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Abstract

Restless legs syndrome (RLS) is a sensorimotor disorder that severely affects sleep. It is characterized by an urge to move
the legs, which is often accompanied by periodic limb movements during sleep. RLS has a high prevalence in the population
and is usually a life-long condition. While its origins remain unclear, RLS is initially highly responsive to treatment with
dopaminergic agonists that target D2-like receptors, in particular D2 and D3, but the long-term response is often
unsatisfactory. Over the years, several putative animal models for RLS have been developed, mainly based on the epidemio-
logical and neurochemical link with iron deficiency, treatment efficacy of D2-like dopaminergic agonists, or genome-wide
association studies that identified risk factors in the patient population. Here, we present the first systematic review of puta-
tive animal models of RLS, provide information about their face and construct validity, and report their role in deciphering
the underlying pathophysiological mechanisms that may cause or contribute to RLS. We propose that identifying the causal
links between genetic risk factors, altered organ functions, and changes to molecular pathways in neural circuitry will even-
tually lead to more effective new treatment options that bypass the side effects of the currently used therapeutics in RLS,
especially for long-term therapy.
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Restless legs syndrome (RLS) is a prevalent sensorimotor
disorder characterized by an urge to move the legs that is
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often accompanied by periodic limb movements during
sleep (PLMS). First characterized in 1672 and 1685 [1, 2]
and redefined in 1960 [3], RLS is now clinically charac-
terized by the following five essential criteria, which were
originally developed by the International Restless Legs
Syndrome Study group (IRLSSG) in 2003 [4] and updated
in 2014 [5]: (1) an urge to move the legs usually but not
always accompanied by, or felt to be caused by, uncomfort-
able and unpleasant sensations in the legs; (2) the urge to
move the legs and any accompanying unpleasant sensations
begin or worsen during periods of rest or inactivity such as
lying down or sitting; (3) the urge to move the legs and any
accompanying unpleasant sensations are partially or totally
relieved by movement, such as walking or stretching, at least
as long as the activity continues; (4) the urge to move the
legs and any accompanying unpleasant sensations during
rest or inactivity only occur or are worse in the evening or
night than during the day; (5) the occurrence of the above
features is not solely accounted for as symptoms primary
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to another medical or a behavioral condition (e.g., myalgia,
venous stasis, leg edema, arthritis, leg cramps, positional
discomfort, habitual foot tapping). The sensations gener-
ally establish themselves in the lower limbs first and are felt
mostly during quiet wakefulness, when attempting to sleep,
or both [6]. Consequently, RLS may have a negative impact
on sleep and result in a wide range of significantly associ-
ated comorbidities.

Despite a strong and growing research interest in under-
standing the mechanisms that cause or contribute to RLS,
the underlying causes of the disorder remain opaque, high-
lighting the importance of fostering RLS research. RLS is
familial in about 50% of patients [7] but may be related to
acquired conditions, especially iron deficiency, pregnancy,
and chronic renal failure. Several predisposing candidate
genes have been identified through genome-wide association
studies (GWAS) [8]. Evidence suggests that RLS is associ-
ated with low intracerebral iron stores due to as yet unclear
defects in iron homeostatic mechanisms [9]. Increased dopa-
minergic and glutamatergic and decreased adenosinergic
transmission may also play a role in the pathophysiologic
mechanism of the disorder [10].

RLS can manifest itself in either idiopathic/sporadic or
secondary forms. Both forms express the same symptoma-
tology, but in its idiopathic form, the causes for RLS are
unknown or non-obvious and the symptoms usually do not
resolve. In secondary RLS, underlying causes usually can
be identified, and symptoms may abate or disappear after
the resolution of the underlying health conditions or over
time. Secondary RLS may also develop as a function of other
neurological disorders (e.g., axonal neuropathy, Parkinson’s
disease, spinocerebellar ataxia), other medical disorders
(including uremia, end-stage renal failure, fibromyalgia, vari-
cose veins, and/or iron deficiency), during the 3rd trimester
of pregnancy, or as a result of drug use and abuse [11, 12].

Animal models have the potential to accelerate research
on causal pathophysiological mechanisms and to foster the
development of new therapeutic options for human dis-
eases. With these aims, a range of different putative animal
models have also been proposed for RLS and the result-
ing information has been the subject of several narrative
reviews [13—18]. Still, a formal systematic scoping review
of these models is missing. Recent consensus guidelines
on face validity [19] and construct validity [20] criteria for
developing animal models of RLS have been laid out. These
guidelines focused on rodent models and have not included
a systematic overview of the published previous literature.

Here, we aimed to fill this gap by performing the first sys-
tematic scoping review of putative animal models of RLS,
highlighting the critical contributions (or lack thereof) of
each model to our current understanding of RLS pathophysi-
ology. To avoid reporting bias and to include research on
non-rodent models, we did not restrict our search to studies

satisfying the face [19] and construct [20] validity consensus
criteria for rodent models. Rather, we elected to perform a
broad and comprehensive search of the available knowledge
base on putative animal models of RLS and then discuss the
compliance of putative rodent models with the published
validity guidelines [19, 20].

Methods

For the literature search aspect of this work, we followed the
recently published guidelines for systematic scoping reviews
[21-23].

A search of the scientific literature was conducted on
PubMed.gov and Scopus.com (last access: Feb 01, 2022).
Searches were limited to primary research papers published
in English, and we excluded abstract-only presentations,
editorials, and studies with human subjects. Review papers
were also retrieved for the purpose of furthering the search
for primary research papers in their reference lists. The fol-
lowing search terms were used: “restless legs” AND “animal
model”; RLS AND “animal model”; “restless legs” AND
“translational”’; “restless legs” AND “rodent”; “restless legs”
AND “invertebrate”; “restless legs” AND “fly”; “restless
legs” AND “worm”; “restless legs” AND “elegans”; “rest-
less legs” AND “mouse”; “restless legs” AND “rat.”

We obtained 259 hits from https://Pubmed.gov and 728
hits from https://Scopus.com. Figure 1 provides an over-
view of the flowchart of the selection process. After the
removal of duplicates (step 1), we identified 335 unique
papers that were then screened by two independent authors.
To this aim, the 335 papers were split into five groups, with
two reviewers independently carrying out the evaluations
of each selected group. The first-pass screening evaluated
if any keywords were present in the abstract and if so, the
full paper was evaluated for inclusion or exclusion in this
review (step 2). Of these 335 papers, 90 were identified by
the authors to have met the inclusion criteria (congruency
for inclusion), while the authors identified 209 papers not
to have met these criteria (congruency for exclusion). The
remaining 36 papers that did not meet congruency for inclu-
sion or exclusion between the two reviewers of each group
were then presented to all authors for evaluation in a consen-
sus meeting. A simple majority vote for these 36 papers was
carried out after two rounds of discussion, leading to 14 of
these papers being accepted by the majority and 22 papers
being rejected (step 3). In addition, 2 more recent publica-
tions were brought forward by individuals and, following
additional expert evaluation, accepted to meet the param-
eters for inclusion in this review (step 4). The interim tallies
for the acceptance or rejection were 106 papers accepted for
inclusion and 231 papers rejected (step 5).
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Of the 106 accepted papers, 69 presented original
research studies and 37 were review papers. In the subse-
quent steps (steps 6-9), we probed the 37 review papers
for additional references of primary research literature not
included in the previous searches (step 7). We identified
14 such papers (step 7), 12 of which were accepted by the
authors for inclusion, and two were rejected (step 8). The
final sub tallies for the number of primary research literature
thus increased to 81 (step 9).

This final list of 81 primary research papers was used as
the baseline for the ensuing systematic review of putative
animal models of RLS, and the identified manuscripts are
listed in Table 1. These papers were then complemented in
the main text by additional studies that allowed the authors
to provide the contextual background for these primary
animal model studies concerning the pathophysiological
mechanisms relevant to RLS.

The compliance of each of the primary research papers
that dealt with putative rodent models of RLS with recently
published consensus criteria for face [19] and construct [20]
validity of rodent models of RLS was evaluated by two scor-
ers, with face or construct validity scored in case the paper
satisfied at least one of the respective criteria. Discrepancies
between scorers were resolved by consensus. No attempt
was made to assess other types of validity, such as predic-
tive validity, and the validity of non-rodent RLS models,
for which consensus validity criteria are presently lacking.

Overview of Research Papers on Putative
Animal Models of RLS

Species and Publication Years

The publication year of the retrieved papers ranged from
1972 to 2022. Of the 81 primary research papers retrieved
on putative animal models of RLS, most (77 papers) studied
rodent models, particularly mice (Mus musculus, 44 papers)
and rats (Rattus norvegicus, 33 papers). Research on ver-
tebrate models also included two papers on non-human
primates (Macaca mulatta in 2010 and Macaca fascicularis
in 2015), one on cats (Felis silvestris, published in 2008)
and one on Zebrafish (Danio rerio, published in 2014). Four
papers studied invertebrate models, particularly worm (Cae-
norhabditis elegans, three papers published in 2011, 2020,
and 2020) and fly (Drosophila melanogaster, one paper pub-
lished in 2012) models. Four papers studied more than one
species (mice and rats: two papers; mice and worms: two
papers). Taken together, these data do not show a clearcut
time trend in the animal model species of choice for studies
on RLS, with most research still focusing on rodent models.
Compared with research on mice, research on rats started
earlier (first published paper in 1972 vs. 2004; median

publication year: 2011 vs. 2015) but remains actual to date
(the last paper on either species was published in 2022).

Targeted Pathophysiological Mechanisms

The primary research papers retrieved on putative animal
models of RLS could be broadly categorized as targeting
seven main pathophysiological mechanisms: alterations in
dopaminergic signaling (55 papers), iron deficiency (46
papers), genetic risk variants (20 papers), striatal circuits (35
papers), spinal cord circuits (16 papers), other transmitter
signaling pathways (12 papers), and pregnancy (one paper).
The targeted genetic risk variants were BTBD9 (nine papers),
MEIS]1 (eight papers), PTPRD (two papers), and MAP2K5
(one paper). The targeted transmitters other than dopamine
were opioids (four papers), histamine (four papers), adeno-
sine (three papers), and glutamate (one paper). Most papers
targeted multiple mechanisms (Table 1), with a substantial
overlap in particular among the three most targeted mecha-
nisms concerning dopaminergic signaling, iron deficiency,
and striatal circuits (Fig. 2). This overlap was largely due to
studies targeting the effects of iron deficiency on dopamin-
ergic transmission in the striatum. There was also substantial
overlap between studies targeting dopaminergic signaling and
those targeting genetic risk variants (12 papers), spinal cord
circuits (14 papers), and other transmitters (eight papers).

Face and Construct Validity

The vast majority of the previously published work on puta-
tive rodent models of RLS lacked either face or construct
validity as defined in recently published consensus guide-
lines. In particular, out of the 75 papers on putative models
of RLS that included rodent models, only 11 (14%) and 47
(63%) satisfied at least one face validity criterion [19] or
at least one construct validity criterion [20], respectively
(Table 1). Only six papers (8%) satisfied at least one face
validity criterion as well as at least one construct validity
criterion.

Putative Animal Models of RLS Targeting
Dopaminergic Mechanisms

Overview of Dopaminergic Mechanisms in RLS
Pathophysiology

Strong evidence for an important role of dopamine transmis-
sion in RLS stems from the excellent short-term pharmaco-
logical response to D2-like dopaminergic agonist medica-
tions [24, 25]. The efficacy of D2-like receptor agonists,
such as pramipexole, ropinirole, and rotigotine, has been
further confirmed in evidence-based reports [25, 26].
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Table 1 Summary of primary research papers identified

First author Y Publication Species GENET Iron DA OT STR SC PRE FV CV
Allen 2020  Sleep Med 71:141-8 Mouse + + +
Ashkenazi 1982  Pharmacol Biochem Behav 17(S1):43-7 Rat + + +
Baier 2002 J Neurol Sci 98:71-7 Rat +

Barraud 2010  Plos One 5:¢13306 Monkey + + NA NA
Beard 1994  Pharmacol Biochem Behav 48:621-4 Rat + + + +
Ben-Shachar 1985 J Neurochem 45:999-1005 Rat + + + +
Berteotti 2021 J Sleep Res 30:e13255 Mouse H

Bianco 2008 J Neurochem 106:205-15 Rat + + + +
Bianco 2009 Chronobiol Int 26:447-63 Mouse + + + +
Carkaci-Salli 2012 J Neurosci Res 90:1583-8 Mouse + +

Cathiard 2021 J Sleep Res 30:e13311 Mouse  Meisl + + + +
Catoire 2011  Ann Neurol 70:170-5 Worm Meis1 + NA NA
Chen 1995 J Nutr 125:1529-35 Rat + +
Clemens 2004  J Neurosci 24:11337-45 Mouse + +
Clemens 2005 Neuroscience 133:353-7 Mouse + +

Connor 2008 J Neurosci Res 86:3194-202 Mouse + + + +
Dean 2006  Sleep Med 7:634—40 Mouse +

DeAndrade 2012 Hum Mol Genetics 21:3984-92 Mouse Btbd9 + + + + +
DeAndrade 2012  Plos One 7:¢35518 Mouse Btbd9 +
Dinkins 2017  Sleep Med 40:47-52 Mouse + +
Dowling 2009 J Nutr 139:2087-92 Mouse + + +
Dowling 2011 J Neurosci 31:70-7 Mouse + + +
Drgonova 2015 Mol Med 21:717-25 Mouse  Ptprd +
Earley 2020 Sleep Med 71:135-40 Mouse + + +
Erikson 2000 J Nutr 130:2831-7 Rat + + +
Erikson 2001  Physiol Pharmacol Behav 69:409-18 Rat + + + +
Esteves 2013 J Motor Behav 45:487-93 Rat +

Esteves 2016 Brain Res 1639:47-57 Rat + +

Franco 2021 J Neurosci Res 99:3325-38 Rat + + +

Frank 2016 Physiol Behav 154:161-8 Rat + +

Freeman 2012 Curr Biol 22:1142-8 Fly Btbd9 + + NA NA
Gao 2022  ACS Omega 7:11839-52 Mouse  Btbd9 +
Glover 1972 BrJ Med 2:627-8 Rat + +
Gulyani 2009 Exp Neurol 215:236-42 Mouse + A + +
Guo 2017  Sci Rep 7:9905 Rat + + +

Huang 2021 Front Aging Neurosci 13:651638 Mouse  Map2k5 + + +
Hunt 1994  AmJ Clin Nutr 59:413-8 Rat + +
Hyacinthe 2015 Neuroscience 290:621-35 Monkey + + + NA NA
Jellen 2013  Neuroscience 252:13-23 Mouse + +

Keeler 2012 Exp Neurol 238:273-83 Mouse + + +
Koo 2008 Mov Disord 23:1234-42 Rat +

Lai 2008 Neuroscience 154:431-43 Cat + NA NA
Lai 2017 Mov Disord 32:1687-93 Rat + + + +

Lai 2020  Sleep 43:252223 Rat + H + +

Lai 2022  Sleep 45:zsac110 Rat + + H + +

Lo Martire 2018  Front Physiol 9:1818 Mouse + +
Lopes 2012 Mov Disord 27:413-20 Rat + +

Luo 2011  Sleep Med 12:41-6 Mouse + + +

Lyu 2019 Behav Brain Res 374:112123 Mouse + + O + +
Lyu 2019 eNeuro 6:ENEURO.0277-19.2019 Mouse  Btbd9 + + +
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Table 1 (continued)

First author Y Publication Species GENET Iron DA OT STR SC PRE FV CV
Lyu 2020  Brain Struct Funct 225:1743-60 Worm Btbd9 + + NA NA
Mouse  Btbd9 + +
Lyu 2020 Exp Neurol 323:113111 Mouse  Btbd9 + + + +
Lyu 2020 J Neurochem 155:522-37 Worm Meisl + + + NA NA
Mouse  Meisl + + +
Lyu 2020 J Neurosci Res 98:1532-48 Mouse + + O + +
Lyu 2020 Neuroscience 440:85-96 Mouse  Btbd9 + +
Mariano 2014 Rev Bras Gin Obst 36:436—41 Rat + +
Meneely 2018  Front Behav Neurosci 12:199 Mouse  Meisl + + O + +
Morais 2021 J Sleep Res 30:¢13216 Rat Ptprd + + +
Muramatsu 2019  Sci Rep 9:16344 Mouse  Btbd9 + +
Nelson 1997  J Nutr 127:2282-8 Rat + + + +
Ondo 2000 Mov Disord 15:154-8 Rat + +
Pappas 2008 Brain Res 1214:1-10 Mouse + + +
Qu 2006 Exp Brain Res 168:152-6 Mouse + +
Quiroz 2010 Exp Neurol 224:292-8 Rat + A + +
Quiroz 2016 Neuropharmacol 111:160-8 Mouse + + A + +
Rat + + A + +
Reis 2011 Spinal Cord 49:361-4 Rat + +
Rivera-Oliver 2019 Mol Neurobiol 56:797-811 Mouse + H +
Salminen 2017 Dis Mod Mech 10:981-91 Mouse  Meisl + + +
Salminen 2018 J Sleep Res 27:€12557 Mouse  Meisl + +
Schulte 2014 AmJ Hum Gen 95:85-95 Fish Meis1 NA NA
Silvani 2015 J Sleep Res 24:695-701 Mouse
Rat
Spieler 2014 Genome Res 24:592:603 Mouse  Meisl +
Sun 2011 J Neurol Sci 304:93-101 Rat + + O +
Unger 2008 J Nutr 138:2487-94 Rat + + + +
Unger 2009 J Appl Physiol 106:187-93 Mouse + +
Unger 2013  Neuroscience 246:179-85 Mouse + + +
Unger 2014  Exp Neurol 261:462-8 Rat + + + +
Wang 2004 J Neurol Sci 220:59-66 Rat +
Yepes 2017  Ann Neurol 82:951-60 Rat + + G + +
Zhao 2007 J Neurosci Res 85:1065-76 Mouse + + + +
Zhu 2008 J Comp Physiol A 194:957-62 Mouse + +

Y year of publication, GENET genetic factors, DA dopamine, OT other transmitters (A adenosine, H histamine, Glu glutamate, O opioids), STR
striatum, SC spinal cord, P pregnancy, F'V face validity, CV construct validity, NA not applicable

The 4 major brain dopamine pathways are the nigros-

triatal, mesolimbic, mesocortical, and tuberoinfundibu-
lar pathways [27]. Dopamine receptors can be found both
presynaptically [28-31] and postsynaptically [32—-36]. The
presence of these receptors on both sides of the synapse
provides an opportunity for the nervous system to finetune
dopamine-mediated responses, but it also makes it difficult
to ascribe specific modulatory actions to any given recep-
tor subtype or location. Dopamine receptors are strongly
expressed in the striatum, basal nuclei [37-39], and spinal
cord [40]. Dopamine receptors are divided into two classes,
the D1-like (D1R and D5R) and D2-like (D2R, D3R, and

D4R) receptors [27], and differentially regulate second mes-
senger pathways by either increasing (D1-like: through the
coupled G, s G protein) or decreasing (D2-like: through the
coupled G;,, G protein) the activity of adenylate cyclase [27].
The affinity of the different receptor subtypes for dopamine
is in the following order: D3R > D4R ~D5R >D2R >DI1R
(data compiled from https://pdsp.unc.edu/databases/kidb.
php, accessed Jul 29, 2022). Dopamine receptors can act
independently or form heteromers (both heterodimers and
heterotetramers). It is conceivable that at low levels of dopa-
mine release, inhibitory actions promoted by D2-like recep-
tors, and in particular by D3R, dominate overall outcome
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Fig.2 Repartition of selected manuscripts and their reported focus on
iron deficiency, striatal circuits, and dopamine-related signaling in the
RLS animal models

effects, while excitatory effects mediated by D1-like recep-
tors occur only at higher local dopamine concentrations [41,
42].

In principle, a failure of diencephalo-spinal modulation
induced by a compromised A1l hypothalamic dopamine
neuron function could also be involved in RLS pathophysi-
ology by causing a hypodopaminergic state at the spinal
cord level (“Insights from Putative Animal Models of RLS
on the Effects of Dopaminergic A11 Cell Dysfunction”).
However, human autopsy data failed to reveal a neuro-
pathological difference in the A11 region between RLS and
age-matched control cases regarding the volume of tyrosine
hydroxylase positive cells, general histological examination,
or any signs of significant inflammation [43]. In addition,
there is evidence for a hyperdopaminergic state in RLS, and
the success of dopaminergic agents could then be ascribed
to a preferential pre-synaptic effect [20]. Accordingly, in
patients, brain imaging with positron emission tomography
showed evidence of decreased dopamine transporter (DAT)
and D2R binding potential in the striatum of subjects with
RLS, consistent with an increase in nigrostriatal synaptic
dopaminergic activity [44, 45]. One study reported abnor-
mally increased levels of 3-ortho-methyldopa (3-OMD), an
L-DOPA metabolite, and homovanillic acid (HVA), a dopa-
mine catabolite, in the cerebrospinal fluid (CSF) of untreated
RLS patients, indicating abnormally increased dopamine
synthesis [46]. Interestingly, patients with increased 3-OMD
CSF levels also had lower CSF ferritin compared to controls
[46]. These results should be taken with caution, however,
as one previous study did not find any changes in 3-OMD
and HVA CSF levels in patients with RLS [47]. Neverthe-
less, autopsy data showed a significant decrease in D2R in
the putamen of subjects with RLS, which correlated with

@ Springer

disease severity, as well as increased levels of tyrosine
hydroxylase and its phosphorylated (active) form in both
the substantia nigra and putamen [48]. Increased levels of
tetrahydrobiopterin (BH4, an essential cofactor of tyrosine
hydroxylase) were also reported in the CSF of patients with
RLS [49].

Rodent Model Validity Criteria Concerning
Dopaminergic Mechanisms in RLS

Of the 55 selected studies dealing with putative animal
models of dopaminergic mechanisms of RLS, 49 concerned
rodent models. Of these, 28 studies were found to satisfy at
least one criterion of construct validity [20], while 7 studies
satisfied at least one criterion of face validity [19] (Table 1).

Published consensus criteria of the construct validity of
rodent models of RLS included increased levels of BH4 and
3-OMD in the brain, increased activity of tyrosine hydroxy-
lase in the substantia nigra and striatum, and decreased bind-
ing potential of striatal D2R, as well as exposure to L-DOPA
to study the augmentation phenomenon [20]. Interventions
on dopamine signaling were also considered relevant to the
face validity of rodent models of RLS. The face validity
criteria included RLS-like phenotype rescue at least initially
with dopaminergic treatment as well as RLS-like phenotype
aggravation with D2-like dopamine receptor antagonists or
after short-term dopaminergic treatment withdrawal, with
the possible exception of sleep-related RLS-like phenotype
[19].

Rodent models of RLS addressing tyrosine hydroxy-
lase and/or striatal D2R studied in combination with iron
or genetic mechanisms will be discussed in the respective
sections to avoid repetition. Here, we will focus on insights
obtained from models of lesions of the dopaminergic A1l
region and of D3R signaling impairment. Neither models
were included among those with sufficient construct valid-
ity in consensus guidelines [20]. This was mainly due to the
lack of evidence of A11 cell loss at autopsy in patients with
RLS [43]. Moreover, there is no clinical or genetic evidence
for alterations in D3R expression or function in RLS.

Insights from Putative Animal Models of RLS
on the Effects of Dopaminergic A11 Cell Dysfunction

The A11 diencephalic area was shown to be the major source
of L-DOPA in the non-human primate spinal cord, where it
may play a role in the modulation of sensorimotor integra-
tion through D2R and D3R, either directly or indirectly, via
dopamine synthesis in spinal dopa-decarboxylase-positive
cells [40]. A targeted lesion of the A11 dopaminergic neu-
rons led to an increase in locomotor activities in a rodent
model that was reversed by treatment with a dopamine
D2-like receptor agonist [50]. In addition, there is evidence
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of spinal projections from the dopaminergic A10 neurons
of the ventral tegmental area [51]. Together, these data
suggest that descending dopamine pathways into the spi-
nal cord exist and that they can alter locomotor behavior. A
failure of spinal cord modulation by the A11 hypothalamic
dopamine neuron cluster was found to lead to hyperactive
behavior in rats [52]. These results were later replicated and
expanded with polysomnographic characterization, show-
ing increased wakefulness and limb motor activity during
sleep, particularly at the end of the dark (active) period in
rats with 6-hydroxydopamine lesion of the Al1 area [53],
with a protective effect of physical exercise [54]. Descending
A1l projections were reported to contribute to the suppres-
sion of motor activity during sleep and sleep—wake transi-
tions in rats, with their disruption eliciting RLS-like move-
ments, although similar conclusions were also reached for
cerebello-rubro-spinal projections [55]. Further discussion
of putative RLS models with A11 dysfunction is provided
in “Putative Animal Models of RLS with Diet-induced
Brain Iron Deficiency” and “Insights from Putative Animal
Models of RLS on the Effects of Iron Deficiency on Altera-
tions in Dopamine Transmission” in combination with iron
deficiency.

Insights from Putative Animal Models of RLS
on the Effects of D3R Signaling Impairment

Drugs such as pramipexole and ropinirole that show clinical
effectiveness for RLS have more affinity for D3R than for
other dopamine receptor subtypes. However, at clinically rel-
evant doses, these drugs most probably occupy and activate
a significant proportion of D4R and D2R, particularly the
short isoform of D2R (D2SR). In addition, D3R, D2SR, and
D4R are preferentially pre-synaptic, acting as autoreceptors
and heteroreceptors that modulate dopamine and glutamate
release. Nevertheless, the clinical efficacy of D2-like dopa-
minergic treatments is at least compatible with the role of
D3R in mediating RLS symptoms [56-58].

The D3R knockout (KO) mouse (D3R-KO), originally
developed by the introduction of a premature chain-termi-
nation mutation in the gene coding for D3R, showed hyper-
activity in an exploration test as well as increased locomo-
tor activity and rearing behavior, suggesting that the D3R
mediates inhibition of the overall behavioral phenotype [59].
The disruption of the D3R was also associated with renin-
dependent hypertension [60]. The gradual decline in respon-
siveness to long-term treatment with D2-like receptor ago-
nists in mice could be reversed or rescued by the adjuvant
block of DIR in animals that were no longer responsive to
the D2-like receptor agonist alone, supporting the hypothesis
that upregulation of D1R may play a role in the augmenta-
tion phenotype of RLS [61]. If replicable in the clinic, the
mechanisms leading to augmentation in RLS patients after

long-term use of D2-like receptor agonists might then be
based on interactions between D2-like and D1-like recep-
tors, as previously suggested to occur through receptor het-
eromerization [61]. This hypothesis would point to a syner-
gistic role of D1R and D3R in RLS, and it could provide an
alternative to the D2-like receptor-based treatment options
currently employed [62].

Closing Remarks

The clinical studies suggest an important role of dopamine
signaling in RLS. Most putative animal models of RLS
addressed dopaminergic dysfunction in combination with
other mechanisms, mainly iron deficiency and genetic altera-
tions. While it has been suggested that D3R are the main
targets for the therapeutic effects of currently used dopamin-
ergic agents in RLS, animal models with D3R alterations
have only incompletely been able to capture and replicate
the full phenotype of RLS. It remains unclear whether these
models may help understand the pathophysiology of aug-
mentation. On the other hand, while animal models have
provided proof or principle of functional behavioral effects
of lesions of the dopaminergic A1l cell group, their rel-
evance to RLS pathophysiology is uncertain due to the lack
of consistent evidence of A11 region pathology at autopsy in
patients with RLS. Nevertheless, it is conceivable, but still
unproven, that a dysfunction of the descending A11 system
may affect its projections in the spinal cord while sparing
the A11 cell bodies.

Putative Animal Models of RLS Targeting
Iron-related Mechanisms

Overview of Iron-related Mechanisms in RLS
Pathophysiology

Investigating the complex relationship between iron and
RLS has generated the most important body of literature
on RLS. Based on the evidence of deficient iron storage in
RLS patients and improvement in some patients with iron
supplementation [63, 64], it is likely that brain iron status
may play a primary role in the pathogenesis of RLS [65].
In patients with RLS, low CSF iron and ferritin concentra-
tions and increased CSF transferrin suggesting brain iron
insufficiency were documented [66, 67]. Direct magnetic
resonance imaging (MRI) assessment of brain regional
iron concentration further supported these findings, albeit
with some inconsistencies [68—75]. Pathological autopsy
studies also showed a decreased iron staining in the neuro-
pil consistent with MRI data and with impaired brain iron
acquisition in RLS [48]. Brain imaging and post-mortem
brain studies of patients with RLS evidenced a reduction
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in myelin, loss of myelin integrity, and decreased ferritin
and transferrin in the myelin fractions [76]. The relatively
high prevalence (24%, 9 times higher than in the general
population) of clinically significant RLS among subjects
with iron-deficient anemia [77] also suggests that periph-
eral iron deficiency represents a risk or triggering factor for
RLS, enabling the development of brain iron deficiency in
susceptible individuals [20].

Rodent Model Validity Criteria Concerning
Iron-related Mechanisms in RLS

Of the 46 selected studies dealing with putative animal mod-
els of iron-related mechanisms of RLS, 43 concerned rodent
models. Of these, 31 studies were found to satisfy at least
one criterion of construct validity [20], while 6 studies sat-
isfied at least one criterion of face validity [19] (Table 1).
Consensus criteria of the construct validity of rodent mod-
els of RLS included peripheral iron deficiency, as estimated
by hemoglobin or serum ferritin levels; low levels of CSF
ferritin, high levels of CSF transferrin and a reduced CSF
ferritin-to-plasma ferritin ratio; decrease in brain iron con-
tent, particularly in the substantia nigra, striatum, pallidal
complex, and thalamus; decreased myelination, and reduced
iron and H-ferritin content in oligodendrocytes, which are
the myelin-producing cells in the central nervous system
(CNS); and increased levels of serum hepcidin [20]. A few
studies on rodent models of iron deficiency did not fully
meet RLS construct validity criteria (Table 1) due to limited
or absent documentation of peripheral and/or central iron
deficiency, which complicated discrimination between these
two conditions in animal models. Consensus criteria of face
validity for RLS rodent models also recommended checking
for the effectiveness of an iron-deficient diet or iron treat-
ment on the iron content of brain structures of interest [19].
The face validity criteria also included RLS-like phenotype
manifestation or aggravation with iron-deficiency as well as
RLS-like phenotype rescue with iron treatment for condi-
tions of iron deficiency. In this context, the RLS-like pheno-
type referred particularly to increased activity and decreased
resting in the last part of the active period in the home cage,
possibly excepting PLMS-related phenotype [19].

Putative Animal Models of RLS with Diet-induced
Brain Iron Deficiency

Research on iron-deficient animal models of RLS has been
performed mostly on wild-type (WT) rats or mice fed iron-
deficient diets from weaning. Rats are more susceptible to
developing iron-deficiency anemia due to dietary iron dep-
rivation than are at least some commonly used laboratory
mouse strains such as C57BL/6. Distinct differences in the
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susceptibility to dietary iron deficiency also occur between
rat strains, such as Fischer 344, Wistar, and Sprague Daw-
ley [78]. In Sprague—Dawley rats, brain iron deficiency was
demonstrated after as few as 2 weeks of the iron-deficient
diet with 2 ppm iron during the postweaning period [79] or
after 4 weeks of the diet with 3 ppm iron [80]. After 40 days
of a diet with 4 ppm iron, Sprague—Dawley rats developed
decreased hemoglobin and brain iron content and markers
of oligodendrocyte dysfunction [81]. In C57BL/6 mice, spi-
nal cord iron was decreased by as few as 6 weeks of the
diet with 3.5 ppm iron [82, 83]. On the other hand, a much
longer 24-week period of the diet with a less severe iron
deficiency (<9 ppm iron) decreased liver and serum iron
concentration but did not affect either brainstem iron con-
tent or blood hemoglobin concentration in C57BL/6 mice
[84]. Normative studies clarifying the effects on brain iron
of different levels of dietary iron intake as a function of the
duration of the dietary treatment are, to our knowledge, not
available in rats or mice. Therefore, as a cautionary measure,
the administration of a diet with minimal (2-3 ppm) iron
content from weaning appears advisable to elicit CNS iron
deficiency in rats and mice. These dietary regimens were
also shown to elicit what appear as compensatory changes
in iron-management proteins in the brain. A diet with 2 ppm
iron increased brain cytosolic transferrin concentration in
rats [79], whereas, in mice, an iron-deficient diet with 4 ppm
iron increased striatal transferrin receptors [85]. Studies on
WT mice fed with intermediate levels of dietary iron from
weaning [86—88] have also reported distinct behavioral and
molecular effects of the diets, including increased transfer-
rin receptors in the cortex and striatum, albeit without direct
demonstration of brain iron deficiency.

A set of studies on recombinant inbred BXD mouse
strains, generated by crossing C57BL/6 and DBA/2J WT
mice and then inbreeding the F2 progeny for 20 consecu-
tive generations, shed light on differences in the regu-
lation of iron content among different structures of the
CNS as well as between these structures and peripheral
organs. These studies demonstrated that the regulation of
central and peripheral iron content shows sex-related dif-
ferences and distinct biological rhythms. This is a very
pertinent finding relevant to RLS, as the RLS risk is twice
as high in women as in men in the general population
[89] (cf. also “Rodent Model Validity Criteria Concern-
ing Genetic Mechanisms in RLS” below). Interestingly,
studies on BXD mice failed to detect significant genetic
correlations between the iron content of the ventral mid-
brain, which includes the substantial nigra pars reticulata,
which has a much higher content of iron than the pars
compacta [90], and the iron content of either the liver or
the prefrontal cortex, in the face of significant correlations
between ventral midbrain iron content and iron content in
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the caudate-putamen and nucleus accumbens [91]. These
results suggested that peripheral and central iron regula-
tory systems are largely independent. One study using six
strains of BXD mice to test the effects of iron deficiency
on gene expression in the ventral midbrain revealed several
iron deficiency-induced expression changes [92]. In line
with different strain susceptibility to iron deficiency in
the brain, large strain-dependent differences were found in
three genes with direct ties to nigrostriatal dopamine func-
tioning, two of which are implicated in an iron-dopamine-
pathway: stromal cell-derived factor 1 (Cxcli2), a ferritin
regulator and potent dopamine neuromodulator, and hemo-
globin beta adult chain 1 (Hbb-b1), a gene recently shown
to play a functional role in dopamine neurons [92].

Differences also emerged between brain structures in
response to iron supplementation: In female BXD40 mice,
iron content in the ventral midbrain and nucleus accum-
bens decreased with an iron-deficient diet and quickly
recovered after iron supplementation, whereas iron con-
tent in the prefrontal cortex, caudate-putamen, cerebellum,
and pons did not significantly change [92, 93]. In addition,
variations in ventral midbrain iron concentrations strongly
and positively correlated with Btbd9 expression [94].
Unfortunately, the studies on BXD mice published to date
did not address the relationships between brain and spinal
cord iron content. The latter was shown to be decreased by
dietary iron deficiency in mice, with the effect enhanced
by unilateral chemical lesions of the A1l region, which
provides descending projections to the spinal cord [82].
The link between spinal cord function and iron metabo-
lism may be bidirectional, as chronic spinal cord injury
was found to decrease plasma iron and transferrin levels
in rats [95].

Regarding biological rhythms, in the BXD40 mouse
strain, which has midrange iron content in the ventral mid-
brain among the BXD recombinant inbred strains, liver iron
was increased and plasma iron was decreased in the dark
period compared with the light period [96]. Administration
of an iron-deficient diet eliminated this variation in liver
iron in male and female mice and in plasma iron in male
mice. Dietary iron deficiency decreased ventral midbrain
and nucleus accumbens iron during the dark and the light
period, whereas it decreased whole-brain iron only during
the light period [96]. Accordingly, an iron-deficient diet
decreased iron content in the dorsal striatum in BXD40 male
and female mice only during the light phase [97]. Day-night
rhythms in serum and CSF iron have also been reported in
Macaca fascicularis, a non-human primate, and found to be
in counterphase [98]. It remains to be addressed whether
these day-night rhythms in iron regulation represent true cir-
cadian rhythms, i.e., endogenous rhythms with a near-24-h
free-running period that can be entrained to external time
signals such as light.

Insights from Putative Animal Models of RLS
on the Effects of Iron Deficiency on Alterations
in Dopamine Transmission

In rats, dietary iron deficiency was consistently found to
increase striatal extracellular levels of dopamine and its
metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and
HVA [79, 99-101]. This was not explained either by intra-
cellular dopamine levels, which were found to decrease in
rats with iron deficiency [101], or by anemia per se [102].
Rather, the increase in extracellular dopamine levels in the
striatum of iron-deficient rats was associated with altered
striatal dopamine uptake, which was decreased and showed
impaired feedback enhancement by agonists of D2R autore-
ceptors [101]. The changes in dopamine levels in response to
dopamine reuptake blockade with cocaine were also signifi-
cantly attenuated in iron-deficient rats [102]. These altera-
tions could be traced down to decreased levels of DAT at
the mRNA and protein level, particularly in the membrane
fraction of the striatum [80, 100, 103]. In agreement with
this picture, repeated blood withdrawal to induce iron defi-
ciency increased striatal dopamine and DOPAC levels in
Macaca fascicularis [98]. Moreover, an iron-deficient diet
decreased DAT levels in the striatum of BXD40 recombinant
inbred mice [97] and in the nucleus accumbens but not the
striatum of rats with neonatal iron deficiency [103]. How-
ever, increased striatal DAT in rats [104] and mice [105]
with dietary iron deficiency was also reported. Sedentary
offspring of dams with dietary iron deficiency since weaning
also had increased striatal DAT protein compared with exer-
cised offspring of dams with a standard diet or iron restric-
tion during pregnancy [106]. On the other hand, research
on rats suggested that the release of dopamine, and not just
its reuptake, may be affected by iron deficiency. In rats with
dietary iron deficiency, iron infusion at physiological con-
centrations into the ventral midbrain reversed the increase in
extracellular dopamine level and the decrease in intracellular
dopamine level in the striatum but had no effect on altera-
tions in dopamine uptake [101]. Significant increases in
tyrosine hydroxylase, the rate-limiting enzyme of dopamine
biosynthesis, and in its phosphorylated active form were also
seen both in rat pups that were iron-deficient during develop-
ment and in iron-chelated PC12 cells, a cell model of iron
insufficiency [107]. This is in line with RLS autopsy data
[48] and with increased pre-synaptic dopaminergic activity
in patients with RLS, as discussed in “Overview of Dopa-
minergic Mechanisms in RLS Pathophysiology.”

In WT rats, early studies found that dietary iron defi-
ciency decreased D2R binding in the caudate nucleus [108,
109]. Although the effect was reproduced by incubation of
caudate nucleus membrane homogenates with iron chelators,
it could not be rescued by incubation of caudate nucleus
membrane homogenates from iron-deficient rats with iron
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salts [109]. Nevertheless, dietary iron deficiency was also
found to decrease D2R protein expression in the striatum
and nucleus accumbens in rats [110]. These findings were
later confirmed [103] and linked to preferential loss of
membrane D2R protein, with less of a decrease in cytosolic
D2R protein and no significant changes in D2R mRNA [96,
111, 112]. Results concerning D2R have been less con-
sistent in iron-deficient mice, with downregulation in the
striatum [88], no significant change in the striatum [105],
or no significant change in the lumbar spinal cord [82].
Similarly, results concerning D1R have been inconsistent in
iron-deficient rats and mice, with a downregulation in the
striatum in rats in the absence of significant effects on DIR
mRNA expression [111], no significant effects in the nucleus
accumbens, striatum and prefrontal cortex in another experi-
ment on rats [103], and upregulation in the striatum [105] or
lumbar spinal cord [82] in mice. Interestingly, the impact of
iron deficiency on dopamine was more pronounced in male
than female animals, suggesting sex-related differences in
the sensitivity to nutrient deprivation [111].

Further evidence supporting interactions between iron
deficiency and dopamine signaling concerned behavioral
phenotype. After an iron-deficient dietary treatment, the
peak increase in activity was anticipated from Zeitgeber
Time (time in hours from lights on, ZT) 23-24 to ZT19-22
in D3R KO mice with respect to WT mice [113]. In a differ-
ent study on BXD40 recombinant inbred mice, the increase
in activity late in the dark period with iron-deficient die-
tary treatment was blunted by L-DOPA or by quinpirole, a
D2-like receptor agonist [114]. Moreover, mice with dietary
iron deficiency and A11 lesions showed an increase in move-
ments, which was attenuated by acute and chronic treatment
with pramipexole, a D2-like receptor agonist with a pref-
erence for D3R [83]. Pramipexole also decreased tibialis
anterior electromyogram (EMG) bursts during sleep, akin
to PLMS, in iron-deficient rats [104, 115].

Finally, mice KO for Thy-1, a CNS glycosyl-
phosphatidylinositol-linked integral membrane protein
coded by a gene responsive to iron deficiency [116],
showed increased striatal levels of dopamine, D1R and
D2R [105] but no change in the expression or activity
of tyrosine hydroxylase [117]. Six-month-old rats born
to dams maintained on an iron-deficient diet from gesta-
tional day 5 to weaning also showed a decreased Thy-1
expression in brain homogenates [107].

Insights from Putative Animal Models of RLS
on Behavioral Effects of Iron Deficiency

Despite the wealth of published data on animal models
of iron deficiency, there is still a lack of firm connections
between iron-dependent neurochemical events and behavio-
ral changes. In early work and contrary to what is expected
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with regard to RLS, rats with dietary iron deficiency exhib-
ited decreased motor activity, reduced levels of spontane-
ous movement and exploration of a novel environment,
and markedly diminished behavioral responses to centrally
acting drugs [103, 108, 118, 119]. The reduced levels of
activity in these iron-deficient animals were in line with the
reduced spontaneous activity observed in humans with iron-
deficiency anemia [120]. The decrease in activity in these
rats occurred mainly during the dark period [119], which is
physiologically the more active, and could be so marked as
to cause the reversal of the day-night activity rhythm [118].
Alterations in behavioral tests were also noted [121], par-
ticularly with increased anxiety-like behavior. More recent
data on young adult rats (approximately 3 months of age)
with dietary iron deficiency did not report a generalized
decrease in activity but, rather, a reduction in REM sleep
time, increased sleep fragmentation, and the occurrence of
tibialis anterior EMG bursts akin to human PLMS [104, 115,
122].

It is unclear whether differences in the reported activity
phenotype between earlier and more recent studies on rats
with iron deficiency resulted from differences in the research
protocol or the timing of the behavioral tests. One possible
explanation is that iron deficiency does not affect all brain
regions equally, since the caudate-putamen shows a 30%
loss of iron concentration in iron-deficient rats, while other
regions, including the substantia nigra, may be unaffected
[123]. Another explanation could be related to the fact that
brain iron deficiency has a differential effect on dopamin-
ergic signaling at different biological times of the day and
night [97]. The PLMS-like activity was reported in 40% of a
small sample of old (16.2-20.5 months of age) WT rats fed
an iron-sufficient diet, but not in younger (1.4—1.6 months of
age) rats [124]. The PLMS-like activity was also reported in
young adult spontaneously hypertensive rats together with
a significant reduction in sleep efficiency during the dark
period, with both alterations being rescued by pramipexole,
a preferential D2-like receptor agonist [125]. On the other
hand, young adult WT mice and rats showed a pattern of
short-interval hindlimb EMG activity during sleep, which is
akin to short-interval leg movements during sleep in human
subjects [126, 127].

A generalized decrease in activity was also not reported
in studies on iron-deficient mice. Rather, in WT mice, die-
tary iron deficiency was found to increase wakefulness at
ZT 20-24 [86, 113] due to reductions in non-REM sleep
and REM sleep time [86]. A study on female mice of the
recombinant inbred BXD40 strain found an earlier increase
in activity in the active period (ZT 20) with an iron-deficient
diet [114]. The activity increase in the late active period
was also correlated with decreases in ventral midbrain iron
content during iron-deficient dietary treatment in different
recombinant inbred mouse strains [128]. A more overt effect
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of iron deficiency on locomotion was shown in iron-deprived
C57BL/6 mice with bilateral 6-hydroxydopamine lesioning
in the A11 nucleus of the diencephalospinal pathway [50].
In this model, locomotor activity was significantly increased
both in the mice that were iron-deprived and in the A11-
lesioned mice compared with controls. The combination of
iron deprivation and A11 lesions further significantly aug-
mented activity, which was normalized after treatment with
a D2-like receptor agonist, supporting the role of the spi-
nal dopamine neurotransmission in the pathophysiology of
RLS [50]. Finally, research on iron-deficient WT mice high-
lighted significant increases in pain sensitivity [87, 113],
which may also be relevant to the pathophysiology of RLS.

Closing Remarks

Evidence suggests that the decrease of iron in the patient
brain tissue could be a major contributing factor to RLS
pathophysiology [63, 68, 129]. Figure 3 provides an over-
view of the behavioral and physiological changes reported in
the different brain iron-deficient models. No consistent rela-
tionship could be found between peripheral and brain iron
regulation and content in RLS [130], and the factors mediat-
ing the link between systemic and CNS iron deficiency are
far from being established. Research on iron-deficient puta-
tive animal models of RLS has been built upon research on
peripheral iron deficiency and shifted the focus toward the
consequences of CNS iron deficiency. These models were
generally far from explaining the pathophysiology respon-
sible for brain iron deficiency, as mostly based on feeding
iron-deficient diets from weaning to induce brain iron defi-
ciency. Nevertheless, these models have provided proof of
the principle of causal links between iron deficiency, altera-
tions in dopamine transmission generally consistent with

Fig.3 Overview of the impact
of the brain iron deficiency
models on behavior and physi-

the hyperdopaminergic hypothesis of RLS, and RLS-like
behaviors.

Putative Animal Models of RLS Targeting
Genetic Mechanisms

Overview of Genetic Mechanisms in RLS
Pathophysiology

The GWAS for RLS implicated up to 23 risk loci, includ-
ing BTBD9, MEIS1, PTPRD, and MAP2KS, as genetic risk
factors [131-135]. BTBD9 gene variants have been identi-
fied among those imparting the highest risk for RLS [133,
136, 137]. The odds of having RLS with the BTBD9 vari-
ant are 126 to 100 [127]. Recently, BTBD9 has also been
associated with sleep duration, timing, and daytime sleepi-
ness [138, 139]. BTBD9 codes for a protein belonging to
the BTB (POZ) protein family that modulates transcription,
cytoskeletal arrangement, ion channels, and protein ubiqui-
tination [140-142]. A seminal GWAS paper published on
RLS also showed an association of the BTBD9 variant with
serum ferritin concentration [ 136], with serum ferritin levels
decreased by 13% per variant allele. This finding was par-
tially replicated by others [143—145]. Interestingly, lower
CSF ferritin levels have been reported in patients with RLS
[66, 67]. Although these studies did not detect changes in
the serum ferritin level, low ferritin levels in the CSF and
serum may occur together in RLS patients, particularly in
those with iron deficiency anemia [130].

In addition to BTBD9, GWAS implicated MEIS] as the top
hit among the 23 risk loci of RLS [131-135]. The odds of
having RLS with the MEISI variant are 192 to 100 [131].
Interestingly, two independent GWAS nominated MEIS1 with
an increased risk of having insomnia [146, 147]. Furthermore,
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MEIS1 was found to be associated with sleep duration, effi-
ciency, and timing [138]. Taken together, these studies thus
supported the role of MEIS! in sleep regulation. MEISI is
widely expressed in the CNS and periphery during embryo-
genesis and after birth [148, 149], including in the basal nuclei
and the midbrain. The MEIS1 protein acts as a transcription
factor and belongs to the TALE [Three Amino-acid Loop
Extension]-class homeobox protein [150].

PTPRD, coding for protein tyrosine phosphatase receptor
type delta, is another RLS gene nominated by GWAS [151].
The odds of having RLS with the PTPRD variant are 144 to
100 [151]. PTPRD variants make pleiotropic contributions of
differing strength to several brain phenotypes and disorders
[152], and there is a moderate expression of PTPRD ligands
in the striatum, many thalamic nuclei, and the hypothalamus
[153]. Ptprd, the mouse ortholog of human PTPRD, is impli-
cated in motoneuron axon targeting during development [154].

The MAP2K5/SKORI locus has also been associated with
RLS by GWAS [137, 155-157]. MAP2K5 codes for mitogen-
activated protein kinase 5, which phosphorylates ERK5 and
regulates the expression NF-kB and the resulting inflammatory
response associated with RLS [158]. SKORI codes for SKI
family transcriptional corepressor 1 and regulates the devel-
opment of spinal cord interneurons [159]. The odds of having
RLS with the MAP2K5/SKORI variants are 152 to 100 [137].

Rodent Model Validity Criteria Concerning Genetic
Mechanisms in RLS

Of the 20 selected studies dealing with putative animal
models of genetic mechanisms of RLS, 17 concerned rodent
models. Of these, 16 studies were found to satisfy at least
one criterion of construct validity [20], while 6 studies sat-
isfied at least one criterion of face validity [19] (Table 1).
Genetic and sex-related factors were included in the con-
sensus criteria of the construct validity of rodent models of
RLS, with specific reference to common and rare genetic
variants identified with GWAS [20]. However, the guide-
lines remarked that the conventional KO strategy may not
faithfully recapitulate the human genetic alterations [20],
even for variants associated with decreased gene expression.
Both construct [20] and face [19] validity guidelines recom-
mended that experiments be performed on rodent models
of both sexes. On the other hand, face validity guidelines
refrained from recommending fixed age ranges for the study
of mouse and rat RLS models [19].

Insights from Putative Animal Models of RLS
on the Effects of BTBD9 Deficiency

The mouse ortholog of BTBD9 was the first among the

RLS risk genes nominated by GWAS to be genetically
inactivated in animal models. In Btbd9 complete KO mice,
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hippocampal synaptic transmission and plasticity were
altered, with enhanced memory and long-term potentia-
tion [160]. Moreover, loss of the BTBD9 ortholog increased
motor activity, decreased dopamine levels, and disrupted
sleep [161]. Similarly, Btbd9 KO mice showed motor rest-
lessness, thermal hypersensitivity, and a disruption in sleep
structure [162—-164]. Treatment with a D2-like receptor ago-
nist restored the sensory deficit of the Brbd9 KO mice [162]
and sleep fragmentation in the KO fly [161]. In addition,
the conditional KO of BTBD9 ortholog in dopamine neu-
rons recapitulated the sleep deficits seen in the complete
KO model [161]. However, similar experiments in mice only
produced a mild sleep deficit, suggesting differential vulner-
ability to dopamine signaling disruption in these two genetic
models [165]. Finally, the D2R protein and mRNA levels
were altered in Btbd9 KO mice in a circadian-dependent
manner, possibly through the action of dynamin-1 [165].
Conditional knockout of Btbd9 in various brain regions
or cell types has been conducted to determine brain regions
involved in the pathogenesis of RLS. This approach was
complemented with manganese-enhanced magnetic reso-
nance imaging to determine neural activity changes in spe-
cific brain regions [166—-169]. Mn>* is a Ca>" analog, enters
active synapses through voltage-dependent calcium channels
[170, 171], and is sequestered and trans-synaptically trans-
ported antero- and retrogradely across active neural circuits
[172, 173]. The presence of the paramagnetic Mn* ion in the
brain increases longitudinal relaxation rates, enhances signal
intensity in T1-weighted scans, and is utilized for functional
mapping of synaptic activity [174]. With this technique, the
Btbd9 KO mice were found to show increased neural activity
in the cerebral cortex and striatum, indicating an increased
cortical input to the striatum [169]. In these experiments,
Btbd9 was also selectively knocked out in the medium spiny
neurons, which account for over 95% of striatal neurons, to
obtain Btbd9 sKO mice [169]. In a 30-min open-field activity
assay, Btbd9 sKO mice were found hyperactive, which fits
with the characteristic urge to move of RLS patients. Btbd9
sKO mice also showed a significantly increased probability
of waking and voluntary activity in the long-term open-field
and wheel running tests. These changes were restricted to
the light phase, when mice usually sleep or rest, and did
not occur in the dark phase, when mice are typically active
[169]. Even with opposite day-night rhythms to humans,
therefore, Btbd9 sKO mice show motor restlessness and a
similar circadian predominance to patients. Finally, uncom-
fortable sensations in the lower limbs are another common
phenotype of RLS [175]. The Btbd9 sKO mice had a higher
sensitivity to the heat stimuli in the tail-flick test, indicating
altered thermal sensation similar to complete Btbd9 KO mice
[175]. Cholinergic neuron-specific Btbd9 KO (ChKO) and
cerebral cortex-specific Btbd9 KO (cKO) mice have also been
generated and characterized. The ChKO mice did not show
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any sleep and sensory deficits [169]. In contrast, the cKO
mice showed a rest-phase specific motor restlessness, a thin-
ner primary somatosensory and primary motor cortex, and
decreased thermal sensation, which is opposite to the findings
in complete Btbd9 KO mice [169, 176]. Furthermore, dopa-
mine neuron- and Purkinje cell-specific conditional Btbd9
KO mice have been generated. Both lines of conditional
KO mice failed to show sensory deficits [165, 177]. These
conditional KO experiments suggest that the loss of BTBD9
function in the medium spiny neurons is sufficient to cause
RLS-like phenotypes and highlight the importance of stria-
tum or caudate/putamen in the pathogenesis of RLS. This
conclusion is supported by an analysis of 376 post-stroke
patients, which identified the body of the caudate nucleus as
playing a role in the development of post-stroke RLS [178].

Finally, evidence from animal models also suggests that
BTBDO functions are related to iron metabolism. Genetic
mapping of BXD recombinant inbred mouse strains revealed
that Btbd9 gene expression correlates with ventral midbrain
iron level [94]. Btbd9 KO mice also showed increased serum
iron levels with no difference in striatal iron content [163].
BTBD?9 overexpression in HEK cells revealed that BTBD9
acts together with Cullin-3 to regulate levels of iron-responsive
element-binding protein 2 levels in the cell, which control fer-
ritin expression and iron metabolism [162].

Insights from Putative Animal Models of RLS
on the Effects of MEIS1 Deficiency

A MEIS|] intronic haplotype linked to RLS risk was associ-
ated with decreased protein expression [179], suggesting
the variant causes haploinsufficiency. Accordingly, GWAS-
driven experiments on zebrafish embryos revealed a sig-
nificant excess of functionally null variants of MEISI in
individuals with RLS compared with control subjects [180].
The lack of both alleles of Meisl, the mouse ortholog of
human MEISI, is embryonic lethal [149]. However, het-
erozygous Meisl KO (MeisI*'~) mice are viable and have
been used to study human RLS and other sleep disorders.
So far, three lines of MeisI*'~ mice have been character-
ized, and all three lines show some RLS-like phenotypes.
The first MeisI™'~ mouse model was created by knocking-in
the modified estrogen receptor hormone-binding (ERT2)
domain in-frame with the MEIS1a isoform coding region,
while disrupting the MEIS1b coding region and the C-
terminal of MEIS1 protein [149]. The model was tested
for sleep disturbance and other RLS-like phenotypes. It
showed hyperactivity, specifically at the beginning of
the rest period, impaired pre-pulse inhibition of startle
response, and a trend of reduced delta power in the electro-
encephalogram [181-183]. However, as pointed out later
[184], the MEIS1 protein with C-terminal deletion lacks

transcription-active function but retains the ability of DNA
binding and complex formation [185]. Therefore, this line
of MeisI™~ mice has a novel Meis1aERT?2 fusion protein,
which may have a toxic gain-of-function effect. With ERT2
fusion, the function of proteins normally interacting with
MEISI1 protein may also have changed. It is challenging,
therefore, to interpret the results obtained with this line of
Meis1*'~ mice and link the reported deficits unambiguously
to the reduction of MEIS1 function.

The second line of MeisI '~ mice was derived from Meis!
loxP mice [loxP sites flanking exon 8] [186, 187]. This line
does not have complications as the earlier mouse model and
is predicted to decrease both MEIS 1a and MEIS1b isoforms.
These Meisl*'~ mice were also found to be hyperactive
[184] and to have an increased probability of waking dur-
ing the light (rest) phase but not during the dark (activity)
phase. In addition, these MeisI '~ mice did not have changes
in serum iron and transferrin levels or in the iron content of
the substantia nigra, but exhibited increased ferritin levels
[188]. Nevertheless, a link between MEISI and iron metabo-
lism was suggested by experiments with RNA interference
for the Meis-1 ortholog, which increased ferritin expression
(FTL-1 gene) in the presence of iron in the growth medium
[189]. This second line of MeisI*'~ mice also had increased
dopamine turnover and decreased tyrosine hydroxylase lev-
els in the striatum [188].

The third line of MeisI*'~ mice was developed with the
insertion of a gene coding for an enhanced cyan fluores-
cent protein into the first exon of the MeisI gene [190].
This mouse line also showed spontaneous motor hyperac-
tivity, including at the beginning of the rest period [191].
The Meisl gene has also been conditionally knocked out in
D2R-positive neurons. However, the resulting conditional
KO mice did not exhibit RLS-like symptoms as assayed by
open-field test and actimetry [191], suggesting MEIS1 in
these D2R-positive neurons plays a less critical role in the
pathogenesis of RLS. Other neuronal types and brain regions
should be targeted in the future to determine the key neural
circuits in which MEIS1 is involved in RLS pathogenesis.

Insights from Putative Animal Models of RLS
on the Effects of PTPRD Deficiency

Analysis of 119 post-mortem brain samples revealed that
the two RLS variants of PTPRD show a nominally sig-
nificant association with lower PTPRD mRNA levels,
supporting the use of Ptprd KO mice as a model of RLS
[192]. The Ptprd KO mice showed growth retardation
and semi-lethality, but with special care, most of them
survived for a year or longer [192]. Like Btbd9 KO mice
[160], the Ptprd KO mice showed enhanced hippocampal
long-term potentiation and impaired learning and memory
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[192]. Finally, the Ptprd KO mice showed enhanced loco-
motion and reduced sleep, consistent with other target
mouse models of RLS mentioned above [193]. On the
other hand, no significant differences in PTPRD expres-
sion at the mRNA and protein levels in the striatum and
spinal cord were detected in spontaneously hypertensive
rats [194], which have been proposed as a possible model
of sleep-related movement disorders [125, 195].

Insights from Putative Animal Models of RLS
on the Effects of MAP2K5 Deficiency

Experiments attempting KO of Map2k5, the mouse
ortholog of human MAP2K35, led to embryonic lethality
[196, 197]. However, the heterozygous Map2k5+/_ mice
are viable, show decreased levels of Map2k5 mRNA
[197], and can be studied to test RLS-related phenotypes.
Female Map2k5*'~ mice showed motor deficits at the
Rotarod test and decreased locomotion during the rest
period, which was opposite to changes observed in most
genetic RLS models analyzed. Male Map2k5*'~ mice
displayed impairments in open-field exploration and
pre-pulse inhibition of acoustic startle response. Interest-
ingly, Map2k5 KO mice also showed decreased dopamine
cell survival and tyrosine hydroxylase levels, highlight-
ing the role of MAP2KS5 in dopamine neuron function
[197].

Fig.4 Overview of the impact
of the different transgenic RLS
models on behavior and physi-
ological functions. Blue arrows
indicate an upregulation of the
phenotype; red arrows indicate
a downregulation
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Closing Remarks

The most important contribution of the research on putative
models of RLS with genetic alterations is the validation of
the RLS risk genes based on GWAS nomination. Figure 4
provides an overview of the behavioral and physiological
changes reported in the different genetic models. Mutation of
risk gene orthologs in mice showed phenotypes relevant to
RLS, such as alterations in iron metabolism, dopamine func-
tion, sensory perception, and sleep, affirming their involve-
ment in RLS pathogenesis. Furthermore, it contributed to
the identification and dissection of molecular pathways, cel-
lular mechanisms, cell types, and brain circuits potentially
involved in the RLS pathophysiology. Some animal models
showed amelioration of RLS-like phenotypes in response to
D2-like dopaminergic treatment. These models will likely be
suitable for future preclinical RLS drug testing.

Putative Animal Models of RLS Targeting
Alterations in Striatal and Spinal Neural
Circuits

Overview of Striatal and Spinal Circuit Alterations
in RLS

The clinically defined symptoms of RLS include an urge
to move the legs, usually accompanied or caused by
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uncomfortable and unpleasant sensations in the legs. The
urge to move the legs indicates the involvement of brain cir-
cuits that integrate sensations and control locomotor output,
while the sensory aspects of the symptoms and the activation
of leg movements point to an involvement of spinal cord
circuits.

One key hypothesis on the mechanisms that may under-
lie RLS is focused on a dysfunction of the circuits in the
basal ganglia (cerebral nuclei) associated with changes
to the central dopamine signaling, which in turn might
lead to the urge to move and to the PLMS observed in
RLS. The basal ganglia may be considered to include the
substantia nigra pars compacta and reticulata, the glo-
bus pallidus with its internal and external segments, and
the striatum with its caudate and putamen components
(Fig. 5A). Within the basal ganglia, the striatum is the
primary recipient of inputs from the cerebral — but not
visual or auditory — cortex, intralaminar thalamic nuclei,
and substantia nigra. Direct GABAergic projections from
the striatum to the internal segment of the globus pallidus
and substantia nigra pars reticulata mainly express DIR.
These projections are likely involved in the facilitation of
voluntary movement. In contrast, the indirect GABAergic
projections to the internal segment of the globus pallidus
and substantia nigra pars reticulata mainly express D2R
and are thought to suppress voluntary movements. Altera-
tions in striatal circuits may be responsible, at least in
part, for the finding of increased excitability of the motor
cortex of patients with RLS with transcranial magnetic

A
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/
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Thalamus A1
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Fig.5 Model of key CNS circuits involved in RLS. A Supraspinal
components. Ascending fibers project to the thalamus and cortex,
where the sensation of the “urge to move” the limbs is established.
Descending motor pathways from the basal nuclei initiate the motor
commands that underlie the leg movements and PLMS and are under
modulatory control from the substantia nigra but not the dopamin-
ergic All cluster. This model does not predict the origin of RLS;
rather, it models how an increase in sensory or motor drive might
explain the increased excitability of the neural circuitry in the brain.
B Spinal cord components. Sensory afferents, with their cell bodies
located in the dorsal root ganglia (DRG), project to sensory neurons

stimulation [198, 199]. Brain imaging also provided evi-
dence of thalamic and cerebellar relative hyperactivity in
patients with RLS [74].

The spinal cord is also thought to play an important role
in both RLS and PLMS, which are associated with RLS
in the vast majority of subjects. PLMS resemble the spi-
nal defense reflex mechanism that results from enhanced
excitability in the flexor-reflex arc [200]. PLMS have been
regarded as the result of an activated “central pattern gen-
erator” (CPG) for locomotion, characterized by stereotyped
motor patterns produced by subcortical networks and modu-
lated by phylogenetically recent neocortical structure [201].
Supraspinal pathways might act in a complex and coordi-
nated synergy, producing an excitatory effect onto the spinal
CPG that controls locomotion [202] (Fig. 5B). PLMS are
also observed in humans with complete transverse spinal
cord lesions, responding well to D2-like receptor agonists
[203]. This further strengthens the idea that the spinal cord
per se contains the structures sufficient to generate PLMS
and is the target of dopamine innervation that modulates
these motor behaviors. Moreover, several spinal cord dis-
eases, such as multiple sclerosis [204] and spinocerebellar
atrophy, have been associated with secondary forms of RLS
or PLMS [205]. In addition, human reflex studies indicate
the involvement of spinal structures and, specifically, of
alterations in spinal motoneurons but not in sensory neu-
rons in RLS [206]. This is in line with the recent promising
effects of spinal cord electric stimulation in refractory RLS
[207].

B to brain

,// from A1

(SNs) in the dorsal horn, where the incoming signals are integrated
and forwarded to the brain. In parallel, the sensory signals can either
directly activate spinal motoneurons (MNs) in the ventral horn or
activate the spinal central pattern generators (CPGs) in the ventral
intermedial areas of the spinal cord. The CPGs on both sides of the
spinal cord mutually inhibit each other, thus coordinating left-right
leg movements. Descending pathways from the brain, including from
the dopaminergic Al1 cluster, have access to and can modulate each
of the spinal cord circuits independently to adjust sensory excitability,
CPGs, and motor outputs
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Rodent Model Validity Criteria Concerning Striatal
and Spinal Circuit Alterations in RLS

Of the 48 selected studies dealing with putative animal mod-
els of supraspinal and spinal circuit alterations in RLS, 46
concerned rodent models. Of these, 28 studies were found
to satisfy at least one criterion of construct validity [20],
while 8 studies satisfied at least one criterion of face validity
(Table 1) [19]. The consensus criteria of the construct valid-
ity of rodent models of RLS included electrophysiological
mechanisms such as hyperexcitability of the motor cortex,
increased neuronal activity in the thalamus and cerebellum,
and lower threshold of spinal reflexes [20]. Striatal or spinal
lesion models were not considered as sufficiently supported
by the currently available evidence [20].

Insights from Putative Animal Models of RLS
on the Effects of Striatal and Other Supraspinal
Circuit Lesions

Evidence obtained on rats indicates the role of the pallidoc-
ortical projections from the external part of the globus pal-
lidus to the motor cortex in regulating RLS-like movements
[55]. Rats on a control diet and with unilateral NMDA stri-
atal lesions and intact rats with an iron-deficient diet showed
movements akin to PLMS, decreased rapid-eye movement
(REM) sleep time, and fragmentation of non-REM sleep.
These sleep—wake and motor alterations did not further
increase in lesioned iron-deficient rats [122]. RLS-like motor
activity during sleep could be elicited by a targeted lesion
of the striatum in rats [122]. An experimental study on cats
found that changes in wake-sleep state and PLMS-like motor
activity reminiscent of RLS could also be induced by lesions
of the rostrolateral ventral mesopontine junction, including
the caudal portion of the dopaminergic retrorubral nucleus,
substantia nigra, and ventral tegmental area, with no correla-
tion with the number of dopaminergic neurons lost [208].

Insights from Putative Animal Models of RLS
on the Effects of Spinal Circuit Alterations

Putative animal models of RLS shed light on the dopamin-
ergic modulation of spinal circuits, particularly concerning
dopamine receptor expression, sex- and age-related differ-
ences, and potential functional implications.

All dopamine receptors have been detected in the rodent
spinal cord [209-211]. Conversely, the spinal cord of the
non-human primate is void of the DIR subtype [40], suggest-
ing that the functionally similar DSR subtype may have taken
on the role of the DIR subtype. In rodents, there is a substan-
tial overlap between D1R and D3R distribution [209], which
would allow for D1R-D3R interactions, possibly with func-
tional heterodimer formation [62]. The finding of increased
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DIR protein expression in the spinal cord of D3R KO mice
[212], similar to what occurs in MEISI™'~ mice [184], also
supports the interplay between D1R and D3R. In mice, more-
over, D1R expression increased with age in both the striatum
and spinal cord, while D3R expression remains stable in the
striatum or becomes slightly decreased in the spinal cord.
The resulting D1R-to-D3R ratio indicates a strong relative
upregulation of DIR-mediated signaling in old animals,
which is particularly pronounced in the lumbar spinal cord
[213]. These data suggest that aging may be associated with
a shift in DIR- and D3R-mediated signaling in the striatum
and spinal cord, which in turn could be an underlying factor
in the emergence of RLS and its increased prevalence in the
elderly [213]. Animal models also pointed to sex-related dif-
ferences in the dopaminergic modulation of spinal circuits. In
particular, dopamine concentrations in the lumbar spinal cord
were higher in male than in female mice [214].
Extracellular electrophysiological studies in the isolated
lumbar spinal cord show that dopamine modulates sensori-
motor reflexes in a dose-dependent manner, with its effects
being mediated primarily by D3R [56]. The D3R plays an
important role in the spinal cord in pain modulation [42,
212, 215], reducing overall sensory [215] and motor excit-
ability in the isolated spinal cord [216]. Functional in vitro
studies in the spinal cord have shown that the disruption of
D3R signaling resulted in increased spinal reflex amplitudes
and converted dopamine inhibitory effects to excitatory
effects [56]. A study on D3R-KO mice revealed reversed
circadian rhythms of tyrosine hydroxylase in the interme-
diolateral nucleus of the thoracic spinal cord [217]. This
study suggested that the activity of spinal preganglionic
sympathetic neurons may change with altered activity of
descending dopamine fibers through D3R. The interplay of
D1-like and D2-like dopamine receptor subtypes can yield
opposing outcomes, with activation of D2R and D3R reduc-
ing locomotor-like behavior and with activation of D1-like
receptors promoting locomotion [216, 218, 219]. Experi-
ments on motoneurons from mouse lumbar spinal cord also
revealed the existence of functional heteromers including
DIR and adenosine A1 receptors (A1R), by which adenosine
may tonically inhibit D1R-mediated signaling and exert sig-
nificant control of the motoneuron excitability [220].

Closing Remarks

The putative animal models of RLS discussed in this section
contributed to widen our knowledge based on the behavioral
consequences of supraspinal circuit lesions and on the dopa-
minergic modulation of spinal cord neurophysiology. While
both of these mechanisms may conceivably contribute to RLS
pathophysiology, neither mechanism is clearly supported by
the evidence on patients with RLS available to date.
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Putative Animal Models of RLS Targeting
Alterations in Opioid and Other Transmitter
Signaling

Overview of Alterations in Opioid and Other
Transmitter Signaling in RLS

The use of opioids as a treatment for RLS is approved
in Europe and other countries. Post-mortem analysis of
the brains of RLS patients showed a deficiency of cells
expressing pf-endorphin and met-enkephalin, which are
endogenous opioids, in the thalamus [221]. Treatment
with deferoxamine, an iron-chelating agent, was shown to
decrease the survival of cultured dopamine neurons, and
cell death was counteracted by applying an endogenous
opioid analog before iron chelation [222]. This suggests
interactions among opioid signaling, iron deficiency, and
dopaminergic dysfunction. However, the contribution of
opioids to the pathophysiology of RLS is still a matter of
debate.

Concerning transmitters other than opioids, the role
of histamine in RLS is also a matter of investigation (cf.
[223]). On the other hand, clinical evidence supported the
effectiveness on sensory and motor symptoms of RLS of
perampanel, a glutamate AMPA receptor antagonist [224],
and of dipyridamole, which leads to increased extracellular
adenosine due to non-selective inhibition of the equilibra-
tive nucleoside transporters (ENT1 and ENT2) that promote
the uptake of adenosine from the extracellular space [225].
While the contribution of still other transmitters to RLS
pathophysiology cannot be discounted, evidence in that
respect is lacking.

Rodent Model Validity Criteria Concerning Opioid
and Other Transmitter Signaling in RLS

All of the 12 selected studies dealing with putative animal
models of alterations in opioid and other transmitter signaling
in RLS concerned rodent models. Of these, 7 studies were
found to satisfy at least one criterion of construct validity
[20], while 2 studies satisfied at least one criterion of face
validity [19] (Table 1). Models based on alterations in opioid
transmission were not considered as sufficiently supported by
the currently available evidence for inclusion among consen-
sus criteria for RLS construct validity in rodents [20]. Expo-
sure to antihistamines was considered as a construct validity
criterion [20], and aggravation of RLS-like phenotype with
H1 histamine receptor antagonists that cross the blood—-brain
barrier was included among rodent face validity criteria for
RLS, with the possible exception of PLMS-like behavior
[19]. Other transmitters were not considered either in terms
of construct or of face validity of rodent models of RLS.

Insights from Putative Animal Models of RLS
on the Effects of Alterations in Opioid and Other
Transmitter Signaling

Opioid receptor KO models have been used to study the role
of opioids in the pathogenesis of RLS [226, 227]. The KO of
all three opioid receptor genes (mu opioid receptor, MOR;
delta opioid receptor, DOR; kappa opioid receptor, KOR) led
to hyperactivity, a trend of increased probability of waking,
and decreased thermal sensation during the rest period [226].
MOR KO mice were also hyperactive and had increased ther-
mal sensitivity in wakefulness [227]. Therefore, studies on
both the triple-OR KO and MOR KO mouse models have
shown motor and sensory deficits similar to the human RLS
patients, suggesting that the opioid receptors may play a role
in mediating the core features of RLS. The triple-OR KO mice
also had decreased hemoglobin and hematocrit levels, indica-
tive of anemia, together with decreased serum iron and ferri-
tin, but no change in striatal iron [226]. This picture would be
generally suggestive of iron deficiency anemia, except there is
no increase in transferrin [226]. MOR KO mice showed a sim-
ilar decrease in red blood cells, hemoglobin and hematocrit,
indicative of anemia. However, the serum iron and transfer-
rin levels were decreased, while ferritin was increased [227],
which is different from the findings in triple-OR KO mice
[226]. In addition, MOR KO mice showed microcytic and
hypochromic red blood cells and increased iron levels in the
spleen and liver, but again with no significant change in stri-
atal iron [227]. Overall, the abnormal iron homeostasis in the
MOR KO mice was considered to suggest a state of inflamma-
tion [227]. The phenotype of the triple-OR KO mouse model
thus appears more similar to that of human RLS, whereas the
MOR KO mouse model may be useful for investigating the
association of RLS with inflammatory disorders [158]. These
results suggest that different opioid receptor subtypes may
contribute individually or in combination to produce various
aspects of the RLS spectrum (cf. Fig. 4).

Concerning other transmitters, RLS-like motor activity
during sleep could be elicited by the intracerebroventricular
injection of alpha-melanocyte stimulation hormone (alpha-
MSH) or of adrenocorticotropic hormone (ACTH) in rats
[228]. On the other hand, a study on histidine decarboxylase
KO mice, which lack a key enzyme for histamine signal-
ing, did not find an increase in PLMS-like activity. Rather,
the study uncovered a significant decrease in tibialis ante-
rior EMG activity during sleep, mainly consisting of EMG
events separated by short-time intervals < 10 s [223]. These
results do not support the hypothesis that preventing brain
histamine signaling may promote RLS and rather suggest
that short-interval limb motor activity during sleep may
represent a manifestation of subcortical arousal requiring
the integrity of histamine signaling [223].
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The occurrence of interactions between iron deficiency
and adenosine, histamine, or glutamate signaling is sup-
ported by experimental evidence on putative animal
models. In WT mice, the density of striatal adenosine
2a receptors (A2AR) increased with an iron-deficient
diet [85]. Rats with dietary iron deficiency also showed
increased density of A2AR in the striatum but not in the
cortex or basal mesencephalon, with pharmacological
data supporting increased pre-synaptic and post-synaptic
effects of adenosine [229]. In mice, mild (7 ppm iron) and
severe (4 ppm iron) dietary iron deficiency downregu-
lated A1R in the cortex and striatum, whereas only severe
dietary iron deficiency upregulated A2AR in the striatum
[88]. Locomotor activity was increased by KW-6002, an
A2AR antagonist, in mice with severe dietary iron defi-
ciency and was decreased by CPT, an A1R antagonist, but
not by caffeine, in rats with severe dietary iron deficiency
[88].

Dietary iron deficiency was also found to increase stri-
atal H3R in rats [115]. Alpha-methylhistamine, an H3R
agonist, increased the occurrence of tibialis anterior EMG
bursts akin to PLMS in rats fed a control diet, whereas
thioperamide, an H3R antagonist, decreased these bursts
in control rats as well as in rats fed an iron-deficient diet
[115]. Thioperamide also decreased these PLMS-like
EMG bursts in rats with dietary iron deficiency and uni-
lateral striatal lesions [122].

Hypersensitivity of corticostriatal glutamatergic termi-
nals, revealed by a significantly lower frequency of the
optogenetic stimulation needed to evoke glutamate release,
was observed in male Sprague—Dawley rats with dietary
iron deficiency [230]. Interestingly, hypersensitivity of
these terminals was reversed by the two classes of first-
line drugs used to treat RLS: D2-like receptor agonists
and ligands of the 28 subunit of voltage-gated calcium
channels [230].

Closing Remarks

The putative animal models of RLS discussed in this
section provided proof of principle for an effect of opi-
oid and histamine signaling on iron metabolism and/or
motor behavior, as well as for causal links between iron
deficiency and alterations in histamine, adenosine, and
glutamate transmission. These data provide pathophysi-
ological background to explain the therapeutic effects of
opioids and of drugs modulating glutamate and adenosine
transmission. However, the precise role played by these
mechanisms in RLS pathophysiology is still a matter of
investigation.
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The Role of Pregnancy
in the Pathophysiology of RLS

Pregnancy is a clear risk factor for RLS [231], as noted
originally by Ekbom himself [3]. Several studies observed
that around 25% of women experience RLS symptoms dur-
ing the pregnancy; these data have been confirmed world-
wide, except for a lower prevalence rate in Asian countries
[231]. The incidence rate of RLS increases across gesta-
tion, reaching a peak at the end of the second trimester and
in the third one, then falls around delivery, and remains
low during puerperium [232]. Around 40% of the women
who suffer from RLS during pregnancy have already expe-
rienced RLS before in their life; however, more than half
of them describe their symptoms as new [232]. Women
with RLS during pregnancy report having a positive fam-
ily member with RLS more often than those who do not
experience RLS. These observations, together with the
fact that women with RLS during pregnancy have a four-
fold higher risk of developing an idiopathic form of RLS
later in their life than women with no pregnancy-related
RLS, suggest that a genetic predisposition might play an
important role in RLS during pregnancy [233]. However,
genetic mapping of the allelic variants associated with
RLS during pregnancy still needs to be performed. In addi-
tion to genetic factors, vitamin or iron deficiency, changes
in hormone levels and motor habits have been postulated
as contributing to RLS during pregnancy [234]. Accord-
ingly, estrogens and progesterone are well-known neuro-
modulators, with estrogens acting as inhibitors of DAT
in nucleus accumbens and downregulators of D2R in the
caudate nucleus [235], and with progesterone modulating
dopaminergic pathways and enhancing spontaneous dopa-
mine release in the striatum [236]. However, a difference
in hormone levels or in iron deficiency between pregnant
women with or without RLS has never been shown, and
the role of estrogen and progesterone in RLS is still a mat-
ter of investigation.

Despite being interesting and well delimited, the topic
of pregnancy-related RLS has been little investigated in
animal models. Studying rodent dams in the second half of
their pregnancy was included among the rodent construct
validity criteria for RLS [20]. In the single selected study
concerning pregnancy, results from the open-field activity
paradigm showed that pregnant rats exhibit fewer rearing
events, increased grooming time, and reduced immobili-
zation time with respect to non-pregnant animals, while
the total ambulation events and the distance traveled were
similar [237]. These results warrant replication to improve
their face validity for RLS, for instance including experi-
ments also in the home cage [19].
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General Conclusions

Despite a substantial number of scientific studies, our under-
standing of the pathophysiology of RLS is incomplete.
Alterations in brain iron homeostasis, with a decrease in iron
levels, particularly in the substantia nigra, and consequent
dopamine neurotransmission abnormalities mainly at the
level of the striatal circuits are thought to play a central role
in the pathogenesis of RLS. These changes may occur along
with alterations in other areas (i.e., spinal cord) and in other
transmitters, mainly glutamate, adenosine, and histamine,
and were targeted by extensive basic research literature on
the topic. However, while the remarkable efficacy of D2-like
receptor agonists has been attested in numerous clinical trials,
the benefit of iron supplements is limited [238]. Opioid path-
way dysfunction and reduced thalamocortical connectivity
have also been put forward to explain the sensory symptoms
of RLS, although clear support is still lacking, and genetic
disposition to the RLS is believed to play a role in all these
underlying mechanisms.

On the one hand, these multiple pathophysiologi-
cal theories create challenges for researchers seeking to
model RLS in animals with a high-level construct validity
[20]. On the other hand, the subjective nature of the dis-
ease symptoms brings additional difficulties that prevent
promoting of a unique disease animal model that reca-
pitulates salient clinical symptoms [19]. Nevertheless,
iron-deficient rodent models supported the occurrence of
dopaminergic and glutamatergic transmission changes and
predicted adenosinergic and histaminergic involvement,
thus paving the way for novel treatment options.

Face [19] and construct [20] validity guidelines for RLS
were developed to serve the research community by foster-
ing consistency in future research. However, these guide-
lines should not be misinterpreted as a dogmatic attempt
to cancel or silence scientific evidence they do not fit with.
This is particularly relevant concerning construct validity,
which is inherently a work in progress depending on our
current understanding of the pathophysiology of RLS. It is
this very knowledge that a virtuous cycle of animal model
experimentation and clinical work is expected to increase,
ultimately leading to better and more effective treatments
to improve the lives of patients with RLS and their families.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13311-022-01334-4.
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