Movement Disorders Restless Legs Syndrome

Neurochemistry of Idiopathic Restless Legs Syndrome
Félix Javier Jiménez-Jiménez," Hortensia Alonso-Navarro,? Elena Garcia-Martin® and José AG Agundez*

1. Chairman of the Section of Neurology; Professor of Neurology, Hospital Universitario del Sureste, Arganda del Rey, Madrid,Spain;
2. Consultant Neurologist, Section of Neurology, Hospital Universitario del Sureste, Arganda del Rey, Madrid, Spain, 3. Professor of Pharmacology,
Universidad de Extremadura, Caceres, Spain; 4. Full Professor of Pharmacology, Universidad de Extremadura, Caceres, Spain.

Abstract

The pathogenesis of idiopathic restless legs syndrome (iRLS) is not well established, but the most important hypothesis suggests
dopaminergic dysfunction and iron deficiency. However, recent reports suggest a possible role for several neurotransmitters or
neuromodulators, such as aspartate, glutamate, gamma-hydroxybutyric acid (GABA) and opiates, as well as relation with vitamin D

deficiency. In this review, we summarise the studies related to neurochemical findings in iRLS.
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First described by Willis in 1672 and described in more detail
by Ekbom in 1945, restless legs syndrome (RLS) or Willis—-Ekbom
disease (WED) is defined as a sensorimotor disorder in which the
initial sensory symptom consists of an irresistible urge to move
the legs (or both the legs and the arms) and is accompanied by or
causes unpleasant sensations, appearing or worsening during rest,
improving totally or partially with movement of the legs (or both the
legs and the arms) and occurring only at, or worsening towards,
evening and night.” Together with these major diagnostic criteria,
three other criteria are classically considered supportive (but not
diagnostically necessary) diagnostic criteria for RLS, including
positive family history for RLS, response to dopaminergic drugs and
presence of periodic limb movements (PLMS), assessed by leg activity
devices or polysomnography while awake or during sleep.” The 2014
Revised International Restless Legs Syndrome Study Group (IRLSSG)
Diagnostic Criteria for RLS introduced as the fifth essential criterion
the requirement that the above clinical features not be related to
other medical or behavioural conditions, often referred to as “RLS
mimics”"—such as myalgia, venous stasis, leg oedema, arthritis, leg
cramps, positional discomfort or habitual foot tapping (symptoms
commonly confused with RLS)—and added course specifiers to
classify RLS as chronic-persistent versus intermittent symptoms, and
for clinical significance of RLS.?

Although the exact pathophysiology of idiopathic RLS (iRLS) is not well
established, dopaminergic dysfunction and brain iron insufficiency
are the most accepted theories. In this review, we summarise
the main findings related to neurochemistry and biochemical findings
of iRLS.

TOUCH MEDICAL MEDIA

Search Strategy

References for this review were identified through a PubMed search that
included the period from 1966 until 5 March 2015. The term “restless
legs syndrome” was crossed with “neurochemistry”, “biochemistry”,
“neurotransmitters”, “dopamine”, “noradrenaline”, “norepinephrine”,
“adrenaline”, “epinephrine”, “serotonin”, “GABA", “glycine”, “glutamate”,
“neuropeptides”, “iron”, “ferritin”, “transferrin”, “white matter”, “grey
matter” and “transcranial magnetic stimulation”. This search retrieved
1,480 references that were examined one-for-one, with those strictly
related to neurochemical findings in iRLS (n=109) selected. This review
aims to provide an extensive descriptive review of studies published
on this topic, to summarise the main conclusions and to propose
suggestions for future studies.

Dopaminergic Dysfunction

The excellent therapeutic response of RLS to dopaminergic drugs,
together with some neuropathological, neuroimaging, biochemical
and experimental data, supports the possible role of the dopaminergic
system in the pathophysiology of RLS.

Neuropathological Data

To date, only a few post-mortem studies have focused on the
dopaminergic system in iRLS. Connor et al.® described similar tyrosine—
hydroxylase (TH) staining in the substantia nigra of seven RLS patients
compared with five controls in one study, a finding confirmed by Walters
et al.* However, in a further study analysing the substantia nigra and
putamen of eight iRLS female patients, the substantia nigra of eight
female controls and the putamen of seven female controls, these
authors reported®
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(@) Asignificant increase in TH staining in the substantia nigra, but not
the putamen, of iRLS patients

(b) A significant increase of phosphorylated or active TH in the
substantia nigra of iRLS patients

(c) A significant decrease in dopamine D, receptors (DRD,) in the
putamen of iRLS patients, correlated with RLS severity

(d) Normality of DRD, receptors, dopamine transporters and vesicular
monoamine transporter (VMAT) in the putamen and the substantia
nigra of iRLS patients

Because the alterations found in the study by Connor et al.® are similar
to those found in animal and cell models of iron insufficiency, the
authors hypothesised that dopaminergic abnormality in iRLS was owing
to a primary iron insufficiency.

Earley et al.¢ found no significant differences in TH staining cell volume,
fractional glial fibrillary acidic protein (GFAP) staining or general
histological examination in the diencephalic-spinal A11 system in six
iRLS patients and six controls.

Functional Studies on the Dopaminergic System
The results of functional studies on the dopaminergic system, including
both studies on the presynaptic terminal and studies of postsynaptic
DRD,, are summarised in Table 1.

Many of these studies found no significant differences in the binding
of the tracer to the presynaptic dopaminergic terminal,’-**> whereas
others found a mild reduction in the entire striatum or only in caudate
or putamen,™ and other studies described a mild increased density
in the striatum.™

Studies on the post-synaptic DRD, performed using SPECT with '#-S-2-
hydroxy-3-iodo-6-methoxy-[(1-ethyl-2-pyrrolidinyl)methyl] benzamide
(IBZM) showed similar binding in the striatum of iRLS patients and
controls,”¢"7 save for one that found decreased binding.” However,
the majority of studies on DRD, using the tracer "C-raclopride found
decreased binding or increased availability in the entire striatum™ 2 or
only in the caudate nucleus.”

Cerebrospinal Fluid Dopamine Metabolite Levels
Several studies assessed cerebrospinal fluid (CSF) levels of dopamine
metabolites in RLS patients compared with controls:

(@) Earley et al.®? described CSF homovanillic acid (HVA) levels in
16 IRLS patients 2 weeks off medication (samples obtained at
10 a.m.) similar to that in 14 healthy (not age-matched) controls,
whereas neopterin and tetrahydrobiopterin (BH,) levels were
increased in iRLS patients. The same group, in a further study
involving 30 iRLS patients and 22 controls, using CSF samples
obtained at 10 p.m., found higher 3-orthomethyl-DOPA (3-OMD)
and similar HVA and BH, levels in iRLS patients compared with
controls, as well as higher CSF HVA/5-hydroxyindoleacetic
acid (5-HIAA) ratio, BH, and 3-OMD levels in this cohort of iRLS
patients compared with those of the previous study with samples
obtained at 10 a.m., suggesting changes having to do with the
circadian rhythm.

(b) Stiasny-Kolster et al. found similar CSF HVA, 3-OMD, BH,,
dihydrobiopterin, neopterin and methyltetrahydrofolate levels in
22 drug-naive RLS patients and 11 healthy controls.

(c) Poceta et al.* monitored for 22 hours CSF dopamine (DA), HVA,
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dihydroxy-phenylacetic acid (DOPAC) and 5-HIAA from samples
every 30 minutes, and hypocretin-1 from samples every 60
minutes, in three iRLS patients and three controls, measuring CSF
levels of hypocretin-1 as well. There was a peak for DA at 10 a.m.
(p<0.025) and for HVA at 2 p.m. (p<0.01), but no evidence of a
significant 24-h rhythm for DOPAC, 5-HIAA, the HVA/5-HIAA ratio,
or hypocretin-1. These results demonstrate a circadian rhythm
for CSF DA and HVA concentrations in humans (which could be
related to the circadian rhythm of RLS symptoms), with higher
levels in the day than at night.

(d) Allenetal.” reported higher CSF HVA levels in iRLS patients having
high CSF 3-OMD (n=30), and lower CSF HVA levels in RLS patients
having normal CSF 3-OMD (n=19), when compared with controls
(n=36), as well as higher PLMS/hour for iRLS patients having high
CSF 3-OMD (suggesting higher severity of RLS) than for those
having normal CSF 3-OMD, suggesting increased DA synthesis for
more severe RLS.

Experimental Models Related to the
Dopaminergic System

After stereotactic injection of the fluorescent tracer Fluoro-Gold
(FG) in the dorsolumbar spinal cord of mice, this tracer reached the
dopaminergic neurons within the A10 and A11 areas or diencephalic
(dorsoposterior hypothalamus) spinal neurons.? Similarly, unilateral
injection of FG into the cervical spinal cord of nonhuman primates
labelled A11 neurons.” In addition, DRD, MRNA is absent and DRD,
and DRD, mRNAs are expressed in the dorsal horn and DRD, in both
the dorsal and ventral horns of nonhuman primates.” These data
demonstrated the existence of a dopaminergic diencephalic-spinal
pathway. However, although the blockade of DRD, with raclopride
increases the DOPAC/DA ratio in the striatum and nucleus accumbens
of rats, it has no effect in the spinal cord, and pretreatment using a
DRD, agonist does not prevent increase in DA concentrations in
the spinal cord elicited with gamma-butyrolactone, suggesting that
diencephalic—spinal DA neurons lack presynaptic synthesis modulating
D, autoreceptors.*

Stereotactic bilateral 6-hydroxydopamine (6-OHDA) lesions in the
A11 area in rodents induce increased locomotor activity partially
resembling symptoms of RLS in humans,®* more markedly so
in those animals pretreated with iron-deficiency (ID) diet,*>* and
can be reversed using the DRD,/DRD, agonists ropinirole®* and
pramipexole.®* Such lesions induced the following neuropathological
and neurochemical changes:

(@) Decreased by 54-94 % of TH staining cells,** especially in ID diet
animals,® which were reversed by ropinirole and worsened by
DRD, agonists.®

(b) Decreased DA levels in the lumbar spinal cord.*

Decreased DRD,/DRD, mRNA and protein levels and binding

capacity in the lumbar spinal cord without changes in DRD,

binding. DRD, binding was even lower in ID diet animals.#*

—
O
R4

DRD, knockout mice display hyperactivity and increased locomotor
activity resembling features of patients who have RLS. Low dopamine
levels decrease monosynaptic stretch reflexes (MSR) and increase the
latency of reflex amplitude in wild mice and increased them in DRD,
knockout mice, whereas DRD, agonists reduce and DRD, antagonists
increase the MSR in wild mice and have no effect in DRD, knockout
mice.* These data suggest a role of DRD, in modulating spinal
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Table 1: Results of Functional Imaging Studies Using Dopamine, Serotonin and Opiate Tracers
in Patients with Idiopathic Restless Legs Syndrome Compared with Controls

Presynaptic DA
terminal

Postsynaptic
DA terminal

Serotonin
transporter (SERT)

Opioid receptor

Regional blood flow

Method
123 |PT-SPECT

23-beta-CIT-SPECT

"®Fluoro-L-dopa
(F-DOPA) PET

""C-methylphenidate PET

123]-IBZM-SPECT (striatal
D, receptors)

"C-raclopride PET
(striatal D, receptors)
"C-raclopride PET
(striatal D, receptors)

"C-raclopride PET
(striatal D, receptors)

"C-raclopride PET
(striatal D, receptors)

"C-FLB PET (extrastriatal
D, receptors)

123-beta-CIT-SPECT

"'C-diprenorphine PET

®F-flurodeoxyglucose
PET

Authors, Yearref
Eisensehr et al., 20017

Linke et al., 2004®
Michaud et al., 2002?
Mrowka et al., 2005
Kim et al., 2012"
Trenkwalder et al., 1999%
Turjanski et al., 1999
Ruottinen et al., 2000™

Earley et al., 2011"

Eisensehr et al., 20017

Tribl et al., 2001
Michaud et al., 2002°
Tribl et al., 2004"

Kim et al., 2012"
Turjanski et al., 1999
Cervenka et al., 2006

Oboshi et al., 2012"

Earley et al., 2013%

Cervenka et al., 2006

Jhoo et al., 2010*

Von Spiczak et al., 2005%

Trenkwalder et al., 1999

RLS/Controls

25 (14 drug-naive and 11
levodopa-treated)/10
28/23

10 (drug-naive)/10

6/7?

13/12

4/10
13/14
9 (drug-naive)/27

36/34

25 (14 drug-naive and 11
levodopa-treated)/10
14/9

10 (drug-naive)/10

14 (all with PLMS)/10
13/12

13/14

16 (not treated with
dopaminergic or opiate
agents)/16

8 (drug-naive)/8

31/36

16 (not treated with
dopaminergic or opiate
agents)/16

16 (drug-naive)/16

15/12

6/10

Main Findings
Nonsignificant differences between groups

Nonsignificant differences between groups
Nonsignificant differences between groups
Nonsignificant differences between groups

Increased DAT density in the caudate (p=0.037), posterior
putamen (p=0.041), and entire striatum (p=0.046)
Nonsignificant differences between groups

Mild reduction of binding in the putamen (p=0.04)
Mild reduction of binding in caudate (88 %) and
putamen (89 %)

Decreased DAT binding in the striatum (putamen and
caudate but not the ventral striatum) in both day and
night scans

Lack of correlation of DAT binding potentials with any
clinical measures of RLS

Nonsignificant differences between groups

Nonsignificant differences between groups

Decreased binding in RLS (p=0.006)

Nonsignificant differences between groups
Nonsignificant differences between groups

Decreased binding in the caudate (p=0.01) and putamen
(p=0.008)

Increased DRD,, availability corresponding to higher DRD,
densities or lower levels of endogenous dopamine

Decreased DRD,-BP in the mesolimbic dopamine

region (nucleus accumbens) and caudate, and normal

in the putamen

Correlation between DRD,-BP and clinical severity
scores (negative) and with the degree of post-treatment
improvement with pramipexole (positive) in RLS patients
Decreased DRD,-BP in putamen and caudate, but not the
ventral striatum

DRD,-BP did not differ between night and day for

either group

DRD, p(max) and K(d) did not differ significantly

between patients with RLS and control patients but did
show a strong and significant increase at night in the
ventral striatum

Lack of correlation of DRD,-BP with any clinical measures
of RLS

Increased DRD, availability corresponding to higher
DRD,- densities or lower levels of endogenous dopamine

Nonsignificant differences between groups in the pons
and medulla

Negative correlation between the severity of RLS and the
availability of SERT

Nonsignificant differences between groups

Negative correlation between ligand binding and RLS
severity in the medial thalamus, amygdala, caudate
nucleus, anterior cingulate gyrus, insular cortex and
orbitofrontal cortex

Nonsignificant differences between groups

CIT = 2p-carbomethoxy-3p-(4-iodophenyl)tropane; DA = dopamine,; DAT= dopamine transporter; DRD,-BP = dopamine D, receptor binding potential; IPT = N-(3-iodopropen-2-y)-
2beta-carbomethoxy-3beta-(chloro-phenyl) tropane, IBZM = (S)-2-hydroxy-3-iodo-6-methoxy-[(1-ethyl-2-pyrrolidinyl)methyl] benzamide; PET = positron emission tomography;,
SPECT = single photon emission computerised tomography.
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excitability and raise the possibility of a reduced DRD, activation in the
pathophysiology of RLS.

Pharmacogenetic Studies Related to
Dopaminergic Neurotransmission

Desautels et al.* found lack of relation between the risk of RLS and
variations in eight genes coding for receptors and enzymes related
to dopaminergic neurotransmission in a population of 92 patients
having RLS and 182 controls (DRD,, DRD,, DRD,, DRD,, DRD,, dopamine
transporter [DAT], TH and dopamine-beta-hydroxylase [DBH]). Our
group confirmed the lack of relation between the main DRD, gene
polymorphism and the risk of RLS in a study involving 206 RLS patients
and 324 controls.”

Iron Deficiency

Neuropathological Data

Connor et al.? found a marked decrease in iron-staining and H-ferritin
(heavy chain subunit of ferritin) staining in the substantia nigra, a mild
decrease in transferrin receptor staining on neuromelanin-containing
cells and morphological differences in the cells staining for L-ferritin
(light chain subunit of ferritin) in seven iRLS brains compared with five
control brains.

The same group found decreased concentrations of ferritin, divalent
metal transporter 1 (DMT1), ferroportin and transferrin receptor,
decreased activities of total iron regulatory proteins (IRP) and IRP1,
decreased IRP1 protein levels, increased concentrations of transferrin
and normal IRP2 protein levels in the neuromelanin cells of four iRLS
patients compared with four controls.® These results were interpreted
by the authors to suggest that RLS could arise from a defect in IRP1 in
neuromelanin cells promoting destabilisation of the transferrin receptor
MRNA, leading to cellular iron deficiency.

Wang et al.* found the concentration of Thy1 (an adhesion molecule that
plays a role in the vesicular release of neurotransmitters) decreased to
less than half in the substantia nigra of iRLS patients and also found
a significant decrease of Thy1 in brain homogenates of adult rats
exposed to an iron deficient (ID) diet compared with control adult rats,
suggesting a relationship between Thy1 and iron in the pathogenesis of
RLS and a possible mechanism by which iron deficiency compromises
dopaminergic neurotransmission in RLS.

Snyder et al.® described higher mitochondrial ferritin levels and
higher cytochrome C staining (reflecting numbers of mitochondria)
in the substantia nigra of eight iRLS patients than in eight controls,
whereas these values were similar in the putamen, and iRLS patients
showed decreased immunostaining for cytosolic H-ferritin. The authors
suggested that these alterations should contribute to insufficient
cytosolic iron levels.

Connor et al.*” studied the expression of proteins related to iron
management in the brain microvasculature and the epithelial cells
of the choroids plexus in postmortem tissues and in 14 iRLS subjects
and 18 healthy controls and found reduction of iron and H-ferritin
staining in the epithelial cells of choroids plexus and up-regulation of
DMT1, ferroportin and transferrin and its receptor in iRLS patients. In
the brain microvessels, they found decreased expression of H-ferritin
and transferrin and its receptor, as well as normality of DMT1,
ferroportin, prohepcidin, mitochondrial ferritin and L-ferritin in iRLS
patients. These data provided some evidence that brain microvessels
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and blood-brain barrier have a role in the regulation of iron uptake
and storage.

Transcranial Sonography

Several studies found hypoechogenicity of the substantia nigra
(related to local iron deposition), though less marked than in idiopathic
Parkinson’s disease®* and in brainstem raphe* and hyperechogenicity
of the red nucleus* of patients having RLS.

Neuroimaging Studies

Allen et al.®* found a significant decrease of iron in an R2" magnetic
resonance imaging (MRI) sequence in the substantia nigra and, to a lesser
degree, in the putamen of five iRLS patients compared with five controls.

Earley et al.* studied the iron concentration or “iron index” in 10 brain
regions using MRI in 22 early-onset iRLS patients, 19 late-onset iRLS
patients and 39 controls. They found that the mean iron index from
the substantia nigra was significantly lower in early-onset RLS than
in controls, whereas this value was similar in late-onset RLS and in
controls. The severity of RLS was negatively correlated with the iron
index in the substantia nigra of early-onset RLS patients. By contrast,
Moon et al.,” in a similarly designed study involving 20 early-onset iRLS
patients, 17 late-onset iRLS patients and 40 healthy controls, found the
mean iron index from the substantia nigra significantly lower in late-
onset RLS than in controls but similar in early-onset RLS and in controls.

Godau et al.® found mean T2 values in MRI slightly higher in several
brain areas of six iRLS patients than in those of controls, and these
values correlated inversely with substantia nigra echogenicity.

Knake et al.,*” using a T2* gradient MRI sequence in 12 regions of interest,
reported nonsignificant differences in 12 iRLS patients and 12 controls.

Rizzo et al.,* using a MRI phase imaging in 15 iRLS patients and 15
controls, found significantly higher values (indicating reduced iron
content) in the substantia nigra, thalamus, putamen and pallidum.

Cerebrospinal Fluid, Plasma/Serum and Lymphocyte
Studies of Iron, Ferritin and Transferrin Levels

Table 2 summarises the results of case-control studies on CSF and
plasma/serum levels of iron, ferritin and its subunits and transferrin.
These studies are scarce and their results variable.

CSF iron levels were found to be similar in iRLS patients and controls.#
However, plasma iron has been found to be similar in iRLS and controls
in two studies™® and decreased by 50 % in iRLS patients in other.s* CSF
transferrin levels have been reported normal®™* or increased,® and plasma/
serum transferrin levels have been reported normal®* or increased as well.

With regard to ferritin, serum/plasma levels were found normal in two
studies® and decreased in two others,®%* and two studies showed an
inverse correlation between plasma/serum ferritin and RLS severity.®%
Although one study described normal CSF ferritin levels in a short
series of iRLS and controls,®? another group described lower CSF
ferritin in iRLS patients,® at least in those patients having early onset of
symptoms® and those having high CSF 3-OMD levels.”

Early et al.> reported significantly lower CSF ferritin (by 50 %, p<0.001),

and significantly higher CSF transferrin (by fivefold; p<0.001) in RLS
patients, but not controls, when comparing CSF samples obtained at
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Table 2: Alterations in the CSF Levels of Iron, Ferritin and Transferrin in Patients with
Idiopathic Restless Legs Syndrome Compared with Controls

Biological Fluid Variable
Cerebrospinal fluid  Iron

Authors, Yearref
Earley et al., 2005*"

Mizuno et al., 2005
Earley et al., 2000%
Earley et al., 2005*

Ferritin

Mizuno et al., 2005*

Allen et al., 20097
H-ferritin subunit ~ Clardy et al., 2006*
L-ferritin subunit  Clardy et al., 2006>

Transferrin Earley et al., 2000%

Earley et al., 2005

Mizuno et al., 2005%

RLS/Controls

30 (15 early-onset)/22 (CSF
obtained at night)

10/10

16/8

30 (15 early-onset)/22 (CSF
obtained at night)

10/10
49 (30 with high CSF

3-OMD/19 with normal 3-OMD

25 (12 early-onset)/14

25 (12 early-onset)/14

16/8

30 (15 early-onset)/22 (CSF
obtained at night)

10/10

Main Findings
Normal

Normal

Decreased by 1.11 versus 3.5 (p=0.0002)

Decreased in the total RLS (p<0.005) and early-onset (p<0.003),
but not in late-onset RLS. Strong correlation between age at
onset and CSF ferritin levels (more marked in women).

Normal

Decreased only in RLS patients with high 3-OMD.

Decreased in the total RLS (p<0.05) and early-onset RLS (p<0.05),
but not in late-onset RLS.

Decreased in the total RLS (p<0.002) and early-onset RLS
(p<0.005), but not in late-onset RLS.

Increased fourfold (p=0.018)

Normal

Normal
Normal
Normal

Serum/plasma Iron O'Keefe et al., 1994%  18/18 (all elderly)
Earley et al., 2005*" 30 (15 early-onset)/22 (CSF
obtained at night)
Mizuno et al., 2005°2  10/10
Ferritin O'Keefe et al.,, 1994* 18/18 (all elderly)
Sun et al., 1998% 27/0
Earley et al., 2000% 16/8

Earley et al., 2005

30 (15 early-onset)/22

Decreased by 50 % (p<0.05)

Decreased by 50 % (p<0.01). Inverse correlation with
RLS severity.

Inverse correlation with RLS severity

Normal

Normal

(CSF obtained at night)

Mizuno et al., 2005
Earley et al., 2000%
Earley et al., 2005°'

10/10

Transferrin 16/8

Mizuno et al., 20052 10/10

3-OMD = 3-orthomethyl-DOPA, CSF = cerebrospinal fluid.

10 a.m. with those obtained at 10 p.m., suggesting a circadian rhythm.
Iron levels were similar in 10 a.m. and 10 p.m. samples in both groups.
These results imply that the hour of sample collection can be very
important to results and cause variability among studies.

A cross-sectional study of 365 elderly German subjects, with an RLS
prevalence of 9.8 %, in whom iron, ferritin, transferrin, soluble transferrin
receptor and C-reactive protein were measured in plasma, failed to find
evidence that iron or ferritin deficiency should be a major cause of iRLS
in the sample.” In a population-based study in Iceland and Sweden
with a prevalence of RLS of 18.3 % in Icelandic and 11.5 % in Swedish,
ferritin levels were significantly lower in RLS subjects (p=0.0002), but
the statistical significance disappeared after adjustment for centre, age,
sex and smoking history.®

Finally, a report by Earley et al.,* which involved 24 early-onset RLS
patients and 25 controls (all women), found increased levels of transferrin
receptor and DMT1 protein, as well as normal ferritin subtypes and
transferrin levels, in the lymphocytes of iRLS patients.

Experimental Data

ID diet can induce RLS-like sensory and motor symptoms in rodents,
reduces the acute pain threshold, increases the chronic pain response

EUROPEAN NEUROLOGICAL REVIEW

30 (15 early-onset)/22 (CSF
obtained at night)

Decreased by 39 % (p<0.01)
Nonsignificant differences between groups
Normal

Increased 1.4-fold (p<0.05)

(similarly to RLS patients) and shows an elevated expression of c-Fos
immunoreactive cells in the ipsilateral dorsal horns.® Several data
suggest an important interaction between ID and the dopaminergic
system in the pathogenesis of RLS:

(@ RLS-like symptoms induced by ID diet are more marked in DRD,
knockout than in wild mice.«'

(b) As already mentioned, ID increases locomotor activities in
mice lesioned bilaterally with 6-OHDA in the A11 nuclei, this
effect being reversed by the DRD,/DRD, agonists ropinirole®
and pramipexole.®

(c) ID decreases DAT density in the light (by 20 %) and dark (by 28 %)
phases and increases the DOPAC/DA ratio the extracellular fluid
of mice in the dark phase only.©

(d) ID decreases DAT mRNA (by 58 %), DAT protein and membrane
associated (suggesting alterations in dopamine uptake) and increases
the noradrenalin concentration in the caudate of rats and makes the
response of DA levodopa 50 % smaller and delayed and the response
of noradrenalin to levodopa threefold higher in this model, suggesting
compensatory changes in noradrenalin metabolism.

(e) ID induces increased extracellular striatal DA, reduces intracellular
striatal DA and striatal DA uptake and blunts DRD, agonist feedback
enhancement of striatal uptake in the ventral midbrain of rodents.
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Increase in extracellular striatal DA and decrease in intracellular
striatal DA, induced by ID, are reversed by the infusion of physiological
concentrations of iron into the ventral midbrain, whereas the
remaining variables were unchanged.«

(f)  IDinduces changes of expression of several genesin the substantia
nigra of rodents: DRD,, stromal cell-derived factor 1 (Cxcl12 or
SDF-1; a ferritin regulator and potent dopamine neuromodulator)
and haemoglobin beta adult chain 1, or Hbb-b1 (which plays some
functional role in dopaminergic neurons).®

(g ID induces increased density of striatal adenosine A2A receptor
(closely related to dopaminergic signalling) in rodents. In this
model, selective A2A receptor antagonists blocked both effects
mediated by striatal presynaptic A2A (motor output induced by
cortical electric stimulation) and postsynaptic A2A receptors (ERK
phosphorylation induced by cortical electrical stimulation as well).
These results were interpreted as an indicative of a functional up-
regulation of striatal A2A receptors (both pre- and postsynaptic)
induced by brain iron deficiency, which could be extrapolated
to RLS as a model of a sensory motor disorder associated with
iron deficiency.¢«

Serotonergic System

Earley et al.? described similar CSF levels of 5-HIAA (the main metabolite
of serotonin or 5-HT) in 16 IRLS patients (samples obtained at 10 a.m.)
to those in 14 healthy controls (not age-matched), but this value was
lower when adjusted for age. In a further study, they found similar CSF
5-HIAA levels in RLS patients and controls, but higher CSF HVA/5-HIAA
ratio in samples obtained at 10 p.m. than in those of their previous
study with samples obtained at 10 a.m., suggesting changes related to
the circadian rhythm, as already described.” However, Poceta et al.*
found no evidence of a significant circadian rhythm for CSF 5-HIAA in a
study obtaining samples every 30 minutes during 22 hours in three iRLS
patients and three controls.

Stiasny-Kolster et al.> found similar CSF 5-HIAA levels in 22 drug-naive
RLS patients and 11 healthy controls.

Jhoo et al.* found nonsignificant differences in the binding of serotonin
transporter (SERT) in the pons and medulla in 16 iRLS patients and 16
controls but reported a negative correlation between the severity of
RLS and the availability of SERT (see Table 1).

Aspartate, Glutamatergic and Gabaergic
Systems

The possible role of gamma-aminobutyric acid (GABA) in the
pathophysiology or iRLS is suggested by the improvement of RLS
symptoms with GABAergic drugs, mainly gabapentin (used as second-
line therapy) and pregabalin. Two recent studies suggested a relationship
between excitotoxic (aspartate and glutamate) and inhibitory (GABA)
amino acid neurotransmitters and iRLS:

(@) Rizzo et al., in a study involving 23 iRLS patients and 19 controls
using proton MR spectroscopy ('HMRS), found a reduction in
N-acetylaspartate (NAA) concentrations and in NAA:creatine ratio
in the medial thalamus of iRLS patients (p<0.01 for both), as well as
an association of lower NAA levels with a family history of iRLS.

(b) Allen et al.,® in a study with HMRS involving 28 IiRLS
patients and 20 controls, found higher thalamic glutamate+
glutamine/creatine ratios in RLS patients, correlated with several
RLS-related polysomnographic sleep variables (including the wake
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time during sleep), with the exception of periodic movements
during sleep per hour.

() Winkelman et al.,# in a study with 'THMRS involving 18 iRLS patients
and 17 controls, found similar levels of GABA, glutamate and NAA
in the thalamus and cerebellum in both study groups, higher levels
of NAA in the dorsal anterior cingulate cortex of RLS patients and
similar levels of GABA and glutamate in this region. They also
found that thalamic GABA levels showed a positive correlation
with periodic limb movement indices and RLS severity and that
cerebellar GABA levels negatively correlated with these parameters.

Our group found lack of association between the rs3794987 single
nucleotide polymorphism (the most frequent or the solute carrier family
1, member 2, or SLCTA2 gene, related to the transport of glutamate)
with risk of iRLS (205 iRLS patients and 328 controls).”

Opiate System

Even though opioids are an effective treatment used as third-line
therapy for iRLS, there are only few reports about the possible role of
opiate system in its pathogenesis. A neuropathological study involving
five females having iRLS and six healthy controls (five of them females)
showed a significant reduction of beta-endorphin and met-enkephalin
cells in, as well as similar leu-enkephalin cells in the thalamus of
iRLS patients compared with controls, whereas beta-endorphin, met-
enkephalin, leu-enkephalin and TH cells were similar in the substantia
nigra of both study groups.*

A functional study with "diprenorphine PET (a marker of opiate
receptor) found no significant differences of binding between iRLS
patients and controls, though a negative correlation between ligand
binding to several brain areas and RLS severity was described.

Finally, pre-administration of a delta-opioid peptide prevented neuronal
damage induced by iron deficiency in cell cultures of substantia
nigra of rats.”

Hypocretin-1 (Orexin-A)

Allen et al.”? found increased CSF levels of hypocretin-1 (a well-
established marker of narcolepsy) in evening samples from patients
having iRLS (especially in patients having early-onset RLS) in a study
involving 16 RLS patients (nine of them having early-onset iRLS) and
eight controls. This finding was not confirmed by Stiasny-Kolster et al.”®
in a study involving 13 iRLS patients (seven of them having early-
onset RLS) and nine controls, and this group did not find correlation
of CSF hypocretin-1 levels with age at onset or severity of RLS. Mignot
et al.”* studied CSF hypocretin-1 levels in 274 subjects having various
sleep disorders, 10 of them having RLS, but found similar levels in this
subgroup of patients in comparison with 64 healthy controls and 228
controls having other neurological diseases. Finally, Poceta et al.* found
no evidence of a significant circadian rhythm for CSF hyprocretin-1in a
study obtaining samples every 60 minutes during 22 hours in three iRLS
patients and three controls.

Vitamin D Deficiency

Several recent works have called attention to the possible role of vitamin D
deficiency in the aetiology of IRLS. This is a new interesting observation, for
depletion of 25-hydroxyvitamin D may lead to dopaminergic dysfunction.

Balaban et al.”> found a significant decrease of serum 25-hydroxyvitamin
D levels (by 40 %, p<0.001) in females having iRLS compared with

EUROPEAN NEUROLOGICAL REVIEW



female controls, as well as an inverse correlation between this value
and disease severity in females in a study involving 36 iRLS patients
and 38 healthy controls.

Oran et al.”* measured serum 25-hydroxyvitamin D levels in 155 patients
having musculoskeletal symptoms and found a significantly higher
prevalence of iRLS in the 119 patients with serum 25-hydroxyvitamin
D levels <20 ng/ml than in the 36 with this value >20 ng/ml (p<0.001).

The results of a proteomic analysis of CSF in five early-onset RLS
patients and five controls identified an increase of CSF vitamin D
binding protein levels as a possible biomarker for RLS, together with
increase of CSF cystatin C, lipocalin-type prostaglandin D2 synthase
and betahemoglobin, as well as decrease of apolipoprotein A2 and
alpha-1-acid glycoprotein levels.””

Nitric Oxide

Baskol etal.”?describedincreased plasma levels of advanced oxidation
protein products, increased serum levels of malondialdehyde (MDA, a
marker of lipid peroxidation), and decreased serum levels of thiol (an
antioxidant molecule) and nitrites (a marker of NO) in 22 iRLS patients
compared with 20 age- and gender-matched controls. The expression
of NO synthase1 (NOS1, neuronal NOS or nNOS) and nitrotyrosine
have been found increased in the substantia nigra of four out of six
iRLS patients and in none of six controls in a immunohistochemical
study.” Finally, Clemens et al.®* found increased NOS expression
in the thoracic intermediolateral nucleus of the spinal cord of
dopamine D3 receptor knockout mice compared with wild mice.
These data suggest a possible role of NO and oxidative stress in the
pathophysiology of iRLS.

Though a three-stage design study including an explorative case-
control study (367 cases and 367 controls, screening 1,536 SNPs in 366
genes), a replication case-control study (551 cases and 551 controls)
and a fine mapping study of 34 tagging SNPs in both samples combined
found association between the SNPs rs7977109 and rs693534 and the
risk of RLS (only rs7977109 remained as significant after testing for
multiple comparisons),® a replication study by our group of 205 iRLS
patients and 328 controls failed to find this association.#

Other Substances

Wetter et al.® found similar plasma levels of prolactin, growth hormone
and cortisol in 10 RLS patients and eight controls and reported that
both groups showed the same rhythms during the night and day for
all hormones. By contrast, Schilling et al.® reported increased nocturnal
urinary cortisol excretion in 73 iRLS patients compared with 34
matched controls.

Tribl et al® found similar day and night urinary excretion of
6-hydroxymelatonin-sulfate in 15 iRLS patients and 11 controls.

when administered centrally in rats, alpha-melanocyte stimulating
hormone (alpha-MSH) and adrenocorticotropic  hormone (ACTH)
stimulate motor activity when awake, cause changes in sleep architecture
and increase periodic movement in sleep, suggesting that they may play
a role in the pathogenesis of RLS.#

Plasma levels of folate,”# vitamin B,,*# vitamin B,,”” homocysteine®”

and CSF, as well as plasma levels of magnesium® have been found
similar in iRLS patients and controls.
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Grey Matter and White Matter Density Studies

Grey Matter

Several studies assessed grey matter density or volume using voxel-based
morphometry (VBM) with MRI in iRLS patients. Hornyak et al.,* in a study
involving 14 untreated iRLS patients and 14 matched controls, showed
slightly increased grey matter density in the ventral hippocampus and in the
middle orbitofrontal gyrus. Pan et al.” found a significant reduction in the grey
matter density of 16 drug-naive iRLS patients having depressive symptoms,
in comparison with 18 drug-naive IRLS patients without depression
symptoms and with 18 healthy controls, but they did not find significant
differences of grey matter density when comparing the whole group or iRLS
patients or the nondepressed RLS patients with the control group.

Chang et al.”" described regional decreases of grey matter volume in
several areas of iRLS patients, including the left hippocampal gyrus,
both parietal lobes, the medial frontal areas and cerebellum.

By contrast, Comley et al.”? found no significant differences in grey
matter density in 16 drug-naive iRLS and 16 controls, and Rizzo et al.¢
found no significant differences in the medial thalamus in a study
involving 23 iRLS patients and 19 controls.

White Matter

Unrath et al.,” using diffusion tensor imaging in 45 iRLS patients and
30 controls, found reduced fractional anisotropy (FA, a marker of white
matter integrity) in multiple subcortical areas in close proximity to the
primary and associated motor and somatosensitive areas, in the posterior
ventral lateral nucleus of the right thalamus), in motor projectional fibres
and in the proximity of the left anterior cingulum. According with the
authors, these findings supported alterations in the subcortical network
involving cerebral sensorimotor pathways. In contrast, Rizzo et al.¢’ found
no significant differences in the medial thalamus in a study involving 23
IRLS patients and 19 controls.

Finally, Connor et al” described decreased expression (by
approximately 25 %) of myelin basic protein, proteolipid protein and
the olygodendrocyte-specific 3'5'-cyclic nucleotide phosphohydrolase,
along with decreased amounts of transferrin and H-ferritin, in the
myelin of 11 iRLS patients compared with that of 11 controls in a
neuropathological study. They also reported significant small decreases
in white matter volume in 23 RLS patients compared with 23 controls in
the corpus callosum, anterior cingulum and precentral gyrus.

Transcranial Magnetic Stimulation Studies
A noninvasive neurophysiological technique used to assess the
excitability of the primary motor cortex and the cortical-spinal tract,
transcranial magnetic stimulation (TMS), has been the matter of several
studies in patients having iRLS (reviewed in reference 96). The findings
reported in patients having iRLS compared with controls include:

Single-pulse Transcranial Magnetic Stimulation
Variables

Motor-evoked Potentials

Motor-evoked potentials (MEPs) recorded in the contralateral target
muscles have been found normal, suggesting integrity of the cortical-
spinal pathway.”-%

Resting Motor Threshold

Resting motor threshold (rMT)—that is, the minimum stimulus intensity
required to obtain a MEP having a minimum of amplitude in five or more
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of 10 consecutive stimuli at best—has been reported normal by most
studies,” " with the exception of one that reported increased active rMT
in the tibialis anterioris muscle” and another that observed decreased
active rMT from the first dorsal interosseous, but only at night. rMT
is increased in situations of damage of the cortical-spinal tract and
decreased in situations of hyperexcitability of the cortical-spinal system.
The normality of values found in most studies suggests integrity of the
cortical-spinal pathway as well.

Cortical Silent Period

Cortical silent period (CSP), suppression of the electromyographic activity
that follows the MEP when a single magnetic pulse is delivered during a
voluntary contraction of the contralateral muscle (indicating suppression
of the cortical-spinal system), has been found markedly shortened in
many studies,”-#121017 this effect being reversed by dopaminergic
drugs.”o197 By contrast, other studies found it normal.s&os04109.110

Paired-pulse Transcranial Magnetic

Stimulation Variables

Short-latency Intracortical Inhibition

Short-latency intracortical inhibition (SICI), likely reflecting the excitability
of GABA-ergic inhibitory cortical neurons, has been found markedly
reduced in patients with iRLS, especially in the most affected side,?-%.10>
108111 this effect being reversed with dopaminergic therapy. o128

Intracortical Facilitation

Intracortical facilitation (ICF), likely related to the activity of intracortical
glutamatergic excitatory circuits, has been found normal in three
studies, ™% whereas two others showed hyperfacilitation in iRLS.%

Transcranial Magnetic Stimulation Measures of
Sensorimotor Variables

Short-latency Afferent Inhibition

Short-latency afferent inhibition (SAI), or suppression of the amplitude
of MEP induced by an electrical stimulus applied to the median nerve
at the wrist 20 ms before TMS of the hand area of the contralateral
motor cortex (@ probable reflection of the integrity of cholinergic
neural circuits), has been found reduced in iRLS, with reversion after
dopaminergic therapy, in a single study.™®

Long-latency Afferent Inhibition

Long-latency afferent inhibition (LAl), probably related to cortical-
cortical connections involving the motor cortex and primary and
secondary somatosensory cortical areas, has been reported normal.®

Plasticity-related Transcranial Magnetic
Stimulation Measures

Postexercise facilitation in response to TMS has been found decreased
in untreated iRLS patients, """ and dopamine agonists can reverse
delayed facilitation.™

Conclusions and Future Approaches

To date, the main support for the possible role of dopaminergic
dysfunction in iRLS is the therapeutic response to dopaminergic drugs
and data obtained from the two proposed experimental models of RLS
(stereotactic lesions with 6-OHDA into A11 area and DRD, knockout
mice), with or without the contribution of ID, as previously discussed.
Neuropathological studies on this matter are scarce and performed in
only a limited number of patients, though some have found changes
suggesting dopaminergic dysfunction and its relationship with iron
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insufficiency.® The results of functional studies of the dopaminergic
function (see Table 1) are controversial, for only some of them showed a
mild involvement of presynaptic dopaminergic terminal, and involvement
of DRD, has been shown in studies using ""C-raclopride, but not in studies
using IBZM as the tracer. Interestingly, studies having larger samples sizes
suggested decreased DAT binding in both day and night scans™ and
found decreased DRD, binding potentials in the striatum.> The results of
studies on CSF DA metabolites are based on studies having low sample
sizes and are also controversial. The possible relationship of CSF 3-OMD
levels with CSF HVA levels and RLS severity” and the possibility of a
circadian rhythm for CSF DA and HVA concentrations*? are potentially
interesting findings deserving confirmation.

Regarding a possible role for iron deficiency in the pathogenesis of iRLS,
neuropathological (although based in small size series), neuroimaging
and transcranial sonographic studies point at this hypothesis. Moreover,
RLS could be induced in experimental animals with ID diet, and there
are important interactions between ID and the dopaminergic system in
these models, as already mentioned. However, the results of CSF and
serum or plasma levels of iron, ferritin and transferrin are controversial
and are based on small samples. In this regard, the finding by Early et
al.*" of the variability of CSF ferritin and transferrin levels depending on
the hour of the sample collection is of special interest.

Together with studies assessing the role of dopaminergic dysfunction
and iron deficiency as the main pathogenical hypothesis of iRLS, recent
studies have explored the possible implication of other neurotransmitters
or neuromodulators, such as serotonin, aspartate, glutamate, GABA
and opiates; the role of oxidative stress and NO; and the possibility of
vitamin D deficiency in the pathogenesis of this disease. However, the
results of these studies should be considered preliminary and deserving
of further confirmation.

Why iRLS exclusively or predominantly affects the lower limbs is not well
understood, though we could speculate that nigrostriatal dopaminergic
dysfunction should affect somatotopic projections of the lower limbs at
the putamen or a possible selective alteration of the projections of the
diencephalic-spinal system to lower limbs.

Ideally, futures studies trying to establish the pathogenic mechanisms
of RLS should include the following:

(@ A multicentre and prospective design, with a long-term follow-up
of patients.

(b) Inclusion of patients diagnosed as having iRLS according to
standardised criteria’ and who have family history of RLS, regardless
of the duration of the disease.

(c) Periodic clinical evaluations of patients, including through the
International RLS Group Rating Scale (IRLSGRS).”

(d) Periodic study of patients using MRI, transcranial ultrasonography,
DAT-SPECT and IBZM or "C raclopride PET during the
follow-up period.

(e) Serial CSF and plasma or serum sample collection at different
hours, as in the study by Poceta et al.,* before starting treatment;
measurement of multiple potential biological markers in the CSF
is desirable.

(f) Patient blood DNA collection for genetic studies related to
potential biomarkers.

(8) Neuropathological examination of the brain of patients who die
during the study interval. B
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