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Abstract
Iron deficiency is amongst the most severe and important micronutrient
deficiencies, affecting millions of people globally, especially pregnant women and young
children. Particularly, iron deficiency anemia (IDA) adversely affects the cognitive
performance, behavior and growth of infants, preschool and school-aged children.
Recently it was demonstrated that iron deficiency (FeD) during gestational and early
postnatal life, induces angiogenesis/vasculogenesis in the developing neonatal rat brain.
Previously, the impacts of FeD on the developing brain were reported in postnatal rats.
Although FeD and thyroid hormone disruption share similar brain development deficits,
combined FeD and impaired thyroidal status did not alter the developing brain
vasculature in neonatal rats. Hence, the altered vasculature is an important independent
effect of FeD on the developing brain. In this study, I further demonstrated that the
angiogenesis effect of FeD is evident since birth and continues into the postnatal stage.
Moreover, previous research showed restoration of other aspects of FeD’s impacts on the
neonatal rat brain with Fe repletion or supplementation. Therefore, I hypothesized that
the angiogenesis effects in developing Fe deficient rat brains are reversible with Fe
repletion. qPCR data showed an increase in brain mRNA level of endothelial cell marker
genes and angiogenesis associated genes in the developing iron deficient rat brain
compared to control at birth, postnatal days 7 and 14. FeD also increases vessel branch
points suggesting the FeD induced angiogenesis occurs since birth in the neonatal rat
brains. After iron repletion on postnatal day 7, mRNA level of the same genes and vessel
branch points had no significant increase compared to control at postnatal day 14 and
returned to approximately the same level as control at postnatal day 30. These results
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suggest that FeD induced angiogenesis could be reversible as evident by vessel regression
upon iron repletion. Brain angiogenesis is critically regulated by hypoxia-inducible factor
1 (HIF1) which is activated during hypoxia. I hypothesized that neonatal FeD results in
tissue hypoxia and activates hypoxia-inducible factor 1 alpha (HIF1α) leading to
induction of expression of several genes associated with angiogenesis. Western blot
densitometry indicated no significant difference in HIF1α expression in Fe deficient
brains compared to control at postnatal day 7 and 14. Finally, since it is unknown
whether the induced vasculature is beneficial or not to the Fe deficient developing brain,
we also assessed mRNA level of an endothelial integrity marker, plasmalemmal vesicleassociated protein, PLVAP or PV-1 that was expressed in a fenestrated blood brain
barrier. The mRNA level of PV-1 gene was not altered in both FeD and Fe repletion
groups, however, PV-1 specific roles as a BBB integrity marker in the process of vessel
sprouting remains to be determined. Overall, this study on the independent effects of FeD
on the developing brain vasculature demonstrated reversibility of the induced blood
vessels outgrowth with Fe repletion at postnatal day 7, however, it is unclear if hypoxic
signaling through the HIF1 pathway via HIF1α activation contributes to brain
angiogenesis due to FeD.
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Introduction
Iron deficiency anemia
Iron deficiency anemia (IDA) is a global health problem affecting more than one
billion people worldwide, especially pregnant women and young children accounting for
800 million people (WHO). IDA adversely affects the cognitive capacity, morbidity,
immune function, work productivity and contributes to restless legs syndrome and
cardiovascular problems (Stoltzfus et al. 2004, Haas and Brownlie 2001, Beard 2001). In
2011, the WHO estimated 90,000 deaths in both sexes and all age groups due to IDA
alone (WHO). In the United States, approximately 10 million people are iron deficient
with 5 million experiencing IDA (Miller 2013). Globally, about 50% of preschool
children have IDA, of which, North America accounts for 3.4% (McLean et al. 2009).
The most prevalence IDA with low mean hemoglobin level from 104-109g/L in young
children is in developing regions such as Africa (64.6%) and Asia (47.7%) (McLean et al.
2009). In addition, approximately 30-50% pregnancies worldwide occur in the face of
IDA (Scholl TO 2005, Kilbride J et al. 1999) with up to 80% of pregnancies in
developing countries (Jamie-Perez et al. 2005). In the United States, 27% of ethnic
minority pregnant women suffer from IDA (Scholl, T. O., 2005). Maternal IDA during
pregnancy and perinatal period causes adverse effects for both the mother and child.
Importantly, IDA impacts the vulnerable developing brain resulting in defects in axon
myelination, neuronal maturation, neurotransmitter function, and cellular energy
metabolism leading to poor cognitive outcomes later in life (Rao et al. 2007). IDA during
pregnancy is associated with increased risk of maternal and perinatal mortality (Kozuki et
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al. 2012, Steer 2000). According to the WHO, IDA is amenable to iron supplementation
increasing the mean blood hemoglobin in 42% of anemia in children and about 50% of
anemia in women (WHO). However, previous studies demonstrate that the effects of iron
deficiency on neural functioning are irreversible in infants at 6 months of age with
delayed maturation of auditory brainstem responses (Roncagliolo et al. 1998). In
addition, iron supplementation did not correct visual, language, motor, affective, and
cognitive deficits in toddlers 12-23 months of age, school-age children at 5 years old and
young adult offspring despite being no longer anemic, suggesting irreversible adverse
effects of iron deficiency on brain development (Lozoff, Brittenham et al. 1987; Tamura,
Goldenberg et al. 2002; Lukowski, Koss et al. 2010). Therefore, the reversibility of
cognitive defects caused during early ages by iron deficiency is unclear since some of
iron deficiency or IDA adverse effects might not be recovered in the vulnerable
developing brain.
Overview of human and rodent brain development
Numerous studies demonstrated that mammal brain development extends from
the embryonic period through adolescence (Review in (Andersen 2003; Georgieff 2007;
Stiles and Jernigan 2010). Although nervous system maturation occurs mostly prenatally
in human versus postnatally in rodents, the sequence of events is comparable between the
two species (Rice and Barone Jr. 2000). In general, the cortical region and the neocortex
and hippocampal formation develop during the late fetal period and continue into the
postnatal period in both humans and rats (Rice and Barone Jr. 2000). The window of
remarkable brain structural and functional changes is within gestational 24 and 44 week
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in humans (Georgieff 2007), which is correlated to postnatal day 4 to 19 in rats (Bayer
1993). By late gestation in humans or the first postnatal week (postnatal day 7) in rats, the
prefrontal cortex and the hippocampus experience rapid development of different
neurologic processes such as synapse formation, myelination, proliferation and cell
migration (Rice and Barone Jr. 2000, Georgieff 2007, Rao et al. 2013). For example,
synapses mature over the first 2 weeks postnatal in rats (Jacobson 1991) with rapid
increases in synaptic densities of the neocortex, hippocampal dentate gyrus, and
cerebellum around postnatal day 10-12 and peaking at postnatal day 23-26 (O’Callaghan
1992). Meanwhile, in humans, synaptic density increases until the third postnatal month
and extends through adolescence at a slower rate (Uylings and van Eden 1990, Bourgeois
and Rakic 1993). Besides, the central nervous system (CNS) vasculature begins via
vasculogenesis when mesoderm-derived angioblasts invade the head region and form the
perineural vascular plexus, resulting in primitive blood vessels during embryogenesis,
approximately day 9 embryonic in mouse (Risau and Wolburg 1990). Vascularization of
the brain occurs mainly through angiogenesis, the formation of new blood vessels via
sprouting and splitting of pre-existing blood vessels that occurs both pre and postnataly
(Grant and Janigro). Between postnatal day 5 and 9 is the peak of angiogenesis in the
developing rat neocortex (Robertson et al. 1985). In parallel with brain angiogenesis, the
blood brain barrier (BBB), an important component of the brain that selectively regulates
transfer of molecules between the blood and the brain (Hawkins and Davis 2005),
undergoes differentiation since late embrygenesis with maturation of tight junctions and
extends through after birth (Engelhardt 2003). In addition, cortical and subcortical areas
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associated with motor function, sensory system and areas responsible for higher order of
cognitive function develop rapidly during late fetal and neonatal periods in human and
rodents (Thompson and Nelson 2001). It is noteworthy to emphasize that since different
brain regions develop at different times under various energetically demanding
developmental processes, they experience different windows of vulnerability (Rice and
Barone Jr. 2000). Although brain development is more compact in rodents (days versus
weeks or months in human), the timeline of developmental changes is similar in both
species (Dobbing 1992). Therefore, rodents are often used as an animal model to study
brain development.
Iron deficiency and brain development
During late fetal and early neonatal life, the brain is especially vulnerable to
nutritional disturbance due to multiple ongoing energetically demanding activities. Iron is
required for important developmental processes such as myelination, neurotransmitter
production and energy metabolism (Beard and Connor 2003). Moreover, the requirement
for Fe is greater in rapidly growing and differentiating cells at these critical windows of
brain development (Rao et al. 2007). Iron deficiency in the 6 to 24 month age group
impairs mental development of approximately 40% to 60% of the developing world’s
children (UNICEF). IDA during late gestational and early postnatal life (perinatal iron
deficiency) is associated with long-term behavioral and neuronal impairments (Beard
2003).
In 6-24 month old infants, iron deficiency is associated with irreversible longterm neurocognitive abnormalities such as longer looking times on a visual recognition
4

memory task implying a poorer high-speed information processing, more negative socialemotional behaviors and lower levels of alertness (Lozoff et al. 2003, Shafir et al. 2005).
Moreover, infants of 12-23 month of age with IDA show significantly lower mental and
motor test scores even after 3-month iron therapy adequate to correct anemia (Lozoff et
al. 1987). Preschool age children with iron deficiency are more neurologically immature
with outcomes including lower IQ scores, psycho-educational abilities, visual motor
integration and language abilities (De Andraca et al. 1991). Persistent abnormalities in
recognition memory, learning ability and emotional control are possibly related to
abnormalities in monoamine neurotransmitter metabolism (Beard et al. 1993, Yehuda
1990, Ben-Shachar et al. 1985), decreased myelination (Larkin and Rao 1990) and
hippocampal energy metabolism (Rao and Georgieff 2001) following early life FeD
(Lozoff 2011, Georgieff 2011, Beard et al. 2003). These behavioral and cognitive deficits
suggest that FeD during late infancy and the early toddler period in humans, the peak
period of hippocampal and cortical regional development, adversely impacts the cortex
and hippocampus that persist into adulthood (Rao et al. 2013).
The effect of iron deficiency on the developing brain has been studied extensively
using rat models. Iron deficiency impacts the fetal and neonatal rat brain in various ways.
First of all, structural changes including reduction in regional and global brain mass and
diminished hippocampal arborization of neuron dendrites (Jorgenson et al. 2003) are
consequences of iron deficiency (Jorgenson et al. 2005). At postnatal day 15 in rat pups,
FeD results in truncated apical dendritic morphology in the CA1 region of the
hippocampus that persists despite iron repletion (Jorgenson et al. 2003). Biochemically,
5

early life iron deficiency impairs production of myelin proteins and oxidative metabolism
in the hippocampus and frontal cortex (deUngria et al. 2000), and striatal dopamine
concentrations (Beard and Connor 2003). Studies show that in iron deficient rat the
neuronal metabolic marker cytochrome c oxidase is lost in the hippocampal CA1 and
CA3 and frontal cortex regions that are highly metabolic (deUngria et al. 2000). In
addition, iron deficiency in the developing rat decreases myelin lipids and proteins and
impacts oligodendrocyte proliferation in adult rat brain leading to myelin deficits
extending into 6 months of age (Ortiz et al. 2004). Eventually, these structural and
biochemical changes result in long-term behavioral deficits in recognition memory and
spatial navigation (McEcheron et al. 2005, Beard et al. 2006, Felt and Lozoff 1996).
Specifically, rats with developmental iron deficiency that have dopaminergic terminal
damage result in spatial learning and attentional deficits as well as increased anxiety
(Lozoff et al. 2006).
On the other hand, the developing brain is largely plastic which makes it possible
for correction of these deficits upon repletion. Moreover, during the lactation period, iron
deficiency in rats results in low brain iron in regions that are different from those with
dietary iron deficiency later in life (Pinero et al. 2000). Therefore, depending on iron
requirements of certain brain regions and specific developmental periods, the effects of
iron deficiency and iron repletion are different. In the rodent, dietary treatments can
decrease brain iron within 10 days and replete iron within 14 days (Pinero et al. 2000,
Felt and Lozoff 1996). Although iron repletion after perinatal iron deficiency can correct
anemia and brain iron status, iron supplementation fails to restore abnormalities in
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dopamine metabolism and in behaviors related to dopamine in adulthood (Rao 2013, Felt
and Lozoff 1996). Moreover, aggressive repletion with high does of iron supplementation
after perinatal iron deficiency can increase the risk of neurotoxicity in the developing
brain (Schroder et al. 2001, Kaur et al. 2007). Hence, it depends on the timing and
duration of the iron deficiency and dosing of repletion that those neuronal deficits will
restore or persist. Consequently, prolonged iron deficiency during gestation and early
lactation can alter neurological function and development beyond the period of correction
despite repletion (Georgieff 2007).
Brain angiogenesis and Iron deficiency-induced hypoxia
The brain relies largely on the continuous and regulated supply of oxygen and
nutrients such as glucose to maintain physiological functions (LaManna, Chavez and
Pichiule 2004, Ndubuizu and LaManna 2007). Especially during the developing periods,
there is an increase in energy demand that requires aerobic cellular metabolism (Dallman
1986). Therefore, prolonged oxygen shortage in hypoxia drives the tissue into anaerobic
energy production, which is insufficient while producing harmful reactive oxygen species
damaging to the cells (Bitterman 2004, Fong 2008). However, the remarkable plasticity
of the brain allows for structural and biochemical hypoxic adaptations through
microvascular remodeling in response to fluctuations in oxygen and nutrient supply
(LaManna et al. 1992, Dore-Duffy and LaManna 2007, Pichiule and LaManna 2002).
There is considerable evidence that hypoxic acclimatization includes increased
blood vessel density as a result of adaptive angiogenesis in the brain. Previous research
shows that chronic mild hypobaric hypoxia, induced with a pressure of 0.5atm,
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equivalent to 10% normobaric oxygen, leads to vessels branching, a process called
angiogenesis, in the cerebral cortex of young adult 2-4 month old rat and mice brain to
compensate for the low oxygen levels (Benderro and Lamanna 2011, Pichiule and
LaManna 2003, LaManna et al. 1992). In hypoxic young adult rat brains, the brain
microvessel density increases by 76% in the frontopolar cerebral cortex, 68% in the
parietal sensory cortex, 68% in the hippocampus CA1 region and 56% in the cerebellum
(LaManna 1992). As a result, capillary distance is shortened, enhancing oxygen diffusion
between vessels to maintain homeostatic oxygen levels in the tissue (Lauro and LaManna
1997). Moreover, significant increase of 54% vessel density was reported in hypoxic rat
brain between postnatal day13 to 24 compared to normoxic at the same development
stage (Ogunshola et al. 2000). This vascular remodeling process is one of major
acclimatization mechanisms of the brain to ensure oxygen and nutrient delivery for
aerobic cellular metabolism in both the developing and adult brain.
In addition, the blood vessel branching in respond to hypoxia slows down and
adaptive vascularization completes after three weeks of hypoxic exposure. Also, the
subsequent normoxic recovery of 21 days results in vessel regression causing microvessel
density to return to baseline normoxic level, suggesting a de-adaptation strategy to
maintain oxygen, and possibly nutrient, homeostasis in the brain (Pichiule and LaManna
2002). Similarly, three-week re-oxygenation following prolonged hypoxia also reduces
the capillary density to almost the same level as normoxia (Benderro and LaManna
2014). Interestingly, the hypoxia angiogenesis adaptation attenuates in older animals with
a delayed response in brain capillary sprouting during the first week of exposure in 24
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month old compared to 4 month old mice (Benderro and Lamanna, 2011).
Even though oxygen is necessary for oxidative energy metabolism in the brain,
excess of oxygen can be toxic (Sick et al. 1982). Hyperbaric hyperoxia, the increase
tissue oxygen partial pressure, affects a variety of neurotransmitters and neurotransmitter
enzymes such as GABA, acetylcholine, glutamate and dopamine (Tunnicucliff G. et al.
1973; Zirkle L. G. et al. 1965 and Davis H. C. and Davis R. E. 1965). Physiologically,
hyperoxia impairs excitability, blockage of impulse conduction and synaptic mechanism
leading to hyperoxic-induced seizures (Bitterman N. and Grossman Y. 1987, Colton J. S.
and Colton Ca. A. 1978, 1986). Moreover, excess oxygen in hyperoxia increases reactive
oxygen species (ROS) in the brain, which is deleterious to brain cells, especially neurons
(Bitterman 2004, Lee et al. 2005). Therefore, oxygen supply via brain blood vessels is
tightly controlled at a “just sufficient” level. Overall, besides other essential
neurobiological components, the cerebrovasculature plays a critical role in maintaining
physiological functions of the brain, especially during development.
Both brain angiogenesis and vessel regression involve multiple hypoxic signaling
factors. The key regulator is hypoxia-inducible factor 1 (HIF1), a transcription factor that
responds to tissue oxygen fluctuations and as a result, induces brain angiogenesis
(LaManna, Chavez and Pichiule 2004). HIF1 is a heterodimer of α and β subunits termed
HIF1 α and HIF1β (Wang et al. 1995). In normoxia, Hif1α is continuously produced in
the cell and hydroxylated by prolyl hydroxylase, an enzyme required oxygen and iron as
substrates, and eventually degraded through ubiquitin-proteasome pathway (Salceda and
Caro 1997). However, in the hypoxic brain, due to the depletion of oxygen, prolyl
9

hydroxylase (PHDs) is essentially inhibited, resulting in the accumulation of HIF1α
(Freeman et al. 2003). After translocation to the nucleus, HIF1 forms a heterodimer and
up-regulates genes that contain hypoxic response elements (HREs). Many of those are
associated with angiogenesis and vasculogenesis such as vascular endothelial growth
factor A, Vegfa/VEGFA, VEGF receptor 2, Flk1/FLK1, erythropoietin, Epo/EPO and
Solute carrier 1a1, Glut1/GLUT1 (Takahashi et al. 2000, Ebert et al. 1995). Vascular
endothelial growth factor A, Vegfa/VEGFA is a potent endothelial cell mitogen and a key
regulator of angiogenesis (Ferrara et al., 2003). VEGFA binds to tyrosine kinase receptor
FLK1 contributing to endothelial cell differentiation and the sprouting of new capillaries
from preexisting vessels (Ferrara et al., 2003; Hosford and Olson, 2003). Erythropoietin,
EPO, stimulates red blood cell production, which plays an essential role in maintenance
of tissue oxygen homeostasis (Fisher, 2003). Solute carrier 1a1, Glut1/GLUT1 is the
blood brain barrier glucose transporter expressed mainly in the cerebral capillary
endothelial cells making it an endothelial cell marker, which is up regulated in
angiogenesis.
Importantly, hypoxia exposure also increases HIF1α expression in neonatal rat brain
(Bernaudin et al. 2002). Moreover, HIF1 mediated gene expression of Vegfa, Glut1 and
Epo are also increased in both adult (LaManna et al. 1992, Schoch et al. 2002) and
neonatal rat and mouse brains (Ogunshola et al. 2000, Bernaudin et al. 2002). These
molecular changes are in agreement with the increase in microvessel density in the
developing brain due to hypoxia (Ogunshola et al. 2000). Therefore, in the brain, HIF1α
is a key mediator of brain angiogenesis. The HIF1 signaling pathway in hypoxia is
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depicted in Figure 1 (LaManna, Chavez and Pichiule 2004).
In addition, non-HIF1 angiogenesis factors, cyclooxygenase-2 COX-2 and
Angiopoietin 2, Ang-2/ANG-2, are also part of hypoxic adaptation (Pichiule and
LaManna 2002,Pichiule et al. 2004). While activity and gene expression of VEGFA
associated with angiogenesis is regulated through HIF1 activity, up regulation of ANG-2
is due to induction of cyclooxygenase-2 enzyme, COX-2, activity (Pichiule et al. 2004,
Dore-Duffy and LaManna 2007). Normally, Angiopoietin 1, ANG-1 is constitutively
produced from pericytes and binds to the TEK receptor tyrosine kinase, TIE-2, to
maintain capillary structural integrity. In hypoxia, with the presence of VEGFA, ANG-2
occupies the TIE-2 receptor, blocking ANG-1 (Carlson and Stead 2002). The activities of
both factors destabilize the capillaries and stimulate growth and cell division triggering
endothelial cell proliferation leading to angiogenesis (Pichiule and LaManna 2002).
Eventually, these events lead to increased brain microvessel density and remodeling of
the brain vasculature.
Interestingly, in vessel regression, while HIF1α, VEGFA, GLUT1 and EPO
expression decreased over the course of 2-3 week of re-oxygenation or hypoxic deadaptation (Chavez et al 2000), ANG-2 and COX-2 expression remained up regulated
(Benderro and LaManna 2014), implying the active role of non-HIF1 factors in vessel
pruning during hypoxic recovery. Figure 2 demonstrates the different components of
hypoxia-induced angiogenesis (Review in Xu and LaManna 2006).
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Figure 1. Overview of HIF1 pathway. Adapted from LaManna, J. C., Chavez, J. C.,
Pichiule, P. (2004). In normoxia, HIF1α is continuously produced and, in the presence of
Fe2+ and oxygen, is hydroxylated by prolyl hydroxylase then degraded through the Von
Hippel Lindau protein (VHL)/Ubiquitin/Proteosome pathway. In hypoxia, oxygen is
depleted, prolyl hydroxylase is inhibited, hence, HIF1α accumulates and translocates to
the nucleus where it dimerizes with the constitutive HIF1β to make HIF1. The
transcription factor binds to hypoxic response element (HRE) sequences to up regulate a
number of downstream genes such as VEGFA, GLUT1, EPO.
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Figure 2. Hypoxic components contribute to brain angiogenesis. Adapted from Xu,
K., LaManna, J. C. (2006). This diagram depicts the components of hypoxia-induced
angiogenesis and how they interact in angiogenesis. In normoxia, angiopoietin-1 (ANG1) binds the Tie-2 receptor on cerebral endothelial cells maintaining vessel structural
integrity. During hypoxia, cyclooxygenase-2 (COX-2) is activated facilitating the
conversion of arachidonic acid (AA) to prostaglandin E2 (PGE2), which induces the
release of angiopoietin-2 (ANG-2) from endothelial cells. ANG-2 occupies the TIE-2
receptor, blocking ANG-1, and destabilizes endothelial cells and the falling away of the
pericytes. This allows access of VEGFA, upregulated by HIF1, to its receptors
stimulating capillary angiogenesis.
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Besides numerous neurological effects, Fe is required in hemoglobin for oxygen
transport via the bloodstream to the brain. In IDA, low hemoglobin levels create a low
oxygen condition resulting in tissue hypoxia. More importantly, we recently
demonstrated that IDA during gestational and early postnatal life induces outgrowth of
blood vessel in the developing rat brain (Bastian et al. 2015). We saw an increase in brain
mRNA level of endothelial cell marker genes Vwf and Glut1, and angiogenesis associated
genes, Ang-2, Vegfa and Flk1 in iron deficient neonatal rat brain postnatal day 10 to 15
(Bastian et al. 2015). Furthermore, following fetal/neonatal Fe deficiency at P11 and P16,
there was an increase in blood vessel density in the rat cerebral cortex and hippocampus
(Bastian et al. 2015). Therefore, it was suggested that Fe deficiency anemia induces brain
hypoxia and results in increased microvessel density in the developing brain (Bastian et
al. 2015).
Since oxygen delivery and iron availability is tightly related, Fe deficiency and
hypoxia share common consequences at the molecular level (Chepelev and Willmore
2010). The overall impact of oxygen and iron depletion is diminished oxidative energy
metabolism since both are required in the electron transport chain in cellular energy
synthesis. HIF protein is the central mediator of low oxygen adaptation and many of its
target genes are involved in iron metabolism. Among several genes activated by HIF1,
iron transport proteins transferrin (TF) and transferrin receptor (TFR1) are also up
regulated as one of the strategies to increase the oxygen-carrying capacity to hypoxic
tissue (Tacchini et al. 1999). Certainly, iron deficiency also increases expression of Tf
and TfR1 mRNA levels in the rat hippocampus and cerebral cortex (Bastian et al. 2012).
14

In addition, in vitro experiments using human breast cancer cell line demonstrate that
IDA induces hypoxia and stabilizes HIF1α, the key regulator in angiogenesis, and the
downstream gene Vegfa while iron supplementation causes HIF1α destabilization and
decreases in Vegfa level, hence, reduces angiogenesis (Eckard et al. 2010). Higher level
of HIF1α was also reported in the placenta and liver of IDA rats (Toblli et al. 2012,
Peyssonnaux et al. 2007). These data lend support to the speculation that IDA-induced
angiogenesis might share a similar mechanism with hypoxia-induced angiogenesis in the
developing rat brain.
In fact, Fe also takes part in the HIF1α regulation mechanism. As mentioned
above, HIF1α expression is regulated by the enzyme prolyl hyrdroxylase (PHD), an iron
and oxygen dependent enzyme. To give more details about this regulation mechanism, in
normoxia, PHDs hydroxylate HIF1α at the two proline residues (Ivan et al. 2001).
Hyrdroxylation of HIF1α favors protein-protein interaction between HIF1α and the von
Hippel Lindau protein (pVHL), which leads to degradation of HIF1α through the
ubiquitin-proteosome pathway (Figure 1, Ivan et al. 2001, Jaakola et al. 2001). This
prevents HIF1α accumulation in the nucleus and acts as a transcription factor inducing
expression of downstream genes. In contrast, in hypoxia or iron deficiency, oxygen or
iron are depleted, PHDs are then inhibited, and HIF1α accumulates and activates
multiple angiogenesis associated genes, leading to outgrowth of blood vessels. Iron is an
essential cofactor of PHDs, therefore, in Fe deficiency; low iron levels might contribute
to stabilization of HIF1α. Peyssonnaux reported stabilization of HIF1α in the liver of
iron deficient rats that is linked with the VHL/HIF pathway (Peyssonnaux et al. 2007).
15

Taken together, Fe deficiency induced angiogenesis in the developing brain (Bastian et
al. 2015) might be driven through either an oxygen sensing mechanism in the HIF1
hypoxic signaling pathway or a different Fe-mediated pathway.
Knowledge gaps and hypotheses
Previous findings of increased mRNA levels of several angiogenesis-associated
genes and microvessel density in the Fe deficient rat brain, suggest brain angiogenesis is
occurring in the developing brain due to Fe deficiency anemia. These findings lead to
several questions concerning (a) the time course of the angiogenesis effect in parallel
with developmental stages since birth, (b) reversibility of the angiogenic effect in Fe
deficient neonatal brain upon Fe repletion, (c) whether the mechanism of angiogenesis in
Fe deficient developing brain is Fe mediated or via hypoxic signaling pathway and (d) the
integrity of the Fe deficiency-induced brain vasculature in those vulnerable periods.
In the past, the impacts of Fe deficiency on the developing brain were
demonstrated in perinatal and early postnatal rats (Georgieff et al. 2011 and Rao et al.
2013). Also, as mentioned before, the rodent brain develops rapidly during the first 2-3
weeks of postnatal life. Therefore, in this study, we investigated the angiogenic effects in
Fe deficient neonatal rats since birth and three time points after birth which are postnatal
day 7 (P7), P14 and P30.
Restoration of Fe deficiency anemia in the neonatal rat brain was observed before
with Fe repletion or supplementations as early as postnatal day 7 (Rao et al. 2013).
Moreover, the brain is greatly plastic and regression of brain microvessels was observed
during re-oxygenation after hypoxic exposure (LaManna and Pichiule 2002). I
16

hypothesize that the effects of Fe-deficiency on the developing brain are reversible with
Fe repletion at postnatal day 7.
In addressing the question of mechanism related to Fe deficiency – induced
angiogenesis, I hypothesize that gestational and early neonatal Fe deficiency activates
HIF1α which in turn up regulates downstream target genes involved in angiogenesis in
postnatal rats.
Finally, the Fe deficiency-induced angiogenesis in neonatal rat brains is a
beneficial compensation to maintain adequate oxygen and nutrients to the brain, potential
adverse effects on the vasculature are possible. Schoch et al. reported that increased
VEGFA expression in hypoxia-induced brain angiogenesis leads to increased BBB
permeability in adult mice (Schoch et al. 2002). In addition, hypobaric hypoxia increased
glucose transport at the blood-brain barrier in rats (Harik et al. 1994). Also, brain uptake
of glucose and insulin was increased in Fe deficient adult rats (Ben-Shachar et al. 1985).
Moreover, vascular remodeling associated with angiogenesis involves degradation of the
endothelial basal membrane and extracellular matrix followed by the dissociation of
pericytes (Baburamani, Ek et al. 2012) that make up a large component of the BBB.
Hence, during new vessel sprouting and outgrowth with the formation of new endothelial
cell connections, the BBB becomes more vulnerable (Baburamani, Ek et al. 2012).
Therefore, in regard of the integrity of the developing vasculature, we hypothesize that
the remodeling vasculature induced by iron deficiency is possibly compromised,
especially the integrity and function of the blood-brain-barrier (BBB).
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The following work will address the above questions using the rat model with
nutritional iron deficiency induced in pregnant dams since early gestation.

18

Materials and Methods
This method section will present two separate experiments, Experiment 1 (Exp.1)
and Experiment 2 (Exp.2) to address the knowledge gaps. The two experiments were
designed using the same animal model and treatments. Experiment 1 was performed to
further assess FeD-induced neovasculogenesis in different developmental stages before
and after iron repletion. Experiment 2 was performed to evaluate contribution of HIF1α
signaling pathway to FeD-induced neovasculogenesis in the developing brain.
Animals and diets. A total of 88 sperm positive timed pregnant Sprague-Dawley
rats were purchased commercially (Charles River Laboratories, Wilmington, MA) for
two experiments. 42 were used in Exp. 1 and 46 were used in Exp. 2. In both
experiments, dams were initially rendered into two dietary treatment groups: control (20
dams) and iron-deficient (FeD, 22 dams). Control and FeD dams were fed a Fe-sufficient
(Exp.1: 80.5ppm Fe, Exp.2: 89.2ppm Fe) or Fe-deficient (Exp1: 6.5ppm Fe, Exp. 2:
8.5ppm Fe) diet, respectively (Harlan Laboratories, Madison, WI). Iron and other nutrient
contents for the two experiments are listed in Table 1 and Table 2. Dietary treatment
started on embryonic day 2 (E2).
In both experiments, after postnatal day 7 (P7), n = 11 (Exp.1) and n = 12 (Exp.2)
FeD dams were switched to control diet to make an iron repletion (FeD-R or FeDR)
group. By postnatal day 14 (P14), there were three dietary treatment groups: control, FeD
and FeD-R. Dams and litters in all groups drank deionized (Fe free) water throughout the
study. Day of birth was designated as postnatal day 0 (P0) and all litters were culled to 10
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pups per dam (1:1 gender ratio) right after birth at postnatal day 0-1. The tissue harvest
timeline is presented in Figure 3.
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, at P1, P7 and P30 (P14 harvest is described later), one male pup per
litter (n=10 per group) was killed. From each pup, blood sample were collected after decapitation to determine hemoglobin concentrations. Brains were removed and bisected at
the midline, the hippocampus and cerebral cortex of both half-brains was dissected. One
pair from each pup was placed immediately in appropriate volume of RNAlater RNA
stabilization reagent (Qiagen, Valencia, CA) for each age stage following the
manufacturer’s tissue processing instruction. Tissues in RNAlater reagent were placed at
4oC overnight and then transferred to minus 20oC for storage until RNA extraction. The
other pairs of hippocampus and cortex were weighed and flash frozen for metal analyses.
An additional male pup per litter (n=10 per group) was sacrificed; blood was collected for
hemoglobin analysis; brain was removed and immersion-fixed in 10% formalin for 24 hr,
rinsed with 1X Phosphate Buffered Saline (PBS) before stored in 70% ethanol at 4oC
until processing for immunohistochemistry analyses. At P14, two male pups per litter
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Table 1: Iron content of diets (ug/g)
Diet
Control
TD.08584
FeD TD.10619

Experiment
1
80.5

Experiment
2
89.2

6.50

8.80

Iron contents of two diets in two separate experiments were measured and
provided by Analysis of elements by ICP Emission Spectrometry, Covance
Laboratories, Madison, WI.
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Table 2: Diet Formulations
Control (TD.08584) Diet Formula

g/kg

Casein, low Cu & Fe
200.0
L-Cystine
3.0
*
390.6843
Corn Starch
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
0.0145
*
0.44
Ferric Citrate
Diet formulas of both Control and FeD diets are the same. *The FeD diet
formula (TD.08586) does not contain ferric citrate but has Ferrous Sulfate,
heptahydrate of 0.03g/kg and corn starch of 391.0943g/kg. Both diets contain
3.7 kcal/g (19% protein, 63.7%carbohydrate and 17.3% fat).
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Figure 3. Diet regimen and tissue harvest timeline. The control, FeD and FeD-R
groups were generated by maintaining the dams during the gestation since embryonic day
2 continuing into postnatal periods, and maintaining the pups after weaning on diets
containing the different iron concentrations: 80.5ppm diet (control), 6.5-8.5 ppm diet
(FeD), and 80.5ppm diet (FeD-R since postnatal day 7). Tissue harvest and sample
collection were performed at 4 time points: first day after birth (1), postnatal day 7, 14
and 30.
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from FeD litters (n=12), one male pup per litter from control (n=12) and FeD-R (n=11)
litters were sacrificed. Blood and brains were removed, bisected at midline, the
hippocampus and cerebral cortex was dissected from half-brains and processed as above
for RNA extraction. The other half-brains were immersion-fixed in 10% formalin for 24
hours and stored as above until processed for immunohistochemical analyses.
In Exp. 2, at P7, one male pup per litter (n=10 per group) was killed. Blood was
collected for hemoglobin concentrations as described above for Exp. 1. Brain was
removed from each pup and bisected at midline. The hippocampus and cerebral cortex of
one half-brain were dissected and flash frozen for metal analyses. The other half-brains
for protein analysis were immediately homogenized for nuclear protein extraction and
immediately processed for western blot. At P14, one male pup per Control litter (n=10)
and two male pups per litter from FeD and FeD-R litters were killed. Blood and brain
samples were collected and processed as for P7 animals.
Hemoglobin analyses.
For both experiments, in all treatment groups, a 5 μL blood sample was collected
from 1 or 2 pups per litter, diluted with 1.25 ml of Drabkin’s reagent (Prod. #2660-32,
Ricca Chemical). A 1 ml of the solution was pipetted into a glass cuvette for hemoglobin
quantification as cyanmethemoglobin at 540 nm using Beckman spectrophotometer
(Beckman Instruments, Palo Alto, CA).
Metal analyses.
Frozen half cerebral cortices were placed in predried, preweighed 25 ml
volumetric flasks to obtain wet tissue weights. For both experiments, brain cortical
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tissues were wet digested with 3 ml concentrated 8N HNO3 on a hot plate until tissues
completely dissolved leaving a thin white, yellow film on the bottom and the walls of the
flasks. The flasks were covered using watch glasses and let sit overnight. The residue was
resuspended in 3 ml of 0.1 N HNO3 and analyzed by flame atomic absorption
spectroscopy (AAS) as previously described (Prohaska and Gybina 2005).
According to Prohaska and Gybina, the blood content in brain is approximately
0.5%, which results in 15% blood Fe contamination in brain. Blood Fe was estimated
from hemoglobin level using equation 1 for all age groups of all treatments, in which y is
hemoglobin value and x is the estimated blood Fe value (Prohaska and Gybina 2005).
Brain Fe content was calculated by subtracting blood Fe contamination in brain from
total brain Fe concentration obtained from the Flame AAS.
y = 0.454x – 7.70 (1)
Brain mRNA analysis.
In Exp. 1, total RNA was extracted from brain sub-regions, hippocampi and cerebral
cortices, using the Qiagen RNeasy Mini kit (Qiagen; Valencia, CA) according to the
manufacturer’s protocol. cDNA was synthesized from 1-2 μg total RNA using
SuperScript III First-Strand Synthesis SuperMix and random hexamers (Invitrogen,
Carlsbad, CA) in a reaction volume of 20 μL. For Ang-2, Vegfa, Glut1, Vwf, Trf1 and
PvV-1 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, Indianapolis, IN) or Corbett RotorGene RG-3000 (Qiagen, Valencia,
CA). Primer pairs for these genes are described in Table 3. PCR reactions were
25

performed on 4 μL cDNA (12.5 ng cDNA) according to the manufacturer’s protocol with
a final volume of 12.5 μL. 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 whole brain from a control P12
rat pup.
CD31 and Tomato Lectin immunohistochemistry.
Formalin-fixed brains from Exp. 1 were stored at 4°C in 80% ethanol until
processing for immunohistochemistry (IHC). Fixed half-brains 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 freefloating IHC. Slides were washed two times (five minutes each) in PBS containing
0.025% Triton X-100 (PBS-T) 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 of P1, P7 and P14 were incubated in rabbit
anti-CD31 antibody (BD scientific, 1:400 dilution in PBS containing 0.1% BSA)
overnight at room temperature. For P30, the slices were incubated overnight at 40C in
biotin conjugate Tomato Lectin (TL, 1:150 dilution in TBS-T, L0651, Sigma-Aldrich,
Saint Louis, MO) immediately after PBS washes.
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Table 3: qPCR primer sequences
Gene

NCBI GenBank
ID

Glut1

NM_138827.1

Vwf

NM_053889.1

Ang-2

NM_134454.1

Vegfa

NM_031836.2

TfR1

NM_022712.1

PV-1

NM_020086.1

qPCR Primer Sequences

Position

F: 5’-TATCGTCAACACGGCCTTCACTGT-3’
R: 5’-CACAAAGCCAAAGATGGCCACGAT-3’
F: 5’-TGGTAGACTTTGGAAACGCCTGGA-3’
R: 5’-TAGCTACTGCGCTACACAGGCAAT-3’
F: 5’-GTATTGGCTGGGCAACGAGTTTGT-3'
R: 5’-ACTTCCTGGTTGGCTGATGCTACT-3'
F: 5’-TCCAATTGAGACCCTGGTGGACAT-3’
R: 5’-TCTCCTATGTGCTGGCTTTGGTGA-3’
F: 5’-GAATACGTTCCCCGTTGTTGA-3’
R: 5’-ATCCCCAGTTCCTAGATGAGCAT-3’
F: 5’-CCTCCCAGACACTGGATTTAAG-3’
R: 5’-CAGGAGCAGAGTGATAGGAAAC-3’

1150-1173
1336-1313
1866-1889
2111-2088
1127-1150
1334-1311
1170-1193
1367-1344
991-1001
1057-1035
1499-1521
1602-1626

Product
length (bp)
187
246
208
198
67
127

Genes: Glucose transporter 1, Glut1; von Willebrand factor, Vwf; Angiopoietin
2, Ang-2; Vascular endothelial growth factor A, Vegfa; Transferrin Receptor 1,
TfR1; Plasmalemma vesicle associated protein, PV-1. F = Forward, R =
Reverse
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Following two five-minute washes for CD31 incubation or three ten-minute washes for
TL incubation, brain sections were incubated in fluorescein isothiocyanate (FITC)conjugated goat anti-rabbit IgG (1:500 dilution) for 2 hr or Streptavidin, Alexa Flour 488
conjugate (1:1000 dilution, S32354, Life Technologies, Carlsbad, CA) for 1 hr at room
temperature in the dark. Sections were washed three times for five minutes or three times
for ten minutes each in PBS-T 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). CD31 and TL 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
20x magnification. 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 a 11,035,185
μm 3 region of the hippocampus (dentate gyrus and CA3 sub-regions) and cerebral cortex
using 3D image ImageJ software. All brain sections analyzed were 200-400 μm from the
midline.
Western blot.
Fresh half-brains from Exp. 2 were homogenized for nuclear protein extraction
(Zhang et al. 1997). Briefly, each half-brain was homogenized with 6-10 strokes using a
homogenizer in 1-2 ml of lysis buffer (10 mM HEPES (pH 7.9), 10 mM KCl, 0.l mM
EDTA, 0.1 mM EGTA, 1 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl
fluoride (PMSF) and 0.1% (vol/vol) leupeptin). The lysate was then centrifuged,
supernatant was removed and pellet was washed 3 times in 200 μL wash buffer (10 mM
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HEPES (pH 7.9), 10 mM KCl, 0.l mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol
(DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and 0.1% (vol/vol) leupeptin, 20
μL of 10% Nonidet). The pellet was then re-suspended in 200 μL high salt concentration
buffer (20 mM of HEPES (pH 7.9), 400 mM NaCl, 1.0 mM EDTA, 1.0 mM EGTA, 1.0
mM DTT, 1.0 mM PMSF, 10% glycerol and 0.1% (vol/vol) leupeptin). Protein
concentrations of 200 μL protein were determined using a Bradford assay for each
sample. A 40 μg aliquot of protein was subjected to SDS-polyacrylamide electrophoresis
on a 7.5% gel (Prod. #4561024, Bio-Rad) for 40 minutes. A 10 μg aliquot of
overexpressed Hif1α cell lysate (293T transfected cell line, H00003091T01, Abnova,
Taiwan) was included in some of the blots as positive control. The gel was then
underwent a 1 hr transfer to nitrocellulose membrane in 1X Tris-Glycine 20% Methanol
buffer at 100V. The membrane was then incubated in 5% non-fat dry milk in 1X TBST
for an hour at room temperature with agitation. After blocking, the membranes were
washed 3 times for 5 minutes each with 1X TBST before probing with Hypoxiainducible-factor 1-alpha antibody (NB 100-105, Novus Biologicals, Littleton, CO). Hif1a
antibody was used at 1:500 dilution in 1X TBST overnight at 4oC with agitation.
Afterward, membranes were wash 5 times for 5 minutes with 1X TBST at room
temperature and secondary antibody incubation was followed using horseradish
peroxidase anti-mouse conjugated (sc2064, SantaCruz, Dallas, TX) at 1:5000 for 1 hour
at room temperature. Membranes were then immersed in ECL solution (Bio-Rad,
Hercules, CA) per manufacturer’s instructions.
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After detection of HIF1α, membranes were incubated for 15 minutes in Restore
PLUS Western Blot Stripping Buffer (Prod. #46430, Thermo Scientific, Waltham, MA)
and washed 3 times for 5 minutes in TBST before blocking again in 5% non-fat dry milk
in 1X TBST for an hour at room temperature. The membranes were then washed as
described above and incubated with RNA Polymerase II antibody as a loading control at
1:500 dilution (ab5131, Abcam, Cambridge, MA) in 1X TBST with agitation overnight at
4oC. Membranes were washed with 1X TBST followed by secondary antibody incubation
of horseradish peroxidase anti-rabbit conjugated antibody (ab6721, Abcam, Cambridge,
MA) at 1:5000 dilution for an hour at room temperature. The membranes were also
visualized using the ECL Western Blot Analysis system as above.
Chemiluminescence detection and densitometry were carried out using the
FluorChem system (Alpha Innotech, San Leandro, CA, USA). Each HIF1α value was
normalized to the corresponding loading RNA Polymerase II (RNA Pol II) band value.
Validation of HIF1α antibody: The HIF1α antibody from NovusBio was
validated using hypoxic brain samples. Two adult male Sprague-Dawley rats were
purchased commercially (Charles River Laboratories, Wilmington, MA) and housed in
the same room as experimental animals a week before hypobaric hypoxia induction.
Hypoxia was induced in one male rat using Summit II hypoxic generator (Hypoxico
Altitude Training System, Hypoxico Inc., New York, NY) at 10-11% oxygen in a closed
plastic chamber with two openings to allow air to flow in and out. The set up of this
induction is depicted in diagram in Figure 2. The other rat was kept in the same area
outside of the chamber as control. After 24-hour induction, both rats were sacrificed and
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brains were dissected out and cut at midline. Half-brains were homogenized for nuclear
protein extraction as described above. The lysate was then subjected to the same
procedure using the same HIF1α at 1:500 dilution.
Statistical analysis. Mean values ± standard error of the mean (S.E.M) of relative
mRNA expression, blood vessel branch points and Hif1α density were calculated using
Microsoft Excel. Student’s one tailed t-test was used to compare data between two
treatment groups for P1, P7 and P30. One-way analysis of variance (ANOVA) was used
for making statistical comparisons between three treatment groups with three age stages
at P14. Bartlett’s test was used to assess homogeneity of variances. When variances were
equal across groups, Tukey’s post hoc test was used. 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). An α ≤ 0.05
was chosen to define significant differences.
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Figure 4. Hypoxia chamber. Hypoxia was induced in one male rat for 24 hours using
Everest Summit hypoxic generator (Hypoxico, Inc) at 10-11% oxygen in a closed plastic
chamber. Three openings at top: one for access of a plastic pipe connected to the hypoxia
generator, one to allow air to flow in and out and the last one for access to an oxygen
sensor to monitor the oxygen level inside the chamber.
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Results
Evaluating iron deficiency in rat pups. The blood hemoglobin and brain iron
status of pups from Exp. 1 and 2 are shown in Table 3-5. In all experiments, Fe
deficiency significantly lowered blood hemoglobin and brain Fe levels of P1, P7 and P14
pups, confirming iron deficiency in these pups (Table 4, 5 and 6). Interestingly, at P14,
iron replete pups still had significantly lower blood hemoglobin compared to control.
Meanwhile, brain Fe levels of FeDR group were not significantly different from that in
controls (p = 0.20). Both blood hemoglobin and brain Fe in FeDR group increased
notably after 2 weeks of iron repletion at P30 and returned to almost the same level as in
control pups (Table 4, 5 and 6).
In addition, to further confirm brain iron deficiency in rat pups, mRNA levels of
TfR1, an iron-responsive gene that codes for transferrin receptor responsible for neuronal
iron uptake (Fretham, Carlson 2011), was assessed in all age groups. Fe deficiency
significantly increased P1 whole brain TfR1 mRNA levels compared to control (Figure
5A). TfR1 mRNA levels were 163% and 186% significantly higher in the FeD group at
P7 cortex and P7 hippocampus, respectively (Figure 5B). Similarly, and in agreement
with a previous report (Bastian, Anderson et al. 2012), cerebral cortex and hippocampal
TfR1 mRNA levels were significantly higher by 339% and 170% respectively, in FeD
group compared to control at P14, which is in agreement with the low brain Fe level
(Figure 5C, Table 6). Interestingly, at P14, TfR1 mRNA levels were slightly higher in
FeDR group compared to controls in both brain
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Table 4: Experiment 1 - Hemoglobin level (g/L)
P1
P7
P14
P30
a
a
a
Control
99.8 ± 0.20
91.0 ± 0.17
90.3 ± 0.17
109.3 ± 0.13a
b
b
b
FeD
72.7 ± 0.21
52.7 ± 0.24
44.0 ± 0.30
N/A
b
FeD-R
N/A
N/A
51.6 ± 0.18
108.2 ± 0.20a
Data are presented as the mean ± SEM. Unlike superscripts within a specific column
indicate a statistical difference (p < 0.05) by t-test, one-way ANOVA and Tukey’s
multiple comparison test. P1: n = 20 for FeD and control. P7: n = 19 for FeD; n = 18 for
control. P14: n = 12 for FeD and control; n = 11 for FeD-R. P30: n = 20 control; n = 19
for FeD-R. At P14, two pups per litter of 5 litters were used for FeD and FeD-R groups
because pups from some litters were severely iron deficient and did not survive for the
analysis.

Table 5: Experiment 2 - Hemoglobin level (g/L)
P1
P7
P14
P30
a
a
a
Control
101 ± 0.40
93.1 ± 0.11
91.4 ± 0.18
116.9 ± 0.30a
b
b
b
FeD
68.4 ± 0.50
43.4 ± 0.19
42.5 ± 0.18
41.4 ± 0.30b
FeD-R
N/A
N/A
57.0 ± 0.33c
107 ± 0.56a
Data are presented as the mean ± SEM. Unlike superscripts within a specific column
indicate a statistical difference (p < 0.05) by t-test, one-way ANOVA and Tukey’s
multiple comparison tests. P1: n = 10 for control; n = 10 for FeD. P7: n = 17 for control;
n = 18 for FeD. P14: n = 15 for control; n = 18 for FeD; n = 16 for FeD-R. P30: n = 10
for control; n = 9 for FeD; n = 9 for FeD-R. At P14, two pups per litter of 5 litters were
used for FeD and FeD-R groups because pups from some litters were severely iron
deficient and did not survive for the analysis.
Table 6: Brain iron level (μg/g)
P1 whole brain
P7 cortex
P7-2 cortex
P14-2 cortex
P30 cortex
a
a
a
a
Control
15.03 ± 1.50
8.34 ± 0.37
7.81 ± 0.41
9.96 ± 1.04
12.11 ± 0.34a
FeD
9.35 ± 0.70b
4.06 ± 0.41b 4.50 ± 0.35b 2.57 ± 1.41b,c
N/A
FeDR
N/A
N/A
N/A
6.90 ± 0.44a,c 9.68 ± 1.69a
Data are presented as the mean ± SEM. Unlike superscripts within a specific column
indicate a statistical difference (p < 0.05) by t-test, one-way ANOVA and Tukey’s
multiple comparison test. P1: n = 5 for FeD and control. P7: n = 4 for FeD; n = 5 for
control. P14-2: n = 4 for FeD and control; n = 3 for FeD-R. P7-2: n = 4 for FeD and
control. P30: n = 5 FeD-R and control. P1, P7 and P30 are brain samples of pups in
Experiment 1. P7-2 and P14-2 are brain samples of pups in Experiment 2. Brain iron
levels are corrected to brain blood contamination according to Prohaska and Gybina,
2005
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Figure 5: Fetal/neonatal iron deficiency increases expression of Transferrin receptor
TfR1, confirming iron deficiency in the developing brains. Half brains, hippocampi or
cerebral cortices were collected from P1 (n=9), P7 (n=8-9), P14 (n=8-9) and P30 (n=8-9)
pups, total RNA was extracted, and cDNA was synthesized. Quantitative real-time PCR
(qPCR) was performed for Transferrin receptor, TfR1. Relative mRNA levels were
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 tailed ttest or one-way ANOVA and Tukey’s multiple comparison test (p < 0.05).
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regions, hippocampus (p = 0.20) and cortex (p = 0.80). These data also agree with the
slight increase in brain Fe in P14 FeDR as presented in Table 6. Meanwhile, in
comparing to the FeD group, Fe repletion decreased TfR1 mRNA level significantly by
133% and 49% in the cortex and hippocampus, respectively (Figure 5C). By P30, TfR1
mRNA levels in FeDR group were not different than control. These data indicate that
FeD-R brains were less Fe deficient by P14 with a slight increase in brain Fe while the
blood hemoglobin levels had not yet recovered.
Effect of Fe deficiency and Fe repletion on neonatal brain angiogenesisassociated gene expression. The effect of fetal/neonatal Fe deficiency and repletion on
the neonatal brain vasculature was evaluated by the assessment of brain mRNA levels for
blood vessel endothelial cell marker genes (Glut1 and Vwf) and genes coding for proteins
involved in angiogenesis or neovasculogenesis (Ang-2 and Vegfa). From previous
findings (Bastian et al. 2015), we expected an increase in mRNA levels of the mentioned
genes. Therefore, one tailed t-test was performed with the hypothesis that FeD increases
mRNA levels of Glut1, Vwf, Ang-2 and Vegfa in the developing brain. There was a trend
toward increasing of Glut1 mRNA levels with 48% higher in the Fe deficient P1 whole
brain compared to controls although were not significant (p = 0.10) (Figure 6A & B). As
expected and in agreement with previous reported data (Bastian et al. 2013), Glut1
mRNA levels were significantly higher by 40% and 107% in the P7 and P14 cerebral
cortex, respectively, in iron deficient rats compared to controls (Figure 7C). In the
hippocampus, although not significant, there is also a trending increase of 36.5% (p =
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Figure 6: Fetal/neonatal iron deficiency increases expression of Glucose transporter
1, Glut1, in the developing brains. Half brains, hippocampi or cerebral cortices were
collected from P1 (n=9), P7 (n=8-9), P14 (n=8-9), and P30 (n=8-9) pups, total RNA was
extracted, and cDNA was synthesized. Quantitative real-time PCR (qPCR) was
performed for Glucose transporter 1, Glut1. 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 tailed t-test or one-way
ANOVA and Tukey’s multiple comparison test (p < 0.05).
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0.06) and 42.3% (p = 0.10) Glut1 mRNA levels in P7 and P14. Interestingly, Fe repletion
significantly lowered P14 Glut1 mRNA levels by 84% in cerebral cortex. There was a
trend towards decreasing in Glut1 mRNA levels by 36% (p = 0.10) in hippocampus
compared to FeD group (Figure 6C). By P30, Glut1 mRNA levels in FeD-R group were
approximately the same as in controls (Figure 6D).
Likewise, compared to controls, Vwf mRNA levels were 84%, 97%, and 151%
significantly higher in the Fe-deficient P1 whole brain, P7 and P14 cerebral cortex,
respectively (Figure 7A, B &C). FeD also significantly increased P7 and P14
hippocampal Vwf mRNA levels by 46% and 120%, respectively, compared to control
(Figure 7B & 7C). Fe repletion decreased Vwf mRNA levels considerably by 94% and
78% in P14 cerebral cortex and hippocampus, respectively, compared to FeD. This
brought Vwf mRNA levels of these regions in FeD-R group closer to those in controls
(Figure 7C). Similar to Glut1 mRNA levels at P30, there was no significant difference in
Vwf mRNA levels between FeD-R group and control (Figure 7D).
In agreement with the increase of blood vessel endothelial cell marker, Glut1 and
Vwf mRNA levels, Fe deficiency also significantly increased Ang-2 mRNA levels by
104%, 116% and 25% in the P1 whole brain, P7 cerebral cortex and P7 hippocampus,
respectively (Figure 8A &B). At P14, both cerebral cortical and hippocampal Ang-2
mRNA levels were 210% and 221% higher in FeD group compared to control (Figure
8C). Again, FeD-R group had 142% and 78% lower Ang-2 mRNA levels in P14 cerebral
cortex and hippocampus compared to FeD group, but approximately same as control
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Figure 7: Fetal/neonatal iron deficiency increases expression of Von willerbrand
factor or Vwf in the developing brains. Half brains, hippocampi or cerebral cortices
were collected from P1 (n=10), P7 (n=10-11), P14 (n=10-12) and P30 (n=10) pups, total
RNA was extracted, and cDNA was synthesized. Quantitative real-time PCR (qPCR) was
performed for Von willebrand, Vwf. Relative mRNA levels were calculated relative to an
internal control cDNA sample. Data were presented as the mean ± SEM. Groups not
sharing a common superscript are significantly different by one tailed t-test or one-way
ANOVA and Tukey’s multiple comparison test (p < 0.05).
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(Figure 8C). Ang-2 mRNA levels were not significantly different between FeD-R and
control at P30 (p = 0.27 in the cortex and p = 0.87 in the hippocampus) (Figure 8D).
P1 whole brain Vegfa mRNA levels were 83% higher following developmental Fe
deficiency (Figure 9A). Fetal/neonatal Fe deficiency also significantly increased Vegfa
mRNA levels in the P7 (63% higher) and P14 (126% higher) cerebral cortex (Figure 9B
&C). Similarly, in the hippocampus, there was an increase of 43% in P7 and a trending
increase of 51% (p = 0.06) Vegfa mRNA levels in P14 in FeD group compared to
controls. Fe repletion lowered Vegfa mRNA levels 77% compared to FeD in P14 cerebral
cortex (Figure 9C). Vegfa mRNA levels were not altered in FeD-R group of both P30
cerebral cortex and hippocampus compared to control (Figure 9C). These mRNA data of
genes coding for proteins involved in angiogenesis together with endothelial cell marker
genes, suggest increased vasculature in the neonatal Fe-deficient brain and possible
regression of blood vessels in neonatal Fe-repletion brain.
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Figure 8: Fetal/neonatal iron deficiency increases expression of Angiopoietin 2 or
Ang-2 in the developing brains. Half brains, hippocampi or cerebral cortices were
collected from P1 (n=9), P7 (n=8-9), P14 (n=8-9), P30 (n=8-9) pups; total RNA was
extracted, and cDNA was synthesized. Quantitative real-time PCR (qPCR) was
performed for Angipoietin, Ang-2. 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 tailed t-test or one-way
ANOVA and Tukey’s multiple comparison test (p < 0.05).
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Figure 9: Fetal/neonatal iron deficiency increases expression of Vascular endothelial
growth factor A, Vegfa in the developing brains. Half brains, hippocampi or cerebral
cortices were collected from P1 (n=9), P7 (n=8-9), P14 (n=8-9), P30 (n=8-9) pups, total
RNA was extracted, and cDNA was synthesized. Quantitative real-time PCR (qPCR) was
performed for Vascular endothelial growth factor A, Vegfa. 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 tailed ttest or one-way ANOVA and Tukey’s multiple comparison test (p < 0.05).
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Effect of Fe deficiency and Fe repletion on neonatal brain vasculature. To
quantitatively examine the effect of Fe deficiency and Fe repletion on neonatal brain
vasculature, blood vessel density was assessed using CD31 and TL IHC on 40 μm sagital
sections from Exp. 1. Hippocampal and cerebral cortical blood vessel areal density of all
age groups was calculated and graphed in Figure 10 and Figure 11. Figure 10 and 11 A-F
also includes representative Z-stack images of CD31 and Tomato lectin (TL) IHC for
control, Fe-deficient and Fe-repletion hippocampus for P1, P7, P14 and P30. There was a
trend towards increased microvessel branch points in the P1 Fe-deficient hippocampus
(28% increased, p = 0.10) and cerebral cortex (21% increased, p = 0.18) (Figure 10A &
11A). At P7, Fe-deficiency also significantly increased hippocampal microvessel branch
points by 32% (p = 0.03) but a trending increase in the cerebral cortical with 40% higher
(p = 0.15) compared to control (Figure 10B & 11B). Interestingly, microvessel branch
points in both hippocampus and cerebral cortex were significantly higher by 31% and
49% in P14 (Figure 10C & 11C). However, Fe-replete hippocampal and cortical
microvessel branch points were notably reduced by 96% and 65% in P14 (Figure 10C &
11C). In agreement with the mRNA level data, microvessel branching points were similar
between control and Fe-repletion at P30 (Figure 10D & 11D). These data demonstrate an
increased vasculature in the Fe deficient neonatal brain. Moreover, upon repletion, there
was a reduction in branch points of microvessels in both regions of the developing brain.
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Control
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Figure 10: Iron deficiency increases hippocampal microvessel branching. CD31 and
Tomato lection (TL) immunohistochemistry was performed on 40 um sagital brain
sections from Exp. 1 male pups at P1, P7, P14 and P30. Confocal microscopy was used to
visualize blood vessels in the control (n=8-9), FeD (n=6-9) and FeD-R (n=7-9)
hippocampus. Z-stack images, with a slice interval of 1 μm, were captured through the
entire 40 μm section. Blood vessel branching points was calculated for each treatment
group in the hippocampus. Data are presented as the mean ± SEM. Unlike characters
indicate a statistically significant difference by Student’s t-test or One-way ANOVA (p <
0.05). Representative z-projection images are shown next to graphs.
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Figure 11: Iron deficiency increases cortical microvessel branching. CD31 and
Tomato lection (TL) immunohistochemistry was performed on 40 um sagital brain
sections from Exp. 1 male pups at P1, P7, P14 and P30. Confocal microscopy was used to
visualize blood vessels in the control (n=8-9), FeD (n=6-8) and FeD-R (n=6-9) cerebral
cortex. Z-stack images, with a slice interval of 1 μm, were captured through the entire 40
μm section. Blood vessel branching points was calculated for each treatment group in the
cerebral cortex. Data are presented as the mean ± SEM. Unlike characters indicate a
statistically significant difference by Student’s t-test or One-way ANOVA (p < 0.05).
Representative z-projection images are shown next to graphs.
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Evaluation of HIF1α expression in Fe deficient and Fe replete brains. As a test
for antibody validation, the HIF1α antibody was used on hypoxic hypoxia brain samples
in addition to a purchased positive control lysate containing HIF1α. HIF1α molecular
weight was estimated at approximately 96-100kDa in the hypoxic whole brain as well as
the positive control lysate. Compared to the control normoxic brain, the HIF1α protein
level was increased in the hypoxic brain. This verified that Hif1α was induced in the
hypoxic brain and that the chosen HIF1α antibody recognizes HIF1α protein (Figure 12).
Previous research shows increased HIF1α protein level in hypoxic young rodent
brain compared to normoxic (Benderro and Lamanna 2011, Pichiule and LaManna 2003,
LaManna et al. 1992). Also, higher level of HIF1α was reported in the placenta and liver
of IDA rats (Toblli et al. 2012, Peyssonnaux et al. 2007). I hypothesized that FeD leads to
anemia resulting in hypoxia; therefore, FeD-induced angiogenesis is likely driven
through system hypoxic signaling via HIF1 pathway. As a test for this hypothesis,
nuclear protein was extracted from half brains of P7 and P14 pups and western blot was
performed on the lysates for HIF1α protein. HIF1α expression level was analyzed by
densitometry of the interested bands. Figure 14 and 15 present the densitometry data of
P7 and P14. Since the harvest timeline was staggered for both age groups and there was
no internal positive control, normalization to combine these data was not possible.
Therefore, data presented in Figure 13 and 14 include two sets of samples for each time
point, P7A-B and P14A-B.
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Figure 12: Validation of HIF1α antibody in brains of young adult rats. Western blots
were performed on brain homogenates of hypoxic (10-11% oxygen) and control brains
using 40 ug protein on 7.5% gels. A positive control containing HIF1α lysates was used
to compare. The blots were incubated with HIF1α antibody from Novus Biologicals. The
detected band of HIF1α in three samples was approximately 96-100kDa as indicated by
the antibody manufacturer.
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Figure 13: Brain HIF1α protein following perinatal Fe deficiency in P7 rats.
Western blots were performed on brain homogenates for brain HIF1α and RNA Pol II
using 40μg protein on 7.5% gels (A). Quantification of densities of HIF1α and RNA Pol
II are presented for three sets of samples in P7 (B). Bars represent means ± sem (n=2-4)
for Control, FeD and FeDR. Data were analyzed by ANOVA and t test. Means with
unlike superscripts are significantly different, p < 0.05.
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Figure 14: Brain HIF1α protein following perinatal Fe deficiency in P14 rats.
Western blots were performed on brain homogenates for brain HIF1α and RNA Pol II
using 40μg protein on 7.5% gels. Quantification of densities of HIF1α and RNA Pol II
are presented for three sets of samples in P14 (A, B and C). Bars represent means ± sem
(n=2-4) for Control, FeD and FeDR. Data were analyzed by ANOVA and t test. Means
with unlike superscripts are significantly different, p < 0.05.
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At P7 and P14, there was no significant difference in HIF1α expression levels
between FeD and control groups. At P7, it is suggestive that brain HIF1α expression
level tended to be higher by 28% (p = 0.71) and 89% (p = 0.52) compared to control but
the increase was not significant (Figure 13). Likewise, P14 HIF1α levels seemed to be
higher by 227% (p = 0.46), 34% (p = 0.73) and 18% (p = 0.67) in FeD group compared to
control (Figure 14). Although the differences in HIF1α level were big for both age
groups between FeD and control, the small sample size (n=2-3) and a considerable
variation among data points probably results in insignificant data. Similarly, it is
suggestive that HIF1α levels of FeD-R group tended to be higher by 177% (p = 0.60),
171% (p > 0.90) and 13% (p = 0.92) in P14A, P14B1 and P14B2, respectively. Again,
these insignificant results could be due to the small sample size but large variation among
samples for both HIF1α and loading control RNA Pol II levels. Overall, these data
indicate that there was no detectable increase in HIF1α level of the P7 and P14 rat pup
brains in FeD and FeDR groups.
Evaluating endothelial integrity in the Fe deficiency – induced brain vasculature.
To evaluate the integrity of the blood brain barrier in the Fe deficient brains, mRNA level
of a marker for endothelial integrity was assessed for all age groups. Plasmalemmal
vesicle-associated protein, PLVAP or PV-1, is an endothelial-specific integral membrane
glycoprotein associated with the caveolae of fenestrated microvascular endothelial cells
(Strickland et al. 2005). Fe deficiency did not alter PV-1 mRNA levels in P1 whole brain
(p = 0.36) (Figure 15A). In P7, PV-1 mRNA levels were not also altered in both cerebral
cortex and hippocampus in FeD group compared to controls. Likewise, PV-1 mRNA
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Figure 15: Fetal/neonatal iron deficiency did not alter mRNA levels of
Plasmalemmal vesicle-associated protein coding gene, PLVAP or PV-1 in the
developing brains. Half brains, hippocampi or cerebral cortices were collected from P1
(n=9), P7 (n=8-9), P14 (n=8-9), P30 (n=8-9) pups, total RNA was extracted, and cDNA
was synthesized. Quantitative real-time PCR (qPCR) was performed for Plasmalemmal
vesicle-associated protein coding gene, PV-1. 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 tailed t test or
one-way ANOVA and Tukey’s multiple comparison test (p < 0.05).
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levels were not changed in the P14 hippocampus and cerebral cortex in FeD group
compared to control group. Fe repletion in both P14 and P30 hippocampus as well as
cerebral cortex did not alter PV-1 mRNA levels compared to control but was not
significant. The PV-1 mRNA levels were generally decreased across all age groups with
the highest mRNA level at P1.
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Discussion
Delivery of adequate nutrients to the brain is critical during development because
multiple energy-demand processes such as proliferation, migration, differentiation,
synaptogenesis and myelination are emerging in different regions of the developing brain
(Rice and Barone Jr. 2000). There is considerable evidence that iron is essential for
neurological functioning and development, for example: neurotransmitter metabolism,
myelin formation and brain energy metabolism (Beard 2003). Therefore, iron deficiency
during important developmental processes can be detrimental to the nervous system
leading to cognitive impairments, learning impairments and motor deterioration in infants
and young children (Hossein Sadrzadeh and Saffari 2004). Previous studies in rats
focused on gestational and early postnatal FeD, approximately embryonic day 2-5 to
postnatal day 15-25 corresponding to late gestation in the human, which are periods of
critical brain development involving synapse formation, myelination, proliferation and
cell migration in the hippocampus and frontal cortical regions. Early FeD effects the
hippocampus, an important structure responsible for learning and memory, by altering
iron transport leading to failure to incorporate iron into heme proteins and iron-sulfur
cluster required for energy metabolism, dendrite morphogenesis and synaptic
connectivity in postnatal day 7 to 65 pups. In iron deficient rat pups at postnatal day 10,
the neuronal metabolic marker cytochrome c oxidase is lost in the highly metabolic
hippocampal CA1 and CA3 and frontal cortex regions (deUngria et al. 2000).
Meanwhile, there are several studies on iron therapy and supplements reporting different
results depending on the severity and timing of iron deficiency showing that the effects
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could be complete, partially reversible or persist into adulthood (Hossein Sadrzadeh and
Saffari 2004, Beard 2003, Georgieff 2008). Since postnatal day 7 is the time period with
dramatic changes in brain myelination, cell proliferation and synaptogenesis in the rat
brain (Stead et al. 2006), the majority of studies document iron supplementation and
therapy in rats at this time point. However, despite iron repletion at postnatal day 7, these
deficits persist into adulthood while iron status or anemia recovers.
This study shows that FeD increases angiogenesis associated gene mRNA levels
and vessel branch points since postnatal day 1. The results of this study support previous
findings (Bastian et al. 2015) that iron deficiency increases blood microvessel density as
a result of hypoxia-induced angiogenesis in the neonatal brain. Moreover, with iron
repletion at postnatal day 7, the current data also indicates possible reversibility of Fe
deficiency effects on the brain vasculature and restoration of brain iron uptake by
postnatal day 14. These findings further suggest that there is a correlation between iron
deficiency-induced angiogenesis and hypoxic signaling in the developing brain (Rao et
al. 2003, Carlson et al. 2007).
At the molecular level, iron deficiency increases mRNA levels of endothelial cell
marker genes (Vwf and Glut1) and genes associated with angiogenesis (Ang-2 and Vegfa)
throughout the period of Fe deficiency, suggesting an adaptive and compensatory
response to the lack of oxygen and/or iron delivered to the brain in iron deficient pups.
Under hypoxia, brain angiogenesis is a highly regulated and complex process involving
several factors required for proliferation and migration of vascular endothelial cells
leading to extension and branching of microvessels from existing vessels (Dore-Duffy
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and LaManna 2007, Folkman and Shing 1992). These results agree with previous
findings that Fe deficiency increases the mRNA expression profile of different genes
involved in angiogenesis and transport of nutrients (Bastian et al 2015). Importantly,
ANG-2 and VEGFA are two key factors responsible for vessel destabilization, and
formation of new vessels leading to brain angiogenesis (Pichiule and LaManna 2002,
Chavez et al. 2000), hence, increased mRNA levels of both genes is a strong indication of
brain microvessel outgrowth following Fe deficiency. VWF is a glycoprotein synthesized
exclusively in the endothelial cells and megakaryocytes with a main role of mediating
adhesion and aggregation of platelets at sites of sprouting vessels (Ruggeri 2007), which
support angiogenesis shown both in vivo and in vitro (Kisucka 2005). Therefore, an
increase in brain Vwf mRNA levels implies an increase in numbers of endothelial cells
and platelet adhesion and in turn, brain vascularization.
Although a significant elevation of mRNA levels in Fe deficiency is observed for
most of those markers, some exhibits a non-significant increase in different age groups.
Glut1, Vwf and Vegfa mRNA levels were not significantly (p ≥ 0.05) altered in the
hippocampus of Fe deficient P7 and P14 pups as seen before (Bastian et al. 2015), but
there was a trending increased of 40-50% in mRNA levels of these genes compared to
controls. The rat hippocampus doesn’t enter an active period of rapid metabolism
characterized by dendritic proliferation and synaptogenesis, and increased iron and
glucose uptake and transport, until P15 to P25 (Pokorny and Yamamoto 1981, Taylor and
Morgan 1990, Steward and Falk 1991, Siddappa et al. 2002, Blanpied et al. 2003,
Erecinska et al. 2004, Cheah et al. 2006). Jorgenson et al. 2005 suggested that
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deficiencies of nutrients important for cellular metabolism such as iron and glucose might
not affect the developing hippocampus as much as during metabolically active periods
(Jorgenson et al. 2005). Unfortunately, in this Fe deficiency model, rat pups were not able
to survive a severely low Fe diet until P30; therefore, assessment of these molecular
angiogenesis markers was not performed. Perhaps, Fe deficiency had caused fatal deficits
in dendritogenesis and synaptogenesis during an important developmental window
(Jorgenson et al. 2005) for these pups to survive until P30. In addition, the discrepancy in
mRNA levels of these genes in different brain regions might be due to region-specific
expression of angiogenesis-associated genes in different stages of development
(Murugesan et al. 2012, Ozkan et al. 2012). Overall, the mRNA data, again, provides
evidence of angiogenesis in Fe deficient neonatal brains with increased transcription of
both angiogenic-signaling molecules such as Ang-2, Vegfa and blood vessel endothelial
cell markers such as Glut1 and Vwf mostly in the cerebral cortex.
As seen before (Bastian et al. 2015), the molecular data is further supported by
quantitation results of microvessel branch points in the developing brains from P1 to P30.
Similar to the mRNA levels, the vessel branch points were trending as increased at P1
and P7 before significant elevation at P14 following Fe deficiency. These data indicate
blood vessel outgrowth, as a result of brain angiogenesis in the developing brain. Since
the dietary-induced Fe deficiency in postnatal rats also induces anemia resulting in tissue
hypoxia, the hypoxic effects on the developing brains are evident by the increased blood
vessel outgrowth and mRNA level of Vegfa, Glut1 and Ang-2, whose expression were
known to be up regulated by hypoxia (LaManna 1992, Bastian et al. 2015). Taken
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together, these results indicate anemia and tissue hypoxia induced by Fe deficiency likely
contributes to angiogenesis in the neonatal brains.
Interestingly, the mRNA levels of Glut1, Vwf, Ang-2 and Vegfa as well as vessel
branch points in the Fe-replete group were restored at P14, implying Fe repletion by P7
could reverse Fe deficiency impacts on the developing vasculature. Also, the reduced
vessel branch points in the Fe-replete group suggest there might be “pruning” of blood
vessels in these neonatal brains (Pichiule and LaManna 2002). However, the decrease of
Ang-2 mRNA level after Fe repletion contradicts with finding up-regulation of Ang-2
mRNA during capillary regression (Pichiule and LaManna 2002). Capillary regression
following re-oxygenation in the hypoxic brain is induced by down regulation of Vegfa
with increased expression of Ang-2 leading to apoptosis of vessels (Holash et al. 1999).
While activity and expression of VEGFA associated with angiogenesis is regulated
through HIF1 activity, up regulation of ANG-2 is due to induction of cyclooxygenase-2
enzyme, COX-2, activity and is independent of the Hif1-pathway during hypoxia and deadaptation of the hypoxia-induced vasculature (Pichiule et al. 2004, Dore-Duffy and
LaManna 2007). Whether or not COX-2 is up regulated in the Fe deficient neonatal rat
brains remains to be assessed. Besides, the expression of angiogenesis-associated genes
varies among brain regions at different developmental stages (Ozkan et al. 2012);
therefore, the current data might have missed the time window of increased Ang-2 with
decreased Vegfa mRNA levels that induces vessel regression. Possibly, by P14, vessel
regression might have been already complete, evident by the similar branch points level
between control and Fe-replete groups at P14, and Ang-2 expression could also already
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be restored. Capturing the appropriate timing of expression of these genes at different
developmental stages is important to determine the time-course of angiogenesis as well as
vessel regression in the neonatal Fe deficient brains. Although vessel branch point data
implies possible vessel pruning in the Fe-replete neonatal brains, it is inconclusive that
reduction in branch points is a result of vessel regression via hypoxic de-adaptation
signaling. Even so, both mRNA levels and vessel branch point quantitation results further
support the hypothesis that Fe deficiency induced angiogenesis could be reversible and is
associated with tissue hypoxia signaling.
Surprisingly, while mRNA levels and vessel branch points were corrected at P14,
the hemoglobin levels were not recovered until P30. This implies that the animals were
still anemic at P14 after repletion while there already were some changes at the molecular
level. Other studies also reported correction of hematocrit and tissue iron after 1-2 weeks
of iron supplementation but with higher iron doses (Rao et al. 2013, Carlson et al. 2007).
Brunette and Tran et al. also reported Fe repletion at P7 following fetal/neonatal IDA
restores hematocrit by P30 (Brunette, Tran et al. 2010) while Jorgenson et al. showed that
brain iron status was not recovered until P63 (Jorgenson and Wobken 2003). Importantly,
the transferrin receptor TfR1 mRNA levels, a good molecular surrogate for Fe transport
and uptake of the tissue, were increased in the FeD group but decreased upon repletion by
P14 in this study. Moreover, in FeDR group, brain Fe is lower than control but is not
significant suggesting recovery of iron status in the neonatal brain by day 14 despite the
low blood hemoglobin level. Taken together, these results imply that the change in
mRNA levels, vessel branchpoints or FeD induced angiogenesis in the Fe deficient
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neonatal brains might be mainly mediated by brain Fe levels, instead of the tissue oxygen
status.
Previously, there was speculation that anemia and tissue hypoxia might not be the
solely driving force for brain angiogenesis in the Fe deficient neonatal pups (Bastian et
al. 2015). Bastian et al. found that copper deficiency-induced anemia did not result in
increase blood vessel density in neonatal brains (Bastian et al. 2015). Therefore, the
discrepancy between the hemoglobin levels, mRNA levels, as well as vessel branch point
data could also imply that hypoxic signaling is not the only pathway responsible for brain
angiogenesis and vessel regression in this Fe deficiency model.
An important question concerns the mechanism that connects hypoxic signaling,
hypoxia-induced angiogenesis and Fe deficiency-induced angiogenesis in the neonatal
brain. Brain angiogenesis is induced by the master regulatory transcriptional factor
HIF1α that up regulates expression of several downstream angiogenesis-associated genes
such as Vegfa, Glut1 and Epo (LaManna et al. 1992). Since Vegfa and Glut1 mRNA
levels were increased in FeD, we hypothesized that HIF1α expression is also up
regulated in the Fe deficient brains. Previous assessment of Hif1α mRNA did not find
any significant change in mRNA expression of these genes in the Fe deficient neonatal
brain, thus, it is speculated that HIF1α expression might be regulated at the protein level
(Bastian et al. 2015).
In this study, western blot data showed no significant difference of HIF1α
expression between FeD and control brains of both P7 and P14 rat pups, suggesting Fe
deficiency-induced angiogenesis might not be mediated through HIF1α activation
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pathway as in hypoxia. Although FeD resulted in an increase of relative HIF1α levels in
both P7 and P14 rat pup brains, the p values were much greater than 0.40 and were
insignificant. Likewise, FeD-R group had insignificant increase in HIF1α levels
compared to controls. The differences in HIF1α level were big for both age groups
between FeD and control; however, the small sample size (n = 2-4) results in
considerable variations among samples. The reason for small sample size, n, was lack of
internal control for all blots, making normalization between blots of the same age group
impossible. Also, there were inconsistent signals for loading control, RNA Pol II
indicating that RNA Pol II is probably not the best loading control for brain nuclear
extract in this FeD model. Therefore, this experiment needs to be better designed and
controlled for variations among samples.
To elaborate on the question regards angiogenesis induction pathway in Fe
deficient neonatal brains, the insignificant increase in HIF1α expression levels observed
in this study suggests two possibilities. Firstly, both blood hemoglobin and brain Fe
levels at P7 and P14 are significantly lower in the FeD brains compared to control (Table
5) indicating depletion of Fe and oxygen level in the brain tissue of these neonatal rats.
Also, FeD increased mRNA expression of other angiogenesis associated genes such as
Glut1, Vegfa and Vwf and microvessel branchpoints in P7 and P14 rat pup brains.
Therefore, as a speculation from these data, the increase of HIF1α could probably be a
result of PHDs enzyme inhibition due to low brain oxygen and Fe, leading to branching
of brain microvessels (Chavez et al. 2000, Pichiule and LaManna 2002). However, this
possibility is unlikely due to the inconsistent data. The difference in HIF1α expression
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levels was not significant among treatment groups and there were big variations between
samples. Thus, FeD induced angiogenesis in the P7 and P14 rat pup brains is probably
not mediated through HIF1α activation. Overall, HIF1α expression levels were
inconsistent and not significantly different among FeD, FeDR and controls. For that
reason, these results are inconclusive regarding a crucial question whether FeD induced
angiogenesis is through HIF1α activation.
Despite that Fe deficiency-induced angiogenesis is a beneficial response to
maintain oxygen and iron homeostasis, it poses possible problems for the developing
brain integrity (Bastian et al. 2015). Schoch et al. reported that increased VEGFA
expression in hypoxia-induced brain angiogenesis leads to increased BBB permeability in
adult mice (Schoch et al. 2002). In addition, it was demonstrated in vitro that induction of
VEGFA could transform intact endothelium into fenestrated endothelium, disrupt the
tight functions and thus, increase vascular permeability (Roberts and Palade 1995).
Moreover, leakage of tracers such as rhodamine isothiocyanate and horseradish
peroxidase into the brain parenchyma in hypoxic injury rats confirmed increased
permeability of the BBB (Kaur et al. 2006). Therefore, we looked into examining the
integrity of the BBB in Fe deficient rat pups.
One possible marker for the fenestrated endothelium of the rat BBB is PV-1 or
PLVAP, a transmembrane protein involved in transcytosis in the endothelial cells and
caeveolae of the fenestrated microvasculature (Stan et al. 2004; Shue, Walter et al. 2008).
PV-1 mRNA and protein was also up regulated, in part, by VEGFA signaling in vivo
(Strickland et al. 2005). Interestingly, the current results show that PV-1 mRNA levels
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were not altered in Fe deficient and Fe replete brains compared to control at different
developmental stages, suggesting a functional BBB in all groups. Developmentally, this
protein is mainly expressed in the immature brain of rodents with the undifferentiated
BBB between E12-E16 but disappears by E18 (Hallman et al. 1995; Shue, Walter et al.
2008) correlating with the time of BBB formation (Risau et al. 1986) and only presents in
the circumventricular organs, choroid plexus and neurohemal tissue in the adult brain
(Hallman et al. 1995). Therefore, re expression of PV-1 in mature brain might indicate
disruption of the BBB structure (Hallman et al. 1995). However, to my knowledge, there
is little evidence of altered PV-1 mRNA level in vivo while most studies showed PV-1
induction and re expression, employed in vitro models (Strickland et al. 2005, Stan et al.
2004, Shue, Walter et al. 2008). Since the expression of PV-1 and other proteins in the
differentiated phenotype of BBB endothelial cells depend largely on the CNS
microenvironment (Reviewed in Engelhardt 2003), it is important to assess PV-1
expression using in vivo models. In addition, studies that employed animal models,
mainly investigated PV-1 expression at protein level (Hallman et al. 1995, Shue, Walter
et al. 2008); thus, it might be more relevant to assess PV-1 protein level in this Fe
deficiency model. Also, since most studies reported up regulation of PV-1 in pathological
conditions such as brain tumors, metastasis carcinoma or acute ischemic in which the
tissue microenvironment is destructive at some degree (Engelhardt et al. 1994; Shue,
Walter et al. 2008, Strickland et al. 2005), the sensitivity of PV-1 as a marker for BBB
integrity in this Fe deficiency-induced angiogenesis model remains to be more fully
evaluated.
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Moreover, because a functional BBB is highly complex and characterized by the
expression of different proteins, it might be useful to examine the expression pattern of
other proteins such as the loss of claudin-3 (Wolburg et al. 2003) that was suggested to
induce a less tight form of the tight junctions in the mature BBB (Engelhardt 2003).
Recently, Ben-Zvi et al. demonstrated brain barrier leakage phenotype in early postnatal
and adult mice without major facilitator super family domain containing 2a, MFSD2A, a
protein expressed specifically in BBB-containing endothelial cells (Ben-Zvi et al. 2014).
While no vascular morphogenesis abnormalities were found in these Mfsd2a deficient
mice, the BBB leakiness phenotype was induced through increasing rate of transcytosis
mediated by MFSD2A, instead of tight junction defects (Ben-Zvi et al. 2014). Thus,
assessment of MFSD2A protein or Mfsd2a mRNA expression might provide useful
information about the BBB integrity in the Fe deficient animals. The PV-1 mRNA results
presented here is not compelling enough to answer the question whether or not the
integrity of the BBB in Fe deficient neonatal brains is compromised, therefore, further
assessments of the BBB are required to address this question.
Besides potential disruption to the structural integrity of the BBB, the induced
vasculature in Fe deficiency anemia potentially leads to increase nutrient transport at the
BBB. Hypobaric hypoxia increases glucose transport at blood-brain barrier in rats (Harik
et al. 1985) and brain uptake of glucose and insulin was increased in Fe deficient adult
rats (Ben-Shachar et al. 1988). These evidences lend support to the increased Glut1
mRNA level in the cerebral cortices, suggesting altered nutrient delivery function of the
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developing vasculature in Fe deficiency. Because of that, it is necessary to assess
nutrients transport in the Fe deficiency-induced vasculature.
Although this study focuses on Fe deficiency with anemia, there are numerous
evidences that Fe deficiency without anemia alters biochemical functions of the
developing brain (Beard 2003, Dallman 1986), which might or might not be reversed
with repletion. Effects of chronic postnatal hypoxia on the neurochemical profile are
different from those observed in iron deficiency (Raman et al. 2003, Rao et al. 2003). Fe
deficiency has short and long term impacts on the dopamine metabolism including its reuptake mechanism (Youdim et al. 1989). Copper uptake was also increased while thyroid
hormone concentrations were reduced in the neonatal and adult Fe deficient brain
(Bastian et al. 2011). Even though there was vessel regression and normalization of brain
iron after Fe repletion in the neonatal brains, the vulnerable developing brain might still
suffer from other alterations in structure and biochemical functions due to iron
deficiency. Studies in the past indicated that Fe repletion could overcome most effects of
iron deficiency anemia but not all parameters, which emphasizes the importance of
getting adequate iron during development (Toblli et al. 2012, Beard 2003). Our results
suggest that Fe repletion as early as at P7 could restore brain iron and reverse the FeD
induced-vasculature in the Fe deficient neonatal brains by P14. On the contrary, the
effects of iron deficiency anemia during gestational and perinatal periods on specific
neurochemical measures and behaviors could persist despite recovery of brain iron and
hematology after early postnatal iron supplementation at P7 in rats and mice (Felt et al.
2006, Kwik-Uribe and Gietzen et al. 2000). Rao et al. also reported the neurochemical
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profile of the cortex, but not the hippocampus in rats, was comparable with control after
iron supplementation by P21 (Rao et al. 2013). Moreover, other studies previously
documented irreversible changes, even after dietary iron supplementation, in behavioral
responsiveness and neurotransmitters such as noradrenaline, serotonin, and dopamine due
to iron deficiency at the first 28 days of life (Weinberg et al. 1979, Youdim et al. 1981).
Importantly, angiogenesis and neurogenesis in the developing brain are parallel processes
and equally complex with several overlapping signaling molecules such as VEGFA,
GLUT1, CXCL-12 (Ward and LaManna 2004). Also, the effects of perinatal iron
deficiency on specific brain regions depend on the developmental stages and metabolic
demand at the time of the deficiency (Rao et al. 2013). It is likely that even though the
effects of anemia or tissue hypoxia as a result of Fe deficiency, are corrected in the
neonatal brain, the impacts of Fe deficiency are long term and depending on the severity
that they are reversible or not.
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Conclusions and Future directions
Fe deficiency is one of the most prevalent micronutrient deficiencies affecting
billions of people worldwide and exerts its profound effects on the developing brain.
While blood vessel outgrowth in the Fe deficient neonatal brain serves to maintain
oxygen and iron homeostasis, delivery of oxygen and nutrients is altered in a regional
specific manner leading to possible interruption in brain development. This study further
emphasizes the significant impacts of Fe deficiency on the developing brain and the
importance of Fe repletion. Table 7 summarizes the characteristics of P14 rat pup brains
in this FeD model. By P14, compared to controls, FeD group still had low brain oxygen
supply and Fe levels with increase microvessel branch points. In FeDR group, while
blood hemoglobin levels remained significantly low, brain Fe levels along with
microvessel branch points were already recovered with no significant difference
compared to controls. Therefore, instead of oxygen supply levels, brain Fe levels is
possibly the main factor mediating the downstream angiogenic affects in the Fe deficient
brains. However, whether FeD induced angiogenesis is signaled via HIF1α activation
pathway remains unclear.
In future studies, it is important to further determine the molecular mechanisms of
FeD induced angiogenesis to specify the role of HIF1α and other signaling molecules
involved in angiogenic responses. Evaluation of HIF1α expression levels using western
blot should be repeated with a better designed and well controlled experiment. Since
HIF1α degrades quickly in the presence of oxygen, tissue harvest and homogenization
steps are critical and needed to be tightly monitored. Future experiment should focus on a
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single age group, for example P14, to avoid staggered harvest time and the lack of
internal control between experiments. Also, further optimization of experimental
conditions including a more appropriate loading control is necessary to ensure
reproducible results and low variations among samples.
Moreover, to explore other possible Fe-mediated pathways of brain angiogenesis
due to FeD, future work can also assess HIF2α, another member of the HIFs family that
has a similar domain structure and shares high degree of sequence homology with
HIF1α. Previous studies suggest that HIF2α is also involved in hypoxic adaptation and
seems to have a stronger transactivation activity on VEGFA than HIF1α (Ema et al.
1997, Xia et al. 2001). Also, high HIF2α expression is observed in tumor vascularization
and growth (Giatromanolaki et al. 2001, Talks et al. 2000). In addition, in vivo studies
demonstrate that in liver and kidney, a stronger hypoxia condition (lower oxygen
concentration) is required to increase HIF1α levels than HIF2α (Wiesener et al. 1998).
Meanwhile, HIF2α expression is sustained for a longer period of time compared to
HIF1α, whose expression is more transient in kidney and liver (Wiesener et al. 2002).
Also, HIF2α was detected in the endothelial cell nuclei under stimulation of hypoxia
with 0.1% carbon monoxide in different brain regions including the cerebral cortex,
hippocampus, cerebellum (Wiesener et al. 2002). Therefore, HIF2α is possibly more
stable to work with compared to HIF1α. However, HIF2α expression in either hypoxic
and Fe deficient brain remains to be determined. In addition, mRNA assessment in this
study indicates Ang-2 down regulation in the FeDR groups in contrast to up-regulation of
Ang-2 in re-oxygenation of hypoxic brains (Pichiule and LaManna 2002). Since ANG-2
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Table 7: Characteristics of P14 rat pups
Characteristic
Control
FeD
Blood hemoglobin
	
  
baseline
(Oxygen status)

Brain Fe levels
baseline	
  
Brain angiogenesis genes
	
  
baseline	
  
mRNA levels
Brain microvessel
	
  
baseline	
  
branch points

baseline
Relative Hif1α levels
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FeDR
	
  
	
  
	
  
	
  


is involved in COX-2 induction pathway in hypoxia, it will be beneficial to evaluate Cox2 mRNA expression level using the same qPCR method or western blotting which has
been used widely to assess this protein before. The results will expand the understanding
of FeD-induced angiogenesis process, whether vessel regression is signaled through
similar pathways as in hypoxia.
FeD induced angiogenesis in the developing brain might have multiple important
impacts on the functional of the developing cerebrovasculature. Since this study found no
difference in PV-1 mRNA expression, an endothelial integrity marker, in the iron
deficient brains, future experiments can explore other markers such as major facilitator
super family domain containing 2a, MFSD2A, a protein expressed specifically in BBBcontaining endothelial cells. In addition, it is also useful to perform perfusion of FITCalbumin transcardially or tail vein to investigate the integrity of BBB histologically.
Immunostaining of IgG could be a simpler approach to determine if the induced FeD
vasculature stays contact or “leaky” since IgG does not cross the BBB.
Also, transport of nutrients and other signaling molecules is critical to the
developing brain. Previous studies report permeability of the hypoxia induced brain
vasculature (Schoch et al. 2002, Kaur et al. 2006) suggesting that the FeD induced brain
vasculature might be potentially disrupted. In addition, brain uptake of glucose and
insulin was increased in Fe deficient adult rats (Ben-Shachar et al. 1988). Exposure of
endothelial cells to high glucose levels induces endothelial nitric oxide synthetase activity
through pro-inflammatory signaling (Sweet et al. 2009). Moreover, the increase in
glucose concentration in the brain measured by NMR spectroscopy has been associated
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with induced diabetes in rats (Duarte et al. 2009). Future experiments can determine if
there is an increase in nutrient transport such as glucose in the FeD induced brain
vasculature. The BBB facilitates uptake of required nutrients and prevent passages of
other molecules or toxics. Therefore, increase transport of nutrients can disrupt the
homeostasis of the CNS microenvironment. Especially during development, the
activation and inhibition of certain genes at appropriate time is critical to control cell
proliferation and is regulated by signaling molecules such as steroid hormones including
thyroid hormone that plays an important roles in brain maturation. Since the complexity
of the vasculature is increased in Fe deficient rat brains, possible alteration of signaling
hormones levels in the brain can have serious impacts on development. The organic anion
transporting polypeptide (OATP) transporters such as OATP1A2 are expressed in the
BBB and transport a wide variety of amphipathic solutes including thyroid hormones
(Lee et al. 2005). Assessment of thyroid hormone transport across OATP1A2 in the Fe
deficient brain vasculature is also another possible future experiment. Moreover, the
OATP1A2 is a drug uptake transporter with a variety of drugs as substrates in clinical use
(Lee et al. 2005). Therefore, alteration of transport across OATPs such as OATP1A2 in
the FeD induced brain vasculature, if any, might also have implications on drug delivery
and drug design with potential pharmacological and toxicological effects on the
developing brain.
This thesis emphasizes that the independent effects of FeD on the developing
brain vasculature starts since birth and can be reversed with early iron repletion.
Therefore, iron repletion or supplementation is highly important in iron deficient infants
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and young children. Moreover, the study reveals brain Fe status likely driven the
mechanism leading to FeD induced brain angiogenesis. These findings contribute to the
knowledge of FeD impacts on the developing brain providing a potential important
character of iron deficient brain in human infants, which can be beneficial for future
research in brain drug delivery, and other aspects of FeD effects on the developing brain.
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