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Abstract

Restless legs syndrome (RLS) is a common sensorimotor disorder for which two main
pathological elements are fairly well accepted: brain iron deficiency (BID) and an altered
dopaminergic system. The ability to better understand the causal and consequential factors related
to these two pathological elements, would hopefully lead to the development of better therapeutic
strategies for treating, if not curing, this disease. The current understanding of the relationship
between these two elements is that BID leads to some alterations in neurotransmitters and
subsequent changes in the dopaminergic system. Therefore, rodent models based on diet-induced
BID, provide a biological substrate to understand the consequences of BID on dopaminergic
pathway and on alternative pathways that may be involved. In this review, we present the current
research on dopaminergic changes found in RLS subjects and compare that to what is seen in

the BID rodent model to provide a validation of the BID rodent model. We also demonstrate the
ability of the BID model to predict changes in other neurotransmitter systems and how that has

led to new treatment options. Finally, we will present arguments for the utility of recombinant
inbred mouse strains that demonstrate natural variation in brain iron, to explore the genetic basis
of altered brain iron homeostasis as a model to understand why in idiopathic RLS there can exist a
BID despite normal peripheral iron store. This review is the first to draw on 25 years of human and
basic research into the pathophysiology of RLS to provide strong supportive data as to the validity
of BID model as an important translational model of the disease. As we will demonstrate here, not
only does the BID model closely and accurately mimic what we see in the dopaminergic system of
RLS, it is the first model to identify alternative systems from which new treatments have recently
been developed.
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1. Introduction

Restless legs syndrome (RLS) is a common sensorimotor disorder. Its primary clinical
component is an often hard to describe, very unpleasant, viscerally-irritating, compulsion

or urge to move the legs (Earley, 2003), which would put it in the category of akathisia
(Haskovec, 1902). The symptoms are triggered by rest, drowsiness or sleep. The symptoms
will be immediately relieved as soon as the patient gets up and walks. It can be temporarily
relieved so long as the patient is moving the legs or rubbing the legs but may restart as soon
as these activities are stopped. The symptom presentation has a clear and distinct circadian
pattern: being worse at night and reduced or absent in the morning (Earley, 2003). Patients
with RLS are found to have rhythmic or semi-rhythmic movements of the legs during sleep,
referred to as periodic leg movements of sleep (PLMS) (Earley, 2003). It has been postulated
that the overlying framework of the disease is a biological bias toward maintaining alertness
even in the face of severe sleepiness. RLS can be conceptualized as a biological “drive”, like
hunger or thirst, whose primary purpose is to “drive” the individual to increase alertness,
activity, and movement, which stops completely once the activities are started (Ferré et

al., 2019). This biological drive also operates as a counter to the sleep homeostatic drive
(Gamaldo et al., 2009; Saletu et al., 2002), further supporting the concept of an enhancement
of the normal arousal mechanisms in this disease (Allen et al., 2009b).

Peripheral iron deficiency (ID) is known to be a contributing factor to both the worsening
of the symptoms as well as a cause of the disease. Nordlander in his 1953 paper
(Nordlander, 1953) reported that in patients who had an ID anemia (IDA) and concomitant
RLS symptoms, treating the IDA with intravenous iron, dramatically improved the RLS
symptoms. Several studies have found a strong negative correlation between peripheral iron
stores as determined by serum ferritin and RLS severity: decreasing ferritin was associated
with increasing RLS severity (O’Keeffe et al., 1994; Sun et al., 1998). In support of a
causal relationship between peripheral ID and RLS, there have been several studies in
which the prevalence of RLS is substantially greater in patients with IDA (35-45%) (Allen
et al., 2013a; Aspenstroem, 1964) than that seen in the general population (7.5%) (Allen

et al., 2005). Following his discovery of the effectiveness of intravenous iron in treating
RLS symptoms in patients with an IDA, Nordlander went further by demonstrating that
intravenous iron can also dramatically improve RLS symptoms in patients who were not ID
(Nordlander, 1953). He postulated that it could be possible “that there can exist an ID in the
tissues in spite of normal serum iron” (Nordlander, 1953).

It is clear from the last 25 years of research, that the tissue of interest is in fact the brain

and that altered brain iron homeostasis is one of the basic pathological factors in this
disease (see review: Earley et al., 2014). The first study to assess brain iron status measured
cerebrospinal fluid (CSF) ferritin and transferrin levels. The study demonstrated that despite
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RLS and control groups showing no difference in hemoglobin and serum ferritin levels (both
in the normal range), RLS subjects had significantly lower CSF ferritin and significantly
elevated CSF transferrin, consistent with CNS ID (Earley et al., 2000). Four further studies
utilizing CSF analysis support this initial finding of altered CNS iron in RLS (Clardy et al.,
2006a; Clardy et al., 2006b; Earley et al., 2005; Mizuno et al., 2005). The second series

of investigative studies utilized various magnetic resonance imaging (MRI) techniques to
quantify regional brain iron. The initial study by Allen et a/(Allen et al., 2001) found low
brain iron concentrations in the substantia nigra (SN) of patients with RLS. Further studies
(Astrakas et al., 2008; Earley et al., 2006a; Godau et al., 2008; Haba-Rubio et al., 2005;
Knake et al., 2010; Lee et al., 2007; Li et al., 2016; Margariti et al., 2012; Moon et al., 2015;
Rizzo et al., 2013; Stefani et al., 2019), many by independent investigators, demonstrated
low iron concentrations in the SN or other brain areas. Although the majority of studies
supports a relative decrease iron in several brain regions, the decrease in the SN was the
most consistent finding and, at least, provides a surrogate for altered brain iron homeostasis
in RLS. A distinctly different technology from that of MRI is transcranial ultrasound of

the midbrain. Changes in SN echogenicity have been shown to correlate with total iron
concentration in SN (Zecca et al., 2005). Utilizing this technique, two separate investigators
demonstrated relatively low brain iron concentrations in the SN of RLS patients compared
to controls (Godau et al., 2007; Schmidauer et al., 2005). Most subjects from the CSF,

MRI and transcranial ultrasound studies cited above, were not anemic nor did they have

a frank ID. The data, therefore, support the general concept of brain ID (BID) in the
absence of peripheral ID. The first direct measurement of iron and its related proteins in the
brain, utilized postmortem material. The initial study demonstrated a decrease in H-ferritin
and increase in transferrin along with the decrease in iron staining in the SN (Connor

et al., 2003). Further studies, using brain autopsy material and examining white matter,
microvascular and choroid plexus, add further support to the concept of altered brain iron
homeostasis that may go beyond the substantia nigra (Clardy et al., 2006b; Connor et al.,
2011a; Connor et al., 2011b; Connor et al., 2004; Snyder et al., 2009).

In summary, RLS symptoms are sensitive to the concentration of peripheral iron. Systemic
ID appears to be an important environmental trigger for the worsening or development of
this disease. On the other hand, despite normal peripheral iron stores, RLS patients appear
to have a relative BID. The findings support Nordlander’s original postulation that there can
exist in the tissues an ID despite normal blood levels (Nordlander, 1953). It is clear from the
data that there is a disconnect between serum-determined iron levels and CNS iron levels

in patients with RLS. Cellular ID in the SN has been the most consistent finding and at

least represents a viable surrogate for altered iron homeostatic mechanisms in RLS. The data
support the relevance of an animal model that is based around the construct of low brain

iron or BID as a translational approach towards better treatment options in this disease. The
data also support the development of models to better understand the mechanisms behind
variation in regional brain iron homeostasis and thus provide translational constructs that
could potentially lead to an understanding of this primary pathology in RLS. As we will
demonstrate here, not only does the BID model closely and accurately mimic what we see in
the dopaminergic (DAergic) system of RLS, this review will also provide strong supportive
data as to the validity of BID model as an important translational model of the disease.
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2. Aims and Approach

The first aim of this review is to validate the diet-induced BID rodent model as a predictive
model of the pathophysiology in RLS. To accomplish that aim, we reviewed all currently
published research into the pathological bases of an altered DAergic system in RLS and
compare that to published data on consequences of BID on the DAergic system. The second
aim is to prove the utility of the BID model to predict alternative neurotransmitter systems.
To accomplish that aim, we reviewed the published studies in which the BID model was
used to explore alternative neurotransmitter systems on which were based therapeutic trials
in RLS. The third aim was to validate a rodent model, which allows us to examine the
consequences of natural variations in brain iron and explore the complex genetics behind
the variations. To accomplish that aim, we reviewed the published studies that have utilized
the BXD/Ty recombinant inbred (RI) strains of mice to examine variations in brain iron, its
consequences, and the genetic basis for these variations.

Our approach was to review all known published papers relevant to the DAergic system

in pathophysiology of RLS, which includes studies utilizing CSF analysis, brain tissue
analysis, and positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) imaging techniques. The data collection and analysis were restricted
to the basal ganglia (BG) because that is where the majority of research studies were
focused and also that is where the majority of research into the consequences of BID on
DAergic system focused as well. Where there were multiple studies reporting either positive
or negative studies, we chose to bias the presentation towards the predominate results,
whether negative or positive or at least provide a fair discussion of both data sets. If there
were directional difference between studies or differences between types of investigative
technique, then that was discussed. The primary focus of this paper is on BID and brain

iron variability as a starting point for RLS model development and essential validation of
the models utilizing current data from human studies of RLS pathophysiology. This was

not meant to be a broad-based review of RLS models and therefore does not include other
published models utilizing primary genetic approaches. Also, models have been used to
mimics behavioral components of RLS (e.g., periodic leg movement). Although not the
focused of this review, we do present, as an aside, studies that have utilized the BID or BXD
models in exploring behavioral components of the disease, mostly as supportive evidence for
the broader utility of the models.

3. Validating the diet-induced, BID rodent as a model of RLS.

The validation of any disease-based model should first start with its ability to predict known
pathology (Salminen et al., 2020). The two main pathological elements in RLS that are
fairly well accepted are BID and altered DAergic system. The current understanding of the
relationship between these two is that BID leads to some alterations in neurotransmitters
and subsequent change in the DAergic system (Earley et al., 2014). Thus, a validation

of the BID rodent model would be how well it predicts some of the known pathological
findings in RLS. The theory of an altered DAergic system in RLS is derived from the
significant clinical benefits achieved with the use of levodopa and further supported by
randomized clinical trials of DA agonists (Allen, 2004). As RLS is a form of akathisia

Exp Neurol. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Earley et al.

Page 5

and DA antagonists are known to increase the expression of akathisia, this further supports
the concept of decreased DAergic activity as factor in the development of RLS (Ferré et
al., 2021). An extensive review of the investigative work into understanding the DAergic
pathology of RLS has been presented elsewhere (Earley et al., 2014), but will be reviewed
here, in brief, in order to provide the context for comparing and thus validating the BID
rodent model. The standard research approach to inducing BID in rodents, is providing
rodents with an iron-insufficient diet of 4 part per million (ppm) or less of iron, compared
to 35 ppm or greater iron for normal “control” diet, at day 21 of weaning for the full life
of the animal. This model has been utilized extensively to explore the consequences of
BID on brain maturation, neurochemical changes and cellular function. An elaboration on
this basic ID-diet-at-weaning model is the introduction of an ID diet to pregnant dames or
at postpartum day one. These later ID conditions are exploring the effects of /n utero or
neonatal ID on later brain development. Although of potential relevance to exploring the
broader potential consequences of BID and thus its implication for RLS, that aspect of the
BID model will not be examined here.

3.1 Changes in tyrosine hydroxylase and dopamine synthesis

Iron is an essential cofactor, along with oxygen and tetrahydrobiopterin for tyrosine
hydroxylase (TH) activity, which is the rate-limiting enzyme for DA production (Cooper

et al., 2008). The initial hypothesis was that BID leads to a decrease in TH activity and

thus decreases in DA production (Earley et al., 2001). The data, however, proved to be just
the opposite: CSF analysis found that RLS subjects had an increase in tetrahydrobiopterin,
which is the primary rate determining cofactor for TH activity, and in 3-O-methyldopa
(30MD) (Allen et al., 2009a; Earley et al., 2001). 30MD is almost exclusively seen

when dihydroxyphenylalanine concentration exceeds the ability of dihydroxyphenylalanine
decarboxylase to convert it DA (Earley et al., 2006b). Postmortem studies utilizing tissue
from the putamen and SN showed a significant upregulation in TH and its active from,
phosphorylated TH (pTH), in RLS compared to controls (Connor et al., 2009). The CSF and
autopsy data suggest that there is, opposite to the prediction, an increase in DA synthesis
associated with RLS (Earley et al., 2014). Sprague-Dawley rats were used to examine the
effect of diet-induced BID on TH activity in the BG. The study demonstrated that BID leads
to an increase in TH and pTH in line with that seen in RLS pathology (Connor et al., 2009).
This finding of ID leading to an increase in TH or pTH rat brain, was also found in PC12
cells made ID with an iron chelator (Connor et al., 2009). Thus, ID shows a consistent
effect of upregulation of TH and its activity, against all predictions. An explanation for this
unexpected finding, is that BID is acting on the hypoxia-inducible factor (HIF) pathway
(Earley et al., 2014), which is then upregulating TH (Schofield and Ratcliffe, 2004). Other
studies that have explored the relation between ID, HIF and the DAergic system have found
a relation between ID, increased HIF and TH upregulation (Guo et al., 2016; Nguyen et

al., 2007). Back translating these animal and cell culture findings to explore the potential
role of HIF in RLS, Patton ef a/ (Patton et al., 2011) showed that RLS postmortem tissue
and cortical microvasculature had increases in HIF-1a., HIF-2a and HIF-related factors,
like vascular endothelial growth factor. Thus, BID model not only mimicked the findings
outlined above in CSF and postmortem from RLS but also predicted the role of HIF in the
disease.
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3.2 Changes in extracellular dopamine and dopamine-reuptake transporter

Another approach to evaluating the DAergic system in RLS is through use of

positron emission tomography (PET) and single-photon emission computed tomography
(SPECT) imaging techniques. Several studies have utilized SPECT ligand [1231]-25-
carbomethoxy-35-(4-iodophenyl) tropane, which binds to both dopamine-reuptake
transporter (DAT) and the serotonin reuptake transporter. This ligand has long-data
acquisition times (e.g., 22-24 hours) and likely reflects total DAT pool, not just membrane-
bound DAT. Two studies that used this ligand found no change (Michaud et al., 2002;
Mrowka et al., 2005), while one study in an elder RLS cohort found small increases in

DAT binding (Kim et al., 2012). Studies utilizing PET or SPECT ligands with higher DAT
specificity and involving short-data acquisition times most likely are assessing primarily
membrane-bound DAT. Two studies involving three independent cohort of subjects that
utilized these ligands, showed decreases in BG DAT concentrations (Earley et al., 2011; Lin
et al., 2016), while two studies with much smaller sample sizes, found no significant change
in DAT (Eisensehr et al., 2001; Tribl et al., 2002). Postmortem evaluation of tissue from

the putamen and SN showed no difference in total DAT concentrations between RLS and
controls (Connor et al., 2009). Given the small sample size and the fact that total cellular
DAT was determined, the possibly of a relative decrease in membrane-bound DAT in RLS
cannot be excluded. The three positive brain imaging studies with short-data acquisition
times support a role for at least a decrease in membrane-bound DAT in RLS. In the rat,
diet-induced BID was associated with decreased membrane-bound DAT and DAT mRNA
as well a decrease DAT functionality in the BG (Bianco et al., 2008 ). In fact, the most
consistent effect seen in rats, mice, PC12 cells and neuroblastoma cells with 1D is a decrease
in DAT with many of the studies suggesting a dysfunctional transporter (Bianco et al., 2008 ;
Unger et al., 2014a; Wiesinger et al., 2007).

The BID rat models show an increase in extracellular DA (ecDA) (Nelson et al., 1997).
There was no indication of increased storage based on the absence of any difference in

the vesicular monoamine transport-2 (Bianco et al., 2008 ). Also, amphetamine-induced
assessment of DA release did not indicate changes in release or intracellular DA pool that
could account for the increase in ecDA (Bianco et al., 2008 ). Using other techniques,

the findings implicated decreased DAT as the likely primary cause of the increase in

ecDA (Bianco et al., 2008 ). The increase in ecDA in BID model was associated with

an increase HVA, which is reported to reflect increase ecDA metabolism (Nelson et al.,
1997). Therefore, one interpretation of the increase in CSF HVA seen in RLS is that

it reflects metabolism of increased ecDA. Utilizing special PET techniques, changes in

BG DA D, receptor binding potential (D2R BP) in RLS subjects were interpreted as
indicating the presence of increase ecDA in RLS (Laruelle, 2000). Given that there appears
to be an increase in DA synthesis in RLS, as well as a possible decrease in DAT, the
increase in ecDA may reflects increased release and/or decreased uptake. Postmortem
tissue from RLS did not show any change in putamen vesicular monoamine transport-2
(though a non-significant increase in SN VMAT was found) (Connor et al., 2009). Utilizing
PET-determination of BG DA D, receptor (D2R) binding potential (BP) and its reduction
following amphetamine injections, is a well establish approach to determine pre-synaptic
DA release (Laruelle, 2000). Utilizing this technique in a study of D2R-BP (Earley et
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al., 2013), no difference in the amount of DA released was found between RLS and

control subjects (data not reported). Thus, increased DA storage or release to account for
the increase in ecDA in RLS, though possible, is not supported by the current data. In
conclusion, RLS appears to be associated with an increase in ecDA, which may be a result
of increased release or decreased uptake. The BID model again demonstrates compatible
changes to those seen in RLS and potentially adds more to our understanding of the
pathology. The BID rat model shows that BID affects membrane-bound to a greater degree
than total DAT (Bianco et al., 2008 ; Burhans et al., 2005), which could account for the
absence of total DAT changes in RLS putamen. More importantly, ID in rodent and cells
significantly affects the quality of the transport, not just the quantity (Bianco et al., 2008 ;
Erikson et al., 2000; Wiesinger et al., 2007). This later element cannot be assess using any
current technique in postmortem tissue or humans. Therefore, any finding with postmortem
DAT concentrations or with SPECT/PET assessment of DAT, can only reflect transporter
quantity and not transporter functionality. Of translational relevance, studies in the BID
model have shown these findings in DAT and ecDA are reversed with iron treatment (Nelson
etal., 1997).

3.3 Changes in the dopamine receptors

Postmortem tissue from RLS and control subjects was used to determine the density of total
D2R in the putamen. RLS patients had a significant lower level of D2R in the putamen.
The density of D2R was correlated positively with RLS severity (r= 0.8, p=0.018). The
majority of SPECT- and PET-based assessments of BG D2R binding potential (BP) have
shown a decrease in BP (Earley et al., 2014). This decrease in D2R BP may be a result of
decreased D2R affinity (Kg) or density (Bmax) Or a result of increased ecDA (Narendran et
al., 2004). Special PET techniques have been developed to provide a crude determination
of the membrane-bound D2R, K4 and Brax in the BG (Kuwabara et al., 2012). Utilizing
these techniques, a decrease in D2R BP was not associated with a comparable difference

in Kg and Pmax in the BG (Laruelle, 2000). One interpretation of the finding is that change
in D2R BP are, in part, related to increased ecDA. Another interpretation, is that methods
to estimate D2R, Ky and Bmax in the BG (Kuwabara et al., 2012) within the frame work

of the current PET technology are not sensitive enough. Finally, even if the interpretation
of the decrease in D2R BP that has been found in a majority of PET/SPECT studies, is
wholly related to increased ecDA, it does not negate the changes in D2R that were found in
postmortem tissues. There are notable and relevant differences between D2R assessment in
postmortem tissue or by PET/SPECT techniques. For postmortem assessment, total cellular
concentration was determined using antibodies that have high specificity for D2R with no
interaction with the other four DA receptor subtypes. PET/SPECT ligands on the other hand,
bind to both D2R and D3R that are membrane bound. Overall, the data support the concept
that RLS is associated with a relative decrease in D2R in the BG. There may or may not

be a quantitative or qualitative change in D2R or D3R on the membrane. Of course, neither
approach is able to say whether there is a functional change in the D2R. Utilizing the BID
rat model, studies have found that total D2R density in the BG is decreased with ID. Studies
have demonstrated a decrease in the cCAMP inhibitory response to D2R agonist, suggesting
ID leads to functional change in the receptor, not just a quantitative decrease in receptors.
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The findings further validate the utility of the diet-induced BID rat as a model that closely
mimics the underlying pathology in RLS.

3.4 Glutamatergic system in RLS

Aside from the DAergic system, the only other potential neurochemical system to be
implicated in RLS is the glutamatergic system (GLUergic). In an effort to better understand
one of the major paradoxes of RLS (lack of significant sleepiness despite severe sleep loss),
the thalamic GLUergic system was assessed using proton magnetic resonance spectroscopy
(MRS). RLS patients showed an increase in Glx, which is an indirect measurement of
glutamate (Glu) and corresponds to a combination of GLU and glutamine spectral peaks
(Allen et al., 2013b). This MRS measurement correlated negatively with total sleep time:
increasing GIx activity was associates with decreasing sleep time (r=0.60; p=0.008). The
findings were interpreted as implicating an increase in GLUergic activity in RLS (Allen et
al., 2013b). Given this preliminary and suggestive finding of increased GLUergic activity in
RLS, the diet-induced BID rodent model was used to explore the potential role of BID in
affecting the GLUergic system. The GLUergic system that was chosen to be explored with
the BID model, was the corticostriatal-GLUergic (CS-GLUergic) pathway. The selection of
the system was based on several clinical aspects of RLS. The essential clinical feature of
RLS is an urge to move thus implicating the motor system (Earley, 2003). The vast majority
of investigative data into the pathophysiology of RLS have implicated the BG (Earley et
al., 2014). Finally, transcranial magnetic stimulation has consistently found presence of a
“hyperactive” motor cortex in this disease (Scalise et al., 2010; Tergau et al., 1999), which
could be attributed to increase GLUergic motor pathway (Stagg et al., 2011).

The pathway was examined in diet-induced BID Sprague-Dawley male rats (Yepes et al.,
2017). The CS-GLUergic pathway was stimulated at the level of the striatum using an
optogenetically-based technique, with a modified microdialysis probe with an embedded
optic fiber engineered to deliver light in the same brain area being sampled for GLU

(Yepes et al., 2017). Stimulation at 100 Hz was effective in increasing GLU release in both
BID and control rats. Stimulation at a lower frequency of 60Hz was only associated with
increased GLU release in BID animals, indicating a BID-induced increased sensitivity of the
CS-GLUergic terminals. As proof of concept that this finding represents an RLS-relevant
finding, animals were treated with pramipexole, ropinirole and gabapentin, which are all
known to markedly improve RLS symptoms (Silber et al., 2021). Optogenetically-induced
release (60 Hz stimulation) of GLU from the CS-GLUergic pathway in BID animals

was completely blocked by the local striatal infusion of pramipexole or gabapentin. The
model was then utilized to assess DA receptor subtypes involved in the pramipexole effect.
L745-870, a specific D4R antagonist, and raclopride, a D2R-D3R antagonist, completely
counteracted the inhibitory effect of pramipexole on GLU release. VK4-116, a selective
D3R antagonist, did not block the effects of pramipexole. These results agree with another
study using the optogenetic-microdialysis technique in mice with a genetically modified
D4R in which the third intracellular loop corresponding to a common human polymorphism
(Bonaventura et al., 2017). This study demonstrated a significant role of D4R in the
modulation of CS-GLUergic transmission (Bonaventura et al., 2017).
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These results suggest that selective D4R or D2R agonists may be of better therapeutic value
in RLS than the less selective DA receptor agonists used so far. This prediction awaits

to be tested. There is also evidence indicating that in the CS-GLUergic terminals, D4R

form complexes (heteromers) with D2R (Gonzalez et al., 2012; Sanchez-Soto et al., 2019),
suggesting that D2R-D4R heteromers should be most appropriate targets (Fig. 1). However,
in vitro experiments indicate that the properties of D2R-D4R heteromers depend on the D4R
polymorphic variant, including their response to agonists and the constitutive activity of the
D2R in the heteromer (Sanchez-Soto et al., 2019). This implies that determining the D4R
polymorphic variant might be necessary to establish the efficacy of D4R agonists in RLS
patients.

The reversal of this BID-induced hyperglutaminergic state by two medications that are
pharmacologically diverse and very effective in treating RLS, is highly supportive of the
ability of BID model to predict alterations in neurotransmitter systems that may underlie
RLS. As a direct translational derivative of these BID-model findings, a clinical trial

was undertaken to look at a clinically-available, selective AMPA receptor antagonists,
perampanel, in treating RLS symptoms (Garcia-Borreguero et al., 2017). After eight
weeks of treatment, perampanel significantly reduced RLS severity and, based upon
polysomnogram assessment, significantly improved total sleep time and sleep efficiency.
PLMS, which is a clinical signature of the disease, were also reduced by the treatment.
This was the first study to develop a treatment for RLS that was based on a combination of
limited human data and BID-model-derived changes in GLUergic system. Prior to this study,
all other treatments were found serendipitously without clear understanding as to why they
had worked. The next level of challenge for the validation of BID model is to explore the
consequences of BID on other systems not yet implicated directly or indirectly in RLS and
provide a potential unified theory of RLS pathology.

3.5 Translational capability of the BID model

Given the relationship between the adenosinergic (ADergic) system and DAergic systems
implied by the work with Parkinson’s disease (Jenner, 2005), the earliest work into
exploring alternative neurotransmitter system that might be affected by 1D and might impact
DAergic system, focused on the ADergic system. The potential role of adenosine in RLS has
been reviewed (Ferre et al., 2017) but a brief presentation of some of those findings will be
presented here. A series of four studies (Ferre et al., 2019; Gulyani et al., 2009; Quiroz et
al., 2016; Quiroz et al., 2010), which included both rat and mice (C57/BL6) using ID diets
of 3 ppm or 7 ppm iron, as well as recombinant inbred (RI) strains of mice (cross between
C57/BL6 and DBA/2J (BXD)) with natural variation in striatal iron (Jellen et al., 2012),
demonstrated the following. First, BID with 3 ppm and 7 ppm iron diet in rats and mice
produce a downregulation of striatal D2R and adenosine A; receptors (A1R). Only the 3
ppm diet produced an upregulation of adenosine Aa receptors (A2AR). Second, the BXD
RI strain with the lower striatal iron concentration had a downregulation of striatal D2R and
upregulation of striatal A2AR (A1R were not assessed in this study) compared to a strain
with higher iron concentrations.
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Analyzing the optogenetically-stimulated GLU release from CS-GLUergic neurons, the
increased CS-GLUergic sensitivity previously found in BID rats, was reproduced by an
A1R antagonist and counteracted by increasing extracellular adenosine by inhibiting the
equilibrative nucleoside transporter (ENT)1 and ENT2 with dipyridamole (Ferre et al.,
2019). Both A1R and A2AR are co-localized in CS-GLUergic terminals, where they form
A1R-A2AR heteromers (Ciruela et al., 2006) (Fig. 1). The A2AR has a strong constitutive
activity, which is blunted when forming heteromers with the A1R (Kofalvi et al., 2020). It
has recently been demonstrated that BID in rats leads to a relative reduction of A1R versus
A2AR in CS-GLUergic terminals and, therefore, to an increase in the population of A2AR
not forming heteromers, which constitutive activity could be mostly responsible for the
increased sensitivity of CS-GLUergic terminals (Rodrigues et al., 2022). The experiments
with dipyridamole showed that an increase in the extracellular concentration of adenosine
leads to a predominant activation of ALR, which is related to the higher affinity of adenosine
for ALR than for A2AR. Therefore, dipyridamole or an A2AR antagonist that would also
counteract the constitutive activity of A2AR (an A2AR inverse agonist) could be of potential
therapeutic value. In fact, as predicted by the BID model, a randomized, placebo-controlled
clinical trial with dipyridamole was recently performed and found to be effective (Garcia-
Borreguero et al., 2021). Two weeks of treatment with 300 mg of dipyridamole, compared
to placebo, produced significant improvement in standard subject rating scales and in
polysomnographic measures of sleep quality and PLMS. These findings are an important
validation of the BID model as true biological model of RLS disease.

3.6 Summary- BID rodent models as a model for RLS

A key and essential validation for any currently-based model is its ability to demonstrate
compatible biological and behavioral changes that mimic or replicate changes seen in

the human condition. Based on our current understanding, the primary pathophysiological
characteristic of RLS is BID. Within a subgroup of this population, RLS is clearly related

to a primary peripheral ID in that severe IDA creates a six-fold increase in the prevalence

of disease, which is reversible with treatment. These clinical findings are the basis for the
current BID rodent model. As outlined in this review, those changes in RLS that are found in
the DAergic system, which include increased DAergic synthesis, increased ecDA, decreased
density of DAT and D2R, are highly reproducible in BID rodent model. Limited clinical
data on the role of the GLUergic system is found to be mimicked in the BID rodent model
and subsequently validated by clinical therapy, which affected the GLUergic transmission.
Also pertinent to its validation is the compatibility between the BID model and clinical
features of the disease, BID in rats has been shown to reproduce one of the signature clinical
feature of the disease, PLMS (Lai et al., 2017). Ultimately, the most important validation
for any disease-based model is its ability to predict a yet unknown pathological factor for
which new treatment could be developed. In this regard, BID model identified the ADergic
system as a potential player in the pathophysiology of disease. The model demonstrated

the value of dipyridamole, which was subsequently found in clinical trials to be of benefit
in treating RLS symptoms. All current treatments for RLS were found serendipitously
without clear understanding as to why they should work. The BID model not only proved
effective in mimicking the known pathology in RLS, but also defined the potential role of
the ADergic system and provided a new therapy. Based upon existing human pathological
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data in concert with the nuanced changes seen in neurotransmitter systems with BID model,
a more dynamic model of RLS has been proposed (Ferré et al., 2019). More importantly,
this validated BID model offers a significant opportunity to explore more nuanced changes
in receptor pharmacology that could provide much more selective and specific treatment
options (Ferré et al., 2021).

4. Validating the BXD recombinant mice as a model of RLS

BID rodent model provides an understanding of the consequences of BID and how that
might relate to RLS. It does not, however, address the question of how RLS patients, who
are otherwise not iron deficient, have BID. Also, the BID model more closely mimics the
secondary form of RLS associated with severe 1D rather than the more common primary
form, which is not associated with peripheral ID. BXD recombinant inbred (RI) strains
represent a genetic reference population that is a result of a cross between two different
parental strains: C57/BL6 and DBA/2J (Ashbrook et al., 2021; Williams et al., 2001). Each
RI strain (S) within the BXD/Ty RI population represents a unique composite of genes
derived from either of the two parental gene pools (Fig 2). By assessing a biological element
or phenotype across multiple strains, some degree of variable expression of that phenotype
will be evident. Because the genetic variation of each of more than 140 extant strains is
known, complex genetic interactions that are behind the phenotypic variability, can also be
identified. Across a series of selected strains, studies have shown large variations in the
ventral midbrain (VMB), containing the SN, and striatal iron concentrations under normal
dietary iron condition as well as under ID dietary condition (Jellen et al., 2012). Studies
show limited if any association between the brain iron status and peripheral iron status
(Jones et al., 2003). Even within the brain, regional variance in iron concentration do not
always correlate very well (Jones et al., 2003). The clear message from the BXD model, if
nothing else, is that peripheral iron status based in serum values is not a reliable maker of
brain iron status. This peripheral-brain iron dissociation is at the heart of both the clinical
and pathological aspect of RLS and thus why the BXD model offers a more biologically
compatible model of idiopathic RLS (Earley, 2009). The clinical implications are important
when trying to conceptualize why iron therapy would be of value in RLS patients who are
not anemic (Allen et al., 2018). The studies with BXD mice demonstrate several distinct
features that support the uniqueness of the model compared the diet-induced BID rodent
model.

4.1 The BXD RI mice provide a means to understand the complex genetics behind natural
or diet-induced ID variant in brain iron.

Genome-wide association studies (GWAS) have identified single nucleotide polymorphisms
(SNP) implicating several genes that are associated with increasing risk of developing

RLS (Winkelmann and Muller-Myhsok, 2008). In the Icelandic GWAS study, the RLS

risk allele on btbd9was associated with lower serum ferritin levels (Stefansson et al.,

2007). In a Danish blood donor study, the allelic variant per se was associated with lower
serum ferritin levels after two years of blood donation, even though ferritin levels were
similar to non-allelic carriers at the beginning of blood donation (Sorensen et al., 2012).

It is clear from human studies that this gene plays some role in iron homeostasis. In
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flies, the homolog of this gene was found to ubiquinate an important iron regular protein,
iron responsive protein-2 (Freeman et al., 2012). Utilizing the BXD data on variations

in VMB iron, btbd9 expression was strongly correlated with VMB iron concentrations:
lower expression is associated with lower iron (Jellen et al., 2009). In looking for genes

of relevance, a strong correlation was found between natural variances in VMB iron and
striatal DAT function and striatal D2R (Jones et al., 2003). The strongest correlation was
found between variances in VMB iron, either under normal or ID diet conditions, and

gltl expression (normal: r=0.9; ID: r=0.83) (Jellen et al., 2012). G/t1 is GLU-transporter-1,
which is found primarily on astrocytes and is essential in regulating GLU metabolism and
GLUergic system. In summary, the BXD model was able to demonstrate a relation between
known RLS pathology and a known RLS-risk gene. The BXD model further showed its
ability to provide a coherent relation between VMB iron concentrations and key elements
in the DAergic and GLUergic systems, which are both important components of RLS
pathology. The model has the potential to better understanding gene-gene interaction-effects
on iron or any other neurotransmitter system considered pertinent to RLS.

4.2 The BXD model has the ability to explore more dynamic biological changes in iron
homeostasis that may be pertinent to RLS.

In general, genes that regulate iron homeostasis for any given organ or brain region are not
always the same genes that are involved in iron regulation under severe ID condition (Jellen
etal., 2012; Yin et al., 2012). As simple phenotypic example of complex genetics, BXD

RI strain 19 (S19) and S40 have similar hematocrits and similar VMB iron concentrations
under normal iron diets (Jellen et al., 2012). With ID diet, S40 females (S40f; BXD40

males do not show the same iron management profile as the females) show minimal change
in hematocrit while S19f drop by 90%. On the other hand, diet-induced ID is associated
with a 60% drop in VMB iron for S40f but no change in VMB iron for S19f. In the

broader perspective, the model offers an opportunity to explore genes that are involved

in maintaining or countering the consequences of dietary ID. The model could be used
specifically to understand why some individuals with severe ID develop RLS and while
other never seem to develop RLS. Studies in humans have demonstrated natural circadian
changes in serum iron regulation with the serum iron levels dropping at night (Kuhn and
Brodan, 1982). In non-human primates, similar circadian changes in serum iron are found
but there is a concomitant and notable increase in CSF iron and ferritin at night, again
demonstrating the dissociation in iron regulation between brain and peripheral systems
(Hyacinthe et al., 2015). One of the defining clinical aspects of RLS is that symptom
expression follows a distinct circadian pattern being worse at night (Earley, 2003). One
hypothesis is that despite normal blood iron levels, natural circadian variations in CNS

iron are at fault for producing circadian changes in symptoms. Specifically, the expected
nighttime rise in CNS iron levels to support an increased metabolic activity during sleep, is
inadequate in RLS (Earley et al., 2014). This is, in part, supported by the finding of decrease
in the late night/early morning CSF ferritin in RLS relative to controls, a difference that does
not exist in sample collected 12 hours later (Earley et al., 2005). BXD strains have been used
to identify mouse strains that have this relative decrease in brain iron during the inactive
period (Unger et al., 2014b). Other areas of interest include assessing for variability in iron
export out of the CNS in small membrane vesicle call exosomes. This can be done across
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time, in different strains and dietary iron status to better understand why patient with RLS
show increased export of ferritin from the CNS when in fact the brain appears to have 1D
(Chawla et al., 2019).

4.3 The BXD model can be used to develop a single-strain prototype of RLS disease.

An equally important value of the BXD model is its ability to provide a single strain within
the broader cohort of mice, whose iron homeostatic mechanism best mimics that seen in
RLS (or best mimic non-RLS population) that can be used to explore more subtle changes in
neurotransmitter systems, and to develop a behavioral model. Both of which could provide
a source for developing new potential therapies. Two strains were selected from the larger
BXD cohort to explore the effects of natural variations in brain iron on neurotransmitter
systems (Gulyani et al., 2009). BXD S40f under normal dietary conditions had relatively
lower striatal iron (12 pg/g tissue) compared to S1f (22 pg/g tissue). Despite the fact that
the range of striatal iron levels is in the normal range for both strains -- obviously on

the higher or low side of that range --, S40f showed a decrease in D2R and an increase

in A2AR density in the striatum compared to S1f concentrations. This study showed that
subtle natural changes in iron are clearly relevant as they can make dynamic changes in
neurotransmitter systems. These natural difference in striatal iron concentration produced

a similar effect to that seen with diet-induced BID model, but without concern for the
physiological consequences of anemia. In developing a potential behavioral prototype, a
single-strain selection would need to have a broader composite of RLS pathology. The
composite that would be considered appropriate would include a mouse strain with medium
to low VMB under normal diets, a drop in VMB iron but not in hemoglobin with ID

diet, a natural and significant decrement in VMB brain iron during the inactive period

and expressing relatively lower striatal D2R compared to a strain with higher striatal iron.
Based on these distinctive properties that appear relevant to RLS iron pathology, S40f was
considered to be a potential single-strain model of RLS (Earley et al., 2020). The S40f
mouse along with 7 other strains, several of which had distinctly opposite biological factors
to that seen in RLS, were then assessed for an RLS phenotype: increased activity at the

end of the active period. S40f showed a distinct and significant increase in the home cage
activity in the last two hours of the active period. A finding which was only seen with one of
the other seven strains. Across all eight strains, this 2-hours period of activity was correlated
with diurnal changes in VMB iron (Earley et al., 2020). A subsequent study found that this
activity in S40f mice worsened with diet-induce ID and improved with levodopa, a highly
effective treatment for RLS, and with quinpirole, a D2/3R agonist (Allen et al., 2020).

4.4 Summary - Utility of BXD mouse model of RLS

The primary distinguishing element of the BXD mouse model from that of the diet-induced
BID rodent model, is the ability of this model to more definitively represent the idiopathic
form of RLS with regards to BID. Variations in VMB iron were strongly correlated with
expression of an important RLS-risk gene, btbd9, which in human also appears to play a role
in iron regulation. Natural variations in striatal iron concentrations between two different
BXD strains showed the ability of natural iron variations to produce significant changes in
D2R that were in line with what has been seen in human pathology and in line with that seen
with diet-induced BID model. The BXD model is capable of identifying strains that show
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natural diurnal variations in brain iron compatible with that reported for diurnal changes in
CSF iron concentrations in RLS and to show the strong dissociation between peripheral and
brain iron status. Finally, based solely on the pathologically-pertinent changes in brain iron,
a single strain was identified that demonstrated a circadian-dependent behavioral phenotype
of RLS that was aggravated with ID and blocked with treatment known to be effective

in RLS. Thus, giving support for the value of this model in the broader context of iron
pathology and behavior.

5. Limitations

As the primary reference point in this review, starts with human data, our understanding

of the pathological bases of the DAergic system in RLS is limited and thus limiting the
nature of the comparison between the more in-depth neuropharmacology seen in the animals
compared to the limited data from autopsy and imaging. Also, the data collection and
analysis were restricted to the BG because there is where the majority of RLS human
research studies were focused and also there is where the majority of research into the
consequences of BID on DAergic system focused as well. This review, therefore, does

not include alternative DAergic pathways in this analysis. There are, at least, theoretical
concerns that DAergic abnormalities in RLS may reside in hypothalamus or in the spinal
cord (Ondo et al., 2007). In fact, this was the basis of the autopsy analysis of the number of
TH positive cells in the lateral hypothalamus in RLS versus controls (Earley et al., 2009).
This is the only human-RLS study of the DAergic system outside of the BG and it showed
no difference. Also, there are no comparative data from BID rodents. By providing support
in this review for the validity of the BID rodent model of RLS based on essentially BG data,
we hope that this model could provide the basis for extending research to other brain regions
like the hypothalamus or the spinal cord.

Idiopathic RLS, by definition, does not include patients with anemia. The diet-induced BID
model produces a systemic ID with anemia and a concomitant BID. So, the question is

how valid are the neurophysiological findings in the BID model when, in fact, an important
physiological state (i.e., anemia) does not exist in the idiopathic form of RLS. This has often
been a stated point of reservation about accepting the BID model as a valid representation
of the disease. First, we have provided a comparison between the human data in which
anemia is not present and the data from BID rodents where anemia is clearly present.

At least from the point of view of changes in the BG DAergic system, we see highly
comparable changes between the disease and the BID model. Second, data generated by

the BID model predicted changes in the ADergic and GLUergic systems on which clinical
trials with new potential treatments in idiopathic RLS were based. Finally, we demonstrated
that utilizing two different BXD RI mouse strains with natural differences in VMB iron
without anemia, changes in the D2R and A2aR are similar to that seen in BID model. These
findings would seem to provide proof of the BID model’s ability to be representative of
idiopathic RLS. However, utilizing a differential, iron-deficient diet (4 ppm versus 7 ppm),
the study demonstrated that degrees of ID may produce “dose-dependent” differential effects
and that 3-4 ppm iron diet at weaning may represent the more severe state of BID. Thus,

the overall consequences of 3-4 ppm diet on brain neurotransmitter system may be more
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demonstrative of changes in other non-DAergic neurotransmitter systems in subjects whose
RLS is triggered by ID anemia.

The rodent data are fairly consistent across the multitude of studies and, in fact, often
further supported by /n vitro cellular studies. The biggest problem in the data analysis was
looking across the human studies. A much more thorough analysis of all the human-RLS
studies of the DAergic system has been reviewed elsewhere (Earley et al., 2014). There were
significant variations across studies in sample size, methods and technology and treatment
status of the population studied, just to name a few variables. Where there were multiple
studies reporting either positive or negative studies, we chose to bias the present towards
the predominate results, whether negative or positive or at least provide a fair discussion of
both data sets. There was, however, bias in our data presentation towards positive studies
because of the statistical reality of all the human-RLS studies: none of the studies that were
negative had sufficient power to exclude the possibility that a true difference could exist.

If there were directional difference between studies or differences between types of the
investigative technique, then that was discussed. However, unlike our prior review where we
analyzed the studies in order to determine the potential underlying the pathological basis of
the DAergic system in RLS (Earley et al., 2014), this review starts with just presenting what
is the common or acceptable data from human-RLS studies and seeing how the animal data
compare to them.

The complex genetics behind the BXD RI mouse strains are ultimately based upon genes
originating from just two different parental strains: C57/BL6 and DBA/2J. If we accept that
many phenotypes are a result of complex genetic interactions then the complex background
genetics becomes a determinant of outcomes. So, we have accepted that these two parental
strains are a limited representation of potentially broader set of complex genetics that could
be found with crosses between other strains. The finding of a strong correlation between
expression of the btbd9 gene (which has been identified as an RLS risk gene and involved
in iron regulation) and ventral midbrain iron, is strong supporting evidence for the value

of the BXD maodel in helping us to understanding the complex genetics behind altered iron
homeostasis in RLS. Any definitive genetic findings with the BXD RI mouse can, however,
be evaluated by utilizing other parental RI crosses.

6. Conclusion and Future Remarks

Altered brain iron homeostatic mechanisms are a major contributing factor to the underlying
pathology of the RLS. The extensive research into brain iron status in RLS clearly supports
a construct that involves BID as a model of RLS. The significant increase in prevalence of
RLS under severe peripheral ID conditions, supports the construct of a BID model based on
diet-induced ID. The BID rodent model has shown nearly homologous changes in DAergic
system to that seen in RLS, has supported and extended the limited observation of GLUergic
changes in RLS and, finally, has predicted changes in ADergic system that produced a

novel treatment option for RLS. The data presented in this review provides a strong
validation of the model’s predictive utility, and thus its potential for further development

of novel treatments with higher specificity for disease-relevant changes in neurotransmitter
systems. The BXD model, on the other hand, provides two distinct elements for exploring
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RLS pathology and treatment. First, it has the ability to model the peripheral-brain iron
dissociation and thus a model to understand the potential genetic or epigenetic factors
involved in altered brain iron homeostatic mechanisms. An understanding of why RLS has
relatively lower brain iron, may allow for more direct “curative” treatment for this disease.
At the current time, 1V iron therapy is the only treatment that has been demonstrated to
“cure” this disease but that occurs in only about 35-40% of patients (Allen et al., 2018).
Why? This model has the potential to address that question. Secondly, the BXD model

has the ability to model the idiopathic form of RLS with natural and diurnal variations in
brain iron under normal dietary conditions that mimic the clinical situation. Natural brain-
differences in iron were significant enough to produce change in DAergic compatible with
that seen in RLS pathology and in the BID model. The model thus can be used to explore
how iron is imported, utilized and exported from the brain and what are the consequences of
natural variations on neurotransmitter system and how compatible are those finding to that
seen in BID model.
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Abbreviations:

30MD 3-O-methyldopa

AlR adenosine A4 receptor

A2AR adenosine App receptor

ADergic adenosinergic

pmax receptor density

BID brain iron deficiency

BP binding potential

BXD recombinant inbred mouse strains from parental cross of

C57/BL6 and DBA/2J

CSF cerebrospinal fluid
CS-GLUergic corticostriatal-glutaminergic
D2R dopamine D, receptor

D3R dopamine D3 receptor

D4R dopamine Dy receptor
DAergic dopaminergic

DA dopamine
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DAT dopamine re-uptake transporter

ecDA extracellular DA

ENT equilibrative nucleoside transporter
GLUergic glutamatergic system

GWAS Genome-wide association study

HIF hypoxia-inducible factor

ID iron deficiency

IDA iron deficiency anemia

Kd dissociation constant, receptor affinity
MRI magnetic resonance imaging

MRS proton magnetic resonance spectroscopy
PET positron emission tomography

PLMS periodic leg movements of sleep

ppm parts per million

pTH phosphorylated tyrosine hydroxylase
RI recombinant inbred

RLS restless legs syndrome

S19 strain 19

S1 strain 1

S40 strain 40

SN substantia nigra

SNP single nucleotide polymorphism
SPECT single-photon emission computed tomography
TH tyrosine hydroxylase

VDCC voltage-dependent calcium channels
VMB ventral midbrain
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Figure 1.
Schematic representation of a cortico-striatal glutamatergic (CS-GLUergic) terminal and

its modulatory dopamine (DA) and adenosine (ADE) receptors. DA and ADE modulate
glutamate (GLU) release by acting on A1R-A2AR and D2R-D4R heteromers. Both, ADE
and DA exert and inhibitory modulation of the sensitivity of the CS terminal to release
glutamate. A1R plays a pivotal role by mediating the effect of endogenous ADE, which
has more affinity for A1R than for A2AR, and by inhibiting the constitutive activity of
the A2AR. Under conditions of downregulation of A1R (such as with BID), the unleashed

Exp Neurol. Author manuscript; available in PMC 2023 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Earley et al.

Page 25

constitutive activity of A2AR not forming heteromers with A1R promotes and increased
sensitivity of the CS-GLUergic terminal. D2R forms heteromers with D4R in the CS-
GLUergic terminal and exerts a constitutive activity which decreases the sensitivity of the
CS-GLUergic terminal. The ability of D4R to modulates the constitutive activity of the
D2R and its response to DA in the D2R-D4R heteromer depends on the D4R polymorphic
variant.
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B: Advanced intercrossed derived RI production
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Schematic representation of derivation of the BXD recombinant inbred mouse strains.
Panel A shows the derivation of the original 40 strains from an F2 intercross between
C57BI/6J (black strain) and DBA/2J (grey strain) mice. The two strains differ by more than
6 million variations in DNA and derivation from F2 maintains many genetic linkages and
thus challenges gene mapping precision. Panel B helps to remedy the situation by breaking
up linkages via advanced intercrosses and thus improving mapping precision. Reproduced
and modified from Ashbrook and others (2021)
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