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Abstract
Iron is vital for proper neuronal functioning and development. Deficiencies in
this nutrient can result in decreased DA clearance, transporter density, and in dopamine
(D1 and D2) receptor densities. These studies were designed to examine the relationship
between iron deficiency and diurnal cycle on catecholaminergic systems. Through the
use of in vivo microdialysis we have demonstrated several novel findings regarding iron
deficiency and catecholamines in vivo as well as extended our knowledge regarding the
impact of iron deficiency.
The first aim was designed to probe the interaction between iron deficiency and
the functionality on the link between the D2 receptor and the dopamine transporter.
Using the D2R agonist quinpirole coupled with the no net flux protocol we found that the
synthetic pathway through protein kinase A was not altered by iron deficiency, however,
the protein kinase C (PKC) pathway which upregulates transport was compromised.
These findings indict the PKC signal transduction pathway as a potential target for the
influence of iron deficiency on catecholaminergic systems and a site for future work.
The second aim focused on the interaction of L-DOPA and iron deficiency on
monoamine metabolism. We observed that L-DOPA administration to ID rats favored
the synthesis of norepinephrine (NE) while also resulting in a blunted dopamine (DA)
response. Additionally, tissue concentrations of NE along with increased dopamine-betahydroxylase activity were also observed indicating that iron deficiency also alters the
noradrenergic system. This has potential ramifications in iron deficient patients who are
prescribed L-DOPA as the efficacy of the drug may be compromised.
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The third aim was designed to examine the effects of iron deficiency on diurnal
extracellular catecholamines and behavior. We found that iron deficiency resulted in
increased DA concentration but decreased NE concentration at the onset of the dark
cycle. This indicates that diurnal regulation of synthesis or release is altered by iron
deficiency. Although the exact mechanism for these findings is unknown most likely
iron deficiency results in a dysregulation of DβH activity. Additionally, we also found
that in the forty five minutes prior to onset of the light cycle (transition to inactive phase)
stereotypy is also increased in ID rats. This is interesting as it corresponds to the
complaints of increased symptoms before bed in restless legs syndrome (RLS) patients.
The fourth aim focused on the effects of iron infusion into the ventral midbrain
vs the striatum. In this experiment, we attempted to remediate DA functioning in the
striatum by rescuing iron status in the VMB (cell bodies) or the ST (terminal fields) by
iron infusion. We found that VMB but not striatal infusion ameliorated defects in
extracellular DA and intracellular DA. Additionally, infusion into the VMB also
corrected the deficits in the D2R – DAT linkage reported in aim 1.
Finally, we examined how iron deficiency altered diurnal and sex effects on
dopaminergic system of a genetically inbred strain of mice. First, we found a sex by diet
effect in the striatal concentrations of NE and HVA. We also measured DA efflux by
infusion of amphetamine and again found an effect of time of day, diet, and sex with
increased DA overflow in ID female mice in the morning. These results confirm the hints
in the literature regarding a differential effect of ID in males vs females. Thus, this is
clear evidence that female subjects must also be considered in future work. These
findings are very important given the relationship between iron deficiency, dopamine,
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and restless legs syndrome. They serve to further our understanding of the impact of iron
deficiency in catecholaminergic systems in the brain.
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Chapter 1
Introduction and Overview
1.1 Introduction
Iron is vital for proper neuronal functioning and development. Deficiencies in
this nutrient can result in cognitive and behavioral deficits, as well as reduced physical
endurance, impaired immune response, and temperature regulation difficulties (Dallman,
1986; Dallman, 1987; Beard et al., 1990; Beard et al., 2003). Iron deficiency targets
many organ and metabolic pathways, and among the most sensitive to iron deficiency are
the central dopamine pathways, viz., nigro-striatal, and mesolimbic systems.
The link between iron status and dopamine (DA) function has been well
established by multiple animal studies spanning several decades of investigation (Youdim
et al., 1989; Youdim, 1990; Beard et al., 1994; Erikson et al., 2000; Erikson et al., 2001;
Beard et al., 2003). It has been demonstrated that decreases in brain iron lead to dramatic
decreases in DA clearance, transporter density, and in DA (D1 and D2) receptor densities.
Changes in the DA system can result in behavioral and physiological alterations that may
be related in some circumstances to addictions, motor dysfunction, attention deficits, and
many more abnormalities. Furthermore, diseases such as Restless Leg Syndrome (RLS)
and Parkinson’s disease are also attributed to modifications in DA biology. RLS, in
particular has been linked to both decreased brain iron status and modifications of the
dopaminergic system (Earley et al., 2000b; Allen et al., 2001; Connor et al., 2003). RLS
affects between 5-7% of the population and is characterized by periodic uncontrollable
limb movement during sleep (Earley et al., 2000b; Allen et al., 2001; Connor et al.,
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2003). Additionally, there is also a diurnal component to this disease as symptoms
worsen during the early evening and night.
In mammals, regulation of the diurnal cycle is believed to center around the
suprachiasmatic nucleus (SCN) in the hypothalamus (Woelfle et al., 2004).

Cyclic

neuronal and hormonal signals from this nucleus serve to regulate daily behavioral and
physiological rhythms.

The SCN regulates circadian physiology through synaptic

connections in various brain nuclei, as well as through the autonomic nervous system to
peripheral organs (Gachon et al., 2004). In the brain, this results in diurnal modulation
of synthetic enzyme expression, transporter and receptor densities, and extracellular
monoamine concentrations (McGeer and McGeer, 1973; Simon and George, 1975).
Currently, very little is known about how iron deficiency impacts catecholamine biology
throughout the diurnal cycle. Behavioral evidence indicates that brain iron deficiency can
result in altered diurnal responses to environmental cues (Carlsson et al., 1980; Youdim
and Yehuda, 1985; Hunt et al., 1994; Burhans et al., 2006).
The main goal of this thesis is to explore the impact of brain iron deficiency on
extracellular monoamines, especially within a diurnal framework. It is our hypothesis
that iron deficiency will alter diurnal variations in extracellular catecholamines through
modulation of synthetic and catabolic enzymes.

We also hypothesize that

communication between the dopamine transporter (DAT) and the D2 receptor (D2R) will
be compromised, leading to decreased sensitivity in the dopaminergic system. We will
approach these issues by utilizing in vivo microdialysis to measure extracellular
catecholamine concentrations, as well as ex vivo analyses in tissue homogenates to
measure protein levels and enzyme activities that are pertinent to understanding how iron
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deficiency alters extracellular monoamines. The diagram below (Figure 1-1) illustrates
how each proposed experiment explores the dopaminergic system providing an overall
picture of the impact of iron deficiency on extracellular monoamines. In the quinpirole
and iron infusion experiments, the integrity of the D2R-DAT connection in the
presynaptic neurons will be probed, while no-net-flux (NNF) will be used as an index of
functional transport. The amphetamine experiment will also provide further insight into
the activation of the D2 receptor, and the addition of a diurnal component serves to
further elucidate diurnal regulation of this receptor.

Twenty four hour diurnal

measurements will also demonstrate the impact of light/dark cues, as well as time of day,
on the dopaminergic system. In these experiments, we will not only be able to measure
the extracellular monoamines, but also their metabolites, allowing us to assess metabolic
activities across the diurnal cycle. Finally, L-3,4-dihydroxyphenylalanine (L-DOPA) will
also be used to measure the impact of iron deficiency on the ability of catecholaminergic
systems to metabolize and clear an influx of DA.

These experiments will provide

information of diurnal variation of catecholamine transport, receptor response, and
metabolism as well as the overall impact of iron deficiency on these systems.
1.2 Specific Aim 1:
The purpose of this aim is to demonstrate the impact of severe post weaning iron
deficiency on the dopaminergic system. Specifically, we will examine the effect of iron
deficiency on extracellular dopamine using microdialysis and the no-net-flux method.
Although previous studies have utilized microdialysis when exploring dopaminergic
alterations in ID rats, this is the first time an in vivo approach has been used to assess
transporter functioning. Furthermore, in this aim we will also focus on exploring possible
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Figure 1-1:

This figure illustrates a dopaminergic neuron.

The boxed text

represents each experiment that will be performed with dashed arrows showing
which systems will be measured.
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mechanisms for the observed decreases in dopamine transporter density, through the D2R
system. By infusing quinpirole during NNF we will be able to measure the integrity of
the D2R-DAT feedback loop. Finally, we will also attempt to explore the impact of iron
deficiency on the synthesis of DA when L-DOPA is provided as the substrate molecule.
1.2.1 Objective 1:
The first objective of this aim is to determine, using the no-net-flux method, if
basal extracellular dopamine concentration is increased by iron deficiency.

Although

this has previously been assessed using conventional microdialysis (Beard et al., 1994;
Chen et al., 1995a; Nelson et al., 1997), the no-net-flux method allows for dopamine
transporter functioning to be explored through a quantitative analysis of extracellular DA
concentrations.

The hypothesis to be tested is that ID will result in increased

extracellular dopamine, accompanied by decreased dopamine transporter functioning.
1.2.2 Objective 2:
The second objective of this aim is to explore the connection between D2R and
DAT through administration of the D2R agonist quinpirole. The link between D2R and
DAT has been previously established (Dickinson et al., 1999; Jones et al., 1999; Mayfield
and Zahniser, 2001; Bolan et al., 2007; Lee et al., 2007). In order to explore the effect of
iron deficiency on this connection, we will perfuse quinpirole, while performing NNF.
This will enable us to assess how activation of the D2R system effects DAT functioning.
This is important because the D2R-DAT feedback loop allows for regulation of DAT on
or off the cell membrane in response to changes in extracellular DA (Lee et al., 2007).
Because D2R densities are decreased by iron deficiency (Erikson et al., 2001), we
hypothesize that movement of the transporter on or off the membrane will be impaired.
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1.3 Specific Aim 2:
L-DOPA is a commonly used drug in the treatment of Parkinson’s disease and
Restless Leg Syndrome.

In the brain L-DOPA is converted to DA by amino acid

decarboxylase resulting in increased DA and norepinephrine (NE) levels (Abercrombie et
al., 1990; Goshima et al., 1990); (Edwards and Rizk, 1981; Edwards et al., 1981; Dayan
and Finberg, 2003). Furthermore, this drug has also been shown to cause release of
endogenous DA and NE (Goshima et al., 1990; Dayan and Finberg, 2003). Although LDOPA is commonly prescribed, the effect of iron deficiency on its efficacy has not been
thoroughly explored.

Thus, one major objective of this study is to explore the

concomitant effects of L-DOPA and iron deficiency on both NE and DA synthesis and
metabolism.
1.3.1 Objective 1:
This objective is designed to establish how iron deficiency affects DA and NE
concentration after administration of L-DOPA, as well as to investigate what role
monoamine catabolism plays in DA clearance by monitoring dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) levels.

Our hypothesis is that systemic

administration of L-DOPA will result in increased DA, NE and metabolites in ID
animals.
1.4 Specific Aim 3:
The third specific aim is to examine how iron deficiency modifies diurnal
behavior and cycling of extracellular DA, NE, DOPAC, and HVA. For this aim we will
again be using rats as our animal model. It is our belief that iron deficiency results in an
alteration in the normal diurnal rhythm of catecholamines and that these alterations are in
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turn related to the symptoms exhibited in patients with Restless Leg Syndrome (RLS)
(Earley et al., 2000a). This aim serves to examine the effects of ID on diurnal cycling of
extracellular concentrations of catecholamines, as well as explore how behavior during
the transitions from light to dark and dark to light is modified by iron deficiency.
1.4.1 Objective 1:
The first objective of this aim is to determine how diurnal cycling affects
extracellular DA, NE, DOPAC, and HVA concentration, and determine if ID modifies
these changes. By sampling fluid from the striatum of a behaving animal, we will be able
to measure differences in DA across the diurnal cycle. This will allow us to determine
how catecholamines shift throughout the day, but especially how the transitions from
light to dark or dark to light effect catecholamine signaling and conclude whether ID
causes any alterations. The hypothesis being tested is that at the onset of the dark cycle
there is an increase in DA concentration facilitating a rise in locomotor activity in control
animals.
1.4.2 Objective 2:
This objective is to determine how the onset of the dark or light cycle alters
behavior in ID animals compared to iron sufficient control rodents. Previously, Youdim
et al. reported that ID reverses the diurnal cycle of activity in ID rats (Youdim et al.,
1981). Attempts to reproduce these results in our lab and others were unsuccessful (Hunt
et al., 1994; Beard et al., 1995), but the perception persists in the scientific literature.
Although a reversal of activity was not found in those studies, there is evidence that iron
deficiency does result in alterations in behavior (Qu et al., 2007; Zhao et al., 2007). In
this aim we will focus specifically on the time frame surrounding the transitions between
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the light and dark cycles when there are the greatest changes in both monoamine
metabolism and movement behaviors. Furthermore, by coupling the data collected with
that of the first objective of this aim, we will be able to correlate changes in behavior with
catecholamine signaling. The hypothesis being tested is that altered DA signaling due to
ID will also result in behavioral ramifications.
1.5. Specific Aim 4:
The goal of this aim is to determine if direct infusion of iron can remedy the
effects of brain iron deficiency on monoamine metabolism. This aim also examines
whether location of the iron infusion plays a role in the response. The nigrostriatal
pathway is one of the most well studied of the dopaminergic pathways (Cooper et al.,
1996). It projects from the substantia nigra and sends axons that provide a dense
innervation to the striatum. Transporters and other cell machinery are manufactured in
the nigra and then transported along this pathway by axoplasmic flow, taking
approximately 4 hours to move the entire length (Lechardeur et al., 1993). By adding
iron to the substantia nigra (cell bodies) or striatum (terminal field) we test the
hypotheses that iron affects both synthesis and synaptic efficacy as well as monitor the
effect that iron addition has on the D2R-DAT connection.
1.5.1 Objective 1:
The first objective of this aim is to determine the impact of intranigral iron
infusion on extracellular DA. Although iron will be infused into the nigra, sampling will
occur in the striatum. After iron infusion we hypothesize that there will be an increase in
transporter functioning in the ID animals. This increase will not occur in the control (CN)
animals because this group is already iron sufficient. Furthermore, with the addition of
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quinpirole, we propose that the deficit in the signaling between D2R and DAT will be
remedied via the nigra iron infusion.
1.5.2 Objective 2:
The second objective of this aim is to establish the effect of intrastriatal infusion
of iron on extracellular DA and DAT functioning.

Because most proteins are

manufactured in the nigra, the addition of iron into the striatum will impact only local
regulators of trafficking of DR and DAT. Thus, we hypothesize that the addition of
quinpirole will also have no effect on DA or DAT functioning if the striatal iron infusion
did not affect DA metabolism.
1.6 Specific Aim 5
All previous studies of in vivo DA metabolism in iron deficiency have been
conducted in rats. In this aim, we switch animal models to an inbred strain of mice that
has a defined genomic background, something missing in the rat studies to date. In this
set of experiments we will use both male and female strain 40 BXD mice to test the effect
of sex and examine the potential for a sex-by-diet interaction relative to variations in
monoamine metabolism across the diurnal cycle. As previous aims have examined the
influence of direct application of L-DOPA and iron to perturb the DA system, in this
experiment we will administer amphetamine to determine if release of DA from
presynaptic vesicles is altered by iron deficiency.
1.6.1 Objective 1:
The first objective of this aim is to measure the effect of iron deficiency on
diurnal extracellular catecholamines in male and female animals. In addition to collecting
extracellular concentrations across a 24 hour period, animals will also be sacrificed at 9
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AM and 8 PM. These time points were selected based on experimental evidence that
they were the points of low and high extracellular DA. Collecting tissue monoamine data
at these time points also allows for a more complete picture of what is occurring in the
dopaminergic system. The hypothesis being tested is that the effect of iron deficiency on
diurnal extracellular catecholamine signaling will be different in male and female
animals.
1.6.2 Objective 2:
The second objective of this aim is to establish the effects of amphetamine
infusion in both light and dark conditions on extracellular DA concentrations.
Amphetamine causes increases in extracellular concentrations of monoamines by both
binding to the transporter, causing reverse transport, and loss of monoamine from
cytoplasmic vesicles (Snyder, 1970). This system is partially modulated by functioning of
the D2R autoreceptor. It is our hypothesis that ID animals will have a higher DA response
to an infusion of amphetamine because of deficits in the D2R system.
Conclusion:
These aims and objectives are designed to advance the understanding of the
effects of iron deficiency on in vivo catecholamine signaling. Using animal models and
in vivo and ex vivo measures we will corroborate previous evidence of decreased DAT
and increased extracellular DA concentrations. Furthermore, use of pharmacological
agents will allow for further exploration of the effects of iron deficiency on the D2R-DAT
feedback loop, as well as diurnal signaling. Finally, we will attempt to remedy the effects
of iron deficiency locally by providing iron directly to the brain. The work performed in
this thesis serves to further the understanding of the effects of iron deficiency in the brain.
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Overall, these experiments will help define the relationship between regional brain iron
deficiency, regulation of monoamine metabolism and influences of the diurnal cycle
providing important information that is directly pertinent to understanding potential
biologic alterations in patients with RLS.
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Chapter 2
Literature Review
Iron deficiency and neural functioning
Nutritional iron deficiency is reported to be the most prevalent nutritional
problem in the world today. It has been estimated to effect between 2-4 billion people
worldwide (WHO/FAO, 2006). A wealth of evidence supports the hypothesis that iron is
essential for brain development and functioning. Reviews have been written which
outline the significance of brain iron and neuropathology (Epstein, 1999), brain iron and
nutrition (Beard and Connor, 2003) iron status and cognition (Walker et al., 2007) and
brain iron metabolism and development (Lozoff et al., 2006). Behavioral and cognitive
deficits have also been attributed to deficiencies in iron (Beard and Connor, 2003).
However, if onset of iron deficiency occurs during adulthood, no lasting effects on
cognition are observed once iron status returns to normal.
Brain Iron Metabolism
The role of iron in the brain is complex. It has several essential functions in
neurotransmitter synthesis and energy metabolism, as well as functional roles within the
metabolism of oligodendrocytes which produce myelin.

Decreases in iron during

development can result in altered behavior (Lozoff et al., 2006) and functioning, while an
accumulation of iron in the brain has been associated with neurodegenerative disease
(Epstein, 1999). These observations reflect the need for iron as an essential nutrient for
cellular functioning, as well as its potential toxicant role if it accumulates in tissue.
Transport of iron into the brain is under strict regulation by the blood brain barrier
though exact mechanisms are still under investigation (Burdo et al., 2003). In order to
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move across this vasculature, one route of iron movement is the binding of the Tf iron
complex. This complex is then endocytosed into the epithelial cell where the iron in then
removed from the complex by acidification in the endosome (Yamashiro and Maxfield,
1984). Iron is then removed from the endosome and transported into the cytosol via
divalent metal iron transporter 1 (DMT1) (Moos et al., 2000; Burdo et al., 2001). There is
additional data which suggests that non-transferrin bound Fe can also flux across the
BBB from the plasma pool (Burdo et al., 2003). Hypotransferrinemic mice accumulate
iron into the brain despite the absence of appreciable quantities of Tf in the plasma pool
and thus support the concept that several feasible pathways exist. Regardless of the exact
mechanism of movement across the BBB, current knowledge supports multiple pathways
that are likely influenced by regional events in different parts of the brain.
Once inside cells, iron is contained in pools such as enzymes, structure proteins,
transport proteins, and ferritin (Beard and Connor, 2003). Distribution throughout the
brain is quite heterogeneous with high concentrations existing in the substantia nigra,
nucleus accumbens, red nucleus, and portions of the hippocampus. Studies examining
the effects of intraperitoneal injection of radiolabeled iron found that iron distribution
changes over time (Dwork et al., 1990). Intravenous radio-iron injections in mice also
provided evidence regarding the influence of iron deficiency on this rate of iron uptake
and redistribution (Beard et al 2005, Malecki et al 2000). In one of the early studies, iron
initially accumulated in caudate putamen, however, over time radioactive iron moved to
the substantia nigra and globus pallidus. This suggests that iron may be able to undergo
axonal transport in addition to the better described movement about the brain by
transferrin or perhaps ferritin (Mescher and Kiffmeyer, 1992). However, the oxidation
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state, what molecules iron is bound to during transport, transport rate, or the significance
of iron accumulation at the axonal terminal, is unknown.
Dopamine
Dopaminergic Brain Regions and Consequences of ID
The two most well studied dopaminergic pathways in the brain are the
nigrostriatal, linking the substantia nigra to the striatum, and the mesolimibic system,
connecting the ventral tagmentum to the nucleus accumbens. Dopamine deficits in these
regions inhibit the ability to process environmental information leading to altered
perception and motivation as well as impaired movement and bradyskinesia (Cooper et
al., 1996). Although DA is widely distributed throughout the brain particularly high
concentrations are found in striatal areas.

These dopaminergic tracts appear to be

consistently sensitive to regional brain iron deficiency (Ben-Shachar et al., 1985; Pinero
et al., 2000) We have found that 20% decreases of iron in these regions can result in
decreased DA concentrations.
Synthesis
Tyrosine hydroxylase is the initial and rate limiting step in the catecholamine
synthesis pathway (Figure 2-1). Combining with tetrabiopterin and oxygen this enzyme
is responsible for the conversion of tyrosine to L-dihydroxyphenylalanine (L-DOPA)
(Cooper et al., 1996). TH activity is regulated by cofactors, substrate availability,
feedback inhibition and phosphorylation status (Dunkley et al., 2004). Additionally,
because it is an iron containing enzyme the redox state of iron is also important in
determining enzymatic activity. In the rat, TH exists in four forms, two forms containing
ferrous iron (phosphorylated and not phosphorylated) and two forms containing ferric
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Figure 2-1: Synthesis of Dopamine: Tyrosine hydroxylase is the rate limiting step in
this pathway.

This is followed by decarboxylation with dopa decarboxylase.

Monoamine oxidase (MAO) and catechol-methyl-transferase (COMT) are the
primary catabolic enzymes.

20
iron also existing in a phosphorylated and non-phosphorylated form (Dunkley et al.,
2004). The ferric forms of TH are inactive and form complexes with catecholamines
(Ramsey and Fitzpatrick, 1998) while the ferrous forms are enzymatically active with the
phosphorylated form being the most active.

Iron can also play an indirect role on TH

activity through protein phosphatase 2A (PP2A). This enzyme dephosphorylates TH and
it too also may be an iron sensitive protein (Yu, 1998). Because TH plays such a critical
role in dopamine synthesis and iron is vital for its functioning it would seem that iron
deficiency would result in decreased activities of this enzyme. However, evidence of this
is mixed.

For example, Youdim et al has found that a 40% reduction of iron in

postweanling rats but found no change in whole brain TH activity (Youdim and Green,
1978; Youdim et al., 1989). However, Beard et al. reported decreased TH activity in
striatum but not pons of iron deficient 63 day old rats when dietary treatment began on
day 21, while there was no effect of ID on 21 day old animals, when dietary treatment
began on day 4 (Beard et al., 2003). Furthermore, TH levels in ID animals are increased
at postnatal day 15 but not postnatal day 9 or 21 compared to CN when dietary treatment
started on gestational day 15(Unger et al., 2007) pointing to a developmental window
where dopamine systems are being formed. Thus, the effect of iron deficiency on TH
could be dependant on age, iron status, and brain region sampled.
Catabolism
The catabolism of DA requires activity of both intracellular and extracellular
enzymes in order to produce the two principal catabolites, DOPAC and HVA (Cooper et
al., 1996).

DA is converted to DOPAC by monoamine oxidase B (MAO-B).

Interestingly, activity of this enzyme has been found to be reduced by iron deficiency in
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both brain and platelets (Patiroglu and Dogan, 1991; Hu et al., 1996). Catechol-Omethyltransferase (COMT) converts extracellular DA to 3-methoxy tyramine, 3-MT,
(Sharman, 1973; Dedek et al., 1979) where it is further converted to HVA by aldehyde
deydrogenase or MAO. These metabolites then form a sulfate conjugate and are excreted
through the urine. Often DOPAC and HVA levels are used as an index for DA production
or turnover. The ratio of DOPAC+HVA/DA can provide insight into how quickly DA is
being metabolized.

Iron deficiency has been associated with alterations in the

metabolism of monoamines (Beard et al., 1994). For example, an elevated HVA level in
CSF or dialysate could be attributed to elevated extracellular DA and a reduced DA
transporter functioning resulting in reduced DOPAC and increased HVA production in
the steady state. This was suggested in one study (Nelson et al., 1997), but not in two
others (Beard et al., 1994; Chen et al., 1995a).
Dopamine Receptors
The physiologic actions of dopamine are mediated by five receptor subtypes the
D1-like receptors (D1 and D2) and the D2-like receptors (D2, D3, and D4).

The D1

receptors are located postsynaptically and when activated these receptors couple to the G
protein Gs and activate adenylyl cyclase, this serves to increase intracellular cAMP
whereas, postsynaptic D2-like receptors inhibit adeynlyl cyclase and activate K+ channels
(Cooper et al., 1996). In the striatum postsynaptic dopamine receptors regulate the
activity of neuronal feedback pathways by which straital neurons can communicate with
dopamine cell bodies in the substanita nigra. This enable dopamine innervated cells in
the striatum to modulate the physiological activity of the nigrostriatal dopamine neurons.
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In general increased postsynaptic activity translates to decreased nigrostriatal dopamine
activity (Cooper et al., 1996).
D2 receptors are also located presynaptically as well. These autoreceptors when
stimulated serve to inhibit dopamine synthesis and release (Jones et al., 1999).
Autoreceptors in the somatodendritic region slow the firing rate of dopamine neurons
while the stimulation of autoreceptors on the nerve terminal inhibit dopamine synthesis
and release. Thus, autoreceptors work in concert with somatodendritical terminals to
control dopamine activity (Cooper et al., 1996). In the brain Youdim and colleagues
demonstrated lower densities of dopamine D2 receptors (D2R) in the striatum of rats and
others found that nucleus accumbens is also sensitive to effects of iron deficiency
(Yehuda and Youdim, 1989; Youdim, 1990; Erikson et al., 2001)
DA Transport
The ability to process environmental information is dependent upon appropriate
rates of dopamine clearance from the interstitial space. Thus alteration in dopamine
metabolism in the mesolimbic and nigrastriatal tracts could easily be related to altered
perception and motivation (Cooper et al., 1996). The dopamine transporter (DAT) is the
primary method of clearance and is estimated to remove between 80-90% of DA. It is
located in the extrasynaptic region of the axonal terminal and is believed to be
responsible for the inactivation of dopamine that diffuses away from the synapse (Ciliax
et al., 1995). Pharmacologic inhibition of the transporter by GBR or cocaine results in
increased extracellular DA.
Additionally, the density of the DA transporter (DAT) is also diminished by iron
deficiency in striatum and nucleus accumbens, both terminal fields of neurons originating
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in the substantia nigra and ventral tegmentum (Lipschitz et al., 1974; Erikson et al.,
2000). Microdialysis studies have also found that after dietary treatment to produce iron
deficiency extracellular dopamine is elevated in striatum while tissue levels are reduced
by 20% (Chen et al., 1995a; Kwik-Uribe et al., 2000a; Beard J. L. et al., 2007).
Furthermore, pharmacological studies with cocaine demonstrate a reduction in sensitivity
implying change both in transporter density and functioning in ID animals. (Chen et al.,
1995b; Erikson et al., 2000)
D2R-DAT link
Several animal studies provide evidence that there is a relationship between D2R
and DAT (Meiergerd et al., 1993; Cass and Gerhardt, 1994; Dickinson et al., 1999). In
1993, it was found that the application of the D2R agonist quinpirole, resulted in
increased DA transport velocity in striatal synaptosomes (Meiergerd et al., 1993).
Transgenic animal studies also indicated a connection, with D2R knockout mice
exhibiting a loss in DAT functioning (Dickinson et al., 1999) and DAT knockout mice
demonstrating decreased D2R densities (Jones et al., 1999).

Activation of the D2R

enhances DAT function by increasing the number of cell surface transporters through
Gi/o-dependant mechanisms (Mayfield and Zahniser, 2001). These studies suggested that
the linkage between D2R and DAT may be altered by iron deficiency (Unger et al., 2007).
In this study of developmental iron deficiency, there were alterations in D2R levels that
preceded the alterations in DAT and in tissue DA concentrations (Unger et al., 2007).
This may indicate a site of major influence on monoamine metabolism and a sequence of
sensitivity to regional iron deprivation. Bolan et al. demonstrated that D2 autoreceptors
regulate DAT expression via the extracellular signal-regulated kinases 1 and 2 (ERK1/2)
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(Bolan et al., 2007). Furthermore genetically altering the D2 receptor in D2 receptor
knockout mice results in decreased transporter activity (Dickinson et al., 1999) but
normal levels of gene expression.

Finally, it has also been shown that in cell culture,

DAT on the cell surface is decreased as a result of iron chelation and there is evidence
that alterations in the protein kinase C (PKC) and protein kinase A (PKA) mediated
pathways between the D2R and DAT may be involved (Wiesinger et al., 2007a).
Norepinephrine
Synthesis
Dopamine is not the only neurotransmitter affected by ID. Norepinephrine (NE)
is also modified by dietary iron deficiency. The synthetic pathway of NE (Figure 2-2)
contains two key enzymes TH (discussed previously) and Dopamine-β-hydroxylase
(DβH). DβH is localized within vesicles that store catecholamines and is a copper, not
iron, containing enzyme (Axelrod, 1972). Most DβH is bound to the inner vesicle
membrane, but some is free within the vesicle and is released into the extracellular space
along with NE when the contents are expelled by reverse pinycytosis (Weinshilboum et
al., 1971). DβH activity can be regulated by NE concentration. In situations of reduced
tissue NE such as α-methyl-paratyrosine or reserpine treatment DβH activity is increased
producing more NE (Molinoff et al., 1972).
Similar to the dopaminergic system norepinephrine signaling is also mediated by
receptors (Jhanwar-Uniyal et al., 1986).

These are the alpha and beta adrenergic

receptors. Alpha adrenergic receptors are divided into two types, α1 and α2 (Cooper et al.,
1996). There are also multiple subtypes of each type of alpha receptor, although each
subtype exhibits a fair amount of sequence homology within the receptor type
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Figure 2-2: Synthesis of Norepinephrine: Tyrosine hydroxylase (not shown) is the
rate limiting step in this pathway. Similar to Dopamine Monoamine oxidase (MAO)
and catechol-methyl-transferase (COMT) are the primary catabolic enzymes.
Although Aldehyde reductase (ALD RED) and Aldehyde dehydrogenase (ALD DH)
are also important.
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(Bylund, 1992). For instance, all three known α2 subtypes serve to inhibit adenylyl
cyclase activity. Similar to α1 and α2 there are also three types of beta adrenergic
receptors, β1, β2, and β3 (Minneman et al., 1979). These receptor types are differentially
expressed throughout the body with β1 and β2 expressed in the brain while β3 is expressed
in brown adipose tissue. All three beta adrenergic receptors serve to stimulate synthesis
of cAMP resulting in activation of PKA.
Degradation and Transport
Degradation of NE does not seem to be altered by iron deficiency. The two main
enzymes involved in are COMT and MAO-A (Cooper et al., 1996). There is no evidence
to indicate that either of these enzymes are altered by iron deficiency. However, reuptake
into the cell through NET may be affected. Burhans et al reported that NET density was
reduced in ID brain in a number of brain regions (Burhans et al., 2005). Follow-up cell
culture experiments demonstrated a dose-response effect of iron chelators on NET levels.
Iron Deficiency and NE
One of the first studies of neuronal effects of ID in humans was performed by
Oski and colleagues in ID anemic infants. They observed increased urinary NE in these
ID infants that returned to normal with iron therapy (Voorhess et al., 1975). Other studies
with rodent models showed increased NE turnover over in post-ganglionic noradrenergic
terminals and elevated levels of NE in plasma during IDA (Smith and Beard, 1989; Tobin
and Beard, 1990). Women with ID have increased levels of NE when cold stressed (Borel
et al., 1991) and NE uptake (Burhans et al., 2005; Beard et al., 2006b). Cell culture
experiments also demonstrated a dose-response effect of iron chelators on NET levels
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and NE uptake (Burhans et al., 2005; Beard et al., 2006b). Studies of the effect of ID on
alpha and beta adrenergic receptors have also been inconclusive (Ashkenazi et al., 1982).
Light/Dark Cycle:
Youdim et al. reported that ID reverses the diurnal cycle (Youdim et al., 1981).
In their experiment they found that ID animals were more active during the light cycle
while activity in the control animals increased during the dark. Attempts to reproduce
these results in our lab were unsuccessful (Beard et al., 1995) as were similar efforts by
Hunt et al (Hunt et al., 1994). Although, replication of increased light cycle activity in
the ID animals was unsuccessful it was clear from these experiments that iron deficiency
does affect diurnal activity.
Biology patterns associated with light:dark cycles:
The control center for diurnal cycling is the suprachiasmatic nucleus (SCN) in
the brain’s hypothalamus (Ralph et al., 1990). This nucleus is entrained by light-dark
cycles and sends out hormonal or neuronal signals which regulate rhythms in gene
expression and enzymatic activities through oscillations of transcriptional and posttranscriptional feedback loops (Reppert and Weaver, 2002). Diurnal regulation occurs
through transcriptional activation of 4 clock genes, period (PER1 and PER2) and
cryptochrome (CRY1 and CYR2).

This activation is initiated by binding of a

BMAL1:CLOCK complex to an E-box sequence in the promoter region of the protein
resulting in accumulation of PER/CRY complexes (Hardin, 2004). As levels of
PER/CRY complexes increase in the SCN neurons they create a feedback loop resulting
in deactivation of PER/CRY transcription.

Reactivation, through BMAL1:CLOCK
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initiates another circadian cycle as PER/CRY proteins are cleared from the SCN, driving
the core circadian oscillation (Hastings and Herzog, 2004).
The transmission of these daily timing signals to downstream pathways is
achieved by regulated expression of a series of clock-controlled genes. Promoter regions
of some proteins contain E-Box sequences to which the CLOCK/BMAL1 complex can
bind, increasing transcription of these genes (Preitner et al., 2002; Ueda et al., 2002). In
the dopaminergic system both tyrosine hydroxylase and the dopamine transporter contain
E-box sequences, providing a mechanism through which CLOCK/BMAL1 can regulate
extracellular DA levels (Weber et al., 2004; Sleipness et al., 2007). Similar mechanisms
may also exist for other neurotransmitter systems that contain these E-box sequences.
This regulation of DA signaling is of interest to groups of scientists and clinicians that
study iron deficiency, as there are periodic reports that iron deficient infants and adults,
as well as rodent models of iron deficiency, have abnormal movement behaviors during
their sleep cycle (Dean et al., 2006; Peirano et al., 2007).
Restless Legs Syndrome
RLS is characterized by periodic uncontrollable limb movement during sleep and
is estimated to affect between 5 – 7% of the population (Earley et al., 2000b; Allen et al.,
2001; Connor et al., 2003). ID and DA have both been implicated in the etiology of RLS.
Iron supplementation using both oral and intravenous approaches has been used to treat
RLS successfully (Davis et al., 2000; Earley et al., 2004). When iron status improves,
there is a reduction in the severity of symptoms and in some patients, remission. Apart
from iron treatment, dopamine-agonist drugs, as well as L-DOPA, can treat the disease
effectively, if only for a limited time (Stiasny et al., 2001).
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Iron abnormalities, such as low serum ferritin levels, are also associated with
onset of or exacerbation of RLS. Interestingly, these values may be decreased in spite of
normal levels of other iron indices (hemoglobin, hematocrit, or serum iron)(O'Keeffe,
2005). Even more confounding are cases in which serum ferritin levels are normal,
while ferritin levels in CSF are reduced (Earley et al., 2000b). These findings indicate
that abnormal iron metabolism likely plays a role in RLS etiology.

In support of this

possibility is the data from analysis of autopsy specimens, which found decreased iron in
the substantia nigra of RLS patients (Connor et al., 2003). MRI and PET studies found
decreased [18F]-DOPA uptake, and alterations in brain proteins consistent with brain iron
deficiency and changes in DA biology (Earley et al., 2000b; Allen et al., 2001; Connor et
al., 2003). One of the most important observations was made in the early 1950s, when
Nordlander treated RLS by intra-venous iron therapy, even in patients without signs of
anemia. These treatments resulted in improvement of brain iron content, as well as
decreased symptoms (Nordlander, 1954).

This approach has also been used more

recently with similar results, where iron dextran infusion was successful in reducing
symptoms of RLS (Earley et al., 2004).
Males vs Females
Literature indicates that male and female rodents respond differently to iron
deficiency (Erikson et al., 2000; Erikson et al., 2001). Yet most studies are primarily
performed in male rats. Female rats are known to exhibit an estrous cycle-dependant
variation in basal extracellular concentration of striatal DA, amphetamine stimulated DA
release, and in striatal DA mediated behaviors (Becker, 1990b; Becker, 1990a; Becker et
al., 1993). These differences are believed to be due to estrogen modification of D2
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receptors and DAT densities resulting in increased sensitivity to pharmacological
stimulus (Levesque and Di Paolo, 1990; Le Saux and Di Paolo, 2006).

Although

previously documented in ID female rats, a mechanism by which ID may modulate
estrogen metabolism has not been explored. While the effects of estrogen regulation on
iron uptake proteins transferrin and lactoferrin have been documented (Lee et al., 1978;
Teng, 1995), the effect of iron deficiency on this interaction is unknown.
Microdialysis
Microdialysis allows for sampling of the extracellular space in vivo. This can be
achieved by inserting a semi-permeable probe into the brain of a living animal. When
artificial cerebral spinal fluid (aCSF) is perfused through this probe, neurotransmitters
and other analytes diffuse across the membrane and can be collected and analyzed on a
HPLC.

This allows for measurements to be made in an intact, behaving animal.

Unfortunately, the insertion of the probe is known to cause damage to the tissue, which
some argue may corrupt the measurements made (Morgan et al., 1996; Bungay et al.,
2003; Chen, 2005b; Chen, 2006).

Others however, argue that because implantations

damages both neurotransmitter release and uptake, it does so in a somewhat relative and
proportional way for both processes meaning that the validity of the microdialysis ZNF
method is not seriously undermined (Chen, 2005a). Additionally, the temporal resolution
of microdialysis is not fast enough to measure changes on the millisecond or even second
timescale. It takes 10 - 15 minutes to collect enough sample to inject onto the column
meaning small changes remain undetected. Even with these drawbacks microdialysis has
the advantage of being able to measure basal extracellular levels (Cano-Cebrian et al.,
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2005). Thus, although there are drawbacks, for the research questions we are proposing,
microdialysis is the best technique currently available.
No Net Flux
Quantitative in vivo microdialysis relies on the principles of diffusion to allow
calibration of the probe which in turn allows the researcher to measure in vivo
neurotransmitter concentrations in the extracellular signaling space (Smith and Justice,
1994). The most commonly used quantitative method is the no-net-flux or Lonnroth
approach. NNF allows for the calculation of extraction fraction (Ed), how efficiently an
analyte diffuses between the probe and the tissue, and the estimated extracellular
concentration (Cext) of the analyte can be calculated (Bungay et al., 2003; Chefer et al.,
2006).
In this method, different concentrations of the analyte of interest, in this case
dopamine, are perfused into the brain at a constant flow rate. The concentrations are
chosen to fall above and below the hypothesized in vivo extracellular concentration.
During infusion dialysate samples are collected and analyzed, and a plot is constructed of
[concentration in – concentration out] (y-axis) vs [concentration in] (x-axis). The x
intercept of the linear regression line is the point of no net diffusion or the point at which
the concentration flowing into the probe is equal to the concentration in the extracellular
space (J.B. Justice, 1993). The extraction fraction is the slope of the line and has been
defined as (Bungay et al., 2003):
Ed = Cin – Cout/ Cin - Cext
In which Cin (concentration in), Cout (concentration out) and Cext (extracellular
concentration) can all be directly measured.
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Figure 2-3: Illustration of a microdialysis system.
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In 1994 Smith and Justice provided the initial evidence that Ed is dependant upon
the efficiency of processes removing the analyte from the extracellular space and not on
changes in release. They did this by demonstrating that inhibition of uptake with cocaine
and GBR 12909 did indeed decrease Ed while inhibition of metabolism (tropolone and
pargyline) or release (α-methylparatyrosine and tetrodotoxin) had no effect on Ed (Smith
and Justice, 1994). Subsequently, similar experiments were also performed with NE,
serotonin (5-HT) and acetylcholine (Cosford et al., 1996);(Vinson and Justice, 1997).
However, this is only true in provided that the rate of supply is independent of the
extracellular analyte concentration.

Otherwise, an increased value in Ed could also

suggest an increase in rate of supply. In our animal model, we found there was no effect
of iron deficiency on release (Erikson et al., 2000). Thus, it is our assumption that in our
model changes in Ed can be attributed to altered transport.
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Chapter 3
Iron deficiency alters dopaminergic signaling and the D2R-DAT connection
Introduction
Iron deficiency (ID) is arguably the most common nutritional disorder world
wide, affecting more than 2 billion people (WHO/FAO, 2006). Iron is vital for proper
neurobiology, and deficiencies in this nutrient can result in cognitive and behavioral
deficits (Yehuda and Youdim, 1989; Youdim et al., 1989; Youdim, 1990; Beard and
Connor, 2003). In the brain the central dopamine pathways are among the most sensitive
to iron deficiency, resulting in a well established link between iron status and dopamine
(DA) function (Yehuda and Youdim, 1989; Youdim et al., 1989; Youdim, 1990; Erikson
et al., 2000; Erikson et al., 2001).
In the early 1990s Yehuda and Youdim demonstrated that iron deficiency results
in decreased dopamine D2 receptor (D2R) densities in the striatum and nucleus
accumbens of rats (Yehuda and Youdim, 1989; Youdim, 1990; Erikson et al., 2001).
Erikson et al later established that these decreases in D2R density were also accompanied
by diminished dopamine transporter (DAT) density, and decreased sensitivity to cocaine
and other dopaminergic drugs (Erikson et al., 2000).

Other studies also provided

evidence that supported the hypothesis that decreased DAT levels on the cell membrane
could serve a causal role in the elevated extracellular dopamine levels observed in
microdialysis studies (Beard et al., 1994; Chen et al., 1995a; Nelson et al., 1997). More
recently, Unger et al found that dysregulation of D2R may precede alterations in DAT in
early developmental iron deficiency (Unger et al., 2007). Evidence for this lies in the
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observation that striatal D2R levels fell before there were significant changes in DAT and
DA in developing rats.
The link between D2R and DAT has been hypothesized for many years
(Meiergerd et al., 1993; Cass and Gerhardt, 1994; Dickinson et al., 1999). In 1993, it was
found that the application of the D2R agonist quinpirole, resulted in increased DA
transport velocity in striatal synaptosomes (Meiergerd et al., 1993). Similarly, Cass and
Gerhardt found that addition of the D2R antagonist raclopride also resulted in decreased
DA transport in vivo (Cass and Gerhardt, 1994), while in 1993, Parson et al evinced that
the D2R antagonist pimozide attenuated chronic cocaine induced increases in striatal DA
uptake (Parsons et al., 1993). Further evidence for a link between D2R and DAT can be
found in transgenic animal studies. In 1999, Dickenson et al demonstrated that D2R
knockout mice exhibited a loss in DAT functioning (Dickinson et al., 1999), while Jones
et al. showed DAT knockout mice had decreased D2R densities (Jones et al., 1999).
Down regulation of DAT, after D2R antagonism, occurs through phosphorylation
by protein kinase C (PKC), and subsequent movement of DAT off the cell membrane
into recycling endosomes (Loder and Melikian, 2003). The return of the DAT protein to
the cell surface requires dephosphorylation through the action of protein phosphatase 2A
(PP2A), an iron dependent protein. Although the mechanism of downregulation is well
characterized, upregulation of DAT is not as well understood (Batchelor and Schenk,
1998; Foster et al., 2003; Bolan et al., 2007). Some have hypothesized that activation of
the D2R enhances DAT function by increasing the number of cell surface transporters
through Gi/o-dependant mechanisms (Mayfield and Zahniser, 2001). Others have explored
altered trafficking through mitogen activated protein (map) kinase and extracellular
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signal regulated kinase (erk) 1/2 pathways, while Lee et al probed direct protein
interactions as a mechanism for D2R and DAT coupling (Bolan et al., 2007; Lee et al.,
2007). Although the exact signaling pathways are not yet elucidated, it is clear that there
is a link between D2R and DAT. In these experiments, we use in vivo approaches to
explore whether iron deficiency alters this connection.
Quantitative in vivo microdialysis (viz “no-net-flux”) relies on the principles of
diffusion to allow calibration of the probe, which in turn allows the researcher to measure
in vivo neurotransmitter concentrations in the extracellular signaling space (Smith and
Justice., 1994). This method also allows for the calculation of extraction fraction (Ed),
and estimated extracellular concentration (Cext) (Bungay et al., 2003; Chefer et al., 2006).
Extraction fraction is a measure of how efficiently an analyte diffuses to and from the
probe. The no-net-flux (NNF) approach asserts that Ed is dependent upon the efficiency
of processes removing the analyte from the extracellular space and not on changes in
release. Smith and Justice provided the initial evidence when they showed that inhibition
of uptake with cocaine and GBR 12909 did indeed decrease Ed while inhibition of
metabolism

(tropolone and pargyline) or

release (α-methylparatyrosine and

tetrodotoxin) had no effect on Ed (Smith and Justice, 1994). However, this is only true
provided that the rate of supply is independent of the extracellular analyte concentration
(Chefer et al., 2006). Otherwise, an increased value in Ed could also suggest an increase
in supply rate. In our animal model, we previously found there was no effect of iron
deficiency on monoamine release from synaptosomes (Erikson et al., 2000). Thus, it is
our assumption that changes in Ed can be attributed to altered transport.
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This study has two objectives based on the previous semi-quantitative
microdialysis studies (Chen et al., 1995a; Nelson et al., 1997) and subsequent in vitro
studies of cellular iron deficiency (Wiesinger et al, 2007) and dopamine metabolism: 1)
to quantitate the effect of ID on DA in vivo and 2) to test the integrity of the D2R –DAT
feedback loop in ID animals through infusion of quinpirole.
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Materials and Methods
Animals
Thirty six male Sprague-Dawley rats (Harlan, Indianapolis IN) were housed
2/cage and fed either control (CN) (~80 ppm Fe) (n = 18) or iron deficient (ID) (<4 ppm
Fe) (n = 18) diet ad libitum for 5 weeks, beginning at day 21. All animals were
maintained in a temperature (23 ± 2°C) and humidity (40%) controlled room on a 12:12
hr light/dark cycle (lights on at 0600). The experimental protocols adhered to National
Institutes of Health Animal Care guidelines and were approved by the Pennsylvania State
University Institutional Animal Care and Use Committee.
Surgery
Rats were anesthetized with 50/5/1 mg/kg of Ketamine/Xylazine/Acepromazine,
shaved and opthamalic ointment placed over the animal’s eyes. The skin was cleaned
with providone/iodine solution and 70% ethanol and the animal was placed on the
stereotaxic frame. A small incision was made exposing the skull. Sterile surgical swabs
were used to gently remove adhering tissue from the bone and bregma was identified as a
landmark. A small hole (<0.5 mm) was then drilled into the skull using the coordinates
determined in a rat brain atlas (Swanson, 1998) of 0.2mm AP, -2.8 mm L, and -5.3 mm
V. A sterile CMA 11 guide cannula was then lowered into the hole and secured by dental
cement. Animals were allowed to recover from surgery for several days before
experimental data were collected. At the termination of the experiment, the animal was
euthanized and the brain was rapidly removed and cut into hemispheres. The striatum
was dissected from one side, while the hemisphere that contained the probe was
immediately frozen in isopentane for histological verification of probe placement.
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Dialysis and no net flux protocol
Rats

were

lightly

anesthetized

with

25/2/0.5

mg/kg

ketamine/xylazine/acepromazine in order to insert the dialysis probe into the guide. After
the dialysis probe (CMA/11, 2 mm length x 240 μm diameter cuprophane, 6,000 MW
cut-off) was inserted, the animals recovered overnight in the perfusion bowl. Rats were
perfused with artificial cerebrospinal fluid (aCSF) (Chen et al., 1995a) at a rate of 1.1
μL/min. This flow rate was maintained throughout the experiment. After a 10 hour
equilibration period, six baseline samples were collected at 15 minute intervals starting at
6 am and analyzed immediately by online HPLC. In order to determine extracellular
dopamine concentrations corrected for Ed, NNF was performed. In this protocol, 250,
200, 150, 100, and 50 nM dopamine in aCSF was perfused directly into the brain.
Subsequent studies have also been performed using the concentrations of 100, 50, 20, and
10 nM DA in aCSF (data not presented) and we have found no differences in Cext and Ed
between the two concentration paradigms. Each concentration of DA was perfused for
75 minutes, and the order of the concentrations randomly chosen for each rat.
Quinpirole
In another experiment with a different group of ID and control rats, 5 µM
quinpirole (Sigma, St Louis MO) was added to the perfusate 1.5 hours prior (starting at
11:30 am) to and during the NNF protocol. Samples were collected every 15 minutes,
with online injection into the HPLC .
High Performance Liquid Chromatography
Dialysate samples (10 μl) were injected online onto an ESA MD-150 narrow-bore
HPLC column 150 x 2 mm (ESA, Inc., Chelmsford, MA) for separation followed by
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detection by an ESA 5014B microdialysis cell (+300 mV) (ESA Coulochem III, ESA,
Inc., Chelmsford, MA). A guard cell (ESA 5020) placed in line before the injection loop
was set at a potential of +350 mV. The mobile phase consisted of 75 mM Sodium
Phosphate Monobasic (EMD Chemical, Gibbstown, NJ), 1.7 mM 1-octanesulfonic acid
(EMD Chemical, Gibbstown, NJ), 25 µM EDTA (Acros, NJ), 10% acetonitrile (EMD
Chemical, Gibbstown, NJ), and 0.01% triethylamine (Sigma Aldrich, St. Louis, MO) in a
volume of 1L (pH 3.0). The neurotransmitter and metabolite peak areas were integrated
using EZ Chrom Elite software (Scientific Software Inc, Pleasanton, CA) and quantified
against known standards of NE (ESA INC, Chelmsford, MA), DA (ESA INC,
Chelmsford, MA), 3,4-Dihydroxyphenylacetic acid (DOPAC) (Sigma Aldrich, St. Louis,
MO), and Homovanillic acid (HVA) (Sigma Aldrich, St. Louis, MO).
Hematology
Blood was collected from the trunk of the animals into heparinized tubes and
hemoglobin and hematocrit measured by standard protocols (Pinero et al., 2001). Blood
was spun at 5,000 X g for 15’ to remove cells and remaining plasma and stored at -20°C
until analysis for iron and total iron binding capacity. The liver was rapidly removed and
stored at -20°C, until analysis by established colorimetric assay (Pinero et al., 2001).
Tissue Homogenization
After animals were sacrificed, the brains were removed, dissected and
homogenized in phosphate buffer according to previously published methods (Beard et
al., 2006a). Brain iron was determined by atomic absorption spectroscopy (Pinero et al.,
2000), while tyrosine hydroxylase (TH) and phosphorylated tyrosine hydroxylase (THPO4) (Ser 40) levels were determined by elisa assay as described in (Beard et al., 2007).
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Statistical Analysis
The data are presented as mean ± standard error of the mean.

Statistical

comparisons were performed by Student’s t-test for two independent samples or repeated
measure ANOVA. Two animals were determined to be greater than 2 standard deviations
from the mean during steady state conditions and were excluded. NNF data were
analyzed by linear regression to determine x-intercepts (Cext) and slopes (Ed). Data in
which the r for the regression equation was less than 0.9 (n = 2) were excluded. Thirty
two animals were used for these experiments (17 for NNF and 15 for quinpirole NNF)
the total number of animals excluded from these studies was 1 CN and 3 ID.
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Results
Hematology
After 5 weeks of dietary treatment, ID animals weighed significantly less than
their control counterparts (211.8 ± 14.0 g compared to 294.5 ± 13.7g) (t = 4.22, p<0.001).
The low iron dietary treatment yielded the expected significantly lower hemoglobin
concentration, 5.1 ± 0.6 g/dL v. 14.0 ± 0.5 g/dL (t = 11.50, p<0.001), hematocrit (23.4 ±
0.02 % v. 45.0 ± 0.01%) (t = 11.29, p<0.001), and liver iron concentration (28.2 ± 7.3
µg/g v. 108.4 ± 35.8 µg/g) (t = 4.9, p<0.01). As can be seen in Figure 3-1 striatal iron
concentration was also reduced (16.7 ± 1.6 µg/g v. 21.2 ± 1.4 µg/g) (t = 1.87, p<0.05) in
rats fed ID diet.
TH and TH-PO4
Iron deficiency lowered striatal TH levels by approximately 40% compared to CN
(t = 2.06, p<0.05). This is in contrast to TH-PO4, which is not significantly changed
compared to CN (Figure 3-2).
Striatal tissue monoamines
Iron deficiency resulted in significantly lower striatal dopamine concentrations
16.2 ± 0.5 pmol/mg tissue vs 18.4 ± 0.4 pmol/mg tissue in CN (t = 2.06, p<0.05) (Figure
3-3). DOPAC was also lowered although this drop was not significant.
NNF/Quinpirole NNF
Figure 3-4 illustrates an ID-related 26% increase in basal dopamine concentration,
33.7 ± 0.6 nM v. 26.7 ± 0.9 nM (t = -2.02, p<0.05) compared to CN animals. Extraction
fraction (Ed) was lower in ID rats relative to CN rats (41.4 ± 0.5% v. 51.6 ± 0.9% (t =
3.43, p<0.01 Figure 3-4)). This difference in Ed was then used in the NNF calculation to
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Figure 3-1: Striatal Iron Concentration. Five weeks post weaning iron deficient
treatment resulted in 20% decreases in striatal brain iron. Data are presented as
mean ± SEM. *p<0.05
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Figure 3-2: TH and TH-PO4 levels in striatal homogenates determined by ELISA
assay. ID significantly decreases TH levels but not TH-PO4 levels. All data is
presented as mean ± SEM. *p<0.05
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homogenates. ID significantly reduced DA concentrations. All data is presented as
mean ± SEM. *p<0.05
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Figure 3-4: Basal DA Concentration, Cext, and Extraction Fraction (Ed) for DA NNF
with and without quinpirole (5 μM) infusion. Without quinpirole, the average
baseline concentration was determined for both CN and ID. ID was found to have
significantly higher DA when compared to CN.

Cext was calculated to be

significantly higher in ID v. CN animals. The extraction fraction for ID animals was
measured to be significantly lower compared to CN. NF with quinpirole infusion
resulted in a significant decrease in basal and Cext DA in both CN and ID groups.
Quinpirole also caused a significant increase in Ed in the CN group, while Ed in the
ID group showed no change. Data is presented as mean ± SEM *p<0.05, **p<0.01,
***p<0.001. CN n = 9, CN-Quin n = 8, ID n = 8, ID-Quin n = 7.
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estimate extracellular concentration, Cext, which for the ID rats was 28% higher (64.0 ±
1.5 nM) compared to CN (50.3 ± 1.9 nM (t = -1.89, p<0.05).
Adding 5 µM quinpirole to the perfusate caused a decrease in basal extracellular
DA in both CN (80%) (t = -6.83, p<0.001) and ID (88%) (t = -16.54, p<0.001) animals
(Figure 3-4). Similarly, the addition of quinpirole caused the Cext to decrease by 89% in
CN rats (t = 7.42, p<0.001) and decrease 83% for ID animals (t = 8.47, p<0.001). The Ed
was significantly increased by 55% (t = 2.18, p<0.05) in CN rats but was not significantly
changed by quinpirole in the ID animals.
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Discussion
The present experiments were designed to evaluate the effects of ID on in vivo
DA biology in the brain and several new findings emerged as a result. Overall, we found
that TH levels in striatal homogenates were decreased by iron deficiency while levels of
TH-PO4 were not changed.

These decreases are accompanied by decreased straital

dopamine concentrations. Iron deficiency also resulted in increased extracellular DA
levels and decreased extraction fraction (Ed), indicative of reduced activity of the
dopamine transporter (DAT). Finally, the third major finding was that perfusion of the
D2R agonist quinpirole did not change apparent DAT activity in ID, suggesting the
signaling pathway between D2 receptors and DAT may be compromised.
The animal model used here provides a similar degree of systemic and brain iron
deficiency, as we and others have observed previously; that is, there is a severe anemia,
very low storage iron levels in liver, and a modest (20-30%) reduction in striatal brain
iron concentration (Erikson et al., 2001; Pinero et al., 2001). Our finding of ID-related
decreases in TH levels is also in agreement with other published reports (Beard et al.,
2003; Beard J. L. et al., 2007). In 2003, Beard et al found that TH activity was decreased
in the striatum of 63 day old rats (iron deficiency started at weaning), while in 2007 it
was found that ID resulted in a 30% decrease in TH levels, but no change was observed
in TH-PO4 in 65 day old rats. TH utilizes iron in its conversion of tyrosine to L-DOPA
(Dunkley et al., 2004). Thus, decreases in this enzyme could be responsible for the
observed decrease in striatal DA. However, iron deficiency has also been found to
decrease monoamine oxidase (MAO) activity (Patiroglu and Dogan, 1991; Hu et al.,
1996). MAO is responsible for the degradation of DA into DOPAC and it has been
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evinced that MAO preferentially degrades newly synthesized DA. Thus, it is possible
that decreases in synthesis are offset by decreased MAO activity.

Supporting this

possibility is the observation that tissue DOPAC levels are also decreased while the ratio
of DOPAC to DA remains essentially the same between CN and ID. It is likely that
decreased DA transporter density also contributes to decreased striatal DA
concentrations. In day 65 iron deficient rats, DAT density in striatum was found to be
decreased by approximately 15% (Beard et al., 2007). Interestingly, extracellular DA
was increased in ID animals by 15-20% while intracellular DA was decreased in ID
animals by 15%.

These nearly comparable switches in concentration suggest the

possibility that, despite decreased TH levels, decreased transport is the main culprit for
decreased DA tissue concentrations.
As previously mentioned, we also found that ID results in elevations of in vivo
extracellular DA. These observations are also in agreement with other published results
(Chen et al., 1995a; Nelson et al., 1997). However, the addition of the NNF protocol
yields new evidence, through decreases in Ed, supporting the hypothesis that the
increased extracellular DA is due to decreased DA transport in vivo. Previous reports
showed that iron chelation in cell culture resulted in reductions of DAT and
norepinephrine transporter (NET) mRNA, protein levels, and in the amount of transporter
on the cell surface (Beard et al., 2006b; Wiesinger et al, 2007). In rodents, dietary ID
reduced DAT densities in striatum while ex-vivo work in synaptosomes showed
decreased functioning of DAT (Erikson et al., 2000; Erikson et al., 2001).
One objective of our study was to verify and refine our previous observations via
the NNF protocol, as well as to assess the possible contribution of the D2 receptor by
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adding quinpirole to the perfusate (Smith and Justice, 1994). Previous assessments of in
vivo DA metabolism altered by iron deficiency did not take into account the changes in
flux of analyte, when transporter functioning is limited (Nelson et al., 1997). In the
current study, Ed was significantly decreased in the ID animals; a finding consistent with
the observed decrease in transporter levels and reduced reuptake of DA in the striatum
(Jones et al., 1999).
Signal transduction pathways regulating transporter synthesis, trafficking, and
degradation involve feedback regulation by presynaptic autoreceptors as well as by other
input signals (Kimmel et al., 2001). ID has been found to decrease D2R density in the
striatum of rodents (Youdim et al., 1989; Erikson et al., 2001) which opens the possibility
that apart from direct effects of ID on DA synthesis and uptake (Chen et al.,
1995a);(Wiesinger et al., 2007a) there could be secondary effects mediated via D2
autoreceptors. Recently, Bolan et al evinced that D2 autoreceptors regulate DAT
expression via the extracellular signal-regulated kinases 1 and 2 (ERK1/2) (Bolan et al.,
2007). Furthermore genetically altering the D2 receptor in D2 receptor knockout mice
results in decreased transporter activity (Dickinson et al., 1999) but normal levels of gene
expression. Studies utilizing D2 agonists and antagonists also found DAT synthesis and
degradation to be modulated by these autoreceptors through a series of signal
transduction pathways (Kimmel et al., 2001). We have also shown in cell culture, DAT
on the cell surface is decreased as a result of iron chelation and there is evidence that
alterations in the protein kinase C (PKC) and protein kinase A (PKA) mediated pathways
between the D2 autoreceptor and DAT may be involved (Wiesinger et al., 2007a). In the
current report we observed that Ed was significantly decreased in ID animals.

A
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reduction in DAT on the cell surface with translocation to an endosomal pool is
consistent with decreased DAT functioning indicated by decreased Ed.
To further characterize the integrity of the pathway between D2R and DAT,
quinpirole was added to the perfusate. Quinpirole activates Gi protein pathways resulting
in decreased synthesis of DA due to tyrosine hydroxylase phosphorylation and decreased
DA (Cooper et al., 1996). Quinpirole has also been found to inhibit DA release in vitro
by as much as 25% (Garcia-Sanz et al., 2001). As synthesis is decreased, there is a
simultaneous increase in cell surface residence time of DAT

as well as increased

transport velocity (Meiergerd et al., 1993; Mayfield and Zahniser, 2001; Lee et al., 2007).
As expected, addition of quinpirole to the perfusate resulted in a dramatic reduction in
extracellular DA for both CN and ID animals implying that the feedback regulation of
synthesis and release is intact.
In the case of transport, however, we found quinpirole failed to illicit the normal
increase in Ed in ID rats. Thus, it seems that ID causes a disruption in the signaling
pathway regulating DAT functionality. Furthermore, this observation of increased Ed in
CN animals and slight to no increase in ID animals further supports the claim that Ed is
affected by transport. Addition of quinpirole reduced the rate of supply of DA. If Ed was
highly dependant upon the rate of supply, quinpirole would have reduced, not increased
Ed. The finding that quinpirole cannot effect Ed in ID animals is particularly interesting
as it is the first demonstration that ID alters the communication between D2R and DAT in
vivo. Because there are different signal transduction pathways responsible for DAT
trafficking and monoamine synthesis and release it is possible that iron deficiency’s
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interference in this pathway could account for the decreases in DAT functionality
observed in this and previous studies.
In conclusion, we made several novel and unexpected observations in this study.
We demonstrated that ID results in decreased TH levels as well as decreased intracellular
DA, while TH-PO4 levels remained unaffected. Although synthesis is decreased it is
likely that decreased transporter functionality is responsible for these decreases as well as
the observed increases in extracellular DA.

Also, the failure of the D2R agonist,

quinpirole, to change DAT functioning in ID animals provides new evidence for a
plausible mechanism through which ID may affect DA homeostasis.
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Chapter 4
Iron deficiency alters metabolism of L-DOPA
The relationship between brain iron status and dopamine biology has taken on a
new importance with the observations that iron and dopamine are both involved in
Restless Legs Syndrome (RLS) (Turjanski et al., 1999). RLS is a neurologic sensory
motor disorder characterized by involuntary periodic leg movement during sleep.
Patients often describe feeling a tingling or crawling sensation that can only be relieved
by moving the legs, thus preventing restful sleep (Becker et al., 1993). Symptom severity
follows a circadian pattern with heightened pain occurring during the early evening and
generally subsiding between midnight and 4 am (Trenkwalder et al., 1999).
It is estimated that RLS affects between 5-15% of the population (Allen 2005,
REST). Patients who are at high risk for iron insufficiency such as dialysis patients (Hui
et al., 2000), pregnant women (Lee et al., 2001), gastric by-pass patients (Banerji and
Hurwitz, 1970) and those who give frequent blood donations (Silber and Richardson,
2003) are often at an increased risk of RLS, though genetics are sometimes involved as
well. Recently, three gene loci implicated in RLS were identified, but no single gene is
responsible for the familial form of this disease (Desautels et al., 2005). Onset of RLS
generally occurs in adulthood, however in some cases children are diagnosed with RLS.
(Hogl et al., 2005). Often these cases indicate genetic factors are involved rather than
iron status.
Iron abnormalities, such as low serum ferritin levels, are associated with onset of
or exacerbation of RLS. Interestingly, these values may be decreased in spite of normal
levels of other iron indices (hemoglobin, hematocrit, or serum iron) (O'Keeffe, 2005).
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Even more confounding are cases in which serum ferritin levels are normal, while ferritin
levels in CSF are reduced (Earley et al., 2000b). These findings indicate that abnormal
iron metabolism likely plays a role in RLS etiology. In support of this possibility is the
data from analysis of autopsy specimens, which found decreased iron in the substantia
nigra of RLS patients (Connor et al., 2003). MRI and PET studies found decreased [18F]DOPA uptake, and alterations in brain proteins consistent with brain iron deficiency and
changes in DA biology (Earley et al., 2000b; Allen et al., 2001; Connor et al., 2003). One
of the most important observations was made in the early 1950s, when Nordlander treated
RLS by intra-venous iron therapy, even in patients without signs of anemia. These
treatments resulted in improvement of brain iron content, as well as decreased symptoms
(Nordlander, 1954). This approach has also been used more recently with similar results,
where iron dextran infusion was successful in reducing symptoms of RLS (Earley et al.,
2004).
Currently, RLS is most commonly treated with drugs acting on the dopaminergic
system (Stiasny et al., 2001) these include Carbidopa/L-DOPA (Sinemet©), and the
dopaminergic agonists pramipexole (Mirapex©) and ropinirole (Requip©). One major
drawback of these therapeutic agents is a phenomenon known as augmentation.
Augmentation is characterized by a resurgence in RLS symptoms, either through an
increase in severity, a shift to an earlier time of onset, or a movement of symptoms to
other parts of the body (Paulus and Trenkwalder, 2006). It is estimated that augmentation
occurs in 60% of patients using L-DOPA, and to a lesser degree those being treated with
dopaminergic agonist. Although the exact cause of augmentation is unknown, Paulus and
Trenkwalder hypothesize that it is caused by overstimulation of the dopaminergic system
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through increased extracellular dopamine levels and decreased transporter function
(Paulus and Trenkwalder, 2006).
It is interesting to speculate as to the potential relationship between brain iron
status and L-DOPA efficacy. Both approaches appear to work in a significant proportion
of patients, but published data have not directly addressed the issue of whether more ID
patients show a greater or lesser response to the DA agonist treatment. Likewise, it is not
clear if patients that are not responsive to DA agonists would be responsive to correction
of their brain iron status. These possible interactions leave open the possibility that LDOPA and iron treatments in combination may result in a somewhat different clinical
outcome than if either are done alone.
In vivo L-DOPA administration results in increased extracellular DA and NE
levels. These increases are achieved by both synthesis and release (Abercrombie et al.,
1990; Goshima et al., 1990). Synthesis begins when L-DOPA is decarboxylated by
aromatic amino acid decarboxylase (AADC) to DA, which is then hydroxylated to form
NE (Cooper et al., 1996). This reaction occurs fairly rapidly in the brain, as levels of
AADC are believed to be present in concentrations 10-100 times that of tyrosine
hydroxylase (Cooper et al., 1996). L-DOPA administration can also stimulate release of
DA and NE through β-adrenergic receptors, although regulation of release through the
D2 autoreceptor does not appear to be a factor (Goshima et al., 1990; Maeda et al., 1999).
The balance between synthesized and released catecholamines is especially interesting as
some estimates have attributed released DA and NE to being 3-4 times more than that of
synthesized DA and NE (Goshima et al., 1990). As has been previously described, ID
also alters the dopaminergic system with decreased D2R and DAT densities as well as
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increased extracellular and decreased tissue DA levels (Youdim and Green, 1978; BenShachar et al., 1985; Beard et al., 1993). Importantly, there are dose-response
relationships in terminal fields such that greater losses of striatal iron are associated with
greater decrements in the DAT density and D2R density (Nelson et al., 1997; Erikson et
al., 2000; Erikson et al., 2001). With these alterations in the dopaminergic system the
question of how ID alters the efficacy of L-DOPA is a valid concern.
As previously mentioned the effects of L-DOPA administration are not limited to
the dopaminergic system. NE is also affected by administration of L-DOPA (Edwards
and Rizk, 1981; Edwards et al., 1981; Dayan and Finberg, 2003). In mice and rats, LDOPA injections resulted in increased locus ceruleus, cortex, hippocampus, and
cerebellum NE and 3-methoxy-4-hydroxyphenylalanine (MHPG) levels (Gibson, 1988;
Dayan and Finberg, 2003). Because DA is a precursor of NE, and tyrosine hydroxylase is
the rate limiting step in NE production, increases in DA can result in increased
production of NE (Cooper et al., 1996). Similar to DA, L-DOPA induced increases in
extracellular NE are due to both synthesis of NE, as well as release of endogenous NE
(Dayan and Finberg, 2003). Thus, it is possible that increased NE may also play a role in
the therapeutic effect of L-DOPA, although there is no evidence of modified
norepinephrine in RLS. Furthermore, the effect of iron deficiency on the noradrenergic
system has also not been thoroughly explored. Preliminary studies found that NET
density was reduced in ID brain in locus ceruleus and anteroventral thalamic nucleus in
male rats but not female rats (Burhans et al., 2005). Follow-up cell culture experiments
demonstrated a dose-response effect of iron chelators on NET levels and NE uptake
(Burhans et al., 2005; Beard et al., 2006b). The effect of ID on α and β adrenergic
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receptors has also been inconclusive (Ashkenazi et al., 1982) and warrants further
examination with more specific ligands..
Given the major gap in knowledge concerning the potential interaction between
iron and L-DOPA regarding efficacy in the treatment of RLS patients, we have chosen to
explore, in a rodent model, the in vivo responses to L-DOPA in iron deficiency and in
iron sufficiency. We plan to establish how iron deficiency affects DA and NE
concentration after administration of L-DOPA, as well as to investigate what role
monoamine catabolism plays in DA clearance by monitoring DOPAC and HVA levels.
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Materials and Methods
Animals
Nineteen male Sprague-Dawley rats (Harlan, Indianapolis IN) were housed 2/cage
and fed either control (CN) (~80 ppm Fe) (n = 18) or iron deficient (ID) (<4 ppm Fe) (n =
18) diet ad libitum for 5 weeks, beginning at day 21. All animals were maintained in a
temperature (23 ± 2°C) and humidity (40%) controlled room on a 12:12 hr light/dark
cycle (lights on at 0600). The experimental protocols adhered to National Institutes of
Health Animal Care guidelines and were approved by the Pennsylvania State University
Institutional Animal Care and Use Committee.
Surgery
Rats were anesthetized with 50/5/1 mg/kg of ketamine/xylazine/acepromazine,
shaved and opthamalic ointment placed over the animal’s eyes. The skin was cleaned
with providone/iodine solution and 70% ethanol and the animal was placed on the
stereotaxic frame. A small incision was made exposing the skull. Sterile surgical swabs
were used to gently remove adhering tissue from the bone and bregma was identified as a
landmark. A small hole (<0.5 mm) was then drilled into the skull using the coordinates
determined in a rat brain atlas (Swanson, 1998) of 0.2mm AP, -2.8 mm L, and -5.3 mm
V. A sterile CMA 11 guide cannula was then lowered into the hole and secured by dental
cement. Animals were allowed to recover from surgery for several days before
experimental data were collected. At the termination of the experiment, the animal was
euthanized and the brain was rapidly removed and cut into hemispheres. The striatum
was dissected from one side, while the hemisphere that contained the probe was
immediately frozen in isopentane for histological verification of probe placement.
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Dialysis and no net flux protocol
Rats

were

lightly

anesthetized

with

25/2/0.5

mg/kg

ketamine/xylazine/acepromazine in order to insert the dialysis probe into the guide. After
the dialysis probe (CMA/11, 2 mm length x 240 μm diameter cuprophane, 6,000 MW
cut-off) was inserted the animals recovered overnight in the perfusion bowl. Rats were
perfused with artificial cerebrospinal fluid (aCSF) (Chen et al., 1995a) at a rate of 1.1
μL/min. This flow rate was maintained throughout the experiment. After a 10 hour
equilibration period, six baseline samples were collected at 15 minute intervals, starting
at 6 AM and analyzed immediately by online HPLC.
Carbidopa/L-DOPA
After a baseline collection animals were injected with 12.5 mg/kg i.p. of
Carbidopa (Sigma, Aldrich, St. Louis, MO), followed 15 minutes later by a dose of 50
mg/kg i.p. L-DOPA (Sigma, Aldrich, St. Louis, MO). Carbidopa was administered to
prevent decarboxylation of L-DOPA in the periphery. Samples were collected every 15
minutes, after which they were immediately injected onto the HPLC.
High Performance Liquid Chromatography
Dialysate samples (10 μl) were injected online onto an ESA MD-150 narrow-bore
HPLC column 150 x 2 mm (ESA, Inc., Chelmsford, MA) for separation followed by
detection by an ESA 5014B microdialysis cell (+300 mV) (ESA Coulochem III, ESA,
Inc., Chelmsford, MA). A guard cell (ESA 5020) placed in line before the injection loop
was set at a potential of +350 mV. The mobile phase consisted of 75 mM Sodium
Phosphate Monobasic (EMD Chemical, Gibbstown, NJ), 1.7 mM 1-octanesulfonic acid
(EMD Chemical, Gibbstown, NJ), 25 µM EDTA (Acros, NJ), 10% acetonitrile (EMD
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Chemical, Gibbstown, NJ), and 0.01% triethylamine (Sigma Aldrich, St. Louis, MO) in a
volume of 1L (pH 3.0). The neurotransmitter and metabolite peak areas were integrated
using EZ Chrom Elite software (Scientific Software Inc, Pleasanton, CA) and quantified
against known standards of NE (ESA INC, Chelmsford, MA), DA (ESA INC,
Chelmsford, MA), 3,4-Dihydroxyphenylacetic acid (DOPAC) (Sigma Aldrich, St. Louis,
MO), and Homovanillic acid (HVA) (Sigma Aldrich, St. Louis, MO).
Striatal Monoamine Tissue Analysis
Brain regions were prepared and analyzed on a HPLC as described previously
(Beard et al., 2006a).
Dopamine-β-Hydroxylase
Dopamine-β-Hydroxylase (DβH) activity was determined in striatal homogenates
via a previously published protocol (Kato et al., 1974). Briefly, homogenates were
incubated with 0.2 M tyramine at 37°C for 1 hr.

The conversion of tyramine to

octopamine was measured spectrophotometrically (330 nm) after isolation of octopamine
with a mini-Dowex (Sigma Aldrich, St. Louis, MO) ion exchange column.
Hematology
Blood was collected from the trunk of the animals into heparinized tubes and
hemoglobin and hematocrit measured by standard protocols (Pinero et al., 2001). Blood
was spun at 5,000 X g for 15’ to remove cells and remaining plasma and stored at -20°C
until analysis for iron and total iron binding capacity. The liver was rapidly removed and
stored at -20°C, until analysis by established colorimetric assay (Pinero et al., 2001).
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Statistical Analysis
The data are presented as mean ± standard error of the mean.

Statistical

comparisons were performed by Student’s t-test for two independent samples or repeated
measure ANOVA. Two animals were determined to be greater than 2 standard deviations
from the mean during steady state conditions and were excluded.
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Results
Hematology
After 5 weeks of dietary treatment, ID animals weighed significantly less than
their control counterparts (211.8 ± 14.0 g compared to 294.5 ± 13.7g) (t = 4.22, p<0.001).
The low iron dietary treatment yielded the expected significantly lower hemoglobin
concentration (5.1 ± 0.6 g/dL v. 14.0 ± 0.5 g/dL) (t = 11.50, p<0.001), hematocrit (23.4 ±
0.02 % v. 45.0 ± 0.01%) (t = 11.29, p<0.001), liver iron concentration (28.2 ± 7.3 µg/g v.
108.4 ± 35.8 µg/g) (t = 4.9, p<0.01) and striatal iron concentration (16.7 ± 1.6 µg/g v.
21.2 ± 1.4 µg/g) (t = 1.87, p<0.05) than rats fed the control diet.
Carbidopa/L-DOPA
The extracellular concentrations of DA, DOPAC, and HVA were all elevated in
ID rats during the early morning that preceded the injection of Carbidopa and L-DOPA.
NE was not affected by dietary treatment in this basal condition (Figure 4-1). Acute
treatment with Carbidopa/L-DOPA significantly increased extracellular concentrations of
all monoamines and metabolites (DA, NE, DOPAC, HVA) measured over the next
several hours. These responses were quantified and expressed as percentage increase
from baseline (Figure 4-2). This injection of DA and NE substrate resulted in a
significantly attenuated elevation in DA in ID animals (326 ± 42%) compared to CN
animals (806 ± 64%). Interestingly, this response was reversed for NE, in which
treatment with L-DOPA resulted in a 21 fold increase of NE in the ID animals, and only
an 8 fold increase in CN rats (t = 1.93, p<0.05). The percentage increase of DOPAC and
HVA above baseline was larger in the CN rats, but only statistically significant in
DOPAC (t = 1.87, p<0.05).
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Figure 4-1: Concentration v. Time plot for the neurotransmitters and metabolites measured. Carbidopa (12.5 mg/kg i.p.) is
injected at 90 minutes followed by an injection of L-DOPA (50 mg/kg i.p.) at 105 minutes. Injection of L-DOPA caused an
increase in all neurotransmitters; however the ID group demonstrated a significantly attenuated DA response when compared
to CN. ID rats also exhibited a significant increase in NE compared to CN after injection of L-DOPA. The data are presented
as mean ± SEM. *p<0.05
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Figure 4-2: Percent increase after L-DOPA at maximum response in concentration
of DA, NE, DOPA, and HVA after injection with Carbidopa/L-DOPA.

The

maximum concentration was normalized to the baseline concentration. ID rats
show a blunted DA response when compared to CN animals. However, for NE, ID
increased significantly more than CN. For DOPAC and HVA, CN animals have a
greater percent increase than ID, however this only significant for DOPAC. The
data are presented as mean ± SEM. *p<0.05
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Figure 4-3 demonstrates the latency to maximum response of DA was nearly 2.5
times longer in ID rats compared to CN animals (144 ± 12 min v. 57 ± 11 min) (t = -5.4,
p<0.001). This is in contrast to the latency for peak NE response which achieved its
maximum 40% faster in ID animals (53 ± 4 min compared to 74 ± 5 min) (t = 3.55,
p<0.01) than in CN animals. There is also a latency to return to baseline after maximum
peak response. This response was significantly longer for both DA and NE in the ID
animals. For DA, the ID animals returned to baseline at 229 ± 19 min v. 203 ± 13 min
for CN (t = -4.82, p< 0.001). For NE, the ID animals returned to baseline at 219 ± 17 min
v. 128 ± 8 min for CN (t = -1.94, p<0.05).
Tissue monoamine analysis
Striatal tissue monoamines were measured via HPLC.

We found that iron

deficiency significantly increased NE in the ID rats compared to CN rats (0.75 ± 0.15 v
0.40 ± 0.4 pmol/mg tissue) (t=-2.35, p<0.05) (Figure 4-4).
Dopamine-β-hydroxylase
Striatal dopamine-β-hydroxylase was significantly higher in the ID animals
relative to the enzyme activity measured in homogenates from CN rats (10.9 ± 4.7 nmol
octopamine/g tissue/hr for CN compared to 20.8 ± 6.3 nmol octopamine/g tissue/hr for
ID) (t = -2.52, p<0.05) (Figure 4-5).
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Figure 4-3: A. Time to maximum increase after L-DOPA injection. B. Time to
return to baseline after the injection of Carbidopa/L-DOPA. Data is presented as
mean ± SEM. * p<0.05, **p<0.01, ***p<0.001
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Figure 4-4: Striatal monoamine tissue concentration. NE is significantly increased
by iron deficiency. The data are presented as mean ± SEM. *p<0.05.
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Figure 4-5:

Dopamine-β-Hydroxylase activity in striatal homogenates.

DβH

activity is significantly increased in the ID animals. The data are presented as mean
± SEM. *p<0.05
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Discussion
The present experiments were designed to evaluate the effects of ID on in vivo NE
and DA metabolism in response to L-DOPA challenge.

Overall, we observed a

differential NE and DA response to L-DOPA in ID v control animals. In addition, there
was altered extracellular and tissue levels of catecholamines, and increased DβH activity
in ID rats. While previous experiments demonstrated that ID altered DA transporter and
receptor expression (Erikson et al., 2000; Erikson et al., 2001), this experiment is the first
to demonstrate in vivo, a possible ID-related shift in monoamine metabolism favoring NE
synthesis.
In this experiment we found that ID rats evinced a significantly blunted DA
response to a single systemic injection of L-DOPA compared to CN animals. This
blunted response may be a function of decreased uptake of L-DOPA, decreased synthesis
of DA, and/or a decreased stimulation of release. Previous studies showed that general Lamino acid transport in brain is not perturbed by iron deficiency (Nelson et al., 1997);
evidence against the first possibility. Recent gene array analysis reveals that members of
the SLC family of ion transporters are affected by iron deprivation (Clardy et al., 2006),
thus keeping open the possibility that L-DOPA uptake is reduced in ID.
Another possibility for reduced DA response to L-DOPA is decreased DA release.
L-DOPA has been found to stimulate release of DA and NE in brain slices (Goshima et
al., 1990). In instances of reduced DAT function, tissue concentrations of DA are often
also decreased, leading to decreased evoked DA release (Jones et al., 1998). In ID rats,
there was a 20% decrease in striatal DA concentration (Beard et al., 2007) which is
replicated in the current study as well. This decrease may account for some of the
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decreased L-DOPA stimulated DA release. However, in ID animals the response to LDOPA is decreased by more than 50% compared to CN animals, while intracellular DA
concentrations are only decreased by 20%, thus decreased DA storage alone cannot
account for the blunted DA response. Furthermore, Erikson et al. previously documented
that DA release from synaptosomal preparations was not altered by ID (Erikson et al.,
2000).
The blunted DA response to L-DOPA in ID rat striatum appears to be counterbalanced by a substantial increase in NE response. This suggests a possible ID-related
shift in metabolism favoring NE synthesis. The DβH activity was increased 75% by ID in
the current study, and suggests to us that ID could cause an increased release of DβH into
the extracellular space, with subsequent increased NE and attenuated DA responses.
DβH is localized within vesicles that store catecholamines and is a copper, not iron,
containing enzyme (Axelrod, 1972). Most DβH is bound to the inner vesicle membrane,
but some is free within the vesicle and is released into the extracellular space along with
NE (Weinshilboum et al., 1971). The increased DβH activity is consistent with our
observation of a significant 80% increase in striatal tissue NE concentration, which in
turn, could account for the exaggerated response to L-DOPA. Thus, blunted DA
response, as well as the increased NE response, is most likely a combination of both
increased NE release, as well as increased DβH activity. When vesicles containing both
NE and DβH release their contents into the extracellular space, NE concentration will
increase, not only because of released NE, but also because DβH can convert
extracellular DA to NE, thus, contributing to the blunted DA response to L-DOPA.
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The final contributory factor for increased NE response in ID rats could be
decreased NET activity (Burhans et al., 2005). Calculation of percent increase of NE and
DA were performed at the maximum measured concentration. Thus, if transport of NE
and DA is decreased, this will impede the clearance of the catecholamines from the
extracellular space, resulting in increased NE through both decreased clearance and
increased substrate availability. Burhans et al reported that NET density was reduced in
ID brain in a number of brain regions (Burhans et al., 2005). Follow-up cell culture
experiments demonstrated a dose-response effect of iron chelators on NET levels and NE
uptake (Burhans et al., 2005; Beard et al., 2006b). Deficits in NET functioning likely
contribute to the rapid accumulation of NE post L-DOPA injection. Thus, neuronal iron
deficiency appears to affect more than dopaminergic neurons with clear evidence from
the current study that both release and reuptake of NE are also abnormal.
In conclusion, this research demonstrated that ID results in increased intracellular
NE concentrations, increased DβH activity, and increased NE response to L-DOPA
coupled with a decreased DA response. Additionally, our data also indicated that NE
transport is also decreased.

This study clearly indicates that DA is not the only

monoaminerigic system affected by ID. Additional studies need to be performed to
further elucidate the effect of ID on the noradrenergic system.

Finally, this study

demonstrated a clear differential response to L-DOPA in the ID animals. Because LDOPA is often used as treatment for RLS, and RLS has been shown to be related to iron
deficiency, an examination of the effects of L-DOPA on ID patients should be
considered.
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Chapter 5
Diurnal Rhythms
Introduction
The circadian cycle’s main task is to coordinate energy and metabolism processes
throughout the day (Schibler et al., 2003). Mammalian physiology is influenced to
optimize these processes, thus rest and activity, heart rate, blood pressure, liver and renal
plasma flows, bile and urine production, intestinal peristalsis, secretion of digestive
enzymes in to the gastrointestinal tract, major endocrine functions, and metabolism are all
subject to daily oscillations (Schibler et al., 2003; Kalsbeek et al., 2006). The control
center for these changes is the suprachiasmatic nucleus (SCN) in the brain’s
hypothalamus (Ralph et al., 1990). This nucleus is entrained by light-dark cycles and
sends out hormonal or neuronal signals which regulate rhythms in gene expression and
enzymatic activities through oscillations of transcriptional and post-transcriptional
feedback loops (Reppert and Weaver, 2002). Key components of this circadian cycle
include 4 clock genes period (PER1 and PER2) and cryptochrome (CRY1 and CYR2)
which are activated by binding of a BMAL1:CLOCK complex to an E-box sequence in
the promoter region of the protein (Hardin, 2004). This activation results in increased
transcription and accumulation of PER/CRY protein complexes in the SCN neurons.
This activation is terminated by feedback from PER/CRY accumulation. Reactivation
initiates another circadian cycle as PER/CRY proteins are cleared from the SCN, driving
the core circadian oscillation (Hastings and Herzog, 2004).
The transmission of these daily timing signals to downstream pathways is
achieved by regulated expression of a series of clock-controlled genes. Promoter regions
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of some proteins contain E-Box sequences to which the CLOCK/BMAL1 complex can
bind, increasing transcription of these genes (Preitner et al., 2002; Ueda et al., 2002). In
the dopaminergic system both tyrosine hydroxylase and the dopamine transporter contain
E-box sequences, providing a mechanism through which CLOCK/BMAL1 can regulate
extracellular DA levels (Weber et al., 2004; Sleipness et al., 2007). Similar mechanisms
may also exist for other neurotransmitter systems that contain these E-box sequences.
This regulation of DA signaling is of interest to groups of scientists and clinicians that
study iron deficiency, as there are periodic reports that iron deficient infants and adults,
as well as rodent models of iron deficiency, have abnormal movement behaviors during
their sleep cycle (Dean et al., 2006; Peirano et al., 2007).
In infants, iron deficiency results in increased movements during their sleep cycle
compared to iron sufficient infants (Peirano et al., 2007). Other studies of iron deficiency
in Restless Legs Syndrome make the case that brain iron deficiency is related to potential
alterations in dopaminergic activity during the latter part of the active phase of the diurnal
cycle. In rodents, changes in REM sleep, as well as increased motor activity, occurred in
ID mice with an A11 dopamine neuron lesion during parts of the light cycle have been
reported (Dean et al., 2006; Qu et al., 2007; Zhao et al., 2007). The former study did not
require the A11 lesion to observe the effect of iron deficiency, while the latter two studies
did require both surgical and dietary interventions to observe alterations in movement in
iron deficiency. Other studies using dietary iron deficiency alone showed open field
behavior to be altered in the dark (Hunt et al., 1994; Beard et al., 2002). One of the
earliest studies to examine the impact of dietary iron deficiency on movement behavior
was a study conducted by Youdim and colleagues in which they demonstrated that iron
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deficiency resulted in a reversal of the diurnal cycle, such that ID rats were more active
during the light cycle than during the dark cycle (Youdim et al., 1981). This result was
not replicated in other laboratories using somewhat different technologies (Hunt et al.,
1994).
Published reports on alterations in anxious-like behaviors, reduced exploration in
new environments, decreased stereotypy, slower habituation rates in a novel
environment, and enhanced prepulse inhibition in iron deficient rodents have not
generally been considered within the context of light/dark cycles (Erikson et al., 2000;
Erikson et al., 2001; Beard et al., 2002; Unger et al., 2006). Although these behaviors are
all greatly affected by functioning of the monoaminergic systems, thus, the conclusions
we and others have made regarding the impact of iron deficiency on behavior may be
applicable to only certain parts of the diurnal cycle.
In the brain, iron deficiency is associated with reduced dopamine (DA) receptor
(D1 and D2) density in caudate putamen, nucleus accumbens, and the projection field
into the spinal tract (Youdim et al., 1989; Erikson et al., 2001; Qu et al., 2007). There are
reports going back more than a decade which showed decreased DA transporter density
in the terminal field of the nigrostriatal and mesolimbic tracks and increased extracellular
DA in caudate putamen (Youdim and Green, 1978; Youdim et al., 1980; Chen et al.,
1995b; Nelson et al., 1997; Erikson et al., 2000; Kwik-Uribe et al., 2000b; Erikson et al.,
2001). To date, only one report examined monoamines at the transition between daily
light cycles (Nelson et al., 1997). In that case, the elevation in extracellular DA in
striatum was much greater several hours into the dark cycle than during the light cycle.
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Given this published and long standing literature that iron deficiency has
differential effects on behavior at different parts of the diurnal cycle, we decided to
explore, both behaviorally and in vivo, the concomitant effects of iron deficiency and
diurnal rhythms on the regulation of catecholamines. Exploration of the effects of ID on
diurnal signaling may provide insights into the pathology of RLS by answering the
question of how ID and diurnal cycles modify concentrations of monoamines and their
metabolites as well as how these alterations translate to behavior.
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Materials and Methods
Animals
Eighteen male Sprague-Dawley rats (Harlan, Indianapolis IN) were housed 2/cage
and fed either CN (~80 ppm Fe) (n = 9) and ID (<4 ppm Fe) (n = 8) diet ad libitum for 5
weeks prior to testing (12-hr light-dark cycle).

Experimental protocols adhered to

National Institutes of Health Animal Care guidelines and were approved by the
Pennsylvania State University Institutional Animal Care and Use Committee.
Surgery
Surgery protocols were similar to those describe in Chapter 3
Dialysis protocol
Approximately 5 days after the surgical procedure, rats were lightly anesthetized
with 50/2/0.5 mg/kg ketamine/xylazine/acepromazine and the dialysis probe (CMA/11, 2
mm length x 240 μm diameter cuprophane, 6,000 MW cutoff) was inserted. The animal
was allowed to recover and was perfused overnight with sterile artificial cerebrospinal
fluid (aCSF) (Chen et al., 1995a) at a rate of 1.1 μL/min. This flow rate was maintained
throughout the experiment. After a 10 hour equilibration period, six baseline samples
were collected at 15 minute intervals and analyzed immediately by online HPLC-ED.
The light dark cycle was maintained throughout the experiment.
Behavior
Animals were placed in Versamax activity monitors (Accuscan Instruments INC,
Columbus, OH) at either 0400 or 1600 hours, total distance traveled and number of
stereotypic movements were measured. The animals remained in the monitors until 0800
or 2000 hours. Immediately after the animals were placed into the boxes measurements
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were begun. The schedule of lights on and off at 0600 and 1800 remained constant
during testing.
Hematology
After the experiments were completed animals were sacrificed and the brain
immediately removed, dissected, and frozen. Liver, spleen and hematological blood
measures were also collected by methods previously described in (Pinero et al., 2000).
MAO and COMT
Monoamine Oxidase (MAO) Activity was measured by fluorescence using a
commercially available kit (Cell Technologies). Catechol-O-methyl transferase activity
was determined in vitro using a protocol modified from (Nissinen and Mannisto, 1984).
Briefly, homogenates were incubated with 160 µL Phosphate buffer, 25 µL MgCl2 (50
mM), 5 µL S-Adenosyl-L-methionine (SAM) (10 mM), and 25 µL dihydroxybenzylamine (DHBA) (2.4 mM) for 30 min at 37°C. The reaction was stopped by
addition of 50 µL 4M perchloric acid. The mixture was then analyzed on the HPLC for
the formation of vanillic and isovanillic acid. The conditions of the separation were the
same as below, with retention times occurring at approximately 8 and 12 minutes
respectively.
Chromatography
Dialysate samples (10 μl) were injected immediately after collection onto an ESA
MD-150 narrow-bore HPLC column 150 x 2 mm (ESA, Inc., Chelmsford, MA) for
separation, followed by detection by an ESA 5014B microdialysis cell (+300mV) (ESA
Coulochem III, ESA, Inc., Chelmsford, MA). A guard cell (ESA 5020) placed in line
before the injection loop was set at a potential of +350mV. The mobile phase consists of
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75 mM Sodium Phosphate Monobasic (EMD Chemical, Gibbstown, NJ), 1.7 mM 1octanesulfonic acid (EMD Chemical, Gibbstown, NJ), 25 µM ethylenediaminetetracetic
acid (Acros, NJ), 10% acetonitrile (EMD Chemical, Gibbstown, NJ) and 0.01%
triethylamine (Sigma Aldrich, St. Louis, MO) in a volume of 1L (pH 3.0). The
neurotransmitter and metabolite peak areas were integrated using EZ Chrom Elite
software (Scientific Software Inc, Pleasanton, CA) and quantified against known
standards of NE (ESA INC, Chelmsford, MA), DA (ESA INC, Chelmsford, MA),
DOPAC (Sigma Aldrich, St. Louis, MO) and HVA (Sigma Aldrich, St. Louis, MO).
Statistical Analysis
Statistical comparisons were performed by 2-way ANOVA and repeated
measures (Systat) as well as a student’s t test using Microsoft Excel 2002. Outlier data
points were determined to be greater than 2 standard deviations from the mean during
steady state conditions (n= 3 that were excluded). Animals excluded from the study were
not included in the final count of 18.
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Results
Hematology
After 5 weeks of dietary treatment, iron deficient animals weighed significantly
less than their control counterparts (211.8 ± 14.0 g compared to 294.5 ± 13.7g) (t = 4.22,
p<0.001) and had significantly lower hemoglobin concentration, 5.1 ± 0.6 g/dL v. 14.0 ±
0.5 g/dL (t = 11.50, p<0.001), hematocrit (23.4 ± 0.02 % v. 45.0 ± 0.01%) (t = 11.29,
p<0.001), liver iron concentration (28.2 ± 7.3 µg/g v. 108.4 ± 35.8 µg/g) (t = 4.9, p<0.01)
and striatal iron concentration (16.7 ± 1.6 µg/g v 21.2 ± 1.4 µg/g) (t = 1.87, p<0.05) than
rats fed the control diet.
Microdialysis
Figure 5-1 shows striatal DA, NE, DOPAC, and HVA concentration over a 24
hour period for both CN and ID animals. These monoamines and their metabolites vary
in extracellular concentration, depending on the time of day and the dietary treatment
group. In general, we found that concentrations of DA and NE increased at “lights off”
in control rats and decreased at “lights on” in the predicted, and previously reported
fashion (Smith et al., 1992; Paulson and Robinson, 1994). Iron deficient rats, however,
responded quite differently. At “lights off” there was an increase in DA over the first
several hours and then a subsequent steady decline over the next 10 hours. In contrast,
NE did not show the expected elevation during the beginning of the dark period and
remained low for the duration of the dark period of the diurnal cycle. The principal
metabolites of monoamine metabolism, HVA and DOPAC, were also affected by iron
deficiency. Throughout the diurnal cycle in ID rats, DOPAC was lowered, while HVA
was elevated, compared to CN rats.
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Figure 5-1: Twenty four hour concentrations (nM) of DA, NE, DOPAC, and HVA. The light:dark cycle was maintained at 12
hours on:12 hours off for the duration of the experiment. Dark boxes over the graphs indicate the “lights off” period. All data
is expressed as mean ± SEM.
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In order to better quantitate these changes, especially those triggered by visual
cues, the 6 time points for data collection surrounding the light change (3 before and 3
after) were averaged and compared. Thus the comparison is for 45 minutes before and 45
minutes after there is a change in the lighting conditions. Between subjects, we found that
ID resulted in increased DA (F = 5.50, p<0.05) and HVA (F = 5.56, p<0.05) and
decreased DOPAC (F = 5.611, p<0.05) compared to CN at both time periods.
Comparing time specific cues, we found that “lights on” resulted in a significant increase
in DA (F = 5.5, p<0.05) and HVA (F = 9.332, p<0.01) in both CN and ID animals
(Figure 5-2). While, “lights off” resulted in a significant increase in NE (F = 8.125,
p<0.05).
MAO/COMT Activity
MAO activity was measured in frozen striatal tissue obtained post-mortem.
Animals for the experiment were sacrificed at 4 PM and no comparison of activities at
different time points was performed. MAO-B activity was found to be significantly
lower (t = 1.87, p<0.05), in striatum of ID rats compared to samples from control rat
striatum (78 ± 16 pmol H2O2 formed v 200 ± 61 pmol H2O2 formed) (Figure 5-3). No
differences were detected for MAO-A activity. The other primary catabolism enzyme in
the degradation pathway for monoamines, COMT, was not changed in activity by feeding
a low iron diet (Data not shown).
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Figure 5-2:

This figure illustrates the effect of the light change on

extracellular concentration of DA, NE, DOPAC and HVA. Each bar represents the
average of 3 samples (45 min) either before or after “lights on/off”. In both time
frames DA (p<0.05) and HVA (p<0.05) were significantly increased by ID, while
DOPAC was significantly decreased (p<0.05) compared to CN at both time periods.
DA (F = 5.5, p<0.05) and HVA (F = 9.332, p<0.01) increased significantly in both CN
and ID animals at “lights on” while “lights off” results in a significant increase in
NE (F = 8.125, p<0.05).
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*

Figure 5-3: Activity of MAO-A and MAO-B. Iron deficiency significantly decreases
MAO-B activity. Data expressed as mean ± SEM. *p<0.05
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Behavior
Open field exploratory behavior and number of stereotypic movements in a novel
environment, were quantified for the 45 min before and 45 min after the light change
(Figure 5-4). Although treatment during both periods had no effect on total distance,
turning the lights on (F = 76.76, p<0.001) resulted in significantly less movement in both
CN and ID. Furthermore, when the lights were turned off the total distance traveled
increased significantly (F = 12.41, p<0.05). Stereotypy exhibited a treatment effect at the
“lights on” time period only (F = 4.63, p<0.05) with stereotypy increased in the 2 hrs
prior to the lights turning on. Additionally, at the “lights on” time period there was a
significantly decreased number of events after “lights on” (F = 67.09, p<0.001) for both
CN and ID animals, while “lights off” again resulted in increases in stereotypic events (F
= 13.245, p<0.01).
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Figure 5-4: Total Distance and Stereotypy 45 min before or after “lights on/off”.
This figure illustrates the summation of activity 45 min prior to the light change.
Stereotypy in ID is significantly elevated prior to “lights on” compared to CN. All
data is presented as mean ± SEM.
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Discussion
These experiments were designed to determine how iron deficiency impacts
diurnal signaling in the catecholamine system. We found that ID significantly alters the
normal rhythms of NE and DA, as well as the conversion of extracellular DA to DOPAC
and HVA across the diurnal cycle. Although it has been known that extracellular DA is
modulated by iron deficiency for quite some time (Chen et al., 1995a; Nelson et al.,
1997), data has been lacking regarding the effect of iron deficiency throughout the
diurnal cycle. The current experiments extend significantly the previous brief
examination of in vivo monoamine metabolism at the transition from light-to-dark
(Nelson et al., 1997). Several novel observations were made: 1) the greatest divergence
between the CN and ID occurred at the onset of the dark cycle, when there is a maximal
“drive” for feeding behavior and movement, 2) very small differences between ID and
CN extracellular DA were observed at the onset of the light cycle and at a time when
rodents are entering their sleep cycle, 3) the normal NE response to the dark phase of the
diurnal cycle is missing in striatum of ID rats and may suggest altered neurotransmission
in this system; 4) stereotypy is enhanced in ID rats prior to the onset of the sleep part of
the diurnal cycle. These latter data are intriguing when considered within the context of
RLS symptoms, becoming more severe just prior to the transition between light and dark
(active-to-inactive) periods (Earley et al., 2000a).
Previously published papers outlined increases in NE and DA tissue
concentrations after the onset of the dark period (Friedman and Walker, 1968; Smith et
al., 1992; Paulson and Robinson, 1994; Khaldy et al., 2002; Schibler et al., 2003). This
activation of the monoaminergic systems is associated with changes in food seeking
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behavior, movement, exploration, and other activities. Interestingly, it seems that these
increases in striatal catecholamines come from two separate sources, synthesis and
release.

It has been found that synthesis inhibition with alpha-para-methyl-tyrosine

results in the elimination of noradrenergic diurnal rhythms. DA, however, can maintain
its diurnal signaling, indicating release and storage mechanisms may be at work (Martin
et al., 1982). In CN rats we observed the expected dark cycle-related elevations in NE
and DA; the ID animals, however, responded very differently. NE did not increase in ID
animals whereas the DA response was exaggerated relative to the control rats; this is
despite increases in striatal tissue concentrations of NE reported in Chapter 4. It also
suggests that the activity of dopamine-β-hydroxylase (DβH) and not the activity of
tyrosine (TH) is the cause of this augmentation.

Both DβH and TH activities are

diurnally regulated with increases at the onset of the dark cycle (Daiguji et al., 1978;
Sleipness et al., 2007). The failure of DβH activity to increase at this time point could
account for both the increase in extracellular DA and the lack of NE response. This data
and hypothesis has additional support when the L-DOPA experimental data are
considered (Chapter 4). In that experiment, L-DOPA produced an increased NE response
in the ID animals compared to control rats and ID rats were observed to have lower DβH
activity. Perhaps part of the therapeutic actions of L-DOPA in RLS is due to its impact
on NE metabolism and not DA? Specific studies have not examined this within the
context of PET imaging in RLS patients but the current animal experiments suggest it
may be worthwhile to examine adrenergic receptor and transporter binding.
We have previously shown that iron deficiency results in increases in basal
extracellular DA, NE, and HVA (Beard et al., 1994), and furthermore, the effect of ID on
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extracellular monoamines is larger several hours into the dark cycle (Nelson et al., 1997).
These alterations were hypothesized to be due to decreases in dopamine transporter
density and activity (Erikson et al., 2000; Burhans et al., 2005). More recent studies
show that DAT trafficking is affected by cellular iron depletion, possibly through the
PKC system (Wiesinger et al., 2007b). Although the effect of iron deficiency on the
diurnal regulation of this transporter is unknown, it is not unreasonable to hypothesize
that altered DAT diurnal cycling may also play some role in the modulation of diurnal
extracellular DA. In this experiment we observed increased levels of DA and HVA and
decreased DOPAC in the ID animals throughout the diurnal cycle. These observations
can be accounted for by decreased DAT, decreased synthesis, and altered catabolic
enzyme activities (for illustration see Figure 5-5). First, decreased transport, coupled
with decreased levels of tyrosine hydroxyase lead to decreased intracellular DA levels
(Chapter 3). MAO-B is the catabolic enzyme which converts DA to DOPAC, this
enzyme is located primarily intracellularly (Cooper et al., 1996). Thus, decreased DA
concentrations, due to either decreased synthesis or decreased transport, could lead to
decreased levels of DOPAC through lowered substrate availability.
Along with altered transport and synthesis, catabolism of DA may also be
involved in altered diurnal DA signaling. As stated previously, we observed increased
extracellular DA and HVA, while DOPAC levels were decreased.

Investigation of

MAO-A, MAO-B, and COMT activity revealed that ID caused a 60% decrease in MAOB activity, while MAO-A and COMT remained unchanged. This decrease in MAO-B
activity, the enzyme which catabolizes DA to DOPAC could also account for elevated
HVA and decreased DOPAC. Although measurements of MAO activity were not made
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Figure 5-5: Illustration of a dopaminergic neuron. Decreased DAT and MAO lead
to decreased DOPAC and increased extracellular DA concentrations. Decreased
TH/TH-PO4 results in decreased intracellular DA.
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across the diurnal cycle in this experiment, MAO-B is known to undergo diurnal
regulation. This variation is caused by activation through protein kinase C (PKC) (Wong
et al., 2002). Recent cell culture studies indicate that PKC is affected by iron chelation
(Wiesinger et al., 2007b), and thus, altered activity of MAO-B through signaling by PKC
is a viable mechanism to account for altered monoamine signaling. From the current
experiments we are unable to determine which mechanism is responsible for the observed
decreases in DOPAC concentrations although all three may play a role.
In this set of experiments, we not only examined extracellular diurnal signaling,
but we also examined monoamine related behaviors that have previously been shown to
be sensitive to iron deficiency in rodents (Hunt et al., 1994; Beard et al., 2002).
Exploration of an open field is a measure of motor activity and is increased in a novel
environment and is affected by dopaminergic functioning (Fink and Smith, 1980a; Fink
and Smith, 1980b). Likewise, repeated movements are dependent on striatal
monoaminergic activity and are increased with DA agonists and decreased when DA
release in inhibited (Braun et al., 1997). Previous studies with cocaine in ID rats showed
that exploration and stereotypy are both decreased in ID rats during the light cycle
(Erikson et al., 2000). When these behaviors are measured at the end of the light cycle
and just prior to entry into the active period of the diurnal cycle, we found significantly
more stereotypic events in the ID animals compared to CN. This is similar to the data
from A11 lesioned ID mice that also showed increased movement at this part of the
diurnal cycle (Qu et al., 2007). Induction of stereotypic events has been linked to the
activation of striatal D1R and D2Rs (Braun et al., 1997; Chartoff et al., 2001).
Furthermore, across the diurnal cycle D1R and D2R have been found to be downregulated
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just prior to onset of the inactive period (Bruinink et al., 1983). Thus, it seems that the
hyper-dopaminergic environment of the ID striatum coupled with decreased D2R
expression, maybe responsible for the increased stereotypic movements.
In conclusion, we believe that these findings further illustrate iron deficiency
induced alterations in monoamine metabolism through decreases in transport, synthesis
and MAO-B activity. Secondly, our data also indicates that iron deficiency causes
dysregulation of the diurnal cycle by modulation of extracellular NE. Finally, we found
that at the onset of the inactive period stereotypy is increased while total distance is not in
iron deficient animals, further implicating a role in iron deficiency in RLS.
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Chapter 6
Striatal and Nigral Iron Infusion
Introduction
The role of iron in the brain is complex. It has several essential functions in
neurotransmitter synthesis and energy metabolism, as well as functional roles within the
metabolism of oligodendrocytes which produce myelin.

Decreases in iron during

development can result in altered behavior (Lozoff et al., 2006) and functioning, while an
accumulation of iron in the brain has been associated with neurodegenerative disease
(Epstein, 1999). These observations reflect the need for iron as an essential nutrient for
cellular functioning, as well as its potential toxicant role if it accumulates in tissue.
Transport of iron into the brain is under strict regulation by the blood brain barrier
though exact mechanisms are still under investigation (Burdo et al., 2003). In order to
move across this vasculature, one route of iron movement is the binding of the Tf iron
complex. This complex is then endocytosed into the epithelial cell where the iron in then
removed from the complex by acidification in the endosome (Yamashiro and Maxfield,
1984). Iron is then removed from the endosome and transported into the cytosol via
divalent metal iron transporter 1 (DMT1) (Moos et al., 2000; Burdo et al., 2001). There
is additional data which suggests that non-transferrin bound Fe can also flux across the
BBB from the plasma pool (Burdo et al., 2003). Hypotransferrinemic mice accumulate
iron into the brain despite the absence of appreciable quantities of Tf in the plasma pool
and thus support the concept that several feasible pathways exist. Regardless of the exact
mechanism of movement across the BBB, current knowledge supports multiple pathways
that are likely influenced by regional events in different parts of the brain.
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Once inside cells, iron is contained in pools such as enzymes, structure proteins,
transport proteins, and ferritin (Beard and Connor, 2003). Distribution throughout the
brain is quite heterogeneous with high concentrations existing in the substantia nigra,
nucleus accumbens, red nucleus, and portions of the hippocampus. Studies examining
the effects of intraperitoneal injection of radiolabeled iron found that iron distribution
changes over time (Dwork et al., 1990). Intravenous radio-iron injections in mice also
provided evidence regarding the influence of iron deficiency on this rate of iron uptake
and redistribution (Beard et al 2005, Malecki et al 2000). In one of the early studies, iron
initially accumulated in caudate putamen, however, over time radioactive iron moved to
the substantia nigra and globus pallidus. This suggests that iron may be able to undergo
axonal transport in addition to the better described movement about the brain by
transferrin or perhaps ferritin (Mescher and Kiffmeyer, 1992). However, the oxidation
state, what molecules iron is bound to during transport, transport rate, or the significance
of iron accumulation at the axonal terminal, is unknown.
In rats, post weaning dietary iron deficiency results in decreased brain iron status.
After five weeks of feeding them a low iron diet, striatal iron decreased by approximately
20%, while ventral midbrain exhibited losses upwards of 50% (Erikson et al., 2001).
Striatum and ventral midbrain (containing the substantia nigra) represent the nigrostriatal
pathway and clearly show differential sensitivity to dietary iron deprivation.

This

important pathway serves as a transportation highway for a variety of monoaminergic
proteins (Cooper et al., 1996). Protein synthesis and organelle assembly occur nearly
exclusively in the soma, located in the substantia nigra (Droz, 1969). The completed
proteins are then conveyed to dendrites in the ST via axonal transport of vesicles
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containing dopamine-beta hydroxylase and vesicular monoamine transporters (Laduron,
1984; Scherman et al., 1987; Levy et al., 1990). It is unknown at this time why terminal
dopaminergic fields have a different sensitivity to ID than cell bodies located in the
substantia nigra and ventral tegmentum. It is likely a combination of iron delivery to
these regions and differences in regional requirements. These requirements may be
related to concentrations of cells or biological process that have particularly high iron
requirements (e.g. oligodendrocytes in white matter) and/or variations in the balance
between iron delivery and iron losses from those regions. Unfortunately, there is virtually
nothing known with regard to this particular process, though H ferritin is now thought to
be a very iron rich transport vehicle for moving iron in the CSF for delivery to neurons
and oligodendrocytes. There are many iron requiring proteins in both the cell bodies and
terminal fields but the actual iron requirements or turnover is unknown (Connor et al.,
2001).
Direct infusion of iron into the nigra or striatum has been used as a model for
Parkinson’s disease, since toxic amounts of iron can cause cell death in dopaminergic
tracts. In most studies, investigators infused a concentrated amount of iron (1- 10 mM)
into the brain and then measured lipid peroxidation products (Zaleska et al., 1989; BenShachar and Youdim, 1991; Santiago et al., 2000). The premise is that iron will aid in
free radical production through the Fenton reaction chemistry, resulting in ROS
production and subsequent neurodegeneration and potentially Parkinson’s Disease
(Halliwell and Gutteridge, 1984). In support of this is the observation that elevated iron
concentrations have been found in the substantia nigra of elderly and Parkinsonian
patients (Sofic et al., 1988; Dexter et al., 1989; Sofic et al., 1991). Furthermore, several
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groups have observed Parkinsonian-like behavior, increased lipid peroxidation, and
altered dopamine dynamics in rats after iron infusion (Zaleska et al., 1989; Ben-Shachar
and Youdim, 1991; Sengstock et al., 1997). Nevertheless, there must be a threshold for
minimal amounts of iron to infuse since infusion of low concentrations Fe into the ST did
not cause lipid peroxidation or effect extracellular DA levels, and apparently had no
effect on neuronal health (Santiago et al., 2000; Prikhojan et al., 2002). These
observations offer an opportunity to examine whether iron availability to cell bodies or
terminal fields of neuronal tracts (e.g. nigrostriatal or mesolimbic dopaminergic) have a
differential effect on DA biology.
The rate limiting step in the biosynthesis of DA and NE is the synthetic enzyme
tyrosine hydroxylase which requires Fe and other cofactors for maximal functioning
(Kumer and Vrana, 1996). TH is regulated by feedback inhibition, allosteric regulation,
and phosphorylation (Kumer and Vrana, 1996). Feedback inhibition occurs when the
Fe2+ is oxidized to Fe3+ and becomes bound to catechols, inhibiting and stabilizing the
enzyme. Phosphorylation of the catechol-bound enzyme at multiple sites results in a
conformation change, releasing the catechol and allowing for TH to be reduced and
return to its active state (Ramsey and Fitzpatrick, 1998). Phosphorylation at serine 40
also decreases the affinity of the bound catechols, increasing their rates of dissociation
and increasing TH activity. Dephosphorylation of TH serine residues is regulated by
protein phosphatase 2A (PP2A) and protein phosphatase 2C (PP2C), which account for
90% and 10% of Ser 40 phosphatase activity (Haavik et al., 1989). Although, no studies
have been performed examining the effects of iron deficiency on PP2A, this phosphatase
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is an iron containing metalloprotein which should show sensitivity to iron deprivation
(Yu, 1998).
Previous studies from our group noted a strong relationship between low striatal
iron concentration and densities of D2R and DAT, as well as a strong association between
VMB Fe concentrations, gene expression of monoamine transporters, and regional
monoamine levels (Erikson et al., 2001; Beard et al., 2006b; Beard et al., 2007). Iron
repletion restored functioning, but these experiments did not directly explore the
relationship between iron restoration in cell bodies verses iron restoration in terminal
fields. Because of the observed decreases in brain iron, as well as the importance and iron
sensitivity of the nigrostriatal tract, we probed how infusion of low doses of iron into the
nigra, as well as the striatum, affects striatal dopamine dynamics. The overall goal of
these experiments was to determine if acute correction of iron status in cell bodies results
in a normalization of extracellular DA and NE in the terminal striatum field. A second
goal was to determine the impact of terminal field infusion of iron on terminal field DA
and NE metabolism.
We approached these questions by infusing 1 μM iron sulfate for 20 minutes
(total delivery of 26 picomoles of Fe) through the microdialysis probe in the striatum or
an infusion cannula in the ventral midbrain and collecting dialysate in vivo in the
striatum.

Apart from these analyses, we explored the D2-autoreceptor-to-DAT

connection by adding quinpirole to the perfusate and performing no net flux experiments.
The acute nature of the infusion and the small amount of iron administered allowed us to
determine if terminal field biology is directly affected by restoration of iron status, or
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whether iron needs to be made available at the cell bodies for new protein synthesis for
there to be a rescue of the ID phenotype.
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Methods
Animals
Twenty five weanling Sprague-Dawley rats were purchased from a commercial
supplier (Harlan, Indianapolis IN) and housed 2 animals/cage. Upon arrival animals were
separated into two groups and fed either CN (~80 ppm Fe) or ID (<4 ppm Fe) diet ad
libitum for 5 weeks All animals were maintained in a temperature (23 ± 2°C) and
humidity (40%) controlled room on a 12:12 hr light/dark cycle (lights on at 0600). All
protocols were approved by the Pennsylvania State University Animal Care and Use
Committee.
Surgery
After 5 weeks animals underwent surgery to insert a microdialysis CMA 11 guide
cannula into the striatum as previously described. The coordinates used were -0.2mm
AP, -2.8 mm L, and -5.3 mm V. Twelve of these animals also received guide cannulas
for infusions, placed into the ventral midbrain. (For description of infusion cannula see
Appendix A 3.3) This surgery is similar to that of the microdialysis cannula placement,
with the exception that the coordinates used were A-2.0mm, V -5.7mm, L -6.5mm. All
animals also received a sham surgery on the contralateral brain region.
After 3-5 days recovery time, animals were lightly anesthetized with 25/2/0.5
mg/kg ketamine/xylazine/acepromazine. A CMA 11 (2 mm) probe was then inserted into
the guide cannula, and the infusion cannula (2 mm) was also inserted into the infusion
guide cannula at this time. The rats were allowed to recover overnight and were perfused
with aCSF (1.3 µL/min) into the microdialysis probe; nothing was perfused into the
infusion cannula. The following morning data collection began.
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NNF/Quinpirole NNF
In order to quantitate extracellular dopamine concentrations via the correction for
diffusion and catabolism (Ed,), the NNF protocol was performed. In this protocol 100, 50,
20, and 10 nM DA in aCSF was used. This concentration range has been used in our lab
previously and they are similar to concentrations used in other laboratories (Chefer et al.,
2006). Each concentration of DA was perfused for 75 minutes, and the order of the
concentrations was randomly chosen for each rat. After the last concentration was
perfused, quinpirole (5 µM) was added to the perfusate. After a 1.5 hour equilibration
time NNF was performed again using 100, 50, 20, and 10 nM DA + 5 µM quinpirole in
aCSF. The equilibration time was chosen based on previous literature, demonstrating
that it takes approximately 1-2 hours after the infusion of quinpirole begins to reach
maximal effect. (See et al., 1991; Mao et al., 1996)
Infusion
Iron sulfate (1 µM) was perfused into the striatum for 20 minutes (1.3 µL/min) in
12 animals the following morning (6 am), and the previously described NNF/Qunipriole
NNF experiment was then repeated.

In another 12 animals, 1µM iron sulfate was

perfused for 20 minutes (1.3 µL/min) at midnight.

The following morning (6AM)

NNF/Quinpirole NNF experiment was repeated. The infusion resulted in the delivery of
26 pmoles of iron into each brain region; this level was chosen to be low enough to avoid
oxidative damage to brain regions (Santiago et al., 2000). Verification of placement and
diffusion of iron was performed with cytology and iron staining. The amount of diffusion
of iron into surrounding tissue was very minimal (~350 µm).
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Hematology
Twenty four hours after completion of the studies, at approximately 4 pm, animals
were sacrificed, the brains were removed and dissected with striatum and ventral
midbrain selectively removed by previously described protocols. These samples were
then homogenized and analyzed for iron. Blood was collected at sacrifice into
heparinized tubes and hemoglobin and hematocrit measured by standard protocols
(Pinero et al., 2001). Blood was spun at 5,000 X g for 15’ to remove cells and remaining
plasma and stored at -20°C until analysis for iron and total iron binding capacity. The
liver was rapidly removed and stored at -20°C, until analysis by established colorimetric
assay (Pinero et al., 2001).
Lipid Peroxidation
Lipid peroxidation was performed using TBARS as a generic marker of lipid
peroxidation as described by (Ohkawa et al., 1979).
Homogenization
Striatum and ventral midbrain were homogenized in cold PBS. The homogenates
were then aliquoted and prepared for iron analysis by atomic absorption spectroscopy,
catecholamine analysis on the HPLC, and protein analyses as described in (Unger et al.,
2007).
Monoamine Oxidase Activity
Monoamine Oxidase Activity in brain region aliquots was measured by
fluorescence detection using a commercially available kit (Cell Technologies, Mountain
View, CA) .
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Dopamine-β-Hydroxylase
Dopamine-β-Hydroxylase (DβH) activity was determined in striatal homogenates
via a previously published protocol (Kato et al., 1974). Briefly, homogenates were
incubated with 0.2 M tyramine at 37°C for 1 hr.

The conversion of tyramine to

octopamine was measured spectrophotometrically (330 nm) after isolation of octopamine
with a mini-Dowex (Sigma Aldrich, St. Louis, MO) ion exchange column.
High Performance Liquid Chromatography
Dialysate samples (10 μl) were injected online onto an ESA MD-150 narrow-bore
HPLC column 150 x 2 mm (ESA, Inc., Chelmsford, MA) for separation followed by
detection by an ESA 5014B microdialysis cell (+300 mV) (ESA Coulochem III, ESA,
Inc., Chelmsford, MA). A guard cell (ESA 5020) placed in line before the injection loop
was set at a potential of +350 mV. The mobile phase consisted of 75 mM Sodium
Phosphate Monobasic (EMD Chemical, Gibbstown, NJ), 1.7 mM 1-octanesulfonic acid
(EMD Chemical, Gibbstown, NJ), 25 µM EDTA (Acros, NJ), 10% acetonitrile (EMD
Chemical, Gibbstown, NJ), and 0.01% triethylamine (Sigma Aldrich, St. Louis, MO) in a
volume of 1L (pH 3.0). The neurotransmitter and metabolite peak areas were integrated
using EZ Chrom Elite software (Scientific Software Inc, Pleasanton, CA) and quantified
against known standards of NE (ESA INC, Chelmsford, MA), DA (ESA INC,
Chelmsford, MA), 3,4-Dihydroxyphenylacetic acid (DOPAC) (Sigma Aldrich, St. Louis,
MO), and Homovanillic acid (HVA) (Sigma Aldrich, St. Louis, MO).
Statistical Analysis
Two separate statistical analyses were performed; t-tests (Microsoft, Excel) were
used to test the effect of diet on hematological parameters and ANOVAs were used to
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test the effect of iron treatment in a specific region and diet group. Diet effects were also
tested by one-way ANOVA by selecting iron treatment and brain region. A two-way
ANOVA with Tukey’s post-hoc test was used to analyze the microdialysis data
(SYSTAT, Systat Software INC, Richmond CA).
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Results
Hematology
After 5 weeks of dietary treatment, iron deficient animals had significantly lower
hemoglobin concentration, 6.31 ± 0.6 g/dL v. 14.4 ± 0.6 g/dL (t = 9.15, p<0.001),
hematocrit (22.4 ± 0.02 % v. 43.0 ± 0.01%) (t = 6.49, p<0.001), and liver iron
concentration (94.2 ± 8.3 µg/g v. 154.4 ± 13.2 µg/g) (t = 43.8, p<0.01), than rats fed
control diet.
Brain Iron
Dietary treatment resulted in decreasing striatal (17.2 ± 1.5 µg/g v 24.3 ± 3.5
µg/g) (F = 4.2, p<0.05) and ventral midbrain iron (18.0 ± 1.2 µg/g v 22.9 ± 2.5 µg/g) (F =
4.5, p<0.05), compared to control brain regions (Figure 6-1). Infusion of iron into the
striatum and ventral midbrain did not result in any significant, detectable changes in brain
iron concentration.
Transferrin receptor levels
Transferrin receptor (TfR) levels were decreased in the ST after striatal iron
infusion in both CN (0.063 ± 0.015 vs 0.128 ± 0.020) (F = 5.4, p<0.05) and ID (0.060 ±
0.019 v 0.122 ± 0.018) (F = 5.0, p<0.05) animals compared to non-infused brain regions
(measuring optical density) (Figure 6-2). The 24 hr period after infusion was sufficient to
allow the expected influence of added iron to decrease TfR mRNA translation (Moos et
al., 2000). Interestingly, TfR levels in the VMB also increased after striatal iron infusion
in CN (0.200 ± 0.020 v 0.124 ± 0.020) (F = 4.94, p<0.05) suggesting a previously undescribed connection between terminal field iron content and cell body iron acquisition
proteins. TfR levels in the VMB of ID animals did not change after infusion into the ST.
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Figure 6-1: Brain iron concentrations. Dietary iron treatment resulted in decreased
brain iron levels. All data are presented as mean ± SEM. *p<0.05
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Figure 6-2: Transferrin receptor levels after infusion of iron into the a) striatum
and b) ventral midbrain. Data is expressed as mean optical density ± SEM. *p<0.05
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Infusion of iron into the VMB resulted in a trend for decreased TfR in CN and ID
animals and again increased TfR in VMB. However, these changes were not significant.
Basal DA
There was a significant effect of diet (F = 8.86, p<0.01) on basal DA. ID was
significantly elevated compared to CN rats (30.7 ± 1.5 nM v 23.6 ± 1.0 nM) (p<0.01)
(Figure 6- 3a). There was also a significant effect of treatment on basal DA (F = 10.83,
p<0.001). When quinpirole was added to the perfusate, both CN (8.9 ± 2.4 nM v 23.6 ±
1.0 nM) (p<0.01) and ID (10.2 ± 1.1 nM v 23.6 ± 1.0 nM) (p<0.01) rats exhibited the
expected significant decrease in DA concentration in the extracellular space. Infusion of
iron into the ST resulted in no change in basal DA in either CN (22.2 ± 4.3 nM v 23.6 ±
1.0 nM ) or ID (30.7 ± 1.5 nM v 31.0 ± 0.8 nM) rats. When the NNF protocol was
performed with quinpirole present and after iron infusion, there was not a significant
decrease in DA for ID rats compared to quinpirole perfusion prior to Fe infusion (5.7 ±
2.0 nM v 10.2 ± 1.1 nM) ( p<0.05). This effect of quinpirole after striatal iron infusion
was not observed in CN rats (7.4 ± 2.0 nM v 8.9 ± 2.4 nM).
In the VMB there was also a significant effect of quinpirole/iron treatment (F =
9.2, p<0.01). In Figure 6-4a it can be seen that infusion of iron into the ventral midbrain
resulted in a 20% decrease in basal DA in CN (18.5 ± 2.4 nM v 23.6 ± 1.0 nM) (p<0.01)
rats, while ID rats exhibited a comparable 27% decrease in concentration (22.3 ± 1.5 nM
v 30.7 ± 1.5 nM) (p<0.01). In contrast to the striatal iron infusion, ventral midbrain iron
infusion had no impact on the effect of quinpirole of extracellular DA levels in CN (12.9
± 3.2 nM v 8.3 ± 1.8 nM) or ID (13.3 ± 2.3 v 10.7 ± 0.9 nM).
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after striatal iron infusion. Data is expressed as mean ± SEM. *p<0.05, **p<0.01
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Extraction Fraction
There was also an effect of dietary treatment on Ed (F = 3.0, p<0.05). Dietary iron
deficiency resulted in a 20% decrease in Ed (48.8 ± 4.2% v 61.5 ± 1.9%) (p<0.05) (Figure
6-3b). The addition of quinpirole to the perfusate resulted in an increased Ed in the CN
animals (69.9 ± 2.8% v 61.5 ± 1.9%) (p<0.05) while there was no effect in ID rats (49.4 ±
4.3 % v 48.8 ± 4.2%).
Striatal iron infusion: Infusion of iron alone into the ST had no effect on Ed in either
dietary group. However, addition of quinpirole after iron infusion again resulted in
increased extraction fraction for CN (67.3 ± 3.8% v 59.4 ± 3.7 %) (p<0.05) and no
change in ID rats (54.2 ± 2.6% v 52.6 ± 2.3 %). That is, iron infusion in the striatum did
not correct the Ed abnormality either with or without the qunipirole application to the
D2Rs.
VMB iron infusion: Iron infusion into the VMB resulted in decreases in Ed for CN (49.9 ±
4.9 % v 61.5 ± 1.9%) (t = 2.68, p<0.01) but not in ID rats (46.9 ± 4.9% v 49.4 ± 4.6%)
(Figure 6-4b). Iron infusion in the VMB along with quinpirole resulted in overall
increased Ed by ANOVA main effect (F = 5.24, p<0.05) though the sample size is
insufficient to see a diet effect independent of the treatment effect. That is, the CN rats Ed
changed from to 49.9 ± 4.9% to 57.5 ± 5.5% and ID rats changed from to 46.9 ± 4.9% to
54.9 ± 4.9%.
Lipid Peroxidation
Lipid peroxidation levels were measured in ST and VMB homogenates after Feinfusion into VMB (Figure 6-5). There were no differences in amounts of TBARS
between any of the brain regions with or without Fe infusion into VMB.
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TH/TH-PO4 levels
Striatal Fe infusion: Levels of TH (Figure 6-6) and TH-PO4 (Figure 6-7)(SER 40) were
also measured by ELISA in tissue homogenates. Iron infusion into the ST did not change
striatal TH levels (expressed as optical density) in either CN (0.149 ± 0.018 v 0.134 ±
0.017) or ID (0.089 ± 0.018 v 0.126 ± 0.027) rats compared to non-infused regions in the
same animals. In contrast, TH levels did significantly decrease in VMB after iron
infusion into the ST in CN (0.065 ± 0.025 v 0.131 ± 0.024) (F = 6.3, p<0.05) and ID
(0.060 ± 0.021 v 0.145 ± 0.029)(F = 5.8, p<0.05) rats relative to non-infused regions in
the same animals. Levels of the activated form of TH, TH-PO4, were also altered by iron
infusion. Infusion of iron into the ST decreased TH-PO4 levels in ST (0.064 ± 0.07 v
0.076 ± 0.007) and VMB (0.042 ± 0.01 v 0.087 ± 0.011) (F = 5.0, p<0.05) of CN
animals. ID animals had no change in TH-PO4 levels in ST (0.082 ± 0.014 v 0.093 ±
0.019) and in VMB levels (0.126 ± 0.052 v 0.080 ± 0.014) after iron infusion into the ST.
VMB iron infusion: Infusion of iron into the VMB resulted in no change in TH levels in
CN or ID rats in either the ST or VMB regions. TH-PO4 levels however, were decreased
after iron infusion into the VMB in the VMB of CN rats (0.041 ± 0.018 v 0.086 ±
0.016)(F = 7.14, p<0.05) but not in ST (0.097 ± 0.027 v 0.076 ± 0.007) compared to non
infused brain regions. ID rats exhibited non-significant decreased TH-PO4 levels in ST
after iron infusion (0.071 ± 0.021 v 0.093 ± 0.017) but significantly increased levels in
VMB (0.124 ± 0.017 v 0.081 ± 0.015) (F = 5.7, p<0.05) after infusion of iron into the
ventral midbrain.
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Figure 6-6: Tyrosine hydroxylase levels data is expressed as mean optical density ±
SEM. *p<0.05
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Figure 6-7: Phosphorylated TH (serine 40) levels. Values are expressed as mean
optical density ± SEM. *p<0.05.
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Tissue Catecholamines
Tissue concentrations of DA, NE, DOPAC, and HVA were measured in
homogenates derived from tissue one day after the iron infusion experimentation and thus
represents a longer term outcome of iron infusion than the microdialysis monoamine
data. The low iron diet resulted in 35% lower DA concentrations in striatum compared to
controls (20.7 ± 3.1 pmol/mg tissue v 29.9 ± 3.8 pmol/mg tissue) (F = 5.2, p<0.05)
(Figure 6-8).
Striatal iron infusion: Iron infusion into the ST did not significantly alter striatal tissue
DA in CN (23.4 ± 0.9 pmol/mg tissue v 29.9 ± 3.8 pmol/mg tissue) or ID (24.0 ± 5.2
pmol/mg tissue v 20.7 ± 3.1 pmol/mg tissue) rats compared to non-infused ST. In the
VMB, striatal iron infusion had a significant effect on tissue DA concentrations in CN
(1.03 ± 0.01 pmol/mg tissue v 1.61 ± 0.22 pmol/mg tissue) (F = 4.8, p<0.05) but not ID
(1.53 ± 0.04 pmol/mg tissue v 1.88 ± 0.04 pmol/mg tissue).
VMB iron infusion: Infusion into the VMB had no effect on DA concentrations in the ST
of control rats. However, VMB infusion resulted in significantly higher DA levels in the
ST of ID rats (28.5 ± 2.4 pmol/mg tissue v 20.7 ± 0.04 pmol/mg tissue) (F = 4.9, p<0.05).
In the VMB, the iron infusion had no effect in either dietary group on tissue DA and did
not elevate the significantly lower tissue DA in the ID rats.
Tissue NE levels were significantly increased by iron deficient diet compared to
control diet (0.69 ± 0.14 pmol/mg tissue v 0.38 ± 0.09 pmol/mg tissue) (F = 5.3, p<0.05)
(Figure 6-9). However, in the VMB diet had no effect on NE concentrations (1.97 ± 0.54
pmol/mg tissue v 2.27 ± 0.32 pmol/mg tissue). Infusion of iron into the ST and the VMB
had no effect on NE concentrations in any of the brain regions measured.
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Figure 6-8: DA concentrations (pmol/mg tissue) in VMB and ST tissue. Data is expressed as mean ± SEM. *p<0.05
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Figure 6-9: NE concentrations in ST and VMB after iron infusion into the ST and
VMB. Data is expressed as mean ± SEM. *p<0.05
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Iron deficiency had little impact on tissue DOPAC concentrations in either brain
region examined and is in contrast to the microdialysis data collected in the striatum
(Figure 6-10).
Striatal iron infusion: Striatal iron infusion did not significantly alter DOPAC
concentrations in ST or VMB of CN and ID rats when concentrations are compared to the
non infusion side of the same animals.
VMB iron infusion: Iron infusion in the VMB had no effect on DOPAC in CN rats but
in ID rats the iron infusion resulted in a significant decrease in VMB DOPAC (2.08 ±
0.27 pmol/mg tissue v 2.87 ± 0.23 pmol/mg tissue)(F = 4.7, p<0.05) compared to the non
infused side of the brain.
Dietary ID had no effect on HVA concentrations in either brain region examined
compared to levels observed in CN rats (Figure 6-11).
Striatal iron infusion: Striatal iron infusion resulted in lower HVA levels in ST of ID rats
(0.64 ± 0.06 pmol/mg tissue v 1.17 ± 0.24 pmol/mg tissue) (F = 6.5, p<0.05).
VMB iron infusion: Iron infusion into the VMB had no significant effect on tissue HVA
concentrations in either brain region examined or either dietary treatment group.
Monoamine Oxidase
Monoamine oxidase A activity (Figure 6-12) was not altered by dietary treatments
or infusion of iron into the ST or the VMB. In contrast, iron deficiency decreased
monoamine oxidase B activity (Figure 6-13) in the ST (0.053 ± 0.004 v 0.084 ± 0.013)(F
= 5.1, p<0.05) (measured in florescence) but not the VMB relative to activity observed in
homogenates from control rats.
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Figure 6-10: DOPAC concentrations (pmol/mg tissue) in VMB and ST tissue. Data is expressed as mean ± SEM. *p<0.05
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Figure 6-11: HVA concentrations (pmol/mg tissue) in VMB and ST tissue. Data is expressed as mean ± SEM with p<0.05.
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*p<0.05
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Figure 6-13: MAO-B activity.
p<0.05

Data is expressed as mean florescence ± SEM.
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Striatal iron infusion: Striatal iron infusion did not significantly affect MAO-B activity in
either brain region examined in either dietary treatment group.
VMB iron infusion: Iron infusion into the VMB had no affect on MAO-B activity in
VMB of both CN (0.068 ± 0.018 v 0.055 ± 0.06) rats relative to non infused tissue,
whereas iron infusion in ID rats did result in a significant increase in enzyme activity
relative to non infused tissue from the same rats (0.071 ± 0.01 v 0.043 ± 0.03)(F = 4.8,
p<0.05).
Dopamine-Beta-Hydroxylase
Dopamine-Beta-Hydroxylase activity was increased by 40% in the ST of ID rats
compared to CN (0.071 ± 0.006 v 0.053 ± 0.004) (F = 5.0, p<0.05) (measured in optical
density) (Figure 6-14).
Striatal iron infusion: Infusion of iron into the ST resulted in significant increases in
striatum of CN (0.104 ± 0.006 v 0.053 ± 0.004) (F = 6.5, p<0.05) rats whereas the
changes in ID rats were non-significant (0.076 ± 0.007 v 0.071 ± 0.006). Furthermore, ST
iron infusion resulted in a trend for decreased activity in the VMB of CN (0.075 ± 0.003
v 0.105 ± 0.012) and ID rats (0.074 ± 0.003 v 0.076 ± 0.009) but none of these changes
were statistically significant
VMB iron infusion: Iron infusion into the VMB did not affect DβH activity in the ST in
CN (0.051 v 0.053 ± 0.004) or ID (0.094 ± 0.019 v 0.071 ± 0.006). However, VMB
infusion did increase DβH activity in the VMB in CN (0.228 ± 0.004 v 0.105 ± 0.012)
(F=10.4, p<0.01) and ID (0.170 ± 0.035 v 0.076 ± 0.009)(F = 7.9, p<0.05).
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Discussion
Iron is essential for proper synthesis and functioning of proteins that alter
monoamine metabolism (Erikson et al., 2000; Erikson et al., 2001). Previous animal
experiments with iron depletion and repletion demonstrated many reversible events in
DA metabolism with restoration of iron status but selective restoration in cell bodies or in
terminal fields were not done (Nelson et al., 1997; Beard et al., 2006a; Beard et al.,
2007). The current set of experiments provides novel insights into the relationship of iron
status in the VMB and SN vs the striatum (ST) (Figures 6-15, 6-16). The new
information shows 1) that small changes in iron status in VMB can change extracellular
DA homeostasis in the ST, whereas acute addition of iron to the ST had a minimal
influence, 2) that altered DAT trafficking in ID can be affected by a subtle adjustment in
iron content in VMB as evinced by NNF studies using quinpirole as a D2R agonist, 3)
administration of iron in one part of the nigrostriatal track alters iron status parameters
and dopaminergic proteins in the other end of this track. This suggests a complex
interaction between terminal field iron dynamics and cell body iron dynamics not
previously appreciated, 4) and finally, these studies provided additional support to the
hypotheses that terminal field iron status alters trafficking of dopaminergic synthetic
proteins while cell body iron status exerts its influence primarily on protein synthesis.
One of the first things this protocol needed to establish was that the iron infusion
worked. Infusion of higher amounts of iron into the striatum or substantia nigra has been
previously used as a model for Parkinson’s disease (Ben-Shachar and Youdim, 1991) but
we opted for a much lower dose to avoid cell death and lipid peroxidation. This was
accomplished since TBARS levels were not elevated in the side of the brain receiving

145

Figure 6-15: An illustration of iron infusion into the Striatum. In the figures
the text surrounded by a box is what occurs in the ID system.

TH-Tyrosine

Hydroxylase, TH-P Phosphorylated TH, MAO-B Monoamine Oxidase B, DMT1Divalent Metal Transporter, E.C.-Extracellular, Tf-transferrin, Tf-Fe – iron bound
transferrin, TfR-transferrin receptor.

146

Figure 6-16: An illustration of iron infusion into the Ventral Midbrain. In
the figures the text surrounded by a box is what occurs in the ID system. THTyrosine Hydroxylase, TH-P Phosphorylated TH, MAO-B Monoamine Oxidase B,
DMT1-Divalent Metal Transporter, E.C.-Extracellular, Tf-transferrin, Tf-Fe – iron
bound transferrin, TfR-transferrin receptor.
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iron relative to the contralateral side that did not receive iron. For our experiments, the
low dose of iron (~26 pmol) as chosen based on previous studies of the effects of iron
when infused into the ST (Santiago et al., 2000). We could not measure the increases in
iron in either VMB or ST due to lack of sensitivity of measurement in that range. In a
100 mg tissue, a 7 ng (26 pmol) infusion will only increase the concentration by 0.07
ng/mg or 0.07 µg/g. The error of the AA is ~1.5 µg/g and thus any increase due to the
infusion is well below the limits of detection.
The proxy variable used to verify a local change in iron status was the level of
transferrin receptor. This cell surface protein is rapidly up and downregulated in the cell
via reversible binding of cytosolic iron to IRP1 and IRP2 with subsequent association
with IRE regions on mRNA (Weiss et al., 1997). Increased cellular iron reduces the
amount of IRP-IRE binding and reduces TfR production and this is what was observed
after infusion of iron into the ST. This indicates a functional amount of iron was
introduced into the cytosolic space. The elevation in VMB TfR levels after striatal iron
infusion requires speculation on our part as this is a novel observation. It may be due to
retrograde movement of the receptor from the ST to the VMB or some intracellular
communication between TfR protein expression in cell bodies and terminal fields
(Mescher and Kiffmeyer, 1992). When iron is infused into the VMB we still measure a
similar trend in TfR in the terminal striatal field; an expected response four hours after
introduction of iron to cell bodies with an associated change in mRNA translation (Moos
et al., 2000).
Since the protocol appeared to produce the desired change in regional iron status
but without toxicity to neurons in those regions, it is valid to examine changes in DA
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metabolism relative to the hypotheses. Perfusion of iron into the striatum resulted in no
change in striatal extracellular DA and is consistent with the work of Santiago who used
10 µM iron (Santiago et al., 2000). Furthermore, iron infusion had no effect on the
ability of quinpirole to decrease basal DA in CN and ID rats or on quinpirole’s ability to
increase Ed in CN animals. Finally, iron infusion in ID rats did not “rescue” the apparent
dysfunctional linkage between the D2R autoreceptor and DAT surface expression since
the Ed value was unaffected by giving either iron or quinpirole. This suggests that local
availability of iron did not correct for the previously proposed trafficking defect
(Wiesinger et al., 2007b). One reason for the failure of iron to remedy the dysfunction is
simply that the time allowed for the experiment did not provide enough time for iron to
remediate the system. Most proteins are synthesized in the cell bodies and then can be
transported to terminal fields through a microtubule network (Hirokawa and Takemura,
2005). It is feasible that when iron is delivered to the terminal field it is transported to the
cell bodies by reversed axoplasmic flow that in turn makes it available for incorporation
into iron containing proteins (Grafstein and Forman, 1980).
Provision of iron into the terminal fields could also stimulate protein synthesis
within the dendrites (Sutton and Schuman, 2006). Dendritic protein synthesis aids in
synaptic plasticity by allowing for immediate translation of mRNA. The local proteome
in dendrites is largely unknown as it is difficult to study, however dendritic synthesis of
microtubule-associated protein 2 (MAP2), (Garner et al., 1988), Ca2/calmodulin
dependent protein kinase II (CaMKII) (Miyashiro et al., 1994), brain-derived
neurotrophic factor (BDNF) and activity-regulated cytoskeleton-associated protein
(Arc)(Lyford et al., 1995) have all been observed. We cannot rule out the possibility that
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ST infusion of iron stimulated protein synthesis in the dendrites. However, if dendritic
synthesis occurred it is unlikely to have affected our results. Striatal infusion resulted in
increases of only one protein directly measured (DβH) while our indirect measures,
activities of enzymes and intracellular and extracellular monoamine concentrations, were
not changed in the ST by striatal infusion.
Within 24 hours of iron administration into the terminal field, THase and TH-PO4
levels slightly decreased in both CN and ID rats while intracellular striatal DA levels
remained unchanged. In VMB, striatal iron infusion resulted in significant decreases in
TH levels in CN and ID rats, while TH-PO4 and VMB DA levels were significantly
decreased in CN rats. These factors suggest that introduction of iron into the terminal
fields results in a down regulation of the dopaminergic system in the ST and VMB. Also
striatal iron infusion has the same effects on TH in CN and ID animals, despite ID
induced deficits to the dopaminergic system.
Infusion into the VMB also results in decreases in the dopaminergic system in the
CN rats. In the ST there are no significant changes to TH, TH-PO4 and DA. While in the
VMB CN rats demonstrate significantly decreased DA and TH-PO4 levels. This again
points to a down regulation of the dopaminergic system after iron infusion. In contrast,
in ID rats infusion into the VMB results in increased striatal DA tissue concentrations and
a trend toward increased striatal TH levels. In the VMB, TH-PO4 levels were also
significantly increased in ID rats. Thus, it appears that in order to remedy the ID induced
decreases in the striatal DA system, iron needs to be administered to the cell bodies.
Furthermore, it appears that increases in striatal DA in the ID rats are due mainly to
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increased synthesis as Ed values after administration of iron to the VMB actually
decreased, indicating reduced transport.
The reduction in Ed after VMB infusion was also accompanied by decreased
striatal extracellular DA concentrations. Ed is thought to be a measurement of DAT
efficiency and thus is a compound proxy variable for the amount of DAT on the cell
surface as well as the binding efficiency of that DAT for DA. ID striatal DA levels were
increased indicating DA terminal fields were not damaged by iron infusion an
observation supported by no change in TBARs levels.

Thus, the decreases in

extracellular DA and corresponding decreases in Ed values are perplexing as Ed values in
ID animals would be expected to increase based on cell culture and animal
experimentation that showed that iron deficiency lowered cell and membrane DAT
levels. However, addition of iron could affect DA transport through PKC regulation
(Wiesinger et al., 2007b) PKC-β phosphorylates the DA transporter resulting in
movement of the transporter off the membrane (Alcantara et al., 1994). PKC-β is also
known to have an iron responsive transcription element in the 5’ flanking region and it
has been shown that addition of ferric-transferrin can increase PKC- β expression
(Alcantara et al., 1994). Thus, while we have no direct evidence in these experiments that
PKC pathways were activated as a result of the addition of iron into the VMB, a potential
mechanism can be explored in the future to explain the decreased Ed. Another result of
the VMB iron infusion was the amelioration of the effect of quinpirole on Ed. In chapter
3 we hypothesized that trafficking between the D2 and DAT was impaired by iron
deficiency. The provision of iron to VMB with potential increases in protein synthesis
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resulted in a “repair” of the dysfunctional linkage between the autoreceptor and DAT
within a short period of time.
Addition of iron into the striatum also affected the noradrenergic system.
Although, intracellular levels of NE were not altered by infusion into the ST or VMB,
DβH activities were affected by the iron infusion. We found that DβH activity was
increased in the ST of CN and ID rats after the addition of iron into either the VMB or
ST. Very little work has been done linking iron to DβH activity. One study reported a
regulatory domain homology between DβH and the ferric reducatase Cytochrome b-561
promotor sequences which suggests that DβH may be responsive to ferric iron levels in
the mammalian brain (Ponting, 2001). The responsiveness of both TH and DBH to iron
manipulations suggests that the influence of cellular iron status on monoamines in more
complex that most reviews conclude (Lozoff et al., 2006).
In conclusion, this study demonstrated that acute provision of iron into the cell
bodies and the terminal fields did have an effect on the dopmainergic and noradrenergic
systems. Although infusing iron into either the VMB or the ST did not entirely rescue
the dopaminergic deficits in the ID system VMB infusion did restore the effect of
quinpirole on Ed. Infusion into the VMB also seemed to activate dopaminergic synthesis
in the ST of ID rats resulting in increased DA tissue levels. Finally, although this
experiment provides some insight into the remediation processes initiated by iron
infusion further exploration, particularly on activation of the PKC system needs to be
performed. This will provide a better mechanistic understanding of the consequences of
iron deficiency.

152
References
Abercrombie ED, Bonatz AE and Zigmond MJ (1990) Effects of L-dopa on extracellular
dopamine in striatum of normal and 6-hydroxydopamine-treated rats. Brain Res 525:3644.
Aguirre P, Mena N, Tapia V, Arredondo M and Nunez MT (2005) Iron homeostasis in
neuronal cells: a role for IREG1. BMC Neurosci 6:3.
Alcantara O, Obeid L, Hannun Y, Ponka P and Boldt DH (1994) Regulation of protein
kinase C (PKC) expression by iron: effect of different iron compounds on PKC-beta and
PKC-alpha gene expression and role of the 5'-flanking region of the PKC-beta gene in the
response to ferric transferrin. Blood 84:3510-3517.
Allen RP, Barker PB, Wehrl F, Song HK and Earley CJ (2001) MRI measurement of
brain iron in patients with restless legs syndrome. Neurology 56:263-265.
Ashkenazi R, Ben-Shachar D and Youdim MB (1982) Nutritional iron and dopamine
binding sites in the rat brain. Pharmacol Biochem Behav 17 Suppl 1:43-47.
Axelrod J (1972) Dopamine- -hydroxylase: regulation of its synthesis and release from
nerve terminals. Pharmacol Rev 24:233-243.
Banerji NK and Hurwitz LJ (1970) Restless legs syndrome, with particular reference to
its occurrence after gastric surgery. Br Med J 4:774-775.
Beard J. L., Unger E. L., Bianco L.E., Paul T, Rundle S.E. and B.C. J (2007) Early postnatal iron repletion overcomes lasting effects of gestational iron deficiency in rats.
Journal of Nutrition (in press).
Beard JL, Chen Q, Connor J and Jones BC (1994) Altered monamine metabolism in
caudate-putamen of iron-deficient rats. Pharmacol Biochem Behav 48:621-624.
Beard JL and Connor JR (2003) Iron status and neural functioning. Annu Rev Nutr 23:4158.
Beard JL, Connor JR and Jones BC (1993) Iron in the brain. Nutr Rev 51:157-170.
Beard JL, Erikson KM and Jones BC (2002) Neurobehavioral analysis of developmental
iron deficiency in rats. Behav Brain Res 134:517-524.
Beard JL, Felt B, Schallert T, Burhans M, Connor JR and Georgieff MK (2006a)
Moderate iron deficiency in infancy: biology and behavior in young rats. Behav Brain
Res 170:224-232.
Beard JL, Tobin BW and Smith SM (1990) Effects of iron repletion and correction of
anemia on norepinephrine turnover and thyroid metabolism in iron deficiency. Proc Soc
Exp Biol Med 193:306-312.

153
Beard JL, Unger EL, Bianco LE, Paul T, Rundle SE and Jones BC (2007) Early postnatal
iron repletion overcomes lasting effects of gestational iron deficiency in rats. J Nutr
137:1176-1182.
Beard JL, Wiesinger JA and Connor JR (2003) Pre- and postweaning iron deficiency
alters myelination in Sprague-Dawley rats. Dev Neurosci 25:308-315.
Beard JL, Wiesinger JA and Jones BC (2006b) Cellular iron concentrations directly
affect the expression levels of norepinephrine transporter in PC12 cells and rat brain
tissue. Brain Res.
Beard JL, Zhan CS and Brigham DE (1995) Growth in iron-deficient rats. Proc Soc Exp
Biol Med 209:65-72.
Becker JB (1990a) Direct effect of 17 beta-estradiol on striatum: sex differences in
dopamine release. Synapse 5:157-164.
Becker JB (1990b) Estrogen rapidly potentiates amphetamine-induced striatal dopamine
release and rotational behavior during microdialysis. Neurosci Lett 118:169-171.
Becker PM, Jamieson AO and Brown WD (1993) Dopaminergic agents in restless legs
syndrome and periodic limb movements of sleep: response and complications of
extended treatment in 49 cases. Sleep 16:713-716.
Belknap JK, Phillips TJ and O'Toole LA (1992) Quantitative trait loci associated with
brain weight in the BXD/Ty recombinant inbred mouse strains. Brain Res Bull 29:337344.
Ben-Shachar D, Finberg JP and Youdim MB (1985) Effect of iron chelators on dopamine
D2 receptors. J Neurochem 45:999-1005.
Ben-Shachar D and Youdim MB (1991) Intranigral iron injection induces behavioral and
biochemical "parkinsonism" in rats. J Neurochem 57:2133-2135.
Bhaskaran D and Radha E (1984) Circadian variations in the monoamine levels and
monoamine oxidase activity in different regions of the rat brain as a function of age. Exp
Gerontol 19:153-170.
Bolan EA, Kivell B, Jaligam V, Oz M, Jayanthi LD, Han Y, Sen N, Urizar E, Gomes I,
Devi LA, Ramamoorthy S, Javitch JA, Zapata A and Shippenberg TS (2007) D2
receptors regulate dopamine transporter function via an extracellular signal-regulated
kinases 1 and 2-dependent and phosphoinositide 3 kinase-independent mechanism. Mol
Pharmacol 71:1222-1232.
Borel MJ, Smith SH, Brigham DE and Beard JL (1991) The impact of varying degrees of
iron nutriture on several functional consequences of iron deficiency in rats. J Nutr
121:729-736.

154
Bradbury MW (1997) Transport of iron in the blood-brain-cerebrospinal fluid system. J
Neurochem 69:443-454.
Braun AR, Laruelle M and Mouradian MM (1997) Interactions between D1 and D2
dopamine receptor family agonists and antagonists: the effects of chronic exposure on
behavior and receptor binding in rats and their clinical implications. J Neural Transm
104:341-362.
Bruinink A, Lichtensteiger W and Schlumpf M (1983) Ontogeny of diurnal rhythms of
central dopamine, serotonin and spirodecanone binding sites and of motor activity in the
rat. Life Sci 33:31-38.
Bungay PM, Newton-Vinson P, Isele W, Garris PA and Justice JB (2003) Microdialysis
of dopamine interpreted with quantitative model incorporating probe implantation
trauma. J Neurochem 86:932-946.
Burdo JR, Antonetti DA, Wolpert EB and Connor JR (2003) Mechanisms and regulation
of transferrin and iron transport in a model blood-brain barrier system. Neuroscience
121:883-890.
Burdo JR, Menzies SL, Simpson IA, Garrick LM, Garrick MD, Dolan KG, Haile DJ,
Beard JL and Connor JR (2001) Distribution of divalent metal transporter 1 and metal
transport protein 1 in the normal and Belgrade rat. J Neurosci Res 66:1198-1207.
Burhans MS, Dailey C, Beard Z, Wiesinger J, Murray-Kolb L, Jones BC and Beard JL
(2005) Iron deficiency: differential effects on monoamine transporters. Nutr Neurosci
8:31-38.
Burhans MS, Dailey C, Wiesinger J, Murray-Kolb LE, Jones BC and Beard JL (2006)
Iron deficiency affects acoustic startle response and latency, but not prepulse inhibition in
young adult rats. Physiol Behav 87:917-924.
Bylund DB (1992) Subtypes of alpha 1- and alpha 2-adrenergic receptors. Faseb J 6:832839.
Cano-Cebrian MJ, Zornoza T, Polache A and Granero L (2005) Quantitative in vivo
microdialysis in pharmacokinetic studies: some reminders. Curr Drug Metab 6:83-90.
Carlsson A, Svennerholm L and Winblad B (1980) Seasonal and circadian monoamine
variations in human brains examined post mortem. Acta Psychiatr Scand Suppl 280:7585.
Casale G, Migliavacca A, Bonora C, Zurita IE and de Nicola P (1981) Circadian rhythm
of plasma iron, total iron binding capacity and serum ferritin in arteriosclerotic aged
patients. Age Ageing 10:115-118.
Cass WA and Gerhardt GA (1994) Direct in vivo evidence that D2 dopamine receptors
can modulate dopamine uptake. Neurosci Lett 176:259-263.

155
Chartoff EH, Marck BT, Matsumoto AM, Dorsa DM and Palmiter RD (2001) Induction
of stereotypy in dopamine-deficient mice requires striatal D1 receptor activation. Proc
Natl Acad Sci U S A 98:10451-10456.
Chefer VI, Zapata A, Shippenberg TS and Bungay PM (2006) Quantitative no-net-flux
microdialysis permits detection of increases and decreases in dopamine uptake in mouse
nucleus accumbens. J Neurosci Methods 155:187-193.
Chen KC (2005a) Evidence on extracellular dopamine level in rat striatum: implications
for the validity of quantitative microdialysis. J Neurochem 92:46-58.
Chen KC (2005b) Preferentially impaired neurotransmitter release sites not their
discreteness compromise the validity of microdialysis zero-net-flux method. J
Neurochem 92:29-45.
Chen KC (2006) Effects of tissue trauma on the characteristics of microdialysis zero-netflux method sampling neurotransmitters. J Theor Biol 238:863-881.
Chen Q, Beard J and Jones B (1995a) Abnormal rat brain monoamine metabolism in iron
deficiency anemia. Nutritional Biochemistry 6:486-493.
Chen Q, Connor JR and Beard JL (1995b) Brain iron, transferrin and ferritin
concentrations are altered in developing iron-deficient rats. J Nutr 125:1529-1535.
Ciliax BJ, Heilman C, Demchyshyn LL, Pristupa ZB, Ince E, Hersch SM, Niznik HB and
Levey AI (1995) The dopamine transporter: immunochemical characterization and
localization in brain. J Neurosci 15:1714-1723.
Clardy SL, Wang X, Zhao W, Liu W, Chase GA, Beard JL, True Felt B and Connor JR
(2006) Acute and chronic effects of developmental iron deficiency on mRNA expression
patterns in the brain. J Neural Transm Suppl:173-196.
Connor JR, Boyer PJ, Menzies SL, Dellinger B, Allen RP, Ondo WG and Earley CJ
(2003) Neuropathological examination suggests impaired brain iron acquisition in
restless legs syndrome. Neurology 61:304-309.
Connor JR, Menzies SL, Burdo JR and Boyer PJ (2001) Iron and iron management
proteins in neurobiology. Pediatr Neurol 25:118-129.
Cooper JR, Bloom FE and Roth RH (1996) The
neuropharmacology. Oxford University Press, New York.

biochemical

basis

of

Cosford RJ, Vinson AP, Kukoyi S and Justice JB, Jr. (1996) Quantitative microdialysis
of serotonin and norepinephrine: pharmacological influences on in vivo extraction
fraction. J Neurosci Methods 68:39-47.
Crabbe JC, Belknap JK and Buck KJ (1994) Genetic animal models of alcohol and drug
abuse. Science 264:1715-1723.

156
Crowe A and Morgan EH (1992) Iron and transferrin uptake by brain and cerebrospinal
fluid in the rat. Brain Res 592:8-16.
Daiguji M, Mikuni M, Okada F and Yamashita I (1978) The diurnal variations of
dopamine-beta-hydroxylase activity in the hypothalamus and locus coeruleus of the rat.
Brain Res 155:409-412.
Dallman PR (1986) Biochemical basis for the manifestations of iron deficiency. Annu
Rev Nutr 6:13-40.
Dallman PR (1987) Iron deficiency and the immune response. Am J Clin Nutr 46:329334.
Davis BJ, Rajput A, Rajput ML, Aul EA and Eichhorn GR (2000) A randomized, doubleblind placebo-controlled trial of iron in restless legs syndrome. Eur Neurol 43:70-75.
Dayan L and Finberg JP (2003) L-DOPA increases noradrenaline turnover in central and
peripheral nervous systems. Neuropharmacology 45:524-533.
Dean T, Jr., Allen RP, O'Donnell CP and Earley CJ (2006) The effects of dietary iron
deprivation on murine circadian sleep architecture. Sleep Med 7:634-640.
Dedek J, Baumes R, Tien-Duc N, Gomeni R and Korf J (1979) Turnover of free and
conjugated (sulphonyloxy) dihydroxyphenylacetic acid and homovanillic acid in rat
striatum. J Neurochem 33:687-695.
Desautels A, Turecki G, Montplaisir J, Xiong L, Walters AS, Ehrenberg BL, Brisebois K,
Desautels AK, Gingras Y, Johnson WG, Lugaresi E, Coccagna G, Picchietti DL,
Lazzarini A and Rouleau GA (2005) Restless legs syndrome: confirmation of linkage to
chromosome 12q, genetic heterogeneity, and evidence of complexity. Arch Neurol
62:591-596.
Dexter DT, Wells FR, Lees AJ, Agid F, Agid Y, Jenner P and Marsden CD (1989)
Increased nigral iron content and alterations in other metal ions occurring in brain in
Parkinson's disease. J Neurochem 52:1830-1836.
Dickinson SD, Sabeti J, Larson GA, Giardina K, Rubinstein M, Kelly MA, Grandy DK,
Low MJ, Gerhardt GA and Zahniser NR (1999) Dopamine D2 receptor-deficient mice
exhibit decreased dopamine transporter function but no changes in dopamine release in
dorsal striatum. J Neurochem 72:148-156.
Droz B (1969) Protein metabolism in nerve cells. Int Rev Cytol 25:363-390.
Dunkley PR, Bobrovskaya L, Graham ME, von Nagy-Felsobuki EI and Dickson PW
(2004) Tyrosine hydroxylase phosphorylation: regulation and consequences. J
Neurochem 91:1025-1043.

157
Dwork AJ, Lawler G, Zybert PA, Durkin M, Osman M, Willson N and Barkai AI (1990)
An autoradiographic study of the uptake and distribution of iron by the brain of the young
rat. Brain Res 518:31-39.
Earley CJ, Allen RP, Beard JL and Connor JR (2000a) Insight into the pathophysiology
of restless legs syndrome. J Neurosci Res 62:623-628.
Earley CJ, Connor JR, Beard JL, Malecki EA, Epstein DK and Allen RP (2000b)
Abnormalities in CSF concentrations of ferritin and transferrin in restless legs syndrome.
Neurology 54:1698-1700.
Earley CJ, Heckler D and Allen RP (2004) The treatment of restless legs syndrome with
intravenous iron dextran. Sleep Med 5:231-235.
Edwards DJ and Rizk M (1981) Conversion of 3, 4-dihydroxyphenylalanine and
deuterated 3, 4-dihydroxyphenylalanine to alcoholic metabolites of catecholamines in rat
brain. J Neurochem 36:1641-1647.
Edwards DJ, Rizk M and Spiker DG (1981) Effects of L-DOPA on the excretion of
alcoholic metabolites of catecholamines and trace amines in rat and human urine.
Biochem Med 25:135-148.
Epstein CJ (1999) The role of iron in Neurodegenerative disease., in Chemicals and
Neurodegenerative Disease (Bondy S ed), Prominent Press.
Erikson KM, Jones BC and Beard JL (2000) Iron deficiency alters dopamine transporter
functioning in rat striatum. J Nutr 130:2831-2837.
Erikson KM, Jones BC, Hess EJ, Zhang Q and Beard JL (2001) Iron deficiency decreases
dopamine D1 and D2 receptors in rat brain. Pharmacol Biochem Behav 69:409-418.
Felt BT and Lozoff B (1996) Brain iron and behavior of rats are not normalized by
treatment of iron deficiency anemia during early development. J Nutr 126:693-701.
Fink JS and Smith GP (1980a) Mesolimbic and mesocortical dopaminergic neurons are
necessary for normal exploratory behavior in rats. Neurosci Lett 17:61-65.
Fink JS and Smith GP (1980b) Mesolimbicocortical dopamine terminal fields are
necessary for normal locomotor and investigatory exploration in rats. Brain Res 199:359384.
Fox RR and Laird CW (1970) Dirunal variations in rabbits: hematological parameters.
Am J Physiol 218:1609-1612.
Fox RR, Laird CW, Kirshenbaum J and Meier H (1974) Effect of strain, sex, and
circadian rhythm on rabbit serum bilirubin and iron levels. Proc Soc Exp Biol Med
145:421-427.

158
Friedman AH and Walker CA (1968) Circadian rhythms in rat mid-brain and caudate
nucleus biogenic amine levels. J Physiol 197:77-85.
Gachon F, Nagoshi E, Brown SA, Ripperger J and Schibler U (2004) The mammalian
circadian timing system: from gene expression to physiology. Chromosoma 113:103-112.
Garner CC, Tucker RP and Matus A (1988) Selective localization of messenger RNA for
cytoskeletal protein MAP2 in dendrites. Nature 336:674-677.
Gaytan O, Lewis C, Swann A and Dafny N (1999) Diurnal differences in amphetamine
sensitization. Eur J Pharmacol 374:1-9.
Gibson CJ (1988) Increase in mouse brain regional noradrenaline turnover after L-dopa
administration. J Pharm Pharmacol 40:258-261.
Gogos JA, Morgan M, Luine V, Santha M, Ogawa S, Pfaff D and Karayiorgou M (1998)
Catechol-O-methyltransferase-deficient mice exhibit sexually dimorphic changes in
catecholamine levels and behavior. Proc Natl Acad Sci U S A 95:9991-9996.
Goshima Y, Nakamura S and Misu Y (1990) L-dopa facilitates the release of endogenous
norepinephrine and dopamine via presynaptic beta 1- and beta 2-adrenoceptors under
essentially complete inhibition of L-aromatic amino acid decarboxylase in rat
hypothalamic slices. Jpn J Pharmacol 53:47-56.
Grafstein B and Forman DS (1980) Intracellular transport in neurons. Physiol Rev
60:1167-1283.
Haavik J, Schelling DL, Campbell DG, Andersson KK, Flatmark T and Cohen P (1989)
Identification of protein phosphatase 2A as the major tyrosine hydroxylase phosphatase
in adrenal medulla and corpus striatum: evidence from the effects of okadaic acid. FEBS
Lett 251:36-42.
Halliwell B and Gutteridge JM (1984) Role of iron in oxygen radical reactions. Methods
Enzymol 105:47-56.
Hardin PE (2004) Transcription regulation within the circadian clock: the E-box and
beyond. J Biol Rhythms 19:348-360.
Hastings MH and Herzog ED (2004) Clock genes, oscillators, and cellular networks in
the suprachiasmatic nuclei. J Biol Rhythms 19:400-413.
Heikkila RE, Orlansky H, Mytilineou C and Cohen G (1975) Amphetamine: evaluation
of d- and l-isomers as releasing agents and uptake inhibitors for 3H-dopamine and 3Hnorepinephrine in slices of rat neostriatum and cerebral cortex. J Pharmacol Exp Ther
194:47-56.
Hirokawa N and Takemura R (2005) Molecular motors and mechanisms of directional
transport in neurons. Nat Rev Neurosci 6:201-214.

159
Ho AK, Price DM, Terriff D and Chik CL (2006) Timing of mitogen-activated protein
kinase (MAPK) activation in the rat pineal gland. Mol Cell Endocrinol 252:34-39.
Hogl B, Kiechl S, Willeit J, Saletu M, Frauscher B, Seppi K, Muller J, Rungger G,
Gasperi A, Wenning G and Poewe W (2005) Restless legs syndrome: a community-based
study of prevalence, severity, and risk factors. Neurology 64:1920-1924.
Hu R, Wei M and Ding X (1996) [Changes in brain monoamine neurotransmitter in iron
deficiency nonanemic rats]. Zhonghua Yu Fang Yi Xue Za Zhi 30:351-353.
Hui DS, Wong TY, Ko FW, Li TS, Choy DK, Wong KK, Szeto CC, Lui SF and Li PK
(2000) Prevalence of sleep disturbances in chinese patients with end-stage renal failure
on continuous ambulatory peritoneal dialysis. Am J Kidney Dis 36:783-788.
Huie JM, Sharma RP and Coulombe RA, Jr. (1989) Diurnal alterations of
catecholamines, indoleamines and their metabolites in specific brain regions of the
mouse. Comp Biochem Physiol C 94:575-579.
Hunt JR, Zito CA, Erjavec J and Johnson LK (1994) Severe or marginal iron deficiency
affects spontaneous physical activity in rats. Am J Clin Nutr 59:413-418.
J.B. Justice J (1993) Quantitative microdialysis of neurotransmitters. Journal of
Neuroscience Methods 48:263-276.
Jaworski JN, Gonzales RA and Randall PK (2001) Effect of dopamine D2/D3 receptor
antagonist sulpiride on amphetamine-induced changes in striatal extracellular dopamine.
Eur J Pharmacol 418:201-206.
Jhanwar-Uniyal M, Roland CR and Leibowitz SF (1986) Diurnal rhythm of alpha 2noradrenergic receptors in the paraventricular nucleus and other brain areas: relation to
circulating corticosterone and feeding behavior. Life Sci 38:473-482.
Jones BC, Beard JL, Gibson JN, Unger EL, Allen RP, McCarthy KA and Earley CJ
(2007) Systems genetic analysis of peripheral iron parameters in the mouse. Am J Physiol
Regul Integr Comp Physiol 293:R116-124.
Jones BC, Reed CL, Hitzemann R, Wiesinger JA, McCarthy KA, Buwen JP and Beard
JL (2003) Quantitative genetic analysis of ventral midbrain and liver iron in BXD
recombinant inbred mice. Nutr Neurosci 6:369-377.
Jones SR, Gainetdinov RR, Hu XT, Cooper DC, Wightman RM, White FJ and Caron
MG (1999) Loss of autoreceptor functions in mice lacking the dopamine transporter. Nat
Neurosci 2:649-655.
Jones SR, Gainetdinov RR, Jaber M, Giros B, Wightman RM and Caron MG (1998)
Profound neuronal plasticity in response to inactivation of the dopamine transporter. Proc
Natl Acad Sci U S A 95:4029-4034.

160
Kalsbeek A, Palm IF, La Fleur SE, Scheer FA, Perreau-Lenz S, Ruiter M, Kreier F,
Cailotto C and Buijs RM (2006) SCN outputs and the hypothalamic balance of life. J Biol
Rhythms 21:458-469.
Kato T, Kuzuya H and Nagatsu T (1974) A simple and sensitive assay for dopaminebeta-hydroxylase activity by dual-wavelength spectrophotometry. Biochem Med 10:320328.
Khaldy H, Leon J, Escames G, Bikjdaouene L, Garcia JJ and Acuna-Castroviejo D
(2002) Circadian rhythms of dopamine and dihydroxyphenyl acetic acid in the mouse
striatum: effects of pinealectomy and of melatonin treatment. Neuroendocrinology
75:201-208.
Koob GF, Sanna PP and Bloom FE (1998) Neuroscience of addiction. Neuron 21:467476.
Kumer SC and Vrana KE (1996) Intricate regulation of tyrosine hydroxylase activity and
gene expression. J Neurochem 67:443-462.
Kwik-Uribe CL, Gietzen D, German JB, Golub MS and Keen CL (2000a) Chronic
marginal iron intakes during early development in mice result in persistent changes in
dopamine metabolism and myelin composition. J Nutr 130:2821-2830.
Kwik-Uribe CL, Golub MS and Keen CL (2000b) Chronic marginal iron intakes during
early development in mice alter brain iron concentrations and behavior despite postnatal
iron supplementation. J Nutr 130:2040-2048.
Ladosky W and Schneider HT (1981) Changes in hypothalamic catechol-O-methyltransferase during sexual differentiation of the brain. Braz J Med Biol Res 14:409-413.
Laduron PM (1984) Axonal transport of receptors: coexistence with neurotransmitter and
recycling. Biochem Pharmacol 33:897-903.
Lahdesmaki J, Sallinen J, MacDonald E, Kobilka BK, Fagerholm V and Scheinin M
(2002) Behavioral and neurochemical characterization of alpha(2A)-adrenergic receptor
knockout mice. Neuroscience 113:289-299.
Le Saux M and Di Paolo T (2006) Influence of oestrogenic compounds on monoamine
transporters in rat striatum. J Neuroendocrinol 18:25-32.
Lechardeur D, Castel MN, Reibaud M, Scherman D and Laduron PM (1993) Axonal
transport of dopamine-containing vesicles labelled in vivo with [3H]reserpine. Eur J
Neurosci 5:449-453.
Lee DC, McKnight GS and Palmiter RD (1978) The action of estrogen and progesterone
on the expression of the transferrin gene. A comparison of the response in chick liver and
oviduct. J Biol Chem 253:3494-3503.

161
Lee FJ, Pei L, Moszczynska A, Vukusic B, Fletcher PJ and Liu F (2007) Dopamine
transporter cell surface localization facilitated by a direct interaction with the dopamine
D2 receptor. Embo J 26:2127-2136.
Lee KA, Zaffke ME and Baratte-Beebe K (2001) Restless legs syndrome and sleep
disturbance during pregnancy: the role of folate and iron. J Womens Health Gend Based
Med 10:335-341.
Levesque D and Di Paolo T (1990) Effect of the rat estrous cycle at ovariectomy on
striatal D-1 dopamine receptors. Brain Res Bull 24:281-284.
Levy C, Scherman D and Laduron PM (1990) Axonal transport of synaptic vesicles and
muscarinic receptors: effect of protein synthesis inhibitors. J Neurochem 54:880-885.
Lipschitz DA, Cook JD and Finch CA (1974) A clinical evaluation of serum ferritin as an
index of iron stores. N Engl J Med 290:1213-1216.
Lozoff B, Beard J, Connor J, Barbara F, Georgieff M and Schallert T (2006) Long-lasting
neural and behavioral effects of iron deficiency in infancy. Nutr Rev 64:S34-43;
discussion S72-91.
Lyford GL, Yamagata K, Kaufmann WE, Barnes CA, Sanders LK, Copeland NG, Gilbert
DJ, Jenkins NA, Lanahan AA and Worley PF (1995) Arc, a growth factor and activityregulated gene, encodes a novel cytoskeleton-associated protein that is enriched in
neuronal dendrites. Neuron 14:433-445.
Maeda T, Kannari K, Suda T and Matsunaga M (1999) Loss of regulation by presynaptic
dopamine D2 receptors of exogenous L-DOPA-derived dopamine release in the
dopaminergic denervated striatum. Brain Res 817:185-191.
Mao A, Freeman KA and Tallarida RJ (1996) Transient loss of dopamine autoreceptor
control in the presence of highly potent dopamine agonists. Life Sci 59:PL317-324.
Martin JT, El Halawani M and Phillips RE (1982) Diurnal variation in hypothalamic
monoamines and plasma corticosterone in the turkey after inhibition of tyrosine
hydroxylase or tryptophan hydroxylase. Neuroendocrinology 34:191-196.
Mayfield RD and Zahniser NR (2001) Dopamine D2 receptor regulation of the dopamine
transporter expressed in Xenopus laevis oocytes is voltage-independent. Mol Pharmacol
59:113-121.
McGeer PL and McGeer EG (1973) Neurotransmitter synthetic enzymes. Prog Neurobiol
2:69-117.
Meiergerd SM, Patterson TA and Schenk JO (1993) D2 receptors may modulate the
function of the striatal transporter for dopamine: kinetic evidence from studies in vitro
and in vivo. J Neurochem 61:764-767.

162
Mescher AL and Kiffmeyer WR (1992) Axonal release of transferrin in peripheral nerves
of axolotls during regeneration. Monogr Dev Biol 23:100-109.
Minneman KP, Dibner MD, Wolfe BB and Molinoff PB (1979) beta1- and beta2Adrenergic receptors in rat cerebral cortex are independently regulated. Science 204:866868.
Miyashiro K, Dichter M and Eberwine J (1994) On the nature and differential distribution
of mRNAs in hippocampal neurites: implications for neuronal functioning. Proc Natl
Acad Sci U S A 91:10800-10804.
Molinoff PB, Brimijoin S and Axelrod J (1972) Induction of dopamine- -hydroxylase and
tyrosine hydroxylase in rat hearts and sympathetic ganglia. J Pharmacol Exp Ther
182:116-129.
Moos T and Morgan EH (1998) Kinetics and distribution of [59Fe-125I]transferrin
injected into the ventricular system of the rat. Brain Res 790:115-128.
Moos T, Trinder D and 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.
Morgan ME, Singhal D and Anderson BD (1996) Quantitative assessment of blood-brain
barrier damage during microdialysis. J Pharmacol Exp Ther 277:1167-1176.
Morien A, Wellman PJ and Fojt J (1995) Diurnal rhythms of paraventricular
hypothalamic norepinephrine and food intake in rats. Pharmacol Biochem Behav 52:169174.
Morse AC, Beard JL and Jones BC (1999) A genetic developmental model of iron
deficiency: biological aspects. Proc Soc Exp Biol Med 220:147-152.
Nelson C, Erikson K, Pinero DJ and Beard JL (1997) In vivo dopamine metabolism is
altered in iron-deficient anemic rats. J Nutr 127:2282-2288.
Nissinen E and Mannisto P (1984) Determination of catechol-O-methyltransferase
activity by high-performance liquid chromatography with electrochemical detection. Anal
Biochem 137:69-73.
Nordlander NB (1954) Restless legs. Br J Phys Med 17:160-162.
O'Keeffe ST (2005) Iron deficiency with normal ferritin levels in restless legs syndrome.
Sleep Med 6:281-282.
Ohkawa H, Ohishi N and Yagi Y (1979) Assay for Lipid Peroxides in Animal Tissues by
Thiobarbituric Acid Reaction. Anal Biochem 95:351-358.

163
Paez X, Stanley BG and Leibowitz SF (1993) Microdialysis analysis of norepinephrine
levels in the paraventricular nucleus in association with food intake at dark onset. Brain
Res 606:167-170.
Parvez S, Ismahan G, Raza-Bukhari A and Youdim MB (1978) Activity of catechol-omethyltransferase in brain regions and adrenal gland during the oestrus cycle. J Neural
Transm 42:305-312.
Patiroglu T and Dogan P (1991) Iron deficiency anemia and catecholamine metabolism.
Indian Pediatr 28:51-56.
Paulson PE and Robinson TE (1994) Relationship between circadian changes in
spontaneous motor activity and dorsal versus ventral striatal dopamine neurotransmission
assessed with on-line microdialysis. Behav Neurosci 108:624-635.
Paulus W and Trenkwalder C (2006) Less is more: pathophysiology of dopaminergictherapy-related augmentation in restless legs syndrome. Lancet Neurol 5:878-886.
Peirano P, Algarin C, Garrido M, Algarin D and Lozoff B (2007) Iron-Deficiency
Anemia is Associated with Altered Characteristics of Sleep Spindles in NREM Sleep in
Infancy. Neurochem Res.
Pinero D, Jones B and Beard J (2001) Variations in dietary iron alter behavior in
developing rats. J Nutr 131:311-318.
Pinero DJ, Li NQ, Connor JR and Beard JL (2000) Variations in dietary iron alter brain
iron metabolism in developing rats. J Nutr 130:254-263.
Ponting CP (2001) Domain homologues of dopamine beta-hydroxylase and ferric
reductase: roles for iron metabolism in neurodegenerative disorders? Hum Mol Genet
10:1853-1858.
Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule D, Albrecht U and Schibler
U (2002) The orphan nuclear receptor REV-ERBalpha controls circadian transcription
within the positive limb of the mammalian circadian oscillator. Cell 110:251-260.
Prikhojan A, Brannan T and Yahr MD (2002) Intrastriatal iron perfusion releases
dopamine: an in-vivo microdialysis study. J Neural Transm 109:645-649.
Qian ZM and Ke Y (2001) Rethinking the role of ceruloplasmin in brain iron
metabolism. Brain Res Brain Res Rev 35:287-294.
Qu S, Le W, Zhang X, Xie W, Zhang A and Ondo WG (2007) Locomotion is increased
in a11-lesioned mice with iron deprivation: a possible animal model for restless legs
syndrome. J Neuropathol Exp Neurol 66:383-388.
Ralph MR, Foster RG, Davis FC and Menaker M (1990) Transplanted suprachiasmatic
nucleus determines circadian period. Science 247:975-978.

164
Ramsey AJ and Fitzpatrick PF (1998) Effects of phosphorylation of serine 40 of tyrosine
hydroxylase on binding of catecholamines: evidence for a novel regulatory mechanism.
Biochemistry 37:8980-8986.
Reeves R, Thiruchelvam M and Cory-Slechta DA (2004) Expression of behavioral
sensitization to the cocaine-like fungicide triadimefon is blocked by pretreatment with
AMPA, NMDA and DA D1 receptor antagonists. Brain Res 1008:155-167.
Reppert SM and Weaver DR (2002) Coordination of circadian timing in mammals.
Nature 418:935-941.
Santiago M, Matarredona ER, Granero L, Cano J and Machado A (2000) Neurotoxic
relationship between dopamine and iron in the striatal dopaminergic nerve terminals.
Brain Res 858:26-32.
Schak KM and Harrington ME (1999) Protein kinase C inhibition and activation phase
advances the hamster circadian clock. Brain Res 840:158-161.
Scherman D, Janssen PF and Laduron PM (1987) Axonal transport of the synaptic vesicle
monoamine carrier identified by [3H]dihydrotetrabenazine binding in rat sciatic nerve.
Neurosci Lett 77:231-236.
Schibler U, Ripperger J and Brown SA (2003) Peripheral circadian oscillators in
mammals: time and food. J Biol Rhythms 18:250-260.
See RE, Sorg BA, Chapman MA and Kalivas PW (1991) In vivo assessment of release
and metabolism of dopamine in the ventrolateral striatum of awake rats following
administration of dopamine D1 and D2 receptor agonists and antagonists.
Neuropharmacology 30:1269-1274.
Self DW, McClenahan AW, Beitner-Johnson D, Terwilliger RZ and Nestler EJ (1995)
Biochemical adaptations in the mesolimbic dopamine system in response to heroin selfadministration. Synapse 21:312-318.
Sengstock GJ, Zawia NH, Olanow CW, Dunn AJ and Arendash GW (1997) Intranigral
iron infusion in the rat. Acute elevations in nigral lipid peroxidation and striatal
dopaminergic markers with ensuing nigral degeneration. Biol Trace Elem Res 58:177195.
Sharman DF (1973) The catabolism of catecholamines. Recent studies. Br Med Bull
29:110-115.
Silber MH and Richardson JW (2003) Multiple blood donations associated with iron
deficiency in patients with restless legs syndrome. Mayo Clin Proc 78:52-54.
Simon ML and George R (1975) Diurnal variations in plasma corticosterone and growth
hormone as corrlelated with regional variations in norepinephrine, dopamine and
serotonin content of rat brain. Neuroendocrinology 17:125-138.

165
Sleipness EP, Sorg BA and Jansen HT (2007) Diurnal differences in dopamine
transporter and tyrosine hydroxylase levels in rat brain: dependence on the
suprachiasmatic nucleus. Brain Res 1129:34-42.
Smith AD and Justice JB (1994) The effect of inhibition of synthesis, release, metabolism
and uptake on the microdialysis extraction fraction of dopamine. J Neurosci Methods
54:75-82.
Smith AD, Olson RJ and Justice JB, Jr. (1992) Quantitative microdialysis of dopamine in
the striatum: effect of circadian variation. J Neurosci Methods 44:33-41.
Smith SM and Beard JL (1989) Norepinephrine turnover in iron deficiency: effect of two
semi-purified diets. Life Sci 45:341-347.
Snyder SH (1970) Putative neurotransmitters in the brain: selective neuronal uptake,
subcellular localization, and interactions with centrally acting drugs. Biol Psychiatry
2:367-389.
Sofic E, Paulus W, Jellinger K, Riederer P and Youdim MB (1991) Selective increase of
iron in substantia nigra zona compacta of parkinsonian brains. J Neurochem 56:978-982.
Sofic E, Riederer P, Heinsen H, Beckmann H, Reynolds GP, Hebenstreit G and Youdim
MB (1988) Increased iron (III) and total iron content in post mortem substantia nigra of
parkinsonian brain. J Neural Transm 74:199-205.
Stiasny K, Wetter TC, Tenkwalder C and Oertel WH (2001) Restless legs syndrome and
its treatment by dopamine agonists. Parkinsonism and Related Disorders 7:21-25.
Sulzer D, Chen TK, Lau YY, Kristensen H, Rayport S and Ewing A (1995)
Amphetamine redistributes dopamine from synaptic vesicles to the cytosol and promotes
reverse transport. J Neurosci 15:4102-4108.
Sutton MA and Schuman EM (2006) Dendritic protein synthesis, synaptic plasticity, and
memory. Cell 127:49-58.
Swanson LW (1998) Brain Maps: Structure of the Rat Brain. Elsevier.
Tempel DL and Leibowitz SF (1990) Diurnal variations in the feeding responses to
norepinephrine, neuropeptide Y and galanin in the PVN. Brain Res Bull 25:821-825.
Teng C (1995) Mouse lactoferrin gene: a marker for estrogen and epidermal growth
factor. Environ Health Perspect 103 Suppl 7:17-20.
Tobin BW and Beard JL (1990) Interactions of iron deficiency and exercise training
relative to tissue norepinephrine turnover, triiodothyronine production and metabolic rate
in rats. J Nutr 120:900-908.

166
Trenkwalder C, Hening WA, Walters AS, Campbell SS, Rahman K and Chokroverty S
(1999) Circadian rhythm of periodic limb movements and sensory symptoms of restless
legs syndrome. Mov Disord 14:102-110.
Turjanski N, Lees AJ and Brooks DJ (1999) Striatal dopaminergic function in restless
legs syndrome: 18F-dopa and 11C-raclopride PET studies. Neurology 52:932-937.
Uchida T, Akitsuki T, Kimura H, Tanaka T, Matsuda S and Kariyone S (1983)
Relationship among plasma iron, plasma iron turnover, and reticuloendothelial iron
release. Blood 61:799-802.
Ueda HR, Chen W, Adachi A, Wakamatsu H, Hayashi S, Takasugi T, Nagano M,
Nakahama K, Suzuki Y, Sugano S, Iino M, Shigeyoshi Y and Hashimoto S (2002) A
transcription factor response element for gene expression during circadian night. Nature
418:534-539.
Unger EL, Bianco LE, Burhans MS, Jones BC and Beard JL (2006) Acoustic startle
response is disrupted in iron-deficient rats. Pharmacol Biochem Behav 84:378-384.
Unger EL, Paul T, Murray-Kolb LE, Felt B, Jones BC and Beard JL (2007) Early iron
deficiency alters sensorimotor development and brain monoamines in rats. J Nutr
137:118-124.
Urba-Holmgren R, Holmgren B and Aguiar M (1977) Circadian variation in an
amphetamine induced motor response. Pharmacol Biochem Behav 7:571-572.
Vinson PN and Justice JB, Jr. (1997) Effect of neostigmine on concentration and
extraction fraction of acetylcholine using quantitative microdialysis. J Neurosci Methods
73:61-67.
Voorhess ML, Stuart MJ, Stockman JA and Oski FA (1975) Iron deficiency anemia and
increased urinary norepinephrine excretion. J Pediatr 86:542-547.
Walker SP, Wachs TD, Gardner JM, Lozoff B, Wasserman GA, Pollitt E and Carter JA
(2007) Child development: risk factors for adverse outcomes in developing countries.
Lancet 369:145-157.
Weber M, Lauterburg T, Tobler I and Burgunder JM (2004) Circadian patterns of
neurotransmitter related gene expression in motor regions of the rat brain. Neurosci Lett
358:17-20.
Weinshilboum RM, Thoa NB, Johnson DG, Kopin IJ and Axelrod J (1971) Proportional
release of norepinephrine and dopamine- -hydroxylase from sympathetic nerves. Science
174:1349-1351.
Weiss G, Houston T, Kastner S, Johrer K, Grunewald K and Brock JH (1997) Regulation
of cellular iron metabolism by erythropoietin: activation of iron-regulatory protein and
upregulation of transferrin receptor expression in erythroid cells. Blood 89:680-687.

167
WHO/FAO (2006).
Wiesinger J, Buwen J, Cifelli C, Unger E, Jones B and Beard J (2007a) Down-regulation
of dopamine transporter by iron chelation in vitro is mediated by altered trafficking, not
synthesis. Journal of Neurochemistry 100:167-179.
Wiesinger JA, Buwen JP, Cifelli CJ, Unger EL, Jones BC and Beard JL (2007b) Downregulation of dopamine transporter by iron chelation in vitro is mediated by altered
trafficking, not synthesis. J Neurochem 100:167-179.
Woelfle MA, Ouyang Y, Phanvijhitsiri K and Johnson CH (2004) The adaptive value of
circadian clocks: an experimental assessment in cyanobacteria. Curr Biol 14:1481-1486.
Wong WK, Ou XM, Chen K and Shih JC (2002) Activation of human monoamine
oxidase B gene expression by a protein kinase C MAPK signal transduction pathway
involves c-Jun and Egr-1. J Biol Chem 277:22222-22230.
Yamashiro DJ and Maxfield FR (1984) Acidification of endocytic compartments and the
intracellular pathways of ligands and receptors. J Cell Biochem 26:231-246.
Yehuda S and Youdim MB (1989) Brain iron: a lesson from animal models. Am J Clin
Nutr 50:618-625; discussion 625-619.
Youdim M (1990) Neuropharmacological and neurobiochemical aspects of iron
deficency, in Brain, Behavior and Iron in the Infant Diet (Dobbing J ed) pp 83-106,
Springer-Verlag, London.
Youdim MB, Ben-Shachar D and Yehuda S (1989) Putative biological mechanisms of
the effect of iron deficiency on brain biochemistry and behavior. Am J Clin Nutr 50:607615; discussion 615-607.
Youdim MB and Green AR (1978) Iron deficiency and neurotransmitter synthesis and
function. Proc Nutr Soc 37:173-179.
Youdim MB, Green AR, Bloomfield MR, Mitchell BD, Heal DJ and Grahame-Smith DG
(1980) The effects of iron deficiency on brain biogenic monoamine biochemistry and
function in rats. Neuropharmacology 19:259-267.
Youdim MB and Yehuda S (1985) Iron deficiency induces reversal of dopamine
dependent circadian cycles: differential response to d-amphetamine and TRH. Peptides
6:851-855.
Youdim MB, Yehuda S and Ben-Uriah Y (1981) Iron deficiency-induced circadian
rhythm reversal of dopaminergic-mediated behaviours and thermoregulation in rats. Eur
J Pharmacol 74:295-301.
Yu JS (1998) Activation of protein phosphatase 2A by the Fe2+/ascorbate system. J
Biochem (Tokyo) 124:225-230.

168
Zaleska MM, Nagy K and Floyd RA (1989) Iron-induced lipid peroxidation and
inhibition of dopamine synthesis in striatum synaptosomes. Neurochem Res 14:597-605.
Zhao H, Zhu W, Pan T, Xie W, Zhang A, Ondo WG and Le W (2007) Spinal cord
dopamine receptor expression and function in mice with 6-OHDA lesion of the A11
nucleus and dietary iron deprivation. J Neurosci Res 85:1065-1076.

169
Chapter 7
Diurnal Measures of DA in BXD Strain 40 Mice
Introduction
Previous studies regarding consequences of iron deficiency were generally
performed in outbred Sprague Dawley rats (Ben-Shachar et al., 1985; Beard et al., 1994;
Beard et al., 1995; Felt and Lozoff, 1996; Beard J. L. et al., 2007) though some studies in
the literature have focused on inbred strains of mice (Morse et al., 1999; Kwik-Uribe et
al., 2000b; Dean et al., 2006). While comparisons of results between the two species are
generally similar there are some distinct differences in the rodent models with regard to
the research questions posed and the outcomes obtained. For example, in rats, studies of
developmental iron deficiency easily produce severe anemia and a reduction in regional
brain iron concentrations of >50% (Pinero et al., 2000) while, mouse studies using a
similar reduction in dietary iron, yielded animals with a much more modest reduction in
brain iron and in hematological parameters (Kwik-Uribe et al., 2000a); (Morse et al.,
1999). Part of these differences are likely due to different growth velocities and
requirements for iron between the species, while another significant component is the
genetic variation that can be examined in inbred mice with much more ease than in the
relatively genetically “impure” rats that are commonly used (Morse et al., 1999). The
availability of numbers of strains of recombinant inbred (RI) mice from a BXD panel
provided the opportunity to address questions of the influence of dietary iron deficiency
on diurnal variation in monoamines and in sensory motor functioning during ID when
genetic contributions can be controlled (Jones et al., 2003). The underlying hypothesis is
that certain strains of mice will have significant differences in amounts of iron in brain
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and other tissue and may also have differences in the polygenic influences that control
these levels of iron in brain (Jones et al., 2003; Jones et al., 2007).
The animal model used in this set of experiments was BXD strain 40 mice. BXD
mice were originally generated as a tool to study the genetics of behavioral phenotypes
including alcohol and drug addiction, stress, and locomotor activity (Belknap et al., 1992;
Crabbe et al., 1994). The two parental strains C57BL/6 and DBA/2 are known to differ in
nearly every phenotype measured related to neurobehavioral function. By crossing these
mice and creating a panel of recombinant inbred strains it is possible to study the genetic
components that make up numerous complex, or potentially complex, physiologic
phenotypes.
In 2003, 15 of these strains were analyzed for regional brain and liver iron content
(Jones et al., 2003). The analysis revealed several suggestive loci for iron content in
ventral midbrain, the most promising of which was D7Mit371 which accounts for 53% of
the variance in VMB iron among RI strains (Jones et al., 2003). Significant genetic
correlations between ventral midbrain iron and published dopamine functional indices
including locomotor activity (r=-0.74), quinpirole-related decrease in locomotion
(r=0.75), and dopamine D2 receptor mRNA levels (r=0.68) were also observed
suggesting a link between ventral midbrain iron status and central dopamine
neurobiology. Subsequent studies examined peripheral iron measures in the BXD panel
and included hematocrit, hemoglobin, and liver iron. This more recent study showed that
genes responsible for midbrain iron concentrations are regulated independently of those
which regulate peripheral iron status since the QTLs identified for VMB Fe were distinct
from those identified for systemic iron status measures (Jones et al., 2007). Thus, iron
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regulation in both the systemic circulation and the brain are complex polygenic traits
which can be explored through the use of RI strains.
RI strains with differing VMB iron levels are currently being explored as potential
animal models of RLS given the observations that strains differ not only in iron
regulation but also dopamine receptor expression and dopamine dependent behaviors.
For these experiments a strain of mouse with midrange VMB iron concentration was
chosen for this set of experiments as one of these potential animal models (Jones et al.,
2003). Subsequent experiments not reported in this dissertation will examine responses of
other strains to a low iron diet as well as the variations between strains in DA receptors,
transporters, diurnal cycle behavior, and responses to auditory stimuli. This report is
restricted to the examination of the influence of ID on in vivo metabolism of monoamines
in the nigrostriatal and mesolimbic dopaminergic tracts.
There are several distinctive findings established, or suggested, for RLS patients
that an animal model would need to demonstrate. These include increased sensitivity to
circadian rhythm, with a predominance of symptoms during the inactive phase, the ability
of brain iron insufficiency to induce symptoms, and a response to L-DOPA (Earley et al.,
2000b; Stiasny et al., 2001; Earley et al., 2004). Previously, we found that ID rats
already exhibit many of these traits.

In Chapter 3 we presented data that ID rats

responded differently to L-DOPA than did CN rats. In Chapter 5 we demonstrated that
the diurnal catecholamine signaling was altered by iron deficiency and that there was a
period of enhanced activity prior to the onset of the inactive phase. Historically, there is
also some work which demonstrated an influence of iron deficiency on activity during
different parts of the diurnal cycle (Youdim and Yehuda, 1985; Hunt et al., 1994).
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Finally, Youdim et al demonstrated that pharmacological responses to drugs such as
amphetamine are also affected by iron deficiency and diurnal cycle (Youdim and
Yehuda, 1985).
There were several goals in this study centering on the central theme of iron
deficiency and diurnal catecholamine signaling. Our first goal was to test the effect of
sex of the animal on outcomes and to examine the potential for a sex-by-diet interaction
relative to variations in monoamine metabolism across the diurnal cycle. Our second goal
was to examine the impact of ID and diurnal cycle on DA efflux through the use of an
acute infusion of amphetamine. Amphetamine administration results in increased
extracellular DA in striatum as well as other parts of the limbic region (Self et al., 1995;
Koob et al., 1998). These increases are achieved by inhibition of uptake, release from
presynaptic terminals, as well as reverse transport (Heikkila et al., 1975; Sulzer et al.,
1995). The effect of diurnal signaling on amphetamine induced motor activity and
sensitization has been previously explored (Urba-Holmgren et al., 1977; Gaytan et al.,
1999). However, the measurement of DA efflux in iron deficient animals, as well as the
effect of diurnal cycle, has not been performed.
The rationale for performing these experiments is based on both published work
and on studies done as part of this dissertation. We hypothesize that mice will be similar
to rats (Chapter 5) and that iron deficiency will alter the natural diurnal rhythm of
catecholamines. It is also our hypothesis that infusion of amphetamine will result in
increased extracellular DA in ID mice compared to control mice and that this impact of
ID on DA efflux will be subject to diurnal regulation. Finally, we believe the previous
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observations of a significantly different effect of iron deficiency in females vs. males will
be affirmed in this study when entirely new dependent variables are examined.
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Methods
Animals
Breeding pairs of strain 40 BXD mice were purchased from Jackson laboratories
(Bar Harbor, MA) and housed in an isolated environment along with other RI strains of
mice as part of the activities of the RLS Animal Core and under the direction of Dr.
Byron Jones. When pups were 21 days old, they were weaned (3-4 per cage) and were
provided either CN (50 ppm Fe) or ID (<4 ppm Fe) diet ad libitum for 120 days. All
animals were maintained in a temperature (23 ± 2°C) and humidity (40%) controlled
room on a 12:12 hr light/dark cycle (lights on at 0600).

For the microdialysis

experiments 15 CN and 14 ID animals were used. For the tissue analysis 40 CN and 36
ID animals were used.
Surgery/Dialysis
When animals were 120 days old (n=29), we inserted a microdialysis CMA 7
guide cannula into the striatum as previously described. The coordinates used were -0.1
mm A, -1.3 mm L, and -3.0 mm V. After 3-5 days recovery time CMA 7 (2 mm) probes
were inserted into the guide cannulas. The mice were perfused with aCSF (1.3 µL/min)
overnight. The following morning data collection began and continued unperturbed for
24 hours, with fractions being collected and automatically injected onto the HPLC every
15 minutes. After the initial 24 hour collection period amphetamine (100 µM) was
perfused for 20 minutes (1.3 µL/min) at 9 am and 8 pm. Fractions were collected every
10 minutes and injected onto the HPLC.
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Hematology
After microdialysis, mice were sacrificed and the brains were removed and frozen
in dry ice and isopentane.

The probe placement was then histologically verified.

Hematological measures were also collected at this time. Blood was collected by cardiac
puncture into heparinized tubes and hemoglobin and hematocrit measured by standard
protocols (Pinero et al., 2001). Blood was spun at 5,000 X g for 15’ to remove cells and
remaining plasma stored at -20°C until analysis for iron and total iron binding capacity.
The liver was rapidly removed, stored at -20°C, until analysis by established colorimetric
assay (Pinero et al., 2001).
High Performance Liquid Chromatography
Dialysate samples (10 μl) were injected online onto an ESA MD-150 narrow-bore
HPLC column 150 x 2 mm (ESA, Inc., Chelmsford, MA) for separation followed by
detection by an ESA 5014B microdialysis cell (+300 mV) (ESA Coulochem III, ESA,
Inc., Chelmsford, MA). A guard cell (ESA 5020) placed in line before the injection loop
was set at a potential of +350 mV. The mobile phase consisted of 75 mM Sodium
Phosphate Monobasic (EMD Chemical, Gibbstown, NJ), 1.7 mM 1-octanesulfonic acid
(EMD Chemical, Gibbstown, NJ), 25 µM EDTA (Acros, NJ), 10% acetonitrile (EMD
Chemical, Gibbstown, NJ), and 0.01% triethylamine (Sigma Aldrich, St. Louis, MO) in a
volume of 1L (pH 3.0). The neurotransmitter and metabolite peak areas were integrated
using EZ Chrom Elite software (Scientific Software Inc, Pleasanton, CA) and quantified
against known standards of NE (ESA INC, Chelmsford, MA), DA (ESA INC,
Chelmsford, MA), 3,4-Dihydroxyphenylacetic acid (DOPAC) (Sigma Aldrich, St. Louis,
MO), and Homovanillic acid (HVA) (Sigma Aldrich, St. Louis, MO).
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Tissue
Seventy six mice were also sacrificed and dissected at either 9:00 AM or 8:00 PM
giving 8-10 animals per group, per time point with a balance between males and females
at each time point. Hematological measures were collected as described above. After
euthanasia, brains were quickly removed and dissected for striatum, ventral midbrain, and
nucleus accumbens. These tissues were then homogenized in PBS as described
previously (Unger et al., 2007). The homogenates were then aliquoted and prepared for
iron analysis by atomic absorption spectroscopy and catecholamine analysis on the
HPLC.
Statistical Analysis
Two separate statistical tests were performed. Two-way ANOVAs and repeated
measures analysis were performed on the microdialysis data including extracellular
monoamine concentrations and amphetamine infusion to test for dietary treatment main
effects, sex main effects, and temporal responses to amphetamine (SYSTAT, Systat
Software INC, Richmond CA). Two-way ANOVA was performed on the tissue and
hematological measures to test for diet and sex main effects and potential interaction
terms.
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Results
Hematology
After 120 days of dietary treatment, there was a significant affect of diet
(F = 380, p<0.001), sex (F = 8.08, p<0.01), and time (F = 4.59, p<0.05) on hemoglobin
concentration. The interaction of diet*sex (F = 14.41, p<0.01) was also significant. Iron
deficient mice had significantly lower hemoglobin concentration in male mice in the light
(2.8 ± 0.12 g/dL v 12.5 ± 0.2 g/dL) and in the dark (3.6 ± 0.4 g/dL v 10.6 ± 0.5 g/dL)
than in control male mice at the same time points. Female ID mice also exhibited a lower
hemoglobin levels in the light (6.1 ± 0.6 g/dL v 11.7 ± 0.5 g/dL) and in the dark (5.16 ±
0.8 g/dL v 10.7 ± 0.5 g/dL). Similarly, hematocrit was also significantly affected by diet
(F = 190, p<0.001) and sex (F = 10.1, p<0.01) as well as a diet*sex interaction (F = 4.8,
p<0.05). Hematocrit was lower in male mice in the light (13.7 ± 1.3 % v. 35.4 ± 2.7%)
and in the dark (18.0 ± 2.2 % v. 36.9 ± 0.9%). The same effect of diet was seen in female
mice in the light (23.4 ± 1.5 % v. 38.1 ± 2.1%) and in the dark (21.9 ± 2.1 % v. 36.7 ±
1.0%). Liver iron was significantly affected by diet (F = 193.8, p<0.001), time of day (F
= 20.2, p<0.001) and there was a significant diet*time interaction (F = 10.8, p<0.01). As
can be seen in Figure 7-1, liver iron was lower in ID male mice in the light (24.9 ± 2.0
µg/g v. 56.1 ± 3.2 µg/g) and in the dark (29.7 ± 3.5 µg/g v. 81.6 ± 7.7 µg/g) than liver
iron concentration in CN mice. ID female mice also exhibited lower liver iron
concentrations in the light (29.7 ± 3.0 µg/g v. 56.4 ± 5.6 µg/g) and dark (35.3 ± 4.6 µg/g
v. 96.7 ± 9.7 µg/g) relative to CN mice of the same sex. Liver iron was also significantly
higher in CN male (81.6 ± 7.7 µg/g v. 56.1 ± 3.2 µg/g) and female (96.7 ± 9.7 µg/g v.
56.4 ± 5.6 µg/g) mice in the dark relative to the concentration of liver iron in the light.
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Figure 7-1. Bar graph of liver iron concentration (µg/g) in the light (9:00 AM) and
in the dark (8:00 PM). In all cases ID is significantly decreased compared to CN.
Additionally, CN males and females both had a significant increase in iron between
light and dark. Data expressed as mean ± SEM. (***p<0.001)
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Brain Iron
Brain iron (Figure 7-2) was significantly higher in female mice (F = 7.0, p<0.01)
compared with male mice. ID mice also had lower brain iron (F = 20.6, p<0.001)
compared to CN mice of the same sex.. In the light, iron was not different in ID male
(14.2 ± 1.5 µg/g v. 15.1 ± 1.2 µg/g) compared to CN male mice while ID female mice
(11.7 ± 0.9 µg/g v. 18.6 ± 2.3 µg/g) were significantly lower compared to CN mice in the
light.

In the dark, ID male and female mice did not differ significantly from CN mice

(13.7 ± 1.3 µg/g v. 16.0 ± 1.1 µg/g and 15.4 ± 1.7 µg/g v. 13.6 ± 1.2 µg/g respectively).
CSF monoamines
Figures 7-3 and 7-4 illustrate the 24 hour extracellular concentrations of DA, NE,
DOPAC, and HVA in both male and female mice. All monoamines and metabolites
measured displayed a diurnal cycle in both male and female mice. DA had a nadir
between 8-10 am while its zenith was between 6-10 pm. In male mice, NE also varied
throughout the day. The lowest concentrations were between 8-10 am while the highest
were around 12 am. NE also exhibited an additional systematic slight decrease followed
by a rise between 4-8pm. In female mice, NE exhibited a different diurnal pattern with
highest levels of NE occurring in the morning, just after the beginning of the inactive
period, while the lowest levels of NE occurred in the evening between 8-10 pm. Male
and female mice displayed similar diurnal patterns for the metabolites DOPAC and HVA.
DOPAC peaked in the morning and then slowly decreased until approximately 4 pm
when another spike in concentration occurred. There was another slow decrease in
concentration until 6 am when there was a sudden spike. HVA remained fairly constant
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Figure 7-2: Striatal brain iron at light (9:00 AM) and dark (8:00 PM). All data expressed
as mean ± SEM. *p<0.05
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Figure 7-3: Extracellular DA and NE in male and female mice across the diurnal cycle. Data is expressed as mean ± SEM.
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Figure 7-4: Extracellular DOPAC and HVA in male and female mice across the diurnal cycle. Data is expressed as mean ±
SEM.
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throughout the diurnal cycle for both male and female mice. Taken together this data
indicate that the dopaminergic system was activated during the dark cycle, with increases
in DA and corresponding increases in the metabolite DOPAC. Noradrenergic activation
seems to be shifted a few hours from the dopaminergic system. Although both NE and
DA experienced a nadir between 8-10 am, NE showed much greater activation in the late
afternoon (3-5 pm) and early morning (2-4 am) while extracellular concentrations of DA
increased between 6-10 pm.
ID male mice: Diurnal differences in monoamines existed for both ID and CN mice, but
the impact of ID was not nearly as strong as that observed in rats (Chapter 5). There was
the expected fall in DA with onset of the light cycle though the amount of rise in DA with
onset of the dark cycle was certainly blunted compared to what was observed in the rats.
ID male mice exhibited increased extracellular DA during the inactive “lights on” phase
(8 am – 4 pm) of the diurnal cycle (F= 13.3, p<0.001), but during the active phase of the
diurnal cycle, CN and ID mice did not differ in concentrations of DA in CSF. Male CN
mice exhibited a clear diurnal pattern, in NE concentrations with an approximate
doubling of NE concentration during the second half of the dark cycle and latter parts of
the light cycle, whereas ID mice did not and remained at approximately 20-22 nM
throughout the light and dark phases of the diurnal cycle. DOPAC was also altered by ID
in male mice. CN and ID mice had similar levels of DOPAC until approximately 3 pm
when the amount of DOPAC suddenly increased in ID mice but remained fairly constant
or became lower in CN mice (Figure 7-4). Both groups showed very significant
elevations with the onset of the dark cycle though females differed from male mice at this
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time point. Finally, HVA concentration was significantly lower in

male ID mice

throughout the diurnal cycle.
ID female mice: Female mice also demonstrated differences between CN and. ID dietary
conditions. There was a slightly higher extracellular DA during the inactive phase in ID
female mice compared to CN female mice, but during the active phase this difference
disappeared. ID female mice had similar levels of NE and DOPAC compared to CN
female mice throughout the diurnal cycle. Similar to the male mice, HVA concentrations
were greatly reduced in ID females compared to CN female mice.
Male v female mice: Male and female mice exhibited different diurnal patterns of some
catecholamines. In general, female mice did not have as defined a diurnal pattern as male
mice at transitions between light and dark cycles and this was true for both CN and ID
mice. In female ID mice, DA exhibited a similar pattern to male ID mice, although it was
not as pronounced as in males. Similarly, DOPAC variation was reduced in ID female
mice compared to ID male mice. The brisk increase in DOPAC concentration in ID
males at approximately 3 pm ID was not present in female mice at all. While the other
metabolite of interest, HVA was apparently unaffected by sex and diet interactions since
ID male and female mice exhibited similar diurnal patterns in HVA and similar to that
observed in CN mice.
Transition time analysis: The diurnal cycle data from rats (Chapter 5) indicated that peak
DA levels occurred about 2-3 hours after the lights go out and there was a minimum at 23 hours after the lights go back on at 6 am. Thus, we focused on in vivo data collected
during this time period to test the hypotheses that ID altered dopamine metabolism
differentially during in the diurnal cycle. This was done by averaging 6 samples (3 before
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or 3 after) either 9 am (low DA) or 8 pm (high DA) (Figure 7-5). Using repeated
measures ANOVA we found that extracellular DA was significantly higher in the dark
compared to light (F = 4.39, p<0.05) when the analysis is focused on this brief time
period just before and after a light change. There was no significant effect of diet or sex
on DA levels. There were no significant differences in DOPAC or NE concentrations
between dietary treatments nor was there a significant effect of sex. However, HVA
showed a significant effect of dietary treatment with lower HVA concentrations in ID
mice (F = 21.5, p<0.001) regardless of sex or diurnal cycle.
Striatal Tissue concentrations
Animals were sacrificed at 9 am and 8 pm and tissue catecholamine
concentrations were determined from striatal homogenates (Figure 7-6). Using two way
ANOVA for diet group and time of day, we observed a significant effect of sex on DA (F
= 5.7, p<0.05), NE (F = 4.2, p<0.05), DOPAC (F = 6.5, p<0.05), and HVA (F = 14.5,
p<0.001) concentrations with female mice higher than male mice. Additionally, in NE
there was a diet-by-sex interaction (F = 4.2, p<0.05) as ID female mice had higher
concentrations of NE in the dark compared to CN. HVA also demonstrated a significant
diet-by-sex interaction (F = 5.7, p<0.01) as levels of HVA were higher in ID mice
compared to CN mice in the light. In contrast, these values were lower in ID mice
compared to CN mice in the dark. Finally, for DOPAC there was a significant diet-bytime interaction (F = 7.6, p<0.01) with ID female mice exhibiting lower DOPAC levels in
the dark.
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Figure 7-5: Extracellular concentrations of monoamines and metabolites at 9 am and 8 pm. All data expressed as mean ±
SEM. ***p<0.001
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Dopamine:
Male CN mice had a significantly higher DA in the dark compared to light (24.3 ±
0.9 pmol/mg tissue v 16.4 ± 3.4 pmol/mg tissue) (F = 6.2, p<0.05), whereas ID male mice
did not show a significantly higher DA in striatum in the dark compared to the light (17.6
± 2.2 pmol/mg tissue vs. 15.3 ± 4.4 pmol/mg tissue). The comparison between ID male
mice and CN male mice did show significantly lower DA levels compared to CN levels
(17.6 ± 2.2 pmol/mg tissue v 24.3 ± 0.9 pmol/mg tissue) (F = 9.2, p<0.01) in the dark, but
not in the light. Female mice demonstrated no significant diurnal differences in striatal
DA concentrations in either CN or ID, and there was no effect of diet.
Norepinephrine
There was no diurnal affect on striatal NE concentrations in either CN or ID male
mice. In both the light (0.33 ± 0.05 pmol/mg tissue vs. 0.41 ± 0.09 pmol/mg tissue) and
the dark (0.28 ± 0.07 pmol/mg tissue vs. 0.35 ± 0.09 pmol/mg tissue), ID had reduced NE
concentrations.
Female mice also failed to demonstrate a diurnal variation in

NE tissue

concentrations. NE was significantly higher in ID female mice in the dark compared to
the CN mice (0.86 ± 0.21 pmol/mg tissue v 0.24 ± 0.05 pmol/mg tissue) (F = 7.9, p<0.05)
but in the light there was no difference.
DOPAC
DOPAC was significantly lower in CN male mice in the dark compared to light
(12.1 ± 3.5 pmol/mg tissue v 21.1 ± 4.0 pmol/mg tissue) (F = 5.5, p<0.05), while ID male
mice had the opposite response with a significantly lower concentration in the dark
compared to light (34.0 ± 10.1 pmol/mg tissue v 6.0 ± 0.6 pmol/mg tissue) (F = 8.2,
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p<0.05). ID male mice had significantly lower levels compared to CN in the light (6.0 ±
0.6 pmol/mg tissue v 21.1 ± 4.0 pmol/mg tissue) (F = 10.7, p<0.01). In the dark ID was
significantly higher (34.0 ± 10.1 pmol/mg tissue v 12.1 ± 3.5 pmol/mg tissue) (F = 5.7,
p<0.05).
Female mice demonstrated no significant diurnal differences in DOPAC in either
CN or ID mice and there was no effect of diet.
HVA
There was no diurnal effect on striatal HVA in male CN mice. ID male mice had
significant increases in HVA in the dark compared to light (7.4 ± 2.1 pmol/mg tissue v
3.6 ± 0.9 pmol/mg tissue)(F = 5.2, p<0.05). HVA was significantly lower in ID male
mice compared to CN male mice in the light (3.6 ± 0.9 pmol/mg tissue v 9.6 ± 1.5
pmol/mg tissue) (F = 3.3, p<0.05) but not the dark.
Female mice demonstrated no diurnal differences in HVA in either CN or ID
animals. However in the dark ID animals exhibited significantly higher HVA (29.5 ± 7.2
v 14.2 ± 4.2) (F = 5.5, p<0.05) compared to CN. There was no significant difference in
the light between CN and ID.
DA Turnover
Intracellular turnover of DA was estimated by computing the ratio DOPAC/DA as
DOPAC is produced via intracellular oxidative metabolism by MAO (Cooper et al.,
1996) (Figure 7-7). In CN male mice, the ratio of DOPAC/DA was significantly lower in
the dark compared to the light (0.57 ± 0.17 v 1.39 ± 0.14)(F = 14.7 p<0.001). In ID male
mice, the ratio of DOPAC/DA was significantly higher in the dark compared to the light
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Figure 7-7:

Estimation of intracellular turnover in the light and dark. CN male

dark is significantly decreased compared to CN male light (p<0.001), ID male dark
is significantly increased compared to ID male light (p<0.05). Data is expressed as
mean ± SEM, *p<0.05, **p<0.001.
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(1.66 ± 0.31 v 0.85 ± 0.2)(F = 4.7, p<0.05). In the light ID male mice had significantly
decreased turnover compared to CN male mice (0.85 ± 0.2 v 1.39 ± 0.14) (F = 4.7,
p<0.05) while in the dark we found that ID resulted in a significantly higher (1.66 ± 0.31
v 0.57 ± 0.17) (F = 13.1, p<0.01) ratio compared to CN male mice.
Female CN and ID mice did not exhibit diurnal differences in turnover ratio.
There was also no difference between ID and CN in the light. In the dark, ID female
mice showed a significantly greater ratio of DOPAC/DA (1.43 ± 0.26 v 0.88 ± 0.15) (F =
6.6, p<0.05) compared to CN female mice.
Extracellular DA turnover was estimated by calculating the ratio of HVA/DA as
catechol-methyl-transferase (COMT) is located in the extracellular space (Figure 7-8).
Female ID mice had a lower ratio than CN mice in both the light (9.1 ± 2.4 v 27.8 ± 1.4)
(F = 45.3, p<0.001) and dark (8.31 ± 1.03 v 20.35 ± 3.79) (F = 6.9, p<0.05). Also, CN
females had a higher HVA/DOPAC ratio compared to CN males in both light (27.8 ± 1.4
v 11.2 ± 0.7) (F=112.9, p<0.001) and dark (20.35 ± 3.79 v 12.6 ± 1.8) (F=4.9, p<0.05).
Amphetamine
Amphetamine (100 µM) was infused for 20 minutes (1.3 µL/min) at 9 am and 8
pm to examine the influence of amphetamine on extracellular monoamine levels (Figure
7-9). Response to the infusion was examined by area under the curve (AUC). Analysis of
AUC by ANOVA found a significant effect of diet (F = 10.482, p<0.01) on DA response
with ID mice responding more than CN mice. The effect of sex was also significant (F =
11.564, p<0.01) as female mice had a greater response than male mice. Finally, there
was a significant diet*sex interaction (F = 7.538, p<0.05) with ID female mice having a
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Figure 7-8: Estimation of extracellular turnover. Data is expressed as mean ± SEM.
*p<0.05, ***p<0.001
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Figure 7-9 Area under the curve amphetamine infusion. Data is expressed as mean
± SEM. *p<0.01
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greater response than any other group (Figure 7-9). Time of day was also a significant
factor (F = 5.144, p<0.044); there was a larger response in the light compared to the dark.
ID male mice had a higher AUC compared to CN in the light (1503 ± 320 v 1019 ± 138),
however this increase was not significant. In the dark, AUC was significantly higher in
ID male mice compared to CN (1328 ± 362 v 664 ± 223) (F = 6.0, p<0.05). In female
mice, AUC was significantly larger in ID mice in both the light (3076 ± 249 v 1140 ±
443)(F=8.2, p<0.01) and the dark (2116 ± 388 v 885 ± 109)(F = 9.5, p<0.01).
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Discussion
The relationship between brain iron status and dopamine biology has taken on a
new importance with the observation that iron and dopamine are both involved in
Restless Legs Syndrome (RLS). The current study explored diurnal variations of brain
iron, tissue catecholamines, and extracellular catecholamine levels with the aim of
contributing to the knowledge regarding the inter-relationship of brain iron status to
dopamine biology within the context of the diurnal cycle. Apart of dietary treatments and
data collection across the 24 hr light:dark cycle we explored DA overflow by infusing
amphetamine into the dialysis probe at two separate time points. Within this study we
made several interesting and novel findings including 1.) brain and liver iron level change
significantly between light and dark cycles, 2.) male and female mice do not share the
same response to iron deficiency and diurnal catecholamine signaling, and finally 3.) the
monoaminergic response to amphetamine stimulation is altered by iron status, sex of the
subject, and the time of day when amphetamine is administered.
The most unexpected finding in this study was the observation that both brain and
liver iron concentrations change depending on time of day. Previously, it has been found
that hematological parameters, plasma iron and total iron binding content in rabbits and
humans have a circadian pattern due to release of iron from the reticulendothelial system
(Fox and Laird, 1970; Fox et al., 1974; Casale et al., 1981; Uchida et al., 1983).
Movement of iron from liver and brain storage sites has not been documented before,
however it has been suggested that a dynamic equilibrium of iron between organs may
exist (Connor et al., 2001). This concept is derived from the observations that radiolabeled iron appears in the choroid plexus within one hour of intravenous injection and is
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distributed throughout the brain within 24 hours, indicating that iron uptake is a
continuous process (Crowe and Morgan, 1992; Bradbury, 1997). Studies of brain iron
uptake or gene expression across the diurnal cycle have not been performed therefore it is
feasible that the regulation of brain iron uptake, and redistribution of iron in the CNS, is
affected by CLOCK genes regulation via the hypothalamus

(Gachon et al., 2004;

Hastings and Herzog, 2004). Continuous uptake of iron must be counterbalanced by a
mechanism of efflux from the brain and the movement of iron out of the brain is not well
understood. Ceruloplasmin and IREG-1 have both been suggested to play a role in efflux,
however experiments have been inconclusive (Qian and Ke, 2001; Aguirre et al., 2005)
and have not specifically examined diurnal cycle influences (Crowe and Morgan, 1992;
Moos and Morgan, 1998). Iron efflux via Tf flux from choroid plexus to plasma pools are
feasible. Likewise redistribution of blood flow with daily activity cycles may influence
this iron change across the diurnal cycle.
Extracellular monoamine concentrations vary across the diurnal cycle (Bhaskaran
and Radha, 1984). These natural highs and lows drive behaviors such as food seeking,
exploration, and sleep (Friedman and Walker, 1968; Tempel and Leibowitz, 1990; Hunt
et al., 1994) Extracellular monoamine concentrations are controlled by adjustments in
activities of synthetic and catabolic enzymes as well as changes in autoreceptor and
transporter densities (Sleipness et al., 2007). Nearly all previous work on the impact of
ID on brain monoamines has been done in the early morning, or without any mention of
the time of day at which animals were killed and tissue obtained (Youdim and Green,
1978; Ben-Shachar et al., 1985; Chen et al., 1995a; Unger et al., 2007). The current study
expands upon those previous studies within that context.
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Studies in this thesis note that iron deficiency results in increased extracellular
DA concentrations in rats. Similar increases were previously observed in ID rats and
were explained on the basis of decreased DAT density (Nelson et al., 1997). The result of
the experiments in strain 40 mice shows that these decreases are present in mice as well
as rats, and that the degree of impact is affected by diurnal cycling. Unger et al found
that DAT density was increased in the light vs. the dark (unpublished data) in both ID
and CN. Importantly, ID mice DAT levels maintained a diurnal rhythm despite
significantly decreased densities compared to CN mice and this is in agreement with
differences in DAT density in ID rats compared to CN rats (Unger et al 2006).
Importantly, DAT densities were decreased in the dark compared to light and provide
important biologic data to explain the elevated extracellular DA levels in the dark to
light. The exact mechanism of impact of iron deficiency on DAT is unknown but it
appears that there might be a direct influence of intracellular iron and iron availability to
cells on the movement of DAT on and off the cell surface (Wiesinger et al., 2007b).
Indirect routes may also be a possibility for example, if the D2-DAT feedback pathway is
abnormal in ID, then PKC and PKA or MAPK systems of cell signaling could alter cell
surface DAT differentially in light and dark (Schak and Harrington, 1999; Ho et al.,
2006) leading to the observed decreases in DAT density, The quinpirole experiments
discussed in previous chapters in this thesis provided data that while PKA pathways may
still be intact in ID striatum, the unresponsive Ed data is consistent with alterations in
PKC pathways. Importantly, the provision of iron directly to the VMB in the iron
infusion experiments resulted in a correction of the Ed dysfunctional response to
quinpirole. The “acute” correction of cellular iron status leading to a normalization of
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presumed DAT functioning and cycling is consistent with effects of iron status in the
VMB on DAT mRNA levels (Bianco et.al. unpublished data). Those pharmacologic
studies and the L DOPA infusion experiments both suggested that DA synthesis was not
limited to the concentrations of DA within ST neuronal tissue since TH and pTH levels
were either normal or elevated and are consistent with previous studies that looked at iron
deficiency and monoamine synthesis (Beard et al 2007, Unger et al 2006, Felt et al ). It is
a frequent observation that while extracellular DA is elevated, the tissue levels of DA or
either normal or low.
Amphetamine infusion in the current experiments resulted in a higher DA
response in the ID group compared to control mice; a result that could be due to
decreased D2R density in iron deficiency (Erikson et al., 2001). Amphetamine infusion
causes a large release of DA coupled with reverse transport raising the extracellular DA
level (Heikkila et al., 1975; Sulzer et al., 1995). In control mice this increase in DA
should activate D2 autoreceptors which then upregulates the amount of DAT expressed
on the cell surface (Jaworski et al., 2001). In ID there is a decreased density of D2R
(Erikson et al., 2001), which coupled with deficits in D2R-DAT communication
(discussed in chapter 3), should lead to a failure of ID mice to appropriately respond to
the increased DA efflux from striatal neurons. The importance of an intact D2R-DAT
linkage was illustrated by experiments in which pretreatment with the D2R antagonist
sulpiride resulted in increased DA release and decreased DA clearance compared to
saline treated rats (Jaworski et al., 2001).
The amphetamine response was also sensitive to diurnal cycle influences. We
found that in the morning (inactive phase), amphetamine infusion resulted in a larger
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response than in the evening (active) in both CN and ID groups. This again is most likely
due to the diurnal rhythm of the D2 receptors (Bruinink et al., 1983) since D2R densities
increase at night and are decreased in the morning in rodents. This raises the very
interesting question regarding drug treatment efficacy in the active part of the daily cycle
compared to the inactive portion. Drugs like Ritalin and many antidepressants, may have
a different impact in an iron deficient individual in the evening as opposed to the morning
based on the current studies.
The second principal monoamine examined in this study was NE. Previously
some studies have shown an influence of ID on NE (Chen et al., 1995b) while others
have not (Ben-Shachar et al., 1985). In 1995, Chen and colleagues examined extracellular
NE using microdialysis while ten years earlier Ben-Shachar performed radioligand
binding assays for alpha and beta adrenergic receptors as well as tissue NE levels. As
with the discussion surrounding DA, none of these studies specifically examined the
influence of time of day on the influence of ID on NE metabolism. The current study
affirms the previous demonstration that extracellular NE concentrations are altered by
iron deficiency (Beard et al., 1994). However, there is also the novel observation that ID
male mice exhibited a diminished diurnal pattern compared to CN mice; a difference not
seen in female mice. NE signaling is thought to be involved with food seeking and
exploratory behaviors (Paez et al., 1993; Morien et al., 1995);(Tempel and Leibowitz,
1990) and it has been demonstrated that rodents exhibit an increase in NE a few hours
before the onset of the dark cycle (Friedman and Walker, 1968; Huie et al., 1989). The
influence of iron deficiency on the noradrenergic system is not well understood but recent
studies indicate that ID results in decreased NET density in some brain regions (Burhans
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et al., 2005). Cell culture experiments with PC12 cells demonstrated a dose-response
effect of iron chelators on NET gene expression and protein levels and presented the
hypothesis that cellular iron deficiency altered NET trafficking and not gene transcription
(Burhans et al., 2005; Beard et al., 2006b). Decreased NET levels would predict an
elevation in extracellular NE levels if synthesis and release mechanisms are not
fundamentally affected. Previous studies found that adrenergic receptor densities were
not affected by ID (Ben-Shachar et al., 1985), but those studies were not performed
during the dark cycle when NE neural activity is increased nor did they distinguish
between adrenergic presynaptic autoreceptors and post synaptic receptors. The lack of
diurnal increases in NE in ID mice is especially intriguing in light of the L-DOPA
experiment (Chapter 4). In that experiment we found that L-DOPA resulted in increased
extracellular NE in ID animals but not in control rats. Goshima et al, demonstrated that
the increases are due to L-DOPA stimulation of the α-2-adrenergic receptor (Goshima et
al., 1990). Interestingly, knockout mice of this receptor show no diurnal regulation of
locomotor activity (Lahdesmaki et al., 2002). Thus, these studies suggest α-2-adrenergic
receptors as a possible of site for modulation by iron deficiency.
The catabolic pathway for monoamines involves both extracellular and
intracellular oxidative deamination paths to ultimately generate the predominate
metabolites in CSF, HVA and DOPAC (Cooper et al., 1996). Since the intracellular
enzyme acting on DA or NE requires the reuptake of those monoamines, a defect in
either NET or DAT could alter the catabolic pathway of both DA and NE. Monoamine
Oxidase (MAO) is the enzyme responsible for conversion of DA to DOPAC and is
thought to be associated with iron status even if it is not iron containing (Patiroglu and
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Dogan, 1991; Hu et al., 1996). This enzyme is primarily located in the intracellular
compartment and is responsible for the oxidation of the amine to the acid. DOPAC can
then diffuse down a concentration gradient into the extracellular space. In contrast,
catechol-o-methyltransferase (COMT) is expressed in ubiquitous amounts in the
extracellular space and is responsible for the conversion of DA to HVA (Cooper et al.,
1996). There are intermediate metabolites in these pathways but the rates of conversion
of these metabolites to either HVA or DOPAC are very rapid and not rate limiting. Thus,
the ratio of DOPAC/DA is proportional to DA turnover in the intracellular space while,
the ratio of extracellular HVA/DA is used as a measure of extracellular turnover (Jones et
al., 1998; Reeves et al., 2004). In the current experiment, ID mice had significant
elevations in the ratio of DOPAC/DA in the dark compared to the light indicating that
intracellular turnover is elevated in the dark and consistent with the general observation
that dopaminergic and noradrenergic neuronal activation occurs in the dark cycle
(Friedman and Walker, 1968). In CN Strain 40 mice, the ratio of DOPAC/DA actually
decreased in the dark compared to light suggesting that rates of catabolism of the
monoamine were lower. One possible explanation for these results comes from an
examination of MAO activity. One study in rats showed that MAO activity was highest
in the light and lowest in the dark (Bhaskaran and Radha, 1984). A decreased MAO
activity would allow substrate monoamines to persist in an active form for a longer
period of time and increase downstream neuronal activation. The failure of ID mice to
exhibit this decrease in ratio of metabolite/substrate in the dark suggests that MAO
regulation may be altered by ID. We have shown elsewhere that ID does diminish the
activity of MAO-B, but not MAO-A (Chapter 5). MAO-B is the predominant isoform
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involved in DA degradation and it is thought to be regulated by PKC dependent
phosphorylation mechanisms (Wong et al., 2002). While limited cell culture and ex vivo
animal studies indicated altered PKC functioning (Wiesinger et al., 2007b) those studies
were not designed to see if this signaling pathway was altered by ID at different times in
the diurnal cycle. Nonetheless, it is an additional PKC linkage that appears to be altered
by iron deficiency.
The other primary route of DA catabolism is the extracellular conversion of DA
to HVA and the current studies show that HVA production is also altered by iron
deficiency. We observed decreased DA turnover in ID female mice compared to CN
female mice, while there was no difference in turnover in male mice. The production of
HVA from COMT was not altered by iron deficiency (chapter 5) in male rats when there
was no effect of ID on enzyme activity. Also, it is of note that CN female mice also
exhibited significantly increased HVA/DA ratio compared to male mice. This sexual
dimorphism in COMT activity has been observed previously (Ladosky and Schneider,
1981; Gogos et al., 1998). The upregulation of COMT activity in females is attributed to
the estrous cycle as variation in COMT activity has been measured as the cycle
progressed (Parvez et al., 1978). Why iron deficiency would alter COMT activity in only
females is unknown though the effect of sex on the influence of iron deficiency in the DA
system has been previously observed (Erikson et al., 2001). Erikson et al found that D2
receptor density in males was more severely affected by iron deficiency than females.
In this study alterations in response to ID between males and females appear in
both basal conditions and amphetamine stimulated responses. We found that ID females
exhibited an increased response to amphetamine compared to both CN and ID males.
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Female mice also exhibited decreased diurnal variations in DA and NE. Previous studies
using female rats found an estrous cycle-dependant variation in basal extracellular
concentration of striatal DA, amphetamine stimulated DA release, and in striatal DA
mediated behaviors (Becker, 1990b; Becker, 1990a; Becker et al., 1993).

These

differences are believed to be due to estrogen modification of D2 receptors and DAT
densities resulting in increased sensitivity to pharmacological stimulus (Levesque and Di
Paolo, 1990; Le Saux and Di Paolo, 2006). Although previously documented in ID
female rats, a mechanism by which ID may modulate estrogen metabolism has not been
explored. While the effects of estrogen regulation on iron uptake proteins transferrin and
lactoferrin have been documented (Lee et al., 1978; Teng, 1995). The effect of iron
deficiency on this interaction is unknown.
In conclusion, this study explored diurnal variation in brain iron, tissue and
extracellular catecholamine concentrations, and amphetamine induced DA overflow.
There was a very surprising finding that brain and liver iron exhibit diurnal variations
which were abolished by iron deficiency. Current and future studies are underway to
explore genomic and proteomic iron responses that are sensitive to the diurnal cycle that
may explain this novel finding. We confirmed in the mouse model that ID results in
increased extracellular DA indicating decreased DAT density but with the added caveat
that the sex of the subject has a large influence of the impact of that iron deficiency. The
noradrenergic system was also modulated by iron deficiency with ID animals
demonstrating a blunted diurnal rhythm and a differential response to amphetamine
challenge. This finding coupled with the L-DOPA experiment implicates a role for
altered α-2-adrenergic receptor regulation iron deficiency and suggests that future
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research needs to expand the focus beyond DA to include other aspects of monoamine
metabolism in general. This finding of sexual dimorphic effects of ID and the DA system
further highlight the need for further study on female mice and the role of the estrous
cycle in catecholamine metabolism.
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Chapter 8
Conclusions and Future Directions
General Conclusions:
These studies were designed to examine the relationship between iron deficiency
and diurnal cycle on catecholaminergic systems. We have demonstrated several novel
findings regarding iron deficiency and catecholamines in vivo as well as extended our
knowledge regarding the impact of iron deficiency.
The first three aims were designed to probe the influence of ID on catecholamine
systems both at specific time points and across the diurnal cycle. These results are
summed in table 8-1. Our first aim explored the interaction between iron deficiency and
the functionality of the link between the D2 receptor and the dopamine transporter in
striatum of rats. Using the D2R agonist, quinpirole, we found that iron deficiency had no
adverse effect on the PKA regulated synthetic pathway as quinpirole did produce
decreases in extracellular basal dopamine concentrations in iron deficient and control rats
in vivo. We also found that iron deficiency likely disrupted the D2R-DAT regulatory link
as demonstrated by the failure of Ed levels to change after quinpirole application. This
implies that regulation of DAT onto the cell surface via PKC mediated phosphorylation is
altered by iron deficiency. This experiment is thus in strong agreement with suggestions
from other research by our laboratory that PKC activation plays a critical role in the
trafficking of DAT on and off the neuronal cell membrane.
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Table 8-1: Summary of results of aims 1-3
ID to CN1

ID to CN1

Light to Dark2

Light to Dark2

Light
Dark
CN
ID
E.C3. DA
↑
↑
↑
↑
4
E.C. NE
No Δ
No Δ
↓
↑
E.C. DOPAC
↓
↓
↑
↑
E.C. HVA
No Δ
No Δ
↑
↑
Tissue DA
-5
↓
Tissue NE
↑
Tissue
No Δ
DOPAC
Tissue HVA
No Δ
Ed
↑
1
Comparison of differences of ID rats relative to CN rats
2
Comparison of CN Light to Control Dark or ID Light to ID Dark
3
E.C. – extracellular concentrations
4
Symbol denotes “change”
5
- - no data collected

ID to CN1
L-DOPA
↓
↑
↓
↓
-
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The second aim focused on the interaction of L-DOPA and iron deficiency on
monoamine metabolism. We observed that acute L-DOPA administration favored the
synthesis of NE in iron deficient rats while also resulting in a blunted DA response.
These novel experiments are consistent with the measured increase in DβH activity in ID
brain and decreases in both DAT and NET densities. Tissue levels of monoamines also
reflected this shift in NE production. Previous reports showed an impact of iron
deficiency on NET and NE levels ex vivo, but this was the first demonstration, in vivo,
that NE synthesis and metabolism is altered by deprivation of iron in the diet. The
behavioral sequelae of this action regarding movement disorder treatment and
neurodegenerative diseases such as PD are not clear at the moment. But, these data
indicate that 1.) part of the therapeutic benefits of L-DOPA treatment in RLS may depend
on NE production and 2.) these increases in NE synthesis may stem from alterations in
the α2-adrenergic receptor system. Thus, further exploration of the regulation of NE
production, release, and catabolism in ID as well as the influence of ID on α2- adrenergic
receptor needs to be performed. This has powerful implications regarding the interaction
between ID and drug intervention treatments in a number of diseases such as PD and
RLS and also indicates a role of NE in therapeutic L-DOPA treatment.
The third aim was designed to examine the effects of iron deficiency on diurnal
extracellular catecholamines and behavior. While much of the previous findings from
this laboratory suggested that iron deficiency would alter monoamine metabolism
differently in the dark compared to the light, there were no direct data to support this
prediction. We showed that the normal diurnal cycling of monoamine metabolism is
affected by iron deficiency with a primary result of increased extracellular DA and HVA
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at the onset of the dark cycle. The alterations in metabolite levels are consistent with a
decrease in DAT functioning in ID animals, resulting in increased HVA production in
the extracellular space.

Additionally, increases in extracellular DA coupled with

unchanged NE concentrations early in the dark phase of the diurnal cycle point to altered
activation of DßH activity most likely due to PKC. The onset of the dark cycle was not
the only time when there were dramatic differences between ID and control rats; we
found increased stereotypic behaviors in ID animals at the onset of the light cycle but not
at other times of the light and dark cycle. Since this is behavior that is strongly indicative
of activation of D1 or D2 receptors in the nigrostriatal pathway, this suggests a functional
downregulation at this time period.
Related to this aim, we observed alterations in tyrosine hydroxylase and DßH
activity and in the catabolic enzyme, MAO-B in iron deficiency. This adds new clarity to
our understanding of the impact of ID on the coordination of overall monoamine
metabolism. It is apparent from the current group of experiments that transporters and
autoreceptor activities are functionally altered by ID now with in vivo data to support
previous ex vivo and cell culture studies. That is, DA and NE metabolism are different in
awake and moving ID rats compared to iron sufficient rats. Importantly, there are also
large variations in the influence of iron deficiency across the diurnal cycle. These
findings, considered within the context of increased stereotypic behaviors at the onset of
the light cycle, provide novel evidence about iron deficiency’s potential role in RLS
symptoms.
Our fourth aim focused on the effects of iron infusion into the ventral midbrain or
striatum. Results from this experiment are summed in tables 8-2 and 8-3. In this
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Table 8-2: Summary of results after striatal iron infusion
Striatal Fe Infusion

ID to CN1

ID to CN1

ID to CN1

ID to CN1

ST
↓
No Δ3

Fe-ST
↓
No Δ

VMB
↓
No Δ

Fe-VMB1
↓
No Δ

Brain Iron
TfR
E.C.4 DA
Ed
TH
TH-PO4
Tissue DA
Tissue NE
Tissue DOPAC

↑
↓
No Δ
No Δ
↓
↑
No Δ

↑
↓
↓
No Δ
No Δ
No Δ
No Δ

-5
No Δ
No Δ
No Δ
No Δ
No Δ

No Δ
No Δ
↑
No Δ
No Δ

Tissue HVA
MAO-A
MAO-B
DβH

No Δ
No Δ
↓
↑

No Δ
No Δ
No Δ
↓

No Δ
No Δ
No Δ
No Δ

No Δ
No Δ
No Δ
No Δ

ST to Fe-ST

VMB to Fe-VMB

Striatal Fe Infusion

ST to Fe-ST

ID 2
CN 2
CN 2
Brain Iron
No Δ
No Δ
No Δ
TfR
↓
↓
↑
E.C. DA
No Δ
No Δ
Ed
No Δ
No Δ
TH
No Δ
No Δ
↓
TH-PO4
No Δ
No Δ
↓
Tissue DA
No Δ
No Δ
↓
Tissue NE
No Δ
No Δ
No Δ
Tissue DOPAC
No Δ
No Δ
No Δ
Tissue HVA
No Δ
No Δ
↓
MAO-A
No Δ
No Δ
No Δ
MAO-B
No Δ
No Δ
No Δ
DβH
No Δ
No Δ
↑
1
Comparison of differences of ID rats relative to CN rats
2
Comparison of Infused Brain Region to Non Infused Brain Region
3
E.C. – extracellular concentrations
4
Symbol denotes “change”
5
- - no data collected

VMB to Fe-VMB
ID 2
No Δ
No Δ
↓
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
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Table 8-3: Summary of results after ventral midbrain iron infusion.
VMB Fe Infusion
Brain Iron
TfR
E.C.3 DA
Ed
TH
TH-PO4
Tissue DA
Tissue NE
Tissue DOPAC
Tissue HVA
MAO-A
MAO-B
DβH

VMB Fe Infusion
Brain Iron
TfR
E.C. DA
Ed
TH
TH-PO4
Tissue DA
Tissue NE
Tissue DOPAC
Tissue HVA
MAO-A
MAO-B
DβH
1

ID to CN1

ID to CN1

ID to CN1

ID to CN1

ST

ST-Fe

VMB

VMB-Fe

↓
No Δ4
↑
↓
No Δ
No Δ
↓
↑
No Δ
No Δ
No Δ
↓
↑

↓
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ

↓
No Δ
-5
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ

↓
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ

ST to Fe-ST

ST to Fe-ST

VMB to Fe-VMB

VMB to Fe-VMB

CN 2
No Δ
No Δ
↓
↓
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ

ID 2
No Δ
No Δ
↓
No Δ
No Δ
No Δ
↑
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ

CN 2
No Δ
No Δ
No Δ
↓
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
↑

ID 2
No Δ
No Δ
No Δ
↑
No Δ
No Δ
↓
No Δ
No Δ
↑
↑

Comparison of differences of ID rats relative to CN rats
Comparison of Infused Brain Region to Non Infused Brain Region
3
E.C. – extracellular concentrations
4
Symbol denotes “change”
5
- - no data collected
2
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experiment, we attempted to remediate DA functioning in the striatum by replacing iron
in the VMB (cell bodies) or the ST (terminal fields) by direct infusion. Previously, we
established that the link between D2R – DAT was compromised by iron deficiency. In
this experiment we found that addition of iron to the ventral midbrain could improve the
Ed response to quinpirole, as well as, increase intracellular, and decrease extracellular DA
concentrations in the striatum. Infusion of iron into striatum, however, had no effect on
these outcomes. This makes biological sense because the transporter and autoreceptors
are synthesized in the VMB and then transported to the striatum.

Moreover, the

timeframe is within the apparent limits of synthesis and transport. What remains to be
resolved is whether the major effect of iron replacement is on synthesis, transport or
some combination of each. The failure of iron infusion into the striatum to remedy the
defect is somewhat puzzling, as we showed that iron deficiency in the striatum interferes
with autoreceptor-transporter signaling.

Perhaps, as with the transporter and

autoreceptor, this is because PKC is also synthesized in the VMB and our iron deficiency
condition was so severe as to compromise the majority of PKC in the terminal fields.
The final aim examined how iron deficiency altered diurnal and sex effects in the
dopaminergic system of an inbred mouse strain. Results for this work are summed in
table 8-4. The evidence in the literature supporting differential effects of ID in males and
were confirmed in these studies.

First, we found sex differences in regulation of

intracellular monoamines, with female mice exhibiting higher concentrations of all
monoamines/metabolites measured. These findings indicate a possible role for estrogen
or progesterone and by inference, the estrous cycle in monoamine regulation.
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Table 8-4: Summary of results from aim 5.
A. Male
Liver Iron
Brain Iron
E.C.3 DA
E.C. NE
E.C. DOPAC
E.C. HVA
Tissue DA
Tissue NE
Tissue DOPAC
Tissue HVA
Tissue
DOPAC/DA
E.C. HVA/DA
DA Efflux

A. Female
Liver Iron
Brain Iron
E.C. DA
E.C. NE
E.C. DOPAC
E.C. HVA
Tissue DA
Tissue NE
Tissue DOPAC
Tissue HVA
Tissue
DOPAC/DA
E.C. HVA/DA
DA Efflux
1

ID to CN 1

ID to CN 1

Light to Dark2

Light to Dark 2

Light
↓
No Δ4
No Δ
No Δ
No Δ
↓
No Δ
No Δ
↓
↓
↓

Dark
↓
No Δ
No Δ
No Δ
No Δ
↓
↓
No Δ
↑
No Δ
↑

CN
↑
No Δ
No Δ
No Δ
No Δ
No Δ
↑
No Δ
↓
No Δ
↓

ID
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
↑
↑
↑

No Δ
No Δ

No Δ
↑

No Δ
No Δ

No Δ
No Δ

ID to CN 1

ID to CN 1

Light
↓
↓
No Δ
No Δ
No Δ
↓
No Δ
No Δ
No Δ
No Δ
No Δ

Dark
↓
No Δ
No Δ
No Δ
No Δ
↓
No Δ
↑
No Δ
↑
↑

CN
↑
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ

ID
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ
No Δ

↓
↑

↓
↑

No Δ
No Δ

No Δ
No Δ

Light to Dark 2 Light to Dark 2

Comparison of differences of ID rats relative to CN rats
Comparison of Light CN to Dark CN or Light ID to Dark ID
3
E.C. – extracellular concentrations
4
Symbol denotes “change”
2
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Furthermore, we also found a diet-by-sex interaction in NE and HVA as well as the
regulation of DA metabolism by COMT. Although there had been no reports of iron
deficiency-related alterations in COMT activity, many of these previous studies focused
exclusively on male animals.
DA efflux was also measured by infusing amphetamine. We found that DA
overflow was affected by sex, diurnal cycle, and diet. ID female mice were particularly
different from CN females or male (both CN and ID), in the early morning.

A

compromised D2 autoreceptor in these female mice could lead to this DA overflow in the
female mice but the differential role of diurnal cycle signals in females v males is a very
under-explored arena. Similarly, diurnal regulation of the D2R density is also altered.
Since turnover of these receptors and supporting DARPPS and DRABS is fairly rapid, it
is not too surprising that there are diurnal effects. The differential effects in the sexes
points to decreased D2R regulation in female mice.

These findings confirm earlier

indications of sex by diet interactions in dopaminergic regulation. This becomes an
important point for external validity of the data since most previous work with iron
deficiency has been performed in male animal models, while females have an increased
prevalence of iron deficiency. Thus, this is clear evidence that female subjects must also
be considered in future work.
These findings are very important given the relationship between iron, dopamine,
and restless legs syndrome. Given that current treatment approaches in RLS focus
primarily on the dopaminergic system, these data allude to a potential new treatment
avenue. Moreover, the fact that the L-DOPA treatment was drastically altered by iron

231
deficiency the role of this drug in treatment of iron deficient RLS patients should be
evaluated.
Future Directions:
This work has demonstrated that iron deficiency significantly modifies diurnal
catecholamine levels. However, further work is needed to elucidate the mechanisms
behind these alterations. It has been demonstrated that many important catecholamine
regulating proteins including TH, MAO, DβH, D2R, DAT, α-adrenergic receptors, and
NET all show diurnal cycles. However, the influence of ID on these proteins and their
diurnal rhythms needs to be better understood. We have demonstrated large increases in
DA and a blunted NE levels at the beginning of the active cycle. These results could be
explained by altered regulation of several of the aforementioned proteins. Exploring how
activities and densities of these proteins are altered by ID and diurnal cycle will help
clarify our in vivo results. Furthermore, once it is known which proteins or combination
of proteins is altered by ID, further exploration of signal transduction pathways can take
place. This could ultimately lead to greater understanding of how iron deficiency results
in dysregulation of catecholaminergic systems.
Another area which warrants investigation is the effect of iron deficiency on the
noradrenergic system. Our data indicates that the noradrengic system is influenced by
iron deficiency. The large NE response after L-DOPA treatment, as well as, blunted NE
diurnal cycling indicates that α-adrenergic receptors may also be modulated by iron
deficiency. Although this was previously explored in the mid 80’s, the ligands used were
not as specific as those available today. Given the evidence which we have presented
here, the effects of iron deficiency on this system is worth another look. This could be
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done by ligand binding, biotinylation in cell culture, or pharmacological experiments.
Provision of an α-adrenergic receptor antagonist during NNF may be able to provide
further evidence for alterations in this system.
The remediation of the dopaminergic system by iron infusion is another area that
deserves further exploration. First, an examination of the role of axonal transport in
striatal DA recovery is needed. This could be performed by pharmacologically abolishing
axonal transport and again using ELISAs to measure protein levels and densities.
Additional work examining the effects of iron infusion on gene expression and mRNA
levels in both the ST and VMB is also another area where investigation is needed.
Finally, the role of sex in iron deficiency also needs to be further explored. These
studies and others demonstrate a sex-by-diet effect. The fundamental biologic linkage
between female hormonal profiles v male hormonal profile and iron status is poorly
understood. The concomitant influence of estrogen and ID on the dopaminergic and
possibly GABAergic systems should be examined. It is possible further elucidation of
the effects of the estrous cycle and iron deficiency or vice versa will add clarity to results
found by us and others.

Because the prevalence of iron deficiency in the human

population is higher women, there is a great public health value to understanding how
iron deficiency impacts females differently than males.
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Appendix: Methods and Procedures
A.1 Animals
A.1.1 Rats
For chapters 3, 4, 5, and 6 rats were used as the animal model. To achieve iron
deficiency twenty one day old Sprague-Dawley rats were purchased from Harlan
(Indianapolis IN) and housed 2/cage. Upon arrival animals were separated into two
groups and fed either CN (~80 ppm Fe) or ID (<4 ppm Fe) diet ad libitum for 5 weeks.
All animals were maintained in a temperature (23 ± 2°C) and humidity (40%) controlled
room on a 12:12 hr light/dark cycle (lights on at 0600).
A.1.2 Mice
For chapter 7 the animal model used was strain 40 BXD mice. Breeding pairs of
strain 40 BXD mice were purchased from Jackson laboratories (Bar Harbor, MA). When
pups were 21 days old, they were weaned (3-4 per cage) and started and on either CN (50
ppm Fe) or ID (<4 pmm Fe) diet ad libitum for 120 days. All animals were maintained in
a temperature (23 ± 2°C) and humidity (40%) controlled room on a 12:12 hr light/dark
cycle (lights on at 0600).
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A.2 Surgery
A.2.1 Introduction
For each microdialysis protocol the same basic surgery is performed. Mice and
rats undergo the same protocol except for the differences outlined below.
A.2.2 Protocol
1. Anesthetize rats or mice by inhalation of isoflurane. (Alternate injecteable anesthesia
of 50/5/1 mg/kg of Ketamine/Xylazine/Acepromazine can also be used.)
2. Shave the top of the animals head and place opthamalic ointment over the animals
eyes.
3. Clean the skin with providone/iodine solution and 70% ethanol.
4. Place animal on the stereotaxic frame. For rats use the ear bars to stabilize the
head. For mice, be sure to use a heating pad to elevate the animal. Turn the ear bars
around so that the flat part of the bar can stabilize the head. Because mice have
airways in this area be sure that the animal is still breathing and do not tighten the ear
bars too tightly.
5. Use sterile scissors to cut a small hole in the skin exposing the skull. If desired prior
to making the incision inject 4 mg/kg bupivocaine under the skin.
6. Use 10% H2O2 to dissolve the any tissue from the bone and identify bregma.
7. Using bregma as the main landmark mark coordinates for striatum and drill a small
hole. For rats use -0.2mm AP, -2.8 mm L, and -5.3 mm V, for mice -0.1 mm AP, -1.3
mm L, and -3.0 mm V.
8. Lower a sterile guide cannula (CMA 11 for rats, CMA 7 for mice) into the hole and
secure by dental cement.

235
9. Post experiment histologically verify the probe placement. To do this freeze the brain
in isopentane after removal. Then slice in 20 µM slices on the cryostat.
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A.3 Dialysis protocols
A.3.1 Introduction
Several different microdialysis protocols were used in this thesis. Each one is
outlined below by chapter. All begin with the same basic procedure for cleaning out
tubing and inserting the probe into the guide cannula. After this point each protocol is
described by chapter. Recipes for the solutions used are described at the end of the
section in which they are first mentioned.
A.3.2 Inserting the probe
1. Perfuse tubing with proclin ~1-4 hours (2-5 µL/min) to clean tubing.
2. Perfuse tubing with 70% ethanol at a flow rate of 10 µL/min (to flush out proclin).
3. Attach the probe to tubing and flush with ethanol (< 5 µL/min) for ~20 min.
4. Perfuse tubing with aCSF for 20 min (< 5 µL/min) to remove ethanol.
5. For rats - inject animal with ~ 0.05 – 0.1 mL acepromazine/ketamine/xylazine. Do not
inject any anesthesia for mice.
6. Tether the animal to the swivel, remove guide cannula, and insert probe.
7. Let animal recover overnight while perfusing 1.3 µL/min aCSF.
Recipe for Artificial Cerebrospinal fluid (aCSF) (500 mL)
NaCl

3.4 g

KCl

0.101 g

CaCl2*2H2O 0.074 g
MgCl2*6H2O 0.203 g
Adjust to pH 7.4 with NaOH, filter through 0.2 micron filter. Store at room temperature
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Recipe for Proclin (100 mL)
Dilute 2.5 mL Proclin (Bioanlaytical systems, West Lafayette, IN) into 97.5 mL H2O.

A.3.2 Dopamine no next flux protocol (chapter 3)
1. Beginning at 6 am collect 1.5 hours of baseline fractions (only infusing aCSF) at a
flow rate of 1.3 µL/min.
2. Make up 100, 50, 20, 10 nM dopamine solutions. (described below)
3. Infuse each of these concentrations for 1 hour in random order.
To make 100 (0.5 ml) 250 µM Dopamine aliquots:
250 µmol/L (0.050 L/1)(1 mol/1x106 µmol)(189.6g/1mol)Æ2.4 mg into 50 mL
Aliquot 0.5 mL into 1.5 mL centrifuge tubes and freeze (-80°C).
To make 2.5 µM (2,500 nM) Dopamine solution:
25µL of 250 µM solution into 2.5 mL
(250 µM)(25µL) = (2,500 µL)(x)
x = 2.5 µM
To make 2.5 mL of 100, 50, 20, and 10 nM solutions for NNF:
µL of 10 µM DA

mL of aCSF

nM

100

2.40

100

50

2.45

50

20

2.48

20

10

2.49

10

* If using the CMA 402 syringe pump only 100 nM DA needs to be made. The pump
can then calculate and mix the other concentrations.
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A.3.3. Dopamine Quinpirole no net flux protocol (chapter 3)
This procedure is similar to that described in A.3.2 however, when the DA solutions are
made 5 µM quinpirole is added to them.
To make 100 (0.5 ml) 250 µM Quinpirole aliquots:
250 µmol/L (0.050 L/1)(1 mol/1x106 µmol)(255.79g/1mol)Æ3.2 mg into 50 mL
Aliquot 0.5 mL into 1.5 mL centrifuge tubes and freeze (-80°C).
To make 2.5 mL of 100, 50, 20, and 10 nM DA with 5 µM quinpirole solutions for
NNF:
µL of 10 µM DA

µL of 250 µM DA

mL of aCSF

nM

100

50

2.35

100

50

50

2.40

50

20

50

2.43

20

10

50

2.44

10

*If using the CMA 402 syringe pump make up a solution of 200 nM DA and a solution of
10 µM quinpirole. Use the micro-T (CMA) to combine the flows from the CMA 110
syringe pump and the CMA 402. Place the quinpirole in the CMA 110 at a flow rate of
0.6 µL/min while using the CMA 402 to calculate and infuse the dopamine.
A.3.4 L-DOPA protocol (chapter 4)
1. At 8 am inject 12.5 mg/kg carbidopa.
2. Approximately 20 minutes later give an injection of 50 mg/kg L-DOPA
3. Perfuse aCSF for the next 4 hours or until catecholamines return to baseline.
A.3.5 24 hour protocol - rats (chapter 5)
1. Perfuse aCSF for a 24 hour period.
A.3.6 24 hour protocol – mice (chapter 7)
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1. Perfuse aCSF for a 24 hour period.
A.3.7 Amphetamine infusion (chapter 7)
1. Infuse 100 µM amphetamine at 9 AM. This infusion should last for 20 minutes and
then be replaced with aCSF.
2. Infuse 100 uM amphetamine at 8 PM. The infusion should again last for 20 minutes
after which time the syringe should be filled with aCSF.
To make 100 (0.5 ml) 500 µM Amphetamine aliquots:
500 µmol/L (0.050 L/1)(1 mol/1x106 µmol)(364g/1mol)Æ9.1 mg into 50 mL
Aliquot 0.5 mL into 1.5 mL centrifuge tubes and freeze (-80°C).
To make 100 µM solution thaw and add 400 µL amphetamine to 1.6 mL aCSF.
A.3.8 Iron infusion striatum (chapter 6)
To test the connection between the D2 and DAT linkage this two day experiment was
performed.
DAY 1:
1. At 6 AM begin the DA NNF method as described in A.3.2.
2. At approximately 11:30 AM begin the DA NNF with quinpirole method described in
A.3.3.
3. Lights off at 6 PM
DAY 2:
4. At 6 AM perfuse 1 µM iron sulfate into the striatum for 20 minutes using the
microdialysis probe.
5. Immediately after perfusion begin DA NNF method as described in A.3.2.
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6. At approximately 11:30 AM begin the DA NNF with quinpirole method described in
A.3.3.
To make 1 µM FeSO4 in aCSF:
1mmol/L (0.050 L/1)( (1 mol/1x106 µmol)(278g/1mol)Æ13.9 mg into 50 mL
Take 50 µL of this solution and add it to 49.95 mL of aCSF. (pH to 7.4 with NaOH).
A.3.9 Iron infusion ventral midbrain (chapter 6)
A method similar to A.3.8 was performed for the ventral midbrain infusion. However,
because it takes approximately 4 hours to move from the ventral midbrain to the striatum
via axonal transport iron was infused at 12 AM. Also because there was no microdialysis
probe in the ventral midbrain an infusion cannula was implanted. (details below)
DAY 1:
1. At 6 AM begin the DA NNF method as described in A.3.2.
2. At approximately 11:30 AM begin the DA NNF with quinpirole method described in
A.3.3.
3. Lights off at 6 PM
4. 12 AM 1 µM iron sulfate is infused for 20 minutes into the ventral midbrain.
DAY 2:
5. At 6 AM begin DA NNF method as described in A.3.2.
6. At approximately 11:30 AM begin the DA NNF with quinpirole method described in
A.3.3.
Ventral midbrain infusion cannula:
The cannula that was inserted into the ventral midbrain consisted of a guide implanted
days earlier during the microdialysis surgery and the infusion cannula which was

241
implanted when the microdialysis probe was implanted. These cannulas were made from
stainless steel hypodermic tubing purchased from Small Parts inc.

When the infusion

cannula was inserted into the guide it protruded 2 mm into the brain (to simulate the
microdialysis probe length).
The guide cannula was implanted during the same surgery as the microdialysis
guide. The same techniques were used except the coordinates of A-2.0, V -5.7, L -6.5
were used for ventral midbrain.
To make the infusion cannula:
1. Cut stainless steel tubing to desired length (~1.5 – 2.5 cm) with scissors. Grind down
the ends with dremel tool and make sure both ends of the tubing are open. (Stainless
Steel tubing can be bought from Small Parts inc. O.D 0.018 in and I.D. 0.010 in)
2. Cut 3.0 cm lengths of stainless steel wire (O.D. 0.0095 in). Place a small drop of glue
on one end.
3. Cut 3.0 cm lengths of stainless steel tubing (O.D. 0.009 in, I.D. 0.004 in). On one end
glue a 0.5 cm piece of PE 10 tubing. On this piece of tubing glue another small piece of
PE 50 tubing. (A microdialysis tubing adapter will fit on the end of this piece of tubing
making it possible use syringe pump and FEP microdialysis tubing.)
4. To assemble place infusion cannula (made in step 3) into the guide cannula (made in
step 1). The infusion cannula should be longer than the guide cannula. Cut the end of the
infusion cannula so that it is only 2 mm longer than the guide.
5. Place the plug (made in step 2) into the guide cannula. Cut the end of the plug so it is
flush with the guide cannula.
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Cannulas can also be made of triple walled polyimide tubing. In this case use tubing that
is ID 0.0089 in for the infusion cannula and I.D. 0.0142 for the guide cannula. To make
the plug simply glue the end of an infusion cannula shut.
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A.4 Chromatography
A.4.1 Protocol
Dialysate samples (10 μl) were injected immediately after collection onto an ESA
MD-150 narrow-bore HPLC column 150 x 2 mm (ESA, Inc., Chelmsford, MA) for
separation followed by detection by an ESA 5014B microdialysis cell (+300mV) (ESA
Coulochem III, ESA, Inc., Chelmsford, MA). A guard cell (ESA 5020) placed in line
before the injection loop was set at a potential of +350mV. Flow rate was set a 0.2
ml/min.

The neurotransmitter and metabolite peak areas were integrated using EZ

Chrom Elite software (Scientific Software Inc, Pleasanton, CA) and quantified against
known standards of NE (ESA INC, Chelmsford, MA), DA (ESA INC, Chelmsford, MA),
DOPAC (Sigma Aldrich, St. Louis, MO) and HVA (Sigma Aldrich, St. Louis, MO).
Recipe for mobile phase
1. Dissolve 20.7 g Sodium Phosphate in 1 L nanopure H2O.
2. Dissolve 2.923 g EDTA in 100 mL of nanopure H2O. Add 500 µL of the EDTA
solution of the sodium phosphate solution.
3. Filter solution through a 0.2 micron filter.
4. Dissolve 0.735 1-octanesulfonic acid in the filtered solution.
5. Add 200 µL trietylamine and 200 ml acetonitrile to the filtered solution.
6. pH to 3.00 with phosphoric acid.
7. Bring up the solution to 2L with nanopure H2O.
Recipe for 0.12 M HClO4
1. Add 5.17 mL HClO4 and 5 mL ethanol to 400 mL H2O
2. Dissolve 0.1 g EDTA and 0.066 g Sodium Bisulfate and bring up to 500 mL.
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3. Filter through a 0.2 micron membrane and store at 4°C.
Recipe for standards
Stock solution
All working standards are made from a stock solution.
1. 50 mg of the standard are added to 50 mL of 0.12 M HClO4.
2. 5 mL of this solution is then added to 45 mL 0.12 M HClO4. To make a 100 µg/ml
stock solution.
Working standards of 0.04, 0.02, 0.01 µg/ml
1. 10 mL of 0.12 M HClO4 is placed in a 15 mL centrifuge tube.
2. Remove 50 µL for every standard put into the centrifuge tube.
3. Add 50 µL of stock solution. Vortex
4. To make 0.04µg/ml add 40 µL of this solution to 960 µL of 0.12 M HClO4.
5. To make 0.02 µg/ml add 500 µL of 0.04 µg/ml standard to 500 µL of 0.12 M HClO4.
6. To make 0.01 µg/ml add 500 µL of 0.02 µg/ml standard to 500 µL of 0.12 M HClO4.
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A.5. Tissue Homogenization
A.5.1 Protocol
1. Thaw samples on ice and keep them on ice for duration of the process.
2. For every 1 gram of tissue, pipette 10 mL of ice cold phosphate buffer with protease
inhibitor (PBS-PI).
3. Slowly homogenize with 10 up and down strokes.
4. Using a 29 gauge needle/1 cc syringe, bring entire homogenate in and out of the
syringe 10 times.
5. If iron analysis is being performed on the sample aliquot 10 µL into a 0.5 mL tube.
6. If ELISAs are being run on any samples aliquot 10 µL for protein and 15 µL for each
ELISA into 0.5 mL tubes.
7. For catecholamine analysis aliquot 50 µL of homogenate, 10 µL internal standard
(1.1µg/ml dihydroxybenzylamine), and 50 µL of 0.24 M HClO4 into 1.5 mL tube.
8. Sonicate using the Branson Sonifier (output level 5) for approximately 5 seconds.
9. Centrifuge samples at 14,000 rpm for 5 min at 4 °C.
10.

Pipette supernatant into costar 0.22 micron filtering microcentrifuge tube and

centrifuge at 14,000 rpm for 1 min at 4 °C.
11. Pipette sample into HPLC autosampler tube and cap. Store at -80 °C until analysis.
Recipe for PBS-PI
1. Add 1.29 g Na2HPO4, 0.204 g NaH2PO4, and 8.77 g NaCl to 800 mL nanopure H2O.
2. pH to 7.4 with HCl, bring up to 1 L and store at 4 °C.
3. Dissolve 1 miniprotease inhibitor cocktail tablet (Roche) per 10 mL PBS.
Protease inhibitor solution lasts for approximately 1 week.
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Recipe for 0.24 M HClO4
1. Add 10.3 mL HClO4 and 5 mL ethanol to 400 mL nanopure H2O.
2. Dissolve 0.1 g EDTA and 0.066 g Sodium Bisulfate and bring up to 500 mL.
3. Filter through 0.22 micron filter and store at 4 °C.
Recipe for Internal Standard:
For 50 mls of 1.1 µg/ml dihydroxybenzylamine (DHBA)
1. Weigh out 50 mg of DHBA
2. Dissolve in 50 mLs of 0.12 M HClO4
3. Take 55 µL of this solution and add to 49.945 mLs 0.12 M HClO4
4. Aliquot 500 µL into 1.5 mL tubes
Store in -80 °C Freezer
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A.6 Dopamine Beta Hydroxylase activity
Before you begin make sure to prepare Dowex columns(described below). If this is not
done, the spectrophotometry will not work Prepare 1 column in a pastuer pipette for each
sample as well as one for each standard and reaction blank.
1. Pipette 0.8 ml of the reaction mixture (described below) into plastic centrifuge tubes.
2. Add appropriate amount of homogenate (400 µg protein).
3. Take any two samples as blanks (in addition to regular samples)
4. Add 100 µL tyramine and mix (vortex). Exclude blanks until after incubation & PCA.
5. Incubate 1/2 hr at 37 °C (may also go to 60 min assay for lower activity samples).
6. Stop reaction with 0.2 ml of 20% HClO4 and vortex. Add tyramine to blanks after this.
7. Centrifuge for 20 minutes at 5,000 rpm, to pellet the protein precipitate.
8. Place supernatant on prepared Dowex column
9. Wash column twice with 1 or 2 ml H20.
10. Elute octopamine product (into glass test tubes) with 4 N NH4OH (1 ml twice).
11. To the eluate, add 0.2 ml 2% NaIO4. Mix.
12. After EXACTLY 6 minutes, add 0.2 ml 10% Na2S205. Mix.
13. Read absorption at 330 nm. Samples must be at room temp.
Preparation of Dowex columns
Use Dowex 50 X 4-400 (Sigma). To get the H+ form:
1. Wash commercial Dowex resin with H2O (in a Buchner funnel, on filter paper).
2. Next wash Dowex with 1 M NaOH (50-100 mL).
3. Then wash with deionized water until neutral pH eluate (use pH paper).
4. Wash the Dowex with 1 M HCl (50-100 mL).
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5. Finally wash with water until eluate is neutral pH (pH paper).
To make columns place a small plug of glass wool in a pasteur pipette. Make a slurry
with Dowex and H2O and pipette into the columns. The columns do not need to be very
long 1-2 cm will suffice. To increase elution time use the XX air gun to push the
solutions through the columns.
Reaction mixture:
6 ml sodium acetate pH 5
1.5 ml 0.2 M fumarate
1.5 ml 0.2 M ascorbate
1.5 ml 0.02 m pargyline
4.5 ml 0.2 M NEM
3.0 ml catalase
6 ml H2O

1. 1 M sodium acetate buffer (13.6 g into 100 mL) pH 5.0 (adjust pH down with acetic
acid). Store refrigerated.
2. 0.2 M sodium fumarate (MW=138; 2.76 g into100 ml). pH to 5.0 with NaOH. Store
frozen.
3. 0.2 M L-ascorbic acid (MW=176.1; 396 mg into10 ml); make fresh each day.
4. 0.02 M pargyline HCl (39.12 mg into10 ml). Store refrigerated.
5. 0.2 M N-ethymaleimide (NEM)(286 mg into 10 ml); store frozen or make fresh every
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two days.
6. Catalase (from beef liver; 30,000 units/ml commercial stock suspension diluted 1:25)
Store suspension in refrigerator before dilution on the day of assay.
7. 0.2 M tyramine HCl (MW=174 694.4 mg into 20 ml); store frozen or make fresh every
week.
8. 4 N NH4OH (26 ml conc./100 ml); make up fresh once a week.
9. 2% sodium periodate (NaIO4). (0.2 g into 10 mL) Store refrigerated.
10. 10% sodium metabisulfite (Na2S2O5) (1 g into 10 mL). Store refrigerated.
11. 20% perchloric acid (HClO4)
Standard Curve
A standard curve can be made by placing 0.5, 5, 10 and 50 ng of tyramine on the Dowex
column and following steps 8-13. By making the standard curve prior to the separation
recovery is accounted for within the curve itself.
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A.7 Catechol methyl transferase Activity
A.7.1 Introduction
This assay was adapted from a procedure first published by (Reenila J
Chromatography B 1995). This assay uses COMT to metabolize dihydroxybenzylamine
(DHBA) into the reaction products vanillic and isovanillic acid which are then analyzed
on HPLC.
1. Homogenates (250µg protein) were incubated with reaction mixture (described below)
at 37 °C for 30 minutes.
2. The reaction was stopped by addition of 50 µL 4 M HClO4.
3. The reaction mixture was then centrifuged at 900g for 10 min at 4 °C.
4.

The supernatant was then filtered using a Costar 0.2 micron filter equipped

microcentrifuge tube.
5. 10 µL aliquots were then injected on to the HPLC. Chromatographic conditions were
identical to those identified in A.4. Vanillic and isovanillic acid eluted at approximately
8 and 12 minutes respectively.
Reaction mixture
160 µL PBS
25 µL MgCl2 (50 mM)
5 µL S-Adenosyl-L-methionine (SAM) (10 mM)
25 µL DHBA (2.4 mM)
1. PBS- Add 1.29 g Na2HPO4, 0.204 g NaH2PO4, and 8.77 g NaCl to 800 mL nanopure
H2O. (pH to 7.4 with HCl, bring up to 1 L and store at 4 °C.)
2. 50 mM MgCl2 – 50.8 mg into 5 mL

251
3. 2.4 mM DHBA – 26.4 mg into 50 mL.
4. 10 mM SAM – 26.3 mg into 5 mL.
5. 4 M HClO4 – 3.45 mL dilute to 10 mL with H2O.
Standards
A standard curve for Isovanillic and vanillic acid was prepared using 0.4, 0.2, 0.1, 0.04,
0.02, and 0.01 µg/ml.
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A.8 Monoamine Oxidase activity
A.8.1 Introduction
This protocol is performed using a florescence detection kit available from cell
technologies. The two monoamine oxidase substrates are interchangeable in the protocol.
Tyramine is a substrate for monoamine oxidase A and B, while Benzylamine is a
substrate for monoamine oxidase B. Specific monoamine oxidase activity can be
determined by combining substrates and inhibitors.
1. Prepare 10ml reaction cocktail for 100 assays:
100μL Detection Reagent .
100μL HRP of 100X HRP.
100μL of Substrate.
9.7ml of 1X Reaction buffer
2. Place 10µg of sample into each well on a black 96 well plate. Samples should be in
triplicate.
2. Dilute samples to 100 µL in 1X Reaction Buffer. At this point add any inhibitors (10
µL) desired (pargyline or corgyline)
3. Add 100 µL of Reaction Cocktail prepared above.
5. Incubate the sample at Room Temperature for 30-60 minutes.
6. An optional standard curve can be prepared from resorufin to determine moles of
product produced. The standard curve can be constructed, using the 1X Reaction
Buffer, from 0 – 50 µM. Pipette 200uL of this standard curve to individual wells, prior
to reading your samples.
7. Read samples using excitation: 530-570nm (570nm is optimal) and measure
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fluorescence at 590-600nm.
Solutions used
1. 1 X Reaction Buffer: To prepare a 1X solution of Reaction buffer, dilute
the 5X buffer 1:5 with nanopure water. For example to prepare 20 ml of 1X Reaction
buffer add 4ml of 5X Reaction buffer to 16ml of deionized water.
2. Horseradish Peroxidase: Make a 100X stock solution of HRP by diluting
it 1:18.9 with 1X Reaction Buffer. For example take out 5.29 µL of the HRP reagent and
add 94.71 µL 1X Reaction Buffer. Make enough HRP for 1 days worth of experiments.
3. Detection Reagent: Dissolve the contents of the vial with 500μL of
DMSO. Allow the contents to sit at Room Temperature for 15 minutes. Next gently
pipette up and down several times to dissolve any clumps. Once dissolved the detection
reagent should be used promptly and any remaining reagent can be aliquoted and frozen
at or below -20oC. Avoid repeated freeze thaw cycles.
Note: Protect the Detection Reagent from light.
4. Substrate: Benzylamine and Tyramine. Make a .5M solution by adding 0.6 mL of
nanopure water to each vial. Allow the vial to sit at room temperature for 15 minutes. The
vial should be vortexed to completely dissolve the solid.
5. Inhibitor: Pargyline and Clorgyline. Make a 1mM solution
by reconstituting the Vial with 0.2mL of nanopure water. Gently vortex the vial and
allow the contents to dissolve at room temperature for 15-20 minutes.
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A.9 Hematocrit
1. Collect blood in a 25 µL heparin coated hematocrit capillary tube.
2. Seal tube using critoseal.
3. Spin the blood sample in a micro-capillary centrifuge for 5 minutes.
4. Measure the height of the red blood cell line.
5. Measure the total height of the sample.
6. Divide the height of red blood cells by the total height of the sample. Multiply by 100
this is % hematocrit.
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A.10 Hemoglobin
1. Add 2.5 mL of Drabkin’s solution to 10 mL vials.
2. Collect 10 µL of blood into a capillary tube and dissolve in Drabkin’s solution.
3. Read standards and samples at 540 nm on spectrophotometer.
Standards (Stan Bio)
To prepare standards add amount of cyanmethemoglobin standard to Drabkin’s reagent
Standard

Standard amount (mL)

Drabkin’s reagent (mL)

A

4

0

B

3

1

C

2

2

D

1

3

E

0

4

Standards at stable for at least 6 months at 2-8 °C.
Drabkin’s reagent (Sigma)
Reconstitute 1 vial Drabkin’s reagent in 1 L of nanopure H2O. Add 0.5 mL 30% Brj 35
solution (included in kit). Mix well and filter insoluble particles.
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A.11 Liver and Spleen Iron
Day 1
1. Weigh out 0.3 g of liver/spleen tissue for each rat as well as an external standard
(bovine liver).
2. cut sample into 4 or more pieces and transfer all the pieces into an acid washed glass
vial.
3. Add 3 mL of protein precipitant solution to each vial (1 ml of protein precipitant per
0.1 g of tissue.)
4. Cover each vial with a marble
5. Place marble covered vials in an 80 – 90 °C sand bat and let them sit for two days.
The protein precipitant should change to a maroonish-brown color.
Day 2
6. Macerate tissue samples with a glass stirring rod. In between samples remember to
clean the glass rod with a kim-wipe.
Day 3
7. Label acid washed vials in duplicates for every on standard. Label acid washed vials
in triplicates for every on tissue sample.
8. Take vials out of the sand bath and cool to room temperature.
9. Prepare standards with nanopure H2O and Fe standard (described below).
10. Add 2 mL of chromogen solution and 0.1 mL of protein precipitant to the working
Fe standards. Vortex well and let standards sit for 10 minutes.
11. Add 3 mL of chromogen solution to the remaining vials.
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12. Transfer 50 µL of sample extract to corresponding vials. A pinkish color should
develop. If not, add more sample extract in 50 µL increments until color develops. It is
important to make not of any additional 50

µL increments so calculations can be

adjusted appropriately. Vortex sample contents and let sit for 10 minutes.
13. Prepare reagent blank by adding 3 mL of chromogen solution to 0.;1 mL of protein
precipitant. Vortex well and let stand for 10 minutes.
14. Measure solution absorbance on the spectrophotometer at a wavelength of 535 nm
under visible light. Calibrate spectrophotometer to the zero standard.
15.Calculatiion for Final Fe concentration per Gram of Liver
Fe concentration in tube = abs – intercept/x coefficient
Multiply by 3 = volume of protein precipitant
Divide by µL of digested liver added
Divide by weight of tissue.
Recipes
Fe standards
Standard

H2O (µL)

Fe standard (µL)

0

1000

0

0.5

900

100

1

800

200

2

600

400

3

400

600

4

200

800

5

0

1000
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Protein Precipitant
Place 50 g of trichloroacetic acid (TCA), 1.5 moles of HCl, and 15 mL of concentrated
thioglycolic acid (mercaptoacetic acid) into a 500 mL volumetric flask containing 250
mL of nanopure water. Dissolve and bring to volume with nanopure water. This solution
is stable for at lease 2 months when store in a dark bottle at room temperatures.
Chromogen
Add 61.5 g sodium acetate and 0.125 g ferrozine (3-(2-pyridyl)-5,6-bis(4-phenyl-sulfonic
acid)-1,2,4-triazine) in a 500 mL volumetric flask containing 250 mL nanopure water.
Dissolve and bring to volume with nanopure water.
Working Fe Standard Solution: The concentration of the working solution varies
accordingly to the concentration of the stock Fe solution that it’s made from, but it should
be calculated to render around 5μgFe/mL. For example, using a 1000μgFe/mL (Perkin
Elmer’s Atomic Spectroscopy Standard), the working solution should be prepared by
diluting 250μL stock into 50mLs nanopure water for a total concentration of
5.0μgFe/mL.
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A.12 Brain Iron
1. After sample has been homogenized according to A.5 add 30 µL nitric acid
(70%) to 10 µL of homogenate.
2. Place on the heating block (60 °C) overnight
3. Add 120 µL nanopure H2O.
4. Run on AA (directions below)
A.12.2 AA instructions
1. Turn on the AA, open the gas valve, and open WinLab32 software. Open the Fe
Workspace and turn on and set up the Fe Lamp (let lamp warm up 10 minutes)
2. Turn on the water supply and the exhaust fan before running the machine.
3. Make sure the tip is aligned properly both in the tube and in the sample cup
4. In Automated Analysis Control, go to the Setup page. Click open under Sample
Information File. Open Sample SIF. Go to SamInfo @ top of the screen. Change Batch
ID to today’s date (ex/ 02-08-05). Go to File, Save As, Sample Info File. File name
should be the same as above (ex/ 02-08-05).
5. Click the boxes on the Setup page for Use Sample Info and also Save Data. Open
Results Data Set Name. Give it a new name (ex/ 02-08-05). Click OK
6. Go to the Analyze page. When the lamp is warmed up, calibrate the machine.
Calibrate with the matrix in slot 1, the blank in slot 2, and the standard in slot 3.
7. Run a 20μg Fe/L standard placed in slot #4 at the beginning, end, and every 15-20
samples throughout the run to check for accuracy. Also run the internal QC-1 sample and
the Bovine Liver sample as quality controls.
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8. While the machine is calibrating, prepare the samples by diluting with the blank until
samples fit on the AA standard curve
9. If calibration is satisfactory, load the samples into the carousel, click on Select Loc,
and have the machine run all samples.
10. After the run is completed, go to File, Utilities, Data Manager. Click on the file you
need to export and click Export. Use an Existing Design by browsing and choosing
Carrie.xpt, then click Finish. Click Export data then Finish again.
11.

Open Excel.

Open the file you just exported (it will be under C: data-AA:

Workstation: Reports). Then click Next, Delimiters should be comma not tab, then
Finish.
12. Go to File, Save As and save it under C: Carrie’s AA Excel Data and call it the date
(make sure it is saving as a Microsoft Excel Workbook)
13. Save the file again to a USB drive so the data can be transferred to the main
computer.

1% Magnesium Nitrate (Matrix Modifier) - #1 slot
Use a clean 50mL centrifuge tube.

Dissolve .4g of ultrapure magnesium nitrate

(Mg2NO3)2 in 40mL of nanopure water. Vortex.
1%=1g/100mL
.2% Nitric Acid (Blank) - #2 slot
Use an acid washed 500mL bottle. Add 1mL of ultrapure nitric acid (HNO3) to 500mL
of nanopure water. Vortex.
.2%=.2mL/100mL
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40μg Fe/L (Standard) - #3 slot
Use a clean 15mL centrifuge tube. Add 400µL Iron Standard (30µg Fe/mL) to 5.6mL
nanopure water. This stock solution is 2000µg Fe/L. Add 800µL of the stock solution to
39.2mL nanopure water. The final solution is 40µg Fe/L. Vortex.
Rinse Solution
Measure 2000mL Nanopure water into rinse bottle. Add 1% Nitric Acid (20mL) and
.05% Triton X-100 (1mL) to the water. Flush Sampler in Winlab.
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A.13 Behavior
1. Place animals in Versamax activity monitors (Accuscan Instruments INC, Columbus,
OH) at either 0400 or 1600 hours
2. After 4 hour remove animals from boxes. Clean out the boxes with 70% ethanol.
3. Analyze data for desired parameters.
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A.14 Lipid peroxidation:
1. Homogenize samples 1 g of tissue to 10 mL 1.5% KCl solution
2. Combine 150 µL of tissue homogenate (or appropriate amount standard) with 200 µl
of 8.1% SDS, 1.5 mL of 20% acetic acid solution, 1.5 mL 0.8% Thiobarbituric Acid
(TBA). Bring the mixture to 4.0 mL with H2O.
3. Incubate samples and standards at 90 – 95°C for 1 hour.
4.

Cool with tap water and add 1.0 mL of distilled water and 5.0 mL of n-

butanol/pyridine mixture.
5. Shake vigorously
6. Centrifuge at 4000 rpm for 10 min.
7. Measure the organic layer absorbance at 532 nm
Construct a standard curve once the nmol of TMP is calculated multiply by 10 and divide
by 150 to get nmol TMP/g tissue. nmol of TMP = nmol of MDA thus final units are
expressed as nmol MDA/g tissue
Recipes (for 20 samples + 4 standards):
KCl – 0.6 g into 10 mLs
SDS – 1.62 g into 5 mLs
Acetic Acid – 10 g into 50 mLs, pH to 3.5 with NaOH
Thiobarbituric Acid – 0.4 g into 50 mLs
n-butanol/pyridine – 120 mLs butanol to 8 mL pyridine (15:1)
1,1,3,3 tetramethoxypropane ( TMP) standard:
To make 50 mLs of a 500 µM solution: add 4 µL to 49.96 mLs H2O.
500µmol/L (.050L/1)(1 mol/1e6µmol)(164.2 g/1mol)(1mL/0.992 g)(1000µL/1mL)Æ4µL

264
Dilute 10 mLs 500 µM with 40 mLs of H2O to make 100 µM or 1 nmol/10 µL solution.
Make a standard curve by adding the appropriate amount to rxn mixture and treating it as
a sample. For 8 nmol add 80 µL, for 4 nmol add 4 µL, etc.
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