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Restless legs syndrome is a neurological disorder characterized by an urgency to move the legs during periods of rest. Data from a

variety of sources provide a compelling argument that the amount of iron in the brain is lower in individuals with restless legs

syndrome compared with neurologically normal individuals. Moreover, a significant percentage of patients with restless legs syn-

drome are responsive to intravenous iron therapy. The mechanism underlying the decreased iron concentrations in restless legs

syndrome brains is unknown. We hypothesize that the source of the brain iron deficit is at the blood–brain interface. Thus we

analysed the expression of iron management proteins in the epithelial cells of the choroid plexus and the brain microvasculature in

post-mortem tissues. The choroid plexus, obtained at autopsy, from 18 neurologically normal controls and 14 individuals who had

primary restless legs syndrome was subjected to histochemical staining for iron and immunostaining for iron management proteins.

Iron and heavy chain ferritin staining was reduced in the epithelial cells of choroid plexus in restless legs syndrome. Divalent metal

transporter, ferroportin, transferrin and its receptor were upregulated in the choroid plexus in restless legs syndrome. Microvessels

were isolated from the motor cortex of 11 restless legs syndrome and 14 control brains obtained at autopsy and quantitative

immunoblot analyses was performed. Expression of heavy chain ferritin, transferrin and its receptor in the microvessels from restless

legs syndrome was significantly decreased compared with the controls but divalent metal protein 1, ferroportin, prohepcidin,

mitochondrial ferritin and light-chain ferritin remained unchanged. The presence of an iron regulatory protein was demonstrated

in the brain microvasculature and the activity of this protein is decreased in restless legs syndrome; a finding similar to our earlier

report in neuromelanin cells from the substantia nigra of restless legs syndrome brains. This study reveals that there are alterations in

the iron management protein profile in restless legs syndrome compared with controls at the site of blood–brain interface suggesting

fundamental differences in brain iron acquisition in individuals with restless legs syndrome. Furthermore, the decrease in transferrin

receptor expression in the microvasculature in the presence of relative brain iron deficiency reported in restless legs syndrome brains

may underlie the problems associated with brain iron acquisition in restless legs syndrome. The consistent finding of loss of iron

regulatory protein activity in restless legs syndrome brain tissue further implicates this protein as a factor in the underlying cause of

the iron deficiency in the restless legs syndrome brain. The data herein provide evidence for regulation of iron uptake and storage

within brain microvessels that challenge the existing paradigm that the blood–brain barrier is merely a transport system.
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Introduction
Restless legs syndrome (RLS) is a sensory disorder characterized by

an irresistible urge to move the legs. The symptoms have a strong

circadian component, worsening at night (Trenkwalder et al.,

1999). Clinical studies have focused on treatment of the symp-

toms primarily with dopaminergic agents (Allen, 2004) but data

from a number of studies are converging to implicate insufficient

brain iron status as a, if not the, key component of the disease

aetiology (Allen et al., 2001; Schmidauer et al., 2005; Earley et al.,

2006). As early as 1953, iron deficiency was suggested as a con-

tributing factor in RLS (Nordlander, 1953). Since then, a growing

body of biological evidence, such as a negative correlation be-

tween serum ferritin levels and symptoms, changes in iron man-

agement proteins in the CSF (Clardy et al., 2006a), and

neuroimaging (Allen et al., 2001; Earley et al., 2006) and ultra-

sound data (Schmidauer et al., 2005; Godau et al., 2007, 2008,

2009) has strengthened the argument for insufficient brain iron

status in RLS (Earley et al., 2000a, 2004; Connor et al., 2003,

2004; Allen, 2004; Wang et al., 2004). In the CSF, ferritin is

decreased in patients with RLS relative to controls and transferrin

is elevated; again a profile consistent with iron deficiency (Mizuno

et al., 2005; Clardy et al., 2006a). In addition, prohepcidin, a

prohormone responsible for regulating cellular iron efflux is

decreased in CSF from patients with RLS compared with controls

(Clardy et al., 2006b), which would be consistent with a loss of

brain iron. Moreover, autopsy-based studies have revealed less

ferritin for iron storage in neuromelanin cells in patients with

RLS compared with controls; this observation is consistent with

relative cellular iron deficiency (Connor et al., 2003).

The brain, however, exists behind a barrier and brain iron ac-

quisition is via a transcytotic mechanism through endothelial cells

(Fishman et al., 1987; Burdo and Connor, 2003). Therefore, the

present set of studies were undertaken to determine if the de-

crease in brain iron in RLS could be associated with alterations

in the mechanism associated with brain iron acquisition.

Although, brain iron uptake could not be directly studied in our

human population, animal studies have informed us that brain iron

uptake is a continuous and dynamic process (Dickinson et al.,

1996; Malecki et al., 1999). Although, the existing paradigm

holds that brain iron concentrations are static, there is recent evi-

dence that reveals that brain iron concentrations are much more

dynamic. For example, the ventral midbrain (including, of rele-

vance to RLS, the substantia nigra) has a diurnal variation and

profiles of brain iron management proteins can change in response

to brain iron status (Bianco et al., 2009). Thus we hypothesized

that there would be differences in iron management protein pro-

files in the microvasculature and choroid plexus in RLS and control

brains.

Materials and methods

Patient characteristics
Choroid plexuses were obtained at autopsy from the brains of 14

patients selected from a collection maintained by the RLS

Foundation. The clinical RLS diagnosis was confirmed by a RLS

expert board certified in sleep medicine who reviewed a detailed diag-

nostic questionnaire previously completed by the individuals with RLS.

The accepted patients met the diagnostic criteria established by the

National Institutes of Health consensus workshop on RLS (Allen et al.,

2003), had no evidence for any contributing secondary causes of RLS

and expressed the early-onset phenotype of RLS (symptoms starting

before age 45) (Allen and Earley, 2000). These criteria were selected

to reduce variance of disease expression noting evidence for different

pathologies related to age-of-onset phenotype (Earley et al., 2006).

No other phenotypic data are available on these patients, including

serum ferritin levels. The range of age at time of death of the patients

with RLS was 53–91 years and all were female except one male. Of

the 14 RLS brains used in this study, seven of them had earlier been

shown to have altered iron management proteins in a separate study

(Connor et al., 2003). The average post-mortem interval was 17 h in

the RLS group (range 4–33 h).

The control group consisted of the choroid plexus from 18 individ-

uals (15 females and three males). All control subjects lacked any

significant neurological history at the time of death and ranged in

age from 49–89 years. None of these brains had been used in our

earlier studies and all were obtained from the Harvard Brain Bank. The

average post-mortem interval was 15 h with a range of 5–28 h. All

choroid plexus tissues were fixed in a 10% formalin solution.

Histochemical staining for iron
Perl’s staining for iron was performed using a protocol described earlier

(McManus, 1960). The reaction product was intensified using 0.05%

3,3-diaminobenzidine tetrahydrochloride solution in 0.1 M phosphate

buffer (pH 7.4) for 15 min (Nguyen-Legros et al., 1980).

Immunohistochemical staining for
iron-related proteins
Immunochemistry was performed on 15mm thick paraffin sections

of choroid plexus. The sections were first deparaffinized with a

xylene and ethanol series. Antigen retrieval was carried out by boiling

the tissues in citrate buffer for 10 min. Non-specific tissue peroxidase

activity was suppressed by incubating the sections in a solution of

methanol plus hydrogen peroxide (10:1), followed by incubation in

10% normal serum for 1 h. The tissue was then incubated overnight

with antibodies to divalent metal transporter (DMT) 1

(QBC, Hopkinton, MA, USA; 1:1000), ferroportin (Alpha diagnostics,

1:200), heavy chain ferritin, light chain ferritin and mitochondrial

ferritin (a gift from Dr Arosio; 1:1000, 1:500 and 1:200), transferrin

(BMC, Indianapolis, IN, USA; 1:2000) and transferrin receptor

(Zymed, 1:500). The sections were then washed in three changes of

phosphate buffered saline and incubated for 1 h at room temperature

in a 1:200 dilution of biotinylated IgG secondary antibodies (Vectastain

Elite ABC Kit). This was followed by three buffer rinses to remove

unbound secondary antibody. The sections were then incubated

for 1 h at room temperature with an avidin-biotinylated horseradish

peroxidase complex. The reaction was visualized by treatment

for 10 min in 0.05% 3,3-diaminobenzidine tetrahydrochloride solution

containing 0.05% hydrogen peroxide and 0.2% nickel chloride.

The colour reaction was stopped with several washes of Tris buffer.

Control sections were incubated with phosphate buffered saline

instead of primary antibody; these sections were devoid of

immunostaining.
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Two investigators who were blinded to the patient’s characteristics

examined the slides of iron and immunocytochemical staining inde-

pendently. Each section was rated as a score from 0 to + + + +

based on the staining intensity of the epithelial cells. A score of 0

represents no staining and a score of + + + + represents where the

cytoplasm of all cells is completely filled with a robust immunoreaction

product. A score of + was given if the staining was light and present

in only some of the epithelial cells. A score of + + was given if the

staining product was evenly present in all of the epithelial cells but the

intensity was light. The score of + + + was assigned to sections with

even staining but the reaction product could not be considered robust.

There is no significant difference between the scores of the two in-

vestigators according to the Mann–Whitney U-test.

Isolation of microvessels from frozen
cortical tissues
Post-mortem cortical tissues were obtained from the brains of 11 pa-

tients with RLS selected from a collection from Harvard Brain Bank

maintained by the RLS Foundation. Patient characteristics were the

same as those described above. All subjects were female. Cortical tis-

sues were also obtained from 14 control females. The control subjects

had no significant neurological history at the time of death. Their age

ranged from 58–87 years. All the cortical tissues obtained from

Harvard Brain Bank were frozen at �70�C.

Microvessels were isolated from frozen brain tissue according to

Pardridge et al. (1987) with minor modifications and Buffers A and

B required for the process were prepared as described in Pardridge

et al. (1987). Briefly, the brain tissues were thawed on ice and their

weights were noted. The brain tissues were then rinsed in Buffer B,

minced and homogenized with 13 up and down strokes in Buffer A

with a dounce homogenizer. Then to the homogenate an equal

volume of 26% dextran (to yield 13% dextran) was added, mixed

thoroughly and centrifuged at 5800g for 10 min at 4�C. The super-

natant was removed and Buffer A (2 ml) was added to the pellet and

sieved through a 180mm pore size mesh placed on a beaker. The

filtrate was collected and sieved through a 53 mm pore size mesh.

The microvessels on the mesh were collected by washing the mesh

in a petri dish with Buffer A and then spun at 50g for 5 min at 4�C.

The supernatant was removed and microvessels pellet was washed

twice with Buffer B. Microvessels were then passed through a percoll

density gradient ranging from 10–50%, under centrifugation for 1 h at

4�C at 27 000g. Microvessels collected from the interphase were then

washed twice with Buffer B and the purity of the microvessel prepar-

ations routinely monitored by phase-contrast microscopy. Finally,

microvessels were stored in Buffer B (with protease inhibitor cocktail)

in two aliquots at �70�C.

Protein isolation and immunoblots
The brain microvessels isolated from RLS and control brains, were

incubated in Stuart’s protein extraction buffer for 30 min on ice. The

Stuart’s extraction buffer consisted of 100 mM NaCl, 1% Triton

X-100, 0.5% sodium deoxycholic acid, 0.2% sodium dodecyl sulphate,

2 mM EDTA, 10 mM Hepes (pH 7.5) and 1 mM sodium orthovana-

date. A microtip (Branson Sonifier 250, Branson Inc., Danbury, CT,

USA) on pulse mode was used to produce homogenates. These

were centrifuged at 4�C and 4000g for 5 min, sonicated for 30 s and

then centrifuged at 4000g for 5 min at 4�C. The protein levels in the

microvessel lysates were determined using the Pierce Micro BCATM

assay.

Immunoblot analysis was performed using the Schleicher and

Schuell� Minifold� II apparatus (Keene, NH, USA) with a nitrocellulose

membrane as described previously (Connor et al., 2004). The antibo-

dies were constituted in 5% non-fat dried milk in Tris buffered saline–

Tween. Data from all the blots were normalized using the pooled

microvessel lysate on each blot. Each sample was applied at a concen-

tration of 1 mg/500 ml/well. Antibodies used for these assays were

H-ferritin monoclonal from Dr P. Arosio, L-ferritin from Santacruz

Biotechnology, CA, USA, Tf from EY laboratories Inc., CA, USA, trans-

ferrin receptor monoclonal from Zymed, CA, USA, ferroportin, prohep-

cidin from ADI, TX and DMT1 polyclonal from Dr David Haile. To

quantitate the protein, blots were scanned and analysed in the Fuji

Film System.

Real-time polymerase chain reaction
Total RNA was isolated from human microvessels isolated from

fresh brain cortical tissues using TRIzol� reagent (Invitrogen, CA,

USA). Complementary DNA template was generated from

200 ng RNA using the Omniscript� Reverse Transcription kit

(Qiagen, CA, USA) according to the manufacturer’s protocol.

A sample of complementary DNA template was then diluted (1:2

ratio) and TaqMan� Universal polymerase chain reaction master mix

(Applied Biosystems, CA, USA) was added along with a set of forward

and reverse primers for transferring transferrin receptor, Ferroportin or

iron regulatory protein 1 and 18S (as internal control) (TaqMan

Primers, Applied Biosystems, CA, USA) as per the manufacturer’s in-

structions. The reaction plate was placed in Applied Biosystems 7300

Real Time Polymerase Chain Reaction System and programmed for the

real-time polymerase chain reaction. Data were analysed using se-

quence detection system 1.9.1 software.

Total iron regulatory protein binding
activity assay
We determined the total iron regulatory protein activity in the micro-

vessel lysates using an electrophoretic mobility shift assay. A synthetic

RNA transcript containing the iron regulatory element was generated

from the oligonucleotide template 50-ttatgctgagtgatatccctctcctaggac

gaagttgtcacgaacctgcctagg-30 with T7 polymerase in the presence of

[32P] cytidine triphosphate. Binding reactions were carried out as

described previously (Leibold and Munro, 1988) with minor modifica-

tions. Briefly, 2.5 mg of protein was incubated with the synthetic

radiolabelled iron responsive element probe after treating with 2%

b-mercaptoethanol. After a 30 min incubation of the sample with

the radiolabelled probe, the RNA–protein complexes were separated

on a 4% native polyacrylamide gel and visualized in the FLA 7000 Fuji

phosphoimaging system. The image obtained was then analysed with

Multigauge software.

Statistical analysis
The scores on Perl staining and immunohistochemistry for iron-related

proteins in the choroid plexus were analysed with non-parametric

Mann–Whitney U-test. The data on the iron protein profile in the

brain microvasculature were analysed using unpaired t-tests with

Graph Pad Prism software.
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Results

Choroid plexus: Perl staining for iron
In control sections of choroid plexus (Fig. 1A), the majority of iron

was present in the epithelial cells. In the sections from individuals

with RLS (Fig. 1B), iron was evenly distributed in the epithelial cells

but the staining intensity was dramatically decreased compared

with control.

Immunohistochemical staining for
iron-related proteins
Heavy-chain ferritin (Fig. 1C and D), mitochondrial ferritin (Fig. 1E

and F) and light-chain ferritin (Fig. 1G and H), were all detected in

the choroid plexus epithelial cells in both control and subjects with

RLS. Heavy–chain ferritin immunostaining was less intense in the

RLS tissue compared with control, whereas mitochondrial ferritin

immunostaining was greater in RLS than control. No detectable

Figure 1 Representative micrographs from the human choroids plexus comparing control tissues (left) to restless leg syndrome tissues

(centre). The right panel presents the graph and statistical significance of the differences in staining between control and RLS tissues.

Micrographs (A and B) represent iron staining in the choroid plexus of control and RLS. The iron product is brown in this diaminobenzidene

enhanced Perl’s staining. In the control tissue (A), the brown iron product is clearly present in the epithelial cells of the choroid plexus. The

iron product is also present in the stroma, but it is much less than that in the epithelial cells. In the RLS tissue (B), iron is evenly distributed in

both epithelial and stroma. The staining intensity in the epithelial cells is much lighter compared with the control tissue (***P50.001).

Micrographs (C and D) represent heavy chain ferritin staining in the choroid plexus of control and RLS. The immunoproduct is grey to

black. In the control section (C), the black immunoreaction product is located mainly in the cytoplasm of the epithelial cells but staining is

also visible in the stroma. In the RLS section (D), there is significantly less (***P5 0.001) heavy chain ferritin in the cytoplasm of the

epithelial cells, as well as the stroma. The immunostaining pattern and intensity for light chain ferritin were not different between control

(G) and RLS sections (H) in either epithelial cells or stroma. Mitochondrial ferritin staining in the control tissue (E) is evenly distributed in

both epithelial cells and stroma. In the RLS tissue (F), there is a dramatic increase in mitochondrial ferritin (***P50.001) in epithelial cells

of RLS compared with the control sections. H-ferritin = heavy-chain ferritin; L-ferritin = light-chain ferritin.
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differences in immunostaining were apparent for light-chain fer-

ritin between the two groups.

Both transferrin and transferrin receptor expression were found

in the epithelial cells of the choroid plexus. Transferrin receptor

expression appeared consistently upregulated in the epithelial cells

of choroid plexus in RLS (Fig. 2B) compared with the control sec-

tions (Fig. 2A). A consistent pattern of increased staining was also

apparent for transferrin in RLS (Fig. 2C) compared with the control

sections (Fig. 2D).

DMT1 was expressed in the epithelial cells of the choroid plexus

(Fig. 2E and F). In control sections, DMT1 immunoproduct could

be detected but the intensity of the reaction was consistently

higher in RLS tissue.

Ferroportin was detected in choroid plexus but was difficult to

detect in a number of the control samples (Fig. 2G), whereas in RLS

brains, the expression of ferroportin was consistently strong (Fig. 2H).

Brain microvasculature

Immunoblot analyses for iron-related proteins

The iron-management protein levels were determined in the

microvasculature of RLS and control autopsy brain tissues.

Figure 2 Representative micrographs from the human choroid plexus comparing control (left) to RLS tissues (centre). The right panel

presents the graph and statistical significance of the differences in staining between control and RLS tissues. (A and B) The immunor-

eaction product for transferrin receptor is present in the cytoplasm of the epithelial cells in controls (A) and RLS choroid plexus (B). The

immunoreaction product is considerably stronger in the RLS tissue (B) than that in the control (A). (C and D) DMT1 is present in the

epithelial cells of the choroid plexus. In the RLS choroid plexus (C), DMT 1 was significantly more (***P50.001) than that in the control

(D) epithelial cells. (E and F) Transferrin staining was present in both the control tissue (E) and the RLS tissue (F) in the epithelial cells. There

was an increase in the staining intensity in RLS (*P50.05) compared with control sections. Ferroportin staining was significantly increased

in the choroid plexus of RLS (G) (***P50.001) compared with the control sections (H). H-ferritin = heavy-chain ferritin; L-ferritin = light-

chain ferritin.
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The two subunits of ferritin were analysed individually. The ex-

pression of heavy-chain ferritin was significantly (P5 0.05)

decreased in the RLS microvasculature compared with the control

(Fig. 3A), while the expression of light chain ferritin was not dif-

ferent between the groups (Fig. 3B). There was no difference in

the expression of mitochondrial ferritin (Fig. 3C) between RLS and

controls. The expression of transferrin receptor was decreased sig-

nificantly in RLS (P5 0.05) compared with the controls (Fig. 3D).

Transferrin levels were also significantly (P50.05) decreased in

RLS (Fig. 3E). The levels of DMT1 (Fig. 3F), the iron transport

protein ferroportin (Fig. 3G) and the iron regulatory hormone

prohepcidin (Fig. 3H) were all similar for RLS and controls.

Figure 3 Quantitative immunoblot assays were performed to determine the relative amounts of the iron-transport proteins in the

microvessels isolated from RLS (n = 11) and control (n = 14) brain autopsies. The horizontal line in the graph represents the median mean

value for each group. Statistical analysis of the data indicates a significant difference between the means of the two groups (control and

RLS) for heavy chain ferritin (A), transferrin receptor (D) and transferrin (E). These three proteins were significantly decreased in the

microvasculature of RLS brains compared with the controls (*P50.05). The relative amounts of light chain ferritin (B), mitochondrial

ferritin (C), DMT1 (F), ferroportin (G) and prohepcidin (H) were similar between the RLS and control groups. H-ferritin = heavy-chain

ferritin; L-ferritin = light-chain ferritin.
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Polymerase chain reaction analysis in human brain
microvasculature

The presence of ferroportin has not been previously reported in

human brain microvasculature. The presence of this protein rep-

resents a previously unreported mechanism for iron to be released

from the blood–brain-barrier therefore real-time polymerase chain

reaction analysis was performed on RNA isolated from fresh aut-

opsy human brain and microvessels of human brain for the mes-

senger RNA to further validate the presence of the protein (Fig.

4A). The messenger RNA for transferrin receptor was used as a

positive control (Fig. 4B). The existing paradigm for iron transport

states that transferrin is taken up by the endothelial cells and

transports iron from the luminal to the abluminal membrane.

We, however, determined that messenger RNA for transferrin

could be detected in human brain microvasculature (Fig. 4C). It

was not possible to isolate the RNA from the frozen brains so no

comparison of RLS and control was possible. In each of the mes-

senger RNA assays, the amount in the microvasculature was com-

pared with an isolate from the cortex. The cortical tissue used

served as a positive control as well as a control for relative

amounts of expression.

Total iron regulatory protein binding activity in restless
legs syndrome and control brain microvasculature

The regulation of transferrin receptors, DMT1 and ferritin is at

the post-transcriptional level by iron regulatory proteins. Given the

current paradigm that iron is simply transcytosed across the blood–

brain barrier, no regulatory mechanism has been put forward for

transferrin receptor expression, an obvious key component of how

iron acquisition by the brain could be regulated. Furthermore, we

have identified previously the iron regulatory proteins as the poten-

tial site for misregulation of transferring receptor expression in RLS

(Connor et al., 2004). Therefore, we performed binding assays for

iron regulatory proteins in the microvasculature. Iron regulatory pro-

tein activity was detected in the microvasculature. Moreover, the

activity was significantly lower in RLS (P50.05) compared with con-

trol (Fig. 5). Because of the novelty and significance of the presence

of iron regulatory proteins in the brain microvasculature, we con-

firmed the presence of iron regulatory protein 1 messenger RNA

(Fig. 4D).

Discussion
The results of this study demonstrate that the patterns of protein

expression for iron management proteins in the choroid plexus

Figure 4 Real-time polymerase analysis of RNA extracted from fresh autopsy human brain microvessels and the cortical tissue revealed

the presence of message for ferroportin (A), transferrin (B), transferrin receptor (C) and iron regulatory protein 1 (D). The cortical tissue is

used as a positive control and to demonstrate the relative amounts of messenger RNA in a cortical sample versus the microvasculature.

Figure 5 Total iron regulatory protein binding activity in the

RLS and control brain microvasculature was analysed using a gel

shift assay on 4% native polyacrylamide gel. This assay showed

significant decrease (*P50.05) in the total binding activity in

RLS microvasculature compared with the controls.
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and brain microvasculature are different in individuals with RLS

compared with controls. The presence of iron regulatory protein

activity in the microvasculature also demonstrates that there is

regulation of transferrin receptor, ferritin and DMT1 expression

at the post-transcriptional level because these proteins all contain

iron responsive elements in their messenger RNA. The binding of

the iron regulatory protein to the iron responsive element is re-

sponsive to the intracellular iron status (Pantopoulos, 2004), which

means that the expression of transferrin receptors, ferritin and

DMT1 in the brain endothelial cells is controlled by the iron

status of these cells. Thus, in addition to the relevance of our

findings for RLS in this study, the presence of iron regulatory

protein binding activity in brain microvasculature is a significant

discovery for brain iron uptake at the blood–brain barrier because

it indicates that the control of the transferrin receptors and hence

ultimately the amount of iron that can enter the brain via trans-

ferrin is regulated by the endothelial cells forming the blood–

brain-barrier. It follows then that there must be a source of iron

for the endothelial cells themselves and iron is not simply transcy-

tosed across the blood–brain-barrier as the current paradigm

states, but rather iron must also be released into the endothelial

cell; a concept we have presented earlier (Connor et al., 2001).

The presence of DMT1 in the endothelial cells is one method for

iron release within the endothelial cells because the role of this

protein is to export iron from the endosome to the cytosol

(Gunshin et al., 1997). We have also reported DMT1 in rat

brain microvasculature (Burdo et al., 2001) although its presence

is not uniformly accepted (Moos et al., 2006). The expression of

ferritin in both the choroid plexus and microvasculature reveals the

capacity of endothelial cells to store iron and thus further dispels

the current concept that the blood–brain barrier is a simple conduit

for iron transport. There is less heavy chain ferritin in the micro-

vasculature from the RLS brains compared with control indicating

that there is less iron storage in these cells in RLS compared with

control. The relative decrease in iron storage in the RLS tissue

compared with control is consistent with our earlier report that

neuromelanin cells in RLS contain less iron than normal (Connor

et al., 2004).

Mechanisms of iron release
Unlike the neuromelanin cells, however, the function of the chor-

oid plexus epithelial cells and endothelial cells of the microvascu-

lature is to release iron into the brain. Release of iron from the

choroid plexus and microvasculature is thought to be via transfer-

rin, secreted from the choroid plexus or transcytosed from blood in

the endothelial cells. The amount of transferrin in the choroid

plexus did not appear different in RLS and controls, but was

decreased in RLS microvasculature. The decrease in transferrin in

the microvasculature could be associated with more rapid transcy-

tosis or less transcytosis, but we have shown transferrin can be

synthesized in the endothelial cells in this study and its synthesis in

the choroid plexus has been demonstrated earlier (Connor et al.,

2001). The regulation of transferrin synthesis and secretion from

any cell type is not known at this time, but the presence of trans-

ferrin in the CSF is elevated in RLS (Earley et al., 2000b) suggest-

ing increased secretion by the choroid plexus. Secretion of

transferrin from the cells of the blood–brain barrier has not been

demonstrated. Thus the decrease in transferrin in endothelial cells,

particularly coupled with the decrease in ferritin and transferrin

receptors in the brain microvasculature, suggests there is less

iron moving across the blood–brain barrier in RLS. This idea

would be consistent with the decrease in serum ferritin, suggesting

lower systemic iron, which is a consistent finding in RLS (O’Keeffe

et al., 1994; Sun et al., 1998; Trenkwalder et al., 2008).

Another mechanism for iron release from cells, although previ-

ously not considered as part of the paradigm in iron transport at

the blood–brain barrier, is ferroportin. This protein resides on cell

membranes and functions to export iron (Thomas and Oates,

2004). Ferroportin expression in the brain microvasculature was

not different between the two groups and was increased in the

choroid plexus in RLS. The data suggest greater release of iron

from the choroid plexus cells via ferroportin, an observation con-

sistent with the decreased hepcidin measured in the CSF of pa-

tients with RLS (Clardy et al., 2006b). The extent to which

ferroportin plays a role in iron movement across the blood–brain

barrier has not yet been investigated, but non-transferrin asso-

ciated iron can be released from iron in a model of the

blood–brain barrier (Burdo et al., 2003). The lack of a change in

ferroportin expression in the microvasculature suggests the

non-transferrin mediated iron release in RLS at the blood–brain

barrier could be normal. Based on the decrease in heavy chain

ferritin and transferrin receptors; however, the indication would

be that there is less iron available for release via ferroportin.

Mechanisms of iron uptake
The mechanism for iron uptake into both the endothelial cells of

the brain microvasculature and choroid plexus is thought to be

primarily via the interaction of transferrin with its receptor

(Fishman et al., 1987; Descamps et al., 1996) although

non-transferrin mediated uptake has been shown for both the

choroid plexus and brain microvasculature (Fishman et al., 1987;

Moos and Morgan, 1998; Deane et al., 2004). The expression of

transferrin receptors in the choroid plexus is increased in RLS but

decreased in RLS in the microvasculature. In both tissues, as men-

tioned earlier, ferritin is decreased. Thus, the increase in transferrin

receptors in the choroid plexus in RLS is consistent with the inter-

pretation of decreased intracellular iron, whereas the decrease in

the microvasculature is not. The decrease in transferrin receptor

expression in the microvasculature coupled with a relative de-

crease in ferritin is consistent, however, with our earlier report in

neuromelanin cells in RLS (Connor et al., 2004). The regulation of

ferritin and transferrin receptor expression is through the iron

regulatory protein that interacts with their messenger RNA (Kim

et al., 1995). We have demonstrated herein the presence of iron

regulatory protein binding activity in the blood–brain barrier.

Moreover, we found that iron regulatory protein activity is

decreased in the RLS microvasculature compared with control.

The function of the iron regulatory proteins is to stabilize trans-

ferrin receptor messenger RNA to increase translation of protein

when intracellular iron status is low. Because ferritin expression in

the microvasculature in RLS is low, indicating that there is low

intracellular iron, the decrease in iron regulatory protein binding
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activity in RLS would be surprising if not consistent with our earlier

report in neuromelanin cells (Connor et al., 2004). The consistent

decrease in iron regulatory protein activity in RLS could be due to

a number of reasons that are beyond the scope of the current

study.

The presence of DMT1 in both the choroid plexus and the brain

microvasculature indicates that iron is released into these cells

from the endosomes (Burdo et al., 2001). The increase in DMT1

in the choroid plexus is consistent with decreased intracellular iron.

The decrease in DMT1 expression in the microvasculature, in spite

of apparent decrease in iron content, is consistent with the trans-

ferrin receptor decrease. Moreover, DMT1 expression can be

regulated by the iron regulatory protein. Therefore, the underlying

mechanism for apparent discordant response to iron status is con-

sistent with a loss of iron regulatory protein binding activity. A

decrease in DMT1 levels was also reported in the neuromelanin

cells in RLS (Connor et al., 2004).

Iron storage
Three types of ferritin have been examined in this study,

heavy-chain ferritin, light-chain ferritin and mitochondrial ferritin.

The three types of ferritins are distributed unevenly in the CNS

(Connor et al., 1994; Snyder et al., 2009), and they are function-

ally distinct, although we do not know the exact role of the mito-

chondrial ferritin. The level of heavy chain ferritin was reduced,

and light-chain ferritin was unchanged in RLS samples. The results

are consistent with our finding from CSF (Clardy et al., 2006a)

and substantia nigra (Connor et al., 2003, 2004). The levels of

mitochondrial ferritin were increased in the choroid plexus of pa-

tients with RLS, and this agrees with our observation of increased

expression of mitochondrial ferritin in the substantia nigra of sub-

jects with RLS (Snyder et al., 2009). Overexpression of mitochon-

drial ferritin can decrease cytosolic iron levels (Nie et al., 2005).

Therefore, the increase in mitochondrial ferritin is consistent with

an increase in transferrin receptors.

Conclusion
This study demonstrates that iron regulatory proteins are present

in the brain microvasculature. The presence of iron regulatory pro-

teins indicates that transferrin receptors on endothelial cells are

regulated by the cellular iron content. The presence of iron regu-

latory proteins and DMT1 is irrefutable evidence that iron is

released into the endothelial cells indicating the blood–brain barrier

is not a simple conduit for iron transport into the brain. The de-

crease in iron regulatory protein activity in the RLS microvascula-

ture reveals a potential discordance between cellular iron status

and expression of transferrin receptors and DMT1, which is what

we also reported in our study of the substantia nigra from RLS

brains. The study further reveals differences in the profile of iron

management proteins between RLS and control individuals at the

level of the brain and blood interface suggesting the relatively low

brain iron concentrations in RLS may stem from misregulation of

iron transport across the blood–brain barrier. We propose that in

toto our data suggest that the endothelial cells of the blood–brain

barrier serve as an iron reservoir for the brain and that the under-

lying problem in RLS is the lack of sufficient iron in reserve in the

endothelial cells to meet physiological challenges, such as circadian

changes in serum iron (Casale et al., 1981; Uchida et al., 1983;

Scales et al., 1988) and the increased demands of iron during

pregnancy (Ekbom, 1960; Manconi et al., 2004), conditions or

times known to increase symptoms of RLS. Perhaps the mechan-

ism underlying the use of intravenous iron supplements in treating

symptoms of RLS is the ability of the iron compounds to ‘refill’ the

reservoir.
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