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Abstract 

Globally, billions of people suffer from insufficient dietary intake of 

micronutrients such as copper, iron, and iodine. Micronutrient deficiencies are most 

prevalent in developing countries and often coexist due to consumption of monotonous 

diets lacking nutrient diversity. Thus, it is important to consider how micronutrients 

interact physiologically. Copper (Cu), iron (Fe), and iodine/thyroid hormone (TH) 

deficiencies have their most profound effects on brain development and intellectual 

outcome. In rodents, these micronutrient deficiencies lead to similar defects in late brain 

development, suggesting these micronutrient deficiencies share common mechanisms 

contributing to the observed derangements. Previous studies in rodents (post-weanling 

and adult) and humans (adolescent and adult) indicate Cu and Fe deficiencies affect the 

hypothalamic-pituitary-thyroid (HPT) axis, leading to altered TH status. However, prior 

to this thesis research, relationships between Fe and Cu deficiencies and thyroidal status 

had not been assessed in the most vulnerable population, the developing fetus/neonate. 

Therefore, we hypothesized that Cu and Fe deficiencies reduce circulating and brain TH 

levels during development contributing to the defects in brain development associated 

with these deficiencies. Initial studies showed that Fe deficiency lowers newborn rat 

circulating and brain TH concentrations and alters TH-regulated brain gene expression, 

with the observed changes being similar to a mild to moderate TH insufficiency. These 

data led me to further hypothesize that combining Fe deficiency with an additional mild 

insult to neonatal thyroid function, as is often seen in people living in developing 

countries, will more severely impair neonatal rat TH status and TH-responsive brain 
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development. This study showed, for the first time, that Fe deficiency exacerbates the 

effect of mild TH insufficiency on neonatal thyroidal status and brain TH-responsive 

gene expression. Together, these data suggest that impaired neonatal thyroidal status may 

contribute to some of the brain developmental abnormalities associated with 

fetal/neonatal Fe deficiency. Fe deficiency also has a significant impact on the 

developing brain that is clearly independent of effects on neonatal thyroid function. In 

humans, approximately 50% of all anemia, reduced blood oxygen carrying capacity, 

cases is due to Fe deficiency. Chronic anemia leads to tissue hypoxia, which, in the brain, 

can induce a compensatory increase in blood vessel outgrowth. We hypothesized that 

developmental Fe deficiency anemia leads to brain hypoxia, inducing 

angiogenesis/vasculogenesis in the neonatal brain. In this final study, Fe deficiency 

increased expression of blood vessel endothelial cell markers and 

angiogenesis/vasculogenesis-associated genes in the neonatal rat brain. In addition, blood 

vessel density was significantly increased in the brain of neonatal Fe-deficient rats. This 

effect appears to be independent of anemia and thyroidal status. The functional 

contribution of increased brain vasculature to the developing Fe-deficient brain is 

unknown but could be adaptive or maladaptive. In summary, my thesis research 

exploring micronutrient interactions during brain development has identified two novel 

potential contributors to the brain developmental derangements associated with Fe 

deficiency: impaired neonatal thyroid function and increased neonatal brain vasculature.  
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Chapter 1 – General introduction and hypotheses 

Portions of this introduction were published in: 

Thoemke KR, Bastian TW, Anderson GW (2012). Thyroid Hormone Regulation of 
Mammalian Reproductive Development and the Potential Impact of Endocrine-
Disrupting Chemicals. Endocrine Disruptors and Puberty: 139-173. 
 
© Springer Science, 2012  

(Used here with kind permission of Springer Science+Business Media) 
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General introduction part 1 - Micronutrient deficiencies and thyroid 
hormone-responsive brain development 

 
Micronutrient deficiencies and human health 

 Micronutrients (i.e. vitamins and trace elements) are essential components of the 

human diet throughout life. Micronutrient malnutrition is a significant global health 

problem affecting billions of people worldwide (Allen, De Benoist et al. 2006). 

Individuals in developing countries are particularly at risk for micronutrient deficiencies 

due to increased rates of poverty, illiteracy, monotonous diets with low micronutrient 

content or bioavailability, infection and disease. Micronutrient deficiencies, in particular 

iron (Fe) deficiency, are also a major health concern for a small percentage of the 

developed world due to poverty, poor diet, and various health disorders and diseases. The 

2008 Copenhagen Consensus Conference compiled a ranking of global challenges that if 

solved, would most benefit global welfare (Lomborg 2009). Two of the top three issues 

were related to micronutrient deficiencies, highlighting the scope of the global 

micronutrient deficiency burden and the need for continued novel research. This thesis is 

focused on Fe, copper (Cu), and iodine deficiencies. 

The World Health Organization (WHO) estimates that approximately 1.9 billion 

people worldwide have insufficient dietary iodine intake (Andersson, Karumbunathan et 

al. 2012). Most of the world’s iodine is found in seawater and is concentrated by marine 

plants and animals. In mountainous regions and areas with frequent flooding, soils and 

food products are often iodine-deficient. In these regions dietary iodine supplementation, 

in the form of iodized salt or oil, must be relied upon for adequate human iodine 

consumption. Thus, iodine deficiency is most prevalent in inland mountainous regions 
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where soils are iodine-depleted and in impoverished developing countries where access 

to iodized salt or oil is limited. The only known biological role for iodine is in thyroid 

hormone (TH) synthesis (see ‘Basic thyroid hormone biology’ section below). Thus, 

physiologically, iodine deficiency is synonymous with TH deficiency. In adults, 

iodine/TH deficiency leads to a wide spectrum of symptoms including goiter, weight 

gain, lethargy, depression, and mental impairment (Braverman and Utiger 2005; 

Zimmermann 2009). Importantly, these adverse outcomes are reversible with iodine/TH 

repletion. Iodine/TH deficiency has its most striking deleterious effects on the developing 

fetus/neonate, leading to permanent brain developmental deficits (see ‘Iodine, thyroid 

hormone and brain development’ section below). 

According to the WHO nearly 2 billion people suffer from anemia, with iron 

deficiency anemia (IDA) accounting for approximately 50% of all anemia cases 

(McLean, Cogswell et al. 2009). IDA is caused by inadequate dietary Fe intake, poor Fe 

absorption, increased Fe demand, and/or heavy blood loss. Fe is essential for the function 

of numerous proteins, involved in processes such as oxygen transport, fatty 

acid/cholesterol/glucose metabolism, cellular oxygen sensing, ATP generation, 

neurotransmitter production, and hormone synthesis (Dallman 1986). In adults, Fe 

deficiency and IDA are most commonly associated with fatigue and poor work 

performance but can also lead to impaired immune function, restless legs syndrome, and 

cardiovascular problems (Beard 2001). Symptoms of adult-onset Fe deficiency are 

typically completely resolved with Fe repletion. As with iodine deficiency, Fe deficiency 
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has its most profound effect on the developing fetus/neonate, resulting in irreversible 

brain developmental impairments (see ‘Iron and brain development’ section below). 

Cu deficiency is less prevalent than Fe or iodine deficiencies but may contribute 

to the millions of people suffering from non-iron deficient anemia (McLean, Cogswell et 

al. 2009). Unlike Fe and iodine deficiencies, human Cu deficiency is not well-defined and 

marginal deficiencies may be wide-spread (Strain 1994). Cu deficiency can be caused by 

low dietary intake (typically due to long-term parenteral nutrition), low absorption (due 

to high zinc intake or bariatric surgery), or unknown causes (Prohaska 2012). Cu is 

essential for the activity of numerous enzymes, involved in processes such as 

neurotransmitter synthesis, hormone activation, Fe utilization, oxidative phosphorylation 

and cellular antioxidant defense (Prohaska 2012). In adults, copper deficiency is 

associated with hematological impairments including anemia, neutropenia, and 

thrombocytopenia, as well as neuromuscular, cardiovascular, bone, and immune system 

dysfunction (Prohaska 2012). Cu repletion in adults resolves hematological defects but 

does not completely restore neurological function (Stern 2010). Similar to Fe and iodine 

deficiencies, Cu deficiency is most prevalent and has its greatest impact during 

development, resulting in severe and permanent neurological impairments (see ‘Copper 

and brain development’ section below). 

In developing countries millions of people are deficient in not one, but multiple 

micronutrients due to eating a diet lacking nutrient diversity (UNICEF 2004). Given their 

profound impact on child development and prosperity it is critical to understand how 

micronutrients interact during fetal and infant development. My research addresses the 
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impact of micronutrient interactions on mammalian brain development, focusing on the 

potential contribution of secondary TH deficiency to the brain developmental deficits 

associated with fetal/neonatal Fe or Cu deficiency. This thesis provides data supporting 

the expansion of prenatal micronutrient deficiency screening and supplementation 

programs, potentially benefitting millions of children worldwide. 

 

Basic thyroid hormone biology 

Chapters 2, 3, and 4 of this thesis focus on the effects of Fe and Cu deficiencies 

on tissue and circulating TH status during development. Therefore, it is prudent to give a 

brief overview of TH synthesis, metabolism, homeostasis and action. 

Thyroid hormone synthesis. Production of the THs, thyroxine (T4) and 3,3’,5-

triiodothyronine (T3) by the thyroid gland requires iodine, which is typically obtained 

from dietary sources. Absorption of iodine, in the form of iodide, in the stomach and 

duodenum is mediated by the sodium/iodine symporter (NIS), which is expressed on the 

apical surface of enterocytes (Nicola, Basquin et al. 2009). NIS is also expressed at the 

basolateral membrane of the thyroid gland follicular cells and serves to concentrate 

iodide in the thyroid (Figure 1, #1) (Eskandari, Loo et al. 1997). Upon entering the 

thyroid follicular cell, iodide is transported across the apical membrane into the colloid 

by pendrin, a chloride/iodide transporter (Figure 1, #2) (Royaux, Suzuki et al. 2000). In 

the colloid space, hydrogen peroxide and the Fe-dependent enzyme thyroid peroxidase 

(TPO) oxidize iodide and subsequently iodinate tyrosyl residues on thyroglobulin (Tg) 

(Figure 1, #3) (Dunn and Dunn 2001). TPO also catalyzes the coupling of diiodotyrosine 
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Figure 1: Thyroid hormone synthesis. 1) The Na+/I- symporter (NIS) controls entry of iodide 
into the thyroid follicular cell. 2) Pendrin facilitates exit of iodide into the follicular lumen 
(colloid space). 3) Thyroid peroxidase (TPO) utilizes hydrogen peroxide to oxidize iodide and 
subsequently iodinate tyrosyl residues on thyroglobulin (Tg). 4) TPO also catalyzes the 
coupling of iodinated tyrosines on Tg to produce T4 and T3. 5) Thyroglobulin containing T4 
and T3 brought into the thyroid follicular cell through endocytosis. 6) Endosomes fuse with 
lysosomes and T4 and T3 are released from Tg via proteolytic hydrolysis. 7) T4 and T3 are 
transported out of the thyroid follicular cell into circulation. 8) Iodotyrosine dehalogenase 
enzymes recycle iodide from uncoupled iodotyrosines. 9) TSH binding to the TSH receptor 
(TSHR) stimulates many aspects of TH synthesis and release.  
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(DIT) and monoiodotyrosine (MIT) residues to form T4 and T3 (Figure 1, #4) (Dunn and 

Dunn 2001). The newly synthesized T4-Tg and T3-Tg are endocytosed into the follicular 

cells (Figure 1, #5), released from Tg in endolysosomes (Figure 1, #6) and secreted into 

the circulation (Figure 1, #7). The prohormone T4 is the major secreted iodothyronine 

product secreted from the thyroid gland. The secreted T4:T3 ratio is approximately 11:1 

in humans and 5:1 in rodents (Bianco, Salvatore et al. 2002). 

Central control of thyroid hormone synthesis. Thyroid hormone synthesis is 

regulated by the hypothalamic-pituitary-thyroid (HPT) negative feedback system (Figure 

2). Hypothalamic neurons in the paraventricular nucleus (PVN) express thyrotropin-

releasing hormone (TRH) and have axonal processes extending into the median 

eminence. The median eminence connects to the anterior pituitary through a series of 

blood vessels collectively known as the hypophyseal portal system, allowing direct 

delivery of TRH to its site of action in the anterior pituitary. TRH is first synthesized as a 

large inactive peptide (pro-TRH) and is converted to the active TRH tripeptide (PyroGlu-

His-Pro-NH2) through several posttranslational processing steps (Nillni 2010). In the 

final processing step, TRH-gly, the immediate precursor to TRH, is α-amidated on the 

carboxy-terminus by the copper-containing peptidylglycine α-amidating monooxygenase 

(PAM) enzyme (Nillni 2010). TRH binding to TRH receptors in the anterior pituitary 

thyrotrope cells stimulates production of the thyroid-stimulating hormone (TSH) β-

subunit (Haisenleder, Ortolano et al. 1992), post-translational glycosylation of TSH 

(Weintraub, Gesundheit et al. 1989), and release of TSH into circulation (Haisenleder, 

Ortolano et al. 1992). TSH binding to TSH receptors on the basolateral membrane of 
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Figure 2: The hypothalamic-pituitary-thyroid axis. Thyroid hormone synthesis is centrally 
controlled through negative feedback loops. In the hypothalamus, TH negatively regulates 
TRH. In the anterior pituitary, TSH is positively regulated by TRH and negatively regulated by 
TH. TSH stimulates the thyroid gland to increase TH synthesis and release. T4 and T3 are 
bound to TBG, TTR, or albumin in the blood. TH entry into target cells requires active 
transport via transmembrane TH transport proteins (e.g. Oatps, Mcts, and Lats). Deiodinase 
enzymes mediate conversion of T4 to T3 and of T4 and T3 to inactive metabolites. TH 
sulfation and glucuronidation promotes TH degradation and excretion. 
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thyroid follicle cells stimulates adenylate cyclase activity and increases intracellular 

cyclic adenosyl monophosphate (AMP) (Figure 1, #9). Cyclic AMP activates 

downstream signaling pathways resulting in increased iodine uptake, Tg synthesis, TPO 

activity, TH synthesis, and TH release (Dunn and Dunn 2001). T4 and T3 negatively 

regulate the expression and activity of hypothalamic PAM and TRH and pituitary TSH 

(Koller, Wolff et al. 1987; Shupnik and Ridgway 1987; Nillni 2010).  

Thyroid hormone metabolism and degradation. The circulating concentration of 

T4 in humans is approximately 100 nM and in rats is approximately 44 nM (Bianco, 

Salvatore et al. 2002). The circulating concentration of T3 in humans is approximately 

1.8 nM and in rats is approximately 750 pM (Bianco, Salvatore et al. 2002). The molar 

ratio of circulating total T4 to total T3 is approximately 50-60:1 in both humans and 

rodents. Circulating T4 and T3 are bound to carrier proteins such as thyroxine binding 

globulin (TBG), transthyretin (TTR), and albumin (Figure 2). Approximately 0.03% of 

T4 and 0.3% of T3 in the circulation remains unbound and it is this “free” hormone that 

enters cells and exerts a molecular response (Yen 2001).  

THs are predominately metabolized by three different deiodinase enzymes 

(Figure 3). Type II deiodinase (Dio2/D2) catalyzes the removal of an outer ring iodine on 

T4 and reverse T3 (rT3). Type III deiodinase (Dio3/D3) catalyzes the removal of an inner 

ring iodine on T4 and T3. Type I deiodinase (Dio1/D1) performs both inner ring and 

outer ring deiodination reactions. Thus, D1 and D2 activate T4 by conversion to T3 and 

D1 and D3 inactivate T4 by conversion to rT3. In humans, approximately 20% of 

circulating T3 comes from thyroidal production and the remaining 80% comes from 
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Figure 3: TH deiodination. There are 3 deiodinase enzymes, D1, D2, and D3 that catalyze the 
removal of iodide from THs. D2 removes an outer ring iodide from the 5’-carbon position on 
T4 and rT3. D3 removes an inner ring iodide from the 5-carbon position on T4 and T3. D1 
performs both inner ring and outer ring deiodination reactions. 
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peripheral conversion of T4 to T3 by D1 and D2 (Bianco, Salvatore et al. 2002). In 

rodents, the contribution of peripheral D1 and D2 conversion of T4 to T3 to the 

circulating T3 pool is approximately 60% and the remaining 40% comes from thyroidal 

production of T3 (Bianco, Salvatore et al. 2002). Further metabolism of T3 and rT3 by 

the deiodinases produces other inactive metabolites such as T2 and T1. In addition to 

deiodination, THs also undergo sulfation by sulfotransferases (SULTs) and 

glucuronidation by uridine diphosphate glucuronosyl transferases (UDPGTs) (Figure 2). 

TH sulfation and glucuronidation serve to make THs more water-soluble and allow their 

concentration and excretion in the bile and urine (Kester, Kaptein et al. 1999; Hood and 

Klaassen 2000). D3 contributes to the clearance of THs from circulation by conversion to 

inactive metabolites, which are subsequently conjugated and excreted.  

Cellular thyroid hormone homeostasis. Intracellular T3 levels are controlled in a 

tissue-specific manner by TH transporters, deiodinase activity, and intracellular TH-

binding proteins. TH enters cells via carrier-mediated transport processes utilizing 

specific membrane-spanning transport proteins. There are numerous TH transport 

proteins belonging to several different gene families including organic anion transporting 

polypeptides (OATPs), monocarboxylic acid transporters (MCTs), and system L amino 

acid transporters (LATs) (Friesema, Jansen et al. 2005). OATP1C1, a high-affinity T4 

transporter, and MCT8, a high-affinity T3 transporter, are likely the main players in TH 

transport into and within the brain. In the brain, both are expressed in blood-brain barrier 

(BBB) endothelial cells, blood-cerebral spinal fluid barrier (BCSFB) epithelial cells, and 

hypothalamic tanycytes (epyndemal cells lining the 3rd ventricle) (Schweizer and Kohrle 
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2012). MCT8 is also expressed in neurons throughout the brain and may also be 

expressed in astrocytes (Braun, Kinne et al. 2011). Although less well studied, MCT10, 

LAT1, LAT2, and other TH-transporting OATPs may also play significant roles in brain 

TH transport as these proteins are also expressed in neurons, astrocytes, BBB endothelial 

cells, and/or BCSFB epithelial cells (Schweizer and Kohrle 2012).  

In humans, D2 is expressed in the brain, thyroid, heart, skeletal muscle, spinal 

cord, and placenta (Bianco, Salvatore et al. 2002). D2 is localized to the endoplasmic 

reticulum membrane and thus converts T4 to T3 intracellularly. The proximity of D2 to 

the nucleus provides easy access of D2-generated T3 to its site of action. In addition, in 

the brain it is thought that D2-expressing glial cells provide T3 to the surrounding 

neurons (Gereben, Zavacki et al. 2008). T3 negatively regulates Dio2 gene expression, 

while T4 and rT3 decrease D2 activity by stimulating its ubiquitination and proteasomal 

degradation (Gereben, Zavacki et al. 2008). In humans, D1 is predominately expressed in 

the liver, kidney, and thyroid gland and is localized to the cell membrane (Bianco, 

Salvatore et al. 2002). Therefore, T3 generated by D1 rapidly equilibrates with 

circulating T3 and is not a major source of intracellular T3 in these tissues. D3 is 

expressed in the brain, pituitary, fetal liver, lung, placenta and skin and is also localized 

to the plasma membrane (Huang 2005). In contrast to Dio2, Dio1 and Dio3 are both 

positively regulated by T3 (Gereben, Zavacki et al. 2008). Together the relative 

expression and activities of D1, D2, and D3 within a given cell helps to control 

intracellular T3 concentration.  
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A less well characterized mechanism of controlling cellular TH concentrations is 

mediated by the intracellular T3 binding protein, CRYM. Cytosolic CRYM dimers bind 

T3 in a NADPH-dependent manner, and serve to sequester T3 in the cytosol. CRYM 

knockout mice show reduced brain, liver, kidney, and heart cytosolic T3 binding and 

lower serum TH concentrations indicating an important, yet to be determined, functional 

role in mediating tissue TH homeostasis and action (Suzuki, Suzuki et al. 2007). 

Thyroid hormone action. The molecular basis of TH action is predominately at 

the nuclear level where T3 regulates gene transcription through binding to nuclear thyroid 

hormone receptors (TRs) (Yen 2001) (Figure 4). Two separate genes, α- and β-c-erbA, 

encode four TH-binding TR isoforms including TRα-1, TRβ-1, TRβ-2, and TRβ-3. TRs 

regulate transcription by binding, as a heterodimer with retinoid X receptor (RXR), to 

specific thyroid hormone response elements (TREs) in the upstream promoter region of a 

TH-responsive gene. In the absence of T3, TRs bound to the TRE of positively regulated 

TH-responsive genes recruit co-repressors such as N-CoR or SMRT, resulting in 

deacetylation of chromatin and repression of gene transcription. For positively regulated 

genes, TR binding of T3 alters TR protein conformation and signals for the recruitment 

of co-activators such as SRC-1, CBP, or PCAF, resulting in acetylation of chromatin and 

activation of TH-responsive gene transcription. For negatively regulated genes (e.g. Trh, 

Tsh, and Dio2), the exact mechanism of regulation is still controversial but may involve 

TR interference of other transcription factors, blocking formation of the basal 

transcription complex, or co-repressors and co-activators paradoxically causing activation 

and repression, respectively (Sinha and Yen). Numerous genes are TH-responsive but do 
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Figure 4: Molecular basis of thyroid hormone action in a thyroid hormone-responsive 
cell. T3 and/or T4 are transported into a thyroid hormone-responsive cell via specific transport 
proteins. T3 and T4 are deiodinated by deiodinase enzymes to produce additional T3, rT3, and 
T2. T3 enters the nucleus and binds to the thyroid hormone receptor to regulate transcription of 
TH-responsive genes. T3 transcriptional regulation is depicted for a positively regulated TH-
responsive gene. 
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not contain a TRE in the gene promoter and are not directly regulated by TH. The 

expression of these genes is likely regulated through transcription factors that are direct 

(or possibly also indirect) targets of TH transcriptional regulation. 

 THs can also mediate molecular responses outside of their role in gene activation. 

These non-genomic effects may occur through interactions of T4, T3, or other TH 

metabolites with cytosolic or cell surface proteins and have been reviewed extensively 

(Bassett, Harvey et al. 2003; Davis, Leonard et al. 2008; Cheng, Leonard et al. 2010). 

The main molecular focus of this thesis is TH-mediated regulation of gene expression 

and thus non-genomic effects are not discussed.  

 

Overview of mammalian brain development 

 Much of this thesis deals with the effects of TH, Fe, and Cu deficiencies on brain 

development. Thus, it is prudent to give a brief overview of general brain developmental 

processes and concepts. Human brain development is a complex process that begins in 

the third week of gestation and continues through late adolescence (reviewed in 

(Andersen 2003; Toga, Thompson et al. 2006; Georgieff 2007; Stiles and Jernigan 

2010)). Maintaining nutritional and hormonal homeostasis is critical for the energetically 

demanding brain developmental processes. The developing brain is heterogeneous, with 

similar processes occurring in different brain regions during varying developmental time 

windows. For example, axon myelination in humans begins during late fetal life and 

progresses in a rostral to caudal fashion throughout the brain, continuing into early 

adulthood (Toga, Thompson et al. 2006). Therefore, the susceptibility of the developing 
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brain to nutritional perturbations is brain region- and time-dependent. Due to the need for 

coordinated timing of developmental events, prolonged nutritional disruptions during 

development can also lead to permanent deficits in brain function (Georgieff 2007).  

 Rodents are often used as models to study mammalian brain development. Since 

brain developmental processes occur over windows of time it is difficult to directly 

correlate the timing of human and rodent brain development. In general, however, the 

second week of rat neonatal life is roughly equivalent to the perinatal period in humans 

(Anderson, Schoonover et al. 2003). Rodent studies for my thesis research involving 

nutritional or hormonal perturbations were conducted in pregnant rats throughout 

gestation concluding 10 to 16 days after birth, in order to model effects on human infants 

at birth.  

 

Iodine, thyroid hormone and brain development 

 Thyroid hormones are essential for normal mammalian brain development and 

function (reviewed in (Anderson and Mariash 2002; Gilbert and Zoeller 2010; Bernal 

2012)). Much of what is known about the role of THs in mammalian brain development 

comes from studies of severe TH deficiency. In humans, iodine deficiency and congenital 

hypothyroidism are the two main causes of severe developmental TH deficiency and lead 

to a spectrum of developmental abnormalities. The most extreme cases of TH deprivation 

are known as endemic cretinism and are characterized by mental retardation, stunted 

growth, gross and fine motor impairments, learning deficits, and speech and hearing 

problems (Zimmermann 2009; Gilbert and Zoeller 2010). Controlled iodine interventions 
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in severely iodine deficient pregnant women and newborn children eliminate endemic 

cretinism and significantly improve psychomotor developmental scores (O'Donnell, 

Rakeman et al. 2002), developmental quotient (Cao, Jiang et al. 1994), and IQ scores 

(Fierro-Benitez, Cazar et al. 1988; Greene 1994; Pretell and Caceres 1994) in offspring. 

Timing of repletion is critical as iodine treatment before conception or early in pregnancy 

is required for full offspring cognitive and motor improvement. For infants born with 

severe congenital hypothyroidism, early, high-dose TH replacement therapy restores 

psychomotor and mental developmental index scores to normal by 30 months of age, 

eliminating severe mental, sensory, and motor deficits (Bongers-Schokking, Koot et al. 

2000). However, when low-dose treatment is used and/or treatment is delayed IQ, mental, 

and psychomotor deficits remain (Derksen-Lubsen and Verkerk 1996; Bongers-

Schokking, Koot et al. 2000).  

 Rodent models of severe developmental TH deficiency have provided 

considerable insight into the molecular, cellular, and functional impairments responsible 

for the clinical manifestations of TH deprivation. Rodents that are severely hypothyroid 

during development exhibit visually apparent symptoms similar to human cretinism 

including impaired growth, motor function (ataxia), and delayed eye opening and hair 

growth. In addition, severe developmental TH deprivation impairs conditioned 

avoidance, adaptive, and spatial learning behaviors in adult offpsring (Eayrs 1961; Eayrs 

and Levine 1963; Essman, Mendoza et al. 1968). These learning deficits become 

permanent if TH repletion is not started during early postnatal life (Eayrs 1961; Eayrs and 

Levine 1963).   
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The behavioral and functional deficits observed in developmentally hypothyroid 

rodents are accompanied by structural and cellular abnormalities throughout the neonatal 

brain. Severe TH deficiency beginning in mid-gestation results in aberrant neuronal 

migration (Lucio, Garcia et al. 1997; Berbel, Auso et al. 2001), impaired dendrite 

outgrowth (Eayrs 1955), and reduced dendritic spines (Ruiz-Marcos, Sanchez-Toscano et 

al. 1979; Ruiz-Marcos, Salas et al. 1983) in the neonatal and adolescent cerebral cortex. 

As a result, collosal connectivity is altered (Lucio, Garcia et al. 1997; Berbel, Auso et al. 

2001) and cerebral cortical synapse formation (Eayrs 1955) is reduced following severe 

developmental TH deficiency. In the hippocampus, granule and pyramidal cell number 

(Rami, Rabie et al. 1986; Madeira, Sousa et al. 1992), dendritic arborization (Rami, Patel 

et al. 1986), and synapse formation (Madeira and Paula-Barbosa 1993) are all reduced in 

adolescent or adult rats that were hypothyroid during development. Similarly, severe 

rodent developmental hypothyroidism leads to impaired granule cell migration, increased 

granule cell death, and reduced purkinjie cell dendritic arborization in the cerebellum 

(reviewed in (Anderson 2008)). TH is important for the normal development (Almazan, 

Honegger et al. 1985), survival (Jones, Jolson et al. 2003), and myelin production (Bhat, 

Sarlieve et al. 1979; Ibarrola and Rodriguez-Pena 1997) of oligodendrocytes. Severe TH 

deficiency affects myelination of axons throughout the developing brain, reducing the 

total brain myelin content in early postnatal and adolescent rats (Balazs, Brooksbank et 

al. 1969). Together, these morphological data likely explain the permanent impairments 

in rat cerebellar and hippocampal excitatory synaptic transmission observed following 

severe developmental TH deficiency (Crepel 1974; Sui and Gilbert 2003; Gilbert 2004). 
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Importantly, many of the structural/cellular defects associated with severe TH deficiency 

during brain development persist into adulthood if TH repletion is not initiated during the 

first 1-2 weeks of neonatal life (Zoeller and Rovet 2004). 

The site of TH action in the developing brain is predominately at the nuclear 

level, altering transcription rates of TH-regulated genes. TH regulates the expression of a 

multitude of genes with age-, brain region-, and gene-specific sensitivities to TH 

insufficiency during brain development. The effects of severe rodent developmental TH 

deficiency on brain TH-responsive gene expression were recently reviewed (Anderson 

and Mariash 2002). Briefly, normal brain thyroidal status is required for expression of 

genes involved in transcriptional regulation (e.g. Hr and Egr1), neurotrophic signaling 

(e.g. Bdnf and NT-3), axon myelination (e.g. Mbp and Mobp), cell migration (e.g. 

Laminin and reelin), intracellular synaptic signaling (e.g. Rc3 and Pvalb), 

neurotransmission (e.g. ChAT and Agt), energy metabolism (e.g. Cox IV and Glut1) and 

TH homeostasis (e.g. Dio2 and Dio3). Many of the structural/cellular deficits described 

above can be traced to alterations in expression of specific TH-dependent genes. Thus, 

measurement of TH-responsive gene expression gives insight into structural and 

functional impairments. 

  With increased population coverage for salt iodization programs and routine 

neonatal thyroid screening, severe developmental TH deficiencies such as overt 

hypothyroidism during pregnancy (maternal serum TSH > 2.5 mIU/L and low serum FT4 

concentrations (Stagnaro-Green, Abalovich et al. 2011)), have become rare (Gilbert and 

Zoeller 2010). However, clinical studies have now demonstrated that even mild and 
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moderate TH deficiencies (i.e. subclinical hypothyroidism and hypothyroxinemia) impair 

brain development, having subtle but measurable impacts on offspring cognitive function 

(reviewed in (Gilbert and Zoeller 2010; Gilbert, Rovet et al. 2012)). Pop and colleagues 

recently demonstrated that maternal hypothyroxinemia (low normal serum free T4 

concentrations with normal serum TSH concentrations (Stagnaro-Green, Abalovich et al. 

2011)) during early gestation is associated with impaired offspring neuromotor 

development outcomes (Pop, Kuijpens et al. 1999; Pop, Brouwers et al. 2003; Kooistra, 

Crawford et al. 2006). Similarly, maternal hypothyroxinemia due to iodine deficiency 

leads to impaired offspring neurobehavioral development when iodine supplementation is 

delayed beyond the first 12-14 weeks of gestation (Berbel, Mestre et al. 2009). Despite 

these findings, universal thyroid function screening in pregnant women remains 

controversial (Brent 2012), as a recent study demonstrated no benefit of TH repletion in 

pregnant women with subclinical hypothyroidism (maternal serum TSH between 2.5 and 

10 mIU/L with normal FT4 concentration (Stagnaro-Green, Abalovich et al. 2011)) or 

hypothyroximenia on offspring cognitive outcome (Lazarus, Bestwick et al. 2012). 

Therefore, additional clinical and basic science studies on the specific deleterious 

outcomes of mild thyroidal dysfunction during pregnancy will be important in defining 

clinical care for pregnant women. 

 Rodent studies of mild, moderate, or transient maternal TH insufficiency have 

also demonstrated molecular, structural, and functional impairments during brain 

development (reviewed in (Gilbert and Zoeller 2010; Gilbert, Rovet et al. 2012)). As with 

severe TH deficiency, cerebral cortical and hippocampal cell migration is impaired 



 

 21 

following maternal hypothyroxinemia or moderate transient maternal TH deficiency 

(Lavado-Autric, Auso et al. 2003; Auso, Lavado-Autric et al. 2004; Cuevas, Auso et al. 

2005). Permanent reductions in hippocampal and cerebral cortical parvalbumin-

expressing neurons, a specific population of GABAergric inhibitory neurons, are found 

following moderate TH deficiency (Gilbert, Sui et al. 2007). Mild TH insufficiency 

impairs white matter tract cell populations resulting in heterotopic neurons (Goodman 

and Gilbert 2007) and an increased ratio of astrocytes to oligodendrocytes (Sharlin, Tighe 

et al. 2008). Deficits in hippocampal synaptic function are also observed following mild 

thyroidal perturbations during development (Gilbert and Sui 2006; Opazo, Gianini et al. 

2008; Gilbert 2011). Moderate developmental TH deficiency and maternal 

hypothyroxinemia ultimately impairs spatial learning and memory in adult offspring 

(Gilbert and Sui 2006; Opazo, Gianini et al. 2008; Liu, Teng et al. 2010) and increases 

seizure susceptibility (Auso, Lavado-Autric et al. 2004). Importantly, behavioral and 

structural deficits induced by mild or moderate developmental TH insufficiency persist 

into adulthood despite TH repletion (Gilbert and Sui 2006; Gilbert, Sui et al. 2007). 

The effect of TH deprivation on TH-responsive gene expression in the developing 

brain is often subtle, with severe TH deficiency typically resulting in a 2- to 4-fold 

change in mRNA levels (Anderson, Schoonover et al. 2003). However, certain genes are 

more responsive to changes in brain TH levels and provide a sensitive indication of 

whether TH insufficiency functionally alters the developing brain. Gilbert and colleagues 

recently assessed the effect of mild, moderate, and severe TH insufficiency during 

fetal/neonatal rat development on TH-responsive gene expression in the P14 
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hippocampus and cerebral cortex using microarray and qPCR approaches (Royland, 

Parker et al. 2008). The expression of many genes previously demonstrated to be altered 

during severe developmental hypothyroidism were also altered following mild or 

moderate TH deprivation. This study also identified several genes (e.g. Pvalb, Hr, Agt, 

Mbp, and Enpp6) with dose-dependent responses to TH insufficiency and/or significant 

responses at even mild TH deprivation, suggesting that these genes are good biomarkers 

of mild perturbations to brain thyroidal status. Parvalbumin (Pvalb/PV) expression 

appears to be a particularly good biomarker of mildly impaired brain thyroidal status, 

being reduced by greater than 50% in the cerebral cortex of neonatal pups born to 

hypothyroxinemic mothers (Royland, Parker et al. 2008). Parvalbumin is involved in 

synaptic calcium signaling, excitatory/inhibitory balance, defining the opening of critical 

brain plasticity periods, seizure susceptibility, and synaptic plasticity in the developing 

rodent brain (Caillard, Moreno et al. 2000; Vreugdenhil, Jefferys et al. 2003; Schwaller, 

Tetko et al. 2004; Hensch 2005), suggesting that alterations to Pvalb mRNA expression 

may have functional implications in the developing brain. Therefore, Pvalb (along with 

other TH-responsive genes) expression was one of the main outcome measures utilized in 

Chapters 2, 3, and 4. 

In summary, the clinical and basic science studies on mild TH deprivation 

highlight the importance of eliminating all possible insults to thyroidal status during 

development. This thesis examines two potential contributers to impaired thyroid 

function during development, Cu and Fe deficiency. 
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Iron and brain development 

 Fe is essential for the normal development and function of the mammalian brain 

(reviewed in (Beard and Connor 2003; Lozoff and Georgieff 2006; Fretham, Carlson et 

al. 2011; Georgieff 2011)). Fe deficiency (e.g. negative body iron stores (Cook, Flowers 

et al. 2003)) or IDA (Fe deficiency with hemoglobin < 11 g/dL (Goddard, James et al. 

2011)) during pregnancy leads to impaired growth, intelligence, emotional regulation, 

gross and fine motor skills, and language abilities in offspring. As with iodine/TH 

deficiency, timing and duration of Fe repletion is critical to eliminating permanent brain 

functional deficits. Prevention of iron deficiency anemia (IDA) in healthy infants leads to 

improved cognitive, motor, and social interaction outcomes (Lozoff, De Andraca et al. 

2003). However, when IDA is detected and treated during infancy, visual, language, 

motor, affective, and cognitive deficits remain in toddler, school-age and young adult 

offspring, suggesting permanent deleterious effects of developmental Fe deficiency on 

brain development (Lozoff, Brittenham et al. 1987; Lozoff, Jimenez et al. 1991; Lozoff, 

Jimenez et al. 2000; Tamura, Goldenberg et al. 2002; Lukowski, Koss et al. 2010). 

 Rodents have been extensively used to model the molecular, structural/cellular, 

and functional impairments in brain development associated with IDA. Developmental 

IDA in rodents leads to permanent behavioral deficits including spatial learning and 

memory, sensorimotor function, and conditioned avoidance learning impairments in adult 

formerly iron-deficient (FID) offspring (Felt and Lozoff 1996; McEchron, Cheng et al. 

2005; Felt, Beard et al. 2006). Morphologically, hippocampal CA1 pyramidal neuron 

dendritic arborization is impaired following fetal/neonatal IDA (Jorgenson, Wobken et al. 
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2003; Brunette, Tran et al. 2010). Fe is important for oligodendrocyte differentiation, 

proliferation, and production of myelin protein and lipid components (Kwik-Uribe, 

Gietzen et al. 2000; Morath and Mayer-Proschel 2001; Morath and Mayer-Proschel 2002; 

Beard, Wiesinger et al. 2003). Consequently, developmental IDA leads to reduced 

myelination throughout the neonatal brain (Yu, Steinkirchner et al. 1986), with molecular 

studies suggesting that this effect persists into adulthood despite Fe repletion (Kwik-

Uribe, Gietzen et al. 2000; Tran, Fretham et al. 2009). Fetal/neonatal IDA also impairs rat 

hippocampal synaptic function in adolescent or adult offspring (Jorgenson, Sun et al. 

2005; McEchron and Paronish 2005; McEchron, Goletiani et al. 2010). These 

structural/cellular abnormalities likely explain the permanent learning deficits observed 

following developmental Fe deficiency. 

 Fe plays an important functional role as a cofactor necessary for the activity of 

enzymes involved in neurotransmitter metabolism, energy metabolism, transcriptional 

regulation, and other processes important during brain development. Developmental IDA 

results in age- and brain region-dependent impairments of monoamine neurotransmitter 

systems including altered tissue metabolite concentrations, transporter levels, and 

receptor densities for dopamine, serotonin, epinephrine and norepinephrine (Beard, 

Erikson et al. 2003; Beard, Felt et al. 2006; Unger, Paul et al. 2007). IDA during 

development also alters GABA and glutamate concentrations, metabolizing enzyme 

activities, and receptor binding in the developing brain (Taneja, Mishra et al. 1990; Batra 

and Seth 2002; Rao, Tkac et al. 2003; Ward, Tkac et al. 2007). The aberrant 

neurotransmission phenotype can persist into adulthood depending on the timing of Fe 
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deprivation and repletion (Kwik-Uribe, Gietzen et al. 2000; Beard, Erikson et al. 2003; 

Felt, Beard et al. 2006; Rao, Tkac et al. 2011). IDA during development permanently 

impairs brain energy status (Rao, Tkac et al. 2003; Ward, Tkac et al. 2007; Rao, Tkac et 

al. 2011), which is likely due to reduced activity of enzymes involved in the citric acid 

cycle and oxidative phosphorylation (Wigglesworth and Baum 1988; de Ungria, Rao et 

al. 2000). Fetal/neonatal IDA alters the expression of genes involved in transcriptional 

regulation, myelination, neurotrophic signaling, dendrite and synapse formation, 

neurotransmission, and energy metabolism (Clardy, Wang et al. 2006; Carlson, Stead et 

al. 2007; Tran, Carlson et al. 2008; Tran, Fretham et al. 2012). Expression levels for 

several of the genes shown to be altered in the developing TH-deficient brain are also 

altered during developmental Fe deficiency, including Pvalb, Mbp, Mobp, Bdnf, Egr1, 

and Dio2. It is possible that altered thyroidal status may mediate some of the deleterious 

effects of IDA on the developing brain.  

 

Copper and brain development 

 The developmental health consequences of inadequate Cu levels are highlighted 

by Menkes disease, a genetic disease in which intestinal and central nervous system Cu 

absorption is severely limited due to a mutation in the gene for ATP7A, a Cu transporter 

(Johnson 2005). Menkes disease patients suffer from severe ataxia, impaired growth, 

mental retardation, seizures, and neurodegeneration, ultimately leading to death during 

early childhood (Johnson 2005). Early postnatal Cu supplementation shows promise in 
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rescuing some neuromuscular deficits in Menkes disease patients (Christodoulou, Danks 

et al. 1998).  

 The essentiality of Cu for normal brain development has been extensively studied 

in rodent models of Cu deficiency (reviewed in (Johnson 2005; Uriu-Adams, Scherr et al. 

2010)). Fetal/neonatal Cu deprivation in rats leads to behavioral abnormalities including 

postnatal sensorimotor dysfunction (Pyatskowit and Prohaska 2008) and impaired gross 

motor function and auditory startle response, which persist into adulthood despite late 

postnatal Cu supplementation (Prohaska and Hoffman 1996; Penland and Prohaska 

2004). Developmental zinc excess, which causes Cu deficiency, leads to conditioned 

avoidance and spatial learning deficits that are restored in Cu-supplemented dams 

(Railey, Micheli et al. 2010). Morphologically, neural lesions are evident in the cerebral 

cortex and striatum of young adult rats that were Cu-deficient throughout fetal and 

postnatal life (Carlton and Kelly 1969). CA3 pyramidal and dentate gyrus granule cell 

nuclei are smaller following developmental Cu deficiency, indicating impaired 

hippocampal maturation (Hunt and Idso 1995). In the cerebellum, fetal/neonatal Cu 

deficiency leads to larger purkinje cells with aberrant positioning in weanling offspring 

(Lyons and Prohaska 2010). In addition, developmental Cu deficiency reduces 

myelination throughout the brain (Dipaolo, Kanfer et al. 1974; Prohaska and Wells 1974; 

Zimmerman, Matthieu et al. 1976). Axonal and dendritic growth and synapse formation 

is impaired in olfactory bulb neurons of ATP7A-deficient mice, suggesting a role for Cu 

in developmental formation of neuronal connectivity (El Meskini, Crabtree et al. 2007). 
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 Cu serves as a cofactor necessary for enzymatic activity of numerous enzymes 

involved in neurotransmitter metabolism, energy metabolism, hormone activation, 

antioxidant defense and other processes in the developing brain. Fetal/neonatal Cu 

deficiency lowers norepinephrine levels and raises dopamine levels in a brain-region 

specific manner (Prohaska and Bailey 1993; Prohaska and Bailey 1994). In addition, 

dopaminergic and muscarinic receptor densities are impaired in the young adult brain 

following developmental Cu deficiency (Feller, O'Dell et al. 1982). Cellular energy status 

is impaired as a result of fetal/neonatal Cu deficiency (Gybina and Prohaska 2008; 

Gybina and Prohaska 2008; Gybina, Tkac et al. 2009), which is likely due to lower 

cytochrome c oxidase activity and abnormal mitochondria (Prohaska and Wells 1974; 

Prohaska and Wells 1975).  

 

Fe, Cu, TH and brain development summary 

Fe, Cu, and iodine/TH deficiencies result in many similar deficits in brain 

development including aberrant neuronal maturation, synapse formation, axon 

myelination, neurotransmission, and cellular energy status. The developing brain is 

sensitive to perturbations to these micronutrients during a similar window of time. One 

possible explanation for these similarities is that there are common underlying 

mechanisms contributing to the impairments observed in Fe, Cu, and iodine/TH 

deficiencies. We propose that impaired brain thyroidal status contributes to some of the 

deleterious brain developmental outcomes associated with all three deficiencies.  
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Iron and thyroid hormone 

 Interactions between Fe and THs have serious implications for human health. 

According to recent studies by the World Health Organization, approximately 1.9 billion 

people have insufficient iodine intake and greater than 2 billion people suffer from Fe 

deficiency with or without anemia (Stoltzfus 2001; McLean, Cogswell et al. 2009; 

Andersson, Karumbunathan et al. 2012). While few studies have assessed the concurrent 

prevalence of iodine deficiency and IDA, data from Zimmermann and colleagues indicate 

that 20-44% of West and North African children suffer from both deficiencies 

(Zimmermann, Adou et al. 2000; Hess, Zimmermann et al. 2002; Zimmermann, Zeder et 

al. 2002). Treatment of iron deficiency in these children improves the efficacy of iodine 

supplementation, reducing thyroid volume and goiter prevalence (Zimmermann, Adou et 

al. 2000; Hess, Zimmermann et al. 2002; Zimmermann, Zeder et al. 2002). Iron 

supplementation was also reported to increase serum total T4 and T3 concentrations and 

reduce serum rT3 concentrations, indicating an iron-specific effect on thyroidal status 

(Zimmermann, Zeder et al. 2002; Eftekhari, Simondon et al. 2006). Additional cross-

sectional studies have demonstrated a correlation between iron status and thyroidal status. 

A study in the United States showed that women with IDA have reduced plasma total T4 

and T3 concentrations at room temperature and in response to cold (Beard, Borel et al. 

1990). In iodine-sufficient goitrous Iranian school children low serum ferritin levels were 

associated with high TSH and low free T4 concentrations (Dabbaghmanesh, 

Sadegholvaad et al. 2008). Another population-based study in goitrous Pakistani women 

showed a correlation between serum Fe concentration and serum TSH, free T4, and free 
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T3 concentrations (Kandhro, Kazi et al. 2008). Interestingly, a recent study in pregnant 

Swiss women showed that low maternal body Fe stores are correlated with increased 

serum TSH and decreased total T4 concentrations, suggesting that Fe deficiency may 

compound the deleterious effects of iodine deficiency during development 

(Zimmermann, Burgi et al. 2007).  

These data from human studies suggest that Fe may regulate the HPT axis or TH 

metabolism. Studies in Fe deficient rodents have provided data to support this hypothesis. 

Fe deficiency in post-weanling rats decreases circulating total T4 and total T3 

concentrations (Chen, Shirazi et al. 1983; Beard, Green et al. 1984; Beard 1987; Beard, 

Tobin et al. 1988; Tang, Wong et al. 1988; Beard, Tobin et al. 1989; Beard, Tobin et al. 

1990; Smith, Deaver et al. 1992; Smith and Lukaski 1992; Smith, Johnson et al. 1993; 

Smith, Finley et al. 1994; Brigham and Beard 1995; Hess, Zimmermann et al. 2002). Fe 

deficiency also reduced free T4 and free T3 in the only study that free hormones were 

measured (Brigham and Beard 1995). There is significant evidence demonstrating that Fe 

deficiency reduces hepatic D1 activity and T4 deiodination (Beard, Tobin et al. 1989; 

Beard, Tobin et al. 1990; Smith, Deaver et al. 1992; Smith and Lukaski 1992; Brigham 

and Beard 1995). Reduced hepatic D1 activity during Fe deficiency may be secondary to 

reduced circulating T4 and T3 concentrations as D1 mRNA production is positively 

regulated by T3 (Berry, Kates et al. 1990). In addition, reductions in liver T4 to T3 

conversion do not explain the consistent decrease in circulating T4 concentrations in Fe 

deficient rats. Reduced serum T4 and T3 concentrations during Fe deficiency may also be 

explained by reduced thyroidal secretion. The thyroidal enzyme responsible for 
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iodination and coupling of thyroglobulin molecules, TPO, requires heme as a prosthetic 

group (Kopp 2005). Hess et al. demonstrated that Fe deficiency in weanling rats reduces 

thyroid TPO activity in a dose-dependent fashion (Hess, Zimmermann et al. 2002). 

Circulating TH concentrations during Fe deficiency may also be reduced due to impaired 

hypothalamic TRH and pituitary TSH production and/or release. Fe deficiency in 

weanling rats was shown to reduce plasma TSH concentrations (Tang, Wong et al. 1988; 

Beard, Tobin et al. 1989) and pituitary TSH content (Tang, Wong et al. 1988). 

Exogenous TRH administration did not completely normalize plasma TSH 

concentrations in Fe deficient rats but did induce a similar increase in plasma TSH 

concentrations in Fe deficient rats compared to controls (Beard, Tobin et al. 1989). These 

data suggest Fe deficiency decreases hypothalamic TRH production and/or release. Thus 

Fe deficiency has the potential to alter thyroidal status at multiple levels. Prior to the 

studies presented in this thesis, the effect of fetal/neonatal iron deficiency on neonatal 

thyroidal status had not been assessed. 

 

Copper and thyroid hormone 

 Copper deficiency is less prevalent in humans than Fe or iodine deficiencies but 

may contribute to the millions of people suffering from non-iron deficient anemia 

(McLean, Cogswell et al. 2009). Humans are particularly susceptible to Cu deficiency in 

situations where nutrient requirements are high such as in third-world pregnancies, 

teenage pregnancies, and pre-term infants. Understanding the mechanisms by which Cu 

interacts and affects the physiology of other micronutrients and hormones is important in 
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these susceptible populations. Minimal data are available on the effects of Cu deficiency 

on thyroidal status. However, there is intriguing evidence suggesting that Cu may exert 

both direct and indirect regulation on the HPT axis. Three studies showed a significant 

decrease in circulating total T4 and total T3 concentrations in weanling or adult Cu 

deficient rats (Allen, Hassel et al. 1982; Olin, Walter et al. 1994; Lukaski, Hall et al. 

1995). In addition, two studies show reduced liver D1 activity, suggesting decreased 

peripheral conversion of T4 to T3 (Olin, Walter et al. 1994; Lukaski, Hall et al. 1995). As 

mentioned above, D1 mRNA production is positively regulated by T3, thus a secondary 

effect of reduced T4 and T3 concentrations on hepatic D1 cannot be eliminated. The 

reduction in both total T4 and total T3 concentrations suggests impaired synthesis and/or 

secretion of THs by the thyroid gland. This could be due to a primary impairment of the 

HPT axis at the thyroid gland itself or a central impairment at the level of the 

hypothalamus or anterior pituitary. Serum TSH concentrations are slightly reduced in Cu-

deficient adult male rats compared to controls (Allen, Hassel et al. 1982). Serum TSH 

concentrations responded similarly to exogenous TRH injection in Cu-deficient and 

control rats, indicating a possible impairment at the hypothalamus (Allen, Hassel et al. 

1982). Production of the fully mature and active TRH peptide requires α-amidation, 

which is catalyzed by the copper-dependent enzyme PAM. Cu deficiency decreases PAM 

activity but not PAM protein levels in the midbrain of four week old rats born to Cu-

deficient mothers (Prohaska, Bailey et al. 1995; Prohaska, Gybina et al. 2005). PAM 

heterozygous mice (PAM +/-) demonstrate an increased percent of non-amidated, 

immature TRH (TRH-Gly) in the hypothalamus compared to WT mice (Bousquet-
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Moore, Ma et al. 2009; Bousquet-Moore, Prohaska et al. 2010). PAM +/- mice also have 

impaired pituitary TSH-β mRNA synthesis in response to hypothyroidism compared to 

WT mice (Bousquet-Moore, Ma et al. 2009). In addition, moderate Cu deficiency in WT 

adult mice increases hypothalamic TRH-Gly levels (Bousquet-Moore, Prohaska et al. 

2010). Serum T4 response to exogenous TRH injection in Cu-deficient rats appears to be 

diminished compared to controls, indicating a lesion in TH production or release at the 

thyroid gland (Allen, Hassel et al. 1982). Numerous studies have also demonstrated 

interactions between Cu and Fe (Reviewed in (Gambling, Andersen et al. 2008; Collins, 

Prohaska et al. 2010)). Importantly, circulating Fe concentrations are decreased in both 

post-weanling and neonatal Cu deficient rats (Reeves and DeMars 2006; Pyatskowit and 

Prohaska 2008). These data support the hypothesis that Cu deficiency indirectly reduces 

thyroid TPO activity and TH synthesis through concomitant Fe deficiency. As with Fe 

deficiency, the effects of fetal/neonatal Cu deficiency on neonatal thyroidal status were 

unknown prior to the studies of this thesis. 

 

Gaps in knowledge and hypotheses 

 The effects of insufficient dietary Cu or Fe on the thyroid health of developing 

mammals during the critical period of brain development have not previously been 

assessed. This gap in knowledge hinders our ability to effectively screen for factors 

negatively affecting thyroid health in pregnant women and infants. Data from rodent 

models of developmental Fe, Cu, and TH deficiencies demonstrate similarities in brain 

developmental deficits, suggesting common underlying mechanisms. In adolescent and 
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adult mammals Fe or Cu deficiencies impair thyroidal status. Therefore, I hypothesized 

that 1) Cu and Fe deficiencies during fetal/neonatal development reduce circulating and 

brain TH levels in newborn rodents and 2) the associated reduction in brain TH content 

contributes to the derangements in brain development observed in Cu- and Fe-deficient 

rats. My initial studies produced conflicting results with regards to the effect of 

fetal/neonatal Cu deficiency on neonatal thyroidal status (see Chapters 2 and 3), and thus 

the majority of this thesis focuses on the Fe/TH interactions during development. Fe 

deficiency was shown to reduce newborn circulating and brain TH concentrations and 

alter TH-regulated brain gene expression, with the observed changes being similar to a 

mild to moderate TH insufficiency (see Chapters 2 and 3). These data led me to further 

hypothesize that 3) combining multiple mild insults to thyroid function, as is often seen 

in people living in developing countries, more severely impairs neonatal TH status and 

TH-responsive brain development (see Chapter 4). These important research questions 

were addressed, for the first time, through my thesis research.  
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General introduction part 2 – Micronutrient deficiencies and brain 
vasculogenesis 

 
Basic blood-brain-barrier biology 

 The brain vasculature is unique among vascular systems in that it forms a tight 

barrier, known as the blood-brain-barrier (BBB), to selectively regulate transfer of 

molecules between the blood and the brain (reviewed in (Hawkins and Davis 2005)). 

Brain blood vessel endothelial cells form tight junctions, eliminating passive brain 

entry/exit of compounds between endothelial cells. Small or hydrophilic molecules are 

able to passively diffuse through endothelial cells into the brain parenchyma. Most 

compounds, however, must utilize carrier- or receptor-mediated transport proteins (influx 

transporters) in order to transverse vessel endothelial cells into the brain. An additional 

level of regulation is accomplished via efflux transporters, which serve to export 

metabolites, hormones, and foreign substances from the brain. Brain vessel endothelial 

cells are also closely associated with astrocytic foot processes, pericytes, and neurons, 

providing further regulation of blood-brain solute transfer.  

 Development of the cerebral vasculature begins early in embryonic development 

(i.e. E9 in rodents and gestational week 7 in humans) via vasculogenesis, the process of 

new blood vessel formation from endothelial progenitor cells (Engelhardt 2003; 

Baburamani, Ek et al. 2012). Brain vascularization continues throughout development via 

angiogenesis, the process of growth, branching, and proliferation of existing blood 

vessels. Barrier properties, including endothelial cell tight junctions, of the developing 

brain vasculature are evident early in embryonic development (Engelhardt 2003). 
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Disruptions to the brain vasculature and/or BBB during development, although not well 

studied, likely have serious consequences for brain development and function. 

 

Hypoxia and brain vasculogenesis 

 Oxygen delivery is critically important for brain development and function, as the 

brain is dependent on aerobic metabolism. The body has the capacity to systemically 

adapt to reduced environmental oxygen levels through increasing heart rate, ventilation, 

and erythropoiesis (LaManna, Chavez et al. 2004). In addition, the brain vasculature is 

remarkably plastic, reorganizing in response to changes in blood oxygen content to 

ensure proper tissue perfusion (LaManna, Chavez et al. 2004). In the adult rat, chronic 

mild hypoxia increases brain blood vessel density by nearly double after three weeks 

exposure (LaManna, Vendel et al. 1992). Importantly, chronic mild hypoxia during rat 

postnatal development also increases blood vessel density in neonatal and weanling rats 

(Ogunshola, Stewart et al. 2000). 

 Oxygen signaling in the brain is mediated through prolyl hydroxylase domain 

(PHD) enzymes and hypoxia inducible factor 1, HIF1 (Sharp and Bernaudin 2004). PHD 

activity is both oxygen and Fe-dependent. Under normoxic and Fe-sufficient conditions, 

PHD hydroxylates the cytosolic HIF1α subunit, targeting HIF1α for proteasomal 

degradation. Under hypoxic and/or Fe-deficient conditions, HIF1α is not degraded and 

translocates to the nucleus where it interacts with HIF1β to form a heterodimeric 

transcription factor, HIF1. HIF1 regulates the expression of numerous genes, including 
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many involved in angiogenesis (e.g. Vegfa) or vasculogenesis (e.g. Cxcl12) and specific 

markers of brain vessel endothelial cells (e.g. Glut1).  

 Blood vessel outgrowth in the brain involves both angiogenesis and 

vasculogenesis and requires coordinated signaling events (reviewed in (LaManna, 

Chavez et al. 2004; Dore-Duffy and LaManna 2007; Baburamani, Ek et al. 2012)). One 

of the main regulators of hypoxia-mediated blood vessel outgrowth in the brain is 

vascular endothelial growth factor A, VEGFA. VEGFA expression is upregulated in 

astrocytes and neurons in the brain following hypoxia (Marti and Risau 1998; Ogunshola, 

Stewart et al. 2000). VEGFA interacts with its vascular endothelial cell receptors FLT-1 

and FLK-1 to promote endothelial cell proliferation and migration, ultimately leading to 

new blood vessel extension and branching. Angiopoietin 2, Ang2, expression in the brain 

is upregulated in pericytes and endothelial cells in a non-HIF1 mediated process 

following chronic hypoxia (Pichiule and LaManna 2002). ANG2 interacts with the 

endothelial cell-specific TIE2 receptor to destabilize vessels and promote reorganization 

of the extracellular matrix, allowing VEGFA-mediated angiogenesis to occur (LaManna, 

Chavez et al. 2004; Dore-Duffy and LaManna 2007; Baburamani, Ek et al. 2012). 

Stromal derived factor 1 (Cxcl12/SDF1) is a chemoattractant that is upregulated in 

neonatal astrocytic foot processes and endothelial cells following hypoxic-ischemic 

injury (Miller, Bartley et al. 2005). SDF-1 recruits circulating endothelial progenitor 

cells, expressing the SDF-1 receptor CXCR4, to promote neovasculogenesis at the 

hypoxic site (Ceradini, Kulkarni et al. 2004). Together the upregulation of these signaling 
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proteins under hypoxic conditions results in increased blood vessel growth in the neonatal 

and adult brain (LaManna, Vendel et al. 1992; Ogunshola, Stewart et al. 2000). 

 

Iron and copper deficiencies and tissue hypoxia 

 As discussed above, both Fe and Cu deficiencies result in anemia, a condition 

characterized by reduced blood oxygen carrying capacity due to fewer red blood cells 

and/or reduced red blood cell hemoglobin concentrations. IDA ultimately leads to tissue 

hypoxia and induction of HIF1 signaling (Carlson, Stead et al. 2007; Toblli, Cao et al. 

2012; Tran, Fretham et al. 2012). IDA throughout pregnancy was recently shown to 

induce placental HIF1 protein expression, suggesting a hypoxic environment for the fetus 

(Toblli, Cao et al. 2012). Fetal/neonatal IDA upregulates hippocampal mRNA expression 

of Glut1, Vegfa, and Cxcl12, suggesting increased angiogenesis and vasculogenesis 

(Carlson, Stead et al. 2007). Copper deficiency leads to hypoxia and increased HIF2 

signaling in the rodent duodenum (Matak, Zumerle et al. 2013) but was also shown to 

reduce HIF1 signaling in cell culture (Feng, Ye et al. 2009). Both Fe and Cu deficiencies 

lower rodent brain Fe levels (Lozoff and Georgieff 2006; Pyatskowit and Prohaska 

2008). Since PHDs, and thus HIF signaling, is regulated by both oxygen and Fe status, 

HIF-mediated signaling for angiogenesis and vasculogenesis may be upregulated in the 

Fe- or Cu-deficient brain. The effects of IDA or CDA on the brain vasculature have not 

been assessed, including at the most vulnerable stage, fetal/neonatal development. 

 

Thyroid hormone and brain vasculogenesis 
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 Very little research has been performed to assess the effect of TH deficiency on 

the brain vasculature. In an in vitro rat brain endothelial cell culture system, T4 and T3 

were shown to stimulate Vegfa mRNA and protein expression, endothelial cell 

proliferation, and formation of tube-like structures (Zhang, Cooper-Kuhn et al. 2010). 

Schlenker et al. showed that brain blood vessel density is reduced in severely TH-

deficient adult rats (Schlenker, Hora et al. 2008). Severe developmental TH deficiency 

reduced P21 hippocampal and cortical blood vessel density and branching, which was 

associated with a decrease in cortical Vegfa and Flk1 expression (Zhang, Cooper-Kuhn et 

al. 2010). The neonatal brain vasculature has not been analyzed following mild or 

moderate TH insufficiencies.  

 

Gaps in knowledge and hypotheses 

 Delivery of adequate oxygen and nutrients at the appropriate timing is critical to 

mammalian brain development. The brain vasculature plays a crucial role in this process 

and can be altered by environmental insults such as hypoxia. Fe and Cu deficiencies lead 

to permanent deficits in brain development. However, the molecular mechanisms 

contributing to these derangements are still not completely understood. As introduced 

above, one potential contributing factor is impaired thyroidal status. TH deficiency leads 

to a reduction in brain blood vessel density, while tissue hypoxia increases blood vessel 

density. Although IDA and CDA lead to reduced TH levels and tissue hypoxia, the 

effects of the these conditions on the neonatal brain vasculature is unknown. I 

hypothesized that fetal/neonatal IDA and CDA induce expression of vasculogenesis- and 
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angiogenesis-associated genes, leading to increased blood vessel density in the neonatal 

brain (Chapter 5). The results from this study could open up new avenues of research into 

the mechanisms impairing brain development of Fe- and Cu-deficient children. 
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Chapter 2a – Perinatal iron and copper deficiencies alter neonatal rat 
circulating and brain thyroid hormone concentrations 

 
This chapter was published in: 

Bastian TW, Prohaska JR, Georgieff MK, Anderson GW (2010). Perinatal iron and 
copper deficiencies alter neonatal rat circulating and brain thyroid hormone 
concentrations. Endocrinology 151: 4055-4065. 
 
© The Endocrine Society, 2010 
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 Copper (Cu), iron (Fe), and iodine/thyroid hormone (TH) deficiencies lead to 

similar defects in late brain development, suggesting these micronutrient deficiencies 

share common mechanisms contributing to the observed derangements. Previous studies 

in rodents (post-weanling and adult) and humans (adolescent and adult) indicate Cu and 

Fe deficiencies affect the hypothalamic-pituitary-thyroid (HPT) axis, leading to altered 

TH status. Importantly however, relationships between Fe and Cu deficiencies and 

thyroidal status have not been assessed in the most vulnerable population, the developing 

fetus/neonate. We hypothesized that Cu and Fe deficiencies reduce circulating and brain 

TH levels during development contributing to the defects in brain development 

associated with these deficiencies. To test this hypothesis, pregnant rat dams were 

rendered Cu-, Fe-, or TH-deficient from early gestation through weaning. Serum 

thyroxine (T4) and triiodothyronine (T3), and brain T3 levels, were subsequently 

measured in postnatal day 12 (P12) pups. Copper deficiency reduced serum total T3 by 

48%, serum total T4 by 21% and whole brain T3 by 10% at P12. Iron deficiency reduced 

serum total T3 by 43%, serum total T4 by 67% and whole brain T3 by 25% at P12. Brain 

mRNA analysis revealed that expression of several TH-responsive genes were altered in 

Cu- or Fe-deficient neonates suggesting reduced thyroid hormone concentrations were 

sensed by the Fe- and Cu-deficient neonatal brain. These results indicate that at least 

some of the brain defects associated with neonatal Fe and Cu deficiencies are mediated 

through reductions in circulating and brain TH levels. 
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Introduction 

Dietary micronutrient deficiencies are a significant health problem throughout the 

world, especially in developing countries. The 2008 Copenhagen Consensus Conference 

ranked micronutrient deficiency issues as two of the top three global challenges that if 

solved, would most benefit global welfare (Lomborg 2009). The World Health 

Organization (WHO) estimates that two billion people worldwide, including 31.5% of 

school-age children, have insufficient iodine intake (de Benoist, McLean et al. 2008). 

Iodine deficiency impairs thyroid hormone (TH) synthesis and results in a spectrum of 

disorders including goiter, cretinism, cognitive impairment, and growth retardation. The 

WHO also estimates that over 1.6 billion people suffer from anemia or iron (Fe) 

deficiency, including over 500 million women of childbearing age (McLean, Cogswell et 

al. 2009). Iron deficiency anemia (IDA) results in cognitive impairment, growth 

retardation, impaired immune responses, and poor temperature regulation. Copper 

deficiency is less prevalent than Fe or iodine deficiencies but may contribute to the 

millions of people suffering from non-iron deficient anemia (McLean, Cogswell et al. 

2009). Due to a lack of nutrient diversity in diets in developing countries, millions of 

people are deficient in not just one, but multiple micronutrients (UNICEF 2004). In fact, 

an estimated 20-44% of iodine-deficient goitrous children in North and West Africa also 

suffer from iron-deficient anemia (Zimmermann, Adou et al. 2000; Hess, Zimmermann et 

al. 2002; Zimmermann, Zeder et al. 2002). 

The most striking effect of imbalances in micronutrients such as copper (Cu), iron 

(Fe), and iodine/TH is compromised human intellectual outcome. Interestingly, Cu, Fe, 
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and iodine/TH deficiencies result in similar defects in rodent brain development 

including hypomyelination of axons, aberrant hippocampal structure and function, altered 

brain energy metabolism and altered neuronal signaling (Prohaska and Wells 1975; Hunt 

and Idso 1995; Anderson, Schoonover et al. 2003; Bernal 2005; Lozoff and Georgieff 

2006; Zatta and Frank 2007). In addition, the behavioral and neurochemical 

abnormalities associated with perinatal Cu, Fe, and iodine/TH deficiencies are 

irreversible and persist into adulthood (Bongers-Schokking, Koot et al. 2000; Penland 

and Prohaska 2004; Felt, Beard et al. 2006). These similarities suggest that there may be 

common underlying mechanisms associated with all three deficiencies contributing to the 

observed neurodevelopmental defects.  

Several studies in post-weanling rodents show that Cu and Fe deficiencies impair 

thyroid metabolism. Fe deficiency reduces circulating T4 and T3 concentrations (Beard, 

Green et al. 1984; Beard, Tobin et al. 1989; Beard, Tobin et al. 1990; Hess, Zimmermann 

et al. 2002), peripheral conversion of T4 to T3 (Beard, Tobin et al. 1989; Beard, Tobin et 

al. 1990), TSH response to TRH (Beard, Tobin et al. 1989), and thyroid peroxidase 

(TPO) activity (Hess, Zimmermann et al. 2002). Cu deficiency also reduces circulating 

T4 and T3 concentrations and peripheral conversion of T4 to T3 (Olin, Walter et al. 

1994; Lukaski, Hall et al. 1995). In addition, Cu deficiency reduces serum and brain Fe 

levels which may contribute to the Cu-dependent effect on thyroidal status (Prohaska and 

Gybina 2005).  

Importantly, however, the effects of reduced Fe or Cu levels on the thyroidal 

status of developing mammals during the critical perinatal period of late brain 
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development have not been assessed. Based on the previous human and rodent studies, 

we hypothesized that Cu and Fe deficiencies during perinatal development will reduce 

circulating and brain TH levels. We further hypothesized that the associated reductions in 

brain TH content will affect TH-dependent gene expression and contribute to the 

derangements in brain development observed in Cu and Fe deficient animals. In this 

study we show, for the first time, that both Cu and Fe deficiencies reduce serum total T4 

and T3 concentrations in neonatal rat pups. Iron deficiency also reduced neonatal brain 

T3 content, with associated changes in whole brain mRNA levels of some TH-responsive 

genes.  



 

 45 

Materials and Methods 

Animals and diets. Twenty sperm-positive Sprague-Dawley female rats were 

purchased from Charles River Laboratories (Wilmington, MA). At gestational day 2 (E2) 

five sperm-positive rats were randomly assigned to one of four groups: control, copper 

deficient (CuD), iron deficient (FeD), and 10 mg/L 6-propyl-2-thiouracil (Sigma-Aldrich; 

St. Louis, MO) treatment (PTU).  Beginning at E2, CuD and FeD dams were fed a 

semipurified diet (Harlan Laboratories; Madison, WI) deficient in Cu or Fe, respectively 

(Supplemental Tables 1 & 2). Control and PTU dams were fed a Cu and Fe adequate 

control diet (Supplemental Tables 1 & 2). The rodent diets were based on the AIN-93G 

formulation but modified by the investigators to increase copper, iron, calcium, and 

phosphorous levels to better support reproduction according to the 1995 National 

Research Council guidelines for rats (Supplemental Table 1). Dams in the control, CuD, 

and FeD groups drank deionized water. Beginning at E6, PTU dams were offered 

deionized water containing 10 mg/L PTU. The PTU stock solution was stored in the dark 

and administered to dams in glass amber bottles. Day of birth was designated as postnatal 

day 0 (P0) and at P2 all litters were culled to 10 pups per dam. At P12 two male pups 

from each litter were killed to evaluate several Cu and Fe biomarkers and T4 and T3 

concentrations. Remaining pups were kept with their dams until P24. Dams were killed at 

P25 to evaluate metal and thyroid hormone status.  

Animals were given free access to diet and drinking water throughout the study 

and were housed at constant temperature and humidity on a 12h light:dark cycle. All 

animal studies were conducted in accordance with the principles and procedures outlined 
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Supplemental Table 1: Copper, iron, and zinc content of diets 

Diet Cu (µg/g) Fe (µg/g) Zn (µg/g) 

Control TD.08584 8.83 ± 0.96 84.0 ± 2.01 41.1 ± 0.19 

CuD TD.08585 0.46 ± 0.03 78.3 ± 1.50 43.1 ± 0.68 

FeD TD.08586 7.20 ± 0.60 5.29 ± 0.12 41.2 ± 1.57 

 
Metal content of diets was determined by wet ashing and flame AAS and represents the mean 
± SEM of 3 separate diet samples. 
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Supplemental Table 2: Diet Formulations 

Control Diet Formula (TD.08584) g/kg 
Casein, low Cu & Fe 200.0 

L-Cystine 3.0 

Corn Starch
2
 390.6843 

Maltodextrin 132.0 
Sucrose 107.7 

Soybean Oil 70.0 
Cellulose 50.0 

Vitamin Mix, AIN-93-VX (94047) 10.0 
Choline Bitartate 2.5 

TBHQ, antioxidant 0.014 
Calcium Carbonate 15.75 

Potassium Phosphate, monobasic 10.2 
Potassium Citrate, monohydrate 2.4773 

Sodium Chloride 2.59 
Potassium Sulfate 1.631 
Magnesium Oxide 0.8505 

Zinc Carbonate 0.0578 
Manganous Carbonate 0.0221 

Potassium Iodate 0.0004 
Sodium Selenate 0.0004 

Ammonium Paramolybdate, tetrahydrate 0.0003 
Sodium Meta-Silicate, nonahydrate 0.0508 

Chromium Potassium Sulfate, dodecahydrate 0.0096 
Lithium Chloride 0.0006 

Boric Acid 0.0029 
Sodium Fluoride 0.0022 

Nickel Carbonate Hydroxide, tetrahydrate 0.0011 
Ammonium Meta-Vanadate 0.0002 

Cupric Carbonate
2
 0.0145 

Ferric Citrate
2
 0.44 

 
All diets contain 3.7 kcal/g (19% from protein, 63.7% from carbohydrate, 17.3% from fat). 
The Cu-deficient (CuD) and Fe-deficient (FeD) diet formulas are the same as the control diet 
except the CuD diet (TD.08585) does not contain cupric carbonate and the FeD diet 
(TD.08586) does not contain ferric citrate, with the amount of corn starch adjusted to account 
for the mass of cupric carbonate or ferric citrate removed. 
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in the NIH guide for the Care and Use of Laboratory Animals. The local Institutional 

Animal Care and Use Committee (IACUC) approved these procedures. 

Sample collection. At P12, two male pups from each litter were killed (10 total 

per group). From each pup, trunk blood was collected following decapitation and kept on 

ice until centrifuged to collect serum. Serum was stored at -80°C until analyzed. A 5 µL 

blood sample was removed to determine hemoglobin concentrations. Hearts were 

removed and weighed. The whole liver was removed, rinsed with deionized water, and a 

portion weighed and processed for metal analysis. Brains were removed and bisected at 

the midline. Five half brains for metal analysis were rinsed with deionized water and 

weighed. Five half brains for enzyme analysis and five additional half brains for TH 

analysis were weighed and flash-frozen in liquid nitrogen. Finally, five half brains for 

mRNA analysis were placed immediately into 5 mL RNAlater RNA stabilization reagent 

(Qiagen; Valencia, CA) following the manufacturer’s tissue processing instructions. 

Tissues in RNAlater reagent were placed at 4°C overnight and then transferred to minus 

20°C for storage until RNA extraction. Half brains for metal and enzyme analyses were 

harvested from the same pup and half brains for TH and mRNA analyses were harvested 

from the same pup. 

Copper, iron and zinc analyses. Diet, brains, and liver samples were wet digested 

with HNO3 and the residue was resuspended in 0.1 N HNO3 and analyzed by flame 

atomic absorption spectroscopy (AAS) as previously described (Prohaska 1983). Brain 

Fe content was corrected for blood contamination (Prohaska and Gybina 2005). Serum Fe 
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concentrations were determined by flame AAS after hemoglobin was removed 

(Pyatskowit and Prohaska 2008). 

Biochemical analyses. Hemoglobin concentrations were determined 

spectrophotometrically as metcyanohemoglobin (Prohaska 1983). Serum ceruloplasmin 

activity was measured following oxidation of ο-dianisidine at 37°C (Prohaska 1983). 

Cytochrome c oxidase (CCO) activity was measured spectrophotometrically on fresh 

brain homogenates by monitoring oxidation of ferrocytochrome c at 550 nm (Prohaska 

1983). Total protein levels of brain homogenates were determined using a bicinchoninic 

acid (BCA) protein assay kit (Pierce; Rockford, IL).  

Western Blots. Homogenates of P12 rat brains used for cytochrome c oxidase 

assay were diluted with an equal volume of lysis buffer (0.05 M Tris, pH 8.0, 0.15 M 

NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, and 0.1% SDS) and centrifuged at 

10,000xg for 5 min. Protein content was determined on the supernatant using a modified 

Lowry method (Markwell, Haas et al. 1978). A 25 µg aliquot of protein was subjected to 

SDS-PAGE on either a 15% gel (subunit IV of cytochrome c oxidase, COX IV; copper 

chaperone for superoxide dismutase, CCS; or lactate dehydrogenase, LDH) or a 8% gel 

(transferrin receptor 1, TfR). Description of the transfer, reagents used for incubation, 

antibodies used, and techniques of detection are described elsewhere (Pyatskowit and 

Prohaska 2008). LDH protein levels were assessed for both the 15% and 8% gels as 

loading controls. Densitometry measurements were performed for each band using a 

Kodak Image Station 2000M and Molecular Imaging Software (Kodak; New Haven, 

CT). Each value was normalized to the average of the control values (Figure 3D). 
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Serum and brain thyroid hormone measurements. Serum total T4 and T3 

concentrations were measured using commercially available radioimmunoassay (RIA) 

kits (Siemens Medical Solutions Diagnostics; Los Angeles, CA). The manufacturer’s 

RIA procedure was followed except in-house T3 and T4 calibrators prepared in hormone-

stripped rat serum were used. Stripped rat serum was prepared by incubating 100 ml 

normal rat serum (Millipore; Bedford, MA) spiked with 3 µCi 125I-T4, with 5 g Dowex 

1x8, 50-100 mesh, ion-exchange resin (Sigma-Aldrich; St. Louis, MO) overnight at 4 °C. 

Serum was separated from the resin by filtration and thyroid hormone removal was 

assessed by monitoring gamma count elimination.  

Thyroid hormones were extracted from half brains using a modification of the 

method described by Morreale de Escobar et al. (Morreale de Escobar, Pastor et al. 

1985). Tissue was homogenized in 4 mL methanol containing 1 mM PTU (methanol-

PTU) per gram tissue with a Potter-Elvehjem homogenizer at ~1500 rpm for 10 strokes. 

Homogenates were transferred to a disposable 50 mL polypropylene screw-cap tube and 

100 µL 125I-T4 tracer (0.02 pg/µL in methanol-PTU) was added to each sample to assess 

individual sample percent recoveries. Chloroform was added at double the volume of 

methanol-PTU and samples were mixed by vortexing. The mixture was centrifuged at 

2000 rpm for 15 minutes and the liquid was transferred to a clean 50 mL tube with a 

Pasteur pipet. During this first extraction, the cell particulates generally float on top of the 

liquid and thus the tube was tilted to allow penetration of the pipet to the bottom of the 

tube without disturbing the floating particulate layer. The remaining particulates were 

subjected to two additional extractions by vortexing in 5 mL chloroform:methanol (2:1) 
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per gram tissue, centrifuging at 2000 rpm for 15 minutes, and removing and combining 

the supernatant with the first extract. In the second and third extractions the particulates 

form a pellet. To the combined extracts, 1 mL 0.05% CaCl2 was added for every 5 mL of 

extract. The mixture was vortexed and centrifuged at 2000 rpm for 5 min to separate 

organic and aqueous layers. The upper aqueous layer, containing thyroid hormones, was 

transferred to a clean 50 mL tube. The lower organic layer was re-extracted two more 

times with a volume of pure upper layer (chloroform:methanol:0.05% CaCl2, 3:49:48) 

equal to the amount of upper layer removed in the previous step. The combined extracted 

upper layers were subjected to rotary evaporation to remove the remaining chloroform 

and methanol. The aqueous mixture was transferred to a clean 50 mL tube, shell-frozen 

using a dry ice/ethanol bath, and evaporated to complete dryness by lyophilization. Each 

lyophilized sample was resuspended in 500 µL stripped rat serum and T3 content was 

measured using the modified serum total T3 RIA kit described above. 

Brain mRNA analysis. Total RNA was extracted from half brains using the 

Qiagen RNeasy Maxi kit (Qiagen; Valencia, CA) according to the manufacturer’s 

protocol. The optional on-column digestion of DNA with DNase was performed. RNA 

integrity and purity was established spectrophotometrically and by RNA gels. cDNA was 

synthesized from 2 µg total RNA using SuperScript III First-Strand Synthesis SuperMix 

and random hexamers (Invitrogen; Carlsbad, CA) in a reaction volume of 40 µL. For 

Dio2, Rc3, Hr, Pvalb, Mbp, Mobp, Fth1, Cox IV, and Gapdh, quantitative real-time 

polymerase chain reaction (qRT-PCR) was performed using a LightCycler FastStart 

DNA Master SYBR Green I kit and a Roche LightCycler (Roche Applied Science, 
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Indianapolis, IN) or Corbett RotorGene RG-3000 (Qiagen; Valencia, CA). Primer pairs 

for these genes are described in Supplemental Table 3. PCR reactions were performed on 

cDNA equivalent to 80 ng of total RNA according to the manufacturer’s protocol except 

that a final volume of 10 µl was used. Threshold cycle (CT) values were determined in the 

log-linear amplification phase using the qRT-PCR machine’s software. Relative mRNA 

levels were calculated relative to an internal standard cDNA sample. qRT-PCR for Bdnf 

IV and Egr1 was performed on cDNA equivalent to 20 ng of total RNA, as previously 

described (Tran, Fretham et al. 2009).   

Statistical analysis. One-way analysis of variance (ANOVA) was used for making 

statistical comparisons between treatment groups. Bartlett’s test was used to assess 

homogeneity of variances. When variances were equal across groups, Tukey’s multiple 

comparison test was used. When variances were unequal, data were ln transformed and 

then Tukey’s multiple comparison test was used. When ln transformation did not 

normalize the variances Scheffe’s multiple comparison test was used on the 

untransformed data. All data are presented as mean ± SEM. Statistical analyses and data 

graphing were carried out using Prism (GraphPad Software; La Jolla, CA) or 

Kaleidagraph (Synergy Software; Reading, PA) software packages. An α = 0.05 was 

chosen to define significant differences. 
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Supplemental Table 3: qPCR primer sequences 

Gene NCBI GenBank ID qPCR Primer Sequences Position Product length (bp) 

Pvalb NM_022499.2 F: 5’-AGCCTTTACTGCTGCAGACTCCTT-3’ 
R: 5’-AGCTCATCCTCCTCAATGAAGCCA-3’ 

63-86 
203-180 141 

Hr NM_024364.2 F: 5’-TGGCCCTTGTAGGAAATGTCAGGA-3’ 
R: 5’-TTTCAGCTTGGTGTGATGGCTTGG-3’ 

1469-1492 
1592-1569 124 

Mbp NM_001025291.1 F: 5’-GACTCACACACGAGAACT-3' 
R: 5’-CCAGCTAAATCTGCTGAG-3' 

333-350 
497-480 165 

Mobp NM_012720.1 F: 5’-TTCACCTTCCTCAACTCCAAGCGT-3’ 
R: 5’-TGCTCCTCCTTCTCAATCTGGTCT-3’ 

201-224 
336-313 136 

Dio2 NM_031720.3 F: 5’-GAAGGACTACGCTGTGTCTGGAAC-3’ 
R: 5’-TCGCTGAACCAAAGTTGACCAC-3’ 

735-758 
948-927 214 

Rc3 NM_024140.2 F: 5’-TGCTCCAAGCCAGACGACGATATT-3' 
R: 5’-GGCCACACTCTCCACTCTTTATCT-3' 

274-297 
406-283 133 

Fth1 NM_012848.1 F: 5’-TGATGTGGCCCTGAAGAACTTTGC-3’ 
R: 5’-AGTGCACACTCCATTGCATTCAGC-3’ 

135-158 
314-291 180 

Cox IV J05425.1 F: 5’-GCACATGGGAGTGTTGTGAAGAGT-3’ 
R: 5’-TTTCTCATCCTGGAAAGGCTGCT-3’ 

67-90 
234-211 168 

Ftl NM_022500.3 F: 5’-TTTGATCGGGATGACGTGGCTTTG-3’ 
R: 5’-ATGGCTTCTGCACATCCTGGAAGA-3’ 

112-135 
256-233 145 

Gapdh NM_017008 F: 5’-TGCACCACCAACTGCTTAGC-3' 
R: 5’-GGCATGGACTGTGGTCATGAG-3’ 

524-543 
610-590 87 

      
Genes: Type II deiodinase, Dio2; Parvalbumin, Pvalb; Myelin basic protein, Mbp; Myelin-
associated oligodendrocyte basic protein, Mobp; Hairless, Hr; Neurogranin, Rc3; Ferritin H, 
Fth1; Cytochrome c oxidase subunit IV, CoxIV; Glyceraldehyde 3-phosphate dehydrogenase, 
Gapdh; Ferritin L, Ftl. F = Forward, R = Reverse 
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Results 

Establishing copper and iron deficiencies in rat dams and pups. Copper 

deficiency was confirmed in CuD dams as measured by significant reductions in liver Cu 

content and serum ceruloplasmin activity (Table 1). Iron deficiency was confirmed in 

FeD dams as measured by significant reductions in liver Fe, serum Fe, and hemoglobin 

levels (Table 1). Thyroid hormone deficiency was confirmed in PTU-treated dams as 

determined by measured reductions in serum total T4 and T3 (Table 1) and increased 

thyroid gland weights (data not shown). Serum total T3 concentrations were reduced by 

28% in FeD dams and serum total T4 concentrations were increased by 56% in CuD 

dams (Table 1). Litter sizes from each treatment group were similar (data not shown).  

To evaluate Cu and Fe status of P12 pups, several characteristics were measured 

(Table 2 and Figure 1). Blood hemoglobin and serum Fe concentrations were decreased 

in both CuD and FeD pups (Table 2). Serum ceruloplasmin activity, a measure of Cu 

status, was reduced in CuD pups compared to controls (Table 2). Liver and brain Fe and 

Cu levels, as expected, were reduced in CuD pups (Figure 1A and 1C) and liver and brain 

Fe levels were reduced in FeD pups (Figure 1B and 1D). Brain Cu content was higher in 

FeD pups (Figure 1C). Together these data demonstrate that Fe and Cu deficiencies were 

generated in P12 pups nursing on dams fed nutritionally restricted diets. 

Effects of Cu and Fe deficiency on thyroidal status. To determine whether 

gestational and lactational Fe or Cu deficiency affect neonatal thyroidal status, serum 

total T4 and T3 were measured (Figure 2). Both serum total T4 and T3 were decreased in 

PTU pups, indicating these animals are TH-deficient (Figure 2A and 2B). Interestingly, 
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Table 1: Copper, iron, and thyroid hormone status of rat dams 

Characteristic Control CuD FeD PTU 
Body Weight, g 319 ± 14.2

a
 275 ± 10.4

a
 317 ± 22.9

a
 294 ± 5.8

a
 

Hemoglobin, g/L 187 ± 3.15
a
 174 ± 4.42

a
 131 ± 4.97

b
 171 ± 5.97

a
 

Serum Fe, µg/mL 4.97 ± 0.94
a,c

 3.05 ± 0.06
a,b

 1.49 ± 0.22
b
 5.63 ± 0.25

c
 

Ceruloplasmin, U/L 337 ± 23.9
a
 < 0.30

b
 393 ± 37.2

a
 334 ± 21.8

a
 

Liver Fe, µg/g 184 ± 23.8
a
 147 ± 36.2

a
 1.88 ± 0.20

b
 159 ± 65.5

a
 

Liver Cu, µg/g 3.59 ± 0.10
a,c

 1.07 ± 0.26
b
 5.41 ± 0.74

a
 3.25 ± 0.25

c
 

Serum TT4, ng/mL 31.4 ± 1.64
a
 49.9 ± 2.32

b
 30.3 ± 3.76

a
 6.19 ± 0.77

c
 

Serum TT3, ng/dL 43.5 ± 5.65
a
 41.5 ± 8.67

a
 31.3 ± 1.91

a,b
 14.0 ± 3.31

b
 

 
Data are presented as the mean ± SEM (n = 5 for control, FeD, and PTU; n = 4 for CuD). 
Unlike superscripts within a specific row indicate a statistical difference (p < 0.05) by one-way 
ANOVA and Tukey’s or Scheffe’s multiple comparison test. One CuD dam and her pups were 
excluded from data analysis because this dam ate several pups and serum ceruloplasmin 
activity, liver Cu content, and P12 brain Cu content were significantly higher in this cohort 
compared to others from the CuD group. 

 
 
 
 



 

 56 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Table 2: Characteristics of P12 rat pups following perinatal copper deficiency, 
iron deficiency, or PTU treatment 

 

Characteristic Control CuD FeD PTU 
Body Weight, g 31.8 ± 0.92

a
 26.9 ± 0.38

b
 22.2 ± 0.65

c
 26.1 ± 0.31

b
 

Heart:body weight, mg/g 5.31 ± 0.09
a,c

 6.50 ± 0.35
a
 11.3 ± 0.63

b
 4.13 ± 0.09

c
 

Brain:body weight, mg/g 35.4 ± 1.10
a
 43.4 ± 1.11

b
 44.8 ± 0.80

b
 43.8 ± 0.73

b
 

Hemoglobin, g/L 112 ± 1.55
a
 87.0 ± 2.28

b
 51.2 ± 1.86

c
 133 ± 3.02

d
 

Serum Fe, µg/mL 1.53 ± 0.13
a
 0.63 ± 0.05

b
 0.42 ± 0.05

b
 2.22 ± 0.13

c
 

Ceruloplasmin, U/L 55.4 ± 6.63
a
 < 0.3

b
 40.3 ± 3.57

a
 52.8 ± 1.97

a
 

 
Data are presented as the mean ± SEM (n = 4 – 10). Unlike superscripts within a specific row 
indicate a statistical difference (p < 0.05) by one-way ANOVA and Tukey’s or Scheffe’s 
multiple comparison test. 

 
 
 



 

 57 

 
 
 
 
 
 
 

 
 
 
 

 
 

 
Figure 1: Copper and iron content of P12 pup brains and livers. (A) Liver Cu content. (B) 
Liver Fe content. (C) Brain Cu content. (D) Brain Fe content. Copper and iron content was 
measured in livers and half brains from P12 male pups (n = 5 for control, FeD, and PTU; n = 4 
for CuD; for liver Fe measurement n = 4 for PTU) by flame AAS. Data are presented as the 
mean ± SEM. Bars with unlike letters indicate a statistical difference (p < 0.05) by one-way 
ANOVA and Tukey’s or Scheffe’s multiple comparison test. 
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Cu deficiency reduced serum total T4 by 21% (p = 0.06) and iron deficiency reduced 

serum total T4 by 67% compared to controls in P12 pups (Figure 2A). In addition both 

Cu deficiency (48% reduction) and Fe deficiency (43% reduction) significantly reduced 

serum total T3 concentrations (Figure 2B).  

Given the significant reductions in circulating total T4 and T3 concentrations in 

CuD and FeD pups, we hypothesized that Cu and Fe deficiencies may also reduce T3 

content in the developing brain. To test this hypothesis we extracted thyroid hormones 

from half brains of P12 pups and measured T3 content. Brain T3 content was reduced by 

10% in CuD pups (not statistically significant), 25% in FeD pups, and 97% in PTU pups 

compared to controls (Figure 2C).  

Brain biochemical measures of Cu, Fe, and TH deficiencies. Perinatal Cu, Fe, and 

TH deficiencies were all previously shown to reduce brain cytochrome c oxidase (CCO) 

activity (Prohaska and Wells 1975; Vega-Nunez, Menendez-Hurtado et al. 1995; de 

Ungria, Rao et al. 2000). As expected, brain CCO activity was 42% reduced in CuD pups 

(Figure 3A). However, brain CCO activity was only slightly reduced in FeD and PTU 

pups (Figure 3A). Brain cytochrome c oxidase subunit IV (Cox IV) mRNA levels were 

also measured since TH deficiency was previously shown to reduce Cox IV brain 

transcript levels (Vega-Nunez, Menendez-Hurtado et al. 1995). However, whole brain 

Cox IV mRNA levels were not significantly altered by PTU treatment, Cu deficiency, or 

Fe deficiency (Figure 3B). To further evaluate the impact on CuD and FeD brains, 

western blots were performed for Cox IV, copper chaperone for superoxide dismutase 

(CCS), and transferrin receptor 1 (TfR) proteins (Figure 3C & 3D). Cox IV protein levels 
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Figure 2: Perinatal copper and iron deficiencies lead to altered serum and brain TH 
levels. (A) Serum total T4. (B) Serum total T3. Serum was harvested from P12 male pups (n = 
10 for control, FeD, and PTU; n = 8 for CuD).  (C) Brain total T3. Half brains were harvested 
from P12 male pups (n = 5 for control, FeD, and PTU; n = 4 for CuD). Data are presented as 
the mean ± SEM. Bars with unlike letters indicate a statistical difference (p < 0.05) by one-
way ANOVA and Tukey’s or Scheffe’s multiple comparison test. Similar results were 
obtained from a second independent study (data not shown). 
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Figure 3: Perinatal copper or iron deficiencies alter P12 brain proteins. (A) Brain 
cytochrome c oxidase (CCO) activity. Half brains were harvested from P12 male pups (n = 5 
for control, FeD, and PTU; n = 4 for CuD). (B) Brain CCO mRNA analysis. Half brains were 
harvested from P12 male pups (n = 5 for control, FeD, and PTU; n = 4 for CuD). Quantitative 
real-time PCR was performed for cytochrome c oxidase subunit VI (Cox IV). (C) Brain COX 
IV, CCS, and TfR protein analysis. Western blots were performed on brain homogenates for 
the indicated proteins. Lactate dehydrogenase (LDH) protein levels were measured as a 
loading control for both the 15% and 8% gels. The LDH blot for the 15% gel is shown. A 
similar result was obtained for LDH with the 8% gel. (D) Quantification of densities of COX 
IV, CCS, TfR immunoblot bands in (C) relative to the control mean. Data are presented as the 
mean ± SEM. Bars with unlike letters indicate a statistical difference (p < 0.05) by one-way 
ANOVA and Tukey’s or Scheffe’s multiple comparison test. 
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were reduced and CCS protein levels were increased in CuD brains, demonstrating a 

functional reduction in brain Cu content. Cox IV and CCS protein levels were not altered 

in FeD brains. TfR protein levels were increased in FeD brains, demonstrating a 

functional reduction in brain Fe concentration. TfR protein levels were not altered in CuD 

brains, despite a trend towards reduced brain Fe content (Figure 1D). Lactate 

dehydrogenase (LDH) protein levels, measured as a loading control, were not altered by 

dietary treatments. 

Effect of PTU-treatment and Cu and Fe deficiencies on brain mRNA expression of 

TH-responsive genes. We hypothesized that the reductions in circulating and brain TH 

levels observed in Cu and Fe deficiencies may affect TH-responsive gene expression in 

the developing brain. As an initial test of this hypothesis, total RNA was extracted from 

half brains of P12 pups, cDNA was synthesized, and qRT-PCR was performed for 

several genes known to be TH-responsive in the developing brain. Some of these genes 

were also previously shown to be Fe-responsive in the developing brain. However, 

expression of these genes in Cu-deficient, Fe-deficient, and TH-deficient brains has never 

been directly compared. The mRNA expression of many, but not all, genes was altered in 

P12 PTU brains, as shown in Figure 4 and discussed below. Cu and Fe deficiencies 

resulted in trends towards altered mRNA expression for several genes as shown in Figure 

4, however no changes were statistically significant.  

Type II deiodinase, Dio2, mRNA expression is negatively regulated by brain T3 

levels in several regions of the developing brain (Guadano-Ferraz, Escamez et al. 1999). 

In addition, we recently reported that Fe deficiency up-regulates Dio2 mRNA levels in 
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Figure 4: The effect of perinatal iron and copper deficiency on TH-responsive brain gene 
expression. Half brains were harvested from P12 male pups (n = 5 for control, FeD, and PTU; 
n = 4 for CuD), total RNA was extracted, and cDNA was synthesized from 2 µg of RNA. 
Quantitative real-time PCR was performed for several TH-responsive genes. (A) Type II 
deiodinase, Dio2; (B) Parvalbumin, Pvalb;  (C) Myelin basic protein, Mbp; (D) Myelin-
associated oligodendrocyte basic protein, Mobp; (E) Brain-derived neurotrophic factor isoform 
IV, Bdnf IV; (F) Hairless, Hr; (G) Early growth response factor 1, Egr1; (H) Neurogranin, Rc3; 
(I) Ferritin H, Fth1. qRT-PCR was also performed on one housekeeping gene, (J) 
Glyceraldehyde 3-phosphate dehydrogenase, Gapdh. Relative mRNA levels are calculated 
relative to an internal control sample. Data are presented as the mean ± SEM. Bars with unlike 
letters indicate a statistical difference (p < 0.05) by one-way ANOVA and Tukey’s or 
Scheffe’s multiple comparison test. 
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the P15 hippocampus (Carlson, Stead et al. 2007). In keeping with these previous 

findings, P12 whole brain Dio2 mRNA levels were increased 34% in PTU pups  (p = 

0.12) and 37% in FeD pups (p = 0.08) compared to controls (Figure 4A). Although 

individual comparisons were not statistically significant for Dio2, the overall ANOVA 

was significant (p = 0.03). Parvalbumin, Pvalb, mRNA expression is down-regulated in 

the cortex of P14 hypothyroid rat brains (Royland, Parker et al. 2008) and in P21 Fe-

deficient whole brains (Clardy, Wang et al. 2006). In agreement with these studies, P12 

whole brain Pvalb mRNA expression levels were decreased 72% in PTU pups, 36% in 

FeD pups, and 27% in CuD pups (Figure 4B). The brain Pvalb mRNA expression levels 

for PTU, FeD, and CuD pups correlate well with the observed reductions in brain T3 

content. Myelin basic protein, Mbp, mRNA expression is down-regulated in the cortex, 

hippocampus, and whole brain of developing hypothyroid rats (Schoonover, Seibel et al. 

2004; Kobayashi, Akune et al. 2009), in P21 Fe-deficient rat brains (Clardy, Wang et al. 

2006), and in the cerebral cortex of the developing human Menkes disease (Cu-deficient) 

brain (Liu, Chen et al. 2005). In keeping with previous work, P12 Mbp mRNA levels 

were reduced 46% in PTU brains, 31% in CuD brains, and 19% in FeD brains (Figure 

4C). Myelin associated oligodendrocyte basic protein, Mobp, expression is down-

regulated in the cortex and hippocampus of P14 hypothyroid rat brains (Schoonover, 

Seibel et al. 2004; Kobayashi, Akune et al. 2009) and in P21 Fe-deficient rat brains 

(Clardy, Wang et al. 2006). Mobp brain mRNA levels were reduced 42% in PTU pups 

and 18% in CuD pups (Figure 4D). Brain derived neurotrophic factor isoform IV, Bdnf 

IV, mRNA is down-regulated in the P15 hypothyroid rat cerebellum (Koibuchi, Fukuda et 
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al. 1999) and in the P15 Fe-deficient rat hippocampus (Tran, Carlson et al. 2008). P12 

Bdnf IV mRNA expression levels were decreased 12% in PTU brains, 23% in FeD brains, 

and 21% in CuD brains (Figure 4E). Early growth response factor 1, Egr1, mRNA is 

down-regulated in the developing hypothyroid rat cortex (Pipaon, Santos et al. 1992; 

Royland, Parker et al. 2008) and hippocampus (Kobayashi, Akune et al. 2009) and in the 

P15 Fe-deficient rat hippocampus (Tran, Carlson et al. 2008). As expected, Egr1 mRNA 

levels were decreased 27% in P12 PTU brains (p < 0.05), however, P12 whole brain Egr1 

mRNA levels were not altered by Cu or Fe deficiencies in this dietary model (Figure 4G).  

We also assessed the brain mRNA expression of several known TH-responsive 

genes that have not previously been examined in Fe or Cu deficiencies during brain 

development. Ferritin heavy polypeptide 1, Fth1, mRNA expression is transiently down-

regulated in developing hypothyroid brains (Levenson and Fitch 2000) but to our 

knowledge Fth1 mRNA has not been assessed in the developing Fe- or Cu-deficient 

brain. Neither PTU treatment nor Cu deficiency affected P12 brain Fth1 mRNA levels 

but Fe deficiency increased P12 brain Fth1 mRNA levels by 26% (Figure 4I). Hairless, 

Hr, mRNA expression is down-regulated in the developing hypothyroid rat cortex, 

hippocampus (Potter, Zarach et al. 2002; Royland, Parker et al. 2008), and cerebellum 

(Thompson 1996). As expected, Hr mRNA levels were decreased 69% in P12 PTU 

brains (Figure 4F). Hr mRNA levels were also 19% and 12% reduced in P12 FeD and 

CuD brains, respectively (Figure 4F). Neurogranin, Rc3, mRNA levels are down-

regulated in the developing hypothyroid cortex (Iniguez, De Lecea et al. 1996) and 

striatum (Iannacone, Yan et al. 2002). In keeping with these studies, Rc3 mRNA levels 
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were decreased 27% in P12 PTU brains (Figure 4H). Interestingly, Rc3 mRNA levels 

were 18% higher in P12 FeD brains (Figure 4H). Brain mRNA expression of 

glyceraldehyde 3-phosphate dehydrogenase, Gapdh, was measured as a control gene. 

Gapdh mRNA levels were not altered in P12 CuD, FeD, or PTU brains (Figure 4J). 
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Discussion 

Iodine and Fe deficiencies pose significant global health problems. The major 

impact of these deficiencies early in life is a failure to reach full cognitive potential in 

adulthood due to deleterious effects on the developing brain. Recent studies show that 

both Fe and Cu deficiencies impair thyroid function in adolescent, and adult humans and 

rodents. Interestingly, perinatal Fe, Cu, and TH deficiencies exert similar molecular, 

cellular, and behavioral impacts on brain development. However, the effects of Fe and Cu 

deficiencies on thyroid function and their potential interactions have not previously been 

assessed in the developing neonatal brain. 

We have now determined whether rat thyroid hormone status is impaired during 

perinatal Cu and Fe deficiencies. Perinatal Fe and Cu deficiencies reduced serum total T4 

and T3 concentrations in nursing neonatal rats (Figure 2A & B). This result is consistent 

with previous studies in post-weanling young adult Cu- or Fe-deficient rats also 

demonstrating reductions in circulating T4 and T3 concentrations (Beard, Green et al. 

1984; Beard, Tobin et al. 1989; Beard, Tobin et al. 1990; Olin, Walter et al. 1994; 

Lukaski, Hall et al. 1995; Hess, Zimmermann et al. 2002). The significant reduction in 

both serum total T4 and T3 concentrations suggests that perinatal Cu and Fe deficiencies 

inhibit production of T4 and T3 at the thyroid gland, peripheral metabolism of T4 and T3, 

or both. Hess et al. recently demonstrated that Fe deficiency in post-weanling young 

adult rats reduces activity of the Fe-containing enzyme thyroid peroxidase (TPO) (Hess, 

Zimmermann et al. 2002). In addition, perinatal Cu deficiency reduces serum Fe 

concentration (Prohaska and Gybina 2005) (Table 2). Therefore, low thyroid gland Fe 
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content resulting in reduced TPO activity, may explain the low circulating T4 and T3 

concentrations observed in Cu- and Fe-deficient neonatal pups. Studies in post-weanling 

young adult rats have also demonstrated that Cu and Fe deficiencies impair peripheral 

conversion of T4 to T3, possibly through reduced hepatic type I deiodinase (D1) or 

brown adipose tissue (BAT) D2 activities (Beard, Tobin et al. 1989; Beard, Tobin et al. 

1990; Olin, Walter et al. 1994; Lukaski, Hall et al. 1995). In addition increased peripheral 

type III deiodinase (D3) activity or increased T4 and T3 clearance could also contribute 

to the reduced serum T3 concentrations observed in our study.  

Perinatal Cu and Fe deficiencies may also disrupt central control of the HPT axis. 

In post-weanling iron-deficient rats, plasma TSH concentrations are reduced and TSH 

response to exogenous TRH injection is blunted (Beard, Tobin et al. 1989), suggesting a 

defect at the anterior pituitary. In Cu-deficient adult rats this is not the case, as 

intravenous injection of exogenous TRH results in normal pituitary TSH release into the 

serum (Allen, Hassel et al. 1982). Interestingly, Cu deficiency may regulate TRH activity 

through the activity of the cuproenzyme peptidylglycine α-amidating monooxygenase 

(PAM). PAM is involved in the biosynthesis of α-amidated peptides including TRH and 

requires two Cu atoms for maximal amidating activity (Kulathila, Consalvo et al. 1994). 

Therefore, reduced hypothalamic Cu content may result in reduced TRH activity. 

Whole brain T3 content was also significantly reduced in Fe-deficient neonatal 

rats (Figure 2C). To our knowledge this is the first study showing that Fe deficiency 

alters brain TH content. This result, along with the reduced circulating TH concentrations 

observed in Cu- and Fe-deficient neonatal rats, suggests that altered thyroidal status may 



 

 68 

contribute to the neurodevelopmental defects associated with Cu and Fe deficiencies. 

Importantly, a series of recent studies by Gilbert and colleagues demonstrated that even 

mild perturbations to the thyroid axis exert deleterious effects on the developing rat brain 

(Sui and Gilbert 2003; Sui, Anderson et al. 2005; Gilbert and Sui 2006). A perinatal 3-

ppm PTU treatment altered several measures of synaptic transmission and plasticity in 

area CA1 of the P30 rat hippocampus despite only 36% reduced serum T3 concentration 

(Sui and Gilbert 2003). Additional studies found that hippocampal impairments 

associated with 3-ppm PTU treatment persisted into adulthood when pups were removed 

from PTU treatment at weaning (Sui, Anderson et al. 2005; Gilbert and Sui 2006). 

Although brain T3 content was not measured in these previous studies, comparison of 

serum T3 concentrations indicate that Cu and Fe deficiencies impair the thyroid axis to a 

similar level as a 3-ppm PTU treatment. Thus, reduced serum total T4 and T3 and brain 

T3 levels in nursing Cu- and Fe-deficient neonatal pups likely contribute to 

developmental defects associated with these deficiencies. 

The molecular basis of TH action in the developing brain is predominately at the 

nuclear level where T3 regulates brain gene transcription (Oppenheimer and Schwartz 

1997). Therefore, we predicted that TH-regulated brain gene mRNA levels would be 

altered in Fe-deficient neonatal brains. Our previous data demonstrated that perinatal Fe 

deficiency increases Dio2 mRNA levels in the P15 hippocampus (Carlson, Stead et al. 

2007). Interestingly, although not statistically significant, whole brain Dio2 mRNA levels 

were up-regulated to a similar extent in both PTU and FeD brains (Figure 4A). This result 

indicates that Fe-deficient neonatal rat brains are sensing reduced T3 content and attempt 
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to maintain adequate brain T3 by up-regulating Dio2 expression, thereby increasing local 

T4 to T3 conversion. These data also suggest that a 25% reduction in brain T3 content 

induces a maximal increase in Dio2 mRNA expression. Interestingly, Pvalb mRNA 

expression levels in CuD, FeD, and PTU brains correlate with brain T3 content (Figure 

4B and 2C). This suggests that expression of Pvalb mRNA during brain development 

may be dose-dependent and sensitive to small reductions in brain T3 content. In keeping 

with this, Royland et al. found that P14 Pvalb cortex mRNA levels were decreased in a 

dose-dependent manner by graded levels of PTU-treatment (Royland, Parker et al. 2008). 

Mbp and Bdnf IV mRNA levels also showed a trend towards reduction in both CuD and 

FeD brains (Figure 4C & E). Fe deficiency was previously shown to reduce Pvalb 

(Clardy, Wang et al. 2006), Mbp (Clardy, Wang et al. 2006), Mobp (Clardy, Wang et al. 

2006), Bdnf IV (Carlson, Stead et al. 2007), and Egr1 (Carlson, Stead et al. 2007) 

neonatal rat brain mRNA levels. TH deficiency was previously shown to reduce Mbp 

(Schoonover, Seibel et al. 2004; Kobayashi, Akune et al. 2009), Bdnf IV (Koibuchi, 

Fukuda et al. 1999), Fth1 (Levenson and Fitch 2000), and Rc3 (Iniguez, De Lecea et al. 

1996; Iannacone, Yan et al. 2002) neonatal rat brain mRNA levels. However, statistically 

significant reductions were not observed for these genes in this study. One explanation 

for this discrepancy is that many of the previous studies were performed using discrete 

brain regions whereas this study was performed on whole brain RNA. For example, Bdnf 

IV mRNA is down-regulated in the P15 hypothyroid rat cerebellum (Koibuchi, Fukuda et 

al. 1999) and in the P15 Fe-deficient rat hippocampus (Tran, Carlson et al. 2008). 

However, in our study changes in Bdnf IV mRNA expression in a particular brain region 
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may have been overwhelmed by a lack of Fe- or TH-dependent regulation in the 

remainder of the brain. Future studies focusing on discrete brain regions are warranted. 

This is the first study utilizing a new rodent diet to achieve Cu and Fe deficiency, 

thus comparison to previous findings merits comment. Our previous work demonstrated 

that perinatal Cu deficiency reduces neonatal brain Fe content and concomitantly 

increases brain TfR protein levels (Prohaska and Gybina 2005; Pyatskowit and Prohaska 

2008). In the current study brain Fe content in P12 CuD pups trended downward but 

brain TfR protein levels were not increased (Figure 1 and Figure 3C & D). This 

discrepancy may be explained by the increased Fe content of the new Cu-deficient diet 

compared to diets used in previous studies. In addition, the effect of Fe deficiency on 

neonatal brain Fth1 and Ftl expression has not previously been studied. In this study, 

brain Ferritin H, Fth1, mRNA levels were upregulated in FeD pups (Figure 4I), while 

brain Ferritin L, Ftl, mRNA levels were not altered (data not shown).  In post-weanling 

rats, Fe deficiency does not alter brain Fth1 or Ftl mRNA expression but does decrease 

Ferritin H and L protein levels (Han, Day et al. 2000). Logically, Ferritin protein 

expression should decrease in Fe deficiency since Ferritin is involved in Fe storage and is 

IRE regulated. However, Ferritin H may also function in Fe delivery to oligodendrocytes 

(Hulet, Heyliger et al. 2000). In addition, only Fe/Ferritin H positive oligodendrocytes 

express MBP (Blissman, Menzies et al. 1996), indicating that Ferritin H expression is 

important for myelination. Therefore, upregulation of Fth1 mRNA expression in the 

developing Fe-deficient brain may reveal an attempt to deliver more Fe to 

oligodendrocytes to maintain myelination. Previous studies have demonstrated that Cu 
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and Fe interact in multiple ways. Cu deficiency increases liver Fe content and decreases 

serum and brain Fe levels ((Prohaska and Gybina 2005; Pyatskowit and Prohaska 2008) 

and this study). Fe deficiency also affects Cu homeostasis as evidenced by increased liver 

and brain Cu content in Fe-deficient rat dams and neonates ((Sherman and Tissue 1981; 

Garcia, Gellein et al. 2007) and this study) and decreased liver Cu content in Fe-deficient 

fetuses (Gambling, Dunford et al. 2004).  

Cu, Fe, and TH deficiencies were all previously shown to reduce brain 

cytochrome c oxidase (CCO) activity (Prohaska and Wells 1975; Vega-Nunez, 

Menendez-Hurtado et al. 1995; de Ungria, Rao et al. 2000). Consistent with previous 

reports, Cu deficiency reduced brain CCO activity (Figure 3A). However, Fe deficiency 

and PTU treatment did not significantly alter brain CCO activity. This result suggests that 

while Fe and TH may play a role in CCO activity in discrete brain regions (Vega-Nunez, 

Menendez-Hurtado et al. 1995; de Ungria, Rao et al. 2000), brain Cu content is the 

critical determinant of global brain CCO activity. We also observed that while both Cu 

and Fe deficiencies reduced pup hemoglobin concentrations and lead to development of 

heart hypertrophy, PTU treatment conversely increased pup hemoglobin concentrations 

and decreased heart size (Table 2). These observations demonstrate that Cu and Fe exert 

physiological roles independent of thyroidal effects. 

The interactions between Cu, Fe, and TH may have serious implications for 

human health. An estimated 20-44% of iodine-deficient goitrous children in North and 

West Africa also suffer from iron-deficient anemia (IDA) (Zimmermann, Adou et al. 

2000; Hess, Zimmermann et al. 2002; Zimmermann, Zeder et al. 2002). In these children, 
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Fe repletion improves the efficacy of iodine supplementation resulting in decreased 

thyroid volume and goiter prevalence (Zimmermann, Adou et al. 2000; Hess, 

Zimmermann et al. 2002; Zimmermann, Zeder et al. 2002). These studies demonstrate the 

importance of Fe for normal thyroid function in school-age children. An important 

unanswered question is whether IDA compounds the deleterious effects of iodine/TH 

deficiency earlier in development. A recent study in pregnant Swiss women showed that 

low maternal body Fe stores are correlated with increased circulating TSH and decreased 

circulating T4 concentrations (Zimmermann, Burgi et al. 2007). Altered maternal 

thyroidal status, including hypothyroxinemia, is associated with impaired neurological 

development of the offspring (Haddow, Palomaki et al. 1999; Pop, Kuijpens et al. 1999; 

Berbel, Mestre et al. 2009). Thus, the study in pregnant Swiss women suggests IDA may 

compound the deleterious effects of iodine/TH deficiency during human brain 

development.   

Due to a lack of nutrient diversity in diets in developing countries, millions of 

people are deficient in not just iodine and iron but multiple other micronutrients as well 

(UNICEF 2004). Deficiencies in selenium, zinc, and vitamin A also adversely affect 

thyroidal status (Hess and Zimmermann 2004). In addition, people living in developing 

countries are often exposed to dietary goitrogens, such as thiocyanate precursors in 

cassava, on a daily basis. During development, when micronutrients and THs are in high 

demand, combinations of micronutrient deficiencies and dietary goitrogens may create a 

more severe insult to the thyroid axis. The recent finding that maternal hypothyroxinemia 
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adversely affects offspring brain development highlights the importance of eliminating all 

possible threats to normal thyroid function during all stages of development. 
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Chapter 2b – Maternal iron supplementation attenuates the impact of 
perinatal copper deficiency but does not eliminate 

hypotriiodothyroninemia nor impaired sensorimotor development 
 

This chapter was published in: 

Bastian TW, Lassi KC, Anderson GW, Prohaska JR (2011). Maternal iron 
supplementation attenuates the impact of perinatal copper deficiency but does not 
eliminate hypotriiodothyroninemia nor impaired sensorimotor development. J Nutr 
Biochem 22: 1084-1090. 
 
© Elsevier Inc., 2011 
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 Copper (Cu), iron (Fe), and iodine/thyroid hormone (TH) deficiencies disrupt 

brain development. Neonatal Cu deficiency causes Fe deficiency and may impact 

thyroidal status.  One purpose of these studies was to determine the impact of improved 

iron status following Cu deficiency by supplementing the diet with iron.  Cu deficiency 

was produced in pregnant Holtzman (Exp. 1) or Sprague Dawley (Exp. 2) rats using two 

different diets. In Exp. 2, dietary Fe content was increased from 35 to 75 mg/kg 

according to NRC guidelines for reproduction.  Cu deficient (CuD) postnatal day 24 

(P24) rats from both experiments demonstrated lower hemoglobin, serum Fe, and serum 

triiodothyronine (T3) concentrations.  However, brain Fe was lower only in CuD P24 rats 

in Exp. 1.  Hemoglobin and serum Fe were higher in Cu adequate (CuA) P24 rats from 

Exp. 2 compared to Exp. 1.  Cu and TH deficient rats from Exp. 2 exhibited a similar 

sensorimotor functional deficit following three months of repletion.  Results suggest that 

Cu deficiency may impact TH status independent of its impact on iron biology.  Further 

research is needed to clarify the individual roles for Cu, Fe, and TH in brain 

development. 
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Introduction 

 Optimal development of the mammalian central nervous system requires adequate 

nutritional support of a number of micronutrients (Georgieff 2007).  Key among the 

many micronutrients is sufficient levels of copper, iodine, and iron.  Optimal dietary 

iodine is necessary for psychomotor development (Pop, Kuijpens et al. 1999).  Iodine is 

an essential component of thyroid hormones (TH), thyroxine (T4) and triiodothyronine 

(T3). TH play a key role in early brain development modulating the expression of a 

number of transcripts (Anderson, Schoonover et al. 2003).  Adequate iron (Fe) is also 

widely recognized as an important essential metal for full cognitive development (Felt, 

Beard et al. 2006).  Likewise, perinatal copper (Cu) deficiency has been shown to impair 

brain development, as persistent behavioral consequences in adult rodents were detected 

months after Cu repletion (Prohaska and Hoffman 1996; Penland and Prohaska 2004). 

 Zimmerman et al. reported that iodine alone was insufficient to treat goitrous 

children who were also Fe deficient (Zimmermann, Adou et al. 2000).  This may be due 

to the biochemical requirement of Fe as a catalyst for thyroid peroxidase (Hess, 

Zimmermann et al. 2002).  Perinatal Cu deficiency in rats results in Fe deficient pups that 

exhibit anemia, low serum and tissue Fe levels (Pyatskowit and Prohaska 2008).  The 

neurochemical phenotype of TH, Cu, or Fe deficiency has many similarities including 

hypomyelination and altered energy metabolism.  Recently, it was hypothesized that the 

abnormal brain development observed in Cu and Fe deficiency may in part be due to 

alteration in TH metabolism (Bastian, Prohaska et al. 2010).  Previous work in older Cu 

deficient and Fe deficient rat pups reported lower serum T3 levels (Beard, Tobin et al. 
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1989; Olin, Walter et al. 1994; Lukaski, Hall et al. 1995).  These data are also consistent 

with the hypothesis that Cu deficiency can result in abnormal Fe metabolism and Fe 

deficiency leads to impairment in TH biosynthesis.   

 Previously, it was shown that brain Fe levels are lower following perinatal Cu 

deficiency (Prohaska and Gybina 2005).  Injection of Cu deficient pups with iron dextran 

restored brain Fe deficits to control levels and reversed lower hemoglobin levels in Cu 

deficient pups (Pyatskowit and Prohaska 2008).  Interestingly, Cu adequate pups injected 

with iron also displayed a rise in hemoglobin suggesting the semi-purified diet used in 

those studies did not contain the necessary blend of nutrients, presumably Fe, to support 

optimal hemoglobin building.  Could extra dietary Fe also augment hemoglobin in 

"adequate" rodents and reverse some of the Fe deficient phenotype of Cu deficient pups? 

 One purpose of the current studies was to determine if increased dietary Fe could 

blunt the anemia of Cu deficiency and elevate tissue Fe levels.  A second purpose was to 

compare the impact of the two semipurified copper-deficient (CuD) diets on TH status.  

A final objective was to test a specific behavior, vibrissae-elicited fore limb placement, 

previously shown to be impaired in rats who had recovered from either Fe or Cu 

deficiency during neonatal development (Ward, Tkac et al. 2007; Pyatskowit and 

Prohaska 2008). 
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Materials and methods 

 Animal care and induction of copper deficiency. In Experiment One (Exp. 1), 10 

Holtzman sperm-positive rats were purchased commercially (Harlan Sprague Dawley, 

Indianapolis, IN) and received either Cu-adequate (CuA) or Cu-deficient (CuD) dietary 

treatment consisting of a Cu deficient modified AIN-76A diet (Teklad Laboratories, 

Madison, WI) (Table 1).  Normal AIN-76A diet contains approximately 6 mg Cu/kg.  All 

dams and offspring were fed the CuD diet.  CuA groups drank water supplemented with 

cupric sulfate, 20 mg Cu/L, and CuD groups drank Cu free deionized water.  Treatment 

of dams began on embryonic day 7 (Table 1) (Pyatskowit and Prohaska 2008). 

 In Exp. 2, 15 Sprague-Dawley sperm-positive rats were purchased commercially 

(Charles River, Wilmington, MA) and received either CuA or CuD diets modified from 

the AIN-93G formulation by increasing dietary iron, copper, calcium and phosphorous to 

those recommended for reproduction listed in Table 2-2 of the 1995 National Research 

Council guidelines for rats (Table 1).   CuA and CuD dams were offered deionized water 

to drink.  Treatment of dams began on embryonic day 2.  Five CuA dams were given 6-

propyl-2-thiouracil (Sigma-Aldrich, St. Louis, MO), 10 mg/mL, in their drinking water 

on embryonic day 6 to induce hypothyroidism in their pups (THD) (Bastian, Prohaska et 

al. 2010).  For both experiments one or two male pups from each litter were sampled on 

postnatal day 24 (P24).  There was a switch from Holtzman rats (Exp.1) to Sprague 

Dawley rats (Exp.2) since the latter strain was more commonly used for thyroid hormone 

studies. 
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Table 1: Metal content of rat diets 

Characteristic Experiment One Experiment Two Experiment Three 

Short Name CuD CuD CuA Lab Chow 

Product ID TD 80388 TD 08585 TD 08584 5001 

Formulation Modified AIN-76A Modified AIN-93G Modified AIN-93G Nonpurified 

Copper mg/kg 0.36 0.46 8.73 11.8 

Iron mg/kg 50.2 78.3 80.3 174 

Zinc mg/kg 47.8 43.1 41.1 78.6 

Onset of Treatment Embryonic day 7 Embryonic day 2 Embryonic day 2 Postnatal day 25 

 
Metals were analyzed by flame AAS following wet digestion.  Values are means of triplicate 
samples.  Diets were purchased from Harlan (Teklad Custom Diets) or Ralston Purina.  CuA 
rats in Exp. 1 were offered the CuD diet and copper-supplemented drinking water, 20 mg 
Cu/L. 
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 Following termination of Exp. 2, 10 P25 female pups from each of the CuA, CuD, 

or THD groups were divided and placed in two cages, N=5 each.  They were given tap 

water and non-purified laboratory chow, containing a generous supply of copper and iron 

(Table 1) for three months, Exp. 3.  All 30 rats were weighed weekly.  At the end of the 

study each rat was tested for their ability to respond to vibrissae-elicited forelimb 

placement as described previously (Pyatskowit and Prohaska 2008). 

 All experiments sampled rats from a minimum of four, usually five, separate 

litters of each treatment group.  All animals were maintained at 24°C with 55% relative 

humidity on a 12-h light cycle (0700-1900-h).  All protocols were formally approved by 

the University of Minnesota Institutional Animal Care and Use Committee. 

 Tissue collection. To prevent potential changes induced by anesthetics, P24 male 

pups were decapitated without anesthesia.  Upon decapitation, trunk blood was allowed 

to clot and serum was harvested and stored at -75°C until analysis.  An aliquot of blood 

was used to measure hemoglobin.  Liver and brain was rapidly dissected and a portion 

used for metal analyses.  Hearts were removed to determine the extent of cardiac 

hypertrophy by measurement of relative heart weight.  In Exp. 2, another set of P24 pups 

used for metal analysis and brain T3 were anesthetized with ketamine/xylazine and 

intracardially perfused with phosphate buffered saline to remove blood from liver and 

brain. 

 Dams and older females were deeply anesthetized with either ketamine/xylazine 

(Exps. 1 and 3) or carbon dioxide (Exp. 2) prior to cardiac puncture.  Plasma was 

harvested and an aliquot of liver and half brain used for metal analyses.  
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 Biochemical and metabolite analyses. Diet samples, brain and liver tissue was 

wet-digested with HNO3 (Trace Metal grade; Fisher Scientific, Pittsburgh, PA) and 

samples were analyzed for total copper, iron, and zinc content by flame atomic 

absorption spectroscopy (AAS) (Model 1100B, Perkin-Elmer, Norwalk, CT) (Pyatskowit 

and Prohaska 2008).  Brain iron content of P24 pups in Exp. 1 was corrected for blood 

iron contamination (Prohaska and Gybina 2005).  Plasma or serum was analyzed for iron 

content by AAS following treatment with hot trichloroacetic acid as described previously 

(Pyatskowit and Prohaska 2008).  Hemoglobin was determined spectrophotometrically at 

540 nm after conversion to metcyanohemoglobin (Pyatskowit and Prohaska 2008).  

Diamine oxidase activity of serum ceruloplasmin was measured using o-dianisidine as 

substrate (Prohaska 1991). 

 Serum and brain T3 levels were determined by radioimmunoassay (RIA) 

protocols as recently described using commercially available RIA kits (Siemens Medical 

Solutions Diagnostics; Los Angeles, CA) (Bastian, Prohaska et al. 2010).  The 

manufacturer’s RIA procedure was followed except that in-house T3 calibrators were 

prepared in hormone-stripped rat serum for samples in Exp. 2.  Thyroid hormones were 

extracted from half brains using a modification of the method described by Morreale de 

Escobar et al. (Morreale de Escobar, Pastor et al. 1985).  Brains were homogenized in 

methanol containing 1 µmol/mL PTU and spiked with 2 pg of 125I-T4 tracer to determine 

recoveries (Bastian, Prohaska et al. 2010). 

 Enzymology and western blots. Cytochrome c oxidase (CCO) activity was 

measured spectrophotometrically on fresh brain homogenates in Exp. 2 by monitoring 
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oxidation of ferrocytochrome c at 550 nm (Prohaska 1991).  Total protein levels of brain 

homogenates were determined using a bicinchoninic acid (BCA) protein assay kit 

(Pierce; Rockford, IL).  

 Homogenates of P24 rat brains used for CCO assay were diluted with an equal 

volume of lysis buffer (0.05 M Tris, pH 8.0, 0.15 M NaCl, 1% Nonidet P40, 0.5% 

sodium deoxycholate, and 0.1% SDS) and centrifuged at 10,000xg for 5 min.  A 25 µg 

aliquot of protein was subjected to SDS-PAGE on a 15% gel and probed for subunit IV 

of cytochrome c oxidase (COX IV), copper chaperone for superoxide dismutase (CCS), 

and lactate dehydrogenase (LDH) as a loading control.  Description of the transfer, 

reagents used for incubation, antibodies used, and techniques of detection are described 

elsewhere (Pyatskowit and Prohaska 2008). Chemiluminescence detection and 

densitometry was carried out using the FluorChemTM system (Alpha Innotech, San 

Leandro, CA).  Each COX IV and CCS value was normalized to the mean CuA value for 

that antigen. 

 Statistical analyses. Means ± SEM were calculated using Microsoft Excel™.  For 

dams and P24 pups mean data in the four treatment groups, two diet treatments and two 

experiments, were analyzed by one-way ANOVA and Scheffe’s test, a =0.05.  Scheffe’s 

test was also used to evaluate mean comparisons in the three treatment groups of Exp. 3, 

following recovery from Cu deficiency and TH deficiency and for the three treatment 

groups for western blot data of Exp. 2. 
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Results 

  Diet comparisons. Previous work with perinatal copper deficiency using a 

modified AIN-76A diet suggested that the Fe content might not be sufficient to saturate 

tissue stores and optimize hemoglobin levels (Pyatskowit and Prohaska 2008).  The other 

common rodent formulation, AIN-93G, contains the same Fe content.  Thus, a modified 

diet was formulated as recommended by NRC guidelines to increase iron, copper, 

calcium, and phosphorous content while using the basic protein, fat, and carbohydrate 

features of the AIN-93G diet.  This diet, modified AIN-93G, was analyzed for metal 

content along with the two CuD diets, and rodent chow used in Exp. 3 (Table 1).  The 

two CuD diets had similar Cu contents but the modified CuA AIN-93G diet contained 

approximately 25% more Cu than recommended by both the AIN-76A and AIN-93G 

diets, which are approximately 6 mg/kg.  The zinc contents of the semipurified diets were 

not greatly different.  The metal content of the lab chow contained higher copper, iron, 

and zinc than the Teklad semipurified diets. 

 Induction of copper deficiency in rat dams and pups. Holtzman and Sprague 

Dawley rat dams on CuD treatment were similar in body weight following lactation 

(Table 2).  The CuD treatment in Exp. 2 resulted in smaller dams, perhaps because the 

diet started at E2 rather than E7.  The impact of the extra Fe in Exp. 2 is reflected in both 

hemoglobin and liver Fe data (Table 2).  The CuD dams in Exp. 1 had lower hemoglobin 

levels than any other group.  The liver Fe level of CuA dams in Exp. 1 was 72% lower 

than CuA dams of Exp. 2.  Interestingly, plasma Fe was impacted in CuD dams by a 

similar magnitude for both experiments, 45% and 39% reductions compared to CuA 
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Table 2: Characteristics of Holtzman and Sprague-Dawley rat dams 

Experiment One Experiment Two 
Characteristic 

CuA CuD CuA CuD 

Body Weight (g) 324 ± 7.2a 334 ± 7.3a 319 ± 14ab 275 ± 10b 

Hemoglobin (g/L) 173 ± 3a 123 ± 15b 187 ± 3a 174 ± 4a 

Liver Cu (nmol/g) 65.5 ± 5.4a 14.0 ± 4.4b 56.5 ± 1.6a 16.9 ± 4.0b 

Liver Fe (µmol/g) 0.92 ± 0.15b 2.5 ± 0.44ab 3.30 ± 0.43a 2.64 ± 0.65ab 

Plasma Fe (nmol/mL) 86.8 ± 3.6a 47.8 ± 4.9b 89.0 ± 16.8a 54.7 ± 1.2b 

 
Values are means ± SEM (n=5).  Holtzman rats were used in Experiment One and Sprague 
Dawley rats in Experiment Two.  Data were analyzed by ANOVA and Scheffe’s test.  Means 
with unlike superscripts are different, P < 0.05. 
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values, Table 2.  Copper deprivation was similar between CuD dams in both experiments 

as reflected by liver Cu concentration.  

 Body weight at P24 of the CuA and CuD pups was similar in both experiments 

with a significant reduction in CuD pups (Table 3).  Confirming data in dams, the new 

modified diet with extra Fe seemed to impact both hemoglobin and liver Fe values in 

pups.  Though both CuD groups had lower hemoglobin than their respective CuA groups, 

the CuA pups of Exp. 1 had lower hemoglobin than the CuA pups of Exp. 2 (Table 3).  

There was much variability in the liver Fe content of the CuA pups in Exp. 2 resulting in 

a non-significant ANOVA.  However, it seems apparent that pups in Exp. 2 had higher 

liver Fe content than pups of Exp. 1, similar to their dams.  Liver Cu was markedly lower 

in CuD pups of both groups and not significantly different from one another.  However, 

CuD pups in Exp. 2 had attenuated cardiac hypertrophy compared to the CuD pups in 

Exp. 1, suggesting another feature modified by the new formulation. Serum 

ceruloplasmin activity of CuD pups was almost non-detectable whereas activity in the 

CuA pups of both experiments was similar and much higher (Table 3). 

 Brain metal content following perinatal copper deficiency. Whole brain Cu and 

Fe content was measured by flame AAS (Figure 1).  Pups in Exp. 2 were perfused to 

remove metal contamination from blood.  Perinatal Cu deficiency resulted in similar 

marked reduction in P24 brain Cu contents in CuD pups of both experiments, 81% and 

76% respectively.  Interestingly, the brain Fe data revealed that the CuD pups raised by 

dams on the new modified diet no longer experienced a reduction in brain Fe (Figure 1).  

The CuD pups in Exp. 1 had a 35% reduction in brain Fe content.  Brain Cu and Fe 



 

 86 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Table 3: Characteristics of P24 male rat pups 

Experiment One Experiment Two 
Characteristic 

CuA CuD CuA CuD 

Body Weight (g) 76.9 ± 1.1a 58.8 ± 2.3b 73.5 ± 2.2a 59.2 ± 2.9b 

Hemoglobin (g/L) 112 ± 5.9b 70.9 ± 2.1d 131 ± 2.6a 87.1 ± 1.5c 

Liver Cu (nmol/g) 96.8 ± 14.0b 6.62 ± 0.27c 147 ± 12.2a 9.84 ± 0.27c 

Liver Fe (µmol/g) 0.38 ± 0.02 0.65 ± 0.09 0.93 ± 0.29 0.99 ± 0.07 

Heart/BW (mg/g) 5.12 ± 0.14c 12.8 ± 0.64a 5.30 ± 0.09c 9.21 ± 0.26b 

Ceruloplasmin (U/L) 86.7 ± 3.7 a 0.85 ± 0.62b 98.5 ± 5.3a < 0.3b 

 
Values are means ± SEM (n=5-10).  Holtzman rats were used in Experiment One and Sprague 
Dawley rats in Experiment Two.  Data were analyzed by ANOVA and Scheffe’s test.  Means 
with unlike superscripts are different, P < 0.05. 
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Figure 1: Brain metal analyses following perinatal Cu deficiency in P24 male Holtzman 
rat pups (Exp.1) or Sprague Dawley pups (Exp. 2).  Metal content was determined by flame 
AAS based on wet weight.  Bars represent means ± sem (n=4 or 5) for CuA, open bars, or 
CuD, shaded bars.  Data were analyzed by ANOVA and Scheffe’s test.  Means with unlike 
superscripts are different, P < 0.05. 
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content of the P24 thyroid hormone deficient (THD) pups of Exp. 2 were similar to CuA 

values (data not shown). 

 Serum iron and T3 levels following perinatal copper deficiency. The RIA method 

for determining serum T3 concentrations was slightly different for Exps. 1 and 2 in that 

human versus rat serum calibrators were used, respectively.  Thus, the absolute values for 

the two experiments differed significantly (Figure 2).  Importantly though, in both 

experiments there was a significant reduction in serum total T3 in CuD pups, 47% and 

30%, respectively.  The mean serum T3 concentration of THD pups was 0.083 pmol/mL, 

91% lower than the CuA pups.  Serum T4 concentration was not impacted by Cu 

deficiency when evaluated in Exp. 2; however, the concentration in THD pups were 

lower by 88% compared to CuA pups (data not shown). 

Brain T3 was also significantly lower by 90% in the THD pups, 0.51 ± 0.06 ng/g, 

compared to CuA pups, 5.31 ± 0.29 ng/g, whereas CuD pups had no significant reduction 

in brain T3 averaging 4.96 ± 0.23 ng/g, P > 0.05. 

  Serum Fe was measured in pups for both experiments by the same method (Figure 

2).  P24 CuD pups had lower serum iron compared to CuA pups in both experiments, 

63% and 77% reductions, respectively.  The serum Fe level of the CuA pups in Exp. 2 

was noticeably higher than the CuA pups of Exp. 1 (Figure 2).  This was not true for 

brain Fe in which both CuA groups had similar concentrations (Figure 1). 

 Brain cuproproteins following perinatal copper deficiency. Brains of P24 CuA, 

CuD, and THD male pups were assayed for cytochrome c oxidase (CCO) activity, a 

cuproenzyme known to be markedly impacted by both dietary Cu deficiency and thyroid 
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Figure 2: Serum triiodothyronine (T3) and serum Fe levels following perinatal Cu 
deficiency in P24 male Holtzman rat pups (Exp.1) or Sprague Dawley pups (Exp. 2). Bars 
represent means ± sem (n=5-10) for CuA, open bars, or CuD, shaded bars.  Data were 
analyzed by ANOVA and Scheffe’s test.  Means with unlike superscripts are different, P < 
0.05.  
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hormone insufficiency (Prohaska and Wells 1974; Vega-Nunez, Menendez-Hurtado et al. 

1995).  CCO activity in the CuD samples was 72% lower than CuA controls, 

0.112 ±0.007 units/mg compared to 0.402±0.019, P <0.01.  CCO activity in the THD 

pups was not different than CuA values, 0.363±0.011.  However, when the content of 

subunit IV of CCO was determined by western blot in the same samples there was 

significantly lower abundance for both CuD and THD pups (Figure 3), P < 0.05.  The 

reduction in THD samples was more modest, 40%, compared to 85% lower abundance 

for COX IV in CuD samples.  The COX IV result for THD samples was likely not 

directly due to a Cu deficit as the abundance of copper chaperone for superoxide 

dismutase (CCS) was equivalent in CuA and THD samples (Figure 3).  There was a 

robust 3.8-fold higher CCS abundance in CuD samples, as expected (Prohaska, Broderius 

et al. 2003).  

 Recovery from perinatal copper deficiency. Female P25 pups (CuA, CuD, and 

THD) began recovery treatment drinking tap water and consuming non-purified rodent 

chow that contained adequate Cu and Fe (Table 1).  The average body weights at the start 

of the repletion reflected prior treatments: CuA 74g, CuD 59g, and THD 43g.  Growth 

was monitored over the three month recovery period and when killed these body weight 

differences were no longer evident (Figure 4).  Even the former THD rats had body 

weights equivalent to CuA controls.  The repleted CuD group (CuDR) actually weighed 

more than the THDR group.  Interestingly, the 3-month repletion was not sufficient to 

restore brain Cu levels in the CuDR group to control levels (Figure 4) emphasizing the 

importance of brain metal accretion during early development.  Plasma Fe differences 
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Figure 3: Brain proteins following perinatal Cu deficiency or thyroid hormone deficiency 
in P24 Sprague Dawley rats. (A) Western blots were performed on brain homogenates for 
brain COX IV, CCS, and LDH using 25 µg protein on 15% gels. (B) Quantification of 
densities of COX IV and CCS relative to CuA mean.  Bars represent means ± sem (n=4) for 
CuA, open bars,  CuD, shaded bars, THD, solid bars.  Data were analyzed by ANOVA and 
Scheffe’s test.  Means with unlike superscripts are different, P < 0.05.  
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Figure 4: Body weight, brain Cu, plasma Fe, and response to vibrissae-elicited forelimb 
placement in female Sprague Dawley rats from Exp. 2 three months following recovery 
from perinatal Cu deficiency (CuDR), drug-induced thyroid hormone deficiency (THDR) 
or in controls (CuA). Cu content was determined by flame AAS and was based on wet 
weight.  A score of 20 (10 right and 10 left trials) on the vibrissae-elicited placement test 
represents a perfect response.  Bars represent means ± sem (n=10 or n=5 metals).  Data were 
analyzed by ANOVA and Scheffe’s test.  Means with unlike superscripts are different, P < 
0.05. 
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were no longer evident in the CuDR group (Figure 4).  Other characteristics seen in CuD 

pups at P24 (Table 3) were also absent, including recovery of low hemoglobin and liver 

Cu levels (data not shown).  Brain Fe was measured and no significant differences 

between groups was detected, similar to data at P24 in Exp. 2 (Figure 1). 

 To evaluate sensorimotor development following recovery from perinatal Cu 

deficiency and TH deficiency, vibrissae-elicited forelimb placement was measured in 10 

rats of each treatment group, Exp. 3, the day prior to killing (Figure 4).  An impaired 

response was observed in both CuDR and THDR groups compared to CuA controls.  

Interestingly, the magnitude of the impairment was similar between the two former 

deficient treatment groups despite vast differences in brain T3 at the onset of repletion 

based on data of their brothers. 
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Discussion  

 Modification of the commonly used AIN-93G formulation to NRC 

recommendations for Cu, Fe, calcium and phosphorus resulted in detectable changes in 

Fe status especially increased liver Fe in both CuA pups and dams when compared to rats 

reared on modified AIN-76A diet that has mineral levels of iron similar to the current 

AIN-93G formulation.  There was also detectably higher hemoglobin in CuA dams and 

pups when dietary Fe was increased from approximately 50 mg/kg to 80 mg/kg.  It was 

somewhat surprising that the CuD dams in Exp.2 were not anemic, as diets low in copper 

fed during gestation and lactation usually lead to lower hemoglobin levels (Broderius and 

Prohaska 2009).  It may be that the response of the rats to the modified AIN-93G diet was 

dependent on strain.  Others have shown subtle behavioral differences between Holtzman 

and Sprague Dawley rats (Balcells-Olivero, Cousins et al. 1998).  Importantly, Sprague 

Dawley rats fed the modified AIN-76A formulation used in Exp. 1 do develop anemia 

suggesting that diet composition not strain of rats is responsible for the attenuation in 

hemoglobin levels in Exp. 2 (Prohaska 1991).  

 The usual practice of adding only 35 mg/kg Fe to the AIN formulations may not 

be sufficient during this perinatal period.  Importantly, this extra Fe added to diets in Exp. 

2 reversed the brain Fe deficit seen in CuD rat pups at P24 in Exp. 1 and previously 

(Prohaska and Gybina 2005).  Despite brain Fe levels equivalent to CuA values in these 

CuD pups, there were clear signs consistent with Cu deficiency such as reduction in brain 

Cu, lower CCO activity and protein, and augmented levels of brain CCS; features 

expressed by CuD rats fed a diet similar to Exp. 1 (Gybina and Prohaska 2006).  
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 Many mechanisms have been proposed to explain abnormal brain development 

and behavior following Cu deficiency (Uriu-Adams, Scherr et al. 2010). These include 

changes in cuproenzymes such as dopamine-β-monooxygenase that limits norepinephrine 

synthesis (Prohaska and Wells 1974).  Brain superoxide dismutase activity is lower 

following Cu deficiency (Prohaska and Wells 1974).  This might contribute to the 

aberrant reactive oxygen species (ROS) hypothesis (Uriu-Adams, Scherr et al. 2010).  

Cytochrome c oxidase activity, heme a content, and protein level are all markedly lower 

in Cu deficient rat brain (Prohaska and Wells 1975; Gybina and Prohaska 2006).  This 

might explain the abnormal energy hypothesis and account for disturbances in 

mitochondrial metabolism and altered glycolysis (Gybina and Prohaska 2008).  Another 

cuproenzyme that may be involved is peptidylglycine α-amidating monooxygenase 

(PAM) whose activity in brain of CuD rats is lower following Cu deficiency (Prohaska, 

Bailey et al. 1995).  A recent study suggested that the brain behavioral phenotype of 

PAM +/- mice was similar to wild-type mice that were marginally Cu deficient 

(Bousquet-Moore, Prohaska et al. 2010). There certainly are other theories consistent 

with secondary factors that may impact brain development such as impaired neurite 

outgrowth, activation of NMDA-type glutamate receptors, and aberrant nitric oxide 

metabolism, reviewed elsewhere (Uriu-Adams, Scherr et al. 2010). 

 Results of current studies and recent endeavors suggest an additional possibility-

abnormal TH metabolism.  Rats reared by dams treated with PTU had greatly diminished 

serum and brain T3 levels compared to CuA or CuD pups.  However, following recovery 

the former TH deficient pups impaired behavior was equivalent to the persistent impaired 



 

 96 

behavior of former CuD rats.  This does not prove that the abnormal behavior of the 

repleted CuD rats was due to TH deficiency during development but does suggest the 

perinatal Cu deficiency can result in behavioral changes as robust as those imposed by 

severe hypothyroidism.  Further, since these CuD rats had normal brain Fe prior to and 

following repletion it seems unlikely that secondary Fe deficiency is a likely cause of the 

brain-dependent phenotype of CuD.  Current metal and behavioral data and that 

generated by proton NMR evaluation of CuD rat brain suggest that Fe limitation cannot 

fully explain the neuropathological consequences of Cu deficiency (Gybina, Tkac et al. 

2009). 

 Following dietary Cu deficiency rat pups of two different strains fed two different 

CuD diets both exhibited significant reductions in serum T3.  These data are consistent 

with previous reports that Cu deficient rats have lower serum T3 levels (Lukaski, Hall et 

al. 1995; Bastian, Prohaska et al. 2010).  Does this reduction in steady state T3 levels 

functionally affect brain development?  This is difficult to answer currently, but a trend 

for reduction in several TH-dependent transcripts in whole brain of P12 CuD pups is 

consistent with this possibility (Bastian, Prohaska et al. 2010).  Furthermore, the 

functional effects of hypothyroidism are more severe in conjugation with dietary Cu 

deficiency (Oliver 1975).  These results support the hypothesis that at least some of the 

known effects of copper deficiency on the developing brain may be mediated through 

copper-dependent reductions in T3 levels. 

 The molecular mechanisms responsible for lower serum T3 levels in Cu deficient 

rats are not precisely known however several alternate hypotheses have been proposed.  
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First, induction of a secondary Fe deficiency in the thyroid may limit activity of thyroid 

peroxidase (Hess, Zimmermann et al. 2002).  Serum Fe was lower in P24 CuD rats for 

both experiments in this study.  Although elevating dietary Fe in Exp. 2 eliminated the 

reduction in brain Fe in CuD rats, direct assessment of thyroid peroxidase activity in 

thyroidal tissue will be needed to ascertain if activity of this enzyme is impacted by Cu 

deficiency. 

 A second possibility for lower T3 in CuD rats is alteration of the hypothalamic-

pituitary-thyroid axis.  Synthesis of active thyrotropin-releasing hormone (TRH) requires 

the cuproenzyme PAM (Eipper, Stoffers et al. 1992).  Cu deficiency is associated with 

lower enzyme activity of PAM (Prohaska, Bailey et al. 1995).  Perhaps limiting PAM 

activity may blunt TH biosynthesis impairing the pituitary response to TRH.  

Importantly, PAM heterozygote mice (PAM +/-) were recently shown to possess an 

impaired thyroid axis and this impairment was reversed by Cu supplementation 

(Bousquet-Moore, Ma et al. 2009).  Further, the T4 response to injected TRH was shown 

to be abnormal in Cu deficient rats (Allen, Hassel et al. 1982).   

 A third possibility is that conversion of T4 to T3 by the selenoenzymes, Type I or 

Type II 5'-deiodinase, is limiting in Cu deficiency.  It is known that activity of certain 

selenoenzymes is lower in the liver of Cu deficient rats (Prohaska, Sunde et al. 1992; 

Lukaski, Hall et al. 1995).  Liver 5'-deiodinase activity was reported to be lower in one 

study and not altered in another, thus further research on this hypothesis is needed (Olin, 

Walter et al. 1994; Kralik, Kirchgessner et al. 1996). 
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 Current data imply that generous supply of dietary Fe during development can 

eliminate some but not all of the signs of Fe deficiency in CuD pups.  For example, CuD 

pups are still anemic and have lower serum Fe levels.  It is not hard to imagine a scenario 

in which young pregnant women might consume a diet marginal in Cu, low in Fe and 

iodine during pregnancy and lactation.  The interaction of this micronutrient paradigm 

imbalance will be interesting to explore to determine the extent that dietary Cu and Fe 

impact TH biology and thus human development. 
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Chapter 3 – Fetal and neonatal iron deficiency reduces thyroid 
hormone-responsive gene mRNA levels in the neonatal rat hippocampus 

and cerebral cortex 
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(2012). Fetal and neonatal iron deficiency reduces thyroid hormone-responsive gene 
mRNA levels in the neonatal rat hippocampus and cerebral cortex. Endocrinology 153: 
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 Copper (Cu), iron (Fe), and thyroid hormone (TH) deficiencies produce similar 

defects in late brain development including hypomyelination of axons and impaired 

synapse formation and function, suggesting that these micronutrient deficiencies share 

common mechanisms contributing to these derangements. We previously demonstrated 

that fetal/neonatal Cu and Fe deficiencies lower circulating TH concentrations in neonatal 

rats. Fe deficiency also reduces whole brain T3 content, suggesting impaired TH action in 

the developing Fe-deficient brain. We hypothesized that fetal/neonatal Cu and Fe 

deficiencies will produce mild or moderate TH deficiencies and will impair TH-

responsive gene expression in the neonatal cerebral cortex and hippocampus. To test this 

hypothesis we rendered pregnant Sprague-Dawley rats Cu-, Fe-, or TH-deficient from 

early gestation through postnatal day 10 (P10). Mild and moderate TH deficiencies were 

induced by 1 and 3 ppm propylthiouracil (PTU) treatment, respectively. Cu deficiency 

did not significantly alter serum or tissue TH concentrations or TH-responsive brain 

mRNA expression. Fe deficiency significantly lowered P10 serum total T3 (45%), serum 

total T4 (52%), whole brain T3 (14%), and hippocampal T3 (18%) concentrations 

producing a mild TH deficiency similar to 1 ppm PTU treatment. Fe deficiency lowered 

Pvalb, Enpp6, and Mbp mRNA levels in the P10 hippocampus. Fe deficiency also altered 

Hairless, Dbm, and Dio2 mRNA levels in the P10 cerebral cortex. These results suggest 

that some of the brain defects associated with Fe deficiency may be mediated through 

altered thyroidal status and the concomitant alterations in TH-responsive gene 

transcription.  
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Introduction 

Globally, billions of people suffer from insufficient dietary intake of 

micronutrients such as zinc, vitamin A, selenium, copper (Cu), iron (Fe), and iodine 

(Benton 2008). Micronutrient deficiencies are most prevalent in developing countries and 

often coexist due to consumption of diets lacking nutrient diversity (Benton 2008). Given 

their profound impact on child development and prosperity it is critical to understand 

how micronutrients interact during fetal and infant neurodevelopment.  

Interactions between Fe and iodine/thyroid hormones (THs) have serious 

implications for human health. Approximately 1.9 billion people have insufficient iodine 

intake and 1.6 billion people suffer from anemia or Fe deficiency (de Benoist, McLean et 

al. 2008; McLean, Cogswell et al. 2009). Data from Zimmermann and colleagues indicate 

that 20-44% of West and North African children suffer from both deficiencies 

(Zimmermann, Adou et al. 2000; Hess, Zimmermann et al. 2002; Zimmermann, Zeder et 

al. 2002). Treatment of Fe deficiency in these children improves the efficacy of iodine 

supplementation, reducing thyroid volume and goiter prevalence (Hess, Zimmermann et 

al. 2002; Zimmermann, Zeder et al. 2002) and increasing serum total thyroxine (T4) 

concentrations, indicating an Fe-specific effect on thyroidal status (Zimmermann, Zeder 

et al. 2002). Additional cross-sectional studies demonstrate correlations between Fe and 

thyroidal parameters (reviewed in (Hess 2010)). Interestingly, a recent study in pregnant 

Swiss women shows that low maternal body Fe stores are correlated with increased 

serum thyroid stimulating hormone (TSH) and reduced total T4 (TT4) concentrations, 
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suggesting Fe deficiency may compound the deleterious effects of developmental iodine 

deficiency (Zimmermann, Burgi et al. 2007).  

Studies in Fe-deficient rodents have provided additional data to support the 

hypothesis that Fe is important for TH synthesis and/or metabolism. Fe deficiency in 

adolescent or adult rats decreases circulating TT4 and total 3,3’,5-triiodo-L-thyronine 

(T3) concentrations (Tang, Wong et al. 1988; Beard, Tobin et al. 1989; Brigham and 

Beard 1995; Hess, Zimmermann et al. 2002), free T4 and T3 concentrations (Brigham 

and Beard 1995), plasma and pituitary TSH concentrations (Tang, Wong et al. 1988; 

Beard, Tobin et al. 1989), hepatic T4 deiodination (Beard, Tobin et al. 1989; Brigham 

and Beard 1995), and thyroid peroxidase (TPO) activity (Hess, Zimmermann et al. 2002). 

Cu deficiency lowers plasma Fe levels, circulating TT4 and total T3 (TT3) 

concentrations, and peripheral conversion of T4 to T3 (Olin, Walter et al. 1994; Prohaska 

and Gybina 2005).  

Cu, Fe, and iodine/TH deficiencies have their most profound effects on early life 

brain development and ultimately on adult intellectual outcome (Johnson 2005; Fretham, 

Carlson et al. 2011). Interestingly, Cu, Fe, and iodine/TH deficiencies result in similar 

defects in rodent hippocampal and cerebral cortical development including aberrant 

myelination, blunted neuronal maturation, impaired synapse formation and function, 

altered neurotransmission, and changes in tissue energy metabolism (Anderson and 

Mariash 2002; Johnson 2005; Fretham, Carlson et al. 2011). The hippocampal and 

cerebral cortical developmental defects associated with these deficiencies persist into 

adulthood and result in permanent behavioral abnormalities including impaired learning, 
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memory, and sensorimotor function (Anderson and Mariash 2002; Johnson 2005; Gilbert 

and Sui 2006; Railey, Micheli et al. 2010; Bastian, Lassi et al. 2011; Fretham, Carlson et 

al. 2011). 

We recently demonstrated that fetal/neonatal Cu and Fe deficiencies decrease 

neonatal serum TT4 and TT3 concentrations (Bastian, Prohaska et al. 2010; Bastian, 

Lassi et al. 2011). Neonatal Fe-deficient rats also have reduced whole brain T3 content 

with concomitant alterations in whole brain mRNA expression for some TH-responsive 

genes (Bastian, Prohaska et al. 2010). However, the expression of several additional Fe- 

or TH-responsive genes was not significantly altered in Fe- or TH-deficient whole brains. 

A potential explanation for this observation is that, when analyzing whole brains, Fe- or 

TH-dependent changes in mRNA expression in discrete brain regions are diluted by 

unaffected brain regions. Therefore, we hypothesized that Cu and Fe deficiencies will 

impair TH-responsive gene expression in the neonatal cerebral cortex and/or 

hippocampus, two brain regions that are sensitive to Cu, Fe, and TH insufficiencies 

during development. In addition, we hypothesized that Cu and Fe deficiencies will 

disrupt the thyroid axis to a similar extent as a mild or moderate TH deficiency. In this 

study we show that fetal/neonatal Fe deficiency decreases circulating and brain TH 

concentrations, producing a mild TH-deficient state in neonatal rats. We also demonstrate 

that fetal/neonatal Fe deficiency impairs hippocampal or cerebral cortical mRNA 

expression for several TH-responsive genes.  
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Materials and Methods 

Animals and diets. Sperm-positive Sprague-Dawley female rats were purchased 

from Charles River Laboratories (Wilmington, MA). At gestational day 2 (E2) twenty-

five sperm-positive rats were randomly assigned to one of five groups: control, copper-

deficient (CuD), iron-deficient (FeD), 1 ppm (1 mg/L) 6-propyl-2-thiouracil (Sigma-

Aldrich; St. Louis, MO) treatment (PTU), and 3 ppm (3 mg/L) PTU treatment (n = 5 

dams per group).  The PTU groups are denoted as 1 ppm PTU and 3 ppm PTU. 

Beginning at E2, CuD and FeD dams were fed a semipurified diet (Harlan Laboratories; 

Madison, WI) deficient in Cu or Fe, respectively (Supplemental Table 1). The Fe content 

of the Fe-deficient diet was increased compared to our previous study (Bastian, Prohaska 

et al. 2010) in order to produce a less severe Fe deficiency. Control and PTU dams were 

fed a Cu- and Fe-adequate diet (Supplemental Table 1). Dams in the control, CuD, and 

FeD groups drank deionized water. Beginning at E6, 1 and 3 ppm PTU dams were 

offered deionized water containing either 1 or 3 ppm PTU. Day of birth was designated 

as postnatal day 0 (P0) and at P2 all litters were culled to 10 pups. At P10, male pups 

were killed to evaluate Cu and Fe biomarkers, serum and brain TH concentrations, and 

brain mRNA expression. Dams were killed at P11 to evaluate metal and TH status.  

Animals were given free access to diet and drinking water throughout the study 

and were housed at constant temperature and humidity on a 12h light:dark cycle. All 

animal studies were conducted in accordance with the principles and procedures outlined 

in the NIH guide for the Care and Use of Laboratory Animals.  The local Institutional 

Animal Care and Use Committee approved these procedures. 
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Supplemental Table 1: Copper, iron, and zinc content of diets 

Diet Cu (µg/g) Fe (µg/g) Zn (µg/g) 

Control TD.08584 8.41 ± 0.99 97.8 ± 3.44 42.3 ± 2.04 

CuD TD.08585 0.43 ± 0.05 88.0 ± 0.73 41.0 ± 0.94 

FeD TD.09337 7.39 ± 2.19 7.10 ± 0.70 43.3 ± 2.39 

 
Metal content of diets was determined by wet ashing and flame AAS and represents the mean 
± SEM of 3 separate diet samples. 
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 Sample collection. At P10, one or two male pups per litter were killed (7-10 total 

per group). From each pup, trunk blood was collected following decapitation and kept on 

ice until centrifuged to collect serum. Serum was stored at -80°C until analyzed. A 5 µL 

blood sample was removed to determine hemoglobin concentrations. A blood sample was 

also drawn from the trunk into heparanized microhematocrit tubes. A portion of liver was 

removed, rinsed with deionized water, weighed, and processed for metal analyses. Brains 

were removed and bisected at the midline. Five half-brains for metal analyses were rinsed 

with deionized water and weighed. Seven to ten half brains for TH analysis were weighed 

and flash-frozen in liquid nitrogen. A second cohort of one or two P10 male pups per 

litter was sacrificed (8-10 total per group). Serum was collected as described above. 

Hippocampi and cerebral cortices were dissected, removed, and placed immediately into 

RNAlater RNA stabilization reagent (Qiagen; Valencia, CA). Finally, a third cohort of 

two P10 male pups per litter (10 total per group) was sacrificed and intracardially 

perfused with phosphate buffered saline to remove blood from brains. Hippocampi and 

cerebral cortices were dissected, removed, and flash-frozen in liquid nitrogen for tissue 

TH measurement.  

Metal and biochemical analyses. Cu, Fe, Zn, hemoglobin, and ceruloplasmin 

measurements were performed as described (Bastian, Prohaska et al. 2010). 

Microhematocrit tubes were centrifuged and hematocrit was measured using a standard 

microcapillary reader. 

Serum and brain hormone measurements. Serum TT4 and TT3 concentrations 

were measured using radioimmunoassay (RIA) kits (Siemens Medical Solutions 
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Diagnostics; Los Angeles, CA) modified for rodent use as described (Bastian, Prohaska 

et al. 2010).  The minimum detectable concentration (MDC) for T4 (1.7 ng/mL) and T3 

(7.6 ng/dL) RIAs was calculated statistically as 3 standard deviations above the zero 

calibrator (n=10). Samples with T4 or T3 concentrations below the MDC were set to the 

MDC for statistical purposes. Serum TSH concentrations were measured using a rodent 

TSH ELISA kit (Endocrine Technologies; Newark, CA). Serum was diluted 1:2 in the 

provided sample diluent for TSH measurements. 

THs were extracted from half brains, hippocampi, and cerebral cortices as 

described (Bastian, Prohaska et al. 2010). For hippocampi, the following modifications 

were used due to the small size of this brain region. Hippocampi were homogenized for 

30 seconds at ~20,000 rpm with a PowerGen 125 homogenizer (Fisher Scientific; 

Pittsburgh, PA). The volume of 125I-T4 tracer was reduced to 50 µL. All steps of 

hippocampal TH extractions were carried out in 1.5 mL polypropylene screw-cap tubes. 

Each lyophilized hippocampal sample was resuspended in 250 µL hormone-stripped rat 

serum. 

Brain mRNA analysis. Total RNA was extracted from brain sub-regions using 

Qiagen RNeasy Midi (hippocampi) or Maxi (cerebral cortices) kits. The optional on-

column DNase digestion was performed to remove genomic DNA. RNA integrity and 

purity was established spectrophotometrically and by RNA gels. cDNA was synthesized 

from 2 µg (hippocampi) or 3 µg (cerebral cortices) total RNA using SuperScript III First-

Strand Synthesis SuperMix and random hexamers (Invitrogen; Carlsbad, CA). 

Quantitative real-time polymerase chain reaction (qPCR) was performed using Rotor-
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Gene SYBR Green PCR kits (Qiagen) and a Corbett RotorGene RG-3000 (Qiagen). 

Primer pairs for the assayed genes are outlined in Supplemental Table 2. PCR reactions 

were performed on cDNA equivalent to 80 ng total RNA according to the manufacturer’s 

protocol except that a final volume of 12.5 µl was used. Quantification cycle (Cq) values 

were determined in the log-linear amplification phase. Relative mRNA levels were 

calculated relative to internal hippocampal or cerebral cortical cDNA samples from a P10 

control rat pup. 

Statistical analysis. One-way analysis of variance (ANOVA) was used for making 

statistical comparisons between treatment groups. Bartlett’s test was used to assess 

homogeneity of variances. When variances were equal across groups, Tukey’s post hoc 

test was used. When variances were unequal, data were ln transformed and Tukey’s test 

was used. When transformation did not normalize the variances Scheffe’s post hoc test 

was used on the untransformed data. Statistical outliers were determined by Grubbs’ test 

(http://www.graphpad.com/quickcalcs/Grubbs1.cfm). All data are presented as mean ± 

standard error of the mean (SEM). Linear regressions were performed to compare serum 

TT4 concentrations with hippocampal or cerebral cortical mRNA levels for individual 

pups. Statistical analyses and data graphing were carried out using Prism (GraphPad 

Software; La Jolla, CA) or Kaleidagraph (Synergy Software; Reading, PA) software. An 

α = 0.05 was chosen to define significant differences. Cu deficiency did not impact serum 

or brain TH concentrations or TH-responsive gene expression and thus was excluded 

from statistical analyses. The 3 ppm PTU group served as a positive hypothyroid control 
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and was excluded from ANOVA analyses but was included in linear regressions and 

figures for comparison.  
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Supplemental Table 2: qPCR primer sequences 

Gene NCBI GenBank ID qPCR Primer Sequences Position Product length (bp) 

Pvalb NM_022499.2 F: 5’-AGCCTTTACTGCTGCAGACTCCTT-3’ 
R: 5’-AGCTCATCCTCCTCAATGAAGCCA-3’ 

63-86 
203-180 141 

Enpp6 NM_001107311.1 F: 5’-ATGGGTCAGAACCCTTGTGGATCA-3’ 
R: 5’-AGTCGAGAGCATCGCTAACTGCAT-3’ 

419-442 
592-569 174 

Hr NM_024364.2 F: 5’-TGGCCCTTGTAGGAAATGTCAGGA-3’ 
R: 5’-TTTCAGCTTGGTGTGATGGCTTGG-3’ 

1469-1492 
1592-1569 124 

Mbp NM_001025291.1 F: 5’-GACTCACACACGAGAACT-3' 
R: 5’-CCAGCTAAATCTGCTGAG-3' 

333-350 
497-480 165 

Mobp NM_012720.1 F: 5’-TTCACCTTCCTCAACTCCAAGCGT-3’ 
R: 5’-TGCTCCTCCTTCTCAATCTGGTCT-3’ 

201-224 
336-313 136 

Agt NM_134432.2 F: 5’-ATCAACAGGTTTGTGCAGGCTGTG-3’ 
R: 5’-TGTTGTCCACCCAGAACTCATGGA-3’ 

924-947 
1086-1063 163 

Dio3 NM_017210.3 F: 5’-TGTCAGCGCAGCAAGAGTACTTCA-3’ 
R: 5’-ATAGGCACCATATGCGGAACTGCT-3’ 

677-700 
773-750 97 

Mct8 NM_147216.1 F: 5’-CATTGCGTTTGAACTGGTGGG-3’ 
R: 5’-GCATCAGAGGGACGAAGAAAAGG-3’ 

1317-1327 
1519-1497 203 

Dio2 NM_031720.3 F: 5’-GAAGGACTACGCTGTGTCTGGAAC-3’ 
R: 5’-TCGCTGAACCAAAGTTGACCAC-3’ 

735-758 
948-927 214 

Oatp1c1 NM_053441.1 F: 5’-TCACTCCCAACATCTCTCCGTG-3’ 
R: 5’-GTCTTCACTGGCGAAATCATCC-3’ 

823-845 
1040-1019 218 

Rc3 NM_024140.2 F: 5’-TGCTCCAAGCCAGACGACGATATT-3' 
R: 5’-GGCCACACTCTCCACTCTTTATCT-3' 

274-297 
406-283 133 

Egr1 NM_012551.2 F: 5’-TCTGAATAACGAGAAGGCGCTGGT-3’ 
R: 5’-ACAAGGCCACTGACTAGGCTGAAA-3’ 

243-266 
401-378 159 

Dpysl3 NM_012934.1 F: 5’-TTGGGAAGGACAACTTCACGGCTA-3’ 
R: 5’-TCGCTGTCAGAACCCACAGCTATT-3’ 

1107-1130 
1302-1279 196 

Dbm NM_013158.2 F: 5’-TGGAATCTTGGAGGAGATGTGCGT-3’ 
R: 5’-TGCCGAACCGGTTTACTATGTGGA-3’ 

1458-1481 
1585-1562 128 

Crym NM_053955.1 F: 5’-TGCAAGGAGATGTTCGGGTCTGTT-3’ 
R: 5’-TGCTTCATGAGCTCGTCATCCAGT-3’ 

570-593 
756-733 187 

Dmt1 NM_013173.1 F: 5’-TGTGGCCTGGCGTTACG-3’ 
R: 5’-CGCAGAAGAACGAGGACCAA-3’ 

4102-4118 
4165-4146 64 

TfR1 NM_022712.1 F: 5’-GAATACGTTCCCCGTTGTTGA-3’ 
R: 5’-ATCCCCAGTTCCTAGATGAGCAT-3’ 

991-1001 
1057-1035 67 

Bdnf NM_012513.3 F: 5’-GATGCTCAGCAGTCAAGTGCCTTT-3’ 
R: 5’-GACATGTTTGCGGCATCCAGGTAA-3’ 

948-971 
1034-1011 87 

Bdnf IV EF125679.1 F: 5’-AACAGGAGTACATATCGGCCACCA-3’ 
R: 5’-GCAGCCTTCATGCAACCGAAGTAT-3’ 

186-209 
417-394 232 

Bdnf VI EF125680.1 F: 5’-ACCAGGAGCGTGACAACAATGTGA-3’ 
R: 5’-GCAGCCTTCATGCAACCGAAGTAT-3’ 

284-307 
425-402 142 

Gapdh NM_017008 F: 5’-TGCACCACCAACTGCTTAGC-3' 
R: 5’-GGCATGGACTGTGGTCATGAG-3’ 

524-543 
610-590 87 

      
Genes: Parvalbumin, Pvalb; Ectonucleotide pyrophosphatase/phosphodiesterase 6, Enpp6; 
Hairless, Hr; Myelin basic protein, Mbp; Myelin-associated oligodendrocyte basic protein, 
Mobp; Angiotensinogen, Agt; Type 3 deiodinase, Dio3; Monocarboxylate transporter 8, Mct8; 
Type II deiodinase, Dio2; Organic anion transporting polypeptide 1c1, Oatp1c1; Neurogranin, 
Rc3; Early growth response factor 1, Egr1; Dihydropyrimidinase-like 3, Dpysl3; Dopamine 
beta-monooxygenase, Dbm; Mu crystallin, Crym; Divalent metal transporter 1, Dmt1; 
Transferrin receptor 1, TfR1; Brain-derived neurotrophic factor (total), Bdnf; Brain-derived 
neurotrophic factor isoform IV, Bdnf IV; Brain-derived neurotrophic factor isoform VI, Bdnf 
VI; Glyceraldehyde 3-phosphate dehydrogenase, Gapdh. F = Forward, R = Reverse. 
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Results 

Evaluating dam and pup copper and iron status. Copper deficiency was 

confirmed in CuD dams as measured by a 99% reduction in serum ceruloplasmin activity, 

compared to controls (Table 1). Iron deficiency anemia was confirmed in FeD dams as 

measured by significant reductions in serum Fe (98% lower than controls) and 

hemoglobin (21% lower than controls) levels (Table 1). TH deficiency was confirmed in 

3 ppm PTU dams as determined by a 77% reduction in serum TT4 (Table 1). Serum TT3 

concentrations were not altered in dams of any treatment (Table 1). Litter sizes from each 

treatment group were similar (data not shown).  

In P10 pups (Table 2), blood hemoglobin, hematocrit, serum Fe concentrations, 

and serum ceruloplasmin activity were lower in both CuD and FeD pups compared to 

controls. Cu deficiency lowered liver and brain Cu levels and Fe deficiency lowered liver 

and brain Fe levels. In keeping with our previous studies using this CuD diet, liver and 

brain Fe levels were not significantly altered compared to controls (Bastian, Prohaska et 

al. 2010; Bastian, Lassi et al. 2011). Brain Cu content was higher in FeD pups, as 

reported previously (Bastian, Prohaska et al. 2010). 1 and 3 ppm PTU treatment did not 

significantly alter Fe or Cu status. Together these data demonstrate that Fe and Cu 

deficiencies were generated in P10 pups nursing on dams fed nutritionally restricted 

diets. 

Effects of Cu and Fe deficiency on thyroidal status. We previously reported that 

Cu and Fe deficiencies during fetal/neonatal development reduce neonatal circulating TH 

concentrations (Bastian, Prohaska et al. 2010). In this study, Cu deficiency did not 
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Table 1: Copper, iron, and thyroid hormone status of rat dams 

Characteristic Control CuD FeD 1 ppm PTU 3 ppm PTU 

Body Weight, g 342 ± 5.4
a
 329 ± 9.5

a
 337 ± 13.4

a
 325 ± 7.2

a
 341 ± 7.9

a
 

Hemoglobin, g/L 172 ± 1.5
a
 158 ± 4.3

a
 136 ± 5.8

b
 167 ± 4.5

a
 161 ± 0.9

a
 

Ceruloplasmin, U/L 203 ± 18.3
a
 0.54 ± 0.14

b
 190 ± 11.3

a
 208 ± 27.0

a
 168 ± 27.1

a
 

Serum Fe, µg/mL 5.37 ± 0.47
a
 2.68 ± 0.66

b
 0.97 ± 0.20

c
 4.81 ± 0.09

a
 5.02 ± 0.39

a
 

Serum Total T4, ng/mL 37.0 ± 2.37
a,b

 43.3 ± 3.05
a
 38.5 ± 5.74

a,b
 27.6 ± 3.62

b
 8.51 ±1.40

c
 

Serum Total T3, ng/dL 37.3 ± 2.76
a
 41.2 ± 3.01

a
 40.7 ± 4.33

a
 40.2 ± 5.19

a
 36.5 ± 5.83

a
 

 
Data are presented as the mean ± SEM (n = 5). Within a specific row, means not sharing a 
common superscript are significantly different by one-way ANOVA and Tukey’s or Scheffe’s 
multiple comparison test (P < 0.05).  
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Table 2: Characteristics of P10 rat pups following fetal and neonatal copper 
deficiency, iron deficiency, or PTU treatment 

 
Characteristic Control CuD FeD 1 ppm PTU 3 ppm PTU 

Body Weight, g 26.5 ± 0.88
a
 25.0 ± 0.81

a
 19.8 ± 1.06

b
 24.3 ± 1.15

a
 25.7 ± 0.74

a
 

Hemoglobin, g/L 118 ± 2.16
a
 96.4 ± 2.16

b
 58.2 ± 4.02

c
 116 ± 2.99

a
 123 ± 4.88

a
 

Hematocrit, % 40.4 ± 1.01
a
 30.7 ± 1.94

b
 17.8 ± 1.02

c
 37.9 ± 1.19

a
 40.0 ± 1.62

a
 

Ceruloplasmin, U/L 46.2 ± 3.01
a
 4.91 ± 0.55

b
 27.5 ± 3.55

c
 36.0 ± 1.87

a,c
 51.7 ± 10.5

a
 

Serum Fe, µg/mL 1.52 ± 0.15
a
 0.82 ± 0.08

b
 0.31 ± 0.04

b
 1.90 ± 0.20

a
 1.65 ± 0.08

a
 

Liver Cu, µg/g 49.9 ± 2.02
a
 1.93 ± 0.10

b
 103 ± 9.68

c
 46.4 ± 5.67

a
 42.6 ± 2.82

a
 

Liver Fe, µg/g 45.0 ± 6.40
a
 45.0 ± 8.35

a
 21.7 ± 2.85

a
 48.8 ± 8.16

a
 35.4 ± 2.43

a
 

Liver Zn, µg/g 76.8 ± 4.06
a
 65.5 ± 5.75

a
 54.7 ± 4.63

b
 72.5 ± 3.42

a
 72.2 ± 5.73

a
 

Brain Cu, µg/g 0.93 ± 0.02
a
 0.51 ± 0.02

b
 1.18 ± 0.03

c
 0.96 ± 0.02

a
 0.86 ± 0.02

a
 

Brain Fe, µg/g 7.65 ± 1.63
a
 5.40 ± 0.39

a
 3.37 ± 0.08

b
 6.02 ± 0.41

a
 5.85 ± 0.16

a
 

Brain Zn, µg/g 9.02 ± 0.27
a
 8.86 ± 0.33

a
 8.88 ± 0.08

a
 8.57 ± 0.28

a
 8.45 ± 0.27

a
 

 
Data are presented as the mean ± SEM (n = 4 – 10). Within a specific row, means not sharing a 
common superscript are significantly different by one-way ANOVA and Tukey’s or Scheffe’s 
multiple comparison test (P < 0.05). 
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significantly alter P10 circulating hormone concentrations (data not shown). In keeping 

with our hypothesis, Fe deficiency reduced P10 serum TT4 by 52% and serum TT3 by 

45% (Figure 1A & B). Fe deficiency did not alter serum TSH concentrations (Figure 1C). 

Serum TT4 was 66% lower and serum TT3 was 34% higher in 1 ppm PTU P10 pups 

(Figure 1A & B). Serum TSH concentrations were 2.3 times higher in 1 ppm PTU pups, 

compared to controls (Figure 1C). Both serum TT4 (93%) and TT3 (57%) were lower in 

3 ppm PTU pups, compared to controls (Figure 1A & B). Serum TSH concentrations 

were 4.1 times higher in 3 ppm PTU pups (Figure 1C), compared to controls, indicating 

these pups are TH-deficient and are an appropriate hypothyroid control group. Serum 

TT4 concentrations for six out of nine 3 ppm PTU samples fell below the MDC. Serum 

TT3 concentrations for three out of nine 3 ppm PTU samples and one out of twelve FeD 

samples fell below the MDC. 

Given the reduction in circulating TH concentrations in FeD pups, brain sub-

regions that are dependent on TH for development and function may be susceptible to 

altered tissue TH concentrations. T3 content was measured in P10 half brains, 

hippocampi, and cerebral cortices. Brain T3 content was not significantly lower in CuD 

pups (data not shown). P10 whole brain T3 content was 14% lower in FeD pups, 16% 

lower in 1 ppm PTU pups, and 62% lower in 3 ppm PTU pups (Figure 1D). P10 

hippocampus T3 content was 18% lower in FeD pups, 23% lower in 1 ppm PTU pups, 

and 45% lower in 3 ppm PTU pups (Figure 1E). P10 cerebral cortex T3 content was not 

statistically lower in FeD pups, but was 21% lower in 1 ppm PTU pups, and 53% lower 

in 3 ppm PTU pups (Figure 1F). 
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Figure 1: Fetal and neonatal iron deficiency reduces serum and brain TH levels. (A) 
Serum total T4 (TT4). (B) Serum total T3 (TT3). (C) Serum TSH. Serum was harvested from 
P10 male pups (n = 8 – 10).  (D) Whole brain T3. (E) Hippocampal T3. (F) Cerebral cortical 
T3. Half brains (n = 6 – 9), hippocampi (n = 9 – 10), and cerebral cortices (n = 9) were 
harvested from P10 male pups. Data are presented as the mean ± SEM. Groups not sharing a 
common superscript are significantly different by one-way ANOVA and Tukey’s or Scheffe’s 
multiple comparison test (P < 0.05). The 3 ppm PTU group served as a positive hypothyroid 
control. Asterisks indicate statistical difference between 3 ppm PTU and control.  
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 Effect of Fe deficiency and PTU treatment on hippocampal and cerebral cortical 

mRNA expression. In our previous study, several known TH-responsive genes were not 

altered in Fe- or TH-deficient whole brains (Bastian, Prohaska et al. 2010). This led us to 

hypothesize that the effect of Fe deficiency on TH-responsive gene expression will be 

more pronounced in brain sub-regions such as the cerebral cortex or hippocampus. To 

test this hypothesis, qPCR was performed for several genes, including some that are 

known Fe- or TH-responsive genes in the developing brain.  

Figure 2 shows qPCR data for genes with mRNA expression that was altered by 

both FeD and 1 or 3 ppm PTU in the P10 hippocampus or cerebral cortex. Pvalb, Enpp6, 

and Mbp mRNA expression levels were significantly lower in the P10 FeD hippocampus 

compared to controls (Figure 2A, B, & C). In contrast the mRNA expression of Pvalb, 

Enpp6, and Mbp was not significantly altered in the FeD cerebral cortex. These data are 

similar to changes in the T3 contents observed in the hippocampus and cerebral cortex 

(Figure 1). Interestingly, Hr and Dbm mRNA expression levels were significantly 

reduced in the P10 FeD cerebral cortex but not the hippocampus (Figure 2D & E). The 

hippocampal and cerebral cortical mRNA levels of Pvalb, Enpp6, Mbp, Hr, and Dbm 

were reduced to a similar extent in the FeD and 1 ppm PTU pups. 1 ppm PTU 

significantly lowered cerebral cortical Pvalb and Hr mRNA levels compared to controls. 

The mRNA expression of Pvalb, Enpp6, Mbp, and Hr demonstrated a dose response to 1 

and 3 ppm PTU treatment in the hippocampus and cerebral cortex, indicating TH-

dependent regulation. Together these data suggest that altered thyroidal status may 

contribute to aberrant gene expression in the neonatal FeD brain. 
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Figure 2: Fe deficiency impairs TH-dependent gene expression for some genes in the 
neonatal hippocampus or cerebral cortex. Hippocampi or cerebral cortices were harvested 
from P10 male pups (n = 8 – 10), total RNA was extracted, and cDNA was synthesized. 
Quantitative real-time PCR was performed for several TH-responsive genes. (A) Parvalbumin, 
Pvalb (B) Ectonucleotide pyrophosphatase/phosphodiesterase 6, Enpp6 (C) Myelin basic 
protein, Mbp (D) Hairless, Hr (E) Dopamine beta-monooxygenase, Dbm. Relative mRNA 
levels are calculated relative to an internal control cDNA sample. Data are presented as the 
mean ± SEM. Groups not sharing a common superscript are significantly different by one-way 
ANOVA and Tukey’s or Scheffe’s multiple comparison test (P < 0.05). The 3 ppm PTU group 
served as a positive hypothyroid control. Asterisks indicate statistical difference between 3 
ppm PTU and control.  
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 This study also revealed several genes that are selectively responsive to Fe or TH. 

The TfR1 and Dmt1 genes code for proteins involved in tissue Fe uptake (Fretham, 

Carlson et al. 2011). Iron response element regulated TfR1 and Dmt1 expression is 

increased in neonatal Fe-deficient brains (Clardy, Wang et al. 2006; Carlson, Stead et al. 

2007) and therefore served as Fe-responsive controls. Fe deficiency, but not 1 or 3 ppm 

PTU treatment, increased TfR1 and Dmt1 mRNA levels in the P10 hippocampus and 

cerebral cortex (Figure 3A & B). Agt and Mobp mRNA levels were significantly reduced 

in the 1 and/or 3 ppm PTU hippocampus and cerebral cortex but not in the FeD 

hippocampus and cerebral cortex (Figure 3C & D). Interestingly, the TH-responsive 

genes Rc3, Dpysl3, and Egr1 were only significantly altered in the 3 ppm PTU cerebral 

cortex (Figure 3E, F, & G), suggesting differential responsivity of these genes to altered 

T3 levels in the cerebral cortex compared to the hippocampus. Fe and TH deficiencies 

did not significantly alter Bdnf IV, Bdnf VI, and total Bdnf mRNA levels in the P10 

hippocampus or cerebral cortex (Supplemental Figure 1). Gapdh mRNA expression was 

measured as a negative control and was not altered in FeD or PTU brain regions (Figure 

3H).  

Finally, we examined mRNA levels for several genes involved in maintaining 

brain TH homeostasis (Figure 4). Interestingly, Dio2 mRNA expression was significantly 

increased in P10 FeD, 1 ppm PTU, and 3 ppm PTU cerebral cortex but not the 

hippocampus (Figure 4A). These data may explain the larger reduction in hippocampal 

T3 compared to cerebral cortical T3 for FeD pups (Figure 1D & E). Mct8 mRNA 

expression was only significantly increased in the 3 ppm PTU hippocampus (Figure 4D). 
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Figure 3: The expression of some genes is either Fe-responsive, TH-responsive, or neither 
in the neonatal hippocampus and cerebral cortex. Hippocampi or cerebral cortices were 
harvested from P10 male pups (n = 8 – 10), total RNA was extracted, and cDNA was 
synthesized. Quantitative real-time PCR was performed for several Fe-responsive, TH-
responsive, or negative control genes. (A) Transferrin receptor 1, TfR1 (B) Divalent metal 
transporter 1, Dmt1 (C) Angiotensinogen, Agt (D) Myelin-associated oligodendrocyte basic 
protein, Mobp (E) Neurogranin, Rc3 (F) Dihydropyrimidinase-like 3, Dpysl3 (G) Early growth 
response factor 1, Egr1 (H) Glyceraldehyde 3-phosphate dehydrogenase, Gapdh.  Relative 
mRNA levels are calculated relative to an internal control cDNA sample. Groups not sharing a 
common superscript are significantly different by one-way ANOVA and Tukey’s or Scheffe’s 
multiple comparison test (P < 0.05). The 3 ppm PTU group served as a positive hypothyroid 
control. Asterisks indicate statistical difference between 3 ppm PTU and control. 
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Supplemental Figure 1: Bdnf mRNA expression is not altered in the Fe- or TH-deficient 
neonatal cerebral cortex or hippocampus. Hippocampi or cerebral cortices were harvested 
from P10 male pups (n = 8 – 10), total RNA was extracted, and cDNA was synthesized. 
Quantitative real-time PCR was performed for (A) Brain-derived neurotrophic factor (total), 
Bdnf (B) Brain-derived neurotrophic factor isoform IV, Bdnf IV (C) Brain-derived 
neurotrophic factor isoform VI, Bdnf VI. Relative mRNA levels are calculated relative to an 
internal control cDNA sample. Data are presented as the mean ± SEM. Groups not sharing a 
common superscript are significantly different by one-way ANOVA and Tukey’s or Scheffe’s 
multiple comparison test (P < 0.05). Cu deficiency did not impact serum and brain TH 
concentrations or TH-responsive gene expression and thus was excluded from mRNA 
expression analysis. The 3 ppm PTU group served as a positive hypothyroid control. Asterisks 
indicate statistical difference between 3 ppm PTU and control.  
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Figure 4: The neonatal cerebral cortex but not hippocampus senses mild TH deficiencies 
and upregulates compensatory mechanisms. Hippocampi or cerebral cortices were 
harvested from P10 male pups (n = 8 – 10), total RNA was extracted, and cDNA was 
synthesized. Quantitative real-time PCR was performed for several genes involved in 
maintaining tissue TH homeostasis. (A) Type 2 deiodinase, Dio2 (B) Type 3 deiodinase, Dio3 
(C) Organic anion transporting polypeptide 1c1, Oatp1c1 (D) Monocarboxylate transporter 8, 
Mct8 (E) Mu crystallin, Crym. Relative mRNA levels are calculated relative to an internal 
control cDNA sample. Data are presented as the mean ± SEM. Groups not sharing a common 
superscript are significantly different by one-way ANOVA and Tukey’s or Scheffe’s multiple 
comparison test (P < 0.05). The 3 ppm PTU group served as a positive hypothyroid control. 
Asterisks indicate statistical difference between 3 ppm PTU and control. 
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We did not observe significant changes in Dio3, Oatp1c1, or Crym mRNA expression in 

either brain region for any treatment groups (Figure 4B, C, & E). 

To further assess brain region differences in gene TH-responsivity we performed 

linear regression between serum TT4 and cerebral cortex or hippocampus mRNA levels 

(Figure 5 and Supplemental Figure 2). The relationships between Pvalb, Enpp6, Hr, Mbp, 

Mobp, and Agt mRNA levels and serum TT4 concentrations had slopes that were 

significantly different from zero in both the cerebral cortex and the hippocampus. 

Correlation coefficients (R2 values) demonstrate regional differences in relationship 

strengths, with Pvalb, Mobp, and Agt having stronger relationships in the cerebral cortex 

than the hippocampus and Enpp6 having a stronger relationship in the hippocampus than 

the cerebral cortex. Hr and Mbp had similar R2 values in the cerebral cortex and 

hippocampus. Only two genes, Dio3 and Mct8, had correlations with slopes that 

significantly deviated from zero in the hippocampus but not the cerebral cortex. In 

contrast, Dio2, Egr1, Rc3, Oatp1c1, Dpysl3, and Dbm had relationships with slopes that 

were significantly different from zero in the cerebral cortex but not the hippocampus. 

Together these data reveal gene- and brain region-specific TH sensitivities in the 

developing rat brain. 
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Figure 5: Serum TT4 and brain mRNA correlations demonstrate regional differences in 
TH responsivity. Linear regression scatter plots demonstrating the relationship between serum 
total T4 concentrations and either hippocampus or cerebral cortex mRNA levels in individual 
rat pups are shown for several genes. (A) Parvalbumin, Pvalb (B) Ectonucleotide 
pyrophosphatase/phosphodiesterase 6, Enpp6 (C) Hairless, Hr (D) Myelin basic protein, Mbp 
(E) Myelin-associated oligodendrocyte basic protein, Mobp (F) Angiotensinogen, Agt (G) 
Type 3 deiodinase, Dio3 (H) Monocarboxylate transporter 8, Mct8 (I) Type 2 deiodinase, Dio2 
(J) Early growth response factor 1, Egr1 (K) Neurogranin, Rc3 (L) Glyceraldehyde 3-
phosphate dehydrogenase, Gapdh. The slope, y-intercept, and Pearson correlation R2 values 
are shown for each linear regression analysis. Asterisks indicate relationships with slopes that 
significantly deviate from zero (P < 0.05). 
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Supplemental Figure 2: Relationship between serum total T4 and brain regional mRNA 
levels. Linear regression scatter plots demonstrating the relationship between serum total T4 
concentrations and either hippocampus or cerebral cortex mRNA levels in individual rat pups 
are shown for several genes. (A) Organic anion transporting polypeptide 1c1, Oatp1c1 (B) 
Dihydropyrimidinase-like 3, Dpysl3 (C) Dopamine beta-monooxygenase, Dbm (D) Brain-
derived neurotrophic factor (total), Bdnf (E) Brain-derived neurotrophic factor isoform IV, 
Bdnf IV (F) Brain-derived neurotrophic factor isoform VI, Bdnf VI (G) Mu crystallin, Crym 
(H) Divalent metal transporter 1, Dmt1 (I) Transferrin receptor 1, TfR1. The slope, y-intercept, 
and Pearson correlation R2 values are shown for each linear regression analysis. Asterisks 
indicate relationships with slopes that significantly deviate from zero (P < 0.05). 
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Discussion 

Fe deficiency affects greater than one billion people worldwide, having its most 

profound impact on fetal/infant neurodevelopment and the long-term cognitive and 

behavioral outcome of affected children (Lozoff and Georgieff 2006; McLean, Cogswell 

et al. 2009). In rodents, fetal/neonatal Fe and TH deficiencies lead to similar brain 

developmental defects including aberrant myelination, blunted neuronal maturation and 

neurotransmission, and impaired synapse formation and function (Anderson and Mariash 

2002; Fretham, Carlson et al. 2011). Brain developmental impairments associated with 

these deficiencies often persist into adulthood and result in permanent behavioral 

abnormalities including impaired learning and memory (Gilbert and Sui 2006; Fretham, 

Carlson et al. 2011). Whether impaired thyroid function contributes to the derangements 

in brain development associated with Fe deficiency is unknown.  

We recently demonstrated that Fe deficiency reduces both circulating and whole 

brain TH concentrations in the neonatal rodent (Bastian, Prohaska et al. 2010). In the 

current study, we confirm these findings and also demonstrate that Fe deficiency lowers 

neonatal brain T3 concentrations in a brain region-specific manner, more severely 

impacting the hippocampus compared to the cerebral cortex. We show that both Fe and 

mild or moderate TH deficiencies alter the mRNA expression of several TH-responsive 

genes, including Pvalb, Enpp6, Mbp, Hr, Dbm, and Dio2 in the neonatal cerebral cortex 

or hippocampus. These data suggest that some aspects of mammalian brain development 

may be partially impaired by reduced TH content in the Fe-deficient brain.  
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Fe and TH deficiencies were previously shown to reduce Pvalb mRNA 

expression in the neonatal whole brain (Clardy, Wang et al. 2006; Bastian, Prohaska et al. 

2010) or cerebral cortex (Royland, Parker et al. 2008). Here, we also show that moderate 

TH insufficiency impairs Pvalb mRNA expression in the neonatal hippocampus. Fe 

deficiency significantly reduced Pvalb mRNA expression in the P10 hippocampus but 

not the cerebral cortex, correlating with the observed brain region T3 contents. These 

data suggest that Pvalb mRNA expression may be altered in the Fe-deficient neonatal 

hippocampus due to altered tissue T3 content. Parvalbumin is expressed in inhibitory 

GABAergic interneurons and has been implicated in synaptic calcium signaling, synaptic 

plasticity, and memory formation in the developing rodent brain (Caillard, Moreno et al. 

2000; Jiang and Swann 2005; Fuchs, Zivkovic et al. 2007). Therefore, TH deficiency 

may contribute to some of the defects in hippocampal neuronal signaling and the 

associated deficits in learning and memory observed in Fe-deficient rats. 

Mild and moderate TH deficiency was previously shown to reduce Enpp6 mRNA 

expression in the neonatal hippocampus (Royland, Parker et al. 2008). Our data confirm 

these findings in the hippocampus and also demonstrate that Enpp6 is TH-responsive in 

the neonatal cerebral cortex. In accordance with our tissue T3 data, Fe deficiency 

significantly reduced Enpp6 mRNA levels in the hippocampus but not the cerebral 

cortex. Mbp mRNA expression is down-regulated throughout the brain including the 

cerebral cortex and hippocampus of developing hypothyroid rats (Ibarrola and 

Rodriguez-Pena 1997; Royland, Parker et al. 2008) and in P21 Fe-deficient rat whole 

brains (Clardy, Wang et al. 2006). Fe deficiency reduced Mbp mRNA expression in the 
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hippocampus and cerebral cortex. The magnitude of this reduction was similar to the 1 

ppm PTU group and was only statistically significant in the hippocampus. Mbp is one of 

the most highly enriched proteins in the myelin sheath surrounding CNS neurons and 

thus Mbp expression is a good indicator of myelination status (Jahn, Tenzer et al. 2009). 

Enpp6 may also be important for myelination of neuronal axons as it is involved in 

choline metabolism and is highly expressed in differentiating rat oligodendrocytes and 

the myelin fraction of mouse brain homogenates (Sakagami, Aoki et al. 2005; Dugas, Tai 

et al. 2006; Jahn, Tenzer et al. 2009). Our Mbp and Enpp6 expression data suggest that 

secondary TH deficiency may contribute to the well-established hypomyelination in 

developing Fe-deficient brains. 

Fe deficiency altered the mRNA expression of three genes, Hr, Dbm, and Dio2 in 

the cerebral cortex but not the hippocampus despite a non-significant decrease in cerebral 

cortex T3 content in FeD pups. Interestingly, 1 ppm PTU treatment also altered the 

expression of these three genes in the cerebral cortex but not the hippocampus, 

suggesting that TH-sensitivity and -responsiveness of Hr, Dbm, and Dio2 mRNA 

expression is brain region-specific in the P10 rat brain. Noradrenergic synaptic efficacy 

(McEchron, Goletiani et al. 2010) and ligand binding to the norepinephrine transporter 

(Burhans, Dailey et al. 2005) are impaired in the Fe-deficient hippocampus and locus 

coeruleus, respectively. Our data suggest that conversion of dopamine to norepinephrine 

may be impaired in the FeD cerebral cortex due to reduced Dbm mRNA expression and 

that reduced brain T3 levels may contribute to this phenomenon. 
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Hairless is a well-characterized TH-responsive gene in the developing rodent 

brain, coding for a corepressor involved in transcriptional repression of TH-responsive 

genes (Potter, Zarach et al. 2002). Type II deiodinase catalyzes the conversion of T4 to 

T3, and thus has an important role in maintaining brain TH homeostasis. The elevated 

Dio2 mRNA expression in the Fe-deficient cerebral cortex suggests that this brain region 

is sensing the altered thyroidal status and is attempting to maintain adequate T3 

concentrations. This result may explain the differential effect of Fe deficiency on 

hippocampal and cerebral cortical T3 concentrations. Together, the altered cerebral 

cortical Hr and Dio2 mRNA expression provides support that TH action is impaired in 

the developing Fe-deficient rodent brain. 

Bdnf expression initiates from one of several different promoters resulting in 

eleven different gene products (Aid, Kazantseva et al. 2007). In accordance with previous 

work in our lab with a different model of nutritional Fe deficiency (Tran, Carlson et al. 

2008), Bdnf IV and Bdnf VI (formerly Bdnf III and IV, respectively (Aid, Kazantseva et 

al. 2007)) expression was reduced in the Fe-deficient hippocampus. However, in this 

study, the reduction in Bdnf expression was not statistically significant. In severe models 

of TH deficiency, Bdnf TH-responsivity is regulated in a promoter-, age-, and brain 

region-specific fashion (Reviewed in (Anderson and Mariash 2002)). In agreement with 

our mRNA data, Lasley et al. recently demonstrated that fetal/neonatal 1, 2, and 3 ppm 

PTU treatment does not alter Bdnf protein expression in the neonatal hippocampus, 

cerebral cortex, or cerebellum.  
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Cu deficiency lowered P12 and P24 serum TH concentrations in our previous 

studies (Bastian, Prohaska et al. 2010; Bastian, Lassi et al. 2011), but did not significantly 

alter P10 serum TH concentrations in this study. Although the same CuD diet was used, 

differences in the severity of Cu deficiency, anemia, and secondary Fe deficiency may 

explain the lack of significant impact on serum TH concentrations. All P10 CuD pups in 

this study, compared to no P12 CuD pups in the previous study (Bastian, Prohaska et al. 

2010), had measurable levels of ceruloplasmin activity, suggesting a less severe Cu 

deficiency. Cu deficiency lowered P10 hemoglobin and serum Fe levels by 18% and 46% 

(Table 2), compared to 23% and 56% in P12 pups from the previous study, suggesting 

less severe anemia and secondary Fe deficiency. Additionally, rat age (P10 vs. P12) may 

contribute to the severity of Cu deficiency, secondary Fe deficiency, and the 

accompanying effects on serum TH concentrations. 

Unlike FeD neonatal pups, serum TT3 concentrations were not reduced in 1 ppm 

PTU pups. It is likely that 1 ppm PTU pups maintain normal serum TT3 concentrations 

through peripheral T4 to T3 conversion, suggesting that peripheral T4 to T3 conversion 

may be impaired in neonatal Fe-deficient rats. Supporting this hypothesis, hepatic T4 to 

T3 conversion is impaired in adolescent or adult Fe-deficient rodents (Beard, Tobin et al. 

1989; Brigham and Beard 1995). In addition, Fe deficiency may alter circulating TH 

concentrations through impaired thyroidal T4 and T3 synthesis as activity of TPO, an Fe-

containing enzyme, is reduced in adolescent Fe-deficient rats (Hess, Zimmermann et al. 

2002).  
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Interestingly, Fe deficiency did not alter circulating TSH concentrations, despite 

decreased serum and brain TH concentrations. These data could indicate that 

fetal/neonatal Fe deficiency is associated with non-thyroidal illness, which is 

characterized by decreased circulating T3 concentrations and normal or low circulating 

TSH concentrations. However, our TSH data could also indicate that Fe deficiency 

directly impairs thyrotropin releasing hormone (TRH) and/or TSH synthesis or secretion, 

leading to a secondary or tertiary hypothyroid state. Previous studies show that Fe 

deficiency in weanling rats reduces plasma TSH concentrations (Tang, Wong et al. 1988; 

Beard, Tobin et al. 1989) and pituitary TSH content (Tang, Wong et al. 1988). 

Exogenous TRH administration did not completely normalize plasma TSH 

concentrations in Fe-deficient rats but did induce an increase in plasma TSH 

concentrations similar to Fe-sufficient controls. These data suggest Fe deficiency 

decreases hypothalamic TRH production and/or release.  Further research is warranted to 

determine the mechanism(s) by which Fe deficiency reduces circulating and tissue TH 

concentrations.  

In our previous study, the effects of Fe and Cu deficiencies on neonatal thyroidal 

status were compared to severe TH deficiency (10 ppm PTU), making it difficult to 

determine the degree of thyroidal impairment. We now have directly compared 

circulating and brain TH concentrations in Fe-deficient neonatal rats to mild (1 ppm 

PTU) and moderate (3 ppm PTU) thyroidal insults. Fetal/neonatal Fe deficiency reduced 

P10 serum TT4 concentrations and whole brain and hippocampal T3 content to a similar 

extent as 1 ppm PTU. Interestingly, Fe deficiency did not significantly alter cerebral 
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cortical T3 content, suggesting a brain region-specific difference in TH metabolism. As 

discussed above, Dio2 mRNA expression was significantly increased in the FeD cerebral 

cortex, which may explain the difference in T3 content of these brain regions. Together, 

the TH data indicate that fetal/neonatal Fe deficiency produces a mild TH deficiency in 

the neonatal circulation and brain. Demonstrating that the developing Fe-deficient brain 

experiences a TH insufficiency comparable to 1 ppm PTU treatment provides a basis for 

developing hypotheses about the contribution of reduced TH levels to impairments in the 

developing Fe-deficient brain. The fetal/neonatal 1 ppm PTU treatment model is 

associated with aberrant neonatal cerebral cortex and hippocampus gene expression 

((Royland, Parker et al. 2008; Sharlin, Gilbert et al. 2010), current study), reduced 

cerebral cortex and hippocampus BDNF protein expression in adult offspring (Lasley and 

Gilbert 2011), reduced neonatal corpus callosum cellular density (Sharlin, Tighe et al. 

2008), and impaired long-term potentiation in the dentate gyrus of adult offspring 

(Gilbert 2011). Fe deficiency is also associated with altered neonatal brain gene 

expression ((Clardy, Wang et al. 2006; Carlson, Stead et al. 2007; Bastian, Prohaska et al. 

2010), current study), reduced hippocampus BDNF mRNA and protein expression in 

adult offspring (Tran, Fretham et al. 2009), and impaired hippocampal long-term 

potentiation in adult offspring (Jorgenson, Sun et al. 2005). Thus, it will be important to 

directly evaluate the contribution of altered thyroidal status to the brain developmental 

defects associated with Fe deficiency through TH repletion studies. 

Previous work demonstrated that TH regulates brain gene expression in a gene-, 

age-, and brain region-specific fashion (Reviewed in (Anderson and Mariash 2002)). Our 
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data provide further support for a model of TH-regulated brain gene expression in which 

individual genes have unique, brain region-specific sensitivities to changes in TH levels. 

Dbm, Rc3, Dpysl3, Egr1, and Dio2 mRNA expression was significantly altered in the 

cerebral cortex but not the hippocampus of 3 ppm PTU pups, indicating a brain region-

specific TH-responsivity for these genes at this developmental stage. In addition, Pvalb, 

Hr, and Agt mRNA expression was significantly altered in both the 1 and 3 ppm PTU 

cerebral cortex but only the 3 ppm PTU hippocampus, indicating a brain region-specific 

difference in TH-sensitivity for these TH-responsive genes. Our data correlating mRNA 

expression levels to serum TT4 concentrations also provide support for brain region-

specific differences in TH responsivity. Dio2, Oatp1c1, Rc3, Egr1, Dpysl3, and Dbm 

mRNA levels were significantly correlated with serum TT4 concentrations in the cerebral 

cortex but not the hippocampus. Alternatively, the only genes with mRNA levels 

significantly correlated with serum TT4 concentrations in the hippocampus but not the 

cerebral cortex were Dio3 and Mct8. These data indicate an increased TH-responsivity in 

the P10 cerebral cortex compared to the hippocampus, in keeping with previous findings 

(Royland, Parker et al. 2008).  

Brain T3 can be acquired from two different “sources”: transport into the brain 

from the circulation or local conversion from T4. Morte et al. recently demonstrated that 

some TH-responsive genes are differentially dependent on the source of T3, requiring 

locally generated T3 for regulation in the developing mouse cerebral cortex (Morte, 

Ceballos et al. 2010). Interestingly, Dio2 mRNA was increased in the FeD, 1 ppm PTU, 

and 3 ppm PTU cerebral cortex but not the hippocampus and mRNA for the T3 
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transporter, Mct8, was increased in the 3 ppm PTU hippocampus but not cerebral cortex. 

These data suggest that a difference in the source of available T3 may explain the 

apparent increase in cerebral cortical TH-responsivity compared to the hippocampus. 

While the molecular mechanisms controlling the brain region-specific differences in TH-

responsivity are complex and not fully understood, one possible explanation is 

differential TH receptor and cofactor expression and/or recruitment to gene promoters. In 

addition, mRNA levels for the intracellular T3 binding protein, Crym, are strikingly high 

in the hippocampus compared to the rest of the rodent brain (Supplemental Figure 3). 

Differential cytosolic T3 binding could contribute to differences in T3 responsivity of 

brain sub-regions by regulating T3 entry into the nucleus and/or altering T3 interaction 

with TH receptors. In addition, brain region-specific differences in developmental timing 

including cellular differentiation and formation of cell-cell connections could also 

contribute to differences in TH-responsivity. 

A major implication of these data is that even mild perturbations to thyroidal 

status can aberrantly impact the developing mammalian brain. In humans, thyroidal 

perturbations could be due to naturally occurring goitrogens (e.g. thiocyanates, 

isoflavanoids), anthropogenic thyroid disrupting chemicals (e.g. bisphenol A, 

polychlorinated biphenyl, perfluorinated compounds), or micronutrient deficiencies (e.g. 

iodine, iron, selenium, vitamin A, zinc). In developing countries millions of people are 

deficient in not one, but multiple micronutrients due to eating a diet lacking nutrient 

diversity (Benton 2008). In addition, people living in developing countries are often 

exposed to thyroid disrupting chemicals, such as thiocyanate precursors in cassava, on a 
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Supplemental Figure 3: Crym mRNA is highly expressed in the adult and neonatal 
hippocampus and the tanycytes lining the 3rd ventricle. In situ hybridization images 
demonstrating Crym mRNA expression patterns in the mouse brain were downloaded with 
permission from the Allen Brain Atlas (ABA) website (Reference a). A description of the site 
and the methods used by ABA can be found in Reference b. A) The image shows Crym 
mRNA expression by in situ hybridization in a postnatal day 14 mouse brain sagital section. B) 
The same image as in panel A is shown using ABA’s expression analysis tool. C) The image 
shows Crym mRNA expression by in situ hybridization in an adult mouse brain coronal 
section. D) The same image as in panel A is shown using ABA’s expression analysis tool. In 
panels A and C, cells with high Crym mRNA expression have significant silver grain 
deposition and are black. In panels B and D, red coloring indicates cells with high Crym 
mRNA expression, whereas blue indicates cells with low Crym expression as depicted in the 
legend in the upper right hand corner of each image. References: A. Allen Brain Atlas 
[Internet].  Seattle (WA): Allen Institute for Brain Science.  © 2009.  Available from:  
http://www.brain-map.org. B. Lein, E.S. et al., Genome-wide atlas of gene expression in the 
adult mouse brain, Nature 445: 168-176 (2007), doi: 10.1038/nature05453 
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daily basis. Individually, dietary goitrogens, environmental chemicals, and micronutrient 

deficiencies may exert only minor effects on the thyroid axis. However, in combination, 

these effects may be exacerbated resulting in a more severe insult to the thyroid axis and 

more severe developmental impairments. Given their profound impact on child 

development and prosperity it is important to understand how micronutrient deficiencies 

and other thyroid disruptors interact to affect the thyroid axis during fetal and infant 

development. 
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Chapter 4 – Fetal and neonatal iron deficiency exacerbates the effect of 
propylthiouracil-induced thyroid hormone insufficiency on male 

neonatal thyroidal status and brain thyroid hormone-responsive gene 
expression 

 
Thomas W. Bastian, Joseph R. Prohaska, Michael K. Georgieff, and Grant W. Anderson 
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 Fetal/neonatal iron (Fe) and iodine/thyroid hormone (TH) deficiencies lead to 

similar brain developmental abnormalities and often coexist in developing countries. We 

recently demonstrated that fetal/neonatal Fe deficiency results in a mild neonatal 

thyroidal impairment, suggesting that TH insufficiency contributes to the 

neurodevelopmental abnormalities associated with Fe deficiency. We hypothesized that 

combining Fe deficiency with an additional mild thyroidal perturbation (propylthiouracil 

(PTU)) during development would more severely impair neonatal thyroidal status and 

brain TH-responsive gene expression than either deficiency alone. Early gestation 

pregnant rats were assigned to seven different treatment groups: control, Fe-deficient 

(FeD), mild TH-deficient (1 ppm PTU), moderate TH-deficient (3 ppm PTU), severe TH-

deficient (10 ppm PTU), FeD/1 ppm PTU, or FeD/3 ppm PTU. FeD or 1 ppm PTU 

treatment alone reduced postnatal day 15 (P15) serum total T4 concentrations by 64% 

and 74%, respectively, without significantly altering serum total T3 concentrations. 

Neither treatment alone significantly altered P16 cortical or hippocampal T3 

concentrations. FeD combined with 1 ppm PTU treatment produced a more severe effect, 

reducing serum total T4 by 95%, and lowering hippocampal and cortical T3 

concentrations by 24% and 31%, respectively. Combined FeD/PTU had a more severe 

effect on brain TH-responsive gene expression than either treatment alone, significantly 

altering Pvalb, Dio2, Mbp, Agt, and Hairless hippocampal and/or cortical mRNA levels. 

FeD/PTU treatment more severely impacted cortical and hippocampal PVALB protein 

expression compared to either individual treatment. These data suggest that combining 
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two mild thyroidal insults during development significantly disrupts thyroid function and 

impairs TH-regulated brain gene expression. 
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Introduction 

Thyroid hormone (TH) is critical for normal mammalian brain development 

(Anderson and Mariash 2002; Bernal 2005). Much of what we know about the role of TH 

in mammalian brain development comes from studies on severe iodine/TH deficiency. 

However, it is estimated that mild thyroidal impairments could be 150-200 times more 

prevalent during pregnancy than congenital hypothyroidism (Morreale de Escobar, 

Obregon et al. 2000). Importantly, recent evidence suggests that maternal 

hypothyroxinemia and subclinical hypothyroidism contribute to impaired offspring 

cognitive outcome (Haddow, Palomaki et al. 1999; Pop, Kuijpens et al. 1999; Berbel, 

Mestre et al. 2009; Henrichs, Bongers-Schokking et al. 2010). Rodent studies 

demonstrate that even mild TH insufficiencies impair neonatal brain gene and protein 

expression (Royland, Parker et al. 2008; Sharlin, Tighe et al. 2008; Sharlin, Gilbert et al. 

2010; Babu, Sinha et al. 2011; Bastian, Anderson et al. 2012), cellular differentiation, 

proliferation, and migration (Lavado-Autric, Auso et al. 2003; Auso, Lavado-Autric et al. 

2004; Goodman and Gilbert 2007; Sharlin, Tighe et al. 2008; Liu, Teng et al. 2010; Babu, 

Sinha et al. 2011), short- and long-term memory (Liu, Teng et al. 2010), and seizure 

susceptibility (Auso, Lavado-Autric et al. 2004) during mammalian brain development, 

leading to permanent abnormalities in offspring (Auso, Lavado-Autric et al. 2004; 

Goodman and Gilbert 2007; Opazo, Gianini et al. 2008; Gilbert 2011; Lasley and Gilbert 

2011).  

There are several environmental factors that disrupt thyroidal status including 

environmental endocrine disrupting chemicals, dietary goitrogens, and micronutrient 
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deficiencies. Individually, dietary goitrogens, environmental chemicals, and 

micronutrient deficiencies may exert relatively minor effects on the thyroid axis. 

However, in combination, these effects may exacerbate each other, thus potentiating a 

more severe insult to the thyroid axis and more severe developmental impairments. Given 

their profound impact on child development and prosperity it is important to understand 

how micronutrient deficiencies and other thyroid disruptors interact to affect the thyroid 

axis during fetal and infant development. 

Insufficient iodine intake is the main cause of thyroidal dysfunction and affects an 

estimated 1.88 billion people worldwide (Andersson, Karumbunathan et al. 2012). Iron 

deficiency anemia, affecting approximately 50% of the estimated 1.62 billion anemic 

people worldwide (McLean, Cogswell et al. 2009), also impairs thyroid function (Hess 

2010). Iron deficiency anemia coexists with iodine deficiency in goitrous North and West 

African school-age children, blunting the efficacy of iodine supplementation 

(Zimmermann, Adou et al. 2000; Hess, Zimmermann et al. 2002; Zimmermann, Zeder et 

al. 2002). Combined iron/iodine supplementation improves thyroid volume, goiter 

prevalence, and serum total thyroxine (T4) in these children (Hess, Zimmermann et al. 

2002; Zimmermann, Zeder et al. 2002). Importantly, Zimmermann et al. recently showed 

that low body iron stores are predictive of higher serum thyroid stimulating hormone 

(TSH) and lower serum total T4 (TT4) in mildly iodine insufficient pregnant women 

(Zimmermann, Burgi et al. 2007). Thus, iron deficiency could compound the already 

deleterious effects of iodine deficiency on TH-dependent brain development. 
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Iron deficiency produces similar brain developmental abnormalities as TH 

deficiency, including impaired gene expression, myelination, neuronal maturation, 

synapse formation and function, and neurotransmitter signaling (Anderson and Mariash 

2002; Fretham, Carlson et al. 2011). We recently demonstrated that fetal/neonatal iron 

deficiency results in a mild impairment to neonatal thyroidal status, leading to altered 

brain TH-responsive gene expression (Bastian, Prohaska et al. 2010; Bastian, Anderson et 

al. 2012). These data suggest that TH insufficiency may contribute to or exacerbate some 

of the deficits in brain development associated with iron deficiency. This led us to 

hypothesize that combining iron deficiency with an additional mild thyroidal disruptor 

would lead to a more severe effect on neonatal thyroidal status and TH-responsive brain 

gene expression. In this study we show that concurrent iron deficiency and mild or 

moderate propylthiouracil (PTU) treatment results in a more severe effect on neonatal 

circulating and brain TH levels compared to iron deficiency or PTU treatment alone. This 

combined effect on thyroidal status translates to a more severe impairment of Pvalb, 

Dio2, Hr, Mbp and Agt mRNA levels and PVALB protein levels in the neonatal brain. 
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Materials and Methods 

Animals and diets. Sperm-positive Sprague-Dawley female rats were purchased 

from Charles River Laboratories (Wilmington, MA). At gestational day 2 (E2) forty-two 

pregnant rats were randomly assigned to one of seven groups: control, iron-deficient 

(FeD), 1 ppm (1 mg/L) 6-propyl-2-thiouracil (Sigma-Aldrich; St. Louis, MO) treatment 

(PTU), 3 ppm (3 mg/L) PTU treatment, 10 ppm (10 mg/L) PTU treatment, concurrent 

FeD/1 ppm PTU, and concurrent FeD/3 ppm PTU (n = 6 dams per group).  Beginning at 

E2, FeD dams were fed a semipurified diet (Harlan Laboratories; Madison, WI) deficient 

in Fe. The Fe content of the Fe-deficient diet was increased from 5-7 µg/g in our previous 

studies (Bastian, Prohaska et al. 2010; Bastian, Anderson et al. 2012) to 10.1 ± 0.5 µg/g 

in order to produce a less severe Fe deficiency. Control and PTU dams were fed an Fe-

adequate diet containing 83.6 ± 6.9 µg/g Fe, which was similar to previous studies 

(Bastian, Prohaska et al. 2010; Bastian, Anderson et al. 2012). Dams in the control and 

FeD groups drank deionized water. Beginning at E6, dams in the 1, 3, and 10 ppm PTU 

groups were offered deionized water containing 1, 3, or 10 ppm PTU. Dams in the 

combined FeD/PTU groups were fed the Fe-deficient and were offered water containing 

either 1 or 3 ppm PTU. Day of birth was designated as postnatal day 0 (P0) and at P2 all 

litters were culled to 10 pups. At P15 and P16, male pups were killed to evaluate Fe 

biomarkers, serum and brain regional TH concentrations, and brain regional mRNA 

expression. Dams were killed at P18 to evaluate metal and TH status.  

Animals were given free access to diet and drinking water throughout the study 

and were housed at constant temperature and humidity on a 12h light:dark cycle. All 
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animal studies were conducted in accordance with the principles and procedures outlined 

in the NIH guide for the Care and Use of Laboratory Animals.  The local Institutional 

Animal Care and Use Committee approved these procedures. 

Sample collection. At P15, one or two male pups per litter were killed (11-12 total 

per group). From each pup, trunk blood was collected following decapitation and kept on 

ice until centrifuged to collect serum. Serum was stored at -80°C until analyzed. The 

brain was removed and the hippocampus and cerebral cortex were dissected and placed 

immediately into RNAlater RNA stabilization reagent (Qiagen; Valencia, CA). After 24 

hr at 4°C, tissues in RNAlater were stored at -20°C. At P16, one or two male pups per 

litter were killed (9-12 total per group). Serum was collected as described above. The 

brain was removed and the hippocampus and cerebral cortex were dissected, weighed, 

and placed immediately into liquid nitrogen. Hippocampi and cerebral cortices were 

stored at -80°C until analyzed for tissue T3 concentrations. At P16, a second cohort of 

one male pup per litter was killed (5-6 total per group). Serum was collected as described 

above and a 5 µL blood sample was removed to determine hemoglobin concentrations.  

The brain was removed bisected at the midline and the hippocampus and cerebral cortex 

were dissected from one half-brain, weighed, and placed immediately into liquid 

nitrogen. Hippocampi and cerebral cortices were stored at -80°C until later use for 

western blotting experiments.  

Metal, biochemical, and hormone analyses. Fe, Cu, Zn and hemoglobin 

measurements were performed as described (Bastian, Prohaska et al. 2010). Serum TT4 

and TT3 concentrations were measured using radioimmunoassay (RIA) kits (Siemens 
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Medical Solutions Diagnostics; Los Angeles, CA) modified for rodent use as described 

(Bastian, Prohaska et al. 2010).  The minimum detectable concentration (MDC) for T4 

(1.09 ng/mL) and T3 (6.67 ng/dL) RIAs was calculated statistically as 3 standard 

deviations above the zero calibrator (n=10). Samples with T4 or T3 concentrations below 

the MDC were set to the MDC for statistical purposes. Serum TSH concentrations were 

measured using a rodent TSH ELISA kit (Endocrine Technologies; Newark, CA). Brain 

regional T3 concentrations were measured in extracts from the hippocampus and cerebral 

cortex as described (Bastian, Prohaska et al. 2010; Bastian, Anderson et al. 2012).  

Brain mRNA analysis. RNA extraction, cDNA synthesis, and quantitative real-

time polymerase chain reaction (qPCR) for P15 hippocampus and cerebral cortex was 

carried out as described (Bastian, Anderson et al. 2012). Primer pairs for the assayed 

genes are outlined in Supplemental Table 1. Relative mRNA levels were calculated 

relative to an internal whole brain cDNA sample from a P12 control rat pup. 

Western blotting. Cerebral cortices and hippocampi were homogenized in nine 

volumes of homogenization buffer [50 mM Tris, pH 7.5, 0.25 M sucrose, 1 mM EDTA, 

10 mM sodium fluoride, 5 mM sodium pyrophosphate, 1x Complete protease inhibitor 

cocktail (Roche Applied Science; Indianapolis, IN)]. The homogenate was treated with 

0.5% Triton X-100 and then centrifuged at 13,000xg for 15 min at 4°C. Total protein 

levels of homogenates were determined using a bicinchoninic acid (BCA) protein assay 

kit (Pierce; Rockford, IL). Homogenates were diluted to 4 µg/mL in homogenization 

buffer containing 0.5% Triton X-100 and subsequently diluted to a final concentration of 

2 µg/mL in an equal volume of 2x sample buffer (4% SDS, 10% 2-mercaptoethanol, 20% 
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Supplemental Table 1: qPCR primer sequences 

Gene NCBI GenBank ID qPCR Primer Sequences Position Product length (bp) 

Pvalb NM_022499.2 F: 5’-AGCCTTTACTGCTGCAGACTCCTT-3’ 
R: 5’-AGCTCATCCTCCTCAATGAAGCCA-3’ 

63-86 
203-180 141 

Enpp6 NM_001107311.1 F: 5’-ATGGGTCAGAACCCTTGTGGATCA-3’ 
R: 5’-AGTCGAGAGCATCGCTAACTGCAT-3’ 

419-442 
592-569 174 

Hr NM_024364.2 F: 5’-TGGCCCTTGTAGGAAATGTCAGGA-3’ 
R: 5’-TTTCAGCTTGGTGTGATGGCTTGG-3’ 

1469-1492 
1592-1569 124 

Mbp NM_001025291.1 F: 5’-GACTCACACACGAGAACT-3' 
R: 5’-CCAGCTAAATCTGCTGAG-3' 

333-350 
497-480 165 

Agt NM_134432.2 F: 5’-ATCAACAGGTTTGTGCAGGCTGTG-3’ 
R: 5’-TGTTGTCCACCCAGAACTCATGGA-3’ 

924-947 
1086-1063 163 

Dio2 NM_031720.3 F: 5’-GAAGGACTACGCTGTGTCTGGAAC-3’ 
R: 5’-TCGCTGAACCAAAGTTGACCAC-3’ 

735-758 
948-927 214 

TfR1 NM_022712.1 F: 5’-GAATACGTTCCCCGTTGTTGA-3’ 
R: 5’-ATCCCCAGTTCCTAGATGAGCAT-3’ 

991-1001 
1057-1035 67 

Gapdh NM_017008 F: 5’-TGCACCACCAACTGCTTAGC-3' 
R: 5’-GGCATGGACTGTGGTCATGAG-3’ 

524-543 
610-590 87 

      
Genes: Parvalbumin, Pvalb; Ectonucleotide pyrophosphatase/phosphodiesterase 6, Enpp6; 
Hairless, Hr; Myelin basic protein, Mbp; Angiotensinogen, Agt; Type II deiodinase, Dio2; 
Transferrin receptor 1, TfR1; Glyceraldehyde 3-phosphate dehydrogenase, Gapdh. F = 
Forward, R = Reverse 
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glycerol, 0.004% bromophenol blue, 0.125 M Tris-Cl, pH 6.8). Twenty µg of protein was 

boiled for 5 min and then subjected to sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis on a 15% gel. Protein was transferred to a 0.2 µm nitrocellulose 

membrane (Whatman; Dassel, Germany) at 100 V for 1.5 h and blocked for 3 h in 5% 

nonfat dry milk in TBST (Tris-buffered saline containing 0.1% Tween 20) at room 

temperature. To assess parvalbumin (PVALB) protein expression, membranes were 

probed overnight at 4°C with a rabbit polyclonal antibody (Genscript; Piscataway, NJ) at 

a concentration of 0.5 µg/mL in TBST. After five 5-min washes in TBST, membranes 

were incubated for 1 h at room temperature with horseradish peroxidase-conjugated goat 

anti-rabbit IgG secondary antibody (Jackson Immunoresearch Laboratories, West Grove, 

PA) at a concentration of 0.16 µg/mL in TBST. Following five 5-min washes in TBST, 

immunoreactive proteins were detected using an enhanced chemiluminescence system 

(GE Healthcare; Piscataway, NJ). Chemiluminescence imaging and densitometry was 

performed using the ChemiDoc XRS Molecular Imager and Quantity One software (Bio-

Rad Laboratories; Hercules, CA). Membranes were stripped for 5 min at room 

temperature using Restore Plus Western Blot Stripping Buffer (Thermo Scientific; 

Rockford, IL) and then blocked for 1 hr at room temperature. Lactate dehydrogenase 

(LDH) protein expression was assessed as a loading control by incubating the stripped 

membranes overnight at 4°C with a goat polyclonal antibody at a concentration of 2 

µg/mL (Chemicon International; Temecula, CA), followed by incubation for 1 h at room 

temperature with a horseradish peroxidase-conjugated bovine anti-goat IgG secondary 

antibody (Santa Crux Biotechnology; Santa Cruz, CA) at a concentration of 0.04 µg/mL. 
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On each gel, along with one sample from each of the seven treatments, duplicates of a 

P14 hippocampus internal control sample was loaded to enable quantitative comparison 

across gels. For parvalbumin densitometry calculations, each band intensity value was 

normalized to the average of the two internal control band intensity values for that gel. 

Statistical analysis. One-way analysis of variance (ANOVA) was used for making 

statistical comparisons between treatment groups. Bartlett’s test was used to assess 

homogeneity of variances. When variances were equal across groups, Tukey’s post hoc 

test was used. When variances were unequal, data were ln transformed and Tukey’s test 

was used. When transformation did not normalize the variances Scheffe’s post hoc test 

was used on the untransformed data. Statistical outliers were determined by Grubbs’ test 

(http://www.graphpad.com/quickcalcs/Grubbs1.cfm). All data are presented as mean ± 

standard error of the mean (SEM). Statistical analyses and data graphing were carried out 

using Prism (GraphPad Software; La Jolla, CA) or Kaleidagraph (Synergy Software; 

Reading, PA) software. An α = 0.05 was chosen to define significant differences. The 10 

ppm PTU group served as a positive hypothyroid control and was excluded from 

ANOVA analyses but was included in figures for comparison.  
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Results 

Evaluating dam and pup iron status. Table 1 shows Fe and TH characteristics of 

the rat dams on post-partum day 18. Serum Fe levels were 74%, 69%, and 74% lower in 

FeD, FeD/1 ppm PTU, and FeD/3 ppm PTU dams, respectively, compared to controls. 

Serum Fe levels were not significantly altered in the 1, 3, or 10 ppm PTU dams. Blood 

hemoglobin concentrations were not significantly altered in dams of any treatment group. 

Serum TT4 concentrations were 58% and 85% lower in 3 and 10 ppm PTU dams, 

respectively, but were not altered in the other treatment groups. Serum TT3 

concentrations were not altered in dams of any treatment group. Litter sizes from each 

treatment group were similar (data not shown).  

To evaluate Fe status of P16 pups, serum Fe and blood hemoglobin levels were 

measured (Table 2). Serum Fe levels were 69%, 65%, and 69% lower in FeD, FeD/1 ppm 

PTU, and FeD/3 ppm PTU P16 pups, respectively, compared to controls. Blood 

hemoglobin concentrations were 61%, 59%, and 60% lower in FeD, FeD/1 ppm PTU, 

and FeD/3 ppm PTU P16 pups, respectively, compared to controls. As seen previously, 

serum Fe and blood hemoglobin concentrations were 113% and 31% higher in 10 ppm 

PTU P16 pups compared to controls (Bastian, Prohaska et al. 2010). P15 pup body 

weights were lower in FeD, FeD/1 ppm PTU, FeD/3 ppm PTU, and 10 ppm PTU groups. 

Effects of combined PTU treatment and Fe deficiency on thyroidal status. To 

determine whether combining Fe deficiency with mild or moderate PTU treatment during 

fetal and neonatal development more severely impacts neonatal thyroidal status serum 

TT4, TT3, and TSH concentrations were measured in P15 pups (Figure 1). Individually, 
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Table 1: Iron and thyroid hormone status of rat dams. 

Characteristic Control FeD 1 ppm PTU 3 ppm PTU FeD/1 ppm PTU FeD/3 ppm PTU 10 ppm PTU 

Body Weight, g 281 ± 14.7 295 ± 8.7 275 ± 2.9 317 ± 12.2 310 ± 13.5 319 ± 5.8 285 ± 9.1 

Hemoglobin, g/L 143 ± 4.1
a,b

 115 ± 8.0
b
 155 ± 3.7

a
 142 ± 4.0

a,b
 126 ± 10.4

a,b
 111 ± 9.4

b
 146 ± 11.2

a,b
 

Serum Fe, µg/mL 3.6 ± 0.48
a
 0.93 ± 0.03

b
 4.1 ± 0.27

a
 4.1 ± 0.50

a
 1.1 ± 0.18

b
 0.95 ± 0.12

b
 4.0 ± 0.51

a
 

Serum TT4, ng/mL 35.9 ± 3.2
a
 42.9 ± 5.1

a
 29.2 ± 6.0

a,b
 15.2 ± 3.9

b,c
 30.4 ± 3.6

a
 25.2 ± 5.2

a
 5.5 ± 1.7

c
 

Serum TT3, ng/dL 77.6 ± 7.1 87.3 ± 5.5 91.6 ± 9.2 80.2 ± 15.5 105 ± 7.0 100 ± 10.3 125 ± 24.8 

 
Data are presented as the mean ± SEM (n = 5). Within a specific row, means not sharing a 
common superscript are significantly different by one-way ANOVA and Tukey’s or Scheffe’s 
multiple comparison test (P < 0.05).  
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Table 2: Characteristics of P15/16 rat pups following fetal and neonatal iron 
deficiency or PTU treatment. 

 
Characteristic Control FeD 1 ppm PTU 3 ppm PTU FeD/1 ppm PTU FeD/3 ppm PTU 10 ppm PTU 

Body Weight, g 37.8 ± 0.68
a
 25.5 ± 1.3

c
 39.3 ± 0.45

a
 40.8 ± 0.51

a
 27.1 ± 13.5

c
 27.9 ± 1.7

b,c
 32.6 ± 0.65

b
 

Hemoglobin, g/L 105 ± 3.3
a
 41.3 ± 5.9

b
 103 ± 2.3

a
 113 ± 3.2

a
 43.4 ± 7.2

b
 42.2 ± 4.5

b
 138 ± 2.8

c
 

Serum Fe, µg/mL 0.94 ± 0.05
a
 0.29 ± 0.08

b
 1.1 ± 0.09

a
 1.2 ± 0.09

a
 0.33 ± 0.05

b
 0.29 ± 0.07

b
 2.0 ± 0.22

c
 

 
Data are presented as the mean ± SEM (n = 5-6). Within a specific row, means not sharing a 
common superscript are significantly different by one-way ANOVA and Tukey’s or Scheffe’s 
multiple comparison test (P < 0.05).  
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Fe deficiency and 1 ppm PTU treatment lowered P15 serum TT4 concentrations by 64% 

and 74%, respectively, compared to controls (Figure 1A). Supporting our hypothesis, the 

combined FeD/1 ppm PTU treatment led to a more severe effect, lowering P15 serum 

TT4 concentrations by 95% compared to controls. Serum TT4 concentrations were 91%, 

96%, and 98% lower in 3 ppm PTU, FeD/3 ppm PTU, and 10 ppm PTU P15 pups, 

respectively, compared to controls. Serum TT3 concentrations were 80% lower in 10 

ppm PTU P15 pups, but were unaltered in the other treatment groups (Figure 1B). Serum 

TT4 concentrations for 2 out of 12 FeD/1 ppm PTU, 6 out of 12 FeD/3 ppm PTU, and 12 

out of 12 10 ppm PTU samples fell below the MDC. 

Serum TSH concentrations were 4.3, 9.3, and 7.6 times higher in 1, 3, and 10 ppm 

PTU P15 pups, respectively, compared to controls (Figure 1C). As reported previously, 

Fe deficiency did not alter neonatal serum TSH concentrations (Bastian, Anderson et al. 

2012). Serum TSH concentrations were 3.1 and 6.1 times higher in the combined FeD/1 

ppm PTU and FeD/3 ppm PTU P15 pups, respectively, compared to controls. 

Effects of combined PTU treatment and Fe deficiency on brain thyroidal status. 

To assess whether concurrent Fe deficiency and PTU treatment produces a more severe 

effect on neonatal brain thyroidal status, T3 levels were measured in the P16 cerebral 

cortex and hippocampus (Figure 2). Individually, Fe deficiency and 1 ppm PTU treatment 

did not significantly alter cerebral cortical (Figure 2A) or hippocampal (Figure 2B) T3 

concentrations. However, the combined FeD/1 ppm PTU treatment lowered cerebral 

cortical T3 concentrations by 31%, compared to controls. There was also a strong 

tendency towards lower T3 concentrations in the FeD/1 ppm PTU hippocampus (24% 
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Figure 1: Fetal and neonatal iron deficiency augments the effect of 1 ppm PTU treatment 
on serum total T4 concentrations. Serum was collected from P15 male pups (n = 11-12) and 
total T4 (A), total T3 (B), and TSH (C) concentrations were measured.  Data are presented as 
the mean ± SEM. Groups not sharing a common superscript are significantly different by one-
way ANOVA and Tukey’s or Scheffe’s multiple comparison test (P < 0.05). The 10 ppm PTU 
group served as a positive hypothyroid control. Asterisks indicate statistical difference 
between 10 ppm PTU and control.  
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Figure 2: Fetal and neonatal iron deficiency exacerbates the effect of 1 ppm PTU 
treatment on hippocampus and cerebral cortex T3 concentrations. Hippocampi (A) or 
cerebral cortices (B) were collected from P16 male pups (n = 9-12) and T3 concentrations 
were measured. Data are presented as the mean ± SEM. Groups not sharing a common 
superscript are significantly different by one-way ANOVA and Tukey’s or Scheffe’s multiple 
comparison test (P < 0.05). The 10 ppm PTU group served as a positive hypothyroid control. 
Asterisks indicate statistical difference between 10 ppm PTU and control.  
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lower, P=0.06). T3 concentrations were similarly affected in the 3 ppm PTU and FeD/3 

ppm PTU cerebral cortex (48% lower compared to controls) and hippocampus (44% and 

33% lower, respectively, compared to controls). 10 ppm PTU treatment lowered cerebral 

cortical and hippocampal T3 concentrations by 84% and 82%, respectively, compared to 

controls.  

Effect of Fe deficiency and PTU treatment on hippocampal and cerebral cortical 

mRNA expression. We previously demonstrated that fetal/neonatal Fe deficiency alters 

cerebral cortical or hippocampal mRNA levels for several TH-responsive genes to a 

similar extent as mild PTU treatment (Bastian, Anderson et al. 2012). qPCR was 

performed to test whether combining Fe deficiency with a mild or moderate PTU 

treatment would lead to a more severe effect on cerebral cortex and hippocampus TH-

responsive mRNA expression. The 10 ppm PTU hypothyroid positive control treatment 

significantly altered Pvalb, Dio2, Hr, Mbp, and Enpp6 mRNA levels in both the cerebral 

cortex and hippocampus (Figure 3). Gapdh mRNA levels were not significantly altered 

by any of the treatments in either the cerebral cortex or the hippocampus (Supplemental 

Figure 1).  

Individually, Fe deficiency and 1 ppm PTU treatment lowered P15 cerebral cortex 

Pvalb mRNA levels by 25% and 40%, respectively, compared to controls (Figure 3A). 

Concurrent Fe deficiency and 1 ppm PTU treatment had a more severe effect on P15 

cerebral cortex Pvalb expression, lowering mRNA levels by 63%. Pvalb mRNA levels 

were 70% and 72% lower in the 3 ppm PTU and FeD/3 ppm PTU P15 cerebral cortex, 

respectively. In the P15 hippocampus, Fe deficiency, 1 ppm PTU, and 3 ppm PTU did 
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Figure 3: Fetal and neonatal iron deficiency exacerbates the effect of 1 or 3 ppm PTU 
treatment on hippocampus and cerebral cortex TH-responsive gene expression. 
Hippocampi or cerebral cortices were harvested from P15 male pups (n = 11-12), total RNA 
was extracted, and cDNA was synthesized. Quantitative real-time PCR was performed for 
several TH-responsive genes. (A) Parvalbumin, Pvalb (B) Type 2 deiodinase, Dio2 (C) 
Hairless, Hr (D) Myelin basic protein, Mbp (E) Ectonucleotide 
pyrophosphatase/phosphodiesterase 6, Enpp6. Relative mRNA levels are calculated relative to 
an internal control P12 whole brain cDNA sample. Data are presented as the mean ± SEM. 
Groups not sharing a common superscript are significantly different by one-way ANOVA and 
Tukey’s or Scheffe’s multiple comparison test (P < 0.05). The 10 ppm PTU group served as a 
positive hypothyroid control. Asterisks indicate statistical difference between 10 ppm PTU and 
control.  
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Supplemental Figure 1: Gapdh mRNA expression is not altered in the Fe-deficient, TH-
deficient, or combined Fe/TH-deficient neonatal cerebral cortex or hippocampus. 
Hippocampi or cerebral cortices were harvested from P15 male pups (n = 11 – 12), total RNA 
was extracted, and cDNA was synthesized. Quantitative real-time PCR was performed for 
Glyceraldehyde 3-phosphate dehydrogenase, Gapdh. Relative mRNA levels are calculated 
relative to an internal control cDNA sample. Data are presented as the mean ± SEM. Groups 
not sharing a common superscript are significantly different by one-way ANOVA and Tukey’s 
multiple comparison test (P < 0.05). The 10 ppm PTU group served as a positive hypothyroid 
control. Asterisks indicate statistical difference between 10 ppm PTU and control.  
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not significantly alter Pvalb mRNA levels, compared to controls (Figure 3A). In contrast, 

the FeD/1 ppm PTU and FeD/3 ppm PTU treatments significantly lowered P15 

hippocampal Pvalb mRNA levels by 29% and 38%, respectively.  

Fe deficiency, 1 ppm PTU, and 3 ppm PTU did not significantly alter P15 

cerebral cortical or hippocampal Dio2 mRNA levels, compared to controls (Figure 3B). 

However, combining Fe deficiency with 1 ppm PTU produced a more severe impact on 

Dio2 expression, increasing cerebral cortical and hippocampal Dio2 mRNA levels by 

48% and 32%, respectively. Likewise, Dio2 mRNA levels were 42% and 26% elevated in 

the FeD/3 ppm PTU P15 cerebral cortex and hippocampus, respectively.  

Fe deficiency and 1 ppm PTU did not significantly alter Hr mRNA levels in the 

P15 hippocampus, compared to controls (Figure 3C). Combined FeD/1 ppm PTU again 

had a more severe effect than independent treatments, lowering hippocampal Hr mRNA 

levels by 44%. Hippocampal Hr mRNA levels were 43% and 57% lower in P15 3 ppm 

PTU and FeD/3 ppm PTU pups, respectively. In the cerebral cortex, Fe deficiency did not 

alter Hr mRNA levels, compared to controls. Hr mRNA levels were 31%, 50%, 41%, 

and 60% lower in the 1 ppm PTU, 3 ppm PTU, FeD/1 ppm PTU, and FeD/3 ppm PTU 

P15 cerebral cortex, respectively. Thus, the FeD/PTU combined effect was present but 

attenuated for Hr mRNA levels in the P15 cerebral cortex. This is likely due to the 

stronger PTU-specific effect on Hr mRNA levels in the cerebral cortex compared to the 

hippocampus. 

Fe deficiency or 1 ppm PTU treatment alone did not significantly alter Agt mRNA 

levels in the P15 cerebral cortex, compared to controls (Figure 3D). However, in 
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combination, FeD and 1 ppm PTU produced a significant reduction in cerebral cortical 

Agt expression, lowering mRNA levels by 31%. Agt mRNA levels were 57% and 50% 

lower in the 3 ppm PTU and FeD/3 ppm PTU cerebral cortex, respectively. Hippocampal 

Agt mRNA levels were less TH-responsive, significantly altered in only the 3 ppm PTU 

pups (28% lower, compared to controls).  

Fe deficiency independently lowered Mbp and Enpp6 mRNA levels by ~25-33% 

in the P15 cerebral cortex and hippocampus (Figure 3E & F). Fetal/neonatal 1 ppm PTU 

treatment did not significantly alter Mbp or Enpp6 mRNA levels in the cerebral cortex or 

hippocampus. Three ppm PTU treatment lowered cerebral cortical Mbp mRNA levels by 

30% but did not alter hippocampal Mbp mRNA levels or Enpp6 mRNA levels in either 

brain region. While combining Fe deficiency with 1 or 3 ppm PTU appeared to have a 

modest additive effect for Mbp in cerebral cortex and hippocampus, there was no 

combinatorial effect for Enpp6. These data suggest that the at least some of the effects of 

Fe deficiency on myelination are independent of its effect on neonatal thyroidal status. 

Altogether the mRNA data demonstrate that concurrent presence of two mild thyroidal 

perturbations leads to a more severe disruption of TH action in the developing brain.  

One possibility is that combining Fe deficiency with 1 or 3 ppm PTU lowers brain 

iron status, leading to the more severe effects on mRNA levels observed in these 

combined treatment groups. We assessed mRNA levels for TfR1, an iron-responsive gene 

that codes for the transferrin receptor protein involved in cellular Fe uptake (Fretham, 

Carlson et al. 2011; Bastian, Anderson et al. 2012), in both the cerebral cortex and 

hippocampus to address this issue. The 1, 3, and 10 ppm PTU treatments did not alter 
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TfR1 mRNA levels in the P15 cerebral cortex or hippocampus (Figure 4). TfR1 mRNA 

levels were 213%, 128%, and 128% higher in the FeD, FeD/1 ppm PTU, and FeD/3 ppm 

PTU P15 cerebral cortex, respectively, compared to controls (Figure 4A). Cerebral cortex 

TfR1 mRNA levels were significantly higher in the FeD group compared to both 

FeD/PTU groups. Fe deficiency, FeD/1 ppm PTU, and FeD/3 ppm PTU also increased 

P15 hippocampal TfR1 mRNA levels by 107%, 103%, and 133%, respectively (Figure 

4B). The ratio of hippocampal to cerebral cortical TfR1 mRNA levels indicates a similar 

degree of Fe deficiency in these brain regions for the FeD groups (Figure 4C). These data 

demonstrate that, if anything, the FeD/PTU brains were slightly less Fe-deficient than 

FeD brains. Thus brain Fe status is unlikely to contribute to the more severe effect of 

combined FeD/PTU on brain mRNA levels. 

Effect of Fe deficiency and PTU treatment on hippocampal and cerebral cortical 

parvalbumin protein expression. Pvalb mRNA expression has been established as one of 

the most sensitive biomarkers of mildly impaired brain thyroidal status (Royland, Parker 

et al. 2008; Bastian, Anderson et al. 2012). Whether mild thyroidal disruptions, alone or 

in combination, also impact brain PVALB protein levels had not been assessed. 1 ppm 

PTU treatment lowered P16 cerebral cortical PVALB protein levels by 32% compared to 

controls (Figure 5A). When combined, Fe deficiency and 1 ppm PTU had an additive 

effect, lowering P16 cerebral cortical PVALB protein levels by 52%. PVALB protein 

levels were 76% and 79% lower in the 3 ppm PTU and FeD/3 ppm PTU cerebral cortex, 

respectively. In the P16 hippocampus, Fe deficiency, 1 ppm PTU, 3 ppm PTU, and FeD/1 

ppm PTU did not significantly alter PVALB protein levels (Figure 5B). However, Fe 
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deficiency combined with 3 ppm PTU produced a significant effect on hippocampal 

PVALB, lowering protein levels by 42%. The 10 ppm PTU treatment significantly 

lowered PVALB protein levels in both the cerebral cortex and hippocampus.  
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Figure 4: Fetal and neonatal iron deficiency produces a similar degree of iron deficiency 
in the neonatal hippocampus and cerebral cortex. Hippocampi or cerebral cortices were 
harvested from P15 male pups (n = 11-12), total RNA was extracted, and cDNA was 
synthesized. Quantitative real-time PCR was performed for transferrin receptor 1, TfR1 in the 
hippocampus (A) and cerebral cortex (B). Relative mRNA levels are calculated relative to an 
internal control P12 whole brain cDNA sample. The ratio of hippocampus TfR1 relative 
mRNA level to cerebral cortex TfR1 relative mRNA level was calculated to assess the relative 
degree of Fe deficiency in these brain regions (C). Data are presented as the mean ± SEM. 
Groups not sharing a common superscript are significantly different by one-way ANOVA and 
Tukey’s multiple comparison test (P < 0.05). The 10 ppm PTU group served as a positive 
hypothyroid control. Asterisks indicate statistical difference between 10 ppm PTU and control.  
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Figure 5: Fetal and neonatal iron deficiency exacerbates the effect of 1 or 3 ppm PTU 
treatment on hippocampus and cerebral cortex parvalbumin protein levels. Western blots 
for PVALB and LDH were performed on P16 hippocampus (A) and cerebral cortex (B) 
homogenates from P16 male pups (n = 5-6). For each brain region a representative 
immunoblot is shown. Graphs depict quantification of PVALB band intensity from 6 different 
blots (n = 5-6 per treatment group). Densitometry data are presented as the mean ± SEM. 
Groups not sharing a common superscript are significantly different by one-way ANOVA and 
Tukey’s multiple comparison test (P < 0.05). The 10 ppm PTU group served as a positive 
hypothyroid control. Asterisks indicate statistical difference between 10 ppm PTU and control.  
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Discussion 

In this study, concurrent fetal/neonatal iron deficiency and 1 ppm PTU treatment 

lowered circulating TT4 and brain T3 concentrations in neonatal rats to a greater extent 

than either FeD or 1 ppm PTU alone, indicating a compounding deleterious effect on 

neonatal thyroidal status. TH predominately acts at the level of regulating gene 

transcription and thus, we predicted that concurrent FeD/PTU treatment would also have 

a more severe effect on TH-responsive gene expression. Indeed, Fe deficiency also 

exacerbated the effect of PTU on TH-responsive mRNA (Pvalb, Dio2, Hr, Agt, and Mbp) 

and protein (Pvalb) levels in the neonatal cerebral cortex and hippocampus. Interestingly, 

iron deficiency and 1 ppm PTU alone did not significantly reduce cerebral cortical and 

hippocampal T3 concentrations, cerebral cortical Dio2 and Agt mRNA levels, and 

hippocampal Pvalb, Dio2, and Hr mRNA levels. This finding suggests that defining 

nutritional micronutrient requirements and acceptable environmental exposure limits 

must take into consideration the potential for combinatorial effects on the thyroid, 

especially during development. This is especially important in light of recent studies 

demonstrating that maternal hypothyroxinemia, low normal fT4 concentrations with 

normal TSH concentrations, is associated with impaired offspring neurobehavioral 

development (Pop, Kuijpens et al. 1999; Pop, Brouwers et al. 2003; Berbel, Mestre et al. 

2009; Henrichs, Bongers-Schokking et al. 2010). 

Two recent studies identified Pvalb expression as an excellent biomarker of brain 

sensitivity to mild thyroidal disruption, as fetal/neonatal 1 ppm PTU treatment 

significantly reduces Pvalb mRNA levels in the P10 and P14 cerebral cortex (Royland, 
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Parker et al. 2008; Bastian, Anderson et al. 2012). Here we demonstrate that concurrent 

iron deficiency and 1 ppm PTU treatment lowers Pvalb mRNA levels in both the 

hippocampus and cerebral cortex to a greater extent than either individual treatment. 

Importantly, parvalbumin protein expression demonstrated a similar additive response to 

iron deficiency and PTU treatment, indicating that the combined effect of FeD/PTU on 

parvalbumin expression likely has a functional impact on the developing brain.  

In moderate to severe TH deficiencies, P14 and P21 hippocampal parvalbumin 

protein expression and the number of parvalbumin-expressing GABA(γ-aminobutyric 

acid)-ergic interneurons in the P23 hippocampus and cerebral cortex were also reduced 

(Gilbert, Sui et al. 2007). Another nutritional model of iron deficiency anemia 

demonstrates reductions in P15, P30 and P65 parvalbumin mRNA and P30 and P65 

parvalbumin protein in the hippocampus without altering the number of parvalbumin-

positive interneurons (Callahan, Thibert et al. 2013). Hippocampal CA1-specific iron 

deficiency, without anemia, reduces the number of parvalbumin-positive cells in the CA1 

hippocampal region (Fretham, Carlson et al. 2012). The effects of TH and iron 

deficiencies on parvalbumin are permanent, persisting in adult offspring despite repletion 

(Gilbert, Sui et al. 2007; Callahan, Thibert et al. 2013). Parvalbumin is predominately 

expressed in a subset of GABA(γ-aminobutyric acid)-ergic inhibitory interneurons and 

plays an important role in synaptic calcium signaling, synaptic plasticity, 

excitatory/inhibitory balance, seizure susceptibility, and memory formation in the 

developing rodent brain (Caillard, Moreno et al. 2000; Vreugdenhil, Jefferys et al. 2003; 

Schwaller, Tetko et al. 2004; Fuchs, Zivkovic et al. 2007). Both Fe and TH deficiencies 



 

 165 

alter measures of short- and long-term synaptic plasticity, including paired-pulse 

facilitation and long-term potentiation, in CA1 of the developing hippocampus and these 

impairments persist into adulthood (Sui and Gilbert 2003; Jorgenson, Sun et al. 2005; 

Sui, Anderson et al. 2005). As suggested by Gilbert et al. and Callahan et al., reduced 

Pvalb expression may explain some of the synaptic plasticity impairments observed in Fe 

and TH deficiencies (Gilbert, Sui et al. 2007; Callahan, Thibert et al. 2013). The more 

severe effect of FeD/PTU on Pvalb/PVALB expression suggests exacerbation of synaptic 

function deficits observed in Fe and TH deficiencies alone. However, differences in study 

design and analysis parameters of hippocampal electrophysiology experiments (Sui and 

Gilbert 2003; Jorgenson, Sun et al. 2005; Sui, Anderson et al. 2005) preclude comparison 

of the specific effects of Fe and TH deficiencies on synaptic function and plasticity. Side-

by-side hippocampal synaptic function studies for fetal/neonatal Fe and TH deficiencies, 

alone and in combination, will likely provide significant insight into the contribution of 

secondary TH deficiency to hippocampal dysfunction during Fe deficiency.  

The appearance of parvalbumin-expressing GABAergic interneurons also marks 

the beginning of a critical period of experience-dependent neuronal plasticity (Hensch 

2005). Thus, reduced Pvalb/PVALB expression in iron- and TH-deficient neonatal brains 

may indicate a poorly defined or delayed critical period window. Critical period 

alterations may be damaging in the Fe- or TH-deficient brain or provide an opportunity to 

restore normal Fe and TH levels prior to closure of the window. Thus, clearly defining 

the critical period window is important for both deficiencies. Future studies examining 

whether mild thyroidal disruptors, alone or in combination, have a deleterious impact on 
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TH-responsive brain development should assess expression of parvalbumin, which is not 

only sensitive to mild thyroidal perturbations but also has an important functional role in 

the developing mammalian brain. 

Increased Dio2 expression is a typical response of the brain to TH insufficiency 

(Guadano-Ferraz, Escamez et al. 1999), indicating an attempt to maintain brain T3 levels 

by increasing conversion of T4 to T3. Similarly, lower Hr expression suggests an attempt 

to maintain TH-responsive gene expression levels in the absence of T3, as the hairless 

protein is a corepressor for TH-responsive genes (Potter, Zarach et al. 2002). Therefore, 

the Dio2 and Hr mRNA results provide further evidence that the FeD/1 ppm PTU brain is 

sensing a more severe TH insufficiency than either FeD or 1 ppm PTU alone.  

Both FeD and PTU treatment clearly impair the neonatal cortical and 

hippocampal mRNA expression of the myelin-associated genes, Mbp and Enpp6 (Figure 

3E & F). Our data suggest that a moderate to severe TH deficiency is required to 

significantly impact Mbp or Enpp6 mRNA levels in the cortex or hippocampus. Despite 

producing a thyroidal effect similar to 1 ppm PTU, Fe deficiency lowers cortical and 

hippocampal Mbp and Enpp6 mRNA levels to a greater extent. These data suggest that 

the aberrant myelination associated with Fe deficiency may be partially or fully driven 

through a mechanism independent of altered thyroidal status, such as impaired function 

of Fe-dependent enzymes involved in fatty acid and cholesterol metabolism or altered 

energy status of oligodendrocytes (Beard, Wiesinger et al. 2003). To fully delineate the 

contribution of impaired thyroid function to the brain developmental deficits associated 

with Fe deficiency, TH repletion of Fe-deficient dams/neonates should be performed.  
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Although our data suggest that secondary TH insufficiency is a possible 

maladaptive, contributing factor to some of the brain developmental impairments 

associated with Fe deficiency, thyroid attenuation may also be an adaptive response 

during Fe deficiency. Both TH and Fe play important stimulatory roles in carbohydrate, 

fat, and protein metabolic pathways and in mitochondrial ATP production (Dallman 

1986; Loeb 1996). Therefore, in terms of both cellular and whole-body energy economy, 

it may actually be beneficial and adaptive to lower TH levels when cellular energy 

production is already reduced due to Fe deficiency. It will be important to determine both 

the positive and negative contributions of TH insufficiency during developmental Fe 

deficiency. 

Consistent with our previous study (Bastian, Anderson et al. 2012), the combined 

effect of FeD and 1 ppm PTU treatment on brain TH-responsive gene expression was 

both gene- and region-specific. The effect of FeD/1 ppm PTU, compared to FeD or 1 

ppm PTU alone, on Pvalb mRNA expression was much more pronounced in the P15 

cerebral cortex than the hippocampus. This was also true for Agt mRNA levels and 

PVALB protein levels. In general, the cerebral cortex at this age appears to be more 

sensitive than the hippocampus to mild TH insufficiencies, as both Pvalb and Hr cerebral 

cortical mRNA levels were significantly reduced in 1 ppm PTU pups despite a non-

significant reduction in cerebral cortical T3 levels. In contrast to Pvalb, however, the 

impact of combined FeD/1 ppm PTU on Hr expression was more pronounced in the 

hippocampus compared to the cerebral cortex. This appears to be due to the more severe 

effect of 1 ppm PTU alone in the cerebral cortex compared to the hippocampus.  
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The findings of this study may have serious implications for human health, as 

there are numerous environmental chemicals, dietary goitrogens, and micronutrient 

deficiencies that impair thyroid function. Individually, these thyroidal disruptors may 

exert a mild thyroidal perturbation and in turn have subtle effect on TH-dependent brain 

development. However, our data suggest that in combination mild thyroidal disruptors 

can have an additive deleterious effect on thyroidal status and TH-dependent brain 

development. Eliminating all possible insults to the thyroid axis will be important, 

especially in pregnant women and children and in populations where multiple thyroidal 

disruptors are present. 
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Chapter 5a – Fetal and neonatal iron deficiency but not copper 
deficiency increases mRNA levels of vasculogenesis-associated genes 

and blood vessel density in the developing rat brain. 
 
Thomas W. Bastian, Stephanie Santarriaga, Thu An Nguyen, Joseph R. Prohaska, Michael K. 
Georgieff, and Grant W. Anderson 
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 Anemia is a global health problem affecting approximately two billion people 

worldwide. Nutritional deficiencies, such as iron deficiency anemia (IDA) and copper 

deficiency, often lead to anemia. IDA and copper deficiency have their most profound 

effect on the developing fetus/infant leading to brain development deficits and poor 

cognitive outcomes. Chronic anemia leads to tissue hypoxia, which, in the brain, can 

induce a compensatory increase in blood vessel outgrowth. We hypothesized that 

developmental anemia leads to brain hypoxia, inducing angiogenesis/vasculogenesis in 

the neonatal brain. To test our hypothesis, three separate experiments were performed 

where pregnant rats were fed iron (Fe)- or copper (Cu)-deficient diets from early 

gestation through mid-lactation. Fe-deficient pups were severely anemic, while Cu-

deficient pups were moderately anemic. mRNA expression of vasculogenesis-associated 

genes was assessed in postnatal day 10 (P10), P12, or P15 brains. Fe deficiency, but not 

Cu deficiency, increased the expression of Glut1, Vwf, Cxcl12, Ang2, Flk-1 and Vegfa 

genes in neonatal whole-brain, hippocampus, and/or cerebral cortex, suggesting increased 

blood vessel growth in the developing Fe-deficient brain. To test this more directly, 

neonatal brain blood vessel density was assessed using GLUT1 immunohistochemistry. 

Fe deficiency increased P11 hippocampal and cerebral cortical vessel density by 42% and 

57%, respectively. In P16 brains, Fe deficiency increased the number of vessel branching 

points by 62% and 78% in the hippocampus and cerebral cortex, respectively. Since 

delivery of nutrients to the brain is critically important for normal development, these 

findings reveal a new avenue of research on the impact of Fe deficiency on brain 

development. 
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Introduction 

According to the World Health Organization, anemia, reduced blood oxygen 

carrying capacity, affects nearly 2 billion people worldwide (McLean, Cogswell et al. 

2009). Approximately 50% of all anemia cases are due to iron deficiency, termed iron 

deficiency anemia (IDA). Anemia is also associated with other nutritional disorders such 

as copper, vitamin A, vitamin B12, folate and riboflavin deficiencies or parasitic diseases 

such as malaria (McLean, Cogswell et al. 2009). 

IDA and copper deficiency anemia (CDA) have their most profound effect on the 

developing fetus/neonate, leading to deleterious effects on brain development (reviewed 

in (Johnson 2005; Lozoff and Georgieff 2006; Uriu-Adams, Scherr et al. 2010; Fretham, 

Carlson et al. 2011)). In rodents, developmental IDA or CDA impairs axon myelination, 

neuronal maturation, neurotransmitter function, and cellular energy metabolism in the 

developing brain (Dipaolo, Kanfer et al. 1974; Prohaska and Bailey 1993; Hunt and Idso 

1995; Beard, Erikson et al. 2003; Beard, Wiesinger et al. 2003; Jorgenson, Wobken et al. 

2003; Rao, Tkac et al. 2003; Gybina, Tkac et al. 2009). These deficits ultimately result in 

permanent functional and behavioral impairments including deficits in synaptic function, 

spatial learning and memory, and sensorimotor function (Felt and Lozoff 1996; 

Jorgenson, Sun et al. 2005; Felt, Beard et al. 2006; Pyatskowit and Prohaska 2008; 

Railey, Micheli et al. 2010). 

Oxygen and nutrient delivery, and therefore the brain vasculature, is critically 

important for brain development and function. The brain vasculature is remarkably 

plastic, reorganizing in response to changes in blood oxygen content to ensure proper 
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tissue perfusion (LaManna, Chavez et al. 2004). In the adult rat, chronic hypoxia 

increases brain blood vessel density by nearly double after three weeks exposure 

(LaManna, Vendel et al. 1992). Importantly, chronic hypoxia during rat postnatal 

development also increases blood vessel density in neonatal and weanling rats 

(Ogunshola, Stewart et al. 2000). Hypoxia-induced angiogenesis, extension and 

branching of existing vessels, and vasculogenesis, recruitment of endothelial progenitor 

cells to form new vessels, likely both contribute to increased blood vessel density in the 

hypoxic brain.   

Under normoxic conditions prolyl hydroxylase (an oxygen- and Fe-dependent 

enzyme) hydroxylates hypoxia inducible factor 1α, HIF1α, signaling its degradation 

(Sharp and Bernaudin 2004). Under hypoxic conditions, HIF1α is not degraded and 

translocates to the nucleus where it interacts with HIF1β to form a heterodimeric 

transcription factor, HIF1. The expression of numerous genes involved in angiogenesis 

and vasculogenesis (e.g. vascular endothelial growth factor A, Vegfa/VEGFA, 

Angiopoietin 2, Ang2/ANG2, chemokine (C-X-C motif) ligand 12, Cxcl12/SDF1, and 

VEGF receptor 2, Flk1/FLK1) is upregulated in the hypoxic brain through HIF1-

dependent or -independent mechanisms (Marti and Risau 1998; Ogunshola, Stewart et al. 

2000; Pichiule and LaManna 2002; Miller, Bartley et al. 2005). Together the interaction 

of VEGFA and ANG2 with endothelial cell receptors FLK1 and TIE2 results in 

destabilization of existing vessels, reorganization of the extracellular matrix, and 

endothelial cell proliferation and migration (LaManna, Chavez et al. 2004; Dore-Duffy 

and LaManna 2007; Baburamani, Ek et al. 2012). In addition, SDF-1 recruits circulating 
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endothelial progenitor cells, expressing the SDF-1 receptor CXCR4 (Ceradini, Kulkarni 

et al. 2004). Together these signaling events lead to increased blood vessel growth in the 

brain. 

IDA ultimately leads to tissue hypoxia and induction of HIF1 signaling (Carlson, 

Stead et al. 2007; Toblli, Cao et al. 2012; Tran, Fretham et al. 2012). IDA throughout 

pregnancy was recently shown to induce placental HIF1 protein expression, suggesting a 

hypoxic environment for the fetus (Toblli, Cao et al. 2012). Fetal/neonatal IDA 

upregulates P15 hippocampal mRNA expression of Glut1, Vegfa, and Cxcl12, suggesting 

increased angiogenesis and vasculogenesis (Carlson, Stead et al. 2007). Copper 

deficiency leads to hypoxia and increased HIF2 signaling in the rodent duodenum 

(Matak, Zumerle et al. 2013) but was also shown to reduce HIF1 signaling in cell culture 

(Feng, Ye et al. 2009). Both Fe and Cu deficiencies lower rodent brain Fe levels (Lozoff 

and Georgieff 2006; Pyatskowit and Prohaska 2008). Since PHDs, and thus HIF 

signaling, is regulated by both oxygen and Fe status, HIF-mediated signaling for 

angiogenesis and vasculogenesis may be upregulated in the neonatal Fe- or Cu-deficient 

brain. Surprisingly, the effects of IDA or CDA on the brain vasculature have not been 

assessed, including at the most vulnerable stage, fetal/neonatal development. 

We hypothesized that fetal/neonatal IDA and CDA induce expression of 

vasculogenesis- and angiogenesis-associated genes, leading to increased blood vessel 

density in the neonatal brain. Fetal/neonatal IDA increased neonatal rat brain mRNA 

levels for endothelial cell marker genes (Glut1 and Vwf) and 

angiogenesis/vasculogenesis-associated genes (Ang2, Vegfa, Flk1, and Cxcl12) in three 
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independent experiments. Blood vessel density was also increased in the neonatal IDA 

brain. 
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Materials and Methods 

Animals and diets. In all experiments, sperm-positive Sprague-Dawley rats were 

purchased commercially (Charles River Laboratories, Wilmington, MA). In Experiment 1 

(Exp. 1) and Exp. 2, dams were assigned to one of 3 dietary treatment groups: control, 

Cu-deficient (CuD), and Fe-deficient (FeD) (n=4-5 dams per group). In Exp. 3, dams 

were assigned to either control or FeD (n=6 dams per group). Dietary treatments of dams 

began on embryonic day 2 (E2). FeD and CuD dams were fed an Fe-deficient or Cu-

deficient diet, respectively (Harlan Laboratories, Madison, WI). Control dams were fed a 

semi-purified Fe- and Cu-sufficient diet, containing adequate levels of both Cu and Fe. 

The Fe content of the Fe-deficient diet was increased slightly in Exp. 2 compared to Exp. 

1, and increased further in Exp. 3 to produce a less severe Fe deficiency (Bastian, 

Prohaska et al. 2010; Bastian, Anderson et al. 2012). Dietary copper, iron, and zinc 

contents for the 3 experiments are compared in Supplemental Table 1. Dams in all groups 

drank deionized water.  Day of birth was designated as postnatal day 0 (P0). At P2, all 

litters were culled to 10 pups per dam. 

Animals were given free access to diet and drinking water throughout the study 

and were housed at constant temperature and humidity on a 12h light:dark cycle. All 

animal studies were conducted in accordance with the principles and procedures outlined 

in the NIH guide for the Care and Use of Laboratory Animals.  The local Institutional 

Animal Care and Use Committee approved these procedures. 
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Supplemental Table 1: Copper, iron, and zinc content of diets. 

Characteristic Experiment 1 Experiment 2 Experiment 3 

Diet Control 
TD.08584 

CuD 
TD.08585  

FeD 
TD.08586 

Control 
TD.08584 

CuD 
TD.08585  

FeD 
TD.09337 

Control 
TD.08584 

FeD 
TD.10619 

Cu (µg/g) 8.80 ± 0.96 0.46 ± 0.03 7.20 ± 0.60 8.41 ± 0.99 0.43 ± 0.05 7.39 ± 2.19 8.48 ± 0.09 8.77 ± 2.25 

Fe (µg/g) 84.0 ± 2.01 78.3 ± 1.50 5.29 ± 0.12 97.8 ± 3.44 88.0 ± 0.73 7.10 ± 0.70 83.6 ± 6.86 10.1 ± 0.50 

Zn (µg/g) 41.1 ± 0.19 43.1 ± 0.68 41.2 ± 1.57 42.3 ± 2.04 41.0 ± 0.94 43.3 ± 2.39 39.7 ± 3.22 36.9 ± 1.34 

 
Metal content of diets was determined by wet ashing and flame AAS and represents the mean 
± SEM of 3 separate diet samples. 
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 Sample collection. In Exp. 1, brains were removed from one male P12 pup per 

litter (4-5 total per group), bisected at the midline, and a half-brain was placed in 

RNAlater (Qiagen, Valencia, CA), and processed for mRNA expression analyses as 

described (Bastian, Prohaska et al. 2010). An additional male P12 pup per litter was 

sacrificed and a half-brain was removed and processed for metal analysis as described 

(Bastian, Prohaska et al. 2010). In Exp. 2, the hippocampus and cerebral cortex were 

dissected and removed from two male P10 pups per litter (10 total per group), placed in 

RNAlater, and processed for mRNA expression analyses as described (Bastian, Anderson 

et al. 2012). An additional male P10 pup per litter was sacrificed and a half-brain was 

removed and processed for metal analysis as described (Bastian, Anderson et al. 2012). 

On P11, brains were removed from 1 female pup per litter (n=3-4 per group) and 

immersion-fixed in 10% formalin for 24 hr. In Exp. 3, the hippocampus and cerebral 

cortex were dissected and removed from two male P15 pups per litter (n=11-12 total per 

group), placed in RNAlater, and processed for mRNA expression analyses as described 

(Chapter 4). On P16, brains were removed from 1 male pup per litter (n=5-6 per group) 

and immersion-fixed in 10% formalin for 24 hr. 

Metal and biochemical analyses. For all three experiments, a 5 µL blood sample 

was collected from 1 or 2 pups per litter for hemoglobin analyses as described (Prohaska 

1983). Serum was collected from 1 pup per litter for metal analysis. Brain and serum Cu, 

Fe, and Zn analysis was performed as described (Bastian, Prohaska et al. 2010; Bastian, 

Anderson et al. 2012). 
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Brain mRNA analysis. RNA extraction, cDNA synthesis, and quantitative real-

time polymerase chain reaction (qPCR) for all experiments were carried out as described 

(Bastian, Prohaska et al. 2010; Bastian, Anderson et al. 2012). Primer pairs for the 

assayed genes are outlined in Supplemental Table 2. Relative mRNA levels were 

calculated relative to an internal whole brain cDNA sample from a P12 control rat pup. 

Glut1 immunohistochemistry. Formalin-fixed brains from Exp. 2 and 3 were 

stored at 4°C in 80% ethanol until processing for immunohistochemistry (IHC). Fixed 

half-brains from Exp. 2 were paraffin embedded and 8 µm sagital sections were cut 

beginning at the midline. Brain sections were mounted on silanized slides, deparaffinized 

with heat and xylenes, and hydrated in an ethanol series. Slides were washed two times 

(five minutes each) in PBS containing 0.025% Triton X-100 and then blocked in normal 

goat block (1.5% normal goat serum and 0.1% bovine serum albumin (BSA) in PBS) for 

2 hr at room temperature. The goat block was removed and brain sections were incubated 

in rabbit anti-GLUT1 antibody (1:400 dilution in PBS containing 0.1% BSA) overnight 

at 4°C in a humidified chamber. The GLUT1 primary antibody was a generous gift from 

Dr. Lester Drewes and has been previously described (Gerhart, LeVasseur et al. 1989). 

Following two five-minute washes, brain sections were incubated in fluorescein 

isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (1:500 dilution) for 2 hr at room 

temperature in the dark. Sections were washed three times for five minutes each in PBS 

and mounted with a glycerol-based mounting media (90% glycerol, 1 µg/mL Hoechst, 

and 1 mg/mL p-phenylenediamine hydrochloride in 0.1M Tris, pH 8.8). Glut1 staining 

was visualized using a Zeiss LSM710 confocal laser-scanning fluorescent microscope 
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Supplemental Table 2: qPCR primer sequences 

Gene NCBI GenBank ID qPCR Primer Sequences Position Product length (bp) 

Glut1 NM_138827.1 F: 5’-TATCGTCAACACGGCCTTCACTGT-3’ 
R: 5’-CACAAAGCCAAAGATGGCCACGAT-3’ 

1150-1173 
1336-1313 187 

Vwf NM_053889.1 F: 5’-TGGTAGACTTTGGAAACGCCTGGA-3’ 
R: 5’-TAGCTACTGCGCTACACAGGCAAT-3’ 

1866-1889 
2111-2088 246 

Cxcl12 NM_022177.3 F: 5’-ATTCTTTGAGAGCCATGTCGCCAG-3’ 
R: 5’-CGGGTCAATGCACACTTGTCTGTT-3’ 

180-203 
303-280 124 

Ang2 NM_134454.1 F: 5’-GTATTGGCTGGGCAACGAGTTTGT-3' 
R: 5’-ACTTCCTGGTTGGCTGATGCTACT-3' 

1127-1150 
1334-1311 208 

Vegfa NM_031836.2 F: 5’-TCCAATTGAGACCCTGGTGGACAT-3’ 
R: 5’-TCTCCTATGTGCTGGCTTTGGTGA-3’ 

1170-1193 
1367-1344 198 

Flk1 NM_013062.1 F: 5’-AGTGGCTAAGGGCATGGAGTTCTT-3’ 
R: 5’-GGGCCAAGCCAAAGTCACAGATTT-3’ 

3269-3292 
3387-3364 119 

Hif1a NM_024359.1 F: 5’-TTTCTCAGTCGACACAGCCTCGAT-3’ 
R: 5’-TGCAAGCATCCTGTACTGTCCTGT-3’ 

750-773 
953-930 204 

      
Genes: Glucose transporter 1, Glut1; von Willebrand factor, Vwf; Chemokine (C-X-C motif) 
ligand 12, Cxcl12; Angiopoietin 2, Ang2; Vascular endothelial growth factor A, Vegfa; Fetal 
liver kinase 1, Flk1; Hypoxia-inducible factor 1, alpha, Hif1a. F = Forward, R = Reverse 
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(Carl Zeiss Inc., Jena, Germany). Images of the hippocampus and cerebral cortex were 

taken at the z-axis center of each brain section at 10x magnification. Brain blood vessels, 

marked with GLUT1-expressing endothelial cells, were outlined using the ‘Analyze 

Particles’ tool and total vessel area was calculated in a 248,534 µm2 square region of the 

hippocampus (dentate gyrus and CA3 sub-regions) and cerebral cortex using ImageJ 

software (Schneider, Rasband et al. 2012). To ensure that all brain sections analyzed were 

taken from the same brain region, the size and shape of the corpus callosum, third 

ventricle, and hippocampal sub-regions were examined. 

Fixed half-brains from Exp. 3 were rinsed in phosphate buffered saline (PBS), 

embedded in 6% agarose, and 40 µm sagital sections were cut, starting at the midline, in 

ice-cold PBS using a vibratome (Oxford Laboratories, San Mateo, CA). Brain sections 

were transferred to a 12-well plate containing PBS for free-floating IHC. The IHC 

procedure was carried out as described above with a few changes for free-floating tissues: 

all buffers contained 0.25% Triton X-100, the secondary antibody incubation contained 1 

µg/mL Hoechst and was extended to overnight, and all incubations were done at room 

temperature with gentle rocking to improve tissue antibody penetration. Following IHC, 

floating sections were mounted on silanized slides with glycerol-based mounting media 

and GLUT1 staining was visualized using confocal microscopy. Z-stack images were 

captured with slices every 1 µm through the entire 40 µm section. The number of vessel 

branch points was counted in an 11,035,185 µm3 region of the hippocampus (dentate 

gyrus and CA3 sub-regions) and cerebral cortex using 3D image rendering features of the 

microscope’s ZEN software (Carl Zeiss Inc., Jena, Germany). All brain sections analyzed 
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were 200-300 µm from the midline and similarity of brain depth in the sagital plane was 

confirmed with morphological analysis as described above.  

Statistical analysis. One-way analysis of variance (ANOVA) was used for making 

statistical comparisons between three treatment groups. Bartlett’s test was used to assess 

homogeneity of variances. When variances were equal across groups, Tukey’s post hoc 

test was used. When variances were unequal, data were ln transformed and Tukey’s test 

was used. When transformation did not normalize the variances Scheffe’s post hoc test 

was used on the untransformed data. Student’s t-test was used to compare data between 

two treatment groups. When variances were unequal and not normalized by ln 

transformation, Welch’s correction was applied. Statistical outliers were determined by 

Grubbs’ test (http://www.graphpad.com/quickcalcs/Grubbs1.cfm). All data are presented 

as mean ± standard error of the mean (SEM). Statistical analyses and data graphing were 

carried out using Prism (GraphPad Software; La Jolla, CA) or Kaleidagraph (Synergy 

Software; Reading, PA) software. An α = 0.05 was chosen to define significant 

differences. 
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Results 

Evaluating offspring copper, iron and hemoglobin status. The blood hemoglobin 

and tissue copper and iron status of pups from Exp. 1 and 2 were previously reported 

(Bastian, Prohaska et al. 2010; Bastian, Anderson et al. 2012) and are shown here with 

Exp. 3 data for comparison and completeness of this study (Table 1). In all experiments, 

Fe deficiency significantly lowered blood hemoglobin and serum Fe concentrations, 

confirming IDA in these pups. Fe deficiency also lowered brain Fe levels and increased 

brain Cu levels in Exp. 1 and 2. Cu deficiency lowered serum ceruloplasmin activity and 

serum Fe, blood hemoglobin, and brain Cu levels, confirming Cu deficiency anemia with 

secondary Fe deficiency. Cu deficiency significantly lowered brain Fe levels in Exp. 1 

but not Exp. 2. 

Effect of Cu and Fe deficiencies on neonatal brain vasculogenesis-associated 

gene expression. To assess the effect of fetal/neonatal Cu and Fe deficiencies on the 

neonatal brain vasculature, brain mRNA levels were assessed for blood vessel endothelial 

cell marker genes and genes coding for proteins involved in angiogenesis or 

neovasculogenesis. Fetal/neonatal Fe deficiency, but not Cu deficiency, significantly 

increased Glut1 mRNA levels by 77%, 39%, and 19% in the P12 whole brain, P10 

cerebral cortex, and P10 hippocampus, respectively, compared to controls (Figure 1A). 

Similarly, Vwf mRNA levels were 140%, 58%, and 73% higher in the Fe-deficient, but 

not Cu-deficient, P12 whole brain, P10 cerebral cortex, and P10 hippocampus (Figure 

1B). Fe deficiency increased Ang2 mRNA levels by 111%, 43%, and 68% in the P12 

whole brain, P10 cerebral cortex, and P10 hippocampus, respectively (Figure 2A). P12 
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Table 1: Characteristics of rat pups after fetal/neonatal Cu and Fe deficiencies. 

 Exp. 1 (P12) Exp. 2 (P10) Exp. 3 (P15/16) 

Characteristic Control CuD FeD Control CuD FeD Control FeD 

Hemoglobin, g/L 112 ± 1.6a 87.0 ± 2.3b 51.2 ± 1.9c 118 ± 2.2a 96.4 ± 2.2b 58.2 ± 4.0c  105 ± 3.3a 41.3 ± 5.9b 

Serum Fe, µg/mL 1.53 ± 0.13a 0.63 ± 0.05b 0.42 ± 0.05b 1.52 ± 0.15a 0.82 ± 0.08b 0.31 ± 0.04c 0.94 ± 0.05a 0.29 ± 0.08b 

Ceruloplasmin, U/L 55.4 ± 6.6a < 0.3b 40.3 ± 3.6a 46.2 ± 3.0a 4.91 ± 0.55b 27.5 ± 3.6c NM NM 

Brain Fe, µg/g 10.9 ± 1.1a 6.78 ± 1.20b 4.39 ± 0.41b 7.65 ± 1.63a 5.40 ± 0.39a 3.37 ± 0.08b NM NM 

Brain Cu, µg/g 1.16 ± 0.04a 0.48 ± 0.01b 1.60 ± 0.06c 0.93 ± 0.02a 0.51 ± 0.02b 1.18 ± 0.03c NM NM 

 
Data are presented as the mean ± SEM (n = 4-10 for Exp. 1, n=5-9 for Exp. 2 and n=5-6 for 
Exp. 3). Within a specific row for each experiment, means not sharing a common superscript 
are significantly different by one-way ANOVA and Tukey’s or Scheffe’s multiple comparison 
test (P < 0.05). Statistical comparisons were not performed across experiments. NM, not 
measured. 
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Figure 1: Fetal/neonatal iron deficiency induces expression of endothelial cell markers, 
Glut1 and Vwf in the P10 or P12 brain. Half brains, hippocampi or cerebral cortices were 
collected from P12 (Exp. 1, n=4-5) or P10 (Exp. 2, n=8-10) pups, total RNA was extracted, 
and cDNA was synthesized. Quantitative real-time PCR (qPCR) was performed for Glucose 
transporter 1, Glut1 (A) or von Willebrand factor, Vwf (B). Relative mRNA levels are 
calculated relative to an internal control cDNA sample. Data are presented as the mean ± SEM. 
Groups not sharing a common superscript are significantly different by one-way ANOVA and 
Tukey’s or Scheffe’s multiple comparison test (P < 0.05).  
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Figure 2: Fetal/neonatal iron deficiency increases P10 or P12 brain vasculogenesis-
associated gene expression. Half brains, hippocampi or cerebral cortices were collected from 
P12 (Exp. 1, n=4-5) or P10 (Exp. 2, n=8-10) pups, total RNA was extracted, and cDNA was 
synthesized. Quantitative real-time PCR (qPCR) was performed for several vasculogenesis-
associated genes. (A) Angiopoietin 2, Ang2 (B) Vascular endothelial cell growth factor A, 
Vegfa (C) Vegf receptor 2, Flk1 (D) Chemokine (C-X-C motif) ligand 12, Cxcl12. Relative 
mRNA levels are calculated relative to an internal control cDNA sample. Data are presented as 
mean ± SEM. Groups not sharing a common superscript are significantly different by one-way 
ANOVA and Tukey’s multiple comparison test (P < 0.05).  
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whole brain and P10 hippocampal Vegfa mRNA levels were 89% and 29% higher, 

respectively, following developmental Fe deficiency (Figure 2B). Fetal/neonatal Fe 

deficiency significantly increased Flk1 (43% higher) and Cxcl12 (33% higher) mRNA 

levels in the P12 whole brain but not the P10 cerebral cortex or hippocampus (Figure 2C 

& D). Cu deficiency did not significantly alter mRNA levels for Ang2, Vegfa, Flk1, or 

Cxcl12, compared to controls (Figure 2). Neither Fe nor Cu deficiency significantly 

altered Hif1a mRNA expression in the neonatal brain (Supplemental Figure 1). 

To more extensively assess the effect of fetal/neonatal Fe deficiency on 

vasculogenesis associated gene expression, a third qPCR experiment was performed. As 

in Exp. 1 and 2, Glut1 and Vwf mRNA levels were higher in the neonatal Fe-deficient 

cerebral cortex and hippocampus compared to controls (Figure 3). Fetal/neonatal Fe 

deficiency also significantly increased P15 cerebral cortical and hippocampal mRNA 

levels for Ang2, Vegfa, Flk1, and Cxcl12 (Figure 4). Hif1a mRNA levels were not 

significantly altered in the P15 Fe-deficient cerebral cortex or hippocampus 

(Supplemental Figure 2). Together these mRNA data suggest increased vasculature in the 

neonatal Fe-deficient brain. 

Effect of Cu and Fe deficiencies on neonatal brain vasculature. To directly 

examine the effect of Cu and Fe deficiency on neonatal brain blood vessel density, 

GLUT1 IHC was performed on 8 µm sagital sections from Exp. 2 P11 brains and 

hippocampal and cerebral cortical blood vessel areal density was calculated (Figure 5). 

Representative GLUT1 IHC images for control, Cu-deficient, and Fe-deficient cerebral 

cortex and hippocampus are shown in Figure 5A-F. There was a trend towards increased 
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Supplemental Figure 1: Fetal/neonatal iron deficiency does not alter Hif1a mRNA levels 
in the P10 or P12 brain. Half brains, hippocampi or cerebral cortices were collected from P12 
(Exp. 1, n=4-5) or P10 (Exp. 2, n=8-10) pups, total RNA was extracted, and cDNA was 
synthesized. Quantitative real-time PCR (qPCR) was performed for Hypoxia-inducible factor 
1, alpha, Hif1a. Relative mRNA levels are calculated relative to an internal control cDNA 
sample. Data are presented as the mean ± SEM.  
 



 

 188 

 
 
 
 
 
 
 
 

 
 
 

 
 

Figure 3: Fetal/neonatal iron deficiency increases expression of endothelial cell markers, 
Glut1 and Vwf in the P15 cerebral cortex and hippocampus. Hippocampi or cerebral 
cortices were collected from P15 (Exp. 3, n=11-12) pups, total RNA was extracted, and cDNA 
was synthesized. Quantitative real-time PCR (qPCR) was performed for Glucose transporter 1, 
Glut1 (A) or von Willebrand factor, Vwf (B). Relative mRNA levels are calculated relative to 
an internal control cDNA sample. Data are presented as the mean ± SEM. Asterisks indicate a 
statistically significant difference by Student’s t-test (P < 0.05).  
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Figure 4: Fetal/neonatal iron deficiency increases P15 hippocampus and cerebral cortex 
vasculogenesis-associated gene expression. Hippocampi or cerebral cortices were collected 
from P15 (Exp. 3, n=11-12) pups, total RNA was extracted, and cDNA was synthesized. 
Quantitative real-time PCR (qPCR) was performed for several vasculogenesis-associated 
genes. (A) Angiopoietin 2, Ang2 (B) Vascular endothelial cell growth factor A, Vegfa (C) Vegf 
receptor 2, Flk1 (D) Chemokine (C-X-C motif) ligand 12, Cxcl12. Relative mRNA levels are 
calculated relative to an internal control cDNA sample. Data are presented as the mean ± SEM. 
Asterisks indicate a statistically significant difference by Student’s t-test (P < 0.05).  
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Supplemental Figure 2: Fetal/neonatal iron deficiency does not alter Hif1a mRNA levels 
in the P15 cerebral cortex and hippocampus. Hippocampi or cerebral cortices were 
collected from P15 (Exp. 3, n=11-12) pups, total RNA was extracted, and cDNA was 
synthesized. Quantitative real-time PCR (qPCR) was performed for Hypoxia-inducible factor 
1, alpha, Hif1a. Relative mRNA levels are calculated relative to an internal control cDNA 
sample. Data are presented as the mean ± SEM.  
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blood vessel density in the P11 Fe-deficient hippocampus (42% higher) and cerebral 

cortex (57% higher) when all three groups were compared by one-way ANOVA and 

Tukey’s multiple comparison test (P = 0.1) (Figure 5G & H). When Student’s t-test was 

used to statistically compare only control and Fe-deficient blood vessel densities, p-

values were 0.05 and 0.06 for the hippocampus and cerebral cortex, respectively.  

To better assess the effect of Fe deficiency on the neonatal brain vasculature, a 

second GLUT1 IHC experiment was performed with 40 µm sagital sections from Exp. 3 

P16 brains. Representative GLUT1 IHC Z-projection images for the control and Fe-

deficient P16 cerebral cortex and hippocampus are shown in Figure 6A-D. Blood vessel 

branching density was 62% and 78% higher in the P16 Fe-deficient cerebral cortex and 

hippocampus, respectively, compared to controls (Figure 6E & F). These data reveal, for 

the first time, an increased vasculature in the Fe-deficient neonatal brain. 



 

 192 

 
 

Figure 5: Blood vessel density in the P11 control, Cu-deficient, and Fe-deficient brain. 
GLUT1 immunohistochemistry was performed on 8 µm sagital brain sections from Exp. 2 P11 
female pups. Confocal microscopy was used to visualize blood vessels in the control (n=3), 
CuD (n=4), and FeD (n=4) hippocampus and cerebral cortex. Representative images are shown 
in panels A-F. Areal blood vessel density was calculated for each treatment group in the 
hippocampus (G) and cerebral cortex (H). Data are presented as the mean ± SEM. DG, dentate 
gyrus. CA3, cornu Ammonis 3.  
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Figure 6: Iron deficiency increases P15 brain blood vessel branching. GLUT1 
immunohistochemistry was performed on 40 µm sagital brain sections from Exp. 3 P15 male 
pups. Confocal microscopy was used to visualize blood vessels in the control (n=6) and FeD 
(n=5) hippocampus and cerebral cortex. Z-stack images, with a slice interval of 1 µm, were 
captured through the entire 40 µm section. Representative z-projection images are shown in 
panels A-D. Blood vessel branching density was calculated for each treatment group in the 
hippocampus (E) and cerebral cortex (F). Data are presented as the mean ± SEM. Asterisks 
indicate a statistically significant difference by Student’s t-test (P < 0.05). DG, dentate gyrus. 
CA3, cornu Ammonis 3.  
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Discussion 

This study shows, for the first time, increased blood vessel density in the neonatal 

brain following fetal/neonatal Fe deficiency. The neuronal differentiation, migration, and 

maturation processes that occur during brain development are energetically demanding, 

requiring oxygen delivery for aerobic metabolism. Therefore, it is not surprising that 

blood vessel density has been shown to correlate with energetic demand (Tuor, Kurpita et 

al. 1994). Since the FeD pups were also severely anemic, it is likely that increased brain 

angiogenesis/vasculogenesis is an adaptive and beneficial response in an attempt to 

maintain oxygen, nutrient, and Fe delivery to the developing brain.  

Even though increased brain blood vessel density in neonatal Fe-deficient pups 

likely has beneficial and neuroprotective effects, there are potential maladaptive 

consequences (Figure 7). The brain vasculature is unique among vascular systems in that 

it forms a tight barrier, known as the blood-brain-barrier (BBB), to selectively regulate 

transfer of molecules between the blood and the brain (reviewed in (Hawkins and Davis 

2005)). Vascular remodeling associated with angiogenesis involves degradation of the 

basal membrane and extracellular matrix and dissociation of pericytes from the vascular 

endothelial cells (Baburamani, Ek et al. 2012). During this remodeling, the BBB is 

thought to be locally immature while new vessel extensions and branches, and thus new 

endothelial cell connections, are formed (Baburamani, Ek et al. 2012). In adult rats, 

hypoxia-induced brain angiogenesis leads to increased BBB permeability in a VEGF-

mediated process (Schoch, Fischer et al. 2002). These data suggest that fetal/neonatal Fe 
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Figure 7: Summary model of the effects of Fe deficiency on neonatal brain vasculature. 
Fetal/neonatal Fe deficiency increased neonatal brain expression of genes involved in blood 
vessel growth (Ang2, Vegfa, Flk1, and Cxcl12). Fe deficiency also led to higher expression of 
blood vessel endothelial cell-specific genes (Glut1 and Vwf) and increased blood vessel density 
and branching in the neonatal brain, suggesting an induction of vasculogenesis and/or 
angiogenesis. Fe deficiency could increase neonatal brain vasculature through hypoxia-
mediated (1) or Fe-specific mechanisms (2). Additional experiments are needed to address the 
impact of increased vasculature on functional outcomes such as nutrient transport (3) and BBB 
integrity (4). Artwork by Thu An Nguyen. 
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deficiency induced angiogenesis/vasculogenesis may compromise BBB integrity in the 

neonatal brain (Figure 7). 

In addition to providing more oxygen to the brain, an increase in brain vasculature 

indicates that blood-brain transport of additional nutrients, hormones, and signaling 

molecules would also be elevated (Figure 7). Ben-Shachar et al. demonstrated increased 

brain uptake of glucose and insulin in adult Fe-deficient rat brains (Ben-Shachar, Yehuda 

et al. 1988). We, and others, have observed increased brain Cu levels in the neonatal and 

adult Fe-deficient brain (Garcia, Gellein et al. 2007; Bastian, Prohaska et al. 2010; 

Monnot, Behl et al. 2011; Bastian, Anderson et al. 2012), which may be explained by 

elevated Cu transport due to additional blood vessel density. The important question of 

whether the effect of fetal/neonatal Fe deficiency on brain Cu levels persists into the adult 

brain following recovery, to our knowledge, has not been addressed. The functional 

implications of elevated Cu in the Fe-deficient brain are unclear. However, brain Cu 

overload has been associated with neurodegenerative diseases, such as Alzheimer’s 

disease (Zatta and Frank 2007).  

The importance of hypoxia-mediated angiogenesis in tumor formation and growth 

has been well-studied (Kerbel 2008). Fe-deficient breast cancer cells were shown to 

increase HIF1 and VEGF levels and to induce angiogenesis when injected into mice 

(Eckard, Dai et al. 2010). Therefore, our data demonstrating increased HIF/angiogenic 

signaling and blood vessel formation in the neonatal brain suggests that fetal/neonatal Fe 

deficiency may increase the risk of tumor development. 
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Neurogenesis and angiogenesis are tightly coupled, responding to an overlapping 

set of signaling molecules, including VEGFA, ANG1 and 2, BDNF, and SDF1 (Ward 

and Lamanna 2004). This suggests that disruptions to angiogenic signaling, and blood 

vessel formation, will also have consequences for neuronal maturation. Indeed, 

hippocampal CA1 pyramidal neuron dendritic arborization is impaired following 

fetal/neonatal IDA (Jorgenson, Wobken et al. 2003; Brunette, Tran et al. 2010). Whether 

the initiating event for these impairments is altered angiogenesis, aberrant neuronal 

maturation, or defective expression of shared signaling molecules remains to be 

determined. 

We hypothesized that the anemia, and tissue hypoxia, associated with Fe and Cu 

deficiencies would induce angiogenesis/vasculogenesis. However, increased blood vessel 

density was not observed in neonatal CuD pups, suggesting that anemia per se, is not 

sufficient to induce hypoxia-mediated angiogenesis/vasculogenesis-associated gene 

expression or blood vessel growth. CuD pups were less severely anemic than FeD pups, 

indicating that this discrepancy could be due to a threshold effect. Another possibility is 

that the effect of Fe deficiency on neonatal brain blood vessel growth is Fe-mediated 

rather than hypoxia-mediated (Figure 7). 

While this study has focused on IDA, iron deficiency without anemia is estimated 

to affect an additional two to three billion people worldwide (Stoltzfus 2001). Neuronal-

specific Fe deficiency in mice results in impaired spatial and procedural 

learning/memory, aberrant hippocampal neuron dendritic morphology, and impaired 

hippocampal and striatal energy status (Carlson, Tkac et al. 2009; Carlson, Fretham et al. 
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2010; Fretham, Carlson et al. 2013). These studies suggest that anemia is not required for 

some of the effects of Fe deficiency on brain development. Interestingly, Glut1 mRNA 

expression is elevated in the hippocampus and nucleus accumbens of adult neuronal-

specific Fe-deficient mice (Carlson, Fretham et al. 2010). This could be the result of the 

altered brain energy status in these mice or it could indicate an increased brain 

vasculature. HIF1 protein degradation is regulated by prolyl hydroxylase, which requires 

both oxygen and Fe for full activity (Sharp and Bernaudin 2004). Therefore, Fe 

deficiency could induce blood vessel growth through hypoxia-dependent and/or Fe-

dependent mechanisms (Figure 7). Future studies should examine HIF/angiogenic 

signaling and the brain vasculature in brain-specific models of Fe deficiency to delineate 

the specific role of Fe in this process. 

Fe deficiency with or without anemia affects billions of people worldwide, having 

its most profound effect on the developing brain. Therefore, it is important to determine 

the molecular and structural basis for the brain developmental deficits associated with Fe 

deficiency. Increased brain vasculature in the Fe-deficient neonatal brain could have 

serious short- and long-term negative consequences for brain function. This novel finding 

opens up new avenues of research into the effects of Fe deficiency on brain development.  
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Chapter 5b – The effect of varying degrees of fetal/neonatal TH 
insufficiency on angiogenesis-associated gene expression and blood 

vessel density in the developing rat brain. 
 
Thomas W. Bastian, Thu An Nguyen, Stephanie Santarriaga, Joseph R. Prohaska, Michael K. 
Georgieff, and Grant W. Anderson 
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 Adequate thyroid hormone (TH) is necessary for normal mammalian brain 

development. Brain development is energetically demanding and requires delivery of 

oxygen, nutrients, hormones, and signaling molecules via the brain vascular network. 

Angiogenic signaling and blood vessel density were previously shown to be reduced in 

the early postnatal severely TH-deficient brain. Our objective was to compare neonatal 

brain angiogenic signaling and blood vessel density following mild, moderate, and severe 

fetal/neonatal TH deficiency. Three separate experiments were performed where pregnant 

rats were given 1, 3, or 10 ppm propylthiouracil from early gestation through mid-

lactation. mRNA expression of vasculogenesis-associated genes was assessed in postnatal 

day 10 (P10), P12, or P15 brains. Neonatal brain mRNA levels of Vwf, Flk1, Cxcl12, and 

Hif1a were not significantly altered following developmental TH deficiency. 

Fetal/neonatal PTU treatment significantly reduced neonatal brain Glut1, Ang2, and 

Vegfa mRNA levels in age-, brain region-, and dose-dependent fashions, suggesting 

decreased blood vessel growth in the developing TH-deficient brain. To test this more 

directly, neonatal brain blood vessel density was assessed using GLUT1 

immunohistochemistry. Surprisingly, 1 ppm PTU treatment, but not 3 ppm PTU 

treatment, increased hippocampal blood vessel density. Further work is needed to clarify 

the mechanism by which TH regulates neonatal angiogenic gene expression and the 

functional implications of altered angiogenic signaling and blood vessel density during 

brain development. 
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Introduction 

Thyroid hormone (TH) is critical to mammalian brain development, having its 

most profound effect on intellectual outcome (reviewed in (Anderson and Mariash 2002; 

Gilbert and Zoeller 2010; Bernal 2012)). Severe developmental TH deprivation results in 

mental retardation, stunted growth, gross and fine motor impairments, learning deficits, 

and speech and hearing problems (Zimmermann 2009; Gilbert and Zoeller 2010). It is 

now becoming clear that even mild TH insufficiencies in pregnant women can impair 

offspring cognitive outcome (Pop, Kuijpens et al. 1999; Berbel, Mestre et al. 2009). This 

is supported by rodent studies showing impaired spatial learning, hippocampal synaptic 

function, and neuronal migration following mild, moderate, or transient developmental 

TH insufficiency (Lavado-Autric, Auso et al. 2003; Goodman and Gilbert 2007; Opazo, 

Gianini et al. 2008; Gilbert 2011). 

Oxygen and nutrient delivery, and therefore the brain vasculature, is critically 

important for brain development and function. The brain vasculature is remarkably 

plastic, reorganizing in response to changes in local energy demand to ensure proper 

tissue perfusion (Tuor, Kurpita et al. 1994). Development of the brain vasculature begins 

early in embryonic development (i.e. E9 in rodents and gestational week 7 in humans) via 

vasculogenesis, the process of new blood vessel formation from endothelial progenitor 

cells (Engelhardt 2003; Baburamani, Ek et al. 2012). Brain vascularization continues 

throughout development via angiogenesis, the process of growth, branching, and 

proliferation of existing blood vessels.  
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Blood vessel outgrowth in the brain involves both angiogenesis and 

vasculogenesis and requires coordinated signaling events (reviewed in (Baburamani, Ek 

et al. 2012)). Vascular endothelial growth factor A (VEGFA) interacts with vascular 

endothelial cell receptor 1 (FLT-1) and 2 (FLK-1) to promote endothelial cell 

proliferation and migration, ultimately leading to new blood vessel extension and 

branching. Angiopoietin 2 (ANG2) interacts with an endothelial cell-specific receptor 

(TIE2) to destabilize vessels and promote reorganization of the extracellular matrix, 

allowing VEGFA-mediated angiogenesis to occur (Baburamani, Ek et al. 2012). Stromal 

derived factor 1 (Cxcl12/SDF1) is a chemoattractant involved in recruiting circulating 

endothelial progenitor cells to promote neovasculogenesis (Ceradini, Kulkarni et al. 

2004).  

Very little research has been performed to assess the effect of TH deficiency on 

the brain vasculature. T4 and T3 were shown to stimulate Vegfa mRNA and protein 

expression, endothelial cell proliferation, and tube-like formation in an in vitro rat brain 

endothelial cell culture system (Zhang, Cooper-Kuhn et al. 2010). Schlenker et al. 

showed that brain blood vessel density is reduced in severely TH-deficient adult rats 

(Schlenker, Hora et al. 2008). Severe developmental TH deficiency reduced P21 

hippocampal and cortical blood vessel density and branching, which was associated with 

a decrease in cortical Vegfa and Flk1 expression (Zhang, Cooper-Kuhn et al. 2010). The 

neonatal brain vasculature has not been analyzed following mild or moderate TH 

insufficiencies. In this study we assessed the effect of mild, moderate, and severe 
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fetal/neonatal TH deficiencies on expression of vasculogenesis- and angiogenesis-

associated genes and blood vessel density in the neonatal brain. 
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Materials and Methods 

Animals and diets. In all experiments, sperm-positive Sprague-Dawley rats were 

purchased commercially (Charles River Laboratories, Wilmington, MA). In Experiment 1 

(Exp. 1), dams were assigned to one of 2 treatment groups: control and 10 ppm 

propylthiouracil (PTU) treatment (n=5 dams per group). In Exp. 2, dams were assigned to 

one of 3 treatment groups: control, 1 ppm PTU, and 3 ppm PTU (n=5 dams per group). In 

Exp. 3, dams were assigned to one of 4 treatment groups: control, 1 ppm PTU, 3 ppm 

PTU, and 10 ppm PTU (n=6 dams per group). Control and PTU dams were fed a semi-

purified diet. Dams in control groups drank deionized water. Dams in PTU groups drank 

deionized water containing 1, 3, or 10 ppm PTU beginning on gestational day 6. Day of 

birth was designated as postnatal day 0 (P0). At P2, all litters were culled to 10 pups per 

dam. 

Animals were given free access to diet and drinking water throughout the study 

and were housed at constant temperature and humidity on a 12h light:dark cycle. All 

animal studies were conducted in accordance with the principles and procedures outlined 

in the NIH guide for the Care and Use of Laboratory Animals.  The local Institutional 

Animal Care and Use Committee approved these procedures. 

Sample collection. In Exp. 1, brains were removed from one male P12 pup per 

litter (n=5 per group), bisected at the midline, and a half-brain was placed in RNAlater 

(Qiagen, Valencia, CA), and processed for mRNA expression analyses as described 

(Bastian, Prohaska et al. 2010). In Exp. 2, the hippocampus and cerebral cortex were 

dissected and removed from two male P10 pups per litter (n=9-10 total per group), placed 
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in RNAlater, and processed for mRNA expression analyses as described (Bastian, 

Anderson et al. 2012). On P11, brains were removed from 1 female pup per litter (n=3 

per group) and immersion-fixed in 10% formalin for 24 hr. In Exp. 3, the hippocampus 

and cerebral cortex were dissected and removed from two male P15 pups per litter (n=12 

total per group), placed in RNAlater, and processed for mRNA expression analyses as 

described (Chapter 4).  

Brain mRNA analysis. RNA extraction, cDNA synthesis, and quantitative real-

time polymerase chain reaction (qPCR) for all experiments were carried out as described 

(Bastian, Prohaska et al. 2010; Bastian, Anderson et al. 2012). Primer pairs for the 

assayed genes were previously described (Chapter 5a Supplemental Table 2). Relative 

mRNA levels were calculated relative to an internal whole brain cDNA sample from a 

P12 control rat pup. 

Glut1 immunohistochemistry. Formalin-fixed brains from Exp. 2 and 3 were 

stored at 4°C in 80% ethanol until processing for immunohistochemistry (IHC). Fixed 

half-brains from Exp. 2 were paraffin embedded and 8 µm sagital sections were cut 

beginning at the midline. Brain sections were mounted on silanized slides, deparaffinized 

with heat and xylenes, and hydrated in an ethanol series. Slides were washed two times 

(five minutes each) in PBS containing 0.025% Triton X-100 and then blocked in normal 

goat block (1.5% normal goat serum and 0.1% bovine serum albumin (BSA) in PBS) for 

2 hr at room temperature. The goat block was removed and brain sections were incubated 

in rabbit anti-GLUT1 antibody (1:400 dilution in PBS containing 0.1% BSA) overnight 

at 4°C in a humidified chamber. The GLUT1 primary antibody was a generous gift from 
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Dr. Lester Drewes and has been previously described (Gerhart, LeVasseur et al. 1989). 

Following two five-minute washes, brain sections were incubated in fluorescein 

isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (1:500 dilution) for 2 hr at room 

temperature in the dark. Sections were washed three times for five minutes each in PBS 

and mounted with a glycerol-based mounting media (90% glycerol, 1 µg/mL Hoechst, 

and 1 mg/mL p-phenylenediamine hydrochloride in 0.1M Tris, pH 8.8). Glut1 staining 

was visualized using a Zeiss LSM710 confocal laser-scanning fluorescent microscope 

(Carl Zeiss Inc., Jena, Germany). Images of the hippocampus and cerebral cortex were 

taken at the z-axis center of each brain section at 10x magnification. Brain blood vessels, 

marked with GLUT1-expressing endothelial cells, were outlined using the ‘Analyze 

Particles’ tool and total vessel area was calculated in a 248,534 µm2 square region of the 

hippocampus (dentate gyrus and CA3 sub-regions) and cerebral cortex using ImageJ 

software (Schneider, Rasband et al. 2012). To ensure that all brain sections analyzed were 

taken from the same brain region, the size and shape of the corpus callosum, third 

ventricle, and hippocampal sub-regions were examined. 

Statistical analysis. One-way analysis of variance (ANOVA) was used for making 

statistical comparisons between three or four treatment groups. Bartlett’s test was used to 

assess homogeneity of variances. When variances were equal across groups, Tukey’s post 

hoc test was used. When variances were unequal, data were ln transformed and Tukey’s 

test was used. When transformation did not normalize the variances Scheffe’s post hoc 

test was used on the untransformed data. Student’s t-test was used to compare data 

between two treatment groups. When variances were unequal and not normalized by ln 
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transformation, Welch’s correction was applied. Statistical outliers were determined by 

Grubbs’ test (http://www.graphpad.com/quickcalcs/Grubbs1.cfm). All data are presented 

as mean ± standard error of the mean (SEM). Statistical analyses and data graphing were 

carried out using Prism (GraphPad Software; La Jolla, CA) or Kaleidagraph (Synergy 

Software; Reading, PA) software. An α = 0.05 was chosen to define significant 

differences. 
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Results 

Effect of mild, moderate, or severe TH insufficiency on neonatal brain 

angiogenesis-associated gene expression. To assess the effect of varying degrees of 

fetal/neonatal TH deficiency on the neonatal brain vasculature, brain mRNA levels were 

assessed for blood vessel endothelial cell marker genes and genes coding for proteins 

involved in angiogenesis or vasculogenesis. Glut1 mRNA levels were not significantly 

altered in the 10 ppm PTU P12 whole brain (Figure 1A). Glut1 mRNA levels were 15% 

and 21% lower in 1 ppm PTU and 3 ppm PTU P10 hippocampus, respectively, but were 

not altered in the P10 cerebral cortex (Figure 1A). Fetal/neonatal PTU treatment did not 

significantly alter Vwf mRNA levels in the P12 whole brain, P10 cerebral cortex, or P10 

hippocampus (Figure 1B). Ang2 mRNA levels were 40% lower in the 10 ppm PTU P12 

whole brain (Figure 2A). Fetal/neonatal 3 ppm PTU treatment decreased Ang2 mRNA 

levels by 48% in the P10 hippocampus but did not alter P10 cerebral cortical Ang2 

mRNA levels (Figure 2A). TH deficiency did not significantly alter Vegfa, Flk1, Cxcl12, 

or Hif1a mRNA expression in the P10 or P12 neonatal brain (Figure 2 and Supplemental 

Figure 1). 

To more extensively assess the effect of mild, moderate, and severe fetal/neonatal 

TH insufficiency on angiogenesis- and vasculogenesis-associated gene expression, a third 

qPCR experiment was performed. Fetal/neonatal 1 and 3 ppm PTU treatment did not alter 

mRNA levels in the P15 cerebral cortex or hippocampus for any of the genes assessed in 

this study (Figure 3A). Glut1 mRNA levels were 26% lower in the P15 10 ppm PTU 

cerebral cortex but were unaltered in the hippocampus (Figure 3A). Fetal/neonatal PTU 
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Figure 1: Fetal/neonatal 1 and 3 ppm PTU treatment lowers Glut1 mRNA levels in the 
P10 hippocampus. Half brains, hippocampi or cerebral cortices were collected from P12 
(Exp. 1, n=5) or P10 (Exp. 2, n=9-10) pups, total RNA was extracted, and cDNA was 
synthesized. Quantitative real-time PCR (qPCR) was performed for Glucose transporter 1, 
Glut1 (A) or von Willebrand factor, Vwf (B). Relative mRNA levels are calculated relative to 
an internal control cDNA sample. Data are presented as the mean ± SEM. Asterisks indicate a 
statistically significant difference by Student’s t-test (P < 0.05). Groups not sharing a common 
letter superscript are significantly different by one-way ANOVA and Tukey’s or Scheffe’s 
multiple comparison test (P < 0.05).  
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Figure 2: Fetal/neonatal moderate or severe TH deficiency lowers P10 or P12 brain Ang2 
gene expression. Half brains, hippocampi or cerebral cortices were collected from P12 (Exp. 
1, n=4-5) or P10 (Exp. 2, n=9-10) pups, total RNA was extracted, and cDNA was synthesized. 
Quantitative real-time PCR (qPCR) was performed for several vasculogenesis-associated 
genes. (A) Angiopoietin 2, Ang2 (B) Vascular endothelial cell growth factor A, Vegfa (C) Vegf 
receptor 2, Flk1 (D) Chemokine (C-X-C motif) ligand 12, Cxcl12. Relative mRNA levels are 
calculated relative to an internal control cDNA sample. Data are presented as mean ± SEM. 
Asterisks indicate a statistically significant difference by Student’s t-test (P < 0.05). Groups 
not sharing a common letter superscript are significantly different by one-way ANOVA and 
Tukey’s or Scheffe’s multiple comparison test (P < 0.05).  
 



 

 211 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Supplemental Figure 1: Fetal/neonatal TH deficiency does not alter Hif1a mRNA levels 
in the P10 or P12 brain. Half brains, hippocampi or cerebral cortices were collected from P12 
(Exp. 1, n=5) or P10 (Exp. 2, n=9-10) pups, total RNA was extracted, and cDNA was 
synthesized. Quantitative real-time PCR (qPCR) was performed for Hypoxia-inducible factor 
1, alpha, Hif1a. Relative mRNA levels are calculated relative to an internal control cDNA 
sample. Data are presented as the mean ± SEM.  
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Figure 3: Fetal/neonatal severe TH deficiency lowers Glut1 mRNA levels in the P15 
cerebral cortex. Hippocampi or cerebral cortices were collected from P15 (Exp. 3, n=12) 
pups, total RNA was extracted, and cDNA was synthesized. Quantitative real-time PCR 
(qPCR) was performed for Glucose transporter 1, Glut1 (A) or von Willebrand factor, Vwf (B). 
Relative mRNA levels are calculated relative to an internal control cDNA sample. Data are 
presented as the mean ± SEM. Groups not sharing a common letter superscript are 
significantly different by one-way ANOVA and Tukey’s or Scheffe’s multiple comparison test 
(P < 0.05).  
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treatment did not significantly alter Vwf mRNA levels in the P15 cerebral cortex or 

hippocampus (Figure 3B). Ang2 mRNA levels were 48% and 53% lower in the P15 10 

ppm PTU cerebral cortex and hippocampus, respectively (Figure 4A). Vegfa mRNA 

levels were 29% lower in the P15 10 ppm PTU cerebral cortex but were unaltered in the 

hippocampus (Figure 4B). Flk1, Cxcl12, and Hif1a mRNA levels were not significantly 

altered in the P15 TH-deficient cerebral cortex or hippocampus (Figure 4 and 

Supplemental Figure 2). Together these mRNA data suggest decreased vasculature in the 

neonatal moderately or severely TH-deficient brain. 

Effect of mild and moderate TH deficiencies on neonatal brain vasculature. To 

directly examine the effect of mild and moderate TH deficiency on neonatal brain blood 

vessel density, GLUT1 IHC was performed on 8 µm sagital sections from Exp. 2 P11 

brains and hippocampal and cerebral cortical blood vessel areal density was calculated 

(Figure 5). Representative GLUT1 IHC images for control, 1 ppm PTU, and 3 ppm PTU 

cerebral cortex and hippocampus are shown in Figure 5A-F. Blood vessel density was 

increased by 31% in the 1 ppm PTU, but not 3 ppm PTU, hippocampus (Figure 5G). 

Fetal/neonatal PTU treatment did not alter P11 cerebral cortical blood vessel density 

(Figure 5H).  
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Figure 4: Fetal/neonatal severe TH deficiency lowers P15 hippocampus and cerebral 
cortex vasculogenesis-associated gene expression. Hippocampi or cerebral cortices were 
collected from P15 (Exp. 3, n=12) pups, total RNA was extracted, and cDNA was synthesized. 
Quantitative real-time PCR (qPCR) was performed for several vasculogenesis-associated 
genes. (A) Angiopoietin 2, Ang2 (B) Vascular endothelial cell growth factor A, Vegfa (C) Vegf 
receptor 2, Flk1 (D) Chemokine (C-X-C motif) ligand 12, Cxcl12. Relative mRNA levels are 
calculated relative to an internal control cDNA sample. Data are presented as mean ± SEM. 
Groups not sharing a common letter superscript are significantly different by one-way 
ANOVA and Tukey’s or Scheffe’s multiple comparison test (P < 0.05).  
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Supplemental Figure 2: Fetal/neonatal TH deficiency does not alter Hif1a mRNA levels 
in the P15 cerebral cortex and hippocampus. Hippocampi or cerebral cortices were 
collected from P15 (Exp. 3, n=12) pups, total RNA was extracted, and cDNA was synthesized. 
Quantitative real-time PCR (qPCR) was performed for Hypoxia-inducible factor 1, alpha, 
Hif1a. Relative mRNA levels are calculated relative to an internal control cDNA sample. Data 
are presented as the mean ± SEM.  
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Figure 5: Blood vessel density in the P11 control, 1 ppm PTU, and 3 ppm PTU brain. 
GLUT1 immunohistochemistry was performed on 8 µm sagital brain sections from Exp. 2 P11 
female pups. Confocal microscopy was used to visualize blood vessels in the control, 1 ppm 
PTU, and 3 ppm PTU (n=3 per group) hippocampus and cerebral cortex. Representative 
images are shown in panels A-F. Areal blood vessel density was calculated for each treatment 
group in the hippocampus (G) and cerebral cortex (H). Data are presented as the mean ± SEM. 
Groups not sharing a common letter superscript are significantly different by one-way 
ANOVA and Tukey’s multiple comparison test (P < 0.05). DG, dentate gyrus. CA3, cornu 
Ammonis 3.  
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Discussion 

Brain development is an energetically demanding process and requires delivery of 

oxygen, nutrients, hormones, and signaling molecules via the brain vasculature. 

Therefore, it is not surprising that blood vessel density has been shown to correlate with 

brain energetic demand (Tuor, Kurpita et al. 1994). TH is critical for normal mammalian 

brain development and is known to be a pro-angiogenic factor in heart, muscle and 

tumors (Luidens, Mousa et al. 2010). Despite this, little research has been performed to 

address the role of TH in neonatal brain angiogenesis.  

We demonstrated reduced neonatal brain mRNA expression for the endothelial 

cell-specific marker, Glut1, and angiogenesis genes, Ang2 and Vegfa following 

developmental TH deficiency. Expression was altered with age-, brain-region-, and dose-

specific sensitivities, as has been demonstrated for several other TH-responsive brain 

genes (Bastian, Anderson et al. 2012). Neonatal cerebral cortex Glut1 expression was 

previously shown to be acutely regulated by T3 and altered in an age-dependent fashion 

following severe developmental TH deficiency (Santalucia, Palacin et al. 2006). Zhang et 

al. showed reduced blood vessel branching points and overall density in the P21 severely 

TH-deficient brain (Zhang, Cooper-Kuhn et al. 2010), suggesting less endothelial cells. 

Thus, the lower Glut1 mRNA levels in the P10 1 and 3 ppm PTU hippocampus and P15 

cerebral cortex could indicate reduced cellular Glut1 expression or fewer blood vessel 

endothelial cells.  

Vegfa mRNA and protein expression is reduced in the P21 cerebral cortex 

following severe fetal/neonatal TH deficiency (Zhang, Cooper-Kuhn et al. 2010). Our 
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results extend this finding to even younger neonates, as Vegfa mRNA levels were 

reduced in the P15 cerebral cortex (Figure 4B). To our knowledge this is the first study to 

show altered Ang2 expression in the neonatal TH-deficient brain. Neonatal brain Ang2 

mRNA expression was only altered following moderate or severe fetal/neonatal TH-

deficiency (Figure 2A and 4A). In chick embryos, TH induces angiogenesis through 

integrin-mediated cell surface signaling (Bergh, Lin et al. 2005). Thus, Vegfa and Ang2 

expression may be altered through non-genomic mechanisms. 

Surprisingly, mild fetal/neonatal TH deficiency increased neonatal brain blood 

vessel density despite no effect on angiogenesis-associated gene expression. In contrast to 

these results, a previous study demonstrated reduced numerical blood vessel density in 

P21 brains following severe developmental TH deficiency (Zhang, Cooper-Kuhn et al. 

2010). In the current study, blood vessel density was determined by calculating the total 

vessel area per unit area of brain tissue. This method does not discriminate between 

changes in vessel branching or dilation. In addition to reduced brain blood vessel density 

and vessel branching, Zhang et al. showed increased vessel diameter in the P21 

hippocampus and cerebral cortex of severely TH-deficient rats (Zhang, Cooper-Kuhn et 

al. 2010). This suggests a complex effect of fetal/neonatal TH deficiency on the neonatal 

brain vasculature, wherein angiogenesis is decreased but blood vessel dilation is 

increased. Future studies will need to directly evaluate brain vessel branching and 

diameter following mild and moderate developmental TH insufficiencies. 

Angiogenesis and neurogenesis are tightly coupled, responding to an overlapping 

set of signaling molecules, including VEGFA and ANG2 (Ward and Lamanna 2004). 
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This suggests that disruptions to angiogenic signaling may also have consequences for 

neuronal maturation. Given the profound effect of TH deficiency on brain development, 

it will be interesting to examine the contribution of altered angiogenic signaling and brain 

vasculature to the neurological deficits associated with fetal/neonatal TH deprivation.  
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Chapter 6 – Conclusions, discussion, and future directions 
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Fe and Cu deficiencies and neonatal thyroidal status 

My thesis research demonstrates, for the first time, that developmental Fe 

deficiency leads to impaired neonatal thyroidal status. Fetal/neonatal Fe deficiency 

reduced both serum TT4 and TT3 concentrations, while 1 ppm PTU treatment reduced 

serum TT4 concentrations to a similar extent without affecting serum TT3 concentrations 

(Chapters 2 and 3). These data suggest that 1 ppm PTU neonatal pups are able to 

maintain circulating T4 concentrations by converting T4 to T3 and that FeD neonatal 

pups have a deficit in systemic T4 to T3 conversion. Surprisingly, fetal/neonatal Fe 

deficiency did not induce an increase in circulating TSH concentrations despite reduced 

circulating TT4 and TT3 and brain T3 concentrations (Chapter 3). These data suggest 

impaired central control of the HPT axis at the level of hypothalamic TRH and/or 

pituitary TSH production or secretion. Only a few studies in post-weanling rodents have 

attempted to clarify the mechanism(s) by which Fe deficiency reduces circulating TH 

levels. Fe deficiency was shown to alter the HPT axis by reducing plasma and pituitary 

TSH concentrations (Tang, Wong et al. 1988; Beard, Tobin et al. 1989), thyroid TPO 

activity (Hess, Zimmermann et al. 2002), and liver T4 to T3 conversion (Beard, Tobin et 

al. 1989; Beard, Tobin et al. 1990). Therefore, it is likely that the effects of Fe deficiency 

on neonatal thyroid function are the result of impairments at multiple points of regulation 

in the HPT axis. Potential future mechanistic studies are discussed below. 

 Cu deficiency significantly reduced serum TT4 and TT3 concentrations in 

neonatal rats from one study (Chapter 2a and 2b) but not in a separate study (Chapter 3). 

As discussed in Chapter 3, this discrepancy may have been due to differences in animal 
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age and/or a less severe Cu deficiency, leading to more moderate anemia and secondary 

Fe deficiency. Although secondary Fe deficiency may contribute to the effects of Cu 

deficiency on thyroid function, increasing dietary Fe content does not eliminate the 

effects of Cu deficiency on thyroid function (Chapter 2). In addition, preliminary data in 

a mouse model of developmental Cu deficiency demonstrates a 50% reduction in P27 

serum TT3, despite normal serum Fe levels (Bastian and Prohaska, unpublished 

observations). Thus, it is likely that Cu deficiency has effects on neonatal thyroid 

function that are independent of Fe status. Cu deficiency in weanling or adult rodents was 

shown to alter the HPT axis by reducing brain PAM activity (Prohaska, Gybina et al. 

2005), which results in reduced TRH maturation (Bousquet-Moore, Ma et al. 2009; 

Bousquet-Moore, Prohaska et al. 2010), reducing the T4 response to exogenous TRH 

(Allen, Hassel et al. 1982), and impaired peripheral T4 to T3 conversion (Olin, Walter et 

al. 1994; Lukaski, Hall et al. 1995). Therefore, it will be important to perform additional 

studies, to clarify the effects of Cu deficiency on neonatal thyroid function. 

 

Fe deficiency and TH-dependent brain development 

 Fetal/neonatal Fe deficiency leads to reduced neonatal brain T3 concentrations 

(Chapters 2a and 3), suggesting that TH-dependent brain development may also be 

impaired. Because the molecular basis of TH action is predominately in regulating gene 

transcription, assessment of mRNA levels for TH-dependent genes is the most direct 

measure of functional changes in thyroidal status. The expression of several TH-

responsive genes, including Hr, Dio2, Pvalb, and Mbp, was altered in the neonatal Fe-
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deficient hippocampus or cerebral cortex (Chapter 3 and 4). These molecular deficits 

further suggest that impaired thyroidal status could contribute to some of the cellular, 

functional, and behavioral abnormalities associated with Fe deficiency.  

In particular, Pvalb expression is a good biomarker of the effects of mild thyroidal 

disruption on TH-dependent brain development. Fetal/neonatal PTU treatment reduced 

Pvalb expression in a dose-dependent manner and at the lowest dose tested (Chapters 3 

and 4). In addition, Pvalb knockout mice exhibit neurological deficits including impaired 

cerebellar synaptic plasticity (Caillard, Moreno et al. 2000), altered excitatory/inhibitory 

balance in the hippocampus (Vreugdenhil, Jefferys et al. 2003), and increased seizure 

severity (Schwaller, Tetko et al. 2004). Moderate developmental TH deficiency results in 

a permanent reduction in hippocampal and cerebral cortical PV immunoreactivity 

(Gilbert, Sui et al. 2007), deficits in hippocampal synaptic function (Gilbert and Sui 

2006; Gilbert 2011), and increased susceptibility to seizures (Auso, Lavado-Autric et al. 

2004). Fe deficiency also reduces hippocampal PV immunoreactivity (Callahan, Thibert 

et al. 2013) and impairs hippocampal synaptic function (Jorgenson, Sun et al. 2005; 

McEchron and Paronish 2005; McEchron, Goletiani et al. 2010). While these data 

intriguingly suggest that TH-dependent effects on Pvalb expression could contribute to 

impairments in hippocampal synaptic function following developmental Fe deficiency, 

more extensive studies are needed with direct comparison of these functional outcomes in 

offspring that were Fe- and TH-deficient during development. 

 Several clinical studies have demonstrated that even low normal maternal T4 

levels (hypothyroxinemia) during gestation lead to impairments in offspring cognitive 
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function (Pop, Kuijpens et al. 1999; Pop, Brouwers et al. 2003; Kooistra, Crawford et al. 

2006; Berbel, Mestre et al. 2009). A recent study by Zimmermann and colleagues 

demonstrated that high serum TSH and low serum T4 concentrations are associated with 

lower total body iron status in pregnant women (Zimmermann, Burgi et al. 2007). The 

data from our rat model of developmental IDA suggest that the neonatal IDA brain would 

indeed experience a mild TH deficiency that produces TH-dependent molecular 

impairments in the developing brain. The degree of brain TH deprivation observed in Fe-

deficient neonatal rats was similar to 1 ppm PTU treatment (Chapter 3). This comparison 

is informative as work from Gilbert and colleagues with this rodent model of mild TH 

insufficiency has shown impaired neuronal migration leading to heterotopic neurons in 

the corpus callosum (Gilbert and Lasley 2013), decreased corpus callosum cell density 

(Sharlin, Tighe et al. 2008), permanent hippocampal synaptic function deficits (Gilbert 

2011), and deficits in contextual fear learning (Gilbert and Taylor 2012). Together these 

data suggest that impaired maternal thyroidal status could contribute to cognitive deficits 

in offspring of Fe-deficient mothers. 

 

Coincidental developmental timing of Fe and TH deficiencies 

 Many nutrients are critical for normal brain development due to developmental 

processes being energetically demanding and requiring temporal precision. Cu, Fe, and 

TH are all required for maintaining normal brain energy status (Vega-Nunez, Menendez-

Hurtado et al. 1995; Rao, Tkac et al. 2003; Gybina, Tkac et al. 2009), among other 

important roles, during development. Therefore, an alternative or complementary 
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explanation for the similarities in brain developmental deficits associated with Fe, Cu, 

and TH deficiencies is coincidental impingement on the same developmental processes. 

One potential example of this from my thesis data is the effects of Fe and TH deficiencies 

on mRNA expression of the myelination markers, Mbp and Enpp6. In one study, 

fetal/neonatal Fe deficiency and 1 ppm PTU treatment produced a similar reduction in 

neonatal hippocampal T3 concentrations and Mbp and Enpp6 mRNA levels (Chapter 3), 

suggesting that impaired thyroidal status contributes to myelination deficits during 

developmental Fe deficiency. However, in a subsequent study Fe deficiency did not 

significantly reduce hippocampal or cerebral cortical T3 concentrations but still 

significantly lowered Mbp and Enpp6 mRNA levels similar to 3 or 10 ppm PTU 

treatment (Chapter 4). These data suggest that Fe and TH deficiencies both impair 

myelination, but through independent coincidental mechanisms. Interestingly, Mayer-

Proschel et al. propose that similar effects of Fe and TH deficiencies on myelination are 

the result of a “precursor cell disease”, as in vitro cell culture studies show that both Fe 

and TH stimulate oligodendrocyte cell generation from pluripotent progenitor cells 

(Mayer-Proschel, Morath et al. 2001). 

 

Independent effects of Fe, Cu, and TH deficiencies on brain development 

 In addition to discovering similar deficits in TH-dependent brain development 

between Fe and TH deficiency, this thesis research also uncovered several clearly 

independent effects of Cu, Fe, and TH deficiencies. Prior to this work, cytochrome c 

oxidase activity was shown to be reduced in the Cu-, Fe-, and TH-deficient developing 
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brain (Prohaska and Wells 1974; Vega-Nunez, Menendez-Hurtado et al. 1995; de Ungria, 

Rao et al. 2000). There were, of course, differences in the timing of deficiencies, age of 

animals assessed, and brain regions assessed. Direct comparison of cytochrome c oxidase 

activity revealed a significant reduction in Cu-deficient, but not Fe- or TH-deficient 

brains (Chapter 2a). Thus, the effect of Cu deficiency on cytochrome c oxidase activity is 

not likely influenced by reduced brain Fe levels or reduced circulating TH levels. 

 Probably the most striking example of the independent effects of Fe deficiency on 

the developing brain is shown in Chapter 5. Fetal/neonatal Fe deficiency increased 

mRNA levels for angiogenesis/vasculogenesis-associated and blood vessel endothelial 

cell marker genes and increased blood vessel density in the neonatal brain. This is clearly 

not a TH-driven process, as TH deficiency actually lowered the expression of some of 

these genes (Chapter 5b). Mild, but not moderate, fetal/neonatal TH deficiency did 

increase neonatal hippocampal blood vessel density but, as described in Chapter 5b, this 

is likely driven through increased vessel dilation not increased angiogenesis or 

vasculogenesis. The effect of Fe deficiency on the brain vasculature may not even be 

driven through the anemia associated with Fe deficiency, as pups that were anemic due to 

Cu deficiency did not have elevations in mRNA levels for these genes or in blood vessel 

density. However, this discrepancy may be due to a threshold effect as Fe-deficient pups 

suffer from a more severe anemia than Cu-deficient pups. Future studies to assess 

potential mechanisms and functional implications of increased brain vasculature are 

discussed below (see ‘Future Directions’ section). 
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Multiple concurrent thyroidal disruptors and brain development 

 My thesis research showed, for the first time, that combining two mild thyroidal 

disruptors (Fe deficiency and 1 ppm PTU) during fetal/neonatal development leads to a 

more severe effect on neonatal thyroidal status and brain TH-responsive gene expression 

(Chapter 4). The findings of this study may have serious implications for human health. 

Iodine deficiency often coexists with other potential thyroid disrupting micronutrient 

deficiencies such as iron, selenium, vitamin A, and zinc deficiencies in developing 

countries, due to diets lacking nutrient diversity, disease, and other factors (Hess 2010). 

A series of studies by Zimmermann and colleagues indicate that approximately 20-44% 

of goitrous school-age children in Morocco and the Ivory Coast experience concurrent 

iron and iodine deficiencies and require combined iron/iodine supplementation for 

optimal thyroidal outcomes (Zimmermann, Adou et al. 2000; Hess, Zimmermann et al. 

2002; Zimmermann, Zeder et al. 2002). The Micronutrient Initiative estimates that 

approximately 13-27% of preschool children (approximately 100 million children) are 

experiencing concurrent iron, iodine, and/or vitamin A deficiencies (Mason, Lotfi et al. 

2001). A high prevalence of multiple concurrent micronutrient deficiencies has also been 

reported in pregnant women and infants (Pathak, Kapil et al. 2004; Jiang, Christian et al. 

2005; Anderson, Jack et al. 2008). In addition to thyroid disrupting micronutrient 

deficiencies, chronic consumption of staple foods containing dietary goitrogens, such as 

thiocyanate precursors in cassava, is common in developing countries and can contribute 

to impaired thyroid function and micronutrient status (Delange 1989; Gegios, Amthor et 

al. 2010). Thus, it is important to consider multiple interacting insults to the thyroid axis 
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as source of developmental cognitive impairments in these populations. In the United 

States it is estimated that approximately 18%, and 57% of pregnant women have 

insufficient iron or iodine levels, respectively (Caldwell, Makhmudov et al. 2011; Mei, 

Cogswell et al. 2011). In addition, potential thyroid disrupting environmental chemicals, 

such as polychlorinated biphenyls, bisphenol A, perchlorate, polybrominated diphenyl 

ethers, and perfluorinated compounds, are detectable in American pregnant women 

(Woodruff, Zota et al. 2011). Therefore, even in developed countries there is significant 

risk of multiple concurrent mild thyroidal perturbations during pregnancy, which may 

lead to reduced cognitive potential of offspring. Our results highlight the importance of 

eliminating all possible insults to the thyroid axis, especially in pregnant women and 

children and in populations where multiple thyroidal disruptors are present. In addition, 

these data lend support to the implementation of prenatal combined multiple 

micronutrient supplementation and fortification programs in regions with persistent 

thyroid disease. 

 

Future Directions 

 My thesis research has laid the foundation for numerous mechanistic and 

functional studies relating to impaired thyroidal status and increased brain blood vessel 

growth in Fe-deficient neonates.  

 Iron and neonatal brain vasculature. There are many potential functional 

implications of increased blood vessel density in the developing Fe-deficient brain that 

need to be addressed in future studies. Ben-Shachar et al. demonstrated increased brain 
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uptake of glucose and insulin in adult Fe-deficient rat brains (Ben-Shachar, Yehuda et al. 

1988). It will be important to determine whether there is a functional increase in nutrient 

transport capacity associated with the morphological increase in vasculature in the 

neonatal Fe-deficient brain. In situ brain perfusion techniques, using radiolabeled ligands 

(e.g. glucose), can be used to monitor the in vivo transport of compounds into the brain. 

In adult rats, hypoxia-induced brain angiogenesis leads to increased BBB permeability in 

a VEGF-mediated process (Schoch, Fischer et al. 2002). These data suggest that 

permeability of the neonatal Fe-deficient BBB may be increased. To address BBB 

integrity in Fe-deficient neonates, neonatal rats can be given a tail vein injection of 

sodium fluorescein and leakage into the brain determined histologically or 

spectroscopically (Schoch, Fischer et al. 2002). 

Fetal/neonatal Fe deficiency was shown to increase neonatal brain Cu levels 

(Chapter 2a and 3, (Garcia, Gellein et al. 2007)). One potential explanation for this is 

increased transport of Cu into the brain due increased blood vessel density. Returning 

adult mice to normoxia following three weeks of hypoxic treatment, leads to ‘pruning’ of 

brain vessels back to normal density within a similar three week time frame (Pichiule and 

LaManna 2002). Fe repletion at P7 following fetal/neonatal IDA restores hematocrit by 

P30 (Brunette, Tran et al. 2010) but does not fully restore total brain Fe status until after 

P63 (Jorgenson, Wobken et al. 2003), suggesting that the brain vasculature may not have 

fully recovered in adult FID rats. This could lead to brain Cu overload in adulthood, 

increased reactive oxygen species, and ultimately to neurodegenerative disorders such as 

Alzheimer’s disease (Zatta and Frank 2007). Whether restoring normal Fe status will 
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return brain blood vessel density and brain Cu levels back to ‘normal’ is unknown and 

needs to be assessed.  

Whether the effect of fetal/neonatal IDA on neonatal brain blood vessel density is 

driven through low brain oxygen concentrations, Fe concentrations, or both remains to be 

determined. HIF1 protein degradation is regulated by prolyl hydroxylase, which requires 

both oxygen and iron for full activity (Sharp and Bernaudin 2004). The intimate 

relationship between Fe and oxygen sensing will make it difficult to separate out these 

two potential mechanisms. Transgenic mice with brain-specific knockout of Fe 

transporters provide the ability to assess the affect of brain Fe deficiency without the 

confounding systemic anemia (Carlson, Tkac et al. 2009; Fretham, Carlson et al. 2012). 

Comparing HIF and angiogenic signaling, as well as blood vessel density, in the neonatal 

brains of nutritional and brain-specific models of Fe deficiency will be an important first 

step to elucidating the mechanism(s) responsible for this phenomenon. 

Neonatal iron and thyroid hormone interactions. As discussed above, the specific 

mechanism(s) by which Fe regulates the HPT axis remain unclear because previous 

studies in weanling or adult rodents were not comprehensive. Importantly, no one has 

assessed the mechanism of thyroidal disruption during the most critical periods of 

mammalian life, gestation and early neonatal life. Our data suggest that there is a need to 

comprehensively assess the effect of Fe deficiency on hypothalamic TRH production and 

release, anterior pituitary TSH production and release, thyroidal T4 and T3 synthesis, and 

peripheral TH metabolism in neonatal rats to determine the mechanism(s) by which 

circulating and brain TH levels are reduced. These data would provide biochemical 
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mechanistic support for the assessment of Fe deficiency as a contributing factor for 

thyroid disease in pregnant women and infants.  

The next logical step in this research continuum is to perform TH repletion 

experiments to determine if restoring thyroidal status in Fe-deficient neonates restores the 

defects in brain mRNA expression. These experiments will help elucidate Fe-specific 

effects and the contribution of TH insufficiency to the deficits in brain development 

associated with Fe deficiency. As discussed above, myelination is altered in both Fe- and 

TH-deficient neonatal brains through apparent independent mechanisms. Thus, whether 

impaired thyroidal status contributes to the deficits in myelination associated with Fe 

deficiency will be an important outcome to assess in TH repletion experiments. In order 

to perform proper TH dosing, it will be critical to assess thyroid function of the Fe-

deficient pregnant dam and fetus/neonate throughout gestation and lactation prior to 

initiating TH repletion studies.  

In order to determine whether the TH-responsive molecular impairments observed 

in the neonatal Fe-deficient brain have functional effects, further morphological, 

electrophysiological, and behavioral studies are needed. Now that we have established 

that fetal/neonatal Fe deficiency produces a mild neonatal brain TH insufficiency, brain 

developmental deficits that appear similar between these deficiencies, can be directly 

compared. For example, both Fe and mild TH deficiency have been shown to impair 

hippocampal LTP, which is thought to be the cellular basis of learning and memory 

(Jorgenson, Sun et al. 2005; Gilbert 2011). Thus, an important set of experiments will be 
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to perform a side-by-side assessment of hippocampal synaptic function in adult rats that 

were formerly Fe- or TH-deficient during fetal/neonatal life. 

Pvalb gene expression is a sensitive biomarker of mild perturbations to neonatal 

brain thyroidal status. However, it is still unclear whether alterations to Pvalb mRNA 

levels in the neonatal TH insufficient brain are due to direct T3 regulation of Pvalb 

transcription, regulation of Pvalb transcription by a TH-responsive transcription factor, or 

decreased number of Pvalb-expressing neurons. To assess whether Pvalb is a direct TH 

target in vivo, Pvalb mRNA levels should be assessed in the TH-deficient hippocampus 

and cerebral cortex following a time course of acute TH treatments. If Pvalb mRNA 

levels are restored within a few hours after repletion, then Pvalb is likely a direct TH 

target. In addition, it remains unknown whether the Pvalb promoter contains a functional 

TRE. The first step in assessing potential direct TH regulation of Pvalb transcription 

should be an in silico analysis of the Pvalb promoter. In addition, expression vectors 

containing the Pvalb promoter upstream of a reporter gene (e.g. luciferase) could be 

utilized to assess TH regulation of Pvalb transcription in a cell culture system. In the 

cerebral cortex and hippocampus Pvalb is expressed in inhibitory GABAergic 

interneurons. Gilbert and colleagues demonstrated reduced PV protein in the TH-

deficient cortex and hippocampus, without any qualitative change in GABAergic 

interneuron number, suggesting reduced cellular Pvalb expression (Gilbert, Sui et al. 

2007). However, PV interneurons make up only a subpopulation of GABAergic 

interneurons, with calbindin, calretinin, cholecystokinin, serotonin receptor, neuropeptide 

Y and somatostatin being markers of additional subtypes (Jinno and Kosaka 2006; Rudy, 
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Fishell et al. 2011). PV immunoreactivity is decreased and calretinin immunoreactivity is 

increased in the neonatal cortex of TRα1 knockout mice, suggesting a shift in 

GABAergic interneuron populations when TH action is disrupted (Wallis, Sjogren et al. 

2008). Thus, it will be important to directly assess markers of all GABAergic interneuron 

populations in the neonatal TH-deficient cortex and hippocampus to help elucidate the 

mechanism(s) by which Pvalb expression is altered. In the cortex, for example, this can 

be accomplished using immunohistochemistry and co-staining for PV, somatostatin, 

serotonin receptor, and GAD67 (Rudy, Fishell et al. 2011; Kim, Soontornniyomkij et al. 

2012).  

Gilbert and colleagues have discovered that fetal/neonatal TH deficiency induces 

formation of a heterotopic cluster of neurons in the corpus callosum of weanling 

offspring (Goodman and Gilbert 2007; Gilbert and Lasley 2013). Importantly, this 

‘heterotopia’ forms following mild fetal/neonatal TH insufficiency and its size is dose-

dependent (Gilbert and Lasley 2013). This indicates that heterotopia formation is a 

sensitive and specific biomarker of mild perturbations to brain thyroidal status. 

Interestingly, the heterotopic neurons receive functional synaptic inputs (Briffa-

Mirabella, Gilbert et al. 2009) and a similar white matter malformation is observed in 

congenitally hypothyroid children (Gilbert, Rovet et al. 2012), suggesting that there may 

be neurocognitive clinical relevance to studying heterotopia formation. Therefore, it will 

be important to examine the Fe-deficient corpus callosum for heterotopia formation, as it 

would give us further insight into functional outcomes of impaired thyroidal status in the 

developing Fe-deficient brain. This can be done by performing IHC for NeuN, a neuronal 
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marker, on coronal Fe- and TH-deficient brain sections throughout the corpus callosum 

(Goodman and Gilbert 2007; Gilbert and Lasley 2013). 

 One of the major questions that remain to be answered is whether our rodent 

model of fetal/neonatal Fe deficiency, and the observed effects on neonatal brain 

thyroidal status, is a relevant model for human IDA effects on thyroid function during 

development. Fe deficiency did not significantly alter maternal serum total T4 and T3 

levels during the late lactational period in any of our studies (Chapters 2, 3, and 4). 

However, gestational and early lactational thyroidal status of Fe-deficient rat dams has 

not been measured. Thus, at this time, we are unable to directly compare our rodent 

model with the only human data assessing the effect of Fe deficiency on thyroid function 

during development (Zimmermann, Burgi et al. 2007). Performing a time course study of 

Fe-deficient rat dam thyroidal status during gestation/lactation would greatly aid in 

determining the translational utility of our rodent model.  

 Finally, the data from Chapters 2, 3, and 4 of my thesis research strongly supports 

initiating studies to examine the thyroidal status of Fe-deficient infants. To translate my 

basic science findings into a preliminary human study, data collected by the Centers for 

Disease Control’s National Health and Examination Survey (NHANES) can be utilized 

(CDC 2013). NHANES is a program that compiles clinical data over many years 

regarding the health and nutritional status of the U.S. population and includes 

measurements necessary for assessing thyroid function, iron and iodine status, and 

goitrogen exposure. The ongoing Dutch Generation R study is compiling data from 

developing children to help identify environmental and genetic factors contributing to 
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abnormal development and includes nutritional and cognitive parameters (Hofman, 

Jaddoe et al. 2004). The NHANES and Generation R clinical data should be analyzed to 

determine whether low body iron stores, low iodine levels, and goitrogen exposure, alone 

or in combination, are associated with child thyroid and/or cognitive dysfunction. In 

addition, it will be important to begin screening pregnant women and infants for Fe 

deficiency in regions with high prevalence of thyroid disorders. This is especially 

relevant in regions which are iodine-sufficient yet still have a high goiter prevalence such 

as Iran (Dabbaghmanesh, Sadegholvaad et al. 2008) or in other developing countries 

which have populations at risk for multiple micronutrient deficiencies. 

 

Conclusions 

 This thesis research highlights the complex nature of the effects of micronutrient 

deficiencies on brain development. My dissertation studies demonstrate that Fe 

deficiency, like iodine deficiency, leads to impaired thyroidal status during development. 

When Fe deficiency is combined with an additional mild thyroidal perturbation, the 

effects on neonatal thyroidal status and brain TH action are exacerbated. Fetal/neonatal 

Fe deficiency also clearly has independent effects on the developing brain, inducing 

hypoxic and angiogenic/vasculogenic signaling and increasing neonatal brain blood 

vessel density. These findings could have important implications for human health, as Fe 

and iodine deficiencies are the two most prevalent micronutrient deficiencies in the 

world, affecting billions of people.  
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