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Abstract
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Restless legs syndrome (RLS) is a complex disorder involving sensory and motor systems. The
major pathophysiology of RLS is low iron concentration in the substantia nigra, containing the cell
bodies of dopamine neurons that project to the striatum, an area important for modulating
movement. People who have RLS often present with normal iron values outside the brain and
recent studies implicate several genes involved in the syndrome. Like most complex diseases,
animal models usually do not faithfully capture the full phenotypic spectrum of “disease” which is
a uniquely human construct. Nonetheless, animal models have proven useful in helping to unravel
the complex pathophysiology of diseases such as RLS and suggest novel treatment paradigms. For
example, hypothesis-independent genome-wide association studies (GWAS) have identified
several genes as increasing risk for RLS, including BTBD9. Independently, the murine homolog,
Btbd9 was identified as a candidate gene for iron regulation in the midbrain in mice. The relevance
of the phenotype of another of the GWAS identified genes, MEIS1, has also been explored. The
role of Btbd9 in iron regulation and RLS-like behaviors has been further evaluated in mice
carrying a null mutation of the gene, and in fruit flies when the BTBD9 protein is degraded. The
BTBD9 and MEIS1 stories took origin from human GWAS research, supported by work in a
genetic reference population of mice (forward genetics), and further verified in mice, fish flies and
worms. Finally, the role of genetics is further supported by an inbred mouse strain that displays
many of the phenotypic characteristics of RLS. The role of animal models of RLS phenotypes is
also extended to include periodic limb movements.
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1.0 Introduction
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Restless Legs Syndrome/Willis Ekbom disease (RLS/WED) is a highly complex disorder
that includes sensory and motor symptoms. The primary sensory/behavioral phenotypes
emerge during the evening and nighttime sensations due to circadian influences. The result
includes urges to move the legs, leading to behaviors of reduced periods of rest without
activity and to some extent increased activity. During sleep, increased non-volitional
periodic limb movements (PLMS) occur in nearly all patients and represent an important
endophenotype whose frequency is also strongly associated with many of the -alleles (most
notably, in MEIS1 and BTBD9 genes) previously identified by genome-wide association
studies (GWAS) that confer risk for RLS sensory symptoms. There may be several
pathophysiological pathways that influence emergence of symptoms, but one major feature
is lack of iron in the substantia nigra and subsequent compromise of synaptic dopamine
signaling in its major target, viz., the striatum. Increased synaptic striatal dopamine has also
been observed. Thus the biological phenotypes would be decreased brain iron and increased
striatal dopamine tissue concentrations of dopamine with decreased/impaired synaptic
reuptake. The precise mechanisms underlying RLS are currently intractable to experimental
methods in humans, and there is great reliance on experimental animals or in vitro methods
to elucidate mechanisms operational at both molecular and systems anatomical levels.
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Developing an animal model of RLS is not an easy undertaking. There are differences of
opinion as to what essential features comprise a valid animal model. Some believe that the
phenotypes should be reproduced as closely as possible, whereas others assert that such an
isomorphic model may be nearly impossible. Animal models can also be used to evaluate
various aspects of the etiology and manifestations in order to elucidate underlying disease
mechanisms and their response to conventional and novel treatments. In this contribution,
both sides are presented showing how the different approaches are complementary.
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There have been two efforts that contribute to the main part of this article. On the human
side, Winkelmann and colleagues [1] conducted genome-wide (RLS) association studies
(GWAS) and identified a handful of genes (including BTBD9 and MEIS1 – among others)
whose variants are associated with increased risk for developing RLS (and in most instances
PLMs). As concerns animal models, the Jones lab studied iron content variation in 20+
recombinant inbred mouse strains. Two compelling observations were that Btbd9 regulates
iron homeostasis in the ventral midbrain (2008), and that brain and peripheral iron responses
to low iron diet and behavioral responses in one specific inbred strain, viz. BXD40,
mimicked several features of RLS (vide infra).
This summary of the work begins with studies aimed at revealing possible disease producing
mechanisms. Winkelmann and colleagues’ studies have advanced from human GWAS to
interrogating the role of Btbd9 and MEIS1 in fish, flies and worms. The work of Li, extends
this by showing that that the murine null mutant of Btbd9 produces several RLS-like
Sleep Med. Author manuscript; available in PMC 2018 March 01.
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phenotypes. Donelson also shows that Btbd9 is important for iron regulation in Drosophila,
and the work of Rouleau demonstrates how MEIS1 is important for iron regulation in the
nematode, Caenorhabditis elegans. Finally two positions presented here include both
physiological and behavioral phenotypes that resemble RLS. The work of Allen and
colleagues describes an inbred mouse strain that shows both the basic circadian activity/rest
phenotype and also the biological phenotype of RLS, and Marconi demonstrates
development of the PLMS behavioral phenotype of RLS.

2.0 How genome-wide association studies shape animal research: The role
of MEIS1, a gene nominated by GWAS, in behaviors mimicking RLS

Author Manuscript
Author Manuscript

Restless legs syndrome (RLS) was the first common disorder of sleep where genetic risk loci
were identified by means of genome-wide association studies (GWAS). Common variants
per definition with a minor allele frequency (MAF) of ≥ 5% in the population usually have a
low effect size and convey only a mild risk to develop the disease. Generally, the molecular
mechanism and function behind low-effect-size common genetic variants identified in
complex genetic diseases provide a formidable challenge. The strongest RLS association
signal identified delineates a 32-kb linkage disequilibrium (LD) block in intron 8 of MEIS1
(2p14) [3–5] MEIS1 is a transcription factor and belongs to the family of highly conserved
TALE homeobox genes and interacts with PBX and HOX proteins to increase the affinity
and specificity of HOX proteins [6] as well as CREB1 [2] in DNA binding. In Xenopus
laevis, MEIS1 is involved in neural crest development [3]. Murine MEIS1 is essential for
proximal-distal limb patterning [4] and plays a role in the Hox transcriptional regulatory
network that specifies spinal motor neuron pool identity and connectivity [5]. In the CNS of
the adult mouse, it is known to be expressed in cerebellar granule cells, the forebrain and the
substantia nigra. While MEIS1 was initially identified in the context of acute myeloid
leukemia [6], in recent years, a role in murine heart development has also been recognized
[7] and SNPs in intron 8 (but in weak LD with the known RLS SNPs) play a role in
determining atrioventricular conduction velocity as reflected by the length of the PR interval
of the electrocardiogram in both Europeans and African Americans [8, 9].
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The identified RLS locus in MEIS1 contains a large number of highly conserved noncoding
regions (HCNRs) potentially functioning as cis-regulatory modules. Analyses of these
HCNRs for allele-dependent enhancer activity in zebrafish and mice found that the risk
allele of the lead SNP reduces it’s enhancer activity in the MEIS1 expression domain of the
murine embryonic ganglionic eminences (GE). CREB1 binds to this enhancer and the
identified RLS-SNP affects its binding in vitro. In addition, MEIS1 target genes suggest a
role in the specification of neuronal progenitors in the GE. Thus, in vivo and in vitro
analysis of a common SNP with small effect size showed allele-dependent function in the
prospective basal ganglia representing the first neurodevelopmental region implicated in
RLS. In addition, several rare non-synonymous variants in MEIS1 have been identified in
RLS patients. However, coding variants in MEIS1 are very rare in general, possibly owing to
the fact that MEIS1 represents one of the most highly conserved genes in the human
genome. MEIS1 p.R272H has been identified in more than one RLS proband but also in
controls [10]. Its location within the first amino acid of the homeobox domain could fuel
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discussion about a possible disruption of DNA binding. The pathogeneicity has been
demonstrated in a large scale sequencing approach in RLS patients and controls followed by
an in vivo complementation assay in the zebrafish [11]. Meis1−/− mice develop ocular and
vascular defects, fail to produce megakaryocytes and display extensive hemorrhaging. They
also die by embryonic day 14.5 [12]. Therefore, heterozygous Meis1-deficient mice have
been investigated on a behavioral level and exhibit hyperactivity, resembling the RLS
phenotype [13]. A second, independent association signal is located in an intergenic region
approximately 1.3 Mb downstream of MEIS1 and potentially possesses long-range
regulatory function with MEIS1 and ETAA1 as potential target genes [1, 14].
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Furthermore, functional studies found a significant decrease in MEIS1 mRNA and protein
expression in lymphoblastoid cell lines and brain tissue (pons and thalamus) from
homozygous carriers of the risk haplotype when compared to homozygous carriers of the
non-risk haplotype [15]. In a second study, knock-down of the [16] Meis1 orthologue unc-62
by RNA interference in Caenorhabditis elegans was related to increased ferritin expression
and an extended lifespan. Samples from the thalamus but not the pons of RLS patients
homozygous for the MEIS1 risk haplotype (n=9) compared to RLS patients carrying the
protective haplotype (n=7),showed increased ferritin light and heavy chain as well as
divalent metal transporter 1 (DMT1) mRNA and protein expression.. The authors argue that
these data are in support of a disruption of physiological iron transport into the brain and—
in conjunction with the also observed decrease of MEIS1 expression in in vitro cell models
of iron deprivation—provide a functional link between the RLS gene, MEIS1 and the iron
metabolism, which is believed to play a role in RLS pathogenesis [16].
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Two different, but complementary approaches to studying the genetics of RLS in animals,
forward and reverse genetic analysis, are presented here. In the case of forward genetics,
investigators first examine the phenotypes and then search for the genes involved.
Alternatively, reverse genetics starts with gene modifications, transgenic, knockout, etc., and
then proceeds to the study of related phenotypes.

3.0 Impact of Btbd9 modification on RLS-like phenotypes in mice

Author Manuscript

Recently, two independent genome-wide association studies linked single nucleotide
polymorphisms (SNPs) in four genes to increased risk for having RLS. The genes identified
were MEIS1, MAP2K5, PTPRD, and BTBD9 [14, 17]. As SNPs in BTBD9 were found to
carry an increased susceptibility to RLS in both studies, it made for an excellent gene to
study RLS-like phenotypes in mice. The function of BTBD9 has not been elucidated, but has
been suggested to be involved in iron homeostasis and protein ubiquitination. BTBD9 is
expressed almost ubiquitously during development and adulthood. To advance the
understanding of the function of BTBD9 and its potential role in RLS, a line of Btbd9 (the
mouse homolog of human BTBD9) knockout (KO) mice was generated. The direct
application of standard diagnostic crtieria for RLS all involve a report of a sensory event, i.e.
an urge to move the legs {Allen, 2014 #3894}. These cannot be evaluated, in mice. Instead
the Btbd9 mutant mice were thoroughly evaluated for similar, relevant phenotypes [20]. The
test battery employed measured activity levels, sensory perception, sleep architecture, the
dopaminergic system, and iron metabolism.
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Activity levels were measured by two different tests. The first test, open field test, measures
total spontaneous locomotor activity. The Btbd9 KO mice had increased locomotor activity
compared to wild type (WT) mice. The other test used was the wheel running experiment. It
uses a standard size home cage for a mouse that is equipped with a wheel with a sensor
attached to a computer. The Btbd9 KO mice had a significant increase in activity compared
to WT mice. Furthermore, there was no significant alteration in any of the circadian
parameters of the Btbd9 KO mice.
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Next, alterations in perception to a warm stimuli were analyzed using the tail flick test. The
Btbd9 mutant mice have no sensory deficit during the middle of the night (the active phase),
but have a sensory deficit during the middle of the day (the rest phase). Furthermore, mice
were injected with 0.1 mg/kg of ropinirole. Ropinirole is a D2 dopamine receptor-like
agonist with FDA approval for the treatment of RLS patients. Following this injection, there
was no statistical difference between the Btbd9 KO mice and WT mice for warm stimuli
sensations..
Additionally, sleep architecture was measured for the mutant mice using polysomnography
(PSG). The uncontrollable urge to move often leads RLS patients to wake up during sleep in
order to move around, thereby causing fragmentation of sleep. To analyze sleep architecture
in free-moving mice, the mice were implanted with a wireless telemetry system (Data
Sciences International). The Btbd9 KO mice had decreased sleep time and increased wake
time, but no change in the amount of rapid-eye movement (REM) sleep during the rest
phase.
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Next, dopamine and other monoamine levels were measured in the striatum of the brain.
There was no gross alteration in total dopamine or serotonin in the striatum of the brain, but
there was alteration in 5-HIAA, a metabolite of serotonin, in the Btbd9 KO mice compared
to WT mice. In a group of RLS patients, there is a significant decrease of CSF 5-HIAA
compared to controls [21]. Additionally, there was a preferential increase in circling
behavior in the counterclockwise direction in the Btbd9 KO mice compared to WT mice.
Preferential changes in circling behavior have previously been linked to alterations in the
dopaminergic system primarily in the striatum [22, 23].
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Iron-deficiency anemia is a commonly reported symptom in RLS patients [24]. Using a
colorimetric assay, total iron levels were measured in the serum of the Btbd9 KO mice and
WT mice. Interestingly, the Btbd9 KO mice had elevated levels of iron in the serum. While
this result is opposite of expected, not all RLS patients have iron alterations [25] and there is
a subpopulation of RLS patients that have iron hemochromatosis, also known as iron
overload [26, 27].
Taken together, these results suggest that the loss of Btbd9 in mice results in behavioral and
iron abnormalities that have particular relevance to RLS, including locomotor activity,
sensory functioning, and levels of monoamine and iron. Moreover, these results taken
together suggest that BTBD9 is involved in iron metabolism and RLS.
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4.0 The role of Btbd9 in iron regulation in Drosophila
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The genetic toolbox, short lifespan, and roust sleep behavior of Drosophila make it an ideal
research model for investigating the complexity of sleep disruptive disorders, including RLS
[28]. Flies have a single BTBD9 homolog (the gene CG1826) that is 53.6% identical to the
human protein [29]. The work by Freeman et al. [30, 31] has done much to investigate the
relationship of BTBD9 and iron regulation using the Drosophila model, from which we’ll
highlight their findings. The putative 3D structure of CG1826 conforms to a family of
proteins that bind with Cullin-3 (e.g. CG1826 contains a canonical 3-box) further
establishing this as a bona fide BTBD9 homolog. This is supported by the observation that
Drosophila BTBD9 also binds to Cullin-3 in vivo. Flies that are deleted in Btbd9 are
completely viable with a mildly shortened lifespan, but demonstrate reasonable phenotypes
of RLS viz., increased locomotor activity, significant sleep fragmentation and
responsiveness to dopamine agonists such as Pramipexole. Btbd9 in flies is widely
expressed. However, add-back of wild type Btbd9 exclusively in the nervous system in a
Btbd9 null animal restored sleep architecture to wild type status, suggesting a nervous
system specific role for BTBD9 in sleep regulation.
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Given the clinical correlation of RLS with iron handling and/or storage further investigation
was made exploring the role for BTBD9 in iron storage and uptake. These experiments used
mammalian HEK cell lines, which have been used previously to examine iron metabolism.
Ferritin expression was used as a marker for measuring the status of iron storage in these
cells. As expected, increased extracellular iron (through administration of FAC) caused an
elevation in cellular Ferritin. By contrast, Btbd9 knockdown prevented this iron overload
induced increase in Ferritin expression (stabilization by IRP2). Consistent with this
observation, forced expression of Btrbd9 led to elevated Ferritin even in the presence of the
iron chelator DFO. This suggested that BTBD9 is necessary and sufficient for the cell’s
regulation of response to changes in iron. Additionally, this effect of BTBD9 on Ferritin
expression (and thus, iron storage) was mediated through IRP2 (Iron-regulatory protein 2) –
a protein that has been mechanistically linked to Ferritin mRNA stabilization [33, 34].
Consistent with this model, increased BTBD9 led to a decrease in cellular IRP2 levels.
Finally, we measured free iron in flies that were mutated for Btbd9. Similar to observation in
Btbdf9 mutant mice, we found that iron levels were reduced in mutants as compared to
controls, while levels of Mn, Cu and Zn were unchanged [31, 35]. Taken together, these
results strongly suggest a role for BTBD9 in the regulation of sleep architecture through
specific iron regulatory functions in the nervous system, most likely limited to DA neurons.
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5.0 Forward genetics analysis identifies a mouse strain that mimics many
RLS-related phenotypes
RLS has both a well-documented biological phenotype of reduced brain iron particularly in
the substantia nigra despite normal peripheral iron [35–38]. It also has a primary
environmental factor of reduced peripheral iron related both to severity of RLS [39], and
when severe with increased RLS prevalence [42] that can be corrected by reversing the iron
deficiency [40]. One approach to establishing an animal model of RLS other than disrupting
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known genes would be to find an inbred mouse strain whose genetics produce the biological
findings of RLS when exposed to the primary environmental factor, i.e. iron deprivation.
This strain could then be examined for similarity to other behavioral and biological
phenotypes of RLS. If the strain demonstrates the behavioral phenotypes of RLS then it can
be evaluated for response to RLS treatments and if appropriately responsive may serve as a
model for screening new medications. One of the major stumbling blocks in this chain is
defining the behavioral phenotypes. RLS as a sensory disorder produce a behavior of an
inability to stay at rest that is worse in the evening and night. The animal model can match
these RLS behavioral phenotypes by showing increased activity or more significantly
decreased rest time during the last part of active cycle. This approach has been taken over
the past several years by the RLS research group at Johns Hopkins and Penn State
University, mostly by Drs. Erica Unger and Byron Jones. The following summarizes this
approach as another promising method for establishing an animal model of RLS.
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Establishing an inbred murine strain with brain iron biology phenotype of RLS:
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The BXD 40 recombinant murine strains were selected because previous work showed that
among a panel of 22 BXD recombinant inbred strains, following being fed an iron deficient
diet, this strain showed the greatest loss of iron in the ventral midbrain while showing
minimal effect on hemoglobin. Twenty-two of the BXD strains and the 2 progenitor strains
were evaluated for brain iron after 100 days post-weaning on an iron deficient diet
containing 3–5 ppm iron compared to same strain controls on a normal diet of 240 ppm iron.
The iron levels were evaluated for the ventral mid-brain (VMB) containing the substantia
nigra for both ID and controls. The VMB iron concentrations for controls varied by about
25% over the strains while the difference between control and ID for each strain varied
between 0 and 35% [41]. Moreover there was no correlation between the ID effects on VMB
and hemoglobin or other peripheral measures of iron (data from a prior study [42] (see
Figure 1). One mouse strain (strain 40 females) showed the biological phenotype of response
to iron deficiency producing reduced VMB iron with minimal change in hemoglobin.
5.1 Evaluating behavioral phenotypes of BXD40 females
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Dr. Erica Unger (personal communication) has completed an analysis of the 24-hour activity
levels of the BXD 40 compared to 5 other BXD strains, all females. The BXD 40 mice
showed with dietary iron deficiency (ID) increased activity in the last part of the active cycle
and the first part of rest cycle. No other strain showed this circadian change in behavior. The
increased activity and decreased rest time in the last 2 hours of the active period both
differed significantly for the ID compared to normal diet, but there was no similar difference
for the rest period. Thus the BXD40 strain showed the two features of the behavioral
phenotypes of RLS: decreased resting and critical circadian times.
5.2 Evaluating RLS medication response of BXD40 females
Preliminary data from Dr. Unger (personal communication) showed that treating the BXD40
females with either levodopa 25 mg or quinpirole 12 mg given at 3 hours before the end of
the active cycle significantly reversed the lower rest time and decreased the increased
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activity produced by the ID diet. The effect lasted for about 2–3 hours covering the circadian
time of the ID induced behavior phenotype of RLS.
5.3 Conclusions
A genetic animal model chosen for matching the brain iron biological phenotype of RLS
also showed both the full behavioral RLS phenotype and also the expected response to the
medications treating RLS. It should be noted that the strain was selected without any
consideration of the dopamine system or any alteration of genetics. This provides a
genetically determine animal model of RLS (BXD40 females) selected for brain and
peripheral iron regulation matching RLS that also shows both the behavioral phenotype of
RLS and the expected response to dopaminergic treatment.

6.0 The PLMS motor sign of RLS in animal models of RLS?
Author Manuscript
Author Manuscript
Author Manuscript

Four main strategies to mimic the RLS syndrome have been tested: 1) pharmacological
(anti-dopaminergic) [43]; 2) lesion (spinal or cerebral-A11 region) [44, 45]; 3) genetic [13];
4) iron deficiency [46, 47]. A limitation in these trials is the absence of specific objective
markers to recognize an experimental RLS phenotype [48]. Among the possible outcome
measures usually considered by the authors, the following are the most targeted: locomotor
activity (open field or wheel running activity) [49]; sleep (disruption/fragmentation) [46];
spinal pain reflex [17]. But a significant increase in locomotor activity in human RLS has
not been demonstrated, and insomnia might be documented for the majority but not for all
RLS patients. A consensus agreement on the choice of the endpoints/outcome measures to
validate a RLS behavior in animals is an important step that needs to be taken to produce
trustable results. Beside insomnia, periodic limb movements (PLM) in sleep represent the
only objective marker in human RLS. However, PLM are highly sensitive for RLS but much
less specific, occurring up to 30% of adult general population [49]. However, PLM may
anticipate RLS, and the correlation between specific polymorphisms is higher with PLM
than with RLS [17]. Moreover, PLM are highly sensitive to dopamine-agonists, thus very
suitable for rescue experiments [50]. Nevertheless, few steps are necessary before PLM can
be routinely integrated in animal experiments. First, there are no present standard procedures
to record limb movements (LMs) in animals, no scoring rules to recognize and quantify
them, and overall no information on physiological limb movement activity during sleep in
normal animals. Recently, Silvani et al. validated a technique to record tibialis anterior
muscles activity during sleep and wake, in a polysomnographic context, in freely moving
rats and mice (figure 1) [51]. Further, the same authors elaborated a computerized algorithm
to identify automatically LMs, which accelerated significantly their computation. Finally,
they proposed and validated new visual scoring rules for LMs. This allowed the authors to
depict the physiological time structure of the EMG events and compared it to that of humans
[52]. Rodents produced significantly more LMs during NREM sleep and more bilateral than
unilateral LMs than humans. However, since a significant part of animal LMs occurred in
only one limb, it is recommend to record both tibialis anterior muscles also in animals. The
mean duration of LMs was similar, around 1 s in rodents and 2 s in humans. The resulted
time structure of physiological EMG activity during NREM sleep in mice, rats and humans
was very similar, with a single mode distribution of the time intervals between LMs peaking
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between 2 and 4 s and extending up to 10 s. This means that in healthy animals and in
normal young humans the peak located around 20 s. In both animals and humans LMs
separated by an inter-movement interval lower than 10 s occur in short sequences of 2 and 3
events, with a tendency for longer sequences in mice. The above described EMG pattern was
stable across the same night. These results paved the way to a future routine implementation
of the tibialis anterior activity during sleep among the other outcome measures in
experimental genetic mouse models and pharmacological/lesion rat models of RLS.

8.0 Conclusions
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Animal models of complex diseases such as RLS are often met with skepticism as to how
faithfully they capture the human correlate. Progress is often slow and knowledge accrues
iteratively from complementary lines of inquiry and different methodologies before
converging upon a more comprehensive picture that ultimately leads to diagnostic and
treatment advances. In this review, we show how animal models derived largely from our
appreciation of the principal components of the disease phenotype and human genetics, have
contributed to the understanding of bio-behavioral complexity and pharmacological and
molecular basis of RLS. Also, the genetic-based mechanisms appear to be remarkably
conserved amongst species. In fact, a genetic homolog to MEIS1 found in nematodes has
been shown to regulate ferritin [53]. Finally, animal models using genetic reference
populations can serve as the material for examination of genes and biochemical pathways
identified by epidemiological and especially GWAS. Indeed, Ermann and Glimcher [54]
made such a proposal in their article, “After GWAS, Mice to the Rescue? Recall from above
that Winkelmann and colleagues [14} and Steffanson and colleagues [17] identified BTBD9
as one of several candidate genes related to RLS and periodic limb movements. In their
study of iron regulation in the ventral midbrain of recombinant inbred mice, Jones and
colleagues [55], identified Btbd9 as candidate for the regulation of iron in this tissue. Li and
colleagues then followed up to show how manipulation of this gene in mice could replicate
several of the RLS-like phenotypes [20].

9.0 Future work
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The animal model research described here has focused on the biobehavioral and underlying
genetic features of RLS. While the discussion featured the genes, MEIS1 and BTBD9,
several other genes, including MAP2K5 and PTPRD have also been linked to RLS. As
human genetic studies progress, it is likely that more genes will be identified as well as
additional pathophysiological pathways. It is therefore likely that we will observe hitherto
unobserved RLS-related behaviors. Advanced genetic studies in humans will reveal gene
networks that can be studied for mechanisms in animals, showing that there is still much
work to be done and that the value of model organisms will be integral to that effort.
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Highlights
•

Animal models of RLS varying by species and complexity are presented

•

Forward and reverse genetic models are described and compared

•

Animal models in genetic reference populations complement human GWAS
studies.
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Figure 1.

(provided by Dr. Byron Jones). The Z scores represent the difference between ID and
controls presented here for 18 murine strains
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Figure 2.

A brief series of bilateral pseudoperiodic limb movements during NREM sleep in a healthy
rat recorded by intramuscular electrodes in both tibialis anterior in a polysomnographic
context. Lac: locomotor activity, LTA and RTA: left and right tibialis anterior.
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