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Abstract 
  

Using a dietary model in Sprague Dawley rats of gestational/neonatal iron deficiency, our 

lab has demonstrated structural, biochemical, electrophysiological and behavioral 

changes in the developing hippocampus. The high energy demands of the developing 

hippocampus make it particularly vulnerable to iron deficits. At gestational day two, the 

pregnant dams were given iron deficient (ID) chow to induce approximately 50 % brain 

iron deficiency by postnatal day (P)15. Our dietary model allowed us to observe changes 

during ID at P15 and P30 and also after iron repletion at P70. Dendritic changes have 

been demonstrated with MAP-2 staining, but this stain only allowed for measurement of 

the first portion of the apical dendrite. Therefore, the Golgi stain was used to allow for 

tracing of the entire apical dendritic trees, with quantification using Sholl analysis to 

observe the growth trajectory. The objective was to determine how apical dendrite 

growth is altered, short term and long term, by early iron deficiency. Approximately 20 

neurons were traced from each of the three time points and two dietary conditions. Four 

or more animals were used from each group. Results show early iron deficiency altered 

dendritic developmental trajectory. Distance to peak branching was shorter in the ID and 

formerly ID animals as well as thinner third generation branches at P15. Also at P70 in 

FID animals, peak branching density was decreased. Decreased transcript levels were 

seen in the IDA and formerly IDA animals. Altered transcript levels of various 

cytoplasmic and transmembrane proteins critical to structural growth (RhoA, Rac1, 

Cdc42, Cypin, Cofillin, Profilin, Crmp1, Cxcr4) support altered morphology and 

contribute to reduced plasticity of the system. Early iron deficiency affects apical 
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dendrite development and results in long term decreased cytoskeletal plasticity, these 

findings may underlie some of the functional deficits seen in this condition.  
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CHAPTER 1: 
 
 
 
 
 
 
 
 
 
 

Introduction to early life plasticity and dendrite growth  
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1.1 Principles of plasticity in neurodevelopment  

 Development is a time when rapid growth rates confer greater vulnerability to 

insults. Specifically, the greater potential inherent in phases of early cell determination 

and early neuronal connectivity confers greater need for appropriate energy substrates, 

environmental stimuli, and gene expression. When any of these three aspects are altered 

during early development, this confers a risk to the developing organism. Adaptability or 

plasticity can result in positive as well as negative outcomes. Certain deficits can be 

rescued by treatment during early development but not after a specific, later time. This 

permanent reduction in responsivity defines a critical period (CP). The time when 

treatment will provide the most effective and complete rescue is also referred to as a 

sensitive period.  

Gestational and early postnatal iron deficiency causes multiple long term effects 

in spite of prompt iron repletion in infancy implying a critical or sensitive period for iron 

dependent neuronal processes. Plasticity is necessary for rescue treatments (e.g. iron) to 

work in order to develop a fully intact organism at maturity. However, it should also be 

noted that adverse events (e.g. iron deficiency) generally have a greater impact when they 

occur early in development compared with later in life because of the rapidity and scale 

of change occurring during neurodevelopment. The impact of an early insult might also 

trigger adaptive responses important for short term survival or for reaching reproductive 

maturity even though the insult will also result in long term deficits. The specific deficits 

that occur (especially in response to limited resource availability) will be dependent on 

which developmental processes were occurring at the time of insult and how each process 
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was prioritized to receive the limited resource. Some developing neural systems have 

critical periods in fetal life such that deficits may have already been formed and 

consolidated before birth. Such cases place great emphasis on evaluation, prevention, and 

remediation of prenatal conditions.  

Classically, much of the work on critical periods has been done in the visual 

system. The general principles are similar across brain areas; therefore much of the 

following refers to general critical period (CP) plasticity with supporting examples drawn 

from the visual system where there has been more research, even though iron deficiency 

is not known to affect visual system development. I will present a brief introduction to 

plasticity of ocular dominance (OD) columns which represent a model of necessary 

plasticity in early development. Formation of ocular dominance columns requires 

plasticity for appropriate function, yet greater plasticity during development also makes 

this and other systems more vulnerable to potential insults that occur during this period of 

increased responsivity. This general principle of increased vulnerability, but also 

recoverability will then be discussed in the context of early iron deficiency in chapter 2.  

 

1.1.1 Visual system development 

What qualities does a sensitive or critical period have during normal 

development? How does a developing system compare to an adult system in terms of 

plasticity? Neural circuit refinement and onset and duration of CPs are dependent on 

electrical activity (both experience-independent and experience-dependent), cross talk 

between diverse molecular signaling cascades, and inhibition. Structural consolidation 
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also occurs during CPs but eventually leads to closing of the CP (Hensch, 2004). The 

general connections between populations of neurons to connect various brain areas are 

made early in development. Therefore structural plasticity in adults generally is 

characterized by relatively subtle refinements of dendrite branching and synapse 

modulation compared to earlier in development (Hensch, 2004).  

Adult plasticity may also use similar mechanisms to those used in early 

development, but is often conceptualized separately from early life plasticity in the 

literature. New discoveries investigating adult plasticity in the visual system show re-

opening of early CP plasticity with OD modification, suggesting that more remains to be 

elucidated regarding limits and properties of adult plasticity (Sugiyama and Hensch, 

2008).  

The visual system has been studied extensively as a model of early life and 

critical period plasticity. Comparisons to this model system have lead to the postulate that 

early iron deficiency can alter hippocampal plasticity during early development with 

residual changes extending into adulthood. 

During development of the visual system, spontaneous action potentials from 

cholinergic neurotransmission begin to shape the system with electrical and chemical 

activity (Wong, 1999). Even when the eyes of newborn animals are closed, in the absence 

of relevant stimuli, development continues. Based on lack of light stimuli it could be 

argued that the neurons of the visual system are programmed, through time dependent 

(versus activity or experience dependent) activation of early gene expression, to begin 

producing neurites, generating action potentials, and receiving chemical and electrical 
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input. However, it is important to realize that previous events have shaped these actions 

in a kind of internal ‘experience’. These previous events include expression of genes that 

determine the anterior/posterior axis of the nervous system, homeobox gene gradients 

signaling populations of cells to become more specialized and to connect to other specific 

populations, and neurogenesis of cells bound for proximal or distal locations (as 

determined by their expression of specific external receptors and the internal and external 

milieu of signaling molecules). Cell to cell surface receptor interactions help shape cell 

fate (Artivanis-Tsakonas et al, 1999). Prior to ‘determination’, the input these cells 

receive includes varied levels of delta/notch signaling produced by interaction with 

surrounding cells. Cell ‘fate’ becomes determined due to location-specific interactions..  

When a given cell migrates and reaches its target area and is committed to 

becoming a neuron, it must send out neurites to connect with other neurons. Migration 

and stop signals for reaching and identifying the target location are controlled by growth 

factors such as brain derived neurotrophic factor (BDNF) and guidance cue gradients 

such as stromal cell derived factor 1(SDF1) (Wong and Ghosh, 2002). After reaching the 

target location, activity dependent refinement of connections begins. The response to 

activity may include new gene expression for and relocalization of proteins such as 

transmembrane receptors, actin binding proteins, and postsynaptic density elements (such 

as Calcium calmodulin Kinase IIα (CaMKIIα) and post synaptic density 95 (PSD-95), all 

of which will lead to functional changes (Wong and Ghosh, 2002). Early refinement 

often includes pruning back of exuberant axon and dendrite growth. In the case of the 
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visual cortex, the ocular dominance columns are formed with light stimulated activity to 

result in segregated and biased (greater) input from one eye (Hench, 2002).  

 

1.1.2 Specific molecular components to visual critical period development 

The balance between excitatory and inhibitory tone is altered during the 

beginning of the critical period for formation of ocular dominance columns, classically 

observed by Wiesel and Hubel in 1963. In the visual system, inhibitory 

neurotransmission (GABA) increases and eventually leads to the closure of the critical 

period accompanied by consolidating perineuronal nets (PNNs) that are part of the 

extracellular matrix, which wrap parvalbumin (PV) secreting basket cells (Cilio et al, 

1998; Sugiyama et al, 2008; Morishita and Hensch, 2008). Thus the maturity of 

GABAergic interneurons and the presence of perineuronal nets correspond with the 

closure of the critical period. The breakdown of these structural elements in adult animals 

can lead to greater plasticity (Pizzorusso et al, 2002). The presence of neurite inhibitors in 

the extracellular milieu, such as myelin-associated glycoprotein (MAG) and Nogo, 

secreted by glial cells also contribute to closing the critical period and prevent re-

establishing plasticity in the adult, such as regrowth after injury (Yiu and He, 2006; 

Morishita and Hensch et al, 2008; Sugiyama et al 2008). In recent experiments using 

monocular deprivation and re-expression of Otx2, a homeoprotein which plays a role in 

PV cell maturation, reactivation of ocular dominance column plasticity in adulthood can 

occur (Sugiyama et al, 2008). If visual ocular dominance critical periods can be 

manipulated to reopen in adulthood, restoration of proper ocular dominance after 
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impaired development is the next logical step. Utilization of similar principles may prove 

useful to rescue other long-term developmental deficits, such as altered hippocampal 

dendrite plasticity. 

 The idea of inducing plasticity levels similar to those observed in early life in 

adult animals has profound implications. These include a potential major therapeutic role 

in rescuing abnormal development and age related deterioration, as well as reorienting 

how we conceive of experiments using adult animals. Classical adult plasticity, where the 

animal shows changes in learning paradigms mostly involves spine changes which may 

or may not be accompanied by electrical long term potentiation (LTP) changes based on 

activity of glutamatergic receptors, with strengthening or weakening in a Hebbian manner 

(1949). Traditionally, by adulthood, the potential for dramatic change is very small 

(Hensch et al, 2004). Many recent studies suggest there may be more to adult plasticity 

than previously thought, particularly in terms of long term changes in gene expression 

(Morishita and Hensch et al., 2008; Sugiyama et al, 2008). 

Epigenetic changes are another set of mechanisms that underlie plasticity. These 

changes specifically modulate long term gene expression through chromatin remodeling. 

They were originally thought to occur as a result of early life environment (Kajantie et al, 

2002; Simmons, 2005), but recently have been shown to be induced with learning 

paradigms in adult animals (Lubin et al, 2008). The current view of adult plasticity 

includes changes in gene methylation and acytlation affecting transcript levels in adult 

rats with contextual learned fear (Lubin et al, 2008).  Early adverse maternal care 

remodels chromatin of the offspring well into adulthood, and the altered maternal care 
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behavior is passed on to the next generation presumably due to permanently altered gene 

expression (Roth et al, 2008). 

In summary, multiple mechanisms confer plasticity to developing neural systems. 

Some of these mechanisms remain active into adulthood, albeit at a lesser activity level. 

The ability to reactivate these mechanisms in adulthood holds great promise to reverse 

long-term insults that occurred due to abnormal events during development. As will be 

discussed in chapter 2, iron deficiency early in life results in acute dysfunction of the 

hippocampus as well as long term cognitive deficits and reduced hippocampal plasticity 

in adulthood. Understanding the mechanisms underlying the acute and long-term 

reduction in hippocampal plasticity offers promise for remediation. 

 

1.2 Dendrite growth and maintenance 

1.2.1 Introduction to dendrites 

 Dendrites are a major site of action for synaptic plasticity. As such, it is relevant 

to discuss their growth and development and determine if early iron deficiency alters 

early cytoskeletal development and long-term dendrite plasticity. Recently, scientific 

study of neurite growth and function has moved from almost exclusive study of axons 

and dendrite spines to include dendrite branching. Previously, it was thought that 

dendrites served only to receive input from other cells; their function is now understood 

to be more complex. Dendrites serve as filters of input in a process called synaptic 

integration, as well as use their input to generate back propagated action potentials within 

the dendrite (Spruceton, 2008). The branching pattern, including both the order or 
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generation of branching as well as length and width of individual branches, is important 

in determining the overall electrical potential that reaches the soma and the final output of 

a given neuron. This is due to the different degrees of spreading of the electrical signal 

through the tree, based on the physical amount of dendrite through which the signal must 

travel (Spruceton, 2008). The loss of signal across a distance of dendrite also varies with 

distribution and type of voltage gated ion channels located on those dendrites that may be 

opened by the traveling electrical potential (Spruceton, 2008). It is also important to note 

that the majority of synaptic contacts are made onto dendritic spines, whose shape in part 

determines the spread of chemical and electrical events to the dendrite shaft, although 

some synapses do form directly on the dendrite shafts (Ethell and Pasquale, 2005; Tada 

and Sheng, 2006; Sekino et al, 2007). 

During dendritogenesis, the cell must have the capacity to respond to external 

signals with internal signaling cascades that facilitate elongation and branching. The 

internal milieu of the growing dendrite responds to local extracellular inputs such as 

guidance cues and targeting factors like nerve growth factor (NGF), BDNF, SDF1 and 

semaphorins binding to transmembrane receptors. The response to growth factors will 

create and refine branches in conjunction with actin binding proteins and microtubule 

binding proteins (Ramakers et al, 2002). These processes are not only important for 

building a specific structure, which is important for highly specialized sensory receptive 

fields, but also for the ability to respond to input and reshape structure of the arbor and 

spines. This malleability is necessary for adaptive change and learning. Much of the 

evidence for learning induced structural change is based on spine changes, but spines and 
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dendrite branches share similar mechanisms for cytoskeletal maintenance and regulation. 

Therefore, cytoskeletal changes are likely to affect both dendrites and spines. Although 

most large-scale permanent changes occur during development, the hippocampus exhibits 

malleability into adulthood. It is unclear if there is a specific critical period for dendrite 

arbor ramification in the pyramidal neurons. 

The functionality of specific forms is tied to their shape. Therefore, it is logical 

that morphological alteration of dendrites and spines would affect function (Harris, 1999; 

Yuste and Bonhoeffer, 2001; Lippman and Dunaevsky 2005). For example, a mushroom-

headed spine is generally larger and has a stronger synapse due to addition of AMPA 

receptors as compared to a thin, longer filopodia with less receptors and potentially no 

post synaptic density (PSD). When the spine head enlarges concurrent with shortening of 

the neck it is often considered mature or strengthened. Signaling cascades including 

GTPases and actin binding proteins also affect spine head enlargement. A shorter neck 

may facilitate signal spreading from spine to shaft, the function of a longer neck in 

immature spines and filopodia may be to facilitate contact with the presynaptic button 

(Tada and Sheng, 2006). Additionally, the general spine shape is important for molecular 

compartmentalization (Harris, 1999). Although the spine shape is of importance, newer 

spines of similar shape to older spines have been seen to have immature Ca2+ handling 

(Zitok et al, 2009). This finding suggests cytoplasmic differences in gene expression are 

also important in determining overall affects on spine function. In the case of dendrites, it 

is important for specialized sensory receptive field arbors to have a characteristic shape 

for proper connectivity to other tissues (Wong and Ghosh, 2002). The amount of surface 
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area onto which synapses can form is also important for proper connectivity (Spruceton, 

2008). 

Based on the previous discussion, when observing dendritic structure, it is 

important to determine if altered structure is related to altered responsivity. Altered 

responsivity may include altered gene expression of cytoskeletal regulators such as the 

RhoGTPases, cypin, Cfl1, and profilin. Intracellular signaling of the RhoGTPases 

(Tashiro et al, 2001) plays a role in formation and maintenance of dendrites. 

Consequentially, their dysregulation in adulthood would result in altered responsivity of 

the cytoskeleton, which is critical to spine and branch maintenance and learning induced 

plasticity. While spines have long been an area of active interest in plasticity research, 

only recently have the dendrites on which they form have been seen as inherently 

interesting by a large number of researchers. 

 

1.2.2 Molecular effectors of growth, maintenance, and cytoskeletal plasticity  

1.2.2(1) Guidance factors 

SDF1 (also called CXCL12) is an extracellular guidance cue important in early 

migration, precursor cell proliferation, and neural circuit formation (Pujol et al, 2005). It 

also has recently been shown to have a role in migration of newly born neurons after 

tramatic brain injury in adult rats (Itoh et al, 2009), suggesting it may have a role in adult 

plasticity as well. Chemokine receptor 4 (CXCR4) is a g-protein coupled receptor for 

SDF-1 with developmental localization changes (Baudouin et al, 2006). Early expression 

is in the cell membrane of the soma then later expresses  on axons and dendrites 
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membrane, particularly in growing neurite tips. and It internalizes to the cytoplasm after 

it binds (Baudouin et al, 2006). SDF-1 and CXCR4 also affect GABAergic cell 

maturation. In dissociated hippocampal neuron cultures, increased SDF1 binds CXCR4, 

activating ERK (Luo et al, 2008). Increased ERK activity, through the SDF1/CXCR4 

pathway, leads to increased CREB and Egr1 activity. Increased binding activity of the 

transcription factor, Egr1 results in increased glutamate decarboxylase 67 (GAD67) 

expression since the promoter for the gene GAD67 includes an egr response element 

(Luo et al, 2008; Popp et al 2009). Developmental expression of GAD is used as a 

measure of GABAergic maturation as it is expressed as developmentally regulated 

isoforms (GAD67 and GAD65 which is only expressed in adulthood) (Luo et al, 2008). 

Therefore increased GAD67 could be used as a marker for GABAergic maturation.  

Acting as a guidance cue, semaphorin (also called collapsin) can repel or attract 

neurites. Dendrites in particular are attracted, based on their soluble guanalate cyclase 

levels (Song et al,1998; Polleux et al, 2000). Collapsin response mediator protein 1 

(CRMP1) and certain other CRMP family members are localized to dendrites (Bretin et 

al, 2005), and CRMP1 knock out (KO) mice show impaired LTP and Morris water maze 

learning (Su et al, 2007). They also have altered distal MAP2 staining in CA1 

hippocampal dendrites. Decreased overall staining and disorganized MAP2 staining 

suggests altered dendrite structure plays a role in the observed learning deficits (Su et al, 

2007). Similar MAP2 deficits are seen due to iron deficiency (Jorgenson et al, 2003) 

suggesting that elements of the cascade leading to microtubule construction may be 

disregulated. The experiments described in chapters 3 and 4 assess this possibility. 
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1.2.2(2) Cytoskeletal dynamics 

RhoGTPases are intracellular signaling molecules called guanosine tri- or di-

phosphates which can act as switches in these respective active and inactive states. These 

molecules facilitate translation of the external signals such as growth factors (BDNF, 

NGF) and guidance molecules (semaphorin) to reorganization of actin filaments. They do 

this through interaction with actin binding proteins of various types. Actin comes in two 

forms, monomeric globular G-actin, and filamentous F-actin. F-actin forms bundles 

which, through anchoring to the extracellular matrix via the‘clutch hypothesis, first 

proposed by Michison and Kirschner (1988), can create mechanical force to produce new 

dendritic projections; induding lamelipodia, filopodia, and spines (Bard et al, 2008). 

Within the filaments, polymerizing at the pointed (-) end and the depolymerizing at the 

barbed (+) end are controlled by the availability of G-actin. The ratio of the rate of each 

of these determines whether the actin filament retains a constant length or whether it 

increases or decreases, potentially retracting or sending out a projection.  

A neuron’s cytoskeleton is made up of actin filaments and microtubules, which 

are formed by actin monomers and tubulin dimers respectively. F-actin forms various 

structures, for example bundles in the spine neck; individual filaments can also form 

supportive core meshwork in growth cones. In addition to cross linked F-actin meshwork, 

a specific Y-shaped structure is formed with the Arp2/3 complex, which is made up of 

actin binding proteins. (Ethell and Pasquale 2005; Sekino et al, 2007). 
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Actin binding proteins are direct effectors of cytoskeletal regulation. Examples 

include Cofilin (Cfn1), profilin, drebin, gelsolin, and neurabin. These actin binding 

proteins have different functions in spine morphology, development, and plasticity 

(Ethell and Pasquale, 2005). Some cause changes in F-actin length though increases or 

decreases in polymerization, while others regulate the formation of filament structures. 

Capping proteins may shorten or prevent elongation of the filaments, while severing 

proteins may actually increase actin dynamics. Cfl1 and profilin bind actin, inhibiting and 

encouraging actin polymerization respectively; Cfl1 and gelsolin are both filament 

severing proteins. Cfl1 increases branching through its actin severing property. The 

presence of Cfl1 increases the rate of depolymerization at the pointed ends (Edelstein-

Keshet and Ermentrout, 2000). (Ethell and Pasquale 2005; Sekino et al, 2007). The effect 

of ID on these molecules is an integral part of the experiments described in Chapters 3 

and 4. 

In addition to F-actin length, it is also important for overall shape of the 

underlying structure to form cross linked f-actin meshwork. In addition to cross linking 

filaments, Arp2/3 nucleates filaments to form a Y-shaped branch – these forms are often 

seen inside the spine head, contributing to spine stability and maturity (Tada and Sheng, 

2006). Also, during initiation of a new branch, actin nucleation occurs, utilizing Arp2/3.  

Profilin has two subtypes, of which profilin 2 (Pfn2) is more prevalent in the 

brain. It is targeted to spine heads with activity and can help stabilize spines (Ackermann 

and Matus, 2003; Ethell and Pasquale, 2005; Sekino et al, 2007). Both isoforms bind G-

actin and increase F-actin polymerization by positively influencing the exchange of ADP 
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for ATP. However, profilin also sequesters G-actin which inhibits F-actin 

polymerization. The activity of profilin may also be regulated by RhoA. RhoA-specific 

Kinase (ROCK) and Prfn2 form a complex that regulates F-actin based on RhoA activity 

(Schubert et al, 2006; Sekino et al 2007).  

Gelsolin is an internal, calcium (Ca2+) dependent F-actin severing protein which 

shortens filament length when Ca2+ levels are low, but also acts to allow filament 

elongation with high Ca2+ concentrations. Cfl1 is a Ca2+ independent F-actin 

depolymerizing protein and sequesters G-actin pools. This combination increases the rate 

of actin “treadmilling” (Ethell and Pasquale, 2005; Sekino et al 2007). Thus, the severing 

property of Cfl1 has been shown to increase filopodial outgrowth (Chen T et al, 2005).  

 Side binding proteins, which alter the stability and mechanical properties of F-

actin by binding to the sides of F-actin are also important to actin regulation. In addition 

to spine morphology it is important to note that dendrite branches also need actin binding 

proteins for structure, and various motor proteins to link organelle that may be bound for 

synapses to the cytoskeleton. This is important for growth and plasticity. 

 Both myosin II and drebrin are side binding proteins. Motor proteins myosin II, 

V, and VI have roles in spine structural dynamics (Sekino et al, 2007). When myosin II 

binds F-actin it can produce motive force by ATP hydrolysis, which is likely decreased 

by ID (Rao et al, 2003). Drebrin (E and A isoforms) is another actin binding protein that 

makes lateral connections between f-actin filaments. DrebrinE is present early in 

development and is expressed throughout the cell, whereas drebrinA is localized mainly 
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to spines in mature neurons. It is considered an actin stabilizer. (Ethell and Pasquale, 

2005; Sekino et al, 2007). 

Neurotrophins affect growth cone dynamics based on actin modulation. In retinal 

growth cones Nerve Growth Factor (NGF) increases Cdc42, and BDNF increased Cdc42. 

Increased Cdc42 increases Cfl1, which has been shown to cause increases in filopodial 

length (Gehler et al, 2004, T. Chen et al, 2005). BDNF reduces RhoA, which normally 

inhibits Cfl1. The unbound p75 NTR, a receptor which binds multiple neurotrophic 

factors, decreases filopodial length. When BDNF or NGF is bound to p75, it inhibits 

RhoA, and increases filopodial lengths. (Gehler et al, 2004; T. Chen et al, 2005). 

Neurotrophins such as BDNF have been shown to be altered due to iron deficiency, as 

will be discussed in the subsequent section and Chapters 2 and 5. 

 In addition to actin dynamics, microtubule polymerization and depolymerization 

also participate in dendrite maintenance and plasticity. RhoA inhibits a specific guanine 

deaminase known as Cypin (also called Gda) (Firestein et al, 1999), which leads to less 

neurite outgrowth and also less microtubule stability (Chen et al, 2007). When bound to 

tubulin, Cypin increased microtubule (MT) stability and dendrite branching (M. Chen et 

al, 2005). Upstream of Cypin, RhoA also inhibits PSD-95, resulting in less branching 

(Chen et al, 2007). When Cypin binds PSD-95, this increases microtubule (MT) assembly 

(Charych et al, 2006). Recently MT invasion of spines, particularly mushroom shaped 

spines, was observed with fluorescent ERB3 proteins. The presence of MT tips in spines 

is evidence that in addition to actin, MTs have a role in spine morphogenesis (Gu et al, 

2008).  
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In summary, an important aspect of studying dendrite plasticity in iron deficiency 

is to study Cfl1 and other selected actin binding proteins and MT effectors. The effect of 

IDA on these cytoskeletal regulators will be discussed further in Chapters 3 and 4.  

 

1.2.3 Neurotrophins and other proteins important for dendrite growth and plasticity 

Synaptic plasticity in dendrites in response to excitatory stimulation often requires 

protein synthesis (Schuman, 1996; Steward and Schuman, 2001). Local protein synthesis 

at the synapse has been observed and is required for BDNF and tetanus induced LTP 

(Kang et al, 1996; Schuman et al, 2006). Various mRNAs that encode proteins involved 

in plasticity have been localized to dendrites, including CaMKIIα and MAP2; CaMKIIα 

has been shown to be important for late phase LTP and memory (Gong et al, 2006). 

BDNF is a growth factor present throughout life but important particularly in 

times of high growth, such as early life and synaptogenesis, due to its role in promoting 

cell survival as well as in supporting neurite growth and differentiation. BDNF gene 

expression is tied to neuronal activity and responds to Ca2+ influx through CaMKIV and 

CREB acting at promoter region 3 (Tapia-Arancibia et al, 2004). In particular, BDNF is 

increased with exercise and exposure to enriched environments and contributes to adult 

plasticity with increased learning and memory and glutamatergic neurotransmission 

(Tapia-Arancibia et al, 2004). The effects of increased BDNF are particularly relevant for 

potential interventions to rescue learning and memory deficits in systems with deficient 

BDNF activity. IDA downregulates BDNF expression (Tran et al 2008, 2009), a subject 

that will be discussed further in the following chapters. 
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Increased BDNF, enriched environment exposure, and exercise have all been 

shown to increase spine density in hippocampal CA1 neurons (Zhu et al, 2009). In 

addition to being important in normal hippocampal function, externally driven increases 

in BDNF may have therapeutic clinical applications. Recently, Larimore and colleagues 

(2009) demonstrated BDNF overexpression in hippocampal neurons prevented MECP2 

mutation induced dendritic atrophy in a Rett syndrome rat model.  

BDNF has also recently been shown to have epigenetic gene changes due to early 

life adversity using a “stressed caretaker” maltreatment paradigm that included less 

licking and nursing as well as greater negative parenting, including stepping on or 

dropping pups (Roth et al, 2008). Previously observed decreases in BDNF mRNA in the 

prefrontal cortex were blocked with a methylation inhibitor. This suggests that the effects 

of long term changes in BDNF gene methylation, induced by early life maltreatment, can 

be prevented with inhibition of methylation (Roth et al, 2008). 

Additionally, long term gene changes can be induced during adulthood. Lubin et 

al, (2008) showed differences in BDNF gene expression with a contextual fear 

conditioning paradigm using adult male rats. It was shown that one BDNF splice variant 

was greatly increased with context and foot-shock fear conditioning and these increases 

were decreased with deacetylase application. Also, when a methlyation inhibitor was 

injected directly into the CA1 hippocampus of control rats, more BDNF mRNA was 

produced. In contrast, when zebularine, a demethylase inhibitor, was injected one hour 

before training, 24 hours later less freezing behavior was observed, which was equated 

with less learning (Lubin et al, 2008). Also relevant to our discussion of activity 



19 
 

dependent neurite outgrowth and synaptic function, NMDA receptor activity played a 

significant role in the learning induced BDNF increases (Lubin et al, 2008). 

 

1.2.4 Molecular effectors of spine function and shape  

1.2.4(1) Reorganization of the cytoskeleton through spine morphogenesis 

Spines are the predominant post-synaptic structure for excitatory 

neurotransmission. Morphology changes in spines represent substructural (actin 

filaments) and molecular composition dynamics which translate to changes in function. 

Spine shape is correlated with function; the neck helps compartmentalize the electrical 

and chemical changes due to synaptic events, particularly calcium influx. This allows for 

accumulation to levels required for activation of various downstream signaling processes 

(e.g., activation of CREB, channel opening) (Yuste et al, 2000). The mushroom shape is 

thought to be more mature based on the larger size of the postsynaptic density and the 

number of AMPA and NMDA receptors localized there. Larger spines also are more 

likely to contain smooth endoplasmic reticulum for local calcium storage and release 

(Harris and Kater, 1994). Spine volume has thus been correlated with synaptic strength, 

which may vary with activity and also with development of new synapses and spines. A 

defining feature of functional spines is the presence of the post-synaptic density (PSD), 

which is not usually present in filopodia that are thought to be precursors to spines. The 

PSD is made up of receptors, signaling molecules and actin, and includes a protein 

specifically called PSD-95 which helps provide scaffolding for other PSD elements. 

While the presence of PSD-95 is not necessary for proper shape, as evidence of a KO 
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mouse with normal spine morphology suggests (Migaud et al, 1998), it is required for a 

functional synapse. Changes in spine morphology require a number of key elements, 

specifically changes in actin, RhoGTPases, and actin binding proteins. 

 

1.2.4 (2) A role for calcium in spine remodeling 

It is important to note that many internal signaling cascades and almost all 

excitatory activity rely upon fluctuations of internal Ca2+ which are tightly regulated and 

thus can cause differential responses based on a higher or lower Ca2+ concentrations in 

spines. These concentration differences accumulating in the spine compartment can be 

due to ions flowing in through activated neurotransmitter receptor channels, Ca2+ induced 

Ca2+ release from internal stores, and voltage sensitive Ca2+ channels opened with 

depolarization. Additionally, Zitok et al (2009) showed evidence that newer spines of 

similar shape with AMPA mediated currents have been seen to have immature Ca2+ 

handling.  

The postsynaptic density, a matrix of receptors, signaling molecules and 

cytoskeletal proteins may help target the dendrite, a spine or the shaft, for presynaptic 

contact. PSD-95 has been seen in dendrite shafts as well as spines, but greater efficacy in 

transmitting a signal is achieved when synapse localization is within a mature spine. (Zha 

et al, 2005; Zha et al, 2009).  

CaMKIIa, a kinase activated by Ca2+ and calmodulin binding found in the 

postsynaptic spine, plays a role in activity dependent plasticity. Calcium influx activates 

autophosphorylation of the kinase, which in turn phosphorylates AMPA receptors and 
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inserts them into the membrane. This increase in AMPA receptors is a marker of a long 

term potentiated synapse (Wu et al, 1996; Bayer et al, 2001).  

Increasing CaMKII in cell culture causes an overall increase in spine number. 

CaMKII is increased particularly with high activity such as epileptiform activity. In 

cultured hippocampal slice studies where spines were observed with synchronized 

epileptiform activity as well as blockage of CaMKII, CaMKII plays a role reducing 

immature filopodia without PSD and in translocating shaft PSD to spines in response to 

high activity (Zha et al, 2009). Altered expression of PSD-95 and CamKIIa has been 

observed as a result of early IDA. The implications of these data will be discussed further 

in Chapters 2 and 5. 

 

1.3 Early life events shape long term functioning: the Developmental Origins of 

Adult Health and Disease (DOHAD) hypothesis.   

1.3.1 Introduction  

A great deal of attention is being paid to how early life events affect long term 

health and disease. Originally, the interest was confined to the role of intrauterine 

malnutrition and later risk of cardiovascular disease (Barker et al, 2005), but with greater 

understanding of the underlying mechanisms, it has now become clearer that the effects 

of early adverse environments are not confined to cardiovascular risk. Indeed, there is 

increasing evidence that early life malnutrition affects brain function across the life span. 

Work from our laboratory suggests that iron deficiency early in life is one such life event. 
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As referred to previously in section 1.2.3, chromatin remodeling through 

acytlation or methylation of a particular gene is one way early life insults alter long-term 

gene expression. Chromatin remodeling changes the ability of DNA to be transcribed by 

ribosomes, leading to more or less protein. The largest body of literature stems from the 

observation of an increased risk for cardiovascular disease in adults who suffered from 

intrauterine growth restriction (IUGR) in fetal life (Barker et al, 2005 Simmons, 2005). 

This risk has been shown to be related to epigenetic modification of genes involved in 

fundamental metabolic processes during the late fetal and early neonatal period. Evidence 

for long term cardiovascular changes in adults who were IUGR as infants serves as a 

prime example of how early life nutritional alterations can alter gene expression across 

the lifespan. 

 

1.3.2 Intrauterine growth restricted (IUGR) infants 

IUGR is most often caused by maternal high blood pressure, which restricts 

placental blood flow and results in a smaller baby. This was initially thought to result in 

primarily protein malnutrition, but recent evidence suggests micronutrient deficiencies, 

including iron deficiency are present as well.  

A new area of literature now exists for the study of Developmental Origins of 

Health and Adult Diseases (DOHAD). This is particularly relevant for stressful early life 

events relating to altered metabolism. Examples of altered metabolism include catch up 

growth after IUGR or small for date birth weight. It is thought that the developing fetus 

adapts, optimizing use of what is available in the reduced nutrient environment for 
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survival, but that this adaptation may cause tissue specific defects as some organs are 

prioritized to the detriment of others. These early adaptations, sometimes referred to as 

‘metabolic programming,’ may prove a detriment in environments of high nutrient 

availability. The mismatch of the uterine environment, with the postnatal environment 

may be one reason for increased risk for chronic diseases in adult life (Gluckman and 

Hanson, 2004). There is often a period of ‘catch-up’ growth in these infants during times 

of high nutrient availability which is correlated with increased risk for heart disease and 

type 2 diabetes later in life. The group with the highest risk for developing type-2 

diabetes includes those who are born small and become overweight during childhood. 

These associations with heart disease and impaired glucose tolerance are strong enough 

to hold up even with adjustments for lifestyle factors and socioeconomic status during 

childhood. This suggests a fundamental change in cellular metabolism induced during 

neonatal life. (Simmons, 2005). 

A common sequel to IUGR catch up growth is altered insulin metabolism. 

Specific ways cellular metabolism can be altered include alteration of fetal adipose tissue, 

as evidenced in higher percent body fat, and impaired insulin sensitivity, measured by 

reduced insulin response after glucose injection. As was observed in adult non-diabetic 

men, the IUGR system regulates itself by using less energy and keeping higher percent 

body fat for energy stores. (Simmons, 2005). 

 

1.3.2 (1) Cellular mechanisms in animal models of DOHAD in IUGR models 
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Permanent changes in β cell production and their insulin secretion levels in the 

pancreas are two outcomes of IUGR. Because several challenging issues could confound 

human study results, animal models are helpful to show changes with carefully controlled 

conditions, including identical genetic background of subjects. A rat model of IUGR 

develops diabetes later in life, and during early life has decreased levels of glucose, 

insulin, amino acids and oxygen, all characteristics of the human IUGR condition. These 

result in reduction of β cell mass and their proper function, and will eventually result in 

diabetic phenotype. These β cells are particularly vulnerable during the fetal-neonatal 

period due to the high growth rate. They are also very sensitive to energy status. 

Decreased available substrates likely reduce new β cell growth and differentiation. 

(Simmons, 2005). 

β cells are also sensitive to oxidative stress, which occurs during uteroplacental 

insufficiency in the human condition and the rat model, and have shown impaired 

function and maturation due to their high oxidative energy requirement. Early life 

deficits, such as IUGR, can modify gene expression long-term into adulthood, affecting 

cell proliferation, differentiation, and maturation. Evidence of specific epigenetic 

modifications during IUGR and those persisting after birth include reduction of Pdx-1, an 

early gene important for β cell development, and altered binding with usf-1, which is 

required for Pdx1 transcription. Pdx1 is also reduced in one and seven week old IUGR 

rats. Histone modifications resulting in chromatin silencing are thought to underlie these 

transcript decreases. (Simmons, 2005). 
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1.3.3 Epigenetic effects on brain development  

Other early life events, such as stress on the mother, have been observed to cause 

effects on the brain, and the HPA axis in particular. The HPA axis acts as a regulatory 

system and has different responses based on developmental timing as well as 

environmental stressors. The increased levels of cortisol (or corticosterone in rodents) 

during high stress, normally results in negative feedback. However, under chronic stress 

during sensitive developmental periods, altered regulation of the stress response can 

result. Dams will lick and groom their pups less if under severe stress, and this mothering 

style has been seen to be ‘passed on’ to female offspring. It is thought to be through 

epigenetic mechanisms of altered gene expression for glucocorticoid receptors in the 

original generation of offspring. (Silveira et al, 2007). 

The hypothalamic-pituitary-adrenal (HPA) axis regulates the response to stress in 

addition to several other homeostatic responses (temperature regulation, blood pressure 

and water homeostasis). Glucocorticoids are released in response to stress, binding to 

glucocorticoid receptors (GR). This leads to a response of ACTH, which acts as a 

negative feedback loop to inhibit glucocorticoid release. In early postnatal life (before 

P15) rats have a hyporesponsive period to stress. Yet while they appear to be less 

responsive, there is evidence for ‘programming’ or alteration of the adult stress response 

during this period (Sapolsky and Meaney, 1986). The fetus also makes an enzyme (11β-

HSD-2) that converts active glucocorticoids to their inactive forms (White et al, 1997). 

There is a positive correlation between the levels of this enzyme and birth weights 

(Stewart et al 1995).  
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Rat mothers who show higher licking and grooming of their pups confer on them 

a less reactive stress response (Liu et al, 1997), making them more resilient to stress and 

often passing on the high licking and grooming parenting behavior to their offspring. It is 

thought that this maternal care activates serotonergic pathways which increase growth 

factors that act to increase the GR promoter activity, which will result in a more efficient 

negative feedback and less reactive pups (Meaney et al 2000; Silveira et al, 2007). This 

regulation of GRs is thought to be due to increased acetylation of the histones leading to 

demethylation and consequent increases in growth factor binding to the promoter site 

(Encio et al, 1991; Carvin et al, 2003).The hippocampus, particularly the CA1 pyramidal 

neurons, expresses a high concentration of GR receptors (deKloet et al, 1998), so 

dysregulation of the stress response would have effects on hippocampal function, 

potentially altering learning and memory. 

Recently, it has been observed that adult offspring from low licking and grooming 

(LG) mothers have decreased branch lengths and spine density in CA1 hippocampal 

neurons, and reduced LTP under basal conditions (Champagne et al, 2008). Although the 

low LG offspring had decreased basal LTP, under corticosterone, LTP was greater than 

for the high LG offspring. Also, in a fear-conditioning paradigm, the low LG offspring 

had enhanced learning. This suggests that the match and mis-match hypothesis, relevant 

to the DOHAD studies, where the in utero environment not-matching the early childhood 

environment created long term risk associations, also may contribute to early life 

programming of the stress response (Gluckman and Hanson, 2004). The programming for 
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a high stress environment may be adaptive for a high-threat environment but not for 

typical conditions of relatively low stress (Bagot et al, 2009).  

Both nutritional (e.g., IUGR) and non-nutritional (stress) environmental 

adversities alter brain development long term through epigenetic mechanisms. Given that 

early iron deficiency results in abnormal neurologic function during adulthood (see 

chapter 2), it is reasonable to postulate that this occurs through epigenetic mechanisms. 

 

1.3.4 Neonatal Choline Supplementation 

In addition to adverse early life events, early life dietary supplementation with 

choline has recently been shown to have long term neurocognitive benefits in normal 

animals, as well as mediating effects in animal models of various neurologic deficits. 

Specifically, supplemented rats showed developmentally advanced ability on cognitive 

tasks that required memory of multiple spatial cues, such as the Morris water maze. The 

supplemented animals learned the task approximately three days earlier than the control 

rats (Meck and Williams, 2003).   

In the same way that the neonatal period is more vulnerable to nutrient deficits, it 

is may also be more responsive to supplements. High cell proliferation during the fetal-

neonatal period means these new cells will benefit from supplements or increased 

substrate as they grow. Choline has been shown to increase cell proliferation and reduce 

apoptosis, which may account for the precocious learning skills in the supplemented rats. 

Increased acetylcholine (ACh) responses to electrical stimulation were also observed 

along with less acetylcholinesterase (AChE), suggesting neurotransmission is affected 
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and more Ach may be available in the synaptic compartment. Choline can also act as a 

methyl donor and might play roles in gene regulation through chromatin remodeling. 

(Meck and Williams 2003). 

Choline supplementation also has resulted in increased dendrite complexity in the 

somatosensory cortex (Rema et al, 2008). This rescue of dendrite branching could have a 

therapeutic role in disease models that are characterized by decreased dendrite branching 

such as iron deficiency. Our laboratory has preliminary evidence that gestational-

lactational administration of choline in the diet reverses the suppression of BDNF by iron 

deficiency (Siddappa et al, unpublished data). 

 

1.3.5 Early life plasticity summary 

Early development is a vulnerable time due to the vast potential of new cells 

being made and the multiple ways each cell’s environment can have an impact on 

determination of its type, survival, and connectivity to cells in other locations. The more 

mature the cells become, the less likely they are to be irreversibly affected by substrate 

deficits like iron deficiency or any other insults, but this maturation also makes rescue of 

improper growth more difficult and less complete. Insults that occur during development, 

beginning in utero through late infancy in humans, can cause long term changes, 

particularly in areas that show great responsivity to external input (such as sensory 

systems) or that require plasticity for learning. One of the ways this occurs is through 

altered gene expression. In the following chapters, changes in gene expression will be 

important in determining the effects of iron deficiency on hippocampal dendrite 
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plasticity. 
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2.1 Iron deficiency and the developing brain 

2.1.1 Iron biology in the maternal-fetal-infant unit 

Iron is an important nutrient for energy production, and is found in many 

biological proteins and enzymes. It is important to have enough iron but iron overload 

can also be a problem as unbound iron generates reactive oxygen species and the infant 

antioxidant system is not yet mature. Because iron is so reactive, there are mechanisms 

that sense current iron status to regulate iron stores and production of receptors and 

transporters. Each day the basal levels of iron loss equal approximately 1mg, from 

enterocyte shedding; therefore the amount needed is roughly 1mg/kg per day for infants, 

10 mg per day for children and adult males (Beard et al 1996). Menstruating adolescent 

females have higher iron needs, 15mg/day, and pregnant woman in the second or third 

trimester need approximately 5-6mg more than the recommended daily allowance, which 

for men is approximately 10 mg per day. Much of the dietary iron is ineffectively 

absorbed, ranging from 2-20% for non-heme and 5-35% for heme iron sources (Beard et 

al 1996). The balance between iron loss and iron intake is affected by multiple factors; 

how much heme iron and non-heme iron is ingested, whether it is eaten with absorption 

promoters or inhibitors (acidic or high calcium foods respectively), and whether the iron 

transporter has been up or down regulated (by IREs on promoters) by high or low iron 

stores. (Beard et al 1996).Iron deficiency can occur in the absence of anemia, but can also 

be a contributor to anemia (abnormally reduced hemoglobin). Iron is preferentially 

utilized by red blood cells for the synthesis of hemoglobin. When dietary iron is low, the 
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first step is to mobilize hepatic iron stores, after which tissue iron, including brain iron, 

will be sacrificed to ensure sufficient iron for red cell production. Thus, brain iron content 

is at risk before the clinical manifestation of iron deficiency anemia.  

 

2.1.2 Clinical conditions that cause iron deficiency during fetal and neonatal 

development 

 
Iron deficiency anemia (IDA) affects over two billion people worldwide, 

including 30 to 50% of all pregnant women (de Benoist et al, World Health Organization, 

2008). The developing fetus is at risk for iron deficiency whenever iron supply does not 

meet fetal iron demand. Three major clinical populations are at risk for fetal and neonatal 

iron deficiency: infants born to mothers with severe iron deficiency anemia, infants born 

to mothers with diabetes mellitus during pregnancy, and intrauterine growth restricted 

infants born to mothers with hypertension (Chockalingam 1987, Georgieff et al, 1990, 

Petry et al, 1992, Siddappa et al, 2007). Additionally, it has been observed that babies 

born to mothers who smoked during pregnancy have decreased ferritin stores at birth 

(Sweet et al, 2001). The fetal iron deficiency induced by maternal smoking is probably 

due to increased erythropoiesis induced by hypoxia similar to IUGR babies (see section 

2.1.4 for details).  Premature babies are at risk for postnatal iron deficiency as the 

accumulation of iron during late gestation has been cut short and their reduced stores may 

be used up faster, especially if the preterm infant grows at a higher than normal rate. 

 

2.1.2(1) Maternal iron deficiency 
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Maternal iron deficiency is a significant problem in developing countries. 

Mothers from lower socio-economic status, even in developed countries, may also have 

higher iron deficiency as nutrition in general may be a problem. Young pregnant women 

in any population have their own iron needs for continued growth that may be unmet at 

conception and so will become increasingly deficient during pregnancy if nutritional 

needs are not remedied. Prenatal care to address nutritional needs is important in creating 

the optimal environment for brain development. In some cases, maternal iron deficiency 

may contribute to an improper response to an infant or child’s attempt to attract caregiver 

attention (Perez et al, 2005). 

  

2.1.2(2) Infants of diabetic mothers (IDMs) 

Three to ten percent of pregnancies are affected by abnormal glycemic control, the 

majority of which are due to gestational diabetes and not preexisting diabetes in the 

mother. Maternal hyperglycemia can cause multiple complications in the fetus and 

newborn, including fetal hyperglycemia and hyperinsulinemia with increased oxygen 

consumption, fetal hypoxia and resulting increased erythropoiesis. Prior to twenty weeks 

gestation the islet cells that produce insulin are not capable of adequate insulin response, 

resulting in hyperglycemia which then can cause hypertrophy of islet cells and 

hyperinsulinemia (Nold and Geogieff, 2004). Fetal hyperglycemia in the first half of the 

pregnancy is generally marked by slowed growth, but when islet cells respond in the 

second half of gestation and produce insulin, hyperinsulinemia can cause an increase in 

fat stores and weight gain. Macrosomia will cause the fetus to make more red blood cells 
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to support the expanding body mass. Fetal hypoxia due to increased fetal oxygen 

consumption will also stimulate red cell production. For each additional gram of 

hemoglobin synthesized, the fetus requires an additional 3.46 mg of elemental iron.   Due 

to the high iron needs for erythropoiesis, fetal iron is prioritized to the expanding red 

blood cell mass, and often this results in lack of iron accretion by other organs that with 

high iron needs including the developing brain. At autopsy, IDMs showed a 40% 

reduction in brain iron (Georgieff et al 1990; Petry et al, 1992; Nold and Geogieff, 2004), 

a figure that was considered in developing the rodent model of fetal iron deficiency 

described in section 2.4 and utilized in the experiments described in chapters 3 and 4. 

 

2.1.2(3) Intrauterine growth restricted (IUGR) infants 

IUGR infants are often small for gestational age (SGA) and often are born to 

mothers with preeclampsia, hypertension, or progressive vascular insufficiency from 

other causes (i.e., advanced diabetic vascular disease) (Nold and Georgieff, 2004). When 

nutrients crossing the placenta are reduced, there is likely to be reduced iron transport as 

well. SGA infants and infants of women with preeclampsia, have significantly lower 

serum ferritin concentrations at birth compared to control infants (Chockalingham et al, 

1987). These results suggest that these infants are born with decreased iron stores. At 

autopsy, IUGR infants have a 32% reduction in brain iron (Georgieff et al, 1995). 

 

2.2 Early iron deficiency affects brain function  
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A large body of literature supports the finding that iron deficiency early in life 

negatively affects multiple domains of brain function (see Lozoff, 2006 for review). 

These domains include general functioning, socio-emotional affective behavior, speed of 

processing and cognition. The vast majority of this literature is based on studies of 

children with postnatally acquired dietary iron deficiency with a smaller literature based 

on studies of newborn infants born with iron deficiency due to the maternal gestational 

conditions listed above. 

It was noted in the mid 1980’s that general neurobehavioral function was 

depressed in infants with postnatally acquired dietary iron deficiency in early infancy 

(Lozoff et al, 1985; Deinard et al, 1986). Tests of IQ and the Bayley Scales of Infant 

Development showed that iron deficient anemic infants had generally poor cognitive and 

developmental outcomes (Lozoff et al, 1985; Deinard et al, 1986). Subsequent research 

elucidated problems in specific behavioral domains including social-emotional 

development, speed of processing, and cognitive memory behavior. These were described 

at the same time as animal work was beginning to address the altered cellular 

mechanisms that underlie these behavioral abnormalities. The following three sections 

summarize the clinical studies of early iron deficiency (either postnatal dietary or 

prenatal) on these various domains.  

 

2.2.1 Social emotional/affective and motor alterations  

Iron deficiency in human children has been shown to cause altered motor and 

affective behaviors (Lozoff et al 2006, 2008) likely related to alterations in dopaminergic 
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neurotransmission in the striatum (see section 2.4.4). Tamura et al (2002) showed altered 

motor functioning and tractability in five year olds who had low cord serum ferritin at 

birth. Dopamine deficits have implications for emotional processing since many of the 

structures used for processing emotions are innervated by dopaminergic fibers. Many of 

the behavioral measures of neurodevelopmental differences between IDA and control 

infants include observations of infant caregiver attachment. Attachment differences 

characterized by increased wariness around strangers or new situations and the seeking of 

reassurance from the mother have been observed in iron deficient infants (Lozoff 2006, 

2008). One possible explanation for long term alterations due to early IDA may involve 

the infant’s altered interaction with the environment, termed “functional isolation (Lozoff 

2006; Corapci et al 2006).” If an infant is less able to acquire and hold caregiver 

attention, and if the caregiver responses are abnormal (as in the case of maternal iron 

deficiency), this could indirectly alter other developmental processes (Perez et al, 2005; 

Lozoff 2006; Corapci et al 2006). 

Most studies of infants with iron deficiency anemia show persistent differences in 

behavior and development in spite of months of postnatal iron treatment (with resolved 

iron status at testing) (Lozoff et al, 2006). A cohort of Costa Rican children were studied 

using iron status (hemoglobin levels) as infants who had iron treatment for iron 

deficiency anemia as the experimental group and non-anemic peers as controls (Lozoff 

2000, 2001, 2006, and 2007). This cohort was tested at preschool age, adolescence and 

most recently at 19 years of age (Lozoff et al, 2006). At preschool age the formerly iron 

deficient group showed increased fearfulness, wariness, proximity to the mother, and no 
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protesting after toys were taken away (Lozoff et al, 2006; 2007). Lozoff and colleagues 

found that at five years old children from the formerly iron deficient group had lower 

verbal and full scale IQ scores in reading, writing and arithmetic. These children also had 

decreased positive affect, physical activity, verbalization and reciprocal interaction 

(Lozoff 2006; Corapci et al 2006). The caregiver-infant interactions co-varied with 

various scores of maternal IQ, depression and home stimulation scores; but controlling 

for these covariates, there were still significant differences in the formerly iron deficient 

children (Lozoff, 2006; Corapci et al 2006). 

 

2.2.2 Speed of processing deficits 

Speed of processing deficits are generally thought to be due to immature or 

inadequate myelination of neurons participating in processing of sensory input. Fatty 

acids profiles, concentrations of myelin precursors and membrane lipids in vesicles for 

neurotransmitter release and recycling, are altered by iron deficiency (Connor and 

Menzies, 1995; Rao et al, 2003; Georgieff and Innis 2005; Carlson et al, 2007).  

Studies of iron deficient anemic infants (Roncogliolo et al, 1998) and follow up 

studies in young children show evidence of altered myelination (Algarin et al 2003). 

Auditory brainstem response (ABR) and visual evoked potential (VEP) are two non-

invasive ways to measure conduction velocity of sensory systems in infants. The auditory 

system and the visual system develop during the period of high risk for iron deficiency in 

human infants, characterized by progressive myelination of the auditory nerve and optic 

nerve (Mochizuiki et al 1982; Tsuneishi et al, 1997).  
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In a study of ABRs in iron deficient anemic six month old infants, central 

conduction time (CCT) was longer, suggestive of delayed processing speed (Rongogliolo 

et al, 1998). This gap between IS and ID conduction velocity was actually larger at 12 

months in spite of normal hemoglobin levels reached with iron treatment for a minimum 

of six months, suggesting early alterations not only persist but alter subsequent 

development (Rongogliolo et al, 1998). In 2003, Algarin et al. followed the preschool 

aged children who were formerly iron deficient as infants participating in the Rongocliolo 

study. At the mean age of 4.3 years old, there were differences between the formerly iron 

deficient (FID) children and the controls for CCT. Additional hierarchal linear modeling 

was completed using infant data and showed predicted developmental curves for CCT, 

which were then revised by addition of the new follow up data (Algarin et al, 2003). The 

FID children actually had increased latencies beyond the predictions using the infant 

data, suggesting that normal CCT would not be reached until age six, almost two years 

behind control counterparts. These findings demonstrate the long term effects of early 

postnatal iron deficiency and suggest that alteration of early processes (like myelination) 

may cause increased deficits as development progresses.(Algarin et al, 2003). 

 

2.2.3 Learning and memory deficits 

Learning and memory are altered due to iron deficiency from either prenatal 

gestational or postnatal dietary etiologies. These findings have been ascribed to altered 

hippocampal function.  
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Siddappa et al. used event related potentials (ERPs), a non invasive 

electrophsyiologic metric to study pre-verbal infant memory to show that iron deficient 

newborn infants have delayed auditory recognition memory processing, a behavior that is 

dependent on intact hippocampal function (2004). Specifically, these infants were 

impaired in their ability to discriminate their mother’s voice (familiar) with unfamiliar, 

novel voices (2004). Studies of recognition memory of visual stimuli of mother and 

stranger also show altered memory processing due to postnatal dietary iron deficiency 

(Burden et al, 2007). 

The learning and memory effects appear to be long-lasting since they persist after 

complete iron repletion. In the Burden study, infants were tested at nine months, then 

again at 12 months, after 6 to12 months of iron therapy to restore normal hemoglobin and 

treat iron deficiency. The negative component (NC) and the positive slow wave (PSW) 

were used as measures of attention response and extent of encoding and updating in 

memory respectively. This study shows that there are effects on memory, but whether it 

represents a developmental delay or permanently abnormal neurocognitive development 

was unclear because of the relatively short duration of follow-up.  

Tamura et al. (2002) found that infants with the lowest quartile of cord serum 

ferritin values at birth had significantly poorer general test scores at five years and 

specifically showed lower test scores for hippocampal based skills as spatial memory and 

selective recall. 

DeBoer and colleagues used elicited imitation of target actions (DeBoer et al, 

2005) as measures of memory in 12 month old infants who were at risk for neonatal iron 
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deficiency, with a follow up study at 3.5 years of age on a similar but age-appropriate 

imitation task (DeBoer et al, 2005; Riggins et al 2009). At the latter time point, infants 

with lower ferritin levels from cord serum at birth had worse memory performance on 

ordered recall tasks (Riggins et al, 2009). 

 

2.4 Brain Effects Due to ID in Animal Models 

2.4.1 Iron Biology 

Iron is a transition metal that can exist in multiple oxidation states and participate 

in electron transfer. Biological systems mostly have ferric (Fe3+) and ferrous (Fe2+) iron, 

the former being a fairly insoluble form that must be converted to ferrous iron to be 

absorbed. Ferrous iron from the diet is taken up by DMT-1 on the surface of duodenal 

cells. It must be converted to ferric iron at the basal surface by a multicopper oxidase so 

that it can bind transferrin for transport in the serum. Serum transferrin transports the 

ferric iron to cells expressing the transferrin receptor. After binding, the entire complex 

of transferrin and receptor is endocytosed. The vesicle is acidified by a proton pump 

within the vessicle membrane. This acidification results in movement of iron out of the 

vesicle into the cytosol through the divalent metal transporter-1 (DMT-1).  Iron is bound 

to ferritin, a storage protein, prior to distribution for incorporation into enzymes that 

contain iron-sulfur clusters (e.g., proline hydroxylase) or hemoproteins that contain iron 

in their porphyrin rings (e.g., cytochromes, hemoglobin). The generation of ATP requires 

iron for various cytochrome enzymes in the oxidative phosphorylation chain. 
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Cytochrome c oxidase activity is reduced in various brain areas in models of iron 

deficiency including preferential loss in hippocampal area CA1 (deUngria et al, 2000). 

 

2.4.2 Rat Dietary Iron Deficiency Model 

Many of the cognitive deficits observed in ID infants suggest altered hippocampal 

growth and function, which have been assessed in dietary rat models of gestational and 

neonatal iron deficiency anemia (IDA). The Georgieff lab has used a dietary model of 

gestational and early postnatal iron deficiency that is systemic and induces anemia. This 

model is similar to the prevailing clinical population worldwide (infants of chronically 

iron deficient mothers). Some critics have argued that there are confounds to the rat 

dietary model such as the secondary effect of hypoxia due to anemia or the fact that the 

entire body is subject to iron deficiency. It is likely however, that other areas of the body 

are affected in infants of diabetic mothers and IUGR infants. For example, the brain of 

IUGR fetuses is also frequently hypoxic (Simmons, 2005).  The majority of the work in 

the field of iron deficiency, including the work described in the sections below and in 

chapters 3 and 4, has been done in the rat dietary models.  

 

2.4.4 Motivation/affect, striatal and dopaminergic effects 

Gestational and lactational iron deficiency delay the striatal dependent tasks of 

bilateral and unilateral forelimb placing as well as altering the metabolic profile of the 

developing striatum (Ward et al, 2007). Using proton NMR spectroscopy Ward et al, 

measured 16 metabolites in the striatum (2007). Behavioral and neurochemical measures 
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were collected at P8, P22 (peak ID) and P37 (after repletion) from the control and early 

iron deficient rats. The metabolic profile of the striatum was altered by early ID; specific 

changes in creatine, glucose, glutamine, glutamate, N-acetylaspartate, myo-inositol, and 

glycerophosphorylcholine + phosphorylcholine concentrations accounted for 77-83% of 

the behavioral variability at P22. Despite correction of anemia, behavior was not 

normalized at P37. (Ward et al, 2007). 

The timing of iron deficiency, particularly gestational/perinatal versus post-

weaning iron deficiency, appears to be critical in whether iron repletion normalizes early 

dopaminergic alterations or if long term changes remain (Beard et al, 2006; Felt et al, 

2006; Beard et al, 2007; Unger et al, 2007). 

In a model of more moderate gestational and early lactational iron deficiency (G5 

to P7), sensorimotor developmental delays have been observed, including time to eye 

opening and ear development (Beard et al, 2006; Unger et al, 2007). In addition to these 

developmental milestones, striatal based behaviors and metabolites were assayed in 

young iron deficient rats by Beard et al, (2006) as well as adult rats following iron 

repletion by Felt et al, (2006). The caudate putamen at P10 showed increased dopamine 

and norepinephrine. The dopamine transporter was increased in the caudate putamen 

(CP) and nucleus accumbens (NA), and the dopamine receptor 2 (D2R) was increased in 

substantia nigra but not the NA or CP (Beard et al, 2006). Serotonin transporter density 

was not different in the caudate putamen but was increased in projection areas. 

Significant changes in monoamines and dependent behaviors were seen prior to 

significant brain iron depletion (Beard et al, 2006). These early effects on the monoamine 
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systems are not well understood, but may comprise an adaptive or compensatory 

response prior to significant tissue iron loss. This upregulation may be similar to the well 

documented increase in transferrin receptor and DMT1 expression due to regulatory 

mechanisms that increase iron uptake in times of low bio-availability (Siddappa et al, 

2002).  

The effects on later dopamine mediated behaviors and decreased monoamine 

metabolites are not solely due to the length of iron deficiency through weaning (with 

altered maternal diet through weaning), although some of these deficits appear to be 

normalized in adult rats in the more moderate ID (G5-P7) model (Beard et al 2006; Felt 

et al, 2006). Animals were observed at various times post weaning, including intervals 

between P24- 35, 60-110, and finally at 120 (Felt et al, 2006). The behaviors included 

vibrissae evoked forelimb placing, a sticker test of sensory recognition and motor 

coordination, naturalistic grooming, response to novel odors, open field activity, place 

learning and thigmotaxis in a Morris Water Maze. Monoamines, transporters, and 

receptors assayed included MPHG [methoxyhydroxyphenyl glycol], norepinephrine, 

epinephrine, DOPAC [dihyroxyphenyl acetic acid], dopamine, HVA [homovanillic acid], 

5-HIAA [5-hydroxyindole acetic acid], serotonin, dopamine transporter (DAT) density, 

serotonin transporter (SERT) density and D2R levels. At P120 monoamine 

concentrations and levels of DAT and D2R in striatum appeared rescued, yet more SERT 

concentration was measured in the caudate putamen of ID rats. In spite of repletion of 

monoamines, persistent behavioral deficits remained including longer time to sticker 

removal, more imperfect grooming chains, longer to criterion for place learning, and 
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more thigmotaxic behavior. No significant activity differences or responses to novelty 

were observed. (Felt et al, 2006).  

The evidence of differences in these same monoamines with later and more severe 

iron deficiency suggests a sensitive period in which earlier repletion of iron deficiency 

could reduce or eliminate negative long term effects to striatum. This would require 

resolution of iron deficiency during this same time period in human gestation to avoid 

these deficits. It may be that continued iron deficiency through lactation is the point at 

which the iron stores become completely used up and stopping iron deficiency prior to 

this time makes repletion more successful in restoring normal behavior and metabolite 

concentrations. (Beard et al, 2006). 

In another variant of early iron deficiency, Beard and colleagues (2007) used rats 

that had been iron deficient from G15 to P4 with cross fostering by iron replete dams 

(IDCN) and rats that were ID from G15 through lactation and post weaning (P65), which 

were both compared to control rats on iron adequate diet throughout life. The group with 

early treatment at P4 was no different than control (CN) rats in most measures of 

monoamines and their transporters. However there was increased serotonin in the 

prefrontal cortex (PFC), CP and ventral midbrain, with increased D2 receptors in the CP 

as well. In most cases the same measures in the ID rats were decreased or not different 

than CN rats. The behavioral tests showed no difference between CN and IDCN rats 

except for the 20 minute time period in the open field task in which they and the ID rats 

showed evidence of increased anxiety over CN rats. These results suggest a window 

exists for successful reduction of long term monoaminergic effects if iron treatment 
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commences at P4 (Beard et al, 2007). This time in rat pup brain development is 

equivalent to late gestation in humans, which emphasizes the importance of adequate 

dietary iron, strict regulation of maternal glucose and prevention of hypertension during 

the third trimester of pregnancy.  

 

2.4.4 Speed of processing/ myelination effects 

Oligodendrocytes are the cells that produce the myelin sheath which decreases 

conduction time or and increases speed of processing. Myelin synthesis requires iron, as 

evidenced by reduced myelin and myelin precursors in iron deficiency models (Connor 

and Menzies, 1995; Yu, Steinkirchner, Rao and Larkin 1986; Rao et al, 2003).  

Prenatal iron deficient rat pups had decreased myelin in spinal cord tissue at P11 

and decreased spine and brain myelin (including cerebral cortex) at P17 (Yu et al, 1986). 

Results from Rao et al, (2003) support reduced hippocampal myelin as N-acetyl aspartate 

(NAA), a precursor which must be deacetylated by oligodendrocytes for myelin 

synthesis, was increased in rat pups from day 7-28, using proton NMR spectroscopy. The 

increase in NAA suggests decreased utilization for myelin production. Similarly, 

phosphorylethanolamine levels, negatively correlated with progression of myelination, 

were also higher in the iron deficient pups (Rao et al, 2003).  

In a microarray study, mRNA expression of six myelin related proteins were 

downregulated by iron deficiency (Clardy et al, 2006). Ward et al, (2007) also found 

evidence of altered glial integrity, and myelination over time. Specifically, N-
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acetylaspartate, myo-inositol concentrations were affected and contributed to 

developmentally delayed striatal behavior (Ward et al, 2007). 

 

2.4.5 Plasticity/ learning and memory effects, deficits in the hippocampus 

2.4.5(1) Neurochemical alterations 

The hippocampus is highly metabolically active in the late fetal and early 

postnatal period and has the highest concentration of iron in the post weaning animal 

(Erikson et al, 1997). Iron deficiency results in lower energy availability as suggested by 

higher Phosphocreatine to Creatine ratios, indicating sequestration of phosphate used in 

ATP generation (Rao et al, 2003). The hippocampus also shows the highest loss of 

cytochrome c oxidase activity among various brain areas studied in the iron deficient rat 

(deUngria et al, 2000). Cytochromes contribute to the energy cycle, producing energy for 

vesicle formation, release and recycling. This decrease in hippocampal energy suggests 

that long term learning and memory deficits may be dependent on deficits acquired due to 

altered energy metabolism. 

Neurochemically, there appears to be a sequestration of neurotransmitters in 

hippocampus, as seen by increased Glutamate to Glutamine ratios and GABA levels. This 

suggested sequestration is thought to be due to low energy availability for the highly 

taxing process of transport across a membrane since the membrane gradient alone 

requires such high energy utilization to maintain (Rao et al, 2003). The lower levels of 

glutamine are also likely due to the energy requirements for synthesis in astrocytes. The 

balance of excitatory and inhibitory activity is a contributor to critical period plasticity 
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(Hench et al, 2004, Sugayama et al, 2008). The balance of their activity is important for 

modification of electrical activity needed for refinement of connections. Therefore, these 

changes in Glutamate and in GABA noted in the iron deficient hippocampus may alter its 

plasticity in early development. 

 

2.4.5(2) Altered learning behavior and measures of synaptic potentiation 

Data from the Georgieff lab have shown altered hippocampal function as 

evidenced by altered LTP as well as radial arm maze, fear conditioning and Morris water 

maze learning (Jorgenson et al, 2005; Carlson et al, 2007; Schmidt et al, 2008; Gewirtz et 

al, 2008). Electrophysiologically and behaviorally the system is altered long term by 

gestational and postnatal iron deficiency. 

Considered a cellular correlate of learning and memory, LTP was altered by early 

IDA (Jorgenson et al, 2005). Changes in postsynaptic field potentials measured in the 

CA1 region, were no different at P15, the earliest time LTP could be reliably generated. 

At P30, LTP in ID hippocampus lacked the developmental decrease in, or refinement of 

potentiation seen in IS hippocampus.In formerly iron deficient (FID) P65 rats, LTP was 

decreased compared to the IS rats. This provided functional, cellular level support for the 

decreased or impaired hippocampal based learning seen in the adult animals. 

Conditioning experiments showed rats with impaired trace fear conditioning due to early 

IDA. The task requires an intact hippocampus to associate the conditioning stimulus with 

the cue after a time delay (McEchron et al, 2005). In another behavioral study, the FID 

animals took longer (in days) to reach criterion than the IS animals on a hippocampal 
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based “win shift” task with a 5 minute delay. This required recall of the location of 

previously discovered food rewards in a radial arm maze with the intended learned 

behavior of searching the novel arms. The FID rats also made more errors before 

reaching criterion (Schmidt et al, 2007). These behavioral findings are supported by IDA 

induced alterations in hippocampal electrophysiology (Jorgenson et al, 2005), 

biochemistry (Rao et al, 2003) and gene expression (Carlson et al, 2007; Tran et al, 2008; 

Tran et al, 2009). The next section will further explain the changes observed in gene 

expression. 

 

2.4.5(3) Altered gene expression due to early IDA that supports altered plasticity in our 

model. 

In addition to behavioral, electrophysiological, and neurochemical evidence that 

hippocampal function is altered, there is evidence of specific gene expression deficits and 

alterations during early ID and after iron repletion. Expression of CaMKIIa and PSD-95 

as well as a glutamatergic receptor subunit NR2B, contribute to the overall sculptability 

of the hippocampus as a whole, particularly due to their activity in dendrite and spine 

growth. All three of these show changes due to early iron deficiency (Jorgenson 

unpublished, Carlson et al. 2007; Paul Regier unpublished).  

Early iron deficiency has been shown to decrease BDNF transcript and protein 

expression during the period of iron deficiency and following iron repletion (Tran et al, 

2008; Tran et al, 2009). This chronic depression of BDNF transcript and protein, without 

compensatory trkB receptor increases, suggests that early life insults, such as IDA, alter 
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regulation of BDNF gene expression long term. This reduction in BDNF likely 

contributes to the altered plasticity seen though behavior of animals taking longer to 

reach criterion in hippocampal based learning tasks and decreased LTP in adult animals 

(Jorgenson et al, 2005; Schmidt et al, 2008). 

Tran et al, (2008) showed other neurotrophic factors are also altered by early 

IDA. Nerve growth factor (NGF), epidermal growth factor (EGF) and glial derived 

neurotrophic factor (GDNF) were increased in IDA rats, although they were not altered in 

adult FID rats (Tran et al, 2008; Tran et al, 2009). The neurotrophic receptor p75 is also 

increased by IDA (Tran et al, 2008). Increases in NGF, EGF and GDNF may comprise a 

compensatory response to less BDNF. The increased gene expression of the pan-

neurotrophic receptor p75 may be a consequence of increases in the other neurotrophic 

factors. However, increased unbound p75 may result in decreased filopodial lengths 

(Gehler et al, 2004; Chen et al, 2006). Data supporting that possibility show that BDNF 

and the p75 receptor do not co-localize in iron deficient hippocampus (Tran et al, 2008). 

Whether NGF or another neurotrophin binds instead is not clear. This suggests there may 

be increased unbound p75 due to IDA. (Tran et al, 2008). 

Early growth response1 (Egr1) gene expression was decreased in iron deficient 

hippocampus at P15 (Tran et al, 2008). Decreased egr1 in early hippocampal 

development could delay GABAergic interneuron maturation (see section 1.2.2(1)). 

Decreased Egr1 may also have an inhibitory effect on early apoptosis (Luo et al, 2008; 

Tran et al, 2009). Both GABAergic maturation and early apoptosis are important for 
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normal neuronal development. Therefore, alterations of the Egr1 gene in early life may 

have long term consequences. 

It is likely that spines are affected by IDA, as evidenced by altered CaMKIIa and 

PSD-95 protein and transcript expression (Carlson et al, 2007). More CaMKII has been 

shown to increase stabilization of mature spines. Decreases in CamKIIa, seen in FID rats, 

would then be consistent with reduced maturity of synapses. CamKIIa also plays a role in 

dendrite growth (Zou and Cline, 1999). CaMKIIa also regulates activity dependent 

transcription factors whose lack of activity may result in altered long term growth. If 

CamKIIa activity is lowered by iron deficiency, less potentiation is likely to occur, and 

consequentially less AMPA receptors will be added to the synapse.  

Glutamatergic synaptic efficacy plays an important role in both developmental 

plasticity and changes in activity needed for adult learning. The NMDA receptors needed 

for synaptic potentiation may be altered by early IDA. NMDA channels increase the 

overall depolarization to levels that will activate new AMPA receptor insertion. 

Decreased NR2b protein expression was observed, by Lyric Jorgenson, in CA1 and CA3 

hippocampus (unpublished observations). NR2b is expressed at its highest levels early 

during development; it is more Ca2+ permeable than the adult expressed subunits. 

Increased Ca2+ is important for activity dependent changes during development and 

learning induced plasticity. 

Preliminary transcript data also confirms altered AMPA and NMDA receptor 

levels (Paul Regier, unpublished). Transcript for Nr2b was developmentally highest at 

P15 and P30 but remained present at P65. At P65 Nr2B, Gria1 and Gria2 a1 were 
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decreased in FID hippocampus (Paul Regier personal communication). Glutamatergic 

neurotransmission is altered short and long term by early IDA as measured by Nr2b 

protein expression, increased glutamatergic sequestration and AMPA and NMDA 

receptor subunit transcript expression (Rao et al, 2003; Jorgenson unpublished; Paul 

Reiger unpublished). 

It is not surprising that the iron deficient hippocampus has altered gene 

expression, neurochemistry, electrophysiology and behavior when compared to iron 

sufficient controls. What is less well understood is how IDA induced changes to the 

system during development are translated into long term changes in gene expression, 

growth patterns, and divergent behavior profiles in adulthood in spite of prompt iron 

treatment. 

 
 
2.6 Specific Aims of Thesis 

The method used by Jorgenson et al. (2003) to assay structural growth included 

immunofluorescent MAP2 staining to examine the main apical shaft of pyramidal 

neurons in CA1. Decreased initial apical dendrite shaft length, measured from the soma 

to the first major branch, was observed at P15, suggestive of delayed growth. Longer 

initial apical lengths were measured in FID rats, as compared to IS rats. This was 

interpreted as immature compared to IS animals due to the increase in branching that 

would normally shorten the distance to first branching over time. MAP2 stains dendrites 

of all neurons and thus the MAP2 expressing apical trees overlap across multiple neurons 

and the main apical branch can only be reliably measured up to the first major branch 
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point. Since synaptic efficacy relies on normal dendritic branching structure throughout 

the arbor, we used the Golgi staining technique to visualize the entire dendritic tree of 

selected neurons in the CA1 region of the ID and IS hippocampus.  

Normal dendritic arborization is dependent on regulated expression of genes 

involved in cytoskeletal regulation. These include but are not limited to: Rac1, Cdc42, 

and Rhoa, as well as their downstream effectors, Cypin, Profilin, and Cfl1 (Ramakers et 

al, 2002, Firestein 2007). Other genes affecting neurite growth include guidance 

molecules and their intracellular effectors such as Cxcr4 and Crmp1. A previous 

microarray analysis at P15 in IDA rat hippocampus demonstrated significant alterations 

in a variety of transcripts, including many dendrite specific genes (Carlson et al 2007). 

We hypothesized that IDA alters the dendritic cytoskeleton of hippocampal 

pyramidal neurons, making the system less plastic, through altered gene expression for 

cytoskeletal regulators. We further hypothesized that both dendritic structure and the 

transcripts that regulate structure remain abnormal in adulthood after complete iron 

repletion. It follows that the following aims are proposed: 

 

1. To determine the effects of early IDA on dendrite and spine structure, 

including mRNA levels of genes regulating the cytoskeleton, during 

development 

 

2.  To determine persistent effects of early IDA on dendrite and spine structure, 

mRNA and protein expression in adulthood
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CHAPTER 3 
 
 
 
 
 
 

 
Changes in dendrite and spine structure and molecular 

determinants of cytoskeletal dynamics due to early IDA during 
development. 



54 
 

3.1 Introduction 

 
As discussed in chapter 1, the period from P10 to P48 is characterized by dynamic 

structural growth of neurons in the hippocampus including neurite extension, retraction, 

branching, and spine formation (Pokorny and Yamamoto, 1981). This period of high 

structural growth is supported by an increase of iron transport into the brain (Siddappa et 

al, 2002). Thus, the lack of available iron during a time of rapid growth would be 

expected to have a significant negative impact on both the proper formation and function 

of dendrites and spines.  

In a previous study that assessed dendritic morphology in the ID hippocampus, 

Jorgenson et al. (2003) demonstrated reduced initial apical dendrite shaft length as 

measured from the soma to the first major branch in CA1 pyramidal cells of P15 ID rats. 

In general, this study gave substantial justification for further study of the effects of iron 

deficiency on dendrite structure. Jorgenson et al visualized dendrites using 

immunofluorescent microtubule associated protein-2 (MAP2), a protein required for 

microtubule assembly and stability in dendrite cytoskeletal development (Jorgensen et al, 

2003; Sharma et al, 2005). However, this study limited its analysis to only a portion of 

the main apical branch and measurement of this segment was based on visible expression 

of a protein reduced by iron deficiency (Jorgensen et al, 2003; Clardy et al, 2006). Due to 

the density of dendrite branching within the stratum radiatum, all of the MAP2 stained 

dendritic trees overlap with neighboring dendrites. Therefore, it is not possible to trace 

the entire arbor of a given neuron in brain tissue stained with MAP2. Since synaptic 

efficacy relies on normal branching structure throughout the dendrite arbor, Golgi Cox 
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staining was used in the current study to assess morphology. The Golgi Cox staining 

method allows for isolation of individual neurons and tracing of the full apical arbor. The 

Golgi Cox stain also allows for visualization of dendrite spines. The majority of synapses 

are made onto dendrite spines. Spine dynamics represent a significant portion of dendrite 

development and plasticity that have not been previously assessed in models of early 

IDA.  

Dendritic growth, including both spinogenesis and arborization, is dependent on 

the expression of genes that regulate cytoskeletal dynamics. These include but are not 

limited to the small Rho GTPase binding proteins Rac1, Cdc42, and RhoA, as well as 

their downstream effectors, Cypin (also called Gda), Cfl1, Profilin1 (Pfn1) and Profilin2 

(Pfn2) (Li et al, 2002; Whitford et al, 2002; Tang, 2003; Chen M et al, 2005; Charyrch at 

al., 2006; Chen H et al, 2007). Both PSD-95 and CaMKIIα, genes that affect dendrite 

structure, show decreased transcript expression in P15 ID hippocampus (Carlson et al, 

2007). In this study, we analyzed dendritic morphology and expression of genes 

regulating cytoskeletal structure of ID hippocampus. We hypothesized that both dendrite 

structures and the gene transcripts that regulate these structures are altered during 

developmental IDA.  

 

3.2 Materials and methods 

3.2.1 Animals 

All animal protocols were approved by the Institution Animal Care Utilization 

Committee at the University of Minnesota. Pregnant Sprague Dawley rat dams were fed 
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an ID diet (3-6 mg/kg iron) from gestational day 2 to P7. At P7 these dams were changed 

to the control (IS) diet (198 mg/Kg iron) to model the provision of an iron sufficient diet 

at the developmental equivalent of term birth in humans.  This dietary model induces a 

40-50% reduction in brain iron concentration in P15 pups (deUngria et al, 2000; Rao et 

al, 2003; Jorgenson et al, 2005), approximating the degree of brain iron deficiency in 

newborn infants of diabetic mothers and intrauterine growth restricted infants (Petry et al, 

1992; Georgieff et al, 1995). The pups of this model have been documented to be 

completely brain iron sufficient by P56 (Jorgenson et al, 2005). Control IS rat dams and 

pups in the study were maintained on the IS diet throughout the experiment. 

Approximately 88 animals were used for the experiments included in this chapter: 24 for 

hematocrits and tissue iron, 32 for Golgi staining, and 32 for qPCR. 

 

3.2.2 Hematocrit and tissue iron concentration  

 Blood samples were taken prior to perfusion and centrifuged at 1000 rpm for ten 

minutes in heparinized capillary tubes to determine percent red blood cell volume and 

measured against a standard hematocrit reader. Hematocrits and tissue iron 

concentrations were determined at P15 and P30. Tissue iron concentration was measured 

by atomic absorption spectroscopy as previously described (Rao et al, 1999; Jorgenson et 

al, 2005), and expressed as µg Fe/g wet weight. 

 

3.2.3 Golgi Cox staining 
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The animals were given an overdose of pentobarbitol and transcardially perfused 

with 0.9% saline. The brains were removed and put directly into the prepared Golgi 

solution (1g Potassium Chromate, 1g Mercuric Chloride, 0.8g Potassium Chloride and 

100ml double distilled water (ddH20)). The brains remained in Golgi solution in a light 

protected jar for six weeks. After six weeks, the solution was exchanged sequentially for 

10%, 20% and 30% sucrose solutions, also in light shielded jars, to aid in maintaining 

histological structure. The brains were sectioned at 200µm thickness with a vibratome 

(OTS-3000-03 FHC Brunswic, ME 04011 USA) and placed onto gelatin-coated glass 

slides. Slides with visible hippocampal sections were selected for further processing. Rats 

were sacrificed for Golgi-Cox analysis at days 15 and 30. The Golgi stain was not used at 

P7 because arborization in area CA1 is rudimentary at that age (Pokorny and Yamamoto, 

1981). 

 The slides for Golgi analysis were placed on a tray in an exhaust hood throughout 

processing, and covered with aluminum foil to prevent light contamination of their 

development. After rinsing with ddH2O, slides were incubated in ammonium hydroxide 

for 30 minutes. Following a distilled water wash, the slides were incubated for 30 

minutes in a Kodak Fix for Film (Kodak, Rochester NY), then given a final ddH2O rinse. 

The slides were mounted with glycerol and covered with 40x50 mm 1.5 glass coverslips. 

(Gibb and Kolb, 1998). 

Finished slides were visualized using a Nikon Eclipse E600 light microscope 

(Nikon Instruments Inc., Melville, NY). The neurons for quantification were chosen from 

a proscribed area of CA1 (Figure 3.1a). Clearly defined neurons with little or no overlap 
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from neighboring dendrites and no visibly truncated branches were selected for 

quantification. Digital images (Nikon DXM 1200) were taken at 100x and 200x 

magnification for identification, as well as at 1000x (with an oil immersion lens) for 

dendrite width, spine density and spine head diameter analysis. The neurons were traced 

manually at 200x on the live computer image (Nikon Act I version 2.20 © 2000) with a 

permanent pen on transparent acetate. The entire apical tree was traced by focusing 

through several planes to follow each branch. Any break in the continuity of a branch was 

assessed by determining if the branch appeared to continue after the break with a similar 

caliber, directionality and plane of focus as the initial segment. Branches that met this 

criterion were considered to be continuous and were traced. Tracings were then placed 

onto a template for analysis of dendritic length and branching.  
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Figure 3.1 A) Proscribed area of CA1 from which neurons were selected B) Schematic 

of neuron tracing over Sholl rings, the soma abutted ring 1. The asterisk marks the point 

of maximal length. The arrow marks a third generation branch where width was 

determined and spines were analyzed. 
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Figure 3.1 
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3.2.4 Morphometric analysis 

 Dendritic length and branching were assessed using Sholl analysis (Sholl, 1953; 

Gibb and Kolb, 1989) (Figure 3.1b).  A concentric ring template was made with a scale 

corresponding to the live image, wherein each ring was 31µm apart. The transparent 

neuron tracings were then laid over the ring diagram with the neuron positioned so that 

the end of the soma and the beginning of the apical shaft lay on the first ring.  

Directional length of arbor extension, from the soma to the tip of the furthest 

apical branch in the stratum molecular, can be used to determine if similar distal sites of 

connection are present in both groups. To assess apical dendritic length, the furthest 

distal dendritic branch to cross a Sholl ring was measured to the nearest half ring and 

recorded as that neuron’s maximal apical length. From our Sholl Analysis data, it would 

be possible to generate a formula using total branch crossings and the 31µm distance of 

each ring to calculate total dendrite length for the entire arbor. We found this 

unnecessary, as Sholl Analysis already represents total branch lengths in a quantitative 

but much more descriptive way (Sholl, 1953). 

Spine density has been correlated with dendrite shaft caliber.  Therefore we 

measured dendrite width in the images of 20µm segments of third generation branches 

used for spine analysis. The third generation branch was chosen because it falls within 

mid-stratum radiatum, a place of high density synaptogenesis and spinogenesis (Pokorny 

and Yamamoto, 1981). Using 1000x images, the clearest third generation branch closest 

to its branch point from the second generation branch was identified for each neuron. To 

create a clearer image of the 20µm segment, some branches were imaged multiple times. 
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Each of these sets of images was loaded into Image J (Rasband, W.S., ImageJ, NIH, 

Bethesda, Maryland) for “stacking.” For each branch image (a single image or a stack), 

Image J was used to calibrate the scale, enlarge the segment, and measure the dendrite 

shaft width, spine head diameter and spine density.  

Digital images were taken of each neuron with clear images of a third generation 

branch at 1000x. The segment width was measured across the most clearly visible section 

between the spines within the 20µm length. The branch widths obtained from each 

animal were averaged and the means for animals within each dietary group were 

compared. 

In addition to dendrite width, the same images were used to assess spine density 

and spine head diameter at P15. Spines were counted within a 20µm segment with no 

distinction between spine type. Not unexpectedly, many images contained slightly out of 

focus spines which were counted in the final density measurements but not for the spine 

head diameter analysis. The clearest spine heads were measured across the widest part of 

the protrusion. An average spine head diameter per neuron was calculated and then each 

animal had an averaged calculated from the neuron averages. 

To estimate the amount of total dendrite area available for synaptic contact 

(Spruceton, 2008), dendritic branching was assessed by counting the number of crossings 

at each of the Sholl rings. The number of crossings for each neuron’s apical dendrite was 

counted at each ring. If a dendrite branched directly on a ring, it was counted as two 

branches at that distance. Total crossings at each ring, per neuron, across the entire 

dendritic tree were recorded and averaged across each animal in each dietary group.  
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The location of peak dendritic branching and the number of branches at that 

location are of potential importance in determining synaptic efficacy (Spruceton, 2008). 

The distance from the soma to this location was referred to as peak branching distance 

from the soma. Peak branching regions were defined as contiguous Sholl rings that had 

four or more dendrite crossings. No neuron had more than one peak branching region. 

The area of highest number of branch crossings may be broadly distributed rather than 

concentrated at one peak distance. Therefore an area under the curve (AUC) of crossings 

for the peak branching region was calculated for each dietary group and compared at each 

age. The distance from the soma at which peak dendritic branching occurred was 

assessed by recording the Sholl ring with the greatest number of crossings for each 

neuron and averaging the value for each animal. Mean distances from the soma for the ID 

and the IS group were compared at each age. To assess whether less branching occurred 

in the ID group regardless of where peak branching occurred, the mean number of 

crossings at the peak-crossing Sholl ring for each animal in each group was assessed. 

Group means were generated and compared.  

For all Golgi stained neurons, individual values were averaged for a given animal, 

to generate a single mean per animal. Values for each animal within each dietary and age 

group were then averaged to generate a group mean for statistical comparison by 

unpaired t-test with Welch’s correction. 
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3.2.5 Quantitative real-time PCR (qPCR) 

 Hippocampal tissues were collected at P7, 15, and 30, with six animals per dietary 

group at each age. The P7 time point was used to determine whether changes at that time 

were associated with structural changes at P15. Quantitative PCR was carried out as 

described previously (Tran et al., 2008). Briefly, messenger RNA levels of nine proteins 

relevant to actin polymerization and depolymerization were measured by real-time qPCR 

(Taqman® Applied Biosystems Inc., Foster City, CA). Included for analysis were Crmp1 

and Cxcr4, which are intra-cellular guidance proteins that guide neurite extension. RhoA, 

Rac1 and Cdc42 which are intracellular RhoGTPases that translate guidance cues, were 

also assessed. Finally, Pfn1, Pfn2, Cfl1 and Cypin which are downstream effectors of 

RhoGTPase activity that interact directly with actin and tubulin were also evaluated 

(Tang et al, 2003; Chen et al., 2007). Reverse transcription reactions were carried out 

using SuperScript III (Invitrogen, Carlsbad) and random hexamer probes per 

manufacturer recommendation. Approximately 4µl of mRNA was used to generate each 

cDNA sample. The resulting cDNA was diluted ten fold to give a final volume of 200µl. 

All qPCR experiments were performed with half the manufacturer recommended volume 

consisting of 4µl of diluted cDNA, 5µl 2X Taqman® qPCR universal mix (No 

AmpErase), and 0.5µl 20X Taqman® Gene Expression Assay primers/probes mix 

(Applied Biosystems Inc., Foster City, CA). Thermocycling was carried out according to 

the manufacturer’s protocol (ABI) using an MX3000P instrument (Statagene, La Jolla, 

CA). Unpaired non-parametric t-tests (Mann-Whitney U) were used to compare the 

effects of early IDA on gene expression at each age.  
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3.3 Results 

3.3.1 Hematocrit and tissue iron concentration 

  The ID animals were anemic with significantly lower hematocrits at P15 (IS 39.7 

±0.6% vs. ID 24.2 ±0.9%, p<0.001 N=6). They no longer had significantly lower 

hematocrits on P30 (IS 38.8 ± 0.4% vs. ID 45.0 ±1.0%). Hippocampal iron 

concentrations were lower in the ID group at P15 (IS 4.3± 0.6 µg Fe/g vs. ID 1.2± 0.5 µg 

Fe/g, p=0.003, N=6) and were no longer significantly different from the IS group at P30 

(IS 5.8 ±0.4 µg Fe/g vs. ID 5.3± 1.1µg Fe/g p=0.7, N=6). 
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Figure 3.2 Third Generation Dendrite Branch Width and Spine Morphology at P15 

Dendrite width, spine number and spine head diameter (only P15) were measured from 

similar images (1000x magnification, then digitally magnified) in A) IS and B) ID 

groups. Scale bars = 20µm 
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Figure 3.2  
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Table 3.1: Branching Morphometrics at P15 and P30  

    IS ID p-value 

P15 N=5 N=7  

Maximal Apical Length (µm) 329±18 309±25 0.53 

Third generation branch width (µm) 0.52±0.03 0.29±0.02 <0.0001 

Total Sholl ring crossings (n) 39.4±1.2 35.4±4.1  0.39 

Peak branching distance (µm) 136±16 88±5 0.04 

Number of crossings at peak branching distance 

(n) 

6.7±0.3 5.9±0.4 0.10 

AUC of peak branching region (see Figure 3.3a) 324±20 287±37 0.41 

Crossings at median IS peak Sholl ring (n) 6.3±0.4 4.9±0.2 0.03 

P30 N=5 N=7  

Maximal Apical Length (µm) 362±11 384±21 0.38 

Third generation branch width (µm) 0.42±0.03 0.39±0.04 0.58 

Total Sholl ring crossings (n) 53.1±3.0 55.4±4.6 0.73 

Peak branching distance (µm) 180±18 120±18 0.04 

Number of crossings at peak branching distance 

(n) 

8.3±0.6 8.9±0.6 0.50 

AUC of peak branching region (see Figure 3.3b) 627±65 585±51 0.62 

Crossings at median IS peak Sholl ring (n) 8.2±0.7 8.0±0.6 0.82 
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Figure 3.3 Branching Distributions at a) P15 b) P30: Average crossings per animal at 

each ring in intervals 31µm apart, starting from the soma. Iron sufficient (IS) is 

represented by black squares, ID and FID by open triangles. Peak branching distance is 

labeled with a black (IS) or dashed (ID) arrow. 
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Figure 3.3 
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3.3.2 Dendritic morphology of CA1 pyramidal neurons in ID and FID hippocampi 

Dendrite width of third generation branches was decreased at P15 due to IDA 

(p<0.001) but did not differ from IS at P30 (Figure 3.2 and Table 3.1). 

Peak dendrite branching, corresponding to the windows used for AUC analysis, 

occurred between 62 and 186 µm from the soma at P15, and between 62 and 248 µm at 

P30 (Figure 3.3). Total number of branches across the entire dendritic tree was similar 

between dietary groups, as was maximal apical length (Table 3.1). However, the location 

of peak branching was altered in the ID groups (Table 3.1 and Figure 3.3). At P15, peak 

branching occurred closer to the soma in the ID group than in the IS group. The 

difference in the amount of branching at each group’s peak did not reach significance. 

However the ID group had less branching at the control (IS) peak distance (Table 3.1). At 

P30, the distance from the soma to peak branching continued to be lower in the ID group 

however, the number of branches at the peak distance was equivalent in both groups 

(Table 3.1).  

 

3.3.3 Spine Analysis 

The decreased third generation shaft width at P15 was not accompanied by 

significant differences in spine number. However, analysis of spine head diameters 

revealed strikingly smaller spine heads in the IDA condition at P15 (p<0.0001) (Figure 

3.2 and Table 3.2). Spine head diameters were no longer different by P30 (p>0.05; IS 

0.64µm vs. ID 0.59µm). 
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Table 2 Spine characteristics in the third generation branch at P15 and P30. 

 IS ID p-value 

P15 N=7 N=8  

Spine Density 

 (n/20 µm length) 

22.6 ± 0.8 20.6 ± 1.0 0.15 

Spine Head Diameter  

(µm) 

0.96 ± 0.03 0.55 ± 0.04 <0.0001 

P30 N=6 N=4  

Spine Density  

(n/20 µm length) 

26.2 ± 0.8 24.3 ± 1.1 0.23 

Spine Head Diameter  

(µm) 

0.64 ± 0.8 0.59 ± 0.05 0.49 
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 Figure 3.4 Transcript differences in cytoskeletal regulators [a) guidance translators b) 

RhoGTPases c) actin and MT binding proteins] during IDA (checkered) compared to IS 

(black), showing early decreases (P7), iron treatment effects (P15) and normalization by 

P30. Unpaired non-parametric t-tests (Mann-Whitney U) were used to determine 

significant differences by diet group (p<0.05 *, p<0.005 **).  
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Figure 3.4  
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3.3.4 Transcriptional regulation of cytoskeletal structures 

Transcript levels were standardized relative to P7 IS expression. The relative 

mRNA levels of the neurite guidance proteins Crmp1 and Cxcr4 were highest at P7 and 

declined with postnatal age in both groups (Figure 3.4). Early IDA resulted in lower 

Crmp1, Cypin, Cfl1, Cdc42, Pfn1 and Pfn2 transcript levels as compared to the IS levels 

at P7 (Figure 3.4). Conversely, RhoA and Rac1 were increased at P7 in the ID 

hippocampus (Figure 3.4). Except for Cypin, which was decreased (p=0.02), there were 

no differences between IS and ID transcript levels for the genes of interest at P15 

demonstrating a likely treatment effect. Iron treatment of ID animals returned transcript 

levels for these genes to control levels at P30 (Figure 3.4).  

 

3.4 Discussion 

Using Sholl analysis and qPCR, the effects of early IDA on hippocampal dendrite 

and spine morphogenesis as well as gene expression of selected cytoskeletal regulators 

were assessed. Hippocampal transcript expression and CA1 pyramidal neurons were 

assessed at three developmental periods including early genetic differentiation (P7), rapid 

dendritogenesis (P15), and activity dependent synaptogenesis with reduced 

dendritogenesis (P30).  

At the peak of hippocampal IDA (P15), third generation dendritic branches in the 

ID animals have thinner shaft widths than IS controls. Since conduction velocity 

increases with increasing neurite diameter (Hodgkin, 1954), shrunken branch widths may 

result in decreased conduction velocity. This change in conduction efficiency may lead to 
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less coordinated or poorly timed input to the soma, which may ultimately impair the 

ability to generate an action potential.  

The proximal shift of peak dendritic branching at P15 in the ID group is 

consistent with the findings of shorter apical shaft lengths and the visual appearance of 

shorter dendrites with branching closer to the cell bodies documented by Jorgenson et al 

(2003). Changes in proximal branching along the initial apical shaft during the time that 

the rat hippocampus begins rapid dendrite differentiation may be due to inadequate 

cellular energy supply, abnormal axon projection from CA3, altered gene expression of 

specific structural growth determinants or a combination of these and other undetermined 

factors.   

The later development of the distal lateral branches, as observed by Pokorny and 

Yamamoto (1981) may be altered by iron deficiency. Peak branching is more proximal 

during early development and therefore the reduction in the distance to peak branching in 

ID animals may be a sign of developmental delay. Normative pruning that occurs in 

proximal lateral branch refinement at P15 and P30 may also have been delayed by IDA. 

Reduced proximal pruning, combined with reduced distal lateral branching, may explain 

the shift in peak branching corresponding to an immature or delayed development.  

Due to the characteristic layering of the hippocampus, more proximal branching 

in the ID group preferentially affects the integrity of the stratum radiatum, since this is 

the apical dendrite layer proximal to the cell bodies. CA3 axons forming the Shaffer 

Collateral also project to the stratum radiatum to synapse onto CA1 dendrites, which is 

where altered LTP was measured in ID animals (Jorgenson et al, 2005). In contrast, the 
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branching distribution curves show that the most distal portion of the apical tree was 

unchanged by early iron deficiency. Thus we would not expect to observe alterations in 

the postsynaptic response of distal dendrites after perforant path stimulation. Receptors 

for netrin-G1 and G2 are normally expressed in a compartment specific manner on CA1 

dendrites to reflect these two input pathways. It has been suggested that expression of this 

receptor and its ligand guide incoming axons to synapse in the appropriate areas 

(Nishimura-Akiyoshi et al, 2007). Altered branching, along with abnormal LTP 

(Jorgenson et al 2005), suggests altered hippocampal connectivity, which could be the 

result of altered netrin receptor distribution or other guidance factors. Future work is 

needed to determine if netrin (G2) receptor expression or its ligand (NGL-2) are altered 

in the stratum radiatum.  

We have also shown that the guidance effector Crmp1 is affected by iron 

deficiency (Figure 3.4). The effect of iron deficiency on axons has only recently been 

studied with respect to myelination and signs of optic nerve degeneration (DeMaman et 

al, 2009). To date, experiments assessing axonal innervation of layered brain structures 

like the hippocampus have not been done in models of IDA during development. 

Whether aberrant axon projections contributed to the proximal shift of dendrite branching 

or if the shift in dendrite branching leads incoming axons to make abnormal connections, 

altered connectivity may be the result. Early structural alterations in connectivity 

including less mature spines and decreased branch width (with potentially reduced 

conductance), may contribute the functional differences seen long term in adult FID 

animals (Jorgenson et al, 2005; McEchron et al, 2005; Gewirtz et al, 2008).  
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The qPCR results at P7 indicate a reduction in transcript expression for multiple 

genes involved in early structural growth including Cdc42, Crmp1, Cypin, Cfl1, Pfn1, 

and Pfn2 (Figure 3.4). Two of the three RhoGTPases, RhoA and Rac1, were increased at 

P7 (Figure 3.4). RhoA has an inhibitory effect on dendrite outgrowth through inhibition 

of PSD-95, Cypin and Cfl1 (Chen et al, 2006; Chen et al, 2005). Upstream of the 

RhoGTPases are the neurotrophins, including BDNF and NGF. BDNF normally inhibits 

RhoA and stimulates Cdc42, which may account for the early increase in RhoA and 

decrease in Cdc42. The downstream effects of increased RhoA and decreased Cdc42 are 

consistent with decreased transcript expression levels of Cypin, Cfl1, Pfn1 and Pfn2, and 

also with decreased peak branching and spine stability. While the transcripts responded to 

iron therapy between P7 and P15, we speculate that the changes in these mRNA levels at 

P7 may result in the alterations seen in the cytoskeleton at P15, through altered actin 

assembly dynamics. The data from the IS group indicate that half of the selected genes 

have their greatest expression at P7 (Figure 3.4), potentially in anticipation of the 

upcoming period of rapid growth of dendrites and spines. The early increase in RhoA 

may be due to decreased inhibition from BDNF, which is chronically suppressed due to 

early IDA (Tran et al 2008, 2009). More RhoA increases inhibition of both Cfn and 

Cypin (Chen et al, 2006; Chen et al, 2005), resulting in their lower expression. Lower 

expression of the genes interacting directly with actin and MT (e.g., Cfl1, Cypin, Pfn1 

and Pfn2) in the ID rats, could lead to less new branching in the peak branching region 

and less pruning of early branches due to reduced cytoskeletal motility.   
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As Pokorny and Yamamoto observed, the main branch and early terminal 

branches are developing from P5 to P10, although the main proliferation of lateral 

branches occurs from P15-P24 in the stratum radiatum (1981). The distal lateral branches 

continue to elongate and branch more from P24 onward and do not reach their peak 

number or length until P48. Proximal lateral branches show a dramatic increase in length 

though P15 but begin decreasing from 15-90. This apparent “pruning” of the number of 

proximal lateral branches and the concurrent increase in distal lateral branching may be 

altered long term by early IDA. The later development of distal lateral branches and the 

pruning of proximal branches may be inhibited by iron deficiency resulting in shorter 

distance to peak branching. The earliest time we assayed structural changes in the current 

study was at P15 during the peak of proximal branching. The pruning that normally 

occurs in proximal lateral branch development may also be delayed by early IDA. When 

all the effects are combined, the reduced distal lateral branching and the inhibited 

proximal pruning may cause a shift in the area of peak branching corresponding to a 

more immature or delayed development. Additionally, any rescue of structural changes 

through early life plasticity will be more difficult to induce under conditions of altered 

energy metabolism and altered molecular growth determinants. 

 Spine shape correlates with function (Harris and Kater1994; Yang et al, 2008). 

The constricted neck helps compartmentalize the electrical and chemical concentration 

changes at the synapse. Calcium concentration is particularly important for different 

physiologic responses. The spine compartment allows for increases in Ca2+ to levels 

needed for activation of various downstream signaling processes such as activating 
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CREB, activating channel opening (Yuste et al, 2000). The mushroom shape is thought to 

be more mature based on the larger size of the postsynaptic density and the number of 

AMPA and NMDA receptors expressed there. Larger spines are also more likely to 

contain smooth endoplasmic reticulum for local calcium storage and release (Harris and 

Kater, 1994). Spine volume has thus been correlated with synaptic strength, which varies 

not only with activity but also with development. Spines are not generally observed in 

cultured hippocampal neurons at seven days in vitro, but have been observed in intact 

animals at P7. In cultured cells, spines are visible by day 14 (Rao and Craig, 1997) and 

are considered mature if they receive presynaptic input. If the spine heads are generally 

smaller in early development it follows that a curve of smaller size to larger would be 

observed. The spine head size trajectory may have a peak at P15, with a decline in 

bulbous heads by P30 and at P65 (as we observed in the IS group). In our study, we may 

be measuring a single point in the rising or falling phase of such a peak in the ID animals. 

Alternatively, we could be observing the lack of peak due to inadequate support for 

structural growth prior to P15.  

At P15 the neurons of ID animals had significantly smaller spine heads compared 

to the IS spines. We did not evaluate a specific subset of spine shapes; all spines with 

heads that were clearly visible were measured. Spines were largest at P15 and had no 

change in size from P30 or P70 in the IS animals. The large spines at P15 may indicate 

greater responsivity to input that might be reduced as their size and development 

progress. This idea seems fitting given the higher LTP at P15 than P30 in normative 

development (Jorgenson et al, 2003). It has been suggested that spines on three week old 



81 
 

neurons are relatively stable (Gruntzendler et al, 2002).  Yet it has also been observed 

that spines change shape on the order of minutes to hours (Parnass et al 2000; Sala, 

2002). Static representations of spine heads at relatively distant time points will not result 

in a well defined developmental curve, but instead can serve as a snapshot of what occurs 

for a particular group at a given time.    

 The molecular changes we observed include a surprising increase in Rac1 at P7, 

chronically downregulated PSD-95 and preliminary evidence of decreased AMPA 

receptor subunit expression at P15 (Carlson et al, 2007; Paul Reiger personal 

communication). Wiens et al, (2005) showed that increasing the active form of Rac1 

induced spinogenesis in immature neurons, as well as altering preexisting spines. They 

showed that Rac1 acts to cluster AMPA receptors at the synapse and appears to be 

developmentally regulated (Wiens et al, 2005). Clustering of Rac1 has been observed at 

axonal contact sites, so connectivity is needed for the progression of spinogenesis. 

However, tetrodotoxin did not inhibit the action of constitutively active Rac1 (Wiens et 

al, 2005). In our model, iron deficiency increased Rac1 transcript expression at P7, just 

prior to the period of high dendritogenesis and synaptogenesis. It is unclear what 

upstream regulation led to this acute transcript increase. In spite of upregulation of Rac1, 

downstream transcript levels of actin and MT binding proteins that regulate cytoskeletal 

changes are decreased. In addition, if there are less AMPA receptors, as suggested by 

reduced transcript (Paul Reiger personal communication), Rac1 transcript may be 

increased as a compensatory response to optimize clustering of available AMPA 

receptors. Although peak deficits in iron and energy metabolism occur from P7-P15, 
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compensatory responses may be activated to preserve neural functioning. It is also 

possible that increases in Rac1 support spine number as opposed to increasing spine head 

size, leading to a similar number of spines in ID and IS rats, but more immature spines in 

the ID rats. We posit that smaller spine head diameter in the ID group at P15 reflects a 

deficit of synaptic growth and plasticity, specifically of actin and MT based cytoskeletal 

regulation. In spite of the early increase of Rac1 transcript levels, the direct effectors 

binding to actin and tubulin, such as Cypin, Cfl1, Pfn1 and Pfn2, are downregulated, 

which would result in inhibited cytoskeletal plasticity. 

Dietary iron treatment beginning at P7 was effective in restoring third generation 

dendritic shaft width and normalizing mRNA levels of guidance and signal transduction 

molecules to IS levels by P30. Treatment effects for the transcripts were apparent at P15, 

when only one the nine genes of interest was significantly decreased (Figure 3.4). 

However, at P30 the ID group still had shorter apical shaft lengths than the IS group as 

evidenced by peak branching occurring closer to the soma at P30 (Figure 3.3). The 

density of branching was similar overall, suggesting the major effect of early IDA is on 

peak location not branch surface area at this age. In spite of treatment starting on P7, the 

whole brain remains mildly iron deficient at P28 in this model (Rao et al, 2003; 

Jorgenson et al 2005). This persistent brain iron deficiency may continue to compromise 

hippocampal structural development and function through compromised input from other 

areas of the brain, thereby accounting for the incomplete recovery and continuation of 

poor linear growth. Thus, the recovery of expression of these particular mRNA 

transcripts is necessary but not sufficient to normalize morphology. Altered distribution 
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of branches may underlie the persistently immature LTP (Jorgenson et al, 2005) and 

behavior (Gewirtz et al, 2008) demonstrated in the rat IDA model at P30.  

If gene expression important for structural growth and plasticity, such as normal 

transcript expression of Cfl1, is altered short-term, disrupted regulation would inhibit 

learning, but not prevent it entirely. The decreased transcript levels for actin regulatory 

genes suggest a decreased plasticity in the actin cytoskeleton. These molecules are 

needed in early development to grow and remodel the apical arbor as well as for spine 

development and maintenance. Their acute reduction changes inherent structural 

capabilities in addition to possibly altering their regulation long term. This change in long 

term expression may involve altered homeostatic mechanisms called “programming” 

which are more sensitive in early life. Proteins affecting actin polymerization and 

depolymerization include the RhoGTPases -RhoA, Rac1, and Cdc42 and their 

downstream effectors - Cypin, Pfn1, Pfn2, and Cfn1. Crmp1, an upstream effector of 

neurite guidance localized to dendrites acting in the semaphorin pathway (Bretin et al, 

2005; Tang, 2003), was also decreased by early IDA.  

In conclusion, the transcripts for direct effectors of actin and tubulin – Cfl1, Pfn1, 

Pf2 and Cypin - were reduced during acute IDA (P7) prior to iron treatment and 

responded to treatment by rising to control levels by P30. Other early upstream decreases 

in guidance effectors like Crmp1 and alterations in cytoskeletal regulators like Cdc42, 

RhoA and Rac1, alter the capabilities of the cytoskeleton and are likely to result in 

abnormal function. The structural data at P15 support these molecular changes, showing 

decreased third generation branch width, decreased spine head size and proximally 
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shifted branching. At P30 however, the molecular resolution does not correspond to a 

complete structural rescue - the proximal shift in peak branching remains although the 

spine head size is no different. This data and other data from this dietary IDA rat model 

suggest that there may still be structural and molecular alterations long term after iron 

repletion. It is with this data in mind that we proposed to study adult animals that were 

formerly iron deficient (FID) with identical methods. 
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CHAPTER 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Long term changes in dendrite structure and molecular 

determinants of cytoskeletal dynamics due to early IDA. 
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4.1 Introduction 

A hallmark of early IDA is that it causes cognitive deficits not only during the 

period of deficiency but also into young adulthood in spite of early iron treatment and 

complete brain iron repletion (Lozoff, 2006a and b). Animal models also show long term 

hippocampal dependent behavioral deficits and long term cellular and molecular changes 

(Rao 2003, Jorgenson et al 2005, Carlson et al 2007; Schmidt 2008). These long term 

deficits may be the result of altering critical genes during a sensitive period of 

development and altered activity dependent remodeling of dendrites and synapses. 

Specifically, changes in structure of dendrites and spines likely due to altered early gene 

expression for cytoskeletal regulatory proteins could result in long term changes in 

plasticity.  

In chapter 3 we demonstrated changes in dendrite structure and gene expression 

relating to dendrite structure while rat pups were iron deficient. Iron treatment 

normalized altered acute gene expression by P30, with many transcripts showing a dose 

dependent effect of iron from 15 to 30 as hippocampal iron was restored to normal levels 

(Figure 3.4). However, in spite of gene expression recovery during development, our 

model shows long term behavioral changes in adult animals (Schmidt et al, 2007). 

Therefore, we reasoned that FID rats may still have altered structure and may show 

altered gene expression profiles in adulthood. We hypothesized that both dendritic 

structures and gene transcripts that regulate these structures are abnormal in FID adult 

rats, providing an anatomical and molecular basis for the impaired synaptic efficacy seen 

following recovery from early iron deficiency. 
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4.2 Materials and methods 

4.2.1 Animals 

Rats were raised with an identical dietary model to the previous chapter, and were 

fully brain iron replete when sacrificed at P65 or P70. Forty 40 rats were used: 12 for 

hematocrit and tissue iron assay, 12 for Golgi staining, 12 for qPCR and 8 for 

immunohistochemistry.  

 

4.2.2 Hematocrit and tissue iron concentration  

 Blood samples were taken prior to perfusion and centrifuged at 1000 rpm for ten 

minutes in heparinized capillary tubes to determine percent red blood cell volume, which 

were then measured against a standard hematocrit reader. Hematocrits were determined at 

P65. Tissue iron concentration was measured by atomic absorption spectroscopy as 

previously described (Rao et al, 1999, Jorgenson et al, 2005), and expressed as µg Fe/g 

wet weight. 

4.2.3 Golgi Cox Staining 

Identical methods as described in chapter 3 were used to process adult rat brains 

for Golgi Cox staining. 

 

4.2.4 Morphometric analysis 

Dendrite length and branching were assessed using Sholl (1953) analysis (Gibb 

and Kolb, 1989) as described in chapter 3. 
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4.2.5 Quantitative real-time PCR (qPCR) 

 Hippocampal tissues were collected at P65 for quantitative PCR which was 

carried out as described previously by our group (Tran et al., 2008) using the identical 

method as in chapter 3.  

Unpaired, nonparametric (Mann-Whitney U) t-tests were used to compare the iron 

replete animals at P65 by initial dietary group.  

 

4.2.6 Immunohistochemistry 

Primary antibodies for six of the nine genes of interest were available to examine 

protein levels and localization and to confirm corresponding patterns of mRNA levels. 

Approximately four animals per group were used for immunohistochemical staining. 

Brains were perfused and fixed using previously published methods (Jorgenson et al, 

2003). Briefly, the staining procedure used Tris Buffered Saline with 0.1% Tween for all 

washes which occurred between all steps prior to blocking. Heat activated antigen 

unmasking with 5mM Sodium Citrate (at ph7.4) was followed by treatment with 15% 

hydrogen peroxide. Then, incubation in blocking solution was completed using purified 

goat serum and bovine serum albumin, before the primary polyclonal antibody was 

incubated over night at 4°C. All primary antibodies (Cell Signaling (Rac1/2/3 [1:25]) 

#2467, (Cdc42 [1:25]) #2466, and AbCam (RhoA [1:50]) ab68826, (Cxcr4 [3:200]) 

ab2074, (Cofilin [1:100]) ab42824, (CRMP1 [1:100]) ab36199) were made in rabbit and 

detected with an Anti-Rabbit ABC Elite (Vector) antibody kit. With the exception of 
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using twice the secondary antibody concentration, suggested dilutions were used. DAB 

with Nickel was the substrate and was developed for a minimum of 5 minutes. All sets of 

the same primary antibody were incubated simultaneously. The same light microscope 

and camera used for Golgi imaging was used (Nikon) as described in chapter 3. 

Staining was quantified by measuring the optical density on a gray scale ranging 

from zero (black) to 254 (white). Adobe Photoshop CS4 Extended (Adobe Systems 

Incorporated) was used to draw a loop around the entire cell body layer of interest (e.g., 

CA1) and the background staining of non-neuronal tissue to compare the total level of 

stain for each section. The protein levels in the cell body layers of CA1 hippocampus 

were assed for optical density differences at 100x magnification. Optical density was 

recorded as the absolute value of the difference between the cell body layer and the 

background, was averaged across animals within each group and compared between 

groups. Because statistical power was low, the data was compiled in Table 4.3 and are 

reported as Mean ± SEM without statistical comparisons. 

 

4.3 Results 

4.3.1 Hematocrit and tissue iron concentration 

 Hippocampal iron concentrations were not significantly different at P65 (IS 7.5± 0.5 µg 

Fe/g vs. ID 7.6± 0.9 µg Fe/g, p=0.92, N=6). Hematocrits were also not significantly 

different at P65 (IS 45.5± 1.6% vs ID 45.5 ±1.6% N=6). These results demonstrate that 

the rats had completely recovered their total body and hippocampal iron status after 

treatment. 
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4.3.2 Dendrite morphology in CA1 of FID hippocampus 

Dendrite width and spine head differences, observed in third generation branches 

at P15 (see sections 3.3.2 and 3.3.3), were not present at P70 in FID animals. 

Peak dendrite branching, corresponding to the window used for the AUC analysis, 

occurred between 124 and 217µm at P70 (Figure 4.1). The total number of branches 

across the entire dendritic tree was similar between dietary groups as was the maximal 

apical length (Table 4.1). However, at P70, in addition to the peak branching distance 

being closer to the soma with less branching at that peak, the FID group had fewer 

branches and area under the curve in the peak branching region (Table 4.1).  
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Table 4.1: Branching Morphometrics at P70.       

    IS ID p-value 

P70 N=6 N=5  

Maximal Apical Length (µm) 370±22 427±26 0.39 

Branch width (µm) 0.48±0.023  0.51±0.065  0.70 

Total Sholl ring crossings (n) 64.3±4.5 61.4±3.3 0.62 

Peak branching distance (µm) 176±15 136±8 0.04 

Number of crossings at peak branching distance 

(n) 

10.9±0.6 8.2±0.6 0.01 

AUC of peak branching region  645±44 491±49 0.05 

Crossings at median IS peak Sholl ring (n) 9.6±0.7 7.9±0.6 0.10 
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Figure 4.1 

Branching Distribution at P70: Average crossings per animal at each ring in intervals 

31µm apart, starting from the soma. The IS group is represented by black squares, the 

FID group in open triangles. Peak branching distance is labeled with a black (IS) or 

dashed (FID) arrow. 
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Figure 4.1 
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4.3.3 Transcriptional regulation of cytoskeletal structures 

FID animals showed decreased mRNA levels of Crmp1, Cxcr4, Rac1, Cdc42, 

Cfl1, Pfn1, and Pfn2 (Figure 4.2, Table 4.2). For the two genes of interest that did not 

show significant differences at P65, Cypin and RhoA, there were effect sizes of -12% and 

-40% respectively in the ID group, thus following the long term suppression pattern seen 

with the other transcripts (Table 4.2). 

 

4.3.4 Immunohistochemistry localization of proteins 

 Immunohistochemistry was used to assess the localization and relative protein 

expression of 6 of the 9 cytoskeletal structure transcripts within the CA1 area of 

hippocampus in IS and FID rats since the changes in gene (and therefore protein) 

expression could vary between different areas of the hippocampus. mRNA transcripts 

were measured for the entire hippocampus, but structural experiments assessed only 

CA1. Therefore it was important to determine whether changes in gene expression in the 

entire hippocampus translated into changes in protein expression in CA1. Representative 

sections are shown in Figure 4.3 and suggest that staining in hippocampal area CA1 is 

less in the FID rats than in the IS rats (Figure 4.3). Due to low statistical power t-tests 

were not possible. The effect size was calculated for each gene to show the degree of 

optical density difference between the IS and FID groups.  
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Figure 4.2  

Transcript Differences in cytoskeletal regulators [a) guidance translators b) RhoGTPases 

c) actin and MT binding proteins] due to early IDA at P65. IS in black and FID in 

checkered. Unpaired non-parametric (Mann-Whitney U) t-tests were used with 

significance at p<0.05 *, p<0.005 **. 
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Figure 4.2   
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Table 4.2 T-test results for all transcripts of interest in FID adult hippocampus.  

 Cxcr4 Crmp1 Cfln1  Rac1 Cdc42 RhoA Pfn1 Pfn2 Cypin 

P-value 0.016 0.0043 0.016 0.008 0.015 0.064 0.03 0.016 0.22 
Effect 
size;  
((ID-
IS)/IS 
x100) -48% -40% -21% -47% -38% -40% -29% -47% -12% 
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Figure 4.3  

Immunohistochemistry for IS (x) and FID (x‘), a) CRMP1 b) CXCR4 c) RHOA d) RAC1 

e) CFL1 f) CDC42. The pyramidal cell body layer (arrowheads) in CA1 IS sections 

shows more staining than the FID sections following standardization of background 

staining in each individual section. Scale bar is 100µm.  
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Figure 4.3 
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Table 4.3 Protein expression for six genes of interest expressed as Mean ± SEM 

expressed as the absolute value of the difference in optical staining density compared to 

background. 

  

Protein RHOA   RAC1   CDC42   

Group IS N= 3 ID N=5 IS N=3 ID N=3 IS N=2 ID N=3 
Optical 
density  
(arbitrary 
OD units) 16.0±1.0 12.7± 1.2 24.5± 1.7 17.1±0.4 23.8± 1.9 14.7±1.4 

Protein CFL1   CXCR4   CRMP1   

Group IS N=2 ID N= 2 IS N=1 ID N=2 IS N=1 ID N=2 
Optical 
density 
(arbitrary 
OD units) 27.2±2.8 22.8± 6.5 

30.4 
 17.9± 2.0  

28.4 
 14.9±5.6 
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4.4 Discussion 

This study assessed the effects of early IDA, with postweaning iron recovery 

(P30), on dendritic structure of adult hippocampal CA1 neurons and the molecular 

regulation of the cytoskelton during a period of activity-dependent plasticity in FID adult 

rats (P65/70).  

The P70 (FID) group had its maximal branching point closer to the soma than the 

IS group. This may represent a long-term consequence of growth failure from previous 

growth stages. However, of greater concern with respect to potential synaptic plasticity in 

response to environmental stimuli was the 25% reduction in branching density in the 

peak branching area accompanied by significantly lower long-term expression of 

transcript levels for cytoplasmic proteins important in neurite dynamics. These findings at 

P70 are of particular interest since they suggest that the ID group exhibited further 

reduced branching relative to the IS group over time. This surprising effect occurred in 

spite of normalized structural transcript levels at P30 and complete iron repletion.  

Nevertheless, these long term deficits are consistent with the long term deficits in 

LTP, spatial memory behavior, and gene expression related to synapse formation found 

in FID adult rats. These post-repletion deficits suggest that structural changes contribute 

to altered function (Jorgenson et al, 2005; Schmidt et al, 2007, Carlson et al, 2007). FID 

adult rats trained to learn a win-shift paradigm in a radial arm maze take longer to reach 

criterion but are not incapable of learning the task, suggesting reduced experience 

dependent plasticity, necessary for learning and memory. Additionally, since iron uptake 

by the hippocampus is induced by learning in a dose dependent manner (Carlson et al, 
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2009), less learning would result in less iron uptake, which would further reduce 

plasticity. These long-term cognitive effects in our dietary rat IDA model have 

translational significance because human studies from Lozoff et al, (2006 a,b) observed 

that with early IDA subjects continued to show poorer learning in young adulthood.  

A great deal of interest has centered on the potential mechanisms that underlie the 

persistently abnormal electrophysiology and behavior following complete iron treatment 

after early IDA. The long-term changes we observed in dendrite structure and mRNA 

expression confirm that there are residual effects of early IDA and suggests that these 

hippocampal neurons are programmed to be less responsive to new stimuli. Structural 

changes accompanied by related gene changes, well after complete iron repletion, reveal 

a potential sensitive period for developmental programming of genes related to dendrite 

growth and plasticity that continue to express throughout adulthood.  

It is likely that the long-term reduction of transcript and protein levels in our 

selected structural growth determinant genes and lower BDNF transcript and protein 

expression (Tran et al, 2008) both contribute to altered structural growth and plasticity of 

the system. Since transcripts for genes regulating activity dependent actin remodeling are 

reduced in FID animals, plasticity and remodeling will be slower and therefore less 

efficient. This reduced cytoskeletal modulation involved in synaptic plasticity may 

account for decreased adult LTP and longer learning times observed in other experiments 

of FID animals (Jorgenson et al, 2005; Schmidt et al, 2007). The decreased transcript 

levels for actin regulatory genes suggest a decreased capability for dynamic actin 

dependent growth, lending further understanding to altered long term morphology. These 
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actin regulators are needed not only in early development but also for continuous 

remodeling and maintenance of the cytoskeleton in adulthood. These modulations include 

pruning of over-exuberant dendrite growth or unused synaptic contacts which are 

important for experience or activity dependent plasticity. Proteins affecting actin 

polymerization and depolymerization include the RhoGTPases RhoA, Rac1, and Cdc42; 

and their downstream effectors Cypin, Pfn1, Pfn2, and Cfl1. Upstream effectors of 

neurite guidance include Crmp1, part of the semaphorin pathway, and Cxcr4, a cystolic 

and transmembrane protein involved in growth cone guidance (Boudouin et al, 2006, 

Bretin et al, 2005; Tang, 2003). Although RhoA transcript levels are not statistically 

different in the FID animals, it is evident that there is a large effect size for long term 

decreases (40%), similar to the effect size for the other transcript changes.   

In summary, functional deficits that have been previously described in this model 

may be due to loss of plasticity through regulation of actin filament remodeling factors. 

An example of this deficit using Hebb’s model of synaptic potentiation would show a less 

responsive system overall (Hebb, 1949). Specifically, if synapses that were supposed to 

be pruned were not completely eliminated, only reduced in strength, and those that were 

supposed to be strengthened were not as responsive to electrical activity, there would be 

less efficient synapses overall. This reduced synaptic efficacy demonstrated in 

electrophysiology experiments by Jorgenson et al, (2005) inspires future experiments 

examining maintenance and molding of the synapses in IDA animals. Overall, we 

postulate that there are less efficient synapses with less mature spines in ID rats during 

development, as determined by decreased spine head diameter during early 
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differentiation. The altered dendrite branches may be less able to respond to growth and 

guidance factors and maintain their appropriate structure into adulthood. With decreased 

availability of actin and MT binding proteins during adulthood, dendrites and spines may 

be less capable of dynamic responses to activity. Reduced plasticity would further reduce 

activity dependent learning as adult rats in spite of complete iron repletion. (Schmidt et 

al, 2007; McEchron et al, 2005, Jorgenson et al, 2005).  
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CHAPTER 5:  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Contributions to the field of iron deficiency, 
future research directions and concluding remarks 
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5.1 Implications of dendrite research to the field of iron deficiency 

5.1.1 Plasticity and Neurodevelopment 

Early iron deficiency is an adverse early life metabolic event that forces the 

system to respond with adaptive changes. Similarly to the way that the visual cortex is 

ready to respond to electrical stimulation from the amount of light hitting the retina, the 

early rat hippocampus responds to electrical activity and available nutrients including 

adjusting to reduced iron. The same mechanisms that refine the cortico-thalamic 

projections can also cause abnormal development in the absence of normal stimuli. In any 

developing tissue, there is a greater vulnerability due to the greater plasticity in early life 

when specification, refinement, and neurite outgrowth are occurring. Similarly, the 

molecular changes that accompany cellular plasticity and normal growth in neurons are 

affected by iron status. Thus, the timing of iron deficiency likely determines what areas 

of the brain and hippocampal subregions are affected, what processes are acutely affected 

and what effects these changes might have on subsequent development and whether 

deficits persist into adulthood. 

 

5.1.2 Iron deficiency as an early adverse event altering long term outcomes. 

Iron has an important role in biological processes, including generation of ATP, 

participation in oxidative reactions, and synthesis of myelin and neurotransmitters. The 

energy needed to sustain high growth in early neonatal development is severely 

compromised by iron deficiency. Additionally, multiple changes in gene expression occur 

in animal models of iron deficiency that are vital for building and maintaining proper 
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connectivity within the hippocampus and associated brain regions. For these reasons, we 

tested the hypothesis that iron deficiency early in life alters dendrite growth both acutely 

and long term, and alters the molecular expression of genes involved in structural 

plasticity. We speculate that the changes in gene expression for cytoskeletal regulators 

underlie the altered branching distribution, reduced branch width and decreased spine 

head size seen in our experiments. In turn, the molecular and structural changes in early 

development contribute to decreased adult plasticity, which may lead to reduced learning 

capacity in adulthood in spite of complete iron repletion. These findings are among the 

first to identify molecular underpinnings of the structural alterations that likely account 

for these long term behavioral findings seen in rodent models of iron deficiency. 

 

5.2 Effects of early IDA on dendrite and spine growth and development 

5.2.1 Dendrite specific molecular alterations due to IDA 

As noted above, altered patterns of critical gene expression during development 

and long term may explain the long-term learning deficits seen in our dietary IDA model. 

Seven of the nine genes assayed that control cytoskeletal regulation had reduced 

transcript levels during peak IDA (P7) prior to iron treatment. These genes responded to 

treatment at P15 and reached control levels by P30, but ultimately all but one (Cypin) 

were reduced in adulthood following complete iron repletion. Two of the nine genes, 

RhoA and Rac1 were increased at P7, but showed long term reduction after repletion 

(RhoA was 40% decreased; p=0.06). The reduction of gene expression long term for 

cytoskeletal regulators we observed is similar to hippocampal transcript changes in Bdnf 
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and its receptor trkB (Tran et al 2009) as well as most of the transcripts assessed by 

Carlson et al, (2007). While most of the genes showed a reduction in expression during 

early development and long term, two (Rac1 and RhoA) showed an initial increase at P7, 

only to be followed ultimately by reduced expression at P65. Interestingly, several of the 

genes, including CaMKIIa, reported by Carlson et al (2007) showed this initial increase 

in response to ID. However, in contrast to this previous report, the cytoskeletal regulator 

genes that we studied responded to iron treatment by returning to control levels by P15. 

This rapid response to treatment suggests that a high priority is given to structural 

regulation genes. Without such a repletion effect for these cytoskeletal regulators, the 

significant structural changes observed during development both at P15 and P30 would 

likely be even more pronounced.  

Long term reduction in transcripts, in spite of the developmental repletion, 

supports the finding of decreased branching seen in the adult FID animals. Persistent 

transcript deficits along with altered long term branching distribution suggest a strong 

relationship between gene expression for cytoskeletal regulators and the morpholgy of 

structures produced.  

It is possible that lower BDNF transcript and protein expression also contribute to 

long-term reduction of genes that regulate cytoskeletal structure, and that these combined 

factors may explain the observed altered structural growth and plasticity of the system. It 

is more likely that multiple pathways in addition to decreased BDNF and altered 

cytoskeletal remodeling factors converge to regulate structural changes during 

development and to facilitate learning induced plasticity during adulthood. Thus it is 
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important to suggest further experiments to determine other contributors to altered adult 

plasticity and learning in FID animals. 

Accumulated evidence for altered dendrite and spine growth is represented in the 

following schematics (Figure 5.1a and b). Many signaling pathways contribute and 

interact to regulate the actin cytoskeleton, resulting in developmental and activity 

dependent changes of dendrite and spine structure and function. Future studies would 

involve assaying additional structural determinants and understanding the interaction 

among these factors that result in the abnormal structural phenotype. 

 

 



110 
 

 

Figure 5.1 and 5.2 Dendrite and spine structural effectors altered by early IDA 5.1) 

during development (P7-30) or 5.2) in adult FID rats (P65). Up regulated transcript or 

protein expression is marked with an upward arrow, down regulated gene expression is 

marked with a downward arrow 

a) Dendrite formation involves activation of multiple pathways to regulate actin and 

MT dynamics. These signaling pathways begin with extracellular guidance and 

growth factor signals (1). The external cues bind transmembrane receptors 

expressed on the transmembrane surface (2). Some guidance cues require 

interactions with proteins in the cytosol (3) or translocation to the cytosol (3) to 

activate intracellular responses. Intracellular responses include activation of the 

RhoGTPases (4) which then interact with actin (5) and MT(6) binding proteins 

which directly affect filament polymerization and depolymerization. This 

polymerization and depolymerization determine length and branching decisions 

for growing neurites.  

b) Spine formation requires many of the same effectors for actin fillament assembly, 

however additional elements contribute to function and shape of spines across 

development. Filopodial protrusions become functional spines after presynaptic 

contact and PSD-95 expression (7). Glutamatergic transmembrane receptors (8) 

respond to presynaptic glutamate release (sequestered to presynaptic cytosol in 

diagram (9)) resulting in activity-dependent increases in spine head size. The 

increase in spine head size occurs as a result of potentiation of a synapse through 

insertion of more AMPA receptors (8) and persistent changes in calcium 

concentrations. Calcium binds calmodulin and activates the kinase CaMKIIa (10). 

CaMKIIa is essential for spine maturation and adult plasticity. Similar cytosolic 

activation of RhoGTPases (4) is required for changes in spine shape. Actin 

filament assembly dynamics occurring through actin binding proteins (5) form 

branched or linked filaments help support the expanding spine and reduce the 

spine neck 
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Figure 5.1 

 



112 
 

 
Figure 5.2 
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5.2.2(1) Significance of recent data showing alterations in dendrite and spine growth due 

to early IDA. 

The quantification of dendrite branches and spine morphology, and the molecular 

level assay of hippocampal tissue for changes in gene expression at the protein and 

mRNA levels represent additional data demonstrating how early IDA alters hippocampal 

dendrites. My data show that early iron deprivation results in altered cytoskeletal 

regulation short and long term, chronically altered branch distribution, and reduced 

branch width and spine head size in early postnatal development. Persistent effects in 

adulthood for both cytoskeletal regulation and branching distribution highlight the 

importance of prenatal treatment to reduce or rescue iron deficiency and its sequelae at 

the earliest possible time.  

 

5.2.2 (2) Significance for future iron deficiency research 

Our long-term results for the selected genes following iron repletion suggest that 

there are changes early in development that cannot be rescued with iron treatment 

beginning on P7. The following questions now become germane: 1) what causes the long 

term decreases in gene expression and peak branching density following repletion effects 

for transcript expression and partial rescue of structural changes at P30 and 2) how early 

must one provide iron to ensure full long-term recovery of the transcripts and the 

structures? 

The repletion effects for gene expression suggest their acute regulation has been 

rescued by P30. However, it is only a partial rescue because their expression is again 
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decreased at P65. This reduction following normalization suggests altered feedback or 

feed-forward signals that may control or ‘program’ adult gene expression but not be 

active during early development, perhaps through alterations in proteins controlling 

promoter binding or promoter expression. 

 

5.3 Future directions for iron deficiency/dendrite research 

5.3.1 Introduction to future directions 

Short of assaying all of the many actin binding proteins and related cytoskeletal 

regulators, there will remain gaps in our knowledge of how iron deficiency affects 

cytoskeletal regulation. However, qPCR analysis for a number of effectors would clarify 

the interaction between the RhoGTPases, and the downstream effects at the level of actin 

filaments. Specifically, transcript and protein level changes during IDA and in adult FID 

rats should be assessed for Arp2/3, WAVE, cortactin, LIMK, ROCK, Myosin light chain 

kinase, and the two drebrin isoforms (E and A).  

The specific mechanisms leading to significant decreases in our selected 

transcripts at P65 and normalization during late development (P30) are also unknown. It 

is possible that epigenetic mechanisms have altered long term regulation for the genes of 

interest, contributing to altered branching density in FID adult animals, and leading to the 

cellular and behavioral learning deficits seen with this model. This hypothesis is testable 

through assessing the methylation and acetylation status of these genes in FID and always 

IS rat hippocampus. 
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5.3.2 Activity independent and activity dependent changes in transcription  

The neurotrophic factor BDNF has roles in both activity dependent dendrite 

growth and learning induced plasticity. Its chronic reduction in early development and 

adult FID rats suggests that increasing BDNF may have great therapeutic potential. 

Experiments that would increase BDNF levels in IDA rat pups have already been 

proposed and therefore will not be discussed further.  

It is possible that early IDA alters chromatin remodeling, leading to the observed 

transcription changes. Chromatin remodeling can be altered by activity dependent or 

independent means, both these are potential areas for investigation. It is clear from our 

data that adult regulation of transcription is altered for many genes by early IDA 

irrespective of earlier expression patterns. Epigenetic regulation of transcription is one 

possible mechanism contributing to the abnormal dendrite growth described here. It 

would be helpful for development of rescue treatments to understand precisely how 

transcription regulation is altered by early IDA. One mechanism may be through ATP-

dependent chromatin remodeling. The energy from ATP hydrolysis is used by enzymes 

that alter accessibility of DNA through nucleosome modification resulting in reduced or 

increased transcription (Muchardt and Yaniv, 1999; Havas et al, 2001; Wu et al 2007; 

Farrants, 2008). Given that iron deficiency decreases intracellular energy availability 

(deUngria et al, 2000; Rao et al 2003), ATP-dependent chromatin remodeling may be 

altered. This global effect can regulate multiple genes, which is consistent with the long 

term decreases seen in most of the transcripts assayed in IDA models. If the regulation 
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for a specific set of genes is highly ATP dependent, experimental conditions that rescue 

ATP status may increase the key structural gene transcripts. 

 In future experiments it will be important to assay various promoter regions to 

look for abnormally acetylated or methylated regions. Since glutamatergic activity is 

altered by IDA, activity dependent transcription regulators specific to dendrite growth, 

like CREST, may also be altered (Rao et al, 2003; Awizawa et al, 2004; Jorgenson et al, 

2005; Wu et al, 2007)). The actin binding domain of nBAF53b may also be a target for 

misregulation, as it controls regulation of other dendrite related transcription factors 

(Awizawa et al, 2004; Wu et al, 2007). Both CREST and BAF53b should be assayed in 

future experiments. 

 

5.3.3 Functional implications of spine morphological changes in ID 

Spines are altered by IDA, as evidenced by smaller spine head diameter at P15. 

Altered spine heads are supported by transcript changes in actin binding proteins Cfl1, 

Pfn1 and Pfn2 (see chapter 3). Transcript and protein data from Carlson et al (2007) also 

showed altered CaMKIIa and PSD-95 expression. The lower CaMKIIa expression at P65 

in FID animals is consistent with less mature synapses in the adult animal (Yamagata et 

al 2009; Lee et al, 2009). However, at P15 and 30, CaMKIIa expression is transiently 

higher in the ID hippocampus (Carlson et al, 2007). This increased expression may be a 

compensatory response to offset the decreases in glutamatergic receptors (Paul Reiger 

personal communication) and spine cytoskeleton regulation transcripts (see chapter 3). A 

compensatory increase in CamKIIa may therefore prevent significant spine loss. In this 
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way, spines may be more immature in shape and possibly function, but still present in 

similar densities. Indeed, our data demonstrated that spine density was not significantly 

less in the ID animals. Instead the spines appeared less mature. Our data showing smaller 

spine heads at P15 and lower Cfl1 and Pfn1 and Pfn2 expression at P7 are consistent with 

less mature synapses at P15 (Yuste and Bonhoeffer, 2001; Ethell and Pasquale, 2005; 

Tada and Shang, 2006; Sekino et al, 2007; Yang et al, 2008) 

Reduced diameter of spine heads demonstrated immature spines at P15. More 

data to assay spine structure and function could be obtained through different methods. It 

is has been shown that measures of synaptic efficacy are altered short and long term due 

to early IDA (Jorgenson et al, 2005), but more could be done to investigate single cell 

and single synapse changes. Electrophysiological assessment of single synapses would 

verify that changes in spine shape due to IDA affect synaptic function in a predictable 

way. Further spine study could include electron microscopic assessment of branched 

spine heads and perforated synapses, which are markers of increased synaptic strength 

and affect synaptic integration (Spruceton, 2008). 

 Other experiments that would shed light on synaptic changes include real-time 

visualization of spines in culture, since the time course of spine changes can be within 

minutes to hours. Molecular analysis of isolated synapses is also possible with this 

method. It would be intriguing to observe the direct effects on dendrite and spine 

dynamics of increasing or decreasing individual gene expression levels of cytoskeletal 

regulators that are known to be altered by IDA in cell culture. It would also be helpful to 

study the effects of gene expression in slice culture, which has the high specificity and 
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sensitivity of dissociated culture and more realistic connectivity for observing activity 

dependent effects. With a cultured hippocampal slice it may be possible to isolate the 

immediate effects of iron on dendrite growth, as well as the treatment effects of depleting 

or increasing specific signaling molecules to rescue the dendritic iron deficiency 

phenotype. In addition, it would be possible to look at hippocampal axon growth, which 

may be altered due to IDA given the similar roles for RhoGTPases in axonal growth cone 

dynamics.  

 

5.4.1 Implications for plasticity 

 As Hensch and colleagues (Sugayama et al, 2008) observed, GABA expression 

differences during early development can alter or shift critical periods for plasticity. For 

example, increased GABA during development may reduce plasticity at an earlier time, 

thus preventing rescue of early deficits. Additionally, if GABAergic tone is altered, 

altered inhibitory activity and consequences for excitatory activity will lead to changes in 

activity-dependent growth and refinement. Whether the critical period is shifted earlier or 

later, GABA expression and interneuron-neuron interactions may contribute to the long 

term effects of early iron deficiency and should be assessed in future experiments. It 

might be possible to regulate plasticity with interventions aimed at normalizing GABA 

expression.  

 

5.4.2 Further assessment of GABAergic activity 
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It will be important to gauge the synaptic inputs from GABAergic interneurons, 

which may be altered by IDA and which could have pre and postsynaptic changes 

contributing to altered plasticity. Interneuron maturation and activity levels have not been 

studied in any iron deficiency model. They contribute to mature development of the 

hippocampal networks by increasing synchronous firing (Somogyi and Klausberger 

2005; Tukker et al 2007; Hartwich et al, 2008). Early IDA could stunt hippocampal 

development if it results in earlier than normal appearance of perineuronal nets, which 

could be assessed with parvalbumin protein analysis using immunohistochemistry. 

Observations based on preliminary data and unpublished observations suggest more 

parvalbumin transcript (Carlson et al, 2007) and protein at an early age due to IDA.  

The input from inhibitory interneurons in the development of synchronicity 

(gamma oscillations) is necessary for learning and memory (Somogyi and Klausberger 

2005; Hartwich et al 2008). If these interneurons are more active earlier in development, 

it is possible that the critical period closes earlier and prevents appropriate development 

of learning circuits. Alternatively, GABAergic activity might be lower than normal, 

preventing maturation, consistent with a developmental delay suggested by the LTP data 

(Jorgenson et al, 2003; Jorgenson et al, 2005). 

 

5.4.3 Altered critical period effectors due to early IDA 

Altered plasticity due to IDA may be influenced by a developmental sensitive 

period. There has been no work in animal models of iron deficiency to demonstrate 

altered critical periods for dendrite growth in the hippocampus. Timing of and 
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mechanisms involved in onset and offset of such a critical period would inform clinical 

treatments for iron deficient infants. It is plausible early IDA affects a critical period for 

structural growth. Even without a clear directional shift in the timing of a sensitive 

period, alteration of plasticity during that critical period would create long term 

differences in plasticity and learning.  

Excitatory and inhibitory balance is one of the key concepts regulating critical 

period plasticity. Growing evidence indicates that early IDA alters the balance of 

excitation and inhibition during development. The increase in sequestered GABA as well 

as decreased or sequestered myelin factors (Rao et al, 2003) might lead to a later critical 

period. A delayed or perhaps extended critical period is suggestive of an immature profile 

at later ages, similar to the observed changes in LTP in ID hippocampus at P30 

(Jorgenson et al, 2005). However, LTP was decreased by P65 suggesting reduced adult 

plasticity, not additional evidence of developmental delay (Jorgenson et al, 2005). Tran et 

al (2008, 2009) has also observed decreases in BDNF at P15 and P65 which also 

contribute to altered plasticity. Fluoxetine or BDNF administration has been 

demonstrated to increase excitation and cause a corresponding right-shifted critical period 

in the visual cortex (Huang et al, 1999; Hanover et al 1999; Sugiyama et al, 2008). 

Therefore, the decrease in BDNF at P15 indicates a loss of excitatory tone during 

differentiation, and BDNF remains depressed long after iron repletion. The reduction of 

BDNF during a period of high growth may have disrupted the development of the 

circuitry used to create plasticity for learning and memory, causing the deficits observed 

after iron repletion. It is plausible that alteration of the excitatory and inhibitory balance 
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due to early IDA may significantly disrupt plasticity and prevent full maturation of the 

learning circuitry, resulting in long term cognitive and behavioral deficits. Altered 

regulation of the excitatory and inhibitory tone throughout development suggests a 

potential target for treatment or prevention of iron deficits.  

 

5.5 Concluding remarks 

Structural changes seen in CA1 apical dendrites are likely to result in altered 

connectivity. Reduced transcript and protein expression of genes involved in actin and 

MT dynamics support altered branching distribution and spine morphology. My results 

provide morphologic and molecular support for previous behavioral findings in FID rats 

of longer learning times in hippocampal dependent tasks. It remains unclear if there is an 

effect of iron deficiency on promoter regions for these genes, or if the effect is mediated 

solely through modification of growth factor expression, such as decreased BDNF. Our 

data showing decreased branch density in FID rats and supporting transcript decreases in 

cytoskeletal regulators suggest that increasing BDNF may be an effective rescue 

treatment for reduced cytoskeletal plasticity. Through its affects on cytoskeletal 

regulators, particularly the RhoGTPases, BDNF may contribute to an increased ability to 

maintain the systems during early IDA and allow the system to remain more plastic after 

repletion.  

Effective postnatal treatments are particularly important since iron treatment at 

the equivalent time of human term birth is not sufficient to rescue the structural genotype 

or the phenotype. Inability to fully rescue effects of early IDA with postnatal treatment 
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suggest a very early sensitive period for dendrite growth. Assessment of the role of 

GABAergic maturation, in addition to the excitatory and inhibitory balance of electrical 

activity in the altered in the potentially critical period for dendrite growth will help 

determine how to restore proper structure and long term plasticity. Finally, my findings 

of altered transcripts for structural growth and decreased branching long term support the 

findings of reduced plasticity, synaptic efficacy, and learning in adulthood. If restoration 

of gene expression for cytoskeletal regulators and dendrite branching and spine 

morphology can be achieved during development, or the critical period reopened in 

adulthood, long term plasticity deficits due to early IDA may be rescued.
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