of AI 

and dysfunction in iron hemostasis. These results are also consistent with our previous report 

of increased levels of zinc in both serum and brain of RLS patients as measured by laser 

capture (A.S. Walters et al., 2016). The effectiveness of selenium in the treatment of RLS 

has been reported (Rahimdel, Ayatollahi, Zeinali, Mehrabanian, & Mellat-Ardekani, 2012; 

Ulfberg, Stehlik, & Mitchell, 2016). The increased selenium found in the MOR KO mice 

may be a compensatory result.

Overall, results of CBC, changes in iron, ferritin, and transferrin levels and altered tissue 

minerals favor AI more than iron deficiency anemia in MOR KO mice (Weiss & 

Goodnough, 2005). Although both types of anemia may have low serum iron and 

microcytic/hypochromic RBCs, which is what we showed in the KO mice, the serum ferritin 

is usually increased in AI as in the present case vs being decreased as it usually is in iron 

deficiency anemia. In addition, serum transferrin is increased in iron deficiency anemia and 

decreased in AI, so the decreased transferrin in our experiments goes in favor of AI and not 

iron deficiency anemia. Tissue iron is decreased in iron deficiency anemia and increased in 

AI, so the increased iron in liver and spleen in our experiments further supports AI vs iron 

deficiency anemia. These findings are in line with published literature according to which 

95% of the highly-associated RLS conditions, defined as conditions under which RLS have 

shown to have a statistically higher prevalence, like multiple sclerosis and rheumatoid 

arthritis, are associated with inflammatory or immune alterations (Weinstock, Walters, & 

Paueksakon, 2012). Therefore, our data imply a relationship among MOR, inflammation, 

and RLS.

Injection of a MOR antagonist decreased the iron level in mouse serum

To analyze whether a decrease in serum iron could also be elicited by pharmacological 

blockade of MORs, we injected the irreversibly binding MOR antagonist naloxonazine 

intraperitoneally into the WT mice for 7 days. Only male mice were used to minimize the 

estrous cycle variation and to be consistent with the experiment in which MORs were 

genetically knocked out (Figure 1). The data were analyzed by SAS GENMOD, which gives 

out an estimate (ES), standard error (SE), and 95% confidence interval (95%CI) for MOR 

KO relative to WT. The latter was normalized to 0. We found that naloxonazine decreased 

the serum iron level (Figure 3A, saline, 154.46 ± 81.67, n=9; naloxonazine, 121.19 ± 38.01, 

n=12, ES, −0.18, SE, 0.09, 95%CI, −0.36 and 0.00; Z=3.05, p=0.05, GENMOD with gamma 

distribution) but did not cause significant alterations in ferritin and transferrin levels (Figure 

3B, saline, 2126.71 ± 688.40; n=9, naloxonazine, 2585.79 ± 931.08, n=12; F1,18=3.65, 

p=0.07; 3C, saline, 4031.06 ± 2486.88, n=9; naloxonazine, 4111.80 ± 1938.30, n=12; 

F1,18=0.02, p=0.88; all mixed model ANOVA). Our data indicate that short-term 

pharmacological modulation (7 days) of MOR in male mice is sufficient to cause peripheral 

iron deficiency albeit transferrin and ferritin remained unchanged.
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Lack of circadian variations of the dopaminergic and serotonergic system in the MOR KO 
mice

One of the most common treatments for RLS is levodopa and dopamine D2/D3 receptor 

(D2/D3R) agonists (Wanner, Garcia Malo, Romero, Cano-Pumarega, & Garcia-Borreguero, 

2019). Clinical studies have revealed significant alterations in the dopaminergic systems of 

RLS patients (Christopher J. Earley, Uhl, Clemens, & Ferré, 2017). We compared the striatal 

protein levels of dopamine receptors (D1R, D2R) and dopamine transporters (DAT) between 

the MOR KO and their WT littermates. We did not find any changes in the protein 

expression levels with male mice (Supplementary Figure 1, D1R: WT, 0.36 ± 0.08, n=6; KO, 

0.35 ± 0.06, n=6; t9=0.30, p=0.77; D2R: WT, 0.12 ± 0.04, n=6; KO, 0.13 ± 0.03, n=6; 

t10=0.26, p=0.80; DAT: WT, 0.69 ± 0.22, n=6; KO, 0.51 ± 0.11, n=6; t7=1.78, p=0.11; all 

unpaired Student’s t-test).

HPLC analysis was performed with mice sacrificed during the midday and midnight (named 

as “Time” in the data analysis) to determine striatal levels of DA, 5-HT and their 

metabolites. The interactions among age, genotype and time were assessed first and no 

significance were observed (NA, F1,34=0.11, p=0.74; DOPAC, F1,34=0.01, p=0.94; DA, 

F1,34=0.17, p=0.68; 5-HIAA, F1,34=0.02, p=0.88; HVA, F1,34=0.09, p=0.77; 5-HT, 

F1,34=1.50, p=0.23; 3-MT, F1,34=0.00, p=0.96; DOPAC/DA, F1,34=1.48, p=0.23; HVA/DA, 

F1,34=0.19, p=0.66; 5-HIAA/5-HT, F1,34=0.32, p=0.58; 3-MT/DA, F1,34=0.38, p=0.54; all 

mixed model ANOVA). Then, the interactions between genotype and time were calculated. 

Significant interactions were found between genotype and time only in DA, HVA, 5-

HIAA/5-HT and 3-MT/DA (NA, F1,34=0.46, p=0.50; DOPAC, F1,34=3.45, p=0.07; DA, 

F1,34=6.72, p=0.01; 5-HIAA, F1,34=2.63, p=0.11; HVA, F1,34=5.86, p=0.02; 5-HT, 

F1,34=0.00, p=0.98; 3-MT, F1,34=0.81, p=0.37; DOPAC/DA, F1,34=1.22, p=0.28; HVA/DA, 

F1,34=0.01, p=0.94; 5-HIAA/5-HT, F1,34=4.51, p=0.04; 3-MT/DA, F1,34=1.72, p=0.20; all 

mixed model ANOVA). Therefore, the data were analyzed separately based on either 

genotype or time. There were no significant changes in levels of all neurotransmitters tested 

in the male MOR KO mice compared with their male WT littermates both during the day 

(Supplementary Table 2) and during the night (Supplementary Table 3). However, when 

comparing the levels of these monoamines between the day and the night in each genotype 

(Table 3), we found that WT mice had lower midday (rest phase for mice) levels compared 

to midnight (active phase for mice) levels for DA (Figure 4A, WT, midday, 127.18 ± 33.45, 

n=8; midnight, 199.01 ± 22.78, n=10; F1,15=29.43, p<0.01; age, F1,15=1.52, p=0.43, mixed 

model ANOVA), DOPAC (Figure 4B, WT, midday, 8.58 ± 2.47, n=8; midnight, 11.46 ± 

1.53, n=10; F1,15=12.37, p<0.01; age, F1,15=7.26, p=0.10, mixed model ANOVA), and HVA 

(Figure 4C, WT, midday, 14.76 ± 3.21, n=8; midnight, 18.94 ± 3.04, n=10; F1,15=8.46, 

p=0.02; age, F1,15=2.42, p=0.39, mixed model ANOVA). The turnovers of DA and 

serotonin, on the other hand, were lower during the night (Figure 4D, WT, midday, 0.07 ± 

0.01, n=8; midnight, 0.06 ± 0.01, n=10; F1,15=16.11, p<0.01; age, F1,15=13.17, p=0.03; E, 

WT, midday, 0.07 ± 0.01, n=8; midnight, 0.06 ± 0.01, n=10; F1,15=9.87, p=0.01; age, 

F1,15=0.65, p=0.59; F, WT, midday, 0.20 ± 0.03, n=8; midnight, 0.26 ± 0.04, n=10; 

F1,15=12.15, p<0.01; age, F1,15=0.85, p=0.58; all mixed model ANOVA). Surprisingly, these 

circadian variations in dopaminergic and serotonergic systems found in WTs were absent in 

the male MOR KO mice, with DA levels and the respective metabolites just in between the 
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midday and midnight levels of the WT mice (Figure 4A, MOR KO, midday, 153.35 ± 34.41, 

n=9; midnight, 180.06 ± 21.28, n=12; F1,18=5.16, p=0.10; age, F1,15=2.92, p=0.38; 4B, 

MOR KO, midday, 9.66 ± 1.87, n=9; midnight, 10.63 ± 1.38, n=12; F1,18=2.24, p=0.33; age, 

F1,15=4.93, p=0.43; 4C, MOR KO, midday, 17.65 ± 4.02, n=9; midnight, 17.08 ± 2.77, 

n=12; F1,18=0.18, p=0.68; age, F1,15=4.91, p=0.22; 4D, MOR KO, midday, 0.06 ± 0.01, 

n=9; midnight, 0.06 ± 0.01, n=12; F1,18=1.63, p=0.30; age, F1,15=0.08, p=0.78; 4E, MOR 

KO, midday, 0.07 ± 0.01, n=9; midnight, 0.06 ± 0.01, n=12; F1,18=2.04, p=0.31; age, 

F1,15=1.05, p=0.50; 4F, MOR KO, midday, 0.23 ± 0.03, n=9; midnight, 0.25 ± 0.02, n=12; 

F1,18=1.79, p=0.31; age, F1,15=0.57, p=0.56; all mixed model ANOVA).

Increased locomotion and thermal sensitivity in the MOR KO mice

RLS is characterized by a strong urge to move during inactivity, especially at night or at rest 

(Mansur, Castillo, Taub, & Bokhari, 2019). Previous phenotypic mouse models of RLS have 

shown altered activity levels (Clemens & Hochman, 2004; DeAndrade et al., 2012; Esteves, 

de Mello, Lancellotti, Natal, & Tufik, 2004; Meneely et al., 2018; Ondo, He, Rajasekaran, & 

Le, 2000; Silvani et al., 2015; Spieler et al., 2014). Here, to assess the activity levels of the 

MOR KO mice, we used a wheel running setup for consecutive five days under the normal 

12 LD condition. The first three days are for accommodation and the data from the last two 

days (day 4, night 4, day 5, night 5) were included in the analysis. It should be noticed that 

RLS is a circadian component-involved disorder. Therefore, we analyzed the activity of mice 

during the light and the dark phase separately. Each phase contained data for two days or 

two nights. The day or night when the data were obtained was classified as “period” (Table 

4). Differentiated night/day activity may reveal abnormalities in MOR KO mice not 

observed if only the overall movement is tracked (Samuels et al., 2017). We found that the 

voluntary activity was increased in the MOR KO mice during the light phase (period X 

genotype, p=0.07; Figure 5A, light phase, WT, n=5; KO, n=5, ES, 1.39, SE, 0.61, 95%CI, 

0.19 and 2.59; Z=2.28, p=0.02; period, p=0.11; all GENMOD with a negative binomial 

distribution), especially at 6:00 AM (period X genotype, p=0.14; Figure 5A, right panel, 

WT, n=5; KO, n=5, ES, 3.94, SE, 0.62, 95%CI, 2.74 and 5.15; Z=6.41, p<0.01; period, 

p=0.21; all GENMOD with a negative binomial distribution) when the light just turned on 

and 5:00 PM (period X genotype, p=0.13; Figure 5A, right panel, WT, n=5; KO, n=5, ES, 

4.42, SE, 0.96, 95%CI, 2.54 and 6.31; Z=4.61, p<0.01; period, p=0.40; all GENMOD with a 

negative binomial distribution), right before the dark phase. MOR KO mice had no 

statistically significant changes in activity levels during the dark phase, although the initial 

dark phase activity was numerically trending lower for MOR KO compared to WT and not 

showing the steep decline around midnight as seen for WT (period X genotype, p=0.83; 

Figure 5B, dark phase, WT, n=5; KO, n=5, ES, −0.23, SE, 0.24, 95%CI, −0.70 and 0.25; Z=

−0.94, p=0.35; period, p=0.09; all GENMOD with a negative binomial distribution). Mice 

have an opposite circadian rhythm to human. They normally are resting or sleeping during 

the light phase and are active during the dark phase. Hence the data is consistent with 

clinical findings from patients. In addition, MOR KO mice showed decreased activity levels 

at 6:00 PM (period X genotype, p=0.83; Figure 5B, right panel, WT, n=5; KO, n=5, ES, 

−0.74, SE, 0.24, 95%CI, −1.20 and −0.28; Z=−3.15, p<0.01; period, p=0.21; all GENMOD 

with a negative binomial distribution), which can be considered as daytime sleepiness since 

the mice were over-active during the rest phase and did not get enough sleep, and at 3:00 
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AM (period X genotype, p=0.58; Figure 5B, right panel, WT, n=5; KO, n=5, ES, −1.36, SE, 

0.61, 95%CI, −2.55 and −0.17; Z=−2.23, p=0.03; period, p=0.49; all GENMOD with a 

negative binomial distribution) and 4:00 AM (period X genotype, p=0.70; Figure 5B, right 

panel, WT, n=5; KO, n=5, ES, −1.55, SE, 0.67, 95%CI, −2.86 and −0.24; Z=−2.32, p=0.02; 

period, p=0.95; all GENMOD with a negative binomial distribution) in the dark phase, 

which is similar to the RLS patients. Whether the overall activity pattern of less steep 

increases and decreases, premature increase at the beginning of the active and delayed 

decrease before the rest phase, or both, are caused by the lack of a steep increase in DA 

levels in the KO mice (Figure 3A) remains to be investigated.

There were no significant changes in food and water intakes of the MOR KO mice compared 

with the WT mice, similar to previous observations (Samuels et al., 2017) (Supplementary 

Figure 2, food: WT, 4.72 ± 1.65, n=5; KO, 4.72 ± 1.15, n=5; F1,7=0.00, p=1.00; water: WT, 

4.19 ± 0.59, n=5; KO, 4.33 ± 0.60, n=5; F1,7=0.42, p=0.54; all mixed model ANOVA). The 

result indicates that the increased activity during the light phase of the MOR KO was not 

influenced or caused by metabolic changes.

RLS patients show hypersensitivity to a pinprick as well as tactile hypoesthesia and 

dysesthesia to non-noxious cold stimuli (paradoxical heat sensation) (Stiasny-Kolster, 

Magerl, Oertel, Moller, & Treede, 2004; Stiasny-Kolster, Pfau, Oertel, Treede, & Magerl, 

2013). Some of RLS patients exhibit hyperalgesia to blunt pressure and hyperaesthesia to 

vibration (Bachmann et al., 2010). Hence, we also tested the sensory system of the MOR 

KO using the tail-flick test (Table 5). Consistent with previous studies (Martin, Matifas, 

Maldonado, & Kieffer, 2003), the MOR KO mice showed increased sensitivity to the heat 

stimuli at the midday (age X genotype, p=0.72, weight X genotype, p=0.27; Figure 6A, WT, 

n=14; KO, n=14, ES, −0.30, SE, 0.13, 95%CI, −0.55 and −0.05; Z=−2.33, p=0.02; age, 

p=0.09, weight, p=0.03; all GENMOD with a gamma distribution). Next, we did the sensory 

test with another cohort of mice at midnight, at midday, and after the drug treatment, 

respectively. There were no significant interactions among age, genotype, and the time for 

testing (p=0.60, GENMOD with a gamma distribution). However, RLS patients show 

circadian variations of symptoms, and we were interested in determining whether MOR KO 

mice had sensory deficits at different time points. Hence the data were separately analyzed 

according to the time. We found that the sensory deficit of MOR KO mice only appear at 

midday (age X genotype, p=0.19, weight X genotype, p=0.23; Figure 6B, midday, WT, n=5; 

KO, n=6, ES, −0.42, SE, 0.11, 95%CI, −0.63 and −0.21; Z=−3.95, p<0.01; age, p=0.75, 

weight, p=0.25; all GENMOD with a gamma distribution; Supplementary Figure 3C, D), but 

not at the midnight (age X genotype, p=0.11, weight X genotype, p=0.06; Figure 6B, 

midnight, WT, n=5; KO, n=6, ES, −0.30, SE, 0.18, 95%CI, −0.65 and 0.05; Z=−1.70, 

p=0.09; age, p=0.53, weight, p=0.79; all GENMOD with a gamma distribution; 

Supplementary Figure 3A, B). One of the diagnostic criteria for human RLS states that the 

urge to move the legs and any accompanying unpleasant sensations begin or worsen during 

periods of rest or inactivity (Garcia Borreguero et al., 2017). The result indicates that the 

sensory deficit of the MOR KO mice has a circadian component akin to human RLS. 

Moreover, the decreased latency in response to the heat stimuli of MOR KO mice was 

rescued by the injection of ropinirole, a common dopaminergic treatment of RLS (age X 

genotype, p=0.98, weight X genotype, p=0.22; Figure 6B, after ropinirole, WT, n=5; KO, 
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n=6, ES, 0.17, SE, 0.10, 95%CI, −0.02 and 0.36; Z=1.78, p=0.08; age, p=0.22, weight, 

p=0.40; all GENMOD with a gamma distribution; Supplementary Figure 3E, F). The results 

are the same as what we found in the Btbd9 KO mice (DeAndrade et al., 2012) and indicate 

a dopaminergic alteration in the MOR KO mice.

Discussion:

In the current study, male MOR KO mice had low serum iron, anemia and abnormal 

circadian variations in the dopaminergic and serotonergic systems partially comparable to 

those found in human RLS (Christopher J. Earley et al., 2017; Trotti, 2017). In addition, 

naloxonazine decreased the serum iron concentration in the WT mice, as observed in the 

male MOR KO mice. Finally, MOR KO mice had hyperactivity during the sleep period, 

analogous to that seen with human RLS, and sensory abnormalities also akin to those seen in 

human RLS (Trotti, 2017). There are limitations to this study. It is limited to male mice, and 

the link between the peripheral iron deficiency and central alterations of the DA system is 

not clear. However, we demonstrated that the endogenous mu opioid system plays an 

important role in iron homeostasis, anemia, circadian variations in the dopaminergic system, 

and the pathogenesis of RLS. It should be noticed that MOR KO mice will not serve as an 

RLS animal model since no genetic studies have linked MOR to RLS susceptibility, 

although the study investigated SNPs only with a frequency >1% and suggested that the 20 

association signals found accounted for 60% of the SNP-based heritability (Schormair et al., 

2017). Furthermore, functional changes of opioid receptor heterodimers formed between 

MOR other opioid receptor subtypes may contribute to the phenotype observed in MOR KO 

mice, which remains to be investigated.

Iron deficiency is thought to be the best-established chemical abnormality in RLS (Connor 

et al., 2017) and iron deficiency anemia is the most common type of anemia associated with 

RLS (Allen et al., 2013). The MOR KO mice showed a decreased level of iron and 

transferrin but elevated ferritin in the serum, and increased iron levels in spleen and liver. 

While in most patients with iron deficiency, serum ferritin is below the normal range, it is 

normal or high in patients with AI due to the stimulation of ferritin synthesis by both 

inflammation and macrophage iron loading. Inflammation may increase serum ferritin 

concentration independent from iron status (Kalantar-Zadeh, Rodriguez, & Humphreys, 

2004). Previous mouse models of AI induced by bacteria injection or gene manipulation 

show a lower level of HB, decreased serum iron and increased iron in the liver (Gardenghi S, 

2014; A. Kim et al., 2014; Roy et al., 2007). Microcytosis can be found in AI of long 

duration or in children, where there is an increased demand for iron for growth (Nemeth & 

Ganz, 2014). KO of MORs led to similar phenotypes. The endogenous opioid system has 

been found to be involved in the regulation of iron homeostasis and blood profile. Opiate 

drug abusers have higher levels of ferritin and a higher hematological index value in their 

blood samples compared with the control group (Verde Mendez, Diaz-Flores, Sanudo, 

Rodriguez Rodriguez, & Diaz Romero, 2003). Furthermore, heroin and opium dependent 

people have increased HCT, MCV and MCHC level (Haghpanah, Afarinesh, & Divsalar, 

2010). Finally, a recent study demonstrated that chronic use of opioids not only alters all of 

the hematologic series but also triggers inflammatory processes in the brain and facilitates 

the release of histamine by activating the tyrosine kinases in the nonneuronal cells (Guzel, 
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Yazici, Yazici, & Erol, 2018), which can directly affect the dopamine system (Dong, Zhang, 

& Qian, 2014; Nishibori, Oishi, Itoh, & Saeki, 1985). Overall, the abnormal iron 

homeostasis in the MOR KO mice suggests a state of inflammation (Cappellini et al., 2017; 

Weiss & Goodnough, 2005) and the data from MOR KO mice is consistent with AI type of 

inflammation.

Interestingly, short-term blockade of MOR with an irreversibly binding MOR antagonist 

decreased the serum iron and showed numerical trends of alteration of ferritin and 

transferrin levels as seen in the MOR KO mice. It is unclear what mechanisms are involved 

in MOR KO mice that cause AI. Il-6 and other cytokines are established inducers of 

hepcidin, a 25 aa peptide hormone that results in endocytosis and proteolysis of the sole 

known cellular iron exporter, ferroportin. As a result, iron will be trapped in macrophages 

and iron-absorbing enterocytes. MOR has been found to have anti-inflammatory properties 

(Iwaszkiewicz, Schneider, & Hua, 2013; Stein, 2016). It is expressed on peripheral 

nociceptor terminals and immune cells (Stein, 2016). MOR mediated reduction in 

inflammation in two in vivo models of colitis can be reversed by naloxonazine (Philippe et 

al., 2003). Further, MOR KO mice have been reported to be vulnerable to inflammatory 

disease with a dramatic increase of inflammation, TNFα, Il-4 and INFγ mRNA levels and 

mortality in a colitis model (Philippe et al., 2003). However, whether MOR KO mice under 

control conditions show low grade chronic intestinal inflammation or increased Il-6 

production remains elusive. In combination, our data indicate a relationship among MOR, 

inflammation, iron homeostasis and RLS.

Different from the triple KO mice (Lyu, DeAndrade, et al., 2019), MOR KO did not have 

decreased DOPAC to DA ratio, neither at the midday nor at midnight. In addition, our 

Western blot analyses with the MOR KO and their WT littermates did not show changes in 

the striatal D1R, D2R, and DAT protein levels, which is contrary to clinical findings showing 

decreased striatal D2R or D2R binding potential (Connor et al., 2009; C. J. Earley et al., 

2013; Michaud, Soucy, Chabli, Lavigne, & Montplaisir, 2002), and alterations in the density 

of DAT (C. J. Earley et al., 2011; K. W. Kim et al., 2012). However, it is interesting that the 

circadian variations found in the dopaminergic and serotonergic systems in the WT mice 

were absent in the MOR KO mice. It has been found that extracellular DA concentration in 

the striatum is significantly increased during the dark phase compared with the light phase in 

rats (Hood et al., 2010; Smith, Olson, & Justice, 1992). A mouse study showed circadian 

fluctuations of DA, DOPAC, 3-MT, HVA, 5-HT and 5-HIAA levels in the striatum (Khaldy 

et al., 2002). Comparing the cerebrospinal fluids (CSFs) collected at 10:00 am and 10:00 

pm, the researchers found opposite directions of changes in the HVA, 5-HIAA, 3-O-

methyldopa (3-OMD) in a control group compared to the RLS patients (C. J. Earley, Hyland, 

& Allen, 2006). 3-OMD is one of the most important metabolites of L-DOPA, which is the 

precursor of DA. HVA and 5-HIAA are the main metabolites for DA and 5-HT, respectively. 

Moreover, the level of tetrahydrobiopterin (BH4), a cofactor for enzymes synthesizing 

neurotransmitters like DA and 5-HT, was significantly increased in a control group but 

decreased in RLS patients (C. J. Earley et al., 2006). These studies indicate RLS patients 

may have abnormal diurnal fluctuation of dopaminergic and serotonergic systems. Our result 

suggests that a disturbance in the circadian rhythm of the dopaminergic and serotonergic 

system may be critically involved in the pathogenesis of RLS.
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The phenotypes of RLS patients are circadian-rhythm-dependent. The urge to move and 

uncomfortable sensations begin or worsen at night or inactivity (Garcia Borreguero et al., 

2017). Like triple KO mice (Lyu, DeAndrade, et al., 2019), the MOR KO mice showed clear 

diurnal hyperactivity, with the increased interval counts appearing specifically during the 

rest phase, but not the active phase. MOR is involved in pain modulation, and morphine is a 

common drug used for analgesia (Nadal, La Porta, Andreea Bura, & Maldonado, 2013). It is 

not surprising that the MOR KO mice showed increased sensitivity to the heat stimuli in the 

tail-flick test, which is opposite to triple KO mice (Lyu, DeAndrade, et al., 2019). The 

interesting finding is that accompanying the rest-phase specific hyperactivity, the increased 

sensitivity of MOR KO also only occurred at midday, but not at midnight. Both of the 

phenotypes may be related to the disappearance of the normal fluctuations in the monoamine 

systems, which is supported by the fact that the sensory deficit could be reversed by the 

injection of a dopamine agonist. The results are similar to the phenotypes we observed in the 

Btbd9 KO mice (DeAndrade et al., 2012) and confirm the involvement of circadian rhythm 

and the dopaminergic system in the model.

In summary, the anemia in human RLS is an iron deficiency anemia whereas the anemia 

observed in our MOR KO mice is characteristic of inflammatory anemia. In this sense, the 

previous triple KO mouse model is more characteristic of human RLS where we did observe 

anemia more similar to an iron deficiency anemia with the exception that transferrin levels 

were not elevated (Lyu, DeAndrade, et al., 2019). On the other hand, the MOR KO mouse 

model is more compatible with the high association RLS has with inflammatory disorders 

(Weinstock et al., 2012). This suggests that different opioid receptor subtypes may 

contribute either singly or in combination to produce different aspects of the RLS clinical 

spectrum. The fact that both our triple KO and MOR KO mouse models produced motor and 

sensory abnormalities akin to those of human RLS suggests that the MOR plays a key role in 

the mediation of the core features of RLS. This result is also compatible with the observation 

that all of the opiates that have been found to be successful in the treatment of human RLS 

are MOR agonists.
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Significance statement:

RLS is a common sensorimotor disorder affecting up to 10% of the population, and its 

pathophysiology is largely unknown. Previous human, triple opioid receptors KO mouse, 

and cell culture studies indicate an involvement of the endogenous opioid system in RLS. 

The current study extended the study with triple KO mice to the mu opioid receptor 

subtype. By probing the behavioral and biochemical parameters relevant to RLS with 

MOR KO mice, we uncovered potential novel mechanisms for the development of human 

RLS, which are anemia of inflammation and loss of circadian variations in monoamine 

systems.
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Figure 1. 
Concentrations of iron, ferritin and transferrin in the serum. (A) The MOR KO mice (n=6) 

showed a decreased level of iron in serum compared with the WT (n=4). (B) The MOR KO 

mice (n=6) had an increased level of ferritin in serum compared with the WT (n=4). (C) The 

MOR KO (n=9) had a decreased level of transferrin in their serum compared with WT 

littermates (n=4). Data were analyzed by the unpaired Student’s t-test and are presented as 

the means plus the standard deviations (SDs). * p≤0.05; ** p<0.01. Only males were used in 

the experiment.
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Figure 2. 
Iron concentrations in tissues. (A) No change in the striatal iron level in the MOR KO mice 

(n=11) compared with the WTs (n=10). (B) The MOR KO mice (n=11) showed an increased 

iron level in the spleen compared with the WTs (n=10). (C) Male MOR KO mice (n=6), had 

an increased level of iron in their livers compared with the WT littermates (n= 5). Data were 

analyzed by the mixed model ANOVA and are presented as the means plus the SDs. * 

p≤0.05. Both male and female were used in the experiment. Detailed analyses are in Table 2.
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Figure 3. 
Iron concentrations in serum of mice injected with naloxonazine (n=12) or saline (n=9). (A) 

The iron level decreased with naloxonazine injection. (B, C) Ferritin and transferrin levels 

did not have significant changes after the drug injection. Data in Figure 3A were analyzed 

by the GENMOD with a gamma distribution. Data in B and C were analyzed by the mixed 

model ANOVA. Scatter plots represent the means plus the SDs. * p≤0.05. Only males were 

used in the experiment.
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Figure 4. 
Circadian variations in the striatal dopaminergic and serotonergic systems. (A, B, C) DA, 

DOPAC, and HVA levels increased in the WT but did not change in the MOR KO mice, 

during the night (WT, n=10; KO, n=12) compared with the day (WT, n=8; KO, n=9). (D, E) 

The ratio of DOPAC to DA or 3-MT to DA decreased in the WT during the night but did not 

change in the MOR KO mice compared with the ratios of the day. (F) The ratio of 5-HIAA 

to 5- HT increased in the WT mice during the night compared with the day but did not 

change in the MOR KO mice. Data were analyzed by the mixed model ANOVA and are 

presented as the means plus the SDs. DOPAC, 3,4-Dihydroxyphenylacetic acid; DA, 

Dopamine; HVA, Homovanillic acid; 3-MT, 3-Methoxytyramine; 5-HIAA, 5-

Hydroxyindoleacetic acid; 5-HT, Serotonin. Bars represent the means plus the SDs. * 

p≤0.05; ** p<0.01. p values have been adjusted for multiple comparisons using the 

Benjamini-Hochberg-Yekutieli false discovery rate [FDR (p < 0.05)]. Only males were used 

in the experiment. Detailed analyses are in Table 3.
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Figure 5. 
Wheel running test. (A) The MOR KO mice (n=5) had a significant increase in voluntary 

activity during the light phase (2 days) compared with the WT littermates (n=5). The hourly 

activity is presented next to the scatter plot. (B) MOR KO mice (n=5) did not have 

significant changes in the voluntary activity during the dark phase (2 nights) compared with 

the WT littermates (n=5). However, MOR KO mice had significantly lower activity levels at 

6:00 PM 3:00 AM and 4:00 AM. Data were analyzed by the GENMOD with a negative 

binominal distribution and are presented as medians with 95% confidence intervals (CIs). 

The hourly activity levels are presented as means plus the SDs. Significant p values are 

marked above the individual time point. * p≤0.05; ** p<0.01. Only males were used in the 

experiment. Detailed analyses are in Table 4.
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Figure 6. 
Tail-flick test. (A) The MOR KO mice (n=14, 3 repeats) had decreased latency in response 

to the heat stimuli compared with the WT mice (n=14, 3 repeats). (B) The increased pain 

sensitivity of the MOR KO mice (n=6, 3 repeats) compared to the WTs (n=5, 3 repeats) only 

appeared at midday, but not at midnight. After the drug injection, there was no difference 

between the two groups. Data were analyzed by the GENMOD with a gamma distribution 

and are presented as medians with 95% CIs. * p≤0.05; ** p<0.01. Only males were used in 

the experiment. Each mouse was tested three times. Each time was coded as trial1, trial2, 

and trial3, respectively. When data was processed, the “trial” was treated as a repeated 

measurement and nested under the Animal_ID. Detailed analyses are in Table 5. Age and 

weight were considered as continuous variables, and their relationships were further 

analyzed in Supplementary Figure 3.
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Table 1.

Results of the Complete Blood Count (CBC) test.

CBC test Results
WT (n=4) MOR KO (n=11)

F1,12 values p values
Mean SD Mean SD

RBC M/uL 9.91 ±1.12 8.01 1.03 5.74 0.03 *

HB g/dL 12.26 ±1.09 9.77 ±1.52 5.42 0.04 *

HCT % 40.21 ±4.23 32.26 ±4.69 5.18 0.04 *

PLT K/uL 583.50 ±353.51 387.64 365.46 2.53 0.06

MCV fL 40.83 ±0.64 40.48 ±0.88 0.31 0.59

MCH pg 12.41 ±0.55 12.18 ±0.52 0.34 0.57

MCHC g/dL 30.49 ±1.45 30.10 ±1.09 0.19 0.67

RDW % 18.47 ±1.16 17.22 ±1.09 2.76 0.12

MPV fL 4.43 ±0.63 3.25 ±0.81 4.13 0.06

PDW % 26.36 ±3.50 33.06 ±5.42 3.18 0.10

Microcytic or hypochromic RBC 0 out of 4 5 out of 9 0.10

The values of each parameter are presented in means ± SDs. The p-values were calculated by mixed model ANOVA. RBC, red blood cells; HB, 
hemoglobin; HCT, hematocrit; PLT, platelet count; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean 
corpuscular hemoglobin concentration; RDW, red blood cell distribution width; MPV, mean platelet volume; PDW, platelet distribution width. M: 
million; K: thousand; WT, wild-type mice. MOR KO, mu opioid receptor knockout mice.

*
p≤0.05.
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