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Abstract

Abnormal iron accumulation within the brain is associated with various neurodegenerative
diseases; however, there is debate about whether milder disorders of systemic iron loading,
such as haemochromatosis, affect the brain. Arguments on both sides of the debate are often
based on some common assumptions that have not been rigorously tested by appropriate
experimentation. Recent research from our lab has applied high-throughput molecular
techniques such as microarray to models of dietary and genetic iron loading to identify
subtle but important effects on molecular systems in the brain that may go undetected by
other methods commonly used in the field. In this chapter, we review the existing research
in animal models and human patients and discuss the strengths and limitations of the
different approaches commonly used. Using our findings as an example, we argue that
transcriptomic methods can provide unique insights into how systemic iron loading can
affect the brain and suggest some basic guidelines for extracting the most robust and

reliable information from microarray studies.

Keywords

Iron overload » Brain « Microarray « Mouse model « HFE

Introduction

As reviewed elsewhere, severe iron dyshomeostasis can
impair cognition, movement and behaviour in rare conditions
such as neurodegeneration with brain iron accumulation
(NBIA) disease [1]. In this chapter, we will review the evi-
dence that even relatively mild iron disorders give rise to
brain changes of potential functional significance. Although
iron deficiency will be considered briefly, we will focus
primarily on iron loading disorders. We will first give an
overview of some of the past work in this field. We will
then go on to discuss some new approaches to studying this
issue and some of the new data being generated by our
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laboratory and others which challenge some common
assumptions about the effects of iron overload on the brain.

This area is of current interest since patients with the
common iron overload disorder haemochromatosis some-
times report neurological symptoms such as memory
impairment, headaches or extreme fatigue, and it is not yet
clear whether such symptoms are directly attributable to
haemochromatosis or not. Haemochromatosis, most com-
monly caused by polymorphisms in the HFE gene [2, 3], is
a disorder of iron metabolism in which there is excessive iron
accumulation in a number of organs throughout the body,
particularly in the liver and also in the pancreas, endocrine
organs and heart [4—6]. Iron accumulation can cause liver
fibrosis and cirrhosis, increasing the risk of hepatocellular
carcinoma, as well as other disorders such as diabetes, cardio-
myopathy and arthritis [4—6]; however, effects on the brain
are still under debate.

Past animal models of iron overload have used iron supple-
mentation and will be described in more detail below. More
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recently, new genetic models have been developed that may
give more accurate pictures of human haemochromatosis. We
have been studying brain gene expression changes in these
models using high-throughput microarray technologies. Even
relatively mild changes in (body) iron homeostasis appear to
influence the expression of important genes within the brain,
often in unexpected ways. In this chapter, we will discuss
some common assumptions about iron and the brain and
some of the key findings and limitations of past studies. We
will go on to describe how high-throughput technologies such
as microarrays and other methods of examining genome-wide
gene expression can be used to expand our understanding
of the effects of iron on brain and how the findings from
such studies are starting to challenge many of the existing
assumptions in this area.

A few common assumptions about iron
and the brain

There have been relatively few experimental studies on the
effects of iron perturbations in the CNS or CNS-derived
models and these have often been performed under pharma-
cological conditions. For example, abnormally high levels of
iron are often assumed to exert toxic effects primarily
through the oxidative actions of free iron on neurons or
other cells, but this is based primarily on studies using phar-
macological iron doses. Surprisingly few studies provide
in vivo evidence for iron-induced oxidative damage within
the brain in conditions likely to be physiologically relevant.

Other common assumptions relate to the blood—brain
barrier (BBB), which restricts the free passage of many
substances between the brain and the rest of the body.
Notably it is sometimes assumed that people with systemic
iron overload conditions do not experience brain sequelae
because the BBB limits the entry of iron into the brain. This
in fact involves two assumptions, first that the BBB effec-
tively protects the brain from iron loading in such conditions
and second that if there is no iron loading in the brain,
systemic iron loading in itself does not exert indirect effects
on the brain.

With regard to these assumptions, as will be discussed in
more detail further below, iron supplementation studies in
rodents have demonstrated that brain iron levels can increase
as a result of systemic iron increases, and that this can
subsequently affect brain function [7-10]. This suggests
that the BBB may not provide complete protection; how-
ever, these studies have generally used very high doses of
iron and may not necessarily be relevant under more physi-
ological conditions. Therefore, the validity of the first
assumption remains uncertain.

Iron transport across the BBB is covered in detail in a
chapter by Crichton and colleagues and will not be revisited
in detail here. Another consideration that may be more
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relevant in this context is that iron overload often arises as
a result of genetic mutations, as further discussed below.
This could lead to perturbations in brain systems influenced
by the gene in question, independent of systemic iron status.
These brain systems could be related to iron homeostasis
within the brain or could be involved in other brain functions
unrelated to iron. Therefore, genetic disorders of iron
dyshomeostasis may affect brain systems even if the BBB
is limiting entry of iron per se or even if there is no gross iron
loading in the brain.

Also brain iron loading per se is not necessarily the only
mechanism by which altered brain function may occur in
response to systemic iron dyshomeostasis. There can be
circumstances in which systemic iron loading can transduce
indirect effects on the brain. For example, extreme systemic
iron loading can cause severe liver damage, which can result in
the accumulation of toxic substances such as ammonia in the
blood. This, in turn, can lead to perturbation of brain functions
through hepatic encephalopathy, a condition characterised by
symptoms such as impairment of speech and movement and,
in severe cases, seizures and coma [11]. A less extreme exam-
ple may involve systemic inflammatory and immune changes.
Iron overload in the liver can lead to low-grade inflammation
[12] and alterations in circulating cytokines and other periph-
eral immune responses could act on the brain without brain
iron levels being affected in any way.

Past animal studies

Iron supplementation studies in animal models have usually
employed one of two broad approaches. One approach is to
use acute models involving direct injection of one or more
high doses of iron into the CNS of adult mice, in order to
bypass the BBB [13—15]. Most such studies have involved
highly artificial, often pharmacological, conditions, in large
excess of usual exposure levels, and their relevance to
human iron disorders remains to be established.

It is sometimes assumed that the early phases of extreme
pharmacological changes or changes in response to less
extreme stimuli (acute or chronic) may be inferred from
‘scaling down’ observations in more extreme, pharmacolog-
ical conditions. Yet often early changes in response to stimuli
may involve completely different systems to those that
become prominent under more extreme circumstances. One
counter-example to this occurs for end-stage neurodegenera-
tive disease. By the time patients die, the brain may be
reduced in mass by as much as 30 % or more due to loss of
particular cell populations. The original molecular profiles
caused by the stimulus may have long since vanished, as cells
move through early, possibly compensatory responses,
through damage and repair profiles and into mechanistic
profiles associated with cell death. In end-stage disease, the
cells in which the first problems originally occurred may
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have long since died, to be replaced by cells expressing
different sets of genes or proteins. This needs to be consid-
ered when investigating phenomena that may lead to neuro-
nal cell death, such as approaches that use pharmacologically
high iron loading.

The other broad approach used by some researchers has
been to look at the effects of iron supplementation in early
post-natal rodents, with the goal of examining the effects of
abnormally high iron exposures on the brain before the BBB
is fully formed [8, 16]. While this kind of approach has been
informative, one limitation is that it is still not yet fully clear
how the transport of iron into and out of the brain alters
through embryogenesis into infancy and adulthood. Also,
while younger animals may have a more iron-permeable
BBB, supplementing iron in young rodents can be difficult.
Supplementation during embryogenesis or in pre-weanling
neonatal mice has primarily used maternal dietary iron sup-
plementation, making it difficult to achieve high levels of
iron loading [17]. It may also be difficult to determine the
actual exposure levels of individual neonates, although a few
studies have used gavage (force-feeding) to deliver high
known doses of iron [18, 19].

Issues relating to the sensitivity of methods used to mea-
sure iron also need to be kept in mind. The brain is a hetero-
geneous organ comprising various different anatomical
regions and cell types which have different iron usages and
contents. Measuring iron levels in whole brain homogenate
tells only part of the story, as it provides no information on
regional variation. Even when brain structure is preserved
using histology, histochemical stains such as Perls’ or
Turnbull’s stains are often not sensitive enough to pick up
subtle changes in iron levels. Ideally, brain iron would be
measured using a technique that combines the sensitivity of
inductively coupled plasma-mass spectrometry (ICP-MS) or
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) with maintenance of brain morphology. Recent
innovations and emerging technologies, for example laser
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS), may be the solution. Such methods can pro-
vide detailed and quantitative mapping of regional
distributions of iron and other metals in brain sections [20].

Yet, despite these limitations, various studies using such
approaches have successfully demonstrated alterations in
brain iron levels and other brain changes in response to iron
supplementation, as will now be reviewed in more detail.

Animal studies of how iron supplementation
affects brain iron levels

Several studies have assessed changes in brain iron levels in
response to iron administration at various ages. Pinero and
colleagues investigated the effects of early systemic iron
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loading on brain iron content using normal rat pups moth-
ered by iron-supplemented dams [16]. This resulted in
higher total iron content in the pups in most brain regions
investigated. If weanling rats were instead given an iron-
supplemented diet for two weeks only the pons and hippo-
campus showed increased total iron levels, suggesting that
the brain may be less affected by increases in systemic iron
at older ages. Yet, even at older ages, iron supplementation
over longer periods can still accelerate accumulation of iron
within the brain. Male weanling rats fed with a high iron diet
for six or eight weeks showed significant increases of
15-30 % in total iron levels in the cortex, hippocampus,
striatum and substantia nigra [21-23]. The degree of brain
iron accumulation resulting from iron supplementation
depends on the iron dose [7, 8, 18]. This supports the
hypothesis that the BBB is capable of protecting the brain
from excessive iron accumulation arising as a consequence
of systemic iron overload, but only up to a certain threshold.

Effects of iron supplementation on brain
expression of iron-related genes and proteins

1. Ferritin, transferrin receptor 1 and transferrin—Most stud-
ies of changes in brain gene and protein expression in
response to systemic iron loading have focussed on spe-
cific molecules such as those controlling iron handling and
homeostasis elsewhere in the body. In peripheral organs
such as the liver, iron loading is often accompanied not
only by increases in the iron storage protein ferritin but
also by decreases in transferrin receptor 1 (TFR1), the
main receptor for the iron transport protein transferrin.
This has the effect of reducing the cellular uptake of iron,
which is not only important in the liver but may be partic-
ularly important in organs such as the brain, which have
not evolved the capacity to store large amounts of iron.
The concerted inverse changes in ferritin and TFR1 occur
in response to alterations in intracellular iron
concentrations and this is coordinated at least in part by
the iron-responsive element/iron regulatory protein (IRE/
IRP) system [24].

Pinero and colleagues [16] observed decreased TFR1 protein

levels in some brain regions in their iron-supplemented rat

models, described in detail above, but no changes in ferritin
levels in their model of early iron overload (rats mothered by
dams iron-supplemented from postnatal day 10 to postnatal
day 21). In contrast, their model of late iron overload (rats
fed an iron-supplemented diet for two weeks following
weaning) showed decreased TFR1 expression in different
brain regions and increased ferritin expression in pons and
cortex. There were no changes in transferrin levels in either
model. Decreases in TFR1 and increases in ferritin are
predicted to help maintain cellular iron homeostasis and
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protect against iron toxicity by restricting cellular iron

uptake and increasing sequestration within ferritin. For

regions such as the pons, which also showed increased iron
levels, the changes are consistent with post-transcriptional
regulation through the IRE/IRP system.

2. Divalent metal transporter 1—Another protein important
in cellular and organelle iron uptake is divalent metal
transporter 1 (DMTI1). Ke and colleagues assessed
DMT]1 protein and mRNA in different brain regions by
Western and Northern blotting in male weanling rats fed a
high-iron or normal diet for eight weeks. As described in
the preceding section, all brain regions investigated
showed increases in brain iron content of 15-30 %. Yet
there was no difference in brain DMT1 mRNA or protein
levels relative to rats fed a normal diet, despite one DMT1
transcript variant containing an IRE. So, at least in adult-
hood, DMT1 expression may not be regulated by iron in
the particular brain regions examined [22].

3. The ferroxidases hephaestin and caeruloplasmin—Move-
ment of iron between different cells in the brain is
influenced by ferroxidases in the brain interstitium
which oxidise ferrous iron exported from neural cells or
transported across the BBB. This facilitates binding to
transferrin, which binds ferric iron with greater affinity
than ferrous iron.

One ferroxidase essential for normal brain iron homeosta-
sis is caeruloplasmin—patients with acaeruloplasminaemia
due to loss-of-function mutations in the caeruloplasmin gene
or with low levels of caeruloplasmin in Wilson’s disease
show brain MRI abnormalities suggestive of basal ganglia
iron accumulation [25-27] and often display symptoms such
as cerebellar ataxia and cognitive impairment [28-30].

In iron-supplemented rat models similar to those used in
the Ke DMT1 study above, with increased brain iron content
in all regions investigated, hephaestin protein is increased in
cortex and hippocampus but decreased in striatum and
substantia nigra [23], while caeruloplasmin protein is
increased in the substantia nigra only [21]. This suggests
that the ferroxidases hephaestin and caeruloplasmin are not
regulated in the same way in response to alterations in iron
status and that regulation of these proteins differs between
different brain regions. This may relate to differences in iron
usage between brain regions with different functions.

Recently the Alzheimer’s disease amyloid precursor pro-
tein (APP) has been reported to have ferroxidase activity and
proposed to be ‘the neuronal ferroxidase’ [31]. This protein
has both membrane-bound and secreted forms and contains a
region with sequence similarity to the ferroxidase domain of
ferritin heavy chain [31]. Furthermore, the corresponding
mRNA transcript contains an iron-responsive element in the
5’ untranslated region [32]. The contributions of APP to brain
ferroxidase activity remain to be determined but are likely to
be limited insofar as APP appears unable to protect adequately

E. Milward et al.

against caeruloplasmin deficiency and accompanying iron
deposition in patients with acaeruloplasminaemia or Wilson’s
disease.

Iron supplementation and the brain
microvasculature

Studies of changes in protein levels in brain microvascu-
lature in response to iron supplementation have found no
evidence for changes in ferritin, TFR1, transferrin or
DMTI1 [33]. This suggests any changes which occur in
expression of these proteins in response to iron supple-
mentation do not take place in brain capillary endothelial
cells, influencing uptake of blood iron into the brain, but
instead occur in neurons or glia and influence iron traf-
ficking and distribution within neural tissue after uptake
across the BBB. However, it is unclear what changes
occur in brain microvasculature in response to more
extreme circumstances of iron release, for example during
cerebrovascular haemorrhage.

Functional changes

On the whole, the weight of current evidence suggests that
iron supplementation affects the expression within the brain
of genes and proteins important in iron homeostasis. Several
investigations suggest there may also be functional pheno-
typic changes in response to iron supplementation, including
effects on movement and behaviour. Fredriksson and
colleagues found that oral administration of iron to mice
(37 mg/kg body weight) at 10-12 days of age, a critical
period for brain development, resulted in significantly
increased total iron content (60 %) in the basal ganglia
at three months of age [8], as assessed by atomic
absorption spectroscopy. This was accompanied by signs
of neurobehavioural dysfunction, including altered sponta-
neous motor behaviour, poor performance in radial arm
maze learning tests and deficits in habituation.

Similarly, Sobotka and colleagues found that
supplementing the diet of male weanling rats with a high
iron dose (20,000 parts per million carbonyl iron) for
12 weeks caused increased brain non-haem iron levels in
association with neurobehavioural dysfunctions. These
included deficits in conditioned active avoidance response,
which indicates changes in associative processes, impaired
startle response, which indicates decreased ability to respond
to environmental stimuli, and decreased motor activity [7].

Using an iron-supplementation protocol sufficient to
cause regional brain iron increases, as described above
[16], Pinero and colleagues showed evidence of altered
motor functions in iron-supplemented rats, including



Brain changes in iron loading disorders

decreased activity and stereotypic behaviour [9]. In addition,
studies by Maaroufi and colleagues demonstrated that intra-
peritoneal injection of ferrous sulphate (3 mg/kg) in adult
male rats for five days or more, not only increases iron levels
in various brain regions (see above), but causes impaired
emotional behaviour and spatial learning [10].

Some of these effects may be due to altered neurotrans-
mitter levels in certain brain regions as a result of iron
supplementation. Kaur and colleagues administered a dose
of iron (120 mg/kg body weight) that was 40 times the usual
daily iron intake to neonatal mice at 10-17 days of age,
resulting in increased total iron levels in the substantia
nigra by two months of age, as assessed by inductively
coupled plasma mass spectrometry. This was accompanied
by depletion of striatal dopamine levels and increased levels
of oxidative stress markers [18]. Whether pharmacological
effects have more generalised validity and applicability is
always open to question but another study also found deple-
tion of dopamine levels in rats fed an iron-supplemented diet
(0.3 % w/w ferrous sulphate) for 10 weeks, in addition to
decreased brain serotonin levels [34].

Neither of the two studies just described investigated
higher level brain function such as movement, behaviour
or cognition. Even so, taken together, the body of findings
in the various animal models subjected to iron supplementa-
tion suggests that systemic iron levels can influence some
brain functions, in addition to brain gene and protein
expression.

However, most of these studies have used pharmacological
doses of iron that may not accurately reproduce what occurs in
most human iron overload conditions. Supplementation
models are also constrained by the acute, short-term nature
of typical experimental iron-supplementation protocols as
well as the partial restriction of brain iron entry by the
blood-brain barrier and the blood—cerebrospinal fluid (CSF)
barrier. All these factors may limit the usefulness of such
models in addressing how brain iron abnormalities cause
neurologic dysfunction. Further insights can be gained by
studying the effects on the brain of longstanding perturbations
in brain iron homeostasis due to inherent genetic mutations. In
addition, such mutations also have the potential to disrupt the
brain’s internal homeostasis by mechanisms which are partly
or fully independent of systemic iron status.

Functional effects in haemochromatosis
patients and animal models

There are several case reports [35-37] of movement disorders
in patients with the iron loading disorder haemochromatosis,
described earlier in this chapter. However, it has been argued
that the movement impairment in these patients is coinciden-
tal and not attributable to haemochromatosis [38, 39]. There is
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a dearth of studies investigating HFE genotype in patients
with movement disorders other than Parkinson’s disease, but
one case study does report a female with severe HFE
haemochromatosis and cerebellar ataxia. This patient showed
evidence of brain iron accumulation and symptoms of ataxia
were stabilised following phlebotomy [37], suggesting that
iron may have had a causative role.

There are virtually no papers on brain effects in animal
models of HFE dysfunction, but Golub and colleagues
investigated motor function in male Hfe '~ knockout mice
at three months of age [40]. The Hfe '~ mice experienced
more falls from a rotarod, in addition to having a wider
forelimb landing footsplay, greater variability in stride
length and hypersensitivity to proximal stimulation. These
features are consistent with a motor co-ordination deficit,
which did not appear to be attributable to deficits in motor
learning or strength or generalised debility.

Interestingly, histochemical staining revealed no obvious
accumulation of iron in the Hfe '~ brain [40], suggesting
that movement disorders can occur in the absence of gross
brain iron accumulation. As noted earlier, lack of gross brain
iron accumulation does not rule out the possibility that
systemic iron overload causes other brain changes. At least
three different animal models—a rat model of dietary iron
overload [7], erf/ ~ mice [40] and Irp2 knockout mice,
deficient for iron regulatory protein 2 [41, 42]—all show
behavioural or motor abnormalities without apparent
increases in brain iron. Such findings raise the possibility
that some iron disorders, such as those due to HFE gene
mutations, may disrupt brain functions by mechanisms that
are at least partially independent of brain iron accumulation
as well as through effects directly due to changes in brain
iron homeostasis.

In summary, there is now considerable evidence that both
iron deficiency and iron overload can cause changes in gene
expression and protein levels in the brain. To date, most
studies have focussed on changes in iron-related genes and
proteins but we believe there may also be expression changes
for important genes and proteins relating to key brain
functions, although as yet few studies have investigated this.

Exploratory studies of brain gene expression
changes in response to iron status

As exemplified by most of the studies discussed above, most
research relating to the effects of iron on the brain has been
restricted to investigations of a small number of molecules
of interest. So far there have been very few studies of
changes at the level of molecular systems, yet some studies
have now begun to use exploratory, discovery driven
approaches rather than focussing solely on select molecules.

Liu and colleagues measured gene expression changes in
response to iron supplementation or deprivation in rat
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hippocampal cells by suppression subtractive hybridisation
[43]. Expression changes for select genes were then con-
firmed in vivo by performing Northern blot analysis on hip-
pocampal tissue isolated from rats fed either an iron-
supplemented or iron-deficient diet for two months following
weaning. This is one of the earliest examples in the brain iron
field of combining both discovery-driven and hypothesis-
based approaches to find new genes of interest. In total, 31
genes were identified by SSH as differentially expressed in
comparisons of iron-supplemented and iron-deprived hippo-
campal cultures. Quantitative analysis of ten of these by
Northern blot analysis revealed only modest expression
changes (less than twofold). The genes that were identified
as having higher expression in response to iron supplementa-
tion were endothelial-derived gene 1, ribophorin II,
ubiquitin-specific protease 14, etoile Sam68-like protein
and the partial coding sequence [122. These genes are gener-
ally poorly characterised and had few known functions.

Four of the genes with higher expression in response to
iron deprivation (BS69, Pdcd5, Anapc8, Ruvbl2) related to
cell cycle regulation and may encode proteins with functions
in DNA damage and repair and the transition to apoptosis
[43]. This suggests that iron deficiency in the hippocampus
may be associated with cell damage or apoptosis.

This illustrates a common problem confronting researchers
working with emerging high-throughput technologies. What
can be made of a bevy of small changes in poorly
characterised proteins? Such changes may simply be artefacts
of the model or the technology. Yet even small changes may
be of real relevance, not only if acting in concert but even
when acting in opposing directions if this indicates systems
under stress which are exhibiting both potentially pathogenic
and compensatory changes.

When performed rigorously, gene expression microarray
studies can provide unprecedented insights into the
behaviour of molecular systems. However, some facets of
rigorous array data analysis are still not well understood by
many researchers. Array data often show a mass of changes,
many involving molecules whose functions are unknown.
Out of the sea of changes, often of relatively small magni-
tude even in grossly abnormal samples such as cancers, how
do we decide, first, which are real and, second, which of
these are important? Resources need to be focused on effects
of real importance. Yet the volume of information generated
is often so large that it is far beyond the capacity of individ-
ual groups to follow up and validate all important effects.
The following sections address these issues in more detail.

High-throughput advantages and concerns

The emergence of microarray technology has facilitated high-
throughput gene expression studies unimaginable only years
ago, allowing differential gene expression to be examined
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across the entire genome in a single experiment. Microarray
technology has several advantages over approaches tradition-
ally used to assess gene expression. Researchers often studied
molecules artificially isolated from their natural environment,
making it difficult to assess how molecular phenomena were
affected by interactions with other molecules within cells and
tissues. Methods such as RT-PCR or Northern blot analysis
require the user to select a small number of specific genes for
investigation of expression. In contrast, the microarray tech-
nique measures the expression of thousands of genes in a
single experiment, providing a cost-effective and time-
efficient way of acquiring information on genome-wide
gene expression. This allows researchers to explore biomo-
lecular systems and the orchestrated behaviour of large
groups of molecules in far greater depth than ever before.
Microarray experiments can provide valuable insights into
molecular mechanisms or pathways or ontologies that are
perturbed due to a given experimental manipulation, as
opposed to simply identifying changes in the expression of
select individual genes.

But these powerful tools bring new challenges with
regard to interpreting the mass of data now pouring out.
Some deeply rooted assumptions about how best to progress
bioscientific research may need to be re-assessed in the light
of the new perspectives now starting to emerge. As just one
obvious example, the high-throughput ‘omics’ approaches
now being applied have already begun to raise awareness of
the validity of conducting both discovery-driven research
and hypothesis-driven research and indeed of the value of
viewing these as complementary approaches in order to
maximise yields of useful information.

Explanation of arrays

Microarrays are manufactured on small chips or slides, with
an individual gene expression array containing many differ-
ent oligonucleotide or cDNA probes, each targeting a spe-
cific gene transcript. Each probe is present in millions of
copies, allowing transcript levels to be assessed quantita-
tively. With advances in current technology, microarrays are
now commercially available that, in theory, contain a suffi-
cient number of different probes to measure every transcript
encoded by the genome, although the comprehensiveness
and effectiveness of such investigations are reliant on
probe quality.

One important barrier to uptake of any high-throughput
technology, whether array-based or sequencing-based, is
concerns about the validity of the output data. The difficulty
lies in extracting reliable, relevant information from the mass
of molecular data generated by high-throughput studies. This
raises some important issues in analysing and interpreting
array and other high-throughput datasets, particularly in
circumstances where effect sizes are relatively small. These
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issues include assessment of background thresholds,
minimising effects of technical variation, assessing whether
or not an observed signal difference is likely to be real and, if
this is done statistically, deciding whether or not it is appro-
priate to correct for multiple testing [44—46].

In addition, the cost of microarrays, although small in
terms of the amount of data obtained, is still a barrier for
many labs. In our experience, sample pooling, while superfi-
cially appealing on economic grounds, is problematic, since
even a single outlier sample can make an entire experimental
run useless, over-riding any potential cost efficiencies of
pooling. We therefore recommend avoiding pooling if at all
possible. But this does restrict the number of variables that
can be examined effectively. For example, it is difficult to
examine the effects of iron on gene transcript levels over a
wide range of different ages, dietary regimens or brain
regions. However, initial microarray results can guide vali-
dation studies over expanded experimental conditions using
cheaper technologies such as PCR, Western analysis of pro-
tein or other more traditional approaches. Issues relating to
the accuracy of high-throughput data are addressed in more
detail below.

Normalisation and analysis issues when
investigating small magnitude expression
changes

Microarray intensity values are usually normalised by one or
more transforming functions. Reasons for normalising can
include forcing a normal data distribution or increasing
comparability between probes, samples, chips, machines or
platforms [47-49]. Even small technical variations (e.g.
cRNA loading on arrays, scanning and hybridisation incon-
sistency) can sometimes cause considerable differences in
signal intensities. The overarching aim of normalisation is to
reduce differences due to technical variation (false positives)
while conserving true biological effects (i.e. maximising
true positives and minimising false negatives).

The particular normalisation methods which are most
appropriate will vary depending on the type of experiments,
the array platform and type of array (e.g. RNA or cDNA,
one-colour or two-colour). It is often advisable to apply
more than one normalisation approach to identify robust
effects that are not artefacts of a particular normalisation
method. These issues are particularly relevant for datasets
where expression changes are expected to be modest but
similar considerations also apply even for datasets where
most expression changes are large, since these will also
contain some genes of biological interest with small expres-
sion changes.

The challenge for any analytical approach lies in reducing
false positives while avoiding false negatives. A statistical
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p-value approach allows estimation of false positive error
probability, which can be considerable when conducting
large numbers of comparisons, as occurs in arrays. However,
the methods currently used to adjust for multiple comparisons
[50] are often conservative, missing real changes. Such
adjustments may be most useful for identifying restricted
groups of target genes (e.g. class prediction aimed at
identifying biomarkers for diagnosis or prognosis). For stud-
ies aimed at identifying complete sets of target genes (e.g.
class comparison or class discovery aimed at understanding
biological mechanisms), accepting non-informative false
positives may be less problematic than omitting informative
genes. Minimising false negatives by not applying a multiple
testing correction has been recommended for such studies
[51, 52].

One drawback of using statistical metrics is that important
expression changes can be missed if there is high replicate
variation due to chance outliers. To avoid this, fold-change
metrics have been advocated by various groups including the
Microarray Quality Control (MAQC) consortium, which has
recommended cut-offs based on fold-change in combination
with a relaxed p-value cut-off [53]. However, other groups
disagree [46, 54]. Chen and colleagues note that if there is no
treatment effect, the strategy of a fold-change cut-off with a
non-stringent p-value cut-off will result in 100 % false-
positive error selection [46]. Other problems may occur
when analysing datasets with low fold-changes, where
small but biologically significant alterations may be missed
by fold-change filters (false negatives).

We recommend routinely using multiple normalisation
and analytical approaches to decrease the likelihood of false-
positive results due to artefacts of the analytical methodol-
ogy. In addition, we suggest focusing most attention on
molecular systems containing several genes with altered
expression, as co-ordinated expression changes in multiple
related genes may reflect perturbations of pathways or
functions and may be more likely to be real findings of
biological relevance than changes in individual genes with
no common functions. This is achieved in part through the
use of pathway and ontology tools and other bioinformatics
approaches, as well as by more traditional investigative
strategies.

Microarray studies of brain gene expression
in models of iron disorders

Despite the potential opportunities for discovery using
microarray, few researchers have utilised the technology to
investigate brain molecular systems perturbed as a result of
iron disorders. Clardy and colleagues used microarray to
investigate brain expression of ~8,000 genes in a rat model
of developmental iron deficiency [55]. There were 334 genes



24

with altered expression, including decreased transferrin
and increased transferrin receptor 1 gene expression.
Down-regulation of myelin-related genes was also seen
and may contribute to the hypomyelination that occurs in
states of developmental iron deficiency [56-58]. Iron reple-
tion following weaning corrected most of the alterations,
with only five genes showing alterations in iron replete rats
[55]. This suggests that the effects of iron deficiency early in
development may be partially or even fully reversible, at
least when deficiency is corrected at a relatively young age.

There are few other array studies examining genome-wide
brain gene expression. However, recently our group has
performed microarray and real-time RT-PCR analyses of
brain gene expression in mouse models of iron loading. We
believe these data may be painting a far richer picture of what
iron is doing in the brain than has ever been captured before.

We first investigated genome-wide gene expression
changes in a mouse model of dietary iron overload. In this
model, male mice were maintained on normal chow from
weaning until 7 weeks of age and then transferred to a high-
iron diet comprising normal chow supplemented with 2 %
carbonyl iron for 3 weeks. The control group consisted of
mice maintained on normal chow from weaning until
10 weeks of age. These experiments utilised mice of the
AKR strain, which exhibit a strong iron loading phenotype
[59]. The high iron diet has previously been shown to
increase serum iron indices and liver iron loading [59, 60],
and this has been confirmed specifically in the AKR strain
under the experimental conditions used in our study [61].

Yet, despite the peripheral iron loading phenotype seen in
these mice and confirmed in our study, there was no increase
in the amount of non-haem iron in the brain of mice on the
high iron diet, as shown in Fig. 1. Therefore, in this model
utilising short-term dietary iron loading, the brain appears to
be at least partly protected from the increased iron present
throughout the rest of the body, whether by the BBB or by
other mechanisms.

However, even though there was no apparent increase in
brain non-haem iron levels, we observed various other
changes. Notably, small but significant increases in brain
transcripts for ferritin light chain of approximately 20 %
were detected by microarray and validated by real-time
RT-PCR. Consistent with this, brain transcripts for iron
regulatory protein 1, which negatively regulates ferritin
translation, decreased 30 %.

These changes suggest brain gene expression can be
influenced even by relatively mild systemic iron loading
insufficient to cause significant gross increases in brain iron
levels. However, the extent of the observed changes was
small and levels of transcripts for the transferrin receptor
and various other important iron-related proteins were unal-
tered. This is consistent with previous reports that, in general,
average brain levels of transferrin, transferrin receptor 1 and

E. Milward et al.

[%]
L]

0.35 4

ra
o

c® [ Widtype
g3 Control
£ 2 15
oo z
SE . H!gh Iron
co 10 Diet
2E

= B He

Brain

Liver

Fig. 1 Comparison between non-haem iron levels in the liver and the
brain of mouse models of iron loading. All mice were male and of the
AKR background strain. The levels of non-haem iron in the liver
increased by similar amounts in both models of iron loading, while
the levels of non-haem iron in the brain remained unchanged.
*p < 0.05, n > 4 per group

divalent metal transporter 1 proteins often do not change
substantially in response to high systemic iron [62, 63].

So the most likely explanation for our findings is probably
that on the one hand the BBB is indeed partly protecting the
brain against the effects of peripheral iron loading in the
short-term dietary model. On the other hand, the level of
systemic iron loading is apparently sufficiently high to par-
tially over-ride the protective effects enough to perturb brain
iron homeostasis at the subcellular level and trigger early
compensatory responses. These appear to involve initial
increases in ferritin gene transcription, as well as transcrip-
tional and probably also post-transcriptional changes involv-
ing the IRE/IRP system. However, these effects do not appear
to be sufficient to lay down significantly detectable extra iron
stores within ferritin or to cause gross brain iron loading.

One might therefore conclude that the BBB is essentially
fully effective at protecting the brain against the effects of
dietary iron overload in this short-term model. However, in
addition to the changes observed for ferritin gene transcrip-
tion, around 300 other genes showed significant expression
changes.

Most of these changes were small in magnitude (less than
twofold) and unable to be readily validated by real-time
RT-PCR or other methods, suggesting short-term increases
in dietary iron intake produce only subtle effects on brain
gene expression. However, the alterations included sets of
expression changes for groups of genes relating to particular
pathways or functions already known to involve iron and
likely to be biologically relevant.

We have observed similar effects in a model of genetic
haemochromatosis, the er_/ ~ deletion mutant mouse
model. This mouse was generated using a targeting vector
to introduce a 1.7-kb PGKneo cassette to replace a 360-bp
fragment of the Hfe gene encompassing a portion of exon 4
and intron 3 [64]. This produces a truncated dysfunctional
protein. Two strains of mice commonly used as backgrounds
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Fig. 2 The role of iron in the
formation of cellular lipofuscin.
Lysosome A shows the normal
movement of iron through
lysosomes in a healthy cell where
MCOLNTI transports iron across
the membrane of the lysosome.
Lysosome B comes from a cell in
which MCOLNI function is
impaired and iron is building up
within the lysosomes. This iron
acts as a catalyst in the formation
of lipofuscin from degraded lipids
and proteins. Some lysosomes are
able to fuse together

Lysosome A

in erf/ ~ deletion mutant mice studies are C57BL/6J and
AKR [59]. Both models replicate the human disease with
increased liver iron content (a gauge of total body content)
[59, 64]; however, liver iron concentrations differ markedly
between the two strains, with the AKR strain showing higher
levels of hepatic iron [59]. We found that Hfe '~ deletion
mutant mice on the AKR background, like the short-term
dietary iron supplementation model, again showed relatively
few changes in key genes associated systemic iron regula-
tion yet still displayed many gene expression changes, across
numerous important brain systems.

Opverall, the dietary and genetic models of iron loading we
have examined to date have shown very little evidence for
changes in oxidative stress-related systems. There is virtually
no evidence for inflammation (in strong contrast to other
preliminary brain microarray studies we have analysed in
adult mouse models of systemic infection, where there are
numerous increases in expression of genes encoding cytokines
and other inflammatory molecules, even after clearance of the
systemic infection). We have also so far observed little if any
evidence of changes relating to angiogenesis or vasculogenesis
and few changes related to reactive oxygen species, although in
the dietary iron model in particular we did observe some
changes that may relate to nitric oxide signalling, which is
dependent on iron, and nitrosative stress [65]. We have also
seen few if any signs of gene expression changes clearly related
to apoptosis or other forms of cell death in these models.

However, we do see effects on a range of other molecular
systems. Notably expression changes were observed for
genes causatively linked to neuronal ceroid lipofuscinosis
and mucolipidosis. These diseases involve intralysosomal
lipofuscin build-up that may reflect lysosomal iron
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changes and had expression changes for several genes caus-
atively linked to neuronal ceroid lipofuscinosis [66]. How-
ever expression changes for genes causatively linked to
lipofuscinosis diseases were also seen even in the short-
term dietary iron model, which had fewer total changes [65].

Intriguingly, these included decreased levels of transcripts
for the mucolipin 1 gene (MCOLNI1), an iron channel protein
and calcium transporter thought to play a role in iron release
from late endosomes and lysosomes [67]. Mutations in
MCOLNI1 can impair the iron permeability of lysosomal
membranes, preventing iron release and causing the disease
Type IV mucolipidosis [67].

Lipofuscin is an intralysosomal substance that cannot be
exocytosed from the cell or degraded by lysosomes [68]. It is
hydrophobic and ‘yellow-brownish’ in colour [69]. It is
considered to be a telltale sign of the ageing process because
its rate of accumulation is proportional to the age of an
individual [68].

The prevailing hypothesis for lipofuscin formation is that
hydrogen peroxide produced as a by-product by mitochondria
and other organelles permeates into the lumen of secondary
lysosomes [70]. (Newly formed lysosomes are termed ‘pri-
mary’ lysosomes, becoming ‘secondary’ lysosomes once they
acquire and start to degrade exogenous materials such as
pathogens or membrane fragments.) Lysosomal degradation
of iron-containing proteins such as ferritin and cytochromes
releases iron, which can then catalyse the Fenton reaction
with hydrogen peroxide [68]. The Fenton reaction produces
hydroxyl radicals which cause protein and lipid peroxidation,
which is followed by intermolecular cross-linking and
lipofuscin formation [70].
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Secondary lysosomes can fuse with other secondary
lysosomes or with primary lysosomes [71]. When this occurs,
materials within the lysosomes aggregate, so over time
lipofuscin accumulates [71]. The buildup of lipofuscin can
have strong effects on cellular functioning as it can impair the
ubiquitin/proteasome pathway. Accumulation of lipofuscin
has been proposed to lead to a phenomenon dubbed the
‘garbage catastrophe’, the cumulative effect of cellular
waste not being properly eliminated due to concurrent inhi-
bition of both proteasomes and lysosomes [72]. These
changes are potentially pathogenic and therefore have the
potential to affect brain function unless compensated.

We have also observed changes in transcripts of genes
tied more directly to brain function. These included expres-
sion changes for genes involved in important brain functions
such as neurotransmission. One prominent example of a
gene showing consistent brain expression changes across
both dietary and genetic models of iron overload is the
gene encoding calcium/calmodulin-dependent protein
kinase II o (Camk?2a), a protein of considerable prominence
in learning, memory and other cognitive processes. This
gene shows reproducible decreases in transcripts across the
models, in conjunction with a variety of other changes
potentially affecting cognition [66].

As far as we are aware, there have not been any other
reports examining changes in genome-wide brain gene
expression in the whole brain in response to iron supplemen-
tation. The study by Liu and colleagues described above
identified 31 genes with altered expression in the hippocam-
pus of rats fed an iron-supplemented diet for 2 months after
weaning [43]. None of these genes were identified as having
altered expression in whole brains from iron-supplemented
mice in our study.

The study by Clardy and colleagues described above,
which investigated changes in 21 day-old pups of female
rats fed an iron-deficient diet through gestation and lactation,
identified 334 genes with altered expression [55]. Only one,
stathmin-like 4, showed altered expression in our study of
brains from mice following short-term (3 weeks) dietary iron
supplementation [65]. The stathmin-like 4 gene is believed
to be involved in microtubular organisation but is not well
characterised and expression was decreased both in our
study of iron supplementation and in the Clardy study of
developmental iron deficiency, making it hard to interpret
the findings. One possibility is that iron abnormalities of any
kind, high or low, can perturb microtubular organisation.

None of the gene clusters highlighted in the Clardy iron
deficiency study were found to be enriched in our study of
short-term dietary iron supplementation, including myelin-
related genes, although we did observe expression changes
for two genes (Gdapl, Litaf) causatively linked to demyelin-
ating forms of Charcot—Marie-Tooth disease [73]. Taken
together, the above considerations suggest that gene
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expression changes in systemic iron loading in adults are
not simply the opposite of changes in developmental iron
deficiency.

Validation and the limitations of PCR

Any experimental technology can give rise to artefacts,
making it important that experimental replication is carried
out wherever possible using alternative approaches. Valida-
tion of RNA microarray data is often performed by real-time
RT-PCR. This raises the question of phenotype and effect
size. For genes with strong genetically dominant disease
associations, an abnormality of one allele is sufficient to
cause clinical disease. Yet this may represent a change of
50 % or less in gene function. For genes of this kind, capable
of strong effects with relatively small changes, it is unrea-
sonable to expect to observe big changes in experimental
models that accurately represent the disease if a 50 % reduc-
tion or less in function causes a severe disease phenotype.
Yet smaller changes are often below the limits of detection
of relevant technologies such as real-time RT-PCR.

Although people often think of PCR as having molecular
scale sensitivity, with the ability to amplify and detect a
single molecule of DNA, sensitivity is often lower in prac-
tice, in particular for reverse transcription PCR, where RNA
samples must first be reverse transcribed to complementary
DNA (cDNA) before PCR. The exponential nature of PCR
also imposes sensitivity limits in detecting differential
expression when the relative gene expression of the test
and control differs by less than twofold. This is because a
twofold difference represents one cycle of a PCR reaction.
While it may be possible to detect smaller fold changes that
are statistically significant, basic principles of measurement
suggest that it is not possible to determine effects of less than
0.5 cycles with certainty.

This is not a problem for genome-wide technologies such
as microarrays, since the expression of genes of interest can
be normalised relative to ‘averaged’ expression of large sets
of genes, and typically the full background gene set (global
gene expression). For changes of twofold or less microarrays
may be more sensitive than real-time RT-PCR. This raises
the question of the utility of using a less sensitive technique
to validate the results from a more sensitive technology, at
least for small changes, and suggests new approaches may
be required for more accurate validation.

Other emerging technologies

New technologies now emerging include next-generation and
real-time sequencing technologies. Although hybridisation-
based approaches such as microarray can already provide
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fast and cost-effective large-scale transcriptomics for many
applications, there are some applications for which sequence-
based approaches are better suited [74—76]. These include
determination of exact transcription boundaries as well as
detection of transcripts that do not map to a known genomic
sequence or are not specifically targeted by microarray
probes. In addition, RNA-sequencing techniques may avoid
certain problems that can lead to errors in microarray data.
These include non-specific background signal or signal satu-
ration for genes with very low or very high expression, as well
as probe binding anomalies due to affinity differences, the
existence of different transcript spliceoforms or other factors
[74-T77].

As yet, these technologies are rarely utilised in clinical
practice, drug discovery or pharmacogenomics. More
detailed molecular studies will be facilitated by new
technologies such as real-time DNA and RNA sequencing.
This will allow the tracking of a range of molecular changes
over time to determine the mechanisms underlying disease
progression and to help distinguish primary causative
changes from secondary effects. These sensitive techniques
may also overcome some of the limitations of currently
available methods such as real-time RT-PCR, which has
been demonstrated as not sufficiently sensitive to validate
gene expression changes detected by microarray with a fold-
change of less than approximately 1.4 [78], most likely due
to the exponential nature of the amplification protocol.

Focussed studies of particular brain regions of interest
could utilise cutting-edge RNA sequencing techniques,
which provide information on novel transcripts and splice
variants not specifically targeted by the arrays. This technol-
ogy has already been used to determine region-specific gene
expression changes in post-mortem brains from patients with
Alzheimer’s disease [79], although accurate quantification
of transcript levels using these methods is currently limited
due to issues relating to normalisation [76].

It will be valuable to clarify which gene expression
changes result from effects dependent on systemic iron
overload and which result from effects of deletion of Hfe
or other iron-related genes independent of systemic iron
overload. This could be investigated by performing regular
venesection or iron chelation on erf/ ~ mice to maintain
body iron levels within normal ranges or by using condi-
tional knockout mice with brain-specific disruption of the
Hfe gene. Rodent or human neural cell culture models may
help further delineate which changes arise due to iron and
which are due to dysfunction of HFE or other gene targets.
This could be achieved by assessing genome-wide gene
expression after either treating cells with iron or using
RNA interference to knock down HFE expression in iron-
replete or iron-deficient cells.

Although there is clearly still a long way to go in under-
standing how iron acts, we believe the new high-throughput
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and other technologies now emerging will reveal that iron is
not only a key player in assorted brain functions but that
even relatively small, short-term changes in systemic iron
levels may be having far more effect on everyday brain
activities than is presently realised. This is particularly true
for conditions such as haemochromatosis which involve
effects accumulating over long time periods of decades or
more, even in the juvenile forms of the disease. We therefore
believe that it is important to report on systems undergoing
large numbers of small changes in the literature, with the
appropriate caveats on the limitations of this kind of data.
Ultimately confirmation or negation will come from the
cumulative weight of independent studies from different
groups using a variety of different approaches. In the
interim, we believe that the data now coming from high-
throughput technologies is providing valuable signposts for
guiding future research.

References

1. Johnstone D, Milward EA (2010) Molecular genetic approaches to
understanding the roles and regulation of iron in brain health and
disease. J Neurochem 113:1387-1402

2. Jazwinska EC, Cullen LM, Busfield F, Pyper WR, Webb SI, Powell
LW et al (1996) Haemochromatosis and HLA-H. Nat Genet
14:249-251

3. Brissot P, Moirand R, Jouanolle AM, Guyader D, Le Gall JY,
Deugnier Y et al (1999) A genotypic study of 217 unrelated
probands diagnosed as “genetic hemochromatosis” on “classical”
phenotypic criteria. J Hepatol 30:588-593

4. Pietrangelo A (2006) Hereditary hemochromatosis. Annu Rev Nutr
26:251-270

5. Adams PC, Barton JC (2007) Haemochromatosis.
370:1855-1860

6. Ayonrinde OT, Milward EA, Chua AC, Trinder D, Olynyk JK
(2008) Clinical perspectives on hereditary hemochromatosis. Crit
Rev Clin Lab Sci 45:451-484

7. Sobotka TJ, Whittaker P, Sobotka JM, Brodie RE, Quander DY,
Robl M et al (1996) Neurobehavioral dysfunctions associated with
dietary iron overload. Physiol Behav 59:213-219

8. Fredriksson A, Schroder N, Eriksson P, Izquierdo I, Archer T
(1999) Neonatal iron exposure induces neurobehavioural
dysfunctions in adult mice. Toxicol Appl Pharmacol 159:25-30

9. Pinero D, Jones B, Beard J (2001) Variations in dietary iron alter
behavior in developing rats. J Nutr 131:311-318

10. Maaroufi K, Ammari M, Jeljeli M, Roy V, Sakly M, Abdelmelek H
(2009) Impairment of emotional behavior and spatial learning in
adult Wistar rats by ferrous sulfate. Physiol Behav 96:343-349

11. Eroglu Y, Byrne WJ (2009) Hepatic encephalopathy. Emerg Med
Clin N Am 27:401-414

12. Bridle KR, Crawford DH, Fletcher LM, Smith JL, Powell LW,
Ramm GA (2003) Evidence for a sub-morphological inflammatory
process in the liver in haemochromatosis. J Hepatol 38:426-433

13. Demougeot C, Methy D, Prigent-Tessier A, Garnier P, Bertrand N,
Guilland JC et al (2003) Effects of a direct injection of liposoluble
iron into rat striatum. Importance of the rate of iron delivery to
cells. Free Radic Res 37:59—67

14. Junxia X, Hong J, Wenfang C, Ming Q (2003) Dopamine release
rather than content in the caudate putamen is associated with

Lancet



28

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

behavioral changes in the iron rat model of Parkinson’s disease.
Exp Neurol 182:483-489

Bueno-Nava A, Gonzalez-Pina R, Alfaro-Rodriguez A (2010) Iron-
dextran injection into the substantia nigra in rats decreases striatal
dopamine content ipsilateral to the injury site and impairs motor
function. Metab Brain Dis 25:235-239

Pinero DJ, Li NQ, Connor JR, Beard JL. (2000) Variations in dietary
iron alter brain iron metabolism in developing rats. J Nutr
130:254-263

Moos T, Oates PS, Morgan EH (1999) Iron-independent neuronal
expression of transferrin receptor mRNA in the rat. Brain Res Mol
Brain Res 72:231-234

Kaur D, Peng J, Chinta SJ, Rajagopalan S, Di Monte DA, Cherny
RA et al (2007) Increased murine neonatal iron intake results in
Parkinson-like neurodegeneration with age. Neurobiol Aging
28:907-913

Wang Q, Luo W, Zheng W, Liu Y, Xu H, Zheng G et al (2007) Iron
supplement prevents lead-induced disruption of the blood-brain
barrier during rat development. Toxicol Appl Pharmacol 219:33-41
Becker JS, Zoriy M, Matusch A, Wu B, Salber D, Palm C (2010)
Bioimaging of metals by laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS). Mass Spectrom Rev 29:156—175
Chang YZ, Qian ZM, Wang K, Zhu L, Yang XD, Du JR et al (2005)
Effects of development and iron status on ceruloplasmin expression
in rat brain. J Cell Physiol 204:623-631

Ke Y, Chang YZ, Duan XL, Du JR, Zhu L, Wang K et al (2005)
Age-dependent and iron-independent expression of two mRNA
isoforms of divalent metal transporter 1 in rat brain. Neurobiol
Aging 26:739-748

Qian ZM, Chang YZ, Zhu L, Yang L, Du JR, Ho KP et al (2007)
Development and iron-dependent expression of hephaestin in dif-
ferent brain regions of rats. J Cell Biochem 102:1225-1233
Crichton RR, Dexter DT, Ward RJ (2011) Brain iron metabolism
and its perturbation in neurological diseases. J Neural Transm
Suppl 118:301-314

Miyajima H, Nishimura Y, Mizoguchi K, Sakamoto M, Shimizu T,
Honda N (1987) Familial apoceruloplasmin deficiency associated
with blepharospasm and retinal degeneration. Neurology
37:761-767

Takahashi Y, Miyajima H, Shirabe S, Nagataki S, Suenaga A,
Gitlin JD (1996) Characterization of a nonsense mutation in the
ceruloplasmin gene resulting in diabetes and neurodegenerative
disease. Hum Mol Genet 5:81-84

Lucato LT, Otaduy MC, Barbosa ER, Machado AA, McKinney A,
Bacheschi LA et al (2005) Proton MR spectroscopy in Wilson
disease: analysis of 36 cases. AJNR Am J Neuroradiol
26:1066-1071

Hellman NE, Gitlin JD (2002) Ceruloplasmin metabolism and
function. Annu Rev Nutr 22:439-458

de Bie P, Muller P, Wijmenga C, Klomp LW (2007) Molecular
pathogenesis of Wilson and Menkes disease: correlation of
mutations with molecular defects and disease phenotypes. J Med
Genet 44:673-688

McNeill A, Pandolfo M, Kuhn J, Shang H, Miyajima H (2008) The
neurological presentation of ceruloplasmin gene mutations. Eur
Neurol 60:200-205

Duce JA, Tsatsanis A, Cater MA, James SA, Robb E, Wikhe K et al
(2010) Iron-export ferroxidase activity of beta-amyloid precursor
protein is inhibited by zinc in Alzheimer’s disease. Cell
142:857-867

Rogers JT, Randall JD, Cahill CM, Eder PS, Huang X, Gunshin H
et al (2002) An iron-responsive element type Il in the 5’-untranslated
region of the Alzheimer’s amyloid precursor protein transcript.
J Biol Chem 277:45518-45528

Burdo JR, Simpson IA, Menzies S, Beard J, Connor JR (2004)
Regulation of the profile of iron-management proteins in brain
microvasculature. J Cereb Blood Flow Metab 24:67-74

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

E. Milward et al.

Elseweidy MM, Abd El-Baky AE (2008) Effect of dietary iron
overload in rat brain: oxidative stress, neurotransmitter level and
serum metal ion in relation to neurodegenerative disorders. Indian J
Exp Biol 46:855-858

. Demarquay G, Setiey A, Morel Y, Trepo C, Chazot G, Broussolle E

(2000) Clinical report of three patients with hereditary hemochro-
matosis and movement disorders. Mov Disord 15:1204-1209
Demarquay G, Thobois S, Latour P, Broussolle E (2006) Hereditary
hemochromatosis and movement disorders: the still controversial
relationship. Response to Russo et al. in J Neurol (2004)
251:849-852. J Neurol 253:261-262

Rutgers MP, Pielen A, Gille M (2007) Chronic cerebellar ataxia and
hereditary hemochromatosis: causal or coincidental association?
J Neurol 254:1296-1297

Russo N, Edwards M, Andrews T, O’Brien M, Bhatia KP (2004)
Hereditary haemochromatosis is unlikely to cause movement
disorders—a critical review. J Neurol 251:849-852

Fasano A, Bentivoglio AR, Colosimo C (2007) Movement disorder
due to aceruloplasminemia and incorrect diagnosis of hereditary
hemochromatosis. J Neurol 254:113-114

Golub MS, Germann SL, Araiza RS, Reader JR, Griffey SM, Lloyd
KC (2005) Movement disorders in the Hfe knockout mouse. Nutr
Neurosci 8:239-244

LaVaute T, Smith S, Cooperman S, Iwai K, Land W, Meyron-Holtz
E et al (2001) Targeted deletion of the gene encoding iron regu-
latory protein-2 causes misregulation of iron metabolism and neu-
rodegenerative disease in mice. Nat Genet 27:209-214

Galy B, Holter SM, Klopstock T, Ferring D, Becker L, Kaden S
et al (2006) Iron homeostasis in the brain: complete iron regulatory
protein 2 deficiency without symptomatic neurodegeneration in the
mouse. Nat Genet 38:967-969

Liu M, Xiao DS, Qian ZM (2007) Identification of transcriptionally
regulated genes in response to cellular iron availability in rat hip-
pocampus. Mol Cell Biochem 300:139-147

Tefferi A, Bolander ME, Ansell SM, Wieben ED, Spelsberg TC
(2002) Primer on medical genomics. Part III: Microarray
experiments and data analysis. Mayo Clin Proc 77:927-940

Shi L, Reid LH, Jones WD, Shippy R, Warrington JA, Baker SC
et al (2006) The MicroArray Quality Control (MAQC) project
shows inter- and intraplatform reproducibility of gene expression
measurements. Nat Biotechnol 24:1151-1161

Chen JJ, Hsueh HM, Delongchamp RR, Lin CJ, Tsai CA (2007)
Reproducibility of microarray data: a further analysis of microarray
quality control (MAQC) data. BMC Bioinforma 8:412
Quackenbush J (2001) Computational analysis of microarray data.
Nat Rev Genet 2:418-427

Workman C, Jensen LJ, Jarmer H, Berka R, Gautier L, Nielser HB
et al (2002) A new non-linear normalization method for reducing
variability in DNA microarray experiments. Genome Biol 3:
research0048

Shippy R, Fulmer-Smentek S, Jensen RV, Jones WD, Wolber PK,
Johnson CD et al (2006) Using RNA sample titrations to assess
microarray platform performance and normalization techniques.
Nat Biotechnol 24:1123-1131

Reiner A, Yekutieli D, Benjamini Y (2003) Identifying differen-
tially expressed genes using false discovery rate controlling
procedures. Bioinformatics 19:368-375

Rothman KJ (1990) No adjustments are needed for multiple
comparisons. Epidemiology 1:43—46

Bender R, Lange S (2001) Adjusting for multiple testing—when and
how? J Clin Epidemiol 54:343-349

Shi L, Perkins RG, Fang H, Tong W (2008) Reproducible and
reliable microarray results through quality control: good laboratory
proficiency and appropriate data analysis practices are essential.
Curr Opin Biotechnol 19:10-18

Maouche S, Poirier O, Godefroy T, Olaso R, Gut I, Collet JP et al
(2008) Performance comparison of two microarray platforms to



Brain changes in iron loading disorders

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

assess differential gene expression in human monocyte and macro-
phage cells. BMC Genomics 9:302

Clardy SL, Wang X, Zhao W, Liu W, Chase GA, Beard JL et al
(2006) Acute and chronic effects of developmental iron deficiency
on mRNA expression patterns in the brain. J Neural Transm Suppl
71:173-196

Beard JL, Connor JR (2003) Iron status and neural functioning.
Annu Rev Nutr 23:41-58

Ortiz E, Pasquini JM, Thompson K, Felt B, Butkus G, Beard J et al
(2004) Effect of manipulation of iron storage, transport, or avail-
ability on myelin composition and brain iron content in three
different animal models. J Neurosci Res 77:681-689

Beard J, Han O (2009) Systemic iron status. Biochim Biophys Acta
1790:584-588

Fleming RE, Holden CC, Tomatsu S, Waheed A, Brunt EM, Britton
RS et al (2001) Mouse strain differences determine severity of iron
accumulation in Hfe knockout model of hereditary hemochromato-
sis. Proc Natl Acad Sci USA 98:2707-2711

Dupic F, Fruchon S, Bensaid M, Loreal O, Brissot P, Borot N et al
(2002) Duodenal mRNA expression of iron related genes in
response to iron loading and iron deficiency in four strains of
mice. Gut 51:648-653

Drake SF, Morgan EH, Herbison CE, Delima R, Graham RM, Chua
AC et al (2007) Iron absorption and hepatic iron uptake are
increased in a transferrin receptor 2 (Y245X) mutant mouse
model of hemochromatosis type 3. Am J Physiol Gastrointest
Liver Physiol 292:G323-G328

Moos T, Trinder D, Morgan EH (2000) Cellular distribution of
ferric iron, ferritin, transferrin and divalent metal transporter 1
(DMT1) in substantia nigra and basal ganglia of normal and
beta2-microglobulin deficient mouse brain. Cell Mol Biol (Noisy-
le-grand) 46:549-561

Lykkesfeldt J, Morgan E, Christen S, Skovgaard LT, Moos T
(2007) Oxidative stress and damage in liver, but not in brain, of
Fischer 344 rats subjected to dietary iron supplementation with
lipid-soluble [(3,5,5-trimethylhexanoyl)ferrocene]. J Biochem
Mol Toxicol 21:145-155

Zhou XY, Tomatsu S, Fleming RE, Parkkila S, Waheed A, Jiang J
et al (1998) HFE gene knockout produces mouse model of heredi-
tary hemochromatosis. Proc Natl Acad Sci USA 95:2492-2497
Johnstone D, Milward EA (2010) Genome-wide microarray analy-
sis of brain gene expression in mice on a short-term high iron diet.
Neurochem Int 56:856-863

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

29

Johnstone D, Acikyol B, Graham RM, Trinder D, Scott RJ, Olynyk
JK et al (2010) Gene expression studies in three different mouse
models support the case for neurologic sequelae in iron overload
disorders and provide new insights into mechanism. Society for
Neuroscience Meeting, San Diego, USA

Dong XP, Cheng X, Mills E, Delling M, Wang F, Kurz T et al
(2008) The type IV mucolipidosis-associated protein TRPMLI is
an endolysosomal iron release channel. Nature 455:992-996
Terman A, Brunk UT (2004) Lipofuscin. Int J Biochem Cell Biol
36:1400-1404

Hohn A, Jung T, Grimm S, Grune T (2010) Lipofuscin-bound iron
is a major intracellular source of oxidants: role in senescent cells.
Free Radic Biol Med 48:1100-1108

De Meyer GR, De Keulenaer GW, Martinet W (2010) Role of
autophagy in heart failure associated with aging. Hear Fail Rev
15:423-430

Brunk UT, Jones CB, Sohal RS (1992) A novel hypothesis of
lipofuscinogenesis and cellular aging based on interactions between
oxidative stress and autophagocytosis. Mutat Res 275:395-403
Gray DA, Woulfe J (2005) Lipofuscin and aging: a matter of toxic
waste. Sci Aging Knowledge Environ 2005:rel

Street VA, Bennett CL, Goldy JD, Shirk AJ, Kleopa KA, Tempel
BL et al (2003) Mutation of a putative protein degradation gene
LITAF/SIMPLE in Charcot-Marie-Tooth disease 1C. Neurology
60:22-26

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B (2008)
Mapping and quantifying mammalian transcriptomes by RNA-Seq.
Nat Methods 5:621-628

Wilhelm BT, Marguerat S, Watt S, Schubert F, Wood V, Goodhead
I et al (2008) Dynamic repertoire of a eukaryotic transcriptome
surveyed at single-nucleotide resolution. Nature 453:1239-1243
Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary
tool for transcriptomics. Nat Rev Genet 10:57-63

Nagalakshmi U, Waern K, Snyder M (2010) RNA-Seq: a method
for comprehensive transcriptome analysis. Curr Protoc Mol Biol
Chapter 4:Unit 4.11.11-13

Morey JS, Ryan JC, Van Dolah FM (2006) Microarray validation:
factors influencing correlation between oligonucleotide microarrays
and real-time PCR. Biol Proced Online 8:175-193

Twine NA, Janitz K, Wilkins MR, Janitz M (2011) Whole
transcriptome sequencing reveals gene expression and splicing
differences in brain regions affected by Alzheimer’s disease.
PLoS One 6:¢16266



2 Springer
http://www.springer.com/978-3-7091-1000-3

Metal lons in Meurological Systems
Linert, W.; Kozlowski, H. (Eds.)
2012, XMV, 246 p., Hardcover

ISBEMN: @78-3-7091-1000-3



	Brain changes in iron loading disorders: 
	Introduction
	A few common assumptions about iron and the brain
	Past animal studies
	Animal studies of how iron supplementation affects brain iron levels
	Effects of iron supplementation on brain expression of iron-related genes and proteins
	Iron supplementation and the brain microvasculature
	Functional changes
	Functional effects in haemochromatosis patients and animal models
	Exploratory studies of brain gene expression changes in response to iron status
	High-throughput advantages and concerns
	Explanation of arrays
	Normalisation and analysis issues when investigating small magnitude expression changes
	Microarray studies of brain gene expression in models of iron disorders
	Validation and the limitations of PCR
	Other emerging technologies
	References


