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Abstract 

Iron deficiency (ID) is the most prevalent micronutrient deficiency in the world, affecting 

infants in both industrialized and developing countries. Children are at risk for ID during 

toddlerhood, and infants are at risk for ID during late gestation and early infancy due to 

severe maternal ID and pregnancies complicated by intrauterine growth restriction or 

diabetes mellitus. In both of these populations, there is evidence for both acute (during 

the period of ID) and long-term (after iron repletion) cognitive abnormalities. Animal 

models of early ID also show cognitive abnormalities, with iron deficient rat pups 

performing worse on spatial and recognition memory tasks. One caveat of these models is 

that dietary ID in the rat brain is liable to affect multiple brain systems and it is difficult 

to parse out the specific contribution of ID to the abnormal development seen in infants 

and rats. Furthermore, it is unclear whether the effect on the hippocampus is due to the 

lack of iron or from other processes occurring in conjunction with ID (e.g. maternal 

stress, hypoxia, anemia). Additionally, the effects of ID during gestation appear to target 

recognition memory circuitry, as opposed to other brain structures. In other words, 

dietary models of iron deficiency are not entirely congruent with the human disease being 

modeled. 

For this dissertation I have 3 objectives: 1) To quantitate differences due to dietary ID in 

mRNAs and proteins salient to hippocampal development and function during ID, and 

after iron repletion in rat.  

2) To delineate the role of the murine Slc11a2 (divalent metal ion transporter-1) in 

neuronal iron uptake during hippocampal development, to determine the molecular, 
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neurometabolomic, and behavioral alterations occurring due to hippocampal-specific ID 

during development. 3) To determine the effects of a timed reduction of hippocampal 

iron uptake on iron metabolism and function by characterizing a mouse carrying a 

hippocampus-specific tet–responsive transgene of a dominant negative TfR-1 (transferrin 

receptor-1). 

 Thus, the specific aims focus on the role of iron in the developing hippocampus 

and ultimately to determine the contribution of hippocampal dysfunction to the overall 

clinical spectrum of abnormal cognitive behavior seen with early ID.
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Introduction, Background and Specific Aims
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Scope of Iron Deficiency-Related Cognitive Problems 

ID remains one of most prevalent nutrient deficiencies in the world.  A deficiency 

in iron during neurodevelopment affects the developing brain in numerous ways and is 

associated with subsequent decreases in neurodevelopmental outcomes in infants, 

children (while iron deficient) and young adults (after iron repletion) (B. Lozoff et al., 

2000; S. Grantham-McGregor and C. Ani, 2001). In the United States, ID occurs during 

the fetal and neonatal periods due to pregnancies complicated by maternal ID, 

intrauterine growth restriction (IUGR), and infants of diabetic mothers (IDMS) (R. Rao 

and M. K. Georgieff, 2002). Recently, IDMs with low iron status were shown to perform 

worse on recognition memory tasks at birth, 6 months, 8 months, and 1 year of age when 

compared to infants (non-IDMs) with normal iron status (R. A. Deregnier et al., 2000; C. 

A. Nelson et al., 2003; A. M. Siddappa et al., 2004; T. DeBoer et al., 2005). Similarly, 

children born with low iron stores show substandard arithmetic and writing scores, in 

conjunction with subnormal performances on recognition memory tasks (T. Tamura et 

al., 2002).  Thus, the effects of ID from diabetes during gestation appear to target 

recognition memory circuitry, as opposed to other brain structures (A. M. Siddappa et al., 

2004; T. DeBoer et al., 2005). Additionally, it is important to note that the effects of early 

ID on learning and memory appear to persist past the period of iron deficiency (B. Lozoff 

et al., 2000; B. Lozoff et al., 2006b; B. Lozoff and M. K. Georgieff, 2006; B. Lozoff et 

al., 2006a).        

 Iron and iron-containing proteins are essential throughout development for 

numerous physiologic processes critical for brain maturation and function.  These 

include: cell proliferation (ribonucleotide reductase) (H. Eklund et al., 2001), myelination 
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(delta-9-desaturase) (S. Yehuda, 1987), neurotransmitter synthesis (tyrosine hydroxylase) 

(M. B. Youdim et al., 1986), energy metabolism (cytochrome c oxidase) (M. Tanaka et 

al., 1995), and synapse function (neuronal nitric oxide synthase) (M. I. Goldblatt et al., 

2001). Gestational/neonatal IDA compromises hippocampal cellular metabolism in the 

developing rat brain (M. de Deungria et al., 2000). This decrease in metabolic activity is 

not homogeneous within the developing brain, but rather it is localized to recognition 

memory circuitry (e.g. hippocampus, cingulate cortex, and prefrontal cortex) during 

developmental periods characterized by high rates of cellular proliferation, differentiation 

and neurite extension.  While a specific mechanism regulating this heterogeneous 

regional iron uptake is unknown, this is consistent with the finding that certain brain 

regions are rich in iron while others accrete iron at different times in development (A. J. 

Roskams and J. R. Connor, 1994).  

The hippocampus is a major brain structure of interest in the study of memory.  The 

existence of two memory systems, one devoted to explicit events (e.g. recognition of 

familiar objects or places) and one devoted to procedural events (e.g. riding a bicycle) 

subserved by relatively discrete brain areas (hippocampus vs. striatum, respectively) 

appears to be conserved across species from mouse to human (J. Bachevalier et al., 

2001). Complete obliteration of the hippocampus in humans results in an inability to 

encode new facts (L. R. Squire, 1992). Surgical, pharmacologic and genetic lesions of the 

various subareas of the hippocampus (CA1, CA3, dentate gyrus) in rodents result in 

specific hippocampal subarea-dependent memory deficits (P. F. Chapman et al., 1999; D. 

A. Clayton et al., 2002; T. J. Shors et al., 2002). More recent studies with 

electrophysiological and neuroanatomical techniques challenge the independence of these 
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circuits from each other (L. B. Day et al., 1999; B. D. Devan and N. M. White, 1999; C. 

L. Gonzalez et al., 2000; J. E. Lisman and A. A. Grace, 2005; D. P. Cain et al., 2006). 

Nevertheless, the dorsal area of CA1 (where ID has documented structural and 

biochemical changes) is a critical area for memory processing and is an excellent target 

for the study of ID’s effect on memory (P. Matus-Amat et al., 2004).  

Iron Uptake by the Brain and Specifically by the Developing Hippocampus 

Late fetal and early postnatal life (up to 6 months in the human; up to P25 in the 

rodent) is a period of rapid hippocampal growth and differentiation in most mammals (J. 

Dobbing and J. Sands, 1979). Transcriptional profiling by microarray of the developing 

rat brain has shown that the greatest amount of regional differentiation (measured in 

cortex, hippocampus and hypothalamus) in gene expression is occurring during this time 

period (J. D. Stead et al., 2006). Given that iron is an important substrate for rapidly 

proliferating and differentiating cells, it is not surprising that iron import into the rat 

hippocampus is greatest between P5 and P15, just prior to its growth spurt. Peak cellular 

differentiation, dendritic growth and arborization, and synapse formation occur between 

P15 and P25 (J. Pokorny and T. Yamamoto, 1981; L. L. Rihn and B. J. Claiborne, 1990; 

E. M. Taylor and E. H. Morgan, 1990). The shafts and spines of apical dendrites of CA-1 

pyramidal neurons are highly metabolic areas that demonstrate rapid local iron 

transmembrane cycling via the tranferrin receptor (T. A. Blanpied et al., 2003).  

The mechanisms of iron uptake by the brain remain elusive, but likely involve the 

same transporters found in other tissues (J. R. Burdo and J. R. Connor, 2003). The major 

transporters include transferrin receptor-1 (TfR-1), a transmembrane homo-dimer linked 

by a disulfide bridge that binds 2 diferric transferrin molecules. Although it remains 
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unclear how iron traverses the blood-brain barrier, transferrin is synthesized by the brain, 

localizes to the extracellular fluid and binds TfR expressed on the neuronal cell 

membrane (R. Roberts et al., 1992; T. Moos and E. H. Morgan, 2000). It is assumed that 

classic TfR-Tf binding occurs with subsequent uptake of the endosome containing the 

complex (Y. Cheng et al., 2004). In order to be bioavailable, the iron molecule must be 

off-loaded from TfR-1 within the endosome, converted from a ferric to a ferrous state and 

then transported across the endosomal membrane by divalent metal transporter-1 (DMT-

1) (See Fig. 1) (M. D. Fleming et al., 1998). Gunshin and colleagues characterized the 

rich hippocampal expression of DMT-1 in the adult mouse (H. Gunshin et al., 1997). 

More recently, we characterized the developmental appearance of these proteins in rat 

hippocampus and showed a large increase in hippocampal pyramidal neuron expression 

from P5 to P15 (A. J. Siddappa et al., 2002).  

Sensitivity of the Developing Hippocampus to Iron Deficiency 

Fetal/neonatal ID increases hippocampal neuronal TfR-1 and DMT-1 expression at 

P10 suggesting the system is regulated appropriately by iron status (A. J. Siddappa et al., 

2003). Mice with a global, homozygous knockout of TfR-1 are embryologically non-

viable, but at E15 show marked neuroanatomic abnormalities (J. E. Levy et al., 1999). 

The global DMT-1 homozygous deletion mouse does not survive past the seventh 

postnatal day (H. Gunshin et al., 2005). While it shows no overt anatomic abnormalities, 

DMT-1 deletion mice are born anemic and show progressive growth retardation (H. 

Gunshin et al., 2005). Overall, there is reason to hypothesize that both transporters are 

crucial for iron accretion by neuronal cells and that targeting either one for time-specific, 

tissue-specific knockout in the hippocampus would result in significant loss of pyramidal  
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Figure 1.  Iron uptake at the cell surface membrane is mediated by TfR-1 binding of 

diferric transferrin (Tf) with subsequent endocytosis of the entire homo-dimer/membrane 

complex. This is followed by endosomal acidification and culminates when iron is 

exported into cytosolic ferritin via DMT1 (Walz, 2005). 
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cell iron. Jorgenson and colleagues characterized dendritic abnormalities in area CA1 of 

the hippocampus following dietary ID (L. A. Jorgenson et al., 2003).  Pyramidal cells in 

area CA1 had shorter dendritic main shaft lengths (visualized with microtubule 

associated protein-2 [MAP-2] staining) at P15, and longer dendritic main shaft lengths at 

P63 (L. A. Jorgenson et al., 2003). Furthermore, regions within the hippocampus 

demonstrating structural abnormalities during ID are reported to be critical for synaptic 

efficacy and current models of learning and memory (long-term potentiation) (M. F. Bear 

and R. C. Malenka, 1994; P. Matus-Amat et al., 2004). Indeeed, fetal iron deficiency 

induces delays in the maturation of the LTP response with subsequent loss of memory 

forming capacity in the adult animal (L. A. Jorgenson et al., 2005) 

These findings provide further evidence of the importance of adequate iron 

availability throughout neurodevelopment and the potential consequences of low iron 

stores on putative structures involved in facilitating learning and memory.   

Probing Hippocampal Function in Animal Models 

Mice and other rodents (model organisms commonly used in the study of brain 

development and behavior) have evolved nervous systems that are specialized for 

navigating the many different environments they commonly occupy.  The components of 

the mouse’s nervous system that contribute to its specialization include well developed 

motor skills, highly developed vestibular, auditory, proprioceptive, and ocular senses, as 

well as centralized neural systems that can integrate information from the environment to 

form a cognitive map of its environment.  Three tasks have been commonly used to study 

spatial navigation and learning in mice and other rodents: the radial arm maze, circular 

platform maze, and Morris water maze. The Morris water maze task has been well 
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characterized, particularly with respect to behavioral tests used to phenotype knockout 

mice. Furthermore, variations of the task can be used to dissociate the role of various 

structures and strategies that the animal uses to complete the task successfully.   

In 1971, it was observed that single cells in the hippocampus fire when a rat was in a 

given area of a learned environment, leading to the idea that in rodents, cells in the 

hippocampus formed a kind of spatial map (J. O'Keefe and J. Dostrovsky, 1971). In 1982, 

Morris and colleagues showed in a behavioral test that when the hippocampus was 

lesioned, performance on a spatial navigation task was severely impaired (R. G. Morris et 

al., 1982).   

Bliss and Lømo’s discovery of long-term potentiation (LTP) in 1973 resulted in 

an electrophysiological model of Hebbian synaptic potentiation (T. V. Bliss and T. Lomo, 

1973).  LTP can be induced in the hippocampus (and other cortical areas) by repetitive, 

high frequency inputs and is characterized by long-lasting, activity-dependent changes in 

synaptic strength. Collingridge and colleagues showed in an in vitro model that N-

Methyl-D-Aspartate (NMDA), among other excitatory amino acid neurotransmitters, had 

the unique ability of causing cells to fire in repetitive bursts (resembling an LTP-inducing 

stimulus) in cultured CA1 hippocampal slices (G. L. Collingridge et al., 1983b). They 

also found that this firing behavior initiated by NMDA could be inhibited by AP5, a 

selective NMDA-receptor antagonist (G. L. Collingridge et al., 1983a). Harris and 

colleagues showed that NMDA depolarizations and more importantly, induction of LTP 

in Schaffer collateral responses was prevented by administration of AP5 (E. W. Harris et 

al., 1984).  
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Drawing together the behavior observations and the work on LTP, Morris showed 

that blockade of NMDA receptors by in vivo application of AP5 directly into CA1 of the 

hippocampus was sufficient to abrogate learning of the water maze task, thus clinching a 

major connection between performance on a behavioral task and the behavior of the brain 

at a cellular, if not even a molecular level (R. G. Morris et al., 1986). This line of work 

was elegantly repeated and extended with the use of a conditional knockout of the 

NMDA receptor limited to the CA1 subregion of the mouse hippocampus (J. Z. Tsien et 

al., 1996a). Thus, the Morris water maze has been established as a behavioral model for 

studies of hippocampal deficits.     

When learning the Morris water maze task, the mouse is placed into a tank filled 

with opaque water with a platform they cannot see, smell, or hear in one of the tank’s 

quadrants. Since mice prefer “dry land” to swimming, they quickly learn where the 

hidden platform is (when it is in a fixed location over a series of trials) relative to fixed 

visual cues in the testing room.  In a variant of the Morris water maze in which the 

platform is made visible to the mouse, and the platform is moved in between trials, the 

mice use a non-spatial learning strategy (‘cued’ learning) to find the platform.  Kolb et al, 

showed that performance on this task is impaired when the prefrontal cortex and posterior 

parietal cortex are lesioned (B. Kolb et al., 1994). However, when NMDA receptors are 

selectively knocked out in CA1 of hippocampus, performance on the landmark task is not 

affected (J. Z. Tsien et al., 1996a).  This variant offers a nice control to a behavioral test 

for a hippocampal deficit (M. E. Bach et al., 1995).        

In both rodents and humans, the hippocampus is a structure integral to several 

kinds of learning and memory processes (L. R. Squire, 1992).  Because of the parallels 
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between human and animal work, the Morris water maze task is a promising bridge 

between the neural processes of memory for both species. 

Potential Confounding Variables in Dietary ID Studies 

Studies investigating the effect of ID on brain-behavior relationships have 

depended on gestational dietary iron restriction that induces severe ID anemia 

(Hemoglobin concentrations= 60-80g/L) and global brain ID in the mother and the 

offspring. The dietary approach ultimately is disadvantaged by potential confounding 

variables that can obscure the underlying mechanism of iron (e.g. hypoxia due to anemia; 

disruptions of brain Mn, Cu or Zn homeostasis (K. M. Malhotra et al., 1984; A. Shukla et 

al., 1989a; K. Yokoi et al., 1991; A. C. Chua and E. H. Morgan, 1996).  

This degree of anemia may induce a degree of chronic tissue hypoxia, a condition 

in itself that affect the brain neurometabolome (L. Raman et al., 2005).  Comparing the 

neurochemistry of the hippocampus during chronic hypoxia without an ID diet (L. 

Raman et al., 2005) to that of the iron deficient hippocampus in the P7-28 rat pup (R. Rao 

et al., 2003) revealed similar alterations in energy metabolism (elevated 

phosphocreatine:creatine ratio) and elevations in GABA concentrations. On the other 

hand, increases in potentially neurotoxic glutamate concentrations, taurine 

concentrations, and phosphorylethanolamine concentrations occurred only in the iron 

deficient model. ID (L. A. Jorgenson et al., 2003) and chronic hypoxia (unpublished data 

from our laboratory) both alter hippocampal CA1 dendritic morphology. 

A second issue is that the behavioral abnormalities in ID organisms likely reflect 

the sum of all brain components affected by ID. For example, the inability of the dietary 

ID rat to perform in the Morris water maze (B. T. Felt and B. Lozoff, 1996) could be due 
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to decreased synaptic efficacy in the hippocampus, or reduced motivation (dopamine 

effect), strength (muscle ID) or processing speed (hypomyelination). Furthermore, the 

effect of behavioral abnormalities in the anemic mother as she raises the iron deficient 

pups must be considered as a small, but potentially significant confounding variable. 

The third potential confound is that upregulation of hippocampal TfR-1 and 

DMT-1 that occurs in response to fetal/neonatal ID (A. J. Siddappa et al., 2003) results in 

increased concentrations of other divalent cations that may injure the developing brain. 

Gestational (A. C. Chua and E. H. Morgan, 1996) and postnatal ID (K. Yokoi et al., 

1991) increase brain Manganese (Mn) concentrations. Mn is neurotoxic at high 

concentrations. Zinc (Zn) and copper (Cu) can also be affected most likely because the 

specific transporters for each cation will bind other related cations. For example, 

postnatal ID increases hippocampal Zn concentration by 19% and cortical Cu by 18% (A. 

Shukla et al., 1989b). 

Genetic Approaches to Induce Hippocampal ID 

Genetic models that isolate the effect of ID (predominantly) to the hippocampus 

and do not affect the mother or the pup’s erythron, other non-heme tissues, and other 

important brain regions would set the stage for future studies on the role of iron in the 

development of this important cognitive structure and could potentially resolve whether 

the lack of iron is responsible for the long-term cognitive abnormalities seen with dietary 

ID. 

Many genes targeted with null allele knockout constructs result in embryonically 

lethal phenotypes in homozygous global knockout models. For example, the transferrin 

receptor homozygous global KO is lethal at E12.5 (J. E. Levy et al., 1999). This has led 
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to the development of cell type- and temporally-specific genetic knockouts as well as 

inducible dominant regulators gene products which can test the function of a gene 

product in a particular time and place, as opposed to examining the global knockout that 

can result in unanticipated effects on different tissues (e.g. within the brain) or other 

physiologic systems. We have chosen two strategies to avoid embryonic lethality and 

effects on other brain structures: 1) the Cre-loxP system to conditionally knockout DMT1 

in the hippocampus and 2) the tetracycline transactivator (tTA) system to induce 

expression of a dominant negative transferrin receptor in the developing hippocampus 

when iron requirements are particularly high and dendritic morphogenesis and 

synaptogenesis is dependent on iron cycling. 

Three Specific Aims 

The strategy is to characterize the rat dietary model at the level of transcription, 

and to develop and utilize two unique mouse lines that prevent or reduce iron uptake in 

the hippocampus during late fetal/early neonatal development. The two proposed mouse 

lines target the two proteins necessary (and highly upregulated in hippocampus of the rat 

dietary model) for neuronal intracellular iron delivery (divalent metal transporter-1; 

DMT-1) and neuronal iron uptake (transferrin receptor-1; TfR-1). 1) Prevention of iron 

delivery will be achieved by specific deletion of DMT-1 in hippocampus at embryonic 

day (E)18 prior to the spurt of major hippocampal pyramidal cell proliferation and 

differentiation. 2) The transgenic, temporally-inducible dominant negative (DN) TfR-1 

mouse has been generated in our laboratory. It will be bred to a hippocampal specific 

tetracycline-off activator (tTA) mouse kept in our colony to achieve reduction of 

hippocampal neuronal iron uptake at postnatal day 10 (P10). The DMT-1 KO mouse 
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allows for future discovery of the absolute need for iron during development, while the 

DN mouse allows for future studies exploring the importance of ID onset and rescue (i.e. 

timing) on neurodevelopment.   

Thus, my Specific Aims are to:  

1) Characterize the rat dietary model in the P15 hippocampus with 

microarray and use quantitative PCR to characterize developmental 

profiles of genes identified in the microarray screen, during and after the 

period of ID. 

2) Determine the effects of complete and permanent hippocampal deletion of 

DMT-1 at E18 on hippocampal iron metabolism and function across 

development. 

3) Determine the effects of timed reductions of hippocampal iron uptake on 

iron metabolism and function by mating a mouse carrying a tet –

responsive transgene of a DN TfR-1 to a hippocampal tTA mouse. 

Given that ID disrupts numerous physiological processes, particularly in 

development, it is important to elucidate models both utilizing dietary IDA (SA1), and 

specifically isolating the effects of ID (non-anemic) on the developing hippocampus 

(SA2, 3).  Comparisons of these models will then be used to isolate issues such as 

neurons vs. other CNS cells (glia, endothelial cells), or iron deficiency vs. iron repletion. 

Hence, the latter specific aims (SA2, SA3) are designed to construct specific non-anemic 

models of early ID targeting the developing hippocampus.  
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The Cre-loxP Conditional Knock-Out Approach 

By utilizing a subregion- and cell type-restricted gene knockout we can generate a 

cell type- and temporally specific model of ID. This technology utilizes a Cre/loxP 

recombination system to knockout genes of interest in a cell-specific manner, such as 

genes for N-methyl-D-aspartate (NMDA) receptors, localized to pyramidal cells in CA1 

region of HC in mice (J. Z. Tsien et al., 1996b). This strategy has been used in the past to 

specifically assess the role of specific gene products such as trkB receptors (Xu, et al., 

2000), neural cell adhesion molecule (Bukalo, et al., 2004), mineralocorticoid receptors 

(Berger et al., 2005), in hippocampal pyramidal neuron development and function. 

We applied this technology to the DMT-1 gene to induce hippocampal iron deficiency. In 

the cellular iron uptake cycle, intracellular iron delivery from the endosome to cytosolic 

ferritin cages is dependent on DMT-1 (M. W. Hentze et al., 2004). Thus, the objective of 

aim 1 is to knockout DMT-1 specifically in area CA1 of the hippocampus at a time point 

before P5 and to test functional consequences of limited iron uptake prior to the 

hippocampal growth spurt.  

The Transgenic Dominant-Negative (DN) Approach 

Another means of disrupting normal expression and function of a gene product is 

through transgenic expression of a dominantly acting regulator under the control of an 

inducible promoter. This approach can be made more specific by conditionally 

expressing a hormone receptor (such as the tTA), under the control of a cell-type-specific 

promoter. This system has been used previously in the study of various signaling 

pathways involved in memory processing and plasticity in hippocampus. Examples of 
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successfully generated, brain region specific DN mutant molecules include CaMKII, 

CREB, PKA-I, Erk, MEK, and trk-B (Wells & Carter, 2001).  

Since TfR-1 is comprised of two homogeneous subunits, it is possible to use a “dominant 

negative” knock-down strategy in which a mutant subunit is expressed which dimerizes 

and/or outcompetes native TfR-1 subunits to form non-functional receptors. Studies of 

human TfR-1 indicate dominant negative mutants can be made to reduce normal function 

but still undergo normal transcytosis and membrane insertion (A. M. Williams and C. A. 

Enns, 1993). 

Complementary Aspects of Both Dietary and Genetic Approaches 

 We expect that both genetic approaches will lead to new and unique information 

with respect to a highly focused iron deficiency in the developing hippocampus. Utilizing 

the three different models will also allow for the assessment of important contrasts.  For 

example, the conditional DMT-1 deletion will be irreversible and will occur at a specific 

point in late fetal development (E18). It will help determine the absolute need for iron in 

hippocampal development, potentially targeting which genes are strictly iron-dependent. 

In contrast, the DN TfR-1 can be switched off or on with administration or removal of 

doxycycline, respectively, allowing its use as a developmental tool. With it, the 

importance of the timing of ID can be ascertained with respect to effects of ID on 

hippocampal development. Additionally, while the DMT-1 deletion may result in 

complete loss of pyramidal cell iron, a condition that is not clinically relevant, the DN 

TfR-1 mutant will likely demonstrate a graded reduction of hippocampal iron content 

more consistent with clinical ID. Finally, the two transport proteins that are being 

targeted act at different steps in the neuronal iron uptake process. DMT-1 is activated 
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upon internalization and acidification of the cell membrane, while TfR-1 is active on the 

cell surface.  The dependence on either or both proteins for neuronal iron uptake can be 

determined by careful examination of the two phenotypes. 
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Introduction 

Studies that examine changes in brain region-specific gene expression due to 

particular nutritional perturbations during development are interesting especially when 

they can be linked to specific behaviors mediated by these structures. Early ID in humans 

causes neurobehavioral dysfunction both during and after the period of deficiency (B. 

Lozoff et al., 2000; A. M. Siddappa et al., 2004)(Roncogliolo et al., 1998; Algarin et al., 

2003). In animal models, fetal/early postnatal ID targets the hippocampus (M. de 

Deungria et al., 2000), a structure required for learning and memory. Early ID acutely 

alters hippocampal iron transport and energy metabolism, neuronal morphology, 

neurotransmission, and results in short- and long-term cognitive changes (B. T. Felt and 

B. Lozoff, 1996; M. de Deungria et al., 2000; L. A. Jorgenson et al., 2003; A. J. Siddappa 

et al., 2003; L. A. Jorgenson et al., 2005; M. D. McEchron et al., 2005; B. T. Felt et al., 

2006). These effects have been typically ascribed to post-translational effects due to lack 

of incorporation of iron into hemoproteins and iron-sulfur clusters (M. B. Youdim et al., 

1986; M. de Deungria et al., 2000; J. L. Beard and J. R. Connor, 2003). Only recently, 

one study characterized ID-related changes in mRNA expression in whole rat brain (S. L. 

Clardy et al., 2006), but amazingly, no previous studies have examined transcriptional 

changes due to ID specifically in the developing hippocampus.  

Given the differential regional sensitivity of the brain to nutritional perturbations 

and the targeting of the hippocampus during fetal ID, we assessed the effect of ID on 

genes specifically in the developing hippocampus that could potentially provide insights 

into the role of iron in mediating energy metabolism, dendrite morphogenesis, and 

synaptic connectivity. Furthermore, since early ID confers a risk to long-term brain 
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function, we assessed persistent changes in expression of certain genes following iron 

repletion.  

Materials and Methods 

Animals.  Pups from 16 litters (n=176) of Sprague-Dawley rats (Harlan, IN) each culled 

to 11 pups (6/5 male/female) were used in accordance with all guidelines set by 

the University of Minnesota and the NRC Guide for the Care and Use of 

Laboratory Animals. Iron deficient rat pups were generated by feeding an iron-deficient 

diet (3-6 ppm Fe) to the single-housed dams from embryonic day (E) 2 to postnatal day 

(P)7, followed by an iron supplemented diet (198 ppm Fe) thereafter. This models the 

degree of human neonatal brain ID seen with diabetes mellitus, and intrauterine growth 

restriction (C. D. Petry et al., 1992; M. K. Georgieff et al., 1996; L. A. Jorgenson et al., 

2005). Only male animals (larger anogenital distance on P1 day of birth) were used for 

the microarray, real time polymerase chain reaction (RT-PCR) and Western Blot 

experiments. Pups were weaned on P21. Pups were anesthetized with pentobarbital and 

their hippocampi were dissected out in ice-cold phosphate-buffered saline pH 7.4, flash-

frozen in dry ice and stored at -80C. 

Determination of Elemental Iron Concentration in Hippocampus.  Elemental iron 

concentration in hippocampus was determined from pups not used for microarray or 

quantitative (q)PCR experiments, as described elsewhere (L. A. Jorgenson et al., 2003; L. 

A. Jorgenson et al., 2005).  Briefly, we measured iron concentration by atomic 

absorptiometry of digested, lyophilized hippocampal tissue with female and male pups 

equally represented in P15 and P30 iron-deficient and -sufficient samples. Values are 

expressed as mg Fe per g wet weight. 



 21 

GeneChip Hybridization and Analysis.  Gene expression was analyzed using Affymetrix 

RAE230A GeneChips according to manufacturer’s instructions, and as described 

elsewhere (J. D. Stead et al., 2006), using total RNA derived from postnatal day (P) 15 

hippocampi of both iron deficient (N=6) and iron sufficient (N=9) pups. Each biological 

replicate was analyzed on a separate array, and pooling was not necessary. To assess the 

15 GeneChips for outliers, global expression profiles were compared between arrays by 

principal components analysis and by hierarchical clustering using Partek Discovery 

Suite version 6.2 software (Partek Inc, St. Louis, MO). Both analyses identified a single 

outlier chip from the iron sufficient group which was excluded from further analyses 

(data not shown). Chip definition files, microarray data normalization methods, and 

presence/absence calculations, and significance analysis are described in supplementary 

methods  

Genes that differed significantly between the iron sufficient and iron deficient 

groups were subject to gene ontology (GO) analysis using the FunctionMapper tool 

available at http://arrayanalysis.mbni.med.umich.edu/ontology/input.jsp, and to pathway 

analysis using PathwayStudio (version 4.0; Ariadne Genomics Inc., Rockville, MD).  

The effect of ID on the timing of gene expression during hippocampal 

development was assessed by Principle Component Analysis (PCA) and by hierarchical 

clustering. Cluster analysis of the microarray data from this study was compared to a 

template of normal gene expression in the developing hippocampus between P1 and P90 

(J. D. Stead et al., 2006). Microarrays from both studies were normalized using robust 

multichip average (RMA) as a single batch using the chip definition file detailed in the 
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supplementary methods. Genes that did not differ significantly between dietary groups 

were removed. 

Quantitative Real-time (RT) PCR.  RT-PCR confirmation was performed on 42 genes 

that differed significantly between the iron deficient and iron sufficient groups in the 

microarray experiment. An independent set of hippocampal samples, which were not 

used in microarray analysis, were utilized for these experiments. Selection of genes was 

dependent on prior knowledge of gene function in processes relevant to differentiation of 

the hippocampus, and hippocampal functions previously demonstrated to be perturbed by 

ID (L. A. Jorgenson et al., 2003; R. Rao et al., 2003; L. A. Jorgenson et al., 2005). Two 

analyses of the microarray data were performed, the second using a more stringent non-

parametric analysis. Genes that differed between the iron sufficient and iron deficient 

groups in the first microarray analysis were originally used to generate a list for 

comparison by RT-PCR. Due to differences in detection between the first (data not 

shown) and the subsequent microarray analyses, some genes selected for RT-PCR 

analysis were not among the genes reported to differ in expression between iron deficient 

and iron sufficient groups in the second, non-parametric microarray analysis (available at 

http://www.mrw.interscience.wiley.com/suppmat/1050-9631/suppmat/hipo.20307.html). 

Data for individual genes tested with RT-PCR from both microarray analyses are 

presented in Table 2. In this study, we used RT-PCR results as the final arbiter between 

the two microarray analyses.   

To characterize how each gene’s expression was affected by early ID during 

important times in postnatal development, we determined relative gene expression from 

the two groups at 4 specific time points P7 (late proliferative phase), P15 (differentiation 
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phase just prior to dendrite arborization), P30 (early post-differentiation phase), and P65 

(early adult, after full iron repletion). Tissue mRNA was isolated using the Stratagene (La 

Jolla, CA) Absolutely RNA kit. Template cDNA was synthesized from 1 µg of total RNA 

(as used for array experiments) using the Stratacript cDNA synthesis kit and quantified by 

UV spectroscopy. RT-PCR was performed using Superarray (Frederick, MD) SYBR 

green Mastermix qRT PCR (PA-010) kit and pre-designed primers (proprietary to 

Superarray) with each sample represented twice. Each primer set (Unigene ID numbers 

listed in Table 2) identifies base pair reference positions defined as a 20bp stretch of 

sequence contained within the generated amplicon (70-110 bp) relative to the NCBI 

RefSeq entry, and was tested using a fivefold dilution series of pooled cDNA template to 

ensure that the efficiency of amplifications was linear.  Amplifications were performed 

using a Stratagene Mx3000P RT-PCR system for 40 cycles using parameters of 95°C for 

15 s, 55°C for 15 s, and 72°C for 15 s, with melt curve analysis for each reaction to 

ensure that a single product contributed to the fluorescent signal. Cycle threshold (CT) 

was defined as the cycle required to reach a fluorescence value of 10 times the mean plus 

SD of the first 10 cycles. Quantitative RT-PCR data were normalized using 18S rRNA as 

control. Iron sufficient P15 expression data was used as a “calibrator” for each gene 

analyzed, to allow comparison of effects of age and iron status on expression data.  

Two-way ANOVA analysis was performed with dietary group and postnatal age 

as fixed factors to determine the effect of diet and age on qPCR determined mRNA 

expression. The significance of the generated F-value was set at p<0.05. Two time points, 

P15 to examine changes at peak iron deficiency and to verify microarray findings and 

P65 to assess long-term effects after complete hippocampal iron repletion, were chosen a 
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priori to compare gene expression in iron deficient and iron sufficient hippocampus using 

unpaired, two-tailed Student’s t-tests.  

Protein Isolation and Detection. Four proteins were assessed by Western blot analysis to 

determine if mRNA changes due to ID were reflected in protein levels. Five P15 iron 

sufficient, 5 P15 iron deficient, 6 P65 iron sufficient and 6 P65 iron deficient, 

hippocampus samples were collected as described above and lysed by sonication in lysis 

buffer (Western blot protein processing described in supplementary methods). Primary 

antibodies for detection of protein were used at the following dilutions: anti-CamKIIa 

(MAB8699-Chemicon, Temecula, CA) 1:4000, anti-Synaptobrevin (MAB333-Chemicon) 

1:400, anti-PSD-95 (MAB1596-Chemicon), anti-actin (raised in mouse) 1:400 (A2066-

Sigma, St. Louis, MO), anti-FKBP12 1:400 (ab24373-Abcam, Cambridge, MA), and 

anti-actin (raised in rabbit) 1:10,000 (A5441-Sigma). Immune complexes were visualized 

with anti-mouse or anti-rabbit secondary antibodies labeled with Infrared Dye  (700nm 

and 800nm) at 1:12,500 (Rockland, Gilbertsville, PA), followed by scanning with the 

Odyssey Infrared Imaging System (Li-cor Biosciences, Lincoln, NE).  

For quantification, the integrated intensity of the gene of interest (800nm channel) 

was divided by the integrated intensity of the loading control, actin (700nm channel), and 

normalized between blots by comparing standard lanes (Magic Marker XP, Invitrogen) 

between blots in the 700nm channel, loaded with the same amount of sample.  This ratio 

was used in the statistical analysis of protein expression. Protein levels on P15 and P65 

were compared between iron deficient and iron sufficient hippocampus using unpaired, 

two-tailed Student’s t-tests. 
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Results  

Iron Concentration.  Hippocampal iron concentrations were 65.4% lower on P15 and 

29.3% lower on P30 in iron deficient rats compared to controls.  The mean iron 

concentrations (± SEM, N) in hippocampi (mg Fe/g wet tissue weight) were: iron 

sufficient: 3.98 +/- 0.54, N=19; iron deficient: 1.37 +/- 0.21, N=24, on P15 (P< 0.0001); 

and iron sufficient: 2.72 +/- 0.14, N=12; iron deficient: 1.92 +/- 0.33, N=10, on P30 (P< 

0.01).   

Microarray Analysis.  We identified 468 probe sets (of which 19 are therefore assumed to 

be false positives) differing significantly between treatment groups among the 5541 

probe sets that were associated with detectable gene expression. The latter represented 

61.9% of the available probes on the array. Of the 468 probe sets, 250 were for known 

genes with associated GO terms. The most significantly enriched functional classes as 

defined by GO cluster analysis are shown in Table 1.  

 Expression data from the P15 iron sufficient controls clustered with previously 

published P14-P21 hippocampal microarray data (J. D. Stead et al., 2006), while P15 data 

from the iron deficient group clustered with P21-P90 hippocampal data (Fig. 2A, 2B). 

Two notable networks affected by iron status include the mammalian target-of-

rapamycin (mTOR) signaling pathway (Fig. 3A) and Alzheimer disease etiology (Fig. 

3B). We identified potential gene network interactions based on prior knowledge of the 

mTOR pathway (Fig. 3A). Pathway analysis of candidate genes (47 probe sets) obtained 

from the high stringency analysis identified a potential interaction among three genes: 

C1QA (Complement component 1, q subcomponent, alpha polypeptide), CTGF  
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Table 1.  Gene Ontology analysis of microarray data. 
Functional Class (GO term) Gene Symbol Gene Name 

Signal Transducer Activity   
 Agt angiotensinogen 
 Apln Apelin, AGTRL1 ligand 
 Cmkor1 Chemokine orphan receptor 1 
 Cntnap1 Contactin associated protein 1 
 Crlf1 Cytokine receptor-like factor 1 
 Csf1r Colony stimulating factor 1 receptor 
 Ctgf Connective tissue growth factor 
 Cxcl12 Chemokine (C-X-C motif) ligand 12 
 Gpr37 G protein-coupled receptor 37 
 Gpr83 G protein-coupled receptor 83 
 Hbb Hemoglobin beta chain complex 
 Ifngr Interferon gamma receptor 1 
 Ilk Integrin linked kinase 
 Itpr1 Inositol 1,4,5-triphosphate receptor 1 
 Nrxn3 Neurexin 3 
 Pgrmc2 Progesterone receptor membrane component 2 
 PORF-2 Preoptic regulatory factor-2 

 Ptprn2 
Protein tyrosine phosphatase, receptor type, N 
polypeptide 2 

 Tnfsf13 Tumor necrosis factor superfamily, member 13 
 Tsc2 Tuberous sclerosis 2 
 Tyro3 TYRO3 protein tyrosine kinase 3 
Oxygen and reactive oxygen species metabolism   

 Aldh3a2 Aldehyde dehydrogenase family 3, subfamily A2 
 Alox15 Arachidonate 15-lipoxygenase 
 Cst3 Cystatin C 
 Dusp1 Dual specificity phosphatase 1 
 Hmox2 Heme oxygenase 2 
 Park7 Parkinson disease 7 
 Prdx2 Peroxiredoxin 2 
 Sirt2 Sirtuin 2 
Nerve ensheathment   
 Cldn11 Claudin 11 
 Mal Myelin and lymphocyte protein 
 Pllp Plasma membrane proteolipid 
 Pou3f1 POU domain, class 3, transcription factor 1 
 Tpo1 Developmentally regulated protein TPO1 
Astrocyte activation   
 Agt Angiotensinogen 
 S100b S100 protein, beta polypeptide 
Oxygen transporter activity   
 Cygb Cytoglobin 
 Hbb Hemoglobin beta chain complex 
Iron ion binding   
 Cyb561d2 Cytochrome b-561 domain containing 2 
 Cygb Cytoglobin 
 Egln2 EGL nine homolog 2 
 Hbb Hemoglobin beta chain complex 
 Hmox2 Heme oxygenase 2 
 Sfxn5 Sideroflexin 5 
 Slc11a2 Solute carrier family 11, member 2 
 Tf Transferrin 
Calmodulin regulated protein kinase activity   
 Camk2a Calcium/calmodulin-dependent protein kinase II, alpha 

 Camkk1 
Calcium/calmodulin-dependent protein kinase kinase 1, 
alpha 

 Dapk1 Death associated protein kinase 1 
 Itpka Inositol 1,4,5-trisphosphate 3-kinase A 
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Figure 2. The effect of ID on P15 on the timing of hippocampal gene expression 

compared to normal changes in gene expression during hippocampal development (Stead, 

2006). A) Principal components analysis. Each individual array is represented by a circle. 

The major component of the variance (PC1) differs between iron deficient and iron 

sufficient treatment groups.  B) Hierarchical analysis. Iron deficient group gene 

expression profiles cluster with hippocampi derived from brain of animals of P21-90 

days, compared with the P15 iron sufficient brains, whose clusters are similar to P14 iron 

sufficient brains (Stead et al., 2006).  
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Figure 3. A) The effect of ID on microarray expression of members of the mTOR 

pathway in hippocampus on P15. Upregulated gene products are in black, unregulated 

gene products are in grey. B) The effect of ID on microarray expression of genes 

implicated in Alzheimer Disease pathogenesis in hippocampus on P15.  Upregulated gene 

products are in black, unregulated gene products are in grey.   
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(Connective tissue growth factor) and FN1 (Fibronectin 1) (Fig. 3B). We also identified 

additional gene networks by applying a similar analysis to the low stringency data set 

(Fig. 3B).  

qPCR Analysis. Quantitative PCR confirmed differential expression by ID on P15 for 25 

of 42 (60%) genes that were differentially regulated in our first microarray analysis 

employing the default Affymetrix cdf file (Table 2). Thirteen genes were differentially 

expressed by qPCR and both iterations of the microarray analysis. Of 10 additional genes 

with decreased expression on the initial microarray analysis but not on the second, two 

were confirmed with PCR (Table 2).  

The 25 genes confirmed by qPCR showed a significant change across four 

developmental time points including P7, P15, P30, and P65 (Figs. 4A-B). For 11 genes, 

both ID and the interaction between iron status and age supplied a significant source of 

variation. Iron status was not a significant source of variation in 13 genes, although age 

and the interaction between age and iron status were.  For one gene (Zfp238) iron status 

and age were sources of variation, while their interaction was not. 

Profiling gene expression over development revealed that ID during gestation 

elicited two distinctive changes in the pattern of gene expression. In the first pattern, the 

gene of interest peaked earlier in the iron deficient group compared with the controls 

(Fig. 4A). In the second pattern, the gene of interest was differentially expressed between 

the groups over the entire period (Fig. 4B).  

Ten of the 42 genes remained significantly altered on P65 following iron repletion 

(Table 2). All were down-regulated irrespective of whether they were up- or down-

regulated at earlier time points.  
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Figure 4. The effect of ID on gene expression quantified by qPCR from P7 to P65. 

Graphs show expression patterns for each gene in both iron deficient and iron sufficient 

conditions. In each graph, the Y-axis is in units of relative mRNA expression, with P15 

iron sufficient group data designated as 1, or 1X expression. The X-axis is the postnatal 

day on which gene expression was measured. For each timepoint/condition, N=5 to 9. 

Significance values: * p<0.05, **p<0.01, ***p<0.001. The table in each panel lists F-

Statistics from ANOVAs performed with each data set with iron status, age, and their 

interaction as the fixed factors in the two-way analysis. A) Genes of interest with ID-

induced early peak expression. B) Genes of interest with ID-induced differential 

regulation during entire period of ID. 
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Protein Analysis.  The ratio of iron deficient to iron sufficient expression of protein of 

Dlgh4/PSD-95 (N=5)/(N=5) mean=0.66, p<0.05), Fkbp1a/Fkbp12 (N=3)/(N=3) 

mean=1.23, p<0.39), CamKIIa (N=5)/(N=4) mean=1.34, p<0.09), and Vamp1 

(N=5)/(N=4) mean=1.22, p<0.20) were measured on P15. Dlgh4/PSD-95 showed 

significantly diminished protein levels in iron deficient animals, while CamKIIa, 

Dlgh4/PSD-95, Fkbp1a/Fkbp12, and Vamp1/Synaptobrevin-1 showed a trend toward 

elevated levels compared to control. All proteins trended in the same direction as their 

transcripts. The ratio of iron deficient to iron sufficient expression of protein of Fkbp1a 

(N=5)/(N=3) mean=0.86, p<0.05), Dlgh4 (PSD-95) (N=4)/(N=5) mean=0.78, p<0.01), 

CamKIIa (N=4)/(N=6) mean=0.69, p<0.01), and Vamp1 (N=4)/(N=4) mean=0.80, 

p<0.05), were measured on P65. Protein ratios of Fkbp1a (Fkbp12), Dlgh4 (PSD-95), 

CamKIIa, and Vamp1, were significantly decreased in the P65 hippocampus after iron 

repletion.  

Discussion 

This experiment sought to examine the impact of late fetal/early neonatal ID on short 

and long-term hippocampal gene expression.  The major findings of this report include 

alterations of genes related to hippocampal iron homeostasis, dendrite morphogenesis, 

synaptogenesis and glutamatergic signaling while the hippocampus is iron deficient and 

long-term changes in the expression of genes relating to protein translation and 

neurodegenerative processes. While the fold changes we report in individual gene 

expression may appear relatively modest, the degree of altered gene expression observed 

is similar to other in vivo animal (J. F. Collins et al., 2005; S. L. Clardy et al., 2006) and 

yeast culture models of ID (S. Puig et al., 2005). More importantly, the genes that are  
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Table 2. Expression at P15 as measured by microarray and qPCR, and at P65 by qPCR. 
   P15  P65 

Gene (Official Symbol and Name) Unigene 
ID 

Microarray 
fold change 
P15 ID/IS 

Parametric-
statistics, 
default cdf 
file 

Microarray 
fold change 
P15 ID/IS 

Non-
parametric 
statistics, 
new cdf file 

QPCR fold 
change 

P15 
ID/IS 

QPCR 
fold 

change at 
P65 (after 

iron 
repletion) 

ID/IS 
Vamp1, vesicle-associated membrane protein-1 (Synaptobrevin-1) Rn.31977 1.33*** 1.12† 1.94* 0.81* 
Camk2a, Calcium/calmodulin dep. protein kinase II alpha  Rn.10749

9 
1.29* 1.29† 1.84*** 0.71* 

CamKK1, Calcium/calmodulin dep. protein kinase kinase 1,alpha Rn.4851 1.22*** 1.22†† 1.94* 0.77* 
Alox15, Arachidonate 15-lipoxygenase Rn.11318 2.76*** 2.75†† 2.52*** 0.84 
Sfxn5, Sideroflexin 5  Rn.16185

1 
1.30* 1.31† 1.97** 0.89 

Slc11a2, solute carrier family 11 member 2 (DMT-1) Rn.11418 1.36*** 1.19†† 1.64** 0.94 
Tf, Transferrin Rn.91296 1.40* 1.39† 2.99*** 0.89 
Ddit4, DNA-damage-inducible transcript 4 (Rtp801) Rn.9775 1.64** 1.64†† 1.43** 1.07 
Gltscr2, glioma tumor suppressor candidate region gene 2 Rn.8075 1.29* 1.29† 1.38* 0.68 
Rab26, RAB26 member RAS oncogene family Rn.10975 1.39** 1.39†† 1.41* 1.00 
CXCL12, chemokine (C-X-C motif) ligand-12 (SDF-1)  Rn.54439 1.64*** 1.27† 2.21** 0.87 
Nfkbia, nuclear factor of kappa light chain gene enh. in B-cells inh., 
alpha 

Rn.12550 1.37* 1.34† 1.91* 1.22 

Lats2_predicted, large tumor suppressor 2 (predicted) Rn.48618 1.28* 1.29† 1.83*** 0.65* 
Fkbp1a, FK506 Binding Protein 1a (FKBP12) Rn.80611 1.22*** No probe 1.54*** 0.85 
RICS_predicted, RhoGAP inv. in beta-catenin-N-cadherin and 
NMDAR sig. 

Rn.10612
9 

1.25* No probe 1.72** 0.64* 

Tfrc, Transferrin Receptor-1 Rn.98672 1.54*** No probe 2.17** 0.90 
Slc2a1, solute carrier family 2, member 1 (GLUT1) Rn.3205 1.29*** No probe 1.85* 0.77 
BHLHb3, basic helix-loop-helix domain containing, class B3 Rn.10784 1.27** No probe 2.14* 0.89 
Spnb4, Spectrin beta 4 Rn.63104 1.28*** No probe n.s.  
Klf15, Kruppel-like factor 15 Rn.22556 1.42** 1.40†† n.s.  
Fkbp5, FK506 Binding Protein 5 Rn.144288 1.32*** 1.25†† n.s.  
Kcnc1, Potassium voltage gated channel, Shaw related subfamily, 
member 1 

Rn.33095 1.35** 1.35† n.s.  

Napa, N-ethylmaleimide sensitive fusion protein attachment protein 
alpha 

Rn.31745 1.30** 1.29† n.s.  

Rab4a, RAB4A, member RAS oncogene family Rn.3016 1.23** 1.23† n.s.  
Nrxn3, neurexin 3 Rn.10926 1.23* 1.23† n.s.  
Dscr1l1, Down syndrome critical region gene 1-like 1 Rn.24428 1.36** 1.14† n.s.  
Dlgh4, discs, large homolog 4 (Drosophila) (PSD-95) Rn.9765 0.78* n.s. 0.56** 0.72* 
Mdh1, malate dehydrogenase 1, NAD (soluble) Rn.13492 1.22** n.s. 1.59* 0.95 
Wfs1, Wolfram syndrome 1 homolog (human) Rn.16015 1.31*** n.s. 1.71*** 0.61* 
Zfp238, zinc finger protein 238 Rn.92325 0.72** n.s. 0.75** 0.68* 
Adarb1, Adenosine deaminase, RNA-specific, B1 Rn.89675 1.36* n.s. 1.66** 0.80 
Vegfa, Vascular endothelial growth factor A Rn.1923 1.22* Not detected 1.98*** 0.63* 
Dio2, Deiodinase, iodothyronine, type II Rn.88380 1.21** Not detected 1.48** 0.58** 
Epas1, Endothelial PAS domain protein 1 Rn.55138 1.37*** n.s. n.s.  
Cacng8, Calcium channel, voltage dependent, gamma subunit 8 Rn.81217 0.66* n.s. n.s.  
Cacna1h, Calcium channel, voltage dependent, T type, alpha 1H 
subunit 

Rn.49178 0.71* n.s. n.s.  

Camk4, Calcium/calmodulin dep. protein kinase IV Rn.11046 0.75* n.s. n.s.  
Ctnnb1, catenin (cadherin associated protein), beta 1, 88kDa Rn.112601 0.82* n.s. n.s.  
Fabp7, Fatty acid binding protein 7, brain  Rn.10014 0.67* n.s. n.s.  
Gabrg1, Gamma-aminobutyric acid A receptor, gamma 1 Rn.10366 0.77** n.s. n.s.  
Pafah1b1, platelet-act. factor acetylhydrolase, isoform Ib, alpha 
subunit  

Rn.5827 0.85* n.s. n.s.  

Pik3r3,   Phosphatidylinositol 3 kinase, regulatory subunit, 
polypeptide 3 

Rn.44448 0.81*** Not detected n.s.  
 

Significance values: * p<0.05, **p<0.01, ***p<0.001,† q=0.04,†† q=0.00, n.s.= not significant. For each timepoint/condition of 
qPCR data, N=5 to 9. 
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altered reside at multiple points in pathways critical to normal hippocampal 

differentiation and function.  

  Fetal/early neonatal ID in this study altered brain and hippocampal iron 

concentrations to a degree consistent with previous findings in humans and rats (C. D. 

Petry et al., 1992; M. de Deungria et al., 2000; R. Rao et al., 2003; L. A. Jorgenson et al., 

2005). Several mRNAs related to iron homeostasis, including TfR-1 and DMT-1 mRNA, 

were upregulated in the iron sufficient hippocampus between P7 and P30. As would be 

expected, they were further upregulated during the period of ID, returning to iron 

sufficient values after resolution of ID.  The findings are consistent with previous 

immunohistochemistry experiments where upregulation of TfR-1, DMT-1, and IRP2 

(Ireb2) protein occur prior to the hippocampal growth spurt in the IS hippocampus and 

levels are further increased by ID (A. J. Siddappa et al., 2002; A. J. Siddappa et al., 

2003). Combined with upregulation of transferrin, Sfxn5, a mitochondrial iron and citrate 

transporter, Hmox2, an enzyme involved in heme degradation, and Alox15, an iron-ion 

binding molecule that is also upregulated in iron deficient rat whole brain, the changes 

suggest that the ID hippocampus utilizes multiple mechanisms to maintain cellular iron 

uptake and homeostasis (T. Hada et al., 1994; S. Miyake et al., 2002; D. Pratico et al., 

2004; S. L. Clardy et al., 2006). Upregulation of Sfxn5 expression on P15 may indicate 

that the iron-dependent steps of mitochondrial heme synthesis and Fe-S cluster 

biogenesis are compromised (M. W. Hentze et al., 2004) during the rapid differentiation 

phase of the hippocampus. Contrary to a previously reported decrease in transferrin 

expression in whole brain on P21 (S. L. Clardy et al., 2006), and a report that transferrin 

expression in the brain is independent of iron status (T. Moos et al., 2001) we observed 
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an increased level of transferrin mRNA in P15 hippocampus. This may indicate a 

regional control of transferrin and compensation to increase efficiency of iron transport.  

Iron homeostasis is tightly coupled to energy metabolism and cell growth. ID induces 

alterations in cytochrome c oxidase activity and phosphocreatine:creatine ratios in the 

developing hippocampus (M. de Deungria et al., 2000; R. Rao et al., 2003). Highly 

energy-dependent processes in the hippocampus, such as neurotransmisson and neuronal 

dendrite development, are compromised by inadequate iron status (L. A. Jorgenson et al., 

2003; R. Rao et al., 2003). The current study demonstrates that expression of several 

genes which mediate cellular growth and energy metabolism in eukaryotes are altered by 

ID. These include members of the mTOR signaling cascade, including Fkbp1a, Gltscr2, 

Ddit4, and Tsc2 (Figure 4A), as well as Lats2_predicted, Zfp238, and Slc2a1. (J. Choi et 

al., 1996; K. Inoki et al., 2003; J. P. McPherson et al., 2004; F. Okahara et al., 2004; C. 

Brenner et al., 2005; A. Sofer et al., 2005). The latter is the major brain glucose 

transporter. mTOR pathway molecules can upregulate TfR-1 and regulate translational 

mechanisms underlying hippocampal plasticity in mammals (A. L. Edinger and C. B. 

Thompson, 2002; R. Gong et al., 2006). Future studies will examine whether downstream 

targets of this pathway are activated at the protein level.  

Altered regulation of genes responsible for energy metabolism and regulation of cell 

growth within the hippocampus may account for changes in neuronal dendrite growth, 

arborization, and synaptic transmission including paired-pulse facilitation and long-term 

potentiation described in this model (L. A. Jorgenson et al., 2003; R. Rao et al., 2003; L. 

A. Jorgenson et al., 2005). However, ID also altered expression of specific factors critical 

for neuronal dendrite development including RICS, bHLHb3, Cxcl12, and CamKK1 (M. 
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J. Rossner et al., 1997; M. Lu et al., 2002; T. Okabe et al., 2003; F. Pujol et al., 2005; J. 

M. Schmitt et al., 2005)and synapse formation and plasticity including Vamp1, Rab26, 

and Adarb1 (S. Mochida et al., 1996; M. Fukuda, 2003; P. L. Peng et al., 2006).  

Three particular genes of note with multiple roles during development and potential 

implications regarding synaptic efficacy in the hippocampus were differentially 

expressed: CaMKIIα, Dlgh4  (PSD-95), and Dio2. CaMKIIα stabilizes dendritic arbors, 

regulates density of glutamatergic synapses, promotes synaptic plasticity and mediates 

spatial recognition learning (R. Malinow et al., 1989; A. J. Silva et al., 1992; M. F. Bear 

and R. C. Malenka, 1994; M. Mayford et al., 1995; G. Y. Wu and H. T. Cline, 1998; C. 

Rongo and J. M. Kaplan, 1999; D. J. Zou and H. T. Cline, 1999; S. Miller et al., 2002). 

CaMKIIα expression is regulated by brain derived neurotrophic factor (BDNF) via the 

mTORpathway during development (G. M. Schratt et al., 2004). PSD-95 is a synaptic 

scaffolding protein that regulates dendrite patterning during development, trafficking and 

clustering of neurotransmitter receptors, and dendritic spine density (C. Cai et al., 2006; 

E. I. Charych et al., 2006; C. A. Vickers et al., 2006). Knocking down PSD-95 in vitro 

reduced neuronal dendrite elongation and increases dendrite branching (E. I. Charych et 

al., 2006), a finding consistent our previous finding of decreased pyramidal neuron 

dendrite main shaft length in CA1 during ID (L. A. Jorgenson et al., 2003). Dio2 

activates thyroid hormone, which is crucial for growth and differentiation of several 

tissues. Similar to the ID hippocampus, perinatal hypothyroidism reduces dendrite 

arborization and synaptogenesis in Purkinje cells of the cerebellum (N. Koibuchi and W. 

W. Chin, 2000). 
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Another potential major finding of this study is that early ID shifts the timing of peak 

expression of certain genes. ID induces the appearance of iron transporter proteins at an 

earlier time than expected in the hippocampus (A. J. Siddappa et al., 2003). In the current 

study, ID induced reorganization or prioritization of expression for a subset of genes with 

peak activity as measured by qPCR occurring at an earlier age than in the iron sufficient 

controls. PCA of the microarray data confirmed that the P15 ID hippocampal gene 

expression has a profile closely resembling those of more mature IS animals. Offsetting 

of developmental timing of gene expression may be seen as compensatory in the case of 

the iron transporters, but may be detrimental in that early developmental patterning may 

result in long-term alterations in regulation. For example, pathway analysis of our 

microarray data revealed ID-induced hippocampal upregulation of several genes known 

to be involved in Alzheimer’s disease (Figure 4B). These include connective tissue 

growth factor (CTGF), fibronectin 1, cystatin C (CST3), cathepsin B (CTSB), cathepsin S 

(CTSS), Amyloid beta (A4) precursor-like protein 1 (APLP1), Amyloid beta (A4) 

precursor protein-binding, family B, member 1 (APBB1), Clusterin, Sgk and NDRG2 (D. 

H. Bing et al., 1982; A. Hall et al., 1995; A. M. Lidstrom et al., 1998; N. Zambrano et al., 

1998; Y. Chen et al., 2004; L. Gan et al., 2004; C. Mitchelmore et al., 2004; J. T. Murray 

et al., 2004; S. Mueller-Steiner et al., 2006). Previous studies have implicated relevant 

connections between dysregulation of iron homeostasis and the pathogenesis of 

Alzheimer’s disease, implicating several of these genes that are important in neuronal 

development (M. A. Smith et al., 1997; B. E. Dwyer et al., 2005). 

The mechanism by which ID upregulated the transcript levels of genes not involved 

in iron homeostasis is largely unknown. Primary regulation of transcripts by iron may 
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occur through increased transcription rates (e.g., iron-sensitive transcription factors 

regulating gene expression), or through stabilization of mRNA through an iron-response 

protein-like mechanism (R. S. Eisenstein, 2000). The latter mechanism accounts for less 

than 10 known genes mostly involved in iron transport. Very few mammalian iron-

responsive or iron-containing proteins that interact with the genome have been reported, 

but include: the transcription factors c-MYC and pirin, and the histone demethylase 

GASC1, which requires iron as a cofactor to demethylate histone H3, thus reducing 

heterochromatin in vivo (K. J. Wu et al., 1999; H. Pang et al., 2004; P. A. Cloos et al., 

2006; K. A. O'Donnell et al., 2006). Secondary effects of ID on the genome include the 

potential effect of mild hypoxia since our dietary-induced ID model induces anemia (R. 

Rao et al., 2003). Ddit4 and Vegfa, whose expression may be induced by hypoxia, 

energy- or nutrient-stress (L. W. Ellisen et al., 2002; J. B. Brugarolas et al., 2003; A. 

Sofer et al., 2005) were upregulated by ID. However, Adarb1, which normally decreases 

with acute hypoxia-ischemia (P. L. Peng et al., 2006), was increased in our model. 

Further studies will need to examine differential gene expression by ID and by hypoxia 

alone. 

Several studies have examined long-term consequences of early ID in this rat 

dietary model, after iron repletion. Two recent studies found persistent structural and 

electrophysiological differences in hippocampus of formerly ID rats at P65 (L. A. 

Jorgenson et al., 2003; L. A. Jorgenson et al., 2005). Another study using this rat dietary 

model found differences in the performance of formerly ID rats on a hippocampal-

dependent radial arm maze task, but not on radial arm maze tasks dependent on normal 

function of the striatum or amygdala, when testing started at P65 (A. T. Schmidt et al., 
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2007). Taken together, these findings at the molecular, biochemical, structural, 

electrophysiological, and behavioral levels provide a compelling explanation of altered 

cognitive performance seen during and after the period of ID in humans (A. M. Siddappa 

et al., 2004; T. DeBoer et al., 2005), and a description of mechanisms that may be 

potential targets for therapy.   

In summary, we found changes in several genes that have roles in very specific 

processes relevant to the developing hippocampus. Given that iron is kept in strict 

homeostasis, these changes in regional gene expression may work synergistically to have 

a major physiologic impact during the period of ID and after iron repletion. Our findings 

provide insights into gene targets affected by ID, which will serve as the basis to examine 

the role of ID in regulating hippocampal development at the molecular level. 
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Introduction 

Proper iron balance in the brain is essential for normal cognitive development and 

function. However, for over 25 years, all studies on the effects of early iron deficiency 

(ID) on the developing brain have relied on methods that induce total body ID and ID 

anemia (IDA) in the mother and offspring. Elucidating the specific role of iron in the 

development of particular brain cell types or structures has not been possible through 

these models because of concomitant potentially neuropathological processes such as 

anemia, tissue hypoxia, and stress, inherent to dietary ID models. In this study, we 

present a mouse model that specifically addresses the role of iron in the developing 

hippocampus; not only to avoid confounding processes, but also to examine the 

contribution of ID induced hippocampal dysfunction to the overall clinical spectrum of 

abnormal cognitive behavior seen with early IDA (B. Lozoff and M. K. Georgieff, 2006). 

In postnatal hippocampus, IDA increases neuronal TfR1 and Slc11a2 protein levels, 

suggesting the system is appropriately upregulated by ID (A. J. Siddappa et al., 2003). 

IDA alters the neurometabolomic profile in hippocampus (R. Rao et al., 2003), dendrite 

morphology in area CA1 pyramidal neurons (L. A. Jorgenson et al., 2003), and 

transcription of genes involved in iron homeostasis, energy metabolism, and dendrite 

morphogenesis in hippocampus (E. S. Carlson et al., 2007). IDA induces alterations in 

pre- and post-synaptic plasticity in hippocampal slices, linking cellular and behavioral 

function (L. A. Jorgenson et al., 2005).  

The conditionally targeted Slc11a2 knockout mouse model we present here is the first 

to isolate the effect of ID without anemia in hippocampal neurons in vivo. We chose a 

CamKIIa-cre transgenic mouse (I. Dragatsis and S. Zeitlin, 2000) to knock out iron 
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transporter Slc11a2 (starting at embryonic day (E) 18.5) and thus appropriately target 

hippocampus neurons for ID during development. We characterized systemic and brain 

regional iron status, gene expression, neurometabolomic profile, and neuronal 

morphology. In this manner, we demonstrate that the lack of iron alone is responsible for 

molecular, biochemical and structural abnormalities seen with IDA, and the necessity of 

proper neuronal iron uptake and balance in the development of hippocampal neurons.  

Methods 

Animals.  All experiments were approved by the Institutional Animal Care and Use 

Committee of the University of Minnesota and performed in accordance with the NRC 

Guide for the Care and Use of Laboratory Animals. Targeted Slc11a2 flox/flox mice in a 

129 J1 background strain (H. Gunshin et al., 2005) were crossed with CaMKIIα−cre 

(L7ag#13 line (I. Dragatsis and S. Zeitlin, 2000)) transgenic mice in a C57BL/6J 

background to generate double mutant, hippocampal neuron specific knockout of Slc11a2 

(Slc11a2hipp/hipp mice) in a mixed 129 J1/C57BL/6J background. All experiments except 

dendrite measurement were performed in littermates of this mixed background strain. To 

visualize neurons for dendrite measurements, Slc11a2hipp/hipp mice were crossed with 

Tg(Thy1-YFP)23Jrs mice in a C57BL/6J background (G. Feng et al., 2000) obtained from 

The Jackson Laboratory (Bar Harbor, ME) to generate triple mutants with CNS neurons 

randomly labeled with yellow fluorescent protein. Cre+ Slc11a2 flox mice were 

backcrossed 5 times into a wild-type C57BL/6J background strain before crossing with 

Tg(Thy1-YFP)23Jrs mice to generate Slc11a2hipp/hipp/ Tg(Thy1-YFP)23Jrs triple mutants 

in a C57BL/6J background. All animals were bred and housed in specific-pathogen free 

facility at the University of Minnesota. Male littermates were analyzed unless otherwise 
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noted. Individual mouse tail DNA was genotyped by PCR, using previously published 

(H. Gunshin et al., 2005) cycling conditions and primers TKO F1 and CKO R1 for the 

Slc11a2 conditional knockout allele, primers 5’-CTGCCACGACCAAGTGACAGC-3’ 

(forward) and 5’-CTTCTCTACACCTGCGGTGCT-3’ (reverse) for the CaMKIIα-cre 

transgene, and primers oIMR0872 and oIMR1416 for thy1-YFP transgene (The Jackson 

Laboratory, Bar Harbor, ME).  

Hematocrit Measurement.  Blood samples for hematocrit were taken from adult 

Slc11a2hipp/hipp mice (N = 9) and Slc11a2WT/WT mice (N = 22) with heparinized capillary 

tubes from right cardiac atrium before the animal was perfused for brain tissue 

preparation. The tubes were then spun at 3,000Xg for 20 min and measured with a 

standard hematocrit reader.   

Iron content.  Elemental iron concentrations in total brain, cortex, cerebellum, and 

hippocampus were determined from animals not used in other experiments, as described 

elsewhere (L. A. Jorgenson et al., 2003; L. A. Jorgenson et al., 2005).  Briefly, we 

measured iron concentration by atomic absorptiometry of perfused, pooled (per sample: 

cortex: 2 cortical hemispheres; cerebellum: 4 cerebellar hemispheres; hippocampus: 8 

hippocampal hemispheres), lyophilized, digested tissue from male and female adults 

equally represented in Slc11a2hipp/hipp and Slc11a2WT/WT samples.  Values are expressed 

as µg Fe per g dry weight.   

Modified Perls Iron Staining.  Brain sections from postnatal day (P) 25 Slc11a2hipp/hipp (N 

= 4) and Slc11a2WT/WT (N = 4) mice (not used in other experiments) were stained for iron 

with a modification of the Perls Iron stain, as described previously (S. A. Benkovic and J. 

R. Connor, 1993) (M. de Deungria et al., 2000). Briefly, fixed, frozen sections were 
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brought to room temperature, permeabilized and incubated in 10% potassium 

ferrocyanide for 5 min. They were then incubated in a freshly made Perls solution for 20 

min. The Perls reaction was intensified with 3,3’ diaminobenzidine (DAB). After 

termination of reaction, sections were serially submerged in increasing concentrations of 

ethyl alcohol before being immersed in a clearing agent, air-dried and coverslipped. 

Control sections were incubated in Perls solution with PBS substituted for potassium 

ferrocyanide, and were negative for any DAB staining. 

Tissue dissection and RNA collection.  Male mice (not used in other experiments) at P5, 

P10, P15, P20, P25, P45 and P90 were euthanized by an i.p. injection of Beuthanasia 

(10mg/Kg). For each time point, N = 3-5 Slc11a2hipp/hipp mice, and N = 3-5 Slc11a2WT/WT 

mice.  The specific postnatal ages were selected on the basis of the ontogeny of 

hippocampal formation. P5 represents the end of the proliferative stage. P10 to P25 

represent early to late differentiation and P45 and P90 represent synaptic plasticity during 

a post-differentiation stage.  Brains were removed from the cranium and bisected along 

the midline.  Hippocampus was dissected and flash-frozen in liquid Nitrogen. Total RNA 

was isolated from dissected hippocampus using RNA-isolation kit (Stratagene, La Jolla, 

CA) and concentrations were measured by Absorbance at 260nm (A260/280) using a 

NanoDrop ND-1000 (NanoDrop Technologies, Inc., Wilmington, DE).  

Quantitative real-time PCR (qPCR).  Messenger RNA levels were measured by real-time 

PCR (Taqman®).  Reverse transcription was carried out using SuperScript III 

(Invitrogen, Carlsbad, CA) and random hexamer probes per manufacturer 

recommendation.  Approximately 4µg of total RNA were used to generate cDNAs.  The 

resulting cDNAs were diluted 7-fold to give a final volume of 140µl.  All qPCRs were 
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performed with 1/2 manufacturer recommended volume (Applied Biosystems Inc., Foster 

City, CA) consisting of 4µl of diluted cDNAs, 5µl 2X Taqman® qPCR Universal Mix 

(No AmpErase), 0.5µl 20X Taqman® Gene Expression Assay intron-spanning 

primers/FAM-labeled probes, and 0.5µl 20X Taqman® 18S rRNA primer-limited VIC-

labeled probe mix for internal normalization.  Thermocycling was carried out according 

to manufacturer protocol (ABI) using a MX3000P instrument (Stratagene, La Jolla, CA).  

The transcripts that were analyzed are listed in Table 1. 

In vivo 1H NMR spectroscopy.  3-month-old Slc11a2hipp/hipp mice (N = 6) and 

Slc11a2WT/WT mice (N = 6), not used in other experiments, were examined with in vivo 

1H NMR spectroscopy. All experiments were performed on a 9.4 T/31 cm magnet 

(Magnex Scientific, Abingdon, UK) equipped with an 11 cm gradient coil insert 

(300 mT/m, 500 µs) and strong second-order shim coils (Resonance Research, Inc., 

Billerica MA, USA). The magnet was interfaced to a Varian INOVA console (Varian, 

Inc., Palo Alto, CA, USA). A quadrature surface RF coil with two geometrically 

decoupled single-turn coils (of 14 mm diameter) was used for both RF transmission and 

reception. All first- and second-order shim terms were automatically adjusted using 

FASTMAP with EPI readout (R. Gruetter, 1993) (R. Gruetter and I. Tkac, 2000). Ultra-

short echo-time STEAM (echo time TE = 2 ms, middle period TM = 20 ms, repetition 

time TR = 5 s, number of transients NT = 160) combined with outer volume suppression 

and VAPOR water suppression was used for localization (I. Tkac et al., 1999) (I. Tkac et 

al., 2004). Data were saved as arrays of FIDs (four transients per FID), corrected for the 

frequency drift, summed, and finally corrected for residual eddy current effects using the 

reference water signal. The position of the volume of interest (VOI) was selected based 
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on multi-slice RARE MR images. VOIs were centered in the left dorsal hippocampus. 

The size of the VOI (5-6 µL) was adjusted to fit the anatomical structure of hippocampus, 

and to minimize partial volume effects (excluding cerebral cortex and ventricles). 

Quantification of metabolites.  In vivo 1H NMR spectra were analyzed using LC Model 

(S. W. Provencher, 1993). The unsuppressed water signal measured from the same VOI 

was used as an internal reference for the quantification, assuming 80% brain water 

content. The LC Model analysis calculates the best fit to the experimental spectrum as a 

linear combination of model, solution spectra of brain metabolites. The following 19 

metabolites were included in the basis set: alanine (Ala), ascorbate (Asc), aspartate, 

creatine (Cr), γ-aminobutyric acid (GABA), glucose (Glc), glutamate (Glu), glutamine 

(Gln), glutathione (GSH), glycerophosphorylcholine (GPC), myo-inositol (myo-Ins), 

lactate (Lac), N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), 

phosphocreatine (PCr), phosphorylcholine (PCho), phosphorylethanolamine (PE), scyllo-

inositol, and taurine (Tau). In addition, the spectrum of fast relaxing macromolecules, 

experimentally measured in the mouse brain with an inversion recovery experiment using 

a short repetition time (TR = 2.0 s, inversion time = 0.675 s), was included in the basis 

set as previously described (J. Pfeuffer et al., 1999; I. Tkac et al., 2004). Most of 

metabolites were quantified with Cramer-Rao lower bounds (CRLB) of 3–35%, 

corresponding to estimated errors in metabolite concentrations of 0.3–0.5 µmol/g.  

Dendrite Morphometry in Hippocampal Area CA1.  Morphometry studies were carried 

out as described previously (L. A. Jorgenson et al., 2003). Briefly, slides positive for 

GFP-labeling were visualized under a Nikon E600 microscope with CF160 infinity optics 

utilizing a TRITC cube (Nikon, Tokyo, Japan) at a magnification of X200-1,000. Images 
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were captured with a mounted digital camera (Nikon DXM 1200; Nikon), and digital 

microscopic images were obtained via ACT-1 software and Adobe Photoshop 6.0. A total 

of 13 pups (not used in other experiments) were used for morphometry studies with 4 

Slc11a2hipp/hipp mouse pups and 9 Slc11a2WT/WT pups. Serial coronal sections of the 

hippocampus were taken at 50-µm to insure tissue integrity and visual plane. A total of 

39 slides were assessed, and 10 dendrites per slide were measured. To ensure similarity 

among areas surveyed, sections from the most medial hippocampal sections along the 

rostrocaudal axis were compared.  Hippocampal subarea CA1 was assessed medially and 

laterally as described previously (A. J. Siddappa et al., 2003).  For quantification, 

measurements were made of the length of the initial segment of the apical dendrite, 

defined as the segment extending from the pyramidal cell soma to the first proximal 

lateral branching point (J. Pokorny and T. Yamamoto, 1981; L. A. Jorgenson et al., 

2003). Only dendrites visibly connected to cell soma were measured.  

Statistical Analysis.  For statistical comparisons between data from Slc11a2hipp/hipp and 

Slc11a2WT/WT mice in hematocrit, iron content, 1H MRS, and dendrite morphometric 

studies, significance was determined using unpaired, two-tailed Student’s t tests. 

Two-way analysis of variance (ANOVA) was performed with Cre status, 

postnatal age, and their interaction as fixed factors to determine the effects of 

hippocampal specific knockout of Slc11a2 and postnatal age on qPCR determined 

mRNA expression. 
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Results 

Iron is specifically decreased in hippocampus of Slc11a2hipp/hipp mice 

Slc11a2 is expressed in all cells that take up iron, is necessary for hematopoiesis 

and duodenal iron uptake (H. Gunshin et al., 2005), and is richly expressed in 

hippocampus of the adult rat (H. Gunshin et al., 1997). While some neural cells appear 

iron-rich, little is known about the relative distribution of iron among various cell types 

of the brain. To investigate the relative amount of hippocampal iron that is neuronal and 

to confirm regional knockout of Slc11a2, we examined regional iron concentration in 

brains of Slc11a2hipp/hipp mice, as there is some Cre expression in non-hippocampal 

forebrain neurons of the CamKIIa-cre mouse line (I. Dragatsis and S. Zeitlin, 2000) that 

we mated with Slc11a2flox/flox mice. In adult Slc11a2hipp/hipp mice (N=4 pooled samples), 

hippocampal iron concentration was reduced by 42% (p<0.05) compared to the wild type 

(N=6 pooled samples) without reduction of whole brain (N=4 Slc11a2hipp/hipp, N=9 

Slc11a2WT/WT) cerebellar (N=6 Slc11a2hipp/hipp pooled samples, N=13 Slc11a2WT/WT 

pooled samples) or cortical (N=11 Slc11a2hipp/hipp pooled samples, N=14 Slc11a2WT/WT 

pooled samples) iron concentrations. (Fig. 5A).  

The hematocrits of the Slc11a2hipp/hipp (N = 9) and Slc11a2WT/WT mice (N = 22) 

were normal and not significantly different from each other (Fig. 5B), confirming that 

Slc11a2hipp/hipp mice are not anemic. 

To visualize localization of iron in hippocampus, we assessed ferritin-bound iron 

using a modified Perls iron stain (S. A. Benkovic and J. R. Connor, 1993) (M. de 

Deungria et al., 2000). P25 Slc11a2hipp/hipp mice have less staining in all hippocampal 

subfields compared with Slc11a2WT/WT mice (Fig. 6). Hippocampal area CA1 pyramidal  
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Figure 5. Slc11a2hipp/hipp mice are non-anemic and have iron content reduction 

specifically in hippocampus (A) hematocrit levels in Slc11a2WT/WT and Slc11a2hipp/hipp 

mice. Error bars are SEM. (B) Total brain and brain region iron concentrations (mg Fe 

per g dry weight). Error bars are SEM. *Significant difference between Slc11a2WT/WT and 

Slc11a2hipp/hipp mice (p<0.03, unpaired, two-tailed Student’s t-test). IS=Iron sufficient, 

ID=Iron Deficient.   
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neuron soma in Slc11a2hipp/hipp mice show less staining (arrows) than Slc11a2WT/WT mice 

(arrowheads), with almost complete loss of ferritin-bound iron positivity between the 

hippocampal CA subfields and dentate gyrus (Figs. 6 C-D). Hippocampus-specific 

Slc11a2 KO did not completely abolish the presence of iron in the hippocampus.  This 

could be explained by cells other than pyramidal neurons taking up and storing iron, 

and/or the presence of an alternative means of iron uptake in neurons. 

Slc11a2hipp/hipp mice have altered developmental expression of mRNAs which 

mediate iron homeostasis, energy metabolism, and dendrite morphogenesis, but not 

in mRNAs which mediate processes which confound IDA models 

We have previously shown that IDA alters transcript levels in the developing 

hippocampus, although it is still unclear which changes were directly due to lack of 

neuronal iron (E. S. Carlson et al., 2007). Thus, we examined developmental expression 

patterns from P5 through P45 or P90 of 18 mRNA transcripts by qPCR in Slc11a2hipp/hipp 

mice and their Slc11a2WT/WT littermates.  Each gene (Table 3) was chosen based on 

whether it was changed in a rat dietary model of IDA and/or prior knowledge of iron 

regulation of transcription (E. S. Carlson et al., 2007), or as a marker of energy 

metabolism or cellular responses to stress, hypoxia, reactive oxygen species, or overload 

of other divalent cations. Relative mRNA expression changes are shown in Figs. 7A-B. 

Table 4 lists F-statistics from ANOVAs performed with each data set with Cre status, 

age, and their interaction as fixed factors in the in the two-way analysis. We found 

significant differences in 10 mRNA transcripts chosen as markers for processes relevant 

to the behavioral, neurometabolomic, structural phenotypes we characterized in 

Slc11a2hipp/hipp mice, and examined with qPCR. These include an expected significant  
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Figure 6. Ferritin-bound iron staining is reduced in hippocampus of Slc11a2hipp/hipp mice 

at P25. (A-D) Perls iron stain (brown) of P25 Slc11a2WT/WT (A, C) and Slc11a2hipp/hipp (B, 

D) mice. Photomicrographs are at 10X (A, B) and 20X (C, D). Note hippocampal area 

CA1 pyramidal neuronal soma in Slc11a2 hipp/hipp mice show less staining (arrows), while 

non-pyramidal cells localized between the hippocampal CA subfields and dentate gyrus 

retain positivity (arrowheads). 
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decrease in Slc11a2 mRNA in Slc11a2hipp/hipp mice, with a probe designed for the region 

of deletion by Cre, and a significant increase in TfR1 mRNA, which is upregulated in 

IDA (A. J. Siddappa et al., 2003; E. S. Carlson et al., 2007), adding further confirmation 

that our model induces ID. Levels of TfR1 mRNA appeared to return to normal at P90, 

which may suggest a long-term decrease in iron demand in the P90 hippocampus. We 

observed significant upregulation of Rasd1, which has been shown to couple NMDA 

receptor activation to Slc11a2-mediated iron uptake in neurons (J. H. Cheah et al., 2006).  

We also observed significant differences in developmental expression of Grin2a and 

Nos1, but not Grin2b, which are also part of the neuronal activity-dependent iron uptake 

mechanism described by Cheah, et al (J. H. Cheah et al., 2006). Significant differences in 

Ckb (creatine kinase, brain) and Slc2a3 (neuronal glucose transporter Glut-3) were 

observed in Slc11a2hipp/hipp mice. This is consistent with the decreased energy metabolism 

we characterized with MRS. We also demonstrated significant differences in Camk2a and 

Dlg4 (PSD-95), two genes that are imperative for normal dendrite development (B. 

Gaudilliere et al., 2004; E. I. Charych et al., 2006), and also differing in an IDA model 

(E. S. Carlson et al., 2007). We did not observe significant differences between 

Slc11a2hipp/hipp and Slc11a2WT/WT mice for mRNAs Aco1 (IRP-1) and Ireb2 (IRP-2) 

encoding either of the iron-response element binding proteins.    

We found no significant differences in 6 mRNA transcripts we used as markers of 

pathophysiological processes known or thought to confound brain IDA models.  These 

included markers for hypoxia such as: Adarb1 (Fig. 7B), which is specifically 

downregulated in hippocampal pyramidal neurons during hypoxia (P. L. Peng et al., 

2006), and Ldha (Fig. 7B), a lactate dehydrogenase gene induced by hypoxia 
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Table 3.  Genes examined by quantitative PCR.

Gene (official symbol and name) Unigene ID Functional Marker of: 
Figure 7A   
Slc11a2, solute carrier family 11 
(proton-coupled divalent metal ion 
transporters), member 2 

Mm.234608 Iron transport 
Slc11a2 knockout 

Tfrc, transferrin receptor Mm.28683 Iron transport 
Aco1, aconitase 1 (IRP-1) Mm.208991 Iron response element binding 
Ireb2, iron responsive element binding 
protein 2, (IRP-2)  

Mm.331547 Iron response element binding 

Rasd1, RAS, dexamethasone-induced 1 Mm.3903 NMDA receptor activity 
dependent iron uptake  

Grin2a, glutamate receptor, ionotropic, 
NMDA2A, (epsilon 1) 

Mm.2953 Glutamatergic synapse plasticity 

Grin2b, glutamate receptor, ionotropic, 
NMDA2B, (epsilon 2)  

Mm.436649 Glutamatergic synapse plasticity 

Nos1, nitric oxide synthase 1, neuronal Mm.44249 Synaptic plasticity (iron-, heme-, 
and calmodulin-binding) 

Ckb, creatine kinase, brain Mm.16831 Creatine phosphokinase activity 
Slc2a3, solute carrier family 2 
(facilitated glucose transporter), 
member 3 

Mm.395108 Neuronal glucose uptake 
 

Camk2a, calcium/calmodulin-
dependent protein kinase II alpha 

Mm.131530 Dendrite development 
 

Dlg4, discs, large homolog 4 
(Drosophila) (PSD-95) 

Mm.27256 Dendrite development 
 

Figure 7B   
Adarb1, adenosine deaminase, RNA-
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Ldha, lactate dehydrogenase A Mm.29324 Lactate dehydrogenase activity 
Chronic Hypoxia  

Sod1, superoxide dismutase 1, soluble 
(Cu/Zn superoxide dismutase) 

Mm.276325 ROS metabolism 
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Figure 7.  Expression of genes of interest in both Slc11a2WT/WT and Slc11a2hipp/hipp mice, 

quantified by qPCR from P5 to P45 or P90. Graphs show expression patterns for each 

gene in both Slc11a2WT/WT and Slc11a2hipp/hipp mice. In each graph, the Y-axis is in units 

of relative mRNA expression. The X-axis is the postnatal day on which gene expression 

was measured. For each time point/condition, N = 3-5. Significance values: * P < 0.05, 

** P < 0.01, *** P < 0.001, n.s. = not significant. (A) mRNAs involved in iron 

metabolism, energy metabolism, dendrite morphogenesis, and synaptic plasticity. (B) 

mRNAs that are markers of hypoxia, ROS metabolism, heavy-metal overload, and 

hormonal changes. 
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Table 4. ANOVA Statistics of Developmental Gene Expression Data 
Gene F-Statistic  

(Cre Status) 
F-Statistic (Age) F-Statistic 

(Interaction) 

Figure 7A 
Slc11a2 8.92** 5.33*** 2.82* 
Tfrc 26.13*** 4.2** 2.10 n.s. 
Aco1 2.14 n.s. 28.77*** 1.24 n.s. 
Ireb2 0.11 n.s. 4.11** 0.41 n.s. 
Rasd1 16.34*** 15.34*** 1.23 n.s. 
Grin2a 0.98 n.s. 14.01*** 3.3* 
Grin2b 0.09 n.s. 22.74*** 0.64 n.s. 
Nos1 4.24* 5.05** 2.29 n.s. 
Ckb 1.46 n.s. 3.15* 2.55* 
Slc2a3 0.94 n.s. 2.22 n.s. 2.44* 
Camk2a 11.64** 13.63*** 1.26 n.s. 
Dlg4 4.64* 2.11 n.s. 1.86 n.s. 
Figure 7B 
Adarb1 2.37 n.s. 8.47*** 0.51 n.s. 
Ldha 0.01 n.s. 12.23*** 0.09 n.s. 
Sod1 1.22 n.s. 3.57* 0.76 n.s. 
Sod2 0.16 n.s. 1.79 n.s. 0.77 n.s. 
Dio2 1.91 n.s. 2.13 n.s. 1.12 n.s. 
Nr3c1 0.12 n.s. 3.74** 0.51 n.s. 
*P<0.05, **P<0.01, ***P<0.001, n.s. = not significant. 
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(J. D. Firth et al., 1995).  Differences were not seen in expression of markers of ROS 

metabolism and heavy-metal toxicity of Sod1 (Fig. 7B), a cytosolic copper-zinc 

superoxide dismutase gene that is upregulated in the presence of cadmium, copper, and 

zinc (H. Y. Yoo et al., 1999), or Sod2 (Fig. 7B), a mitochondrial superoxide dismutase 

gene that is upregulated in the presence of manganese (J. Thongphasuk et al., 1999). 

Hypothyroidism during neurodevelopment reduces dendrite arborization and 

synaptogenesis in the cerebellum (N. Koibuchi and W. W. Chin, 2000). However, Dio2 

(Fig. 7B), a gene encoding the enzyme iodothyronine deiodinase type II, which activates 

thyroid hormone, is upregulated in IDA (E. S. Carlson et al., 2007), but not in 

Slc11a2hipp/hipp mice. Pharmacological, physiological, and psychosocial stress have all 

been shown to alter dendrite morphology of cells in the hippocampus in rodents (H. 

Hashimoto et al., 1989; Y. Watanabe et al., 1992; A. M. Magarinos and B. S. McEwen, 

1995) (A. M. Magarinos et al., 1996). Furthermore, expression of the GR receptor in 

adult hippocampus is responsive to stress during the early postnatal period (D. Liu et al., 

1997). However, no significant differences in the expression of Nr3c1 (Fig. 7B), the gene 

encoding glucocorticoid receptor-1, were observed in Slc11a2hipp/hipp and Slc11a2WT/WT 

mice.   

Slc11a2hipp/hipp mice have an altered neurometabolome 

IDA also induces several changes in the neurometabolome of developing rats (R. 

Rao et al., 2003), but it remains unknown which effects are due to iron, or are neuron-

specific. Since a number of dysregulated genes in Slc11a2hipp/hipp mice involved 

regulation of energy metabolism, we examined in vivo biochemistry with high-field (9.4 

T) nuclear magnetic resonance (NMR) spectroscopy.  In vivo 1H NMR spectra measured  
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Figure 8. In vivo 1H NMR spectra measured from the hippocampus of Slc11a2hipp/hipp 

mice (N=6) (A) and Slc11a2WT/WT mice (N=6) (B). 1H NMR spectra were obtained from a 

5-6 µL volume centered in the left hippocampal hemisphere (boxes in MRI) of 3-month 

old mice. STEAM, TE = 2ms, TR = 5 s, number of transients NT = 160. Inset: MR 

images with the selected volume of interest centered in the left hippocampus. 

Abbreviations: Asc, ascorbate; Asp, aspartate; Cr, creatine; Gln, glutamine; Glu, 

glutamate; GPC, glycerophosphorylcholine; Lac, lactate; Ins, myo-inositol; NAA, N-

acetylaspartate; PCho, phosphorylcholine; PCr, phosphocreatine; Tau, taurine..  
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Figure 9. Neurochemical profiles of Slc11a2hipp/hipp and Slc11a2WT/WT mice. A) Metabolite 

concentrations quantified from 1H NMR spectra measured from the hippocampus in vivo 

of 3-month old Slc11a2WT/WT (black bars, N=6) and Slc11a2hipp/hipp (white bars, N=6) mice. 

Values = mean +/- SEM. Phosphocreatine, lactate, and overall glutamate+glutamine 

concentrations are significantly decreased in hippocampus of Slc11a2hipp/hipp mice. 

*Significant differences between Slc11a2WT/WT and Slc11a2hipp/hipp mice (p<0.05, unpaired 

two-tailed t-test). Abbreviations: Ala, alanine; Asc, ascorbate; Asp, aspartate; Cr, 

creatine; GABA, γ-aminobutyric acid; Glc, glucose; Gln, glutamine; Glu, glutamate; 

GPC, glycerophosphorylcholine; GSH, glutathione; Lac, lactate; Mac, macromolecules; 

Ins, myo-inositol; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; PCho, 

phosphorylcholine; PCr, phosphocreatine; PE, phosphorylethanolamine; and Tau, taurine. 

B) [PCr]/[Cr] ratio in hippocampus of 3-month old Slc11a2WT/WT (black bars, N=6) and 

Slc11a2hipp/hipp (white bars, N=6) mice. [PCr/Cr] is significantly decreased in hippocampus 

of Slc11a2hipp/hipp mice. *Significant difference between Slc11a2WT/WT and Slc11a2hipp/hipp 

mice (p<0.05, unpaired two-tailed t-test). 
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from hippocampi of Slc11a2hipp/hipp (N = 6) and Slc11a2WT/WT mice (N = 6) were 

comparable (Figs. 8A-B), however significant differences in concentrations were found 

for some key metabolites. Among the 17 neurometabolites that could be reliably 

quantified in the hippocampus, decreases were seen in phosphocreatine (10% decrease, P 

< 0.01) and lactate (38% decrease, P < 0.01) concentrations in Slc11a2hipp/hipp mice 

relative to Slc11a2WT/WT controls (Fig. 9A). While glutamine (Gln) and glutamate (Glu) 

concentrations and their ratio [Gln]/[Glu] (data not shown) were not significantly altered 

between groups, the sum of their concentrations were significantly decreased (9% 

decrease, P < 0.03) in Slc11a2hipp/hipp mice (Fig. 9A).  The [PCr]/[Cr] ratio, which is 

directly related to cellular energy status [ATP]/[ADP]free (B. K. Siesjo, 1978) (M. 

Erecinska and I. A. Silver, 1989), was significantly decreased in Slc11a2hipp/hipp mice 

(Fig. 9B). IDA rat pups are highly sensitive to hypoxia, which results in increased lactate 

levels measured with MRS (R. Rao et al., 2007). Here, the decrease in lactate levels in 

Slc11a2hipp/hipp mice indicates they are not hypoxic.  

Slc11a2hipp/hipp have shorter apical main dendrite shaft lengths in hippocampal area 

CA1 pyramidal neurons 

Since adequate energy production and gene expression is critically important for 

dendrite arborization, we assessed CA1 pyramidal cell apical dendritic shaft lengths in 

Slc11a2hipp/hipp and Slc11a2WT/WT mice. Slc11a2hipp/hipp mice had 20% shorter dendritic 

main shaft lengths and altered branching patterns in area CA1 of hippocampus compared 

to Slc11a2WT/WT mice at P45 (Figs. 10A-E). This is consistent with alteration in dendrite 

growth alterations we previously demonstrated in an IDA model (L. A. Jorgenson et al., 

2003).  
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Figure 10. Visualization and quantification of pyramidal apical dendrite main shaft 

lengths in area CA1 of hippocampus of P45 Slc11a2WT/WT and Slc11a2hipp/hipp mice. (A-D) 

YFP fluorescence in hippocampal area CA1. Cell bodies are oriented longitudinally 

across the upper right of each panel, directionally denoted by the arrowhead. Note long 

apical dendrites in Slc11a2WT/WT mice (A, C) (arrowheads), and disorganized pattern in 

Slc11a2hipp/hipp mice (B, D) (arrowheads). Magnification: (A-B) x 200, (C-D) x 400. (E) 

Quantification of apical main dendrite shaft lengths of P45 Slc11a2WT/WT (black bars, 

N=9) and Slc11a2hipp/hipp (open bars, N=4) mice. *Significant difference between 

Slc11a2WT/WT and Slc11a2hipp/hipp mice (p<0.0001, unpaired, two-tailed t-test). 
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Discussion 

Studies of the role of iron in the brain fall into two categories: 1) the mechanisms 

of the generation and maintenance of homeostasis in the brain, and 2) consequences of 

iron dysregulation. Our model has relevance for both. We demonstrate the essential role 

for Slc11a2, and by extension, iron, in hippocampal neuronal development, energy 

metabolism, and neuronal structure, as separate from previous studies using non-specific 

dietary or whole-animal mutant models of IDA.  

Many descriptive studies have identified parameters or processes that are at least 

possible (if not probable) in explaining how ID leads to abnormal cognitive function, 

such as: pathophysiological processes (e.g. hypoxia, early life stress, dysregulation of 

homeostasis of other micronutrients), developmental processes (e.g. proliferation, cell 

death, differentiation), brain regions affected (e.g. HPA axis, striatum, hippocampus), cell 

type-specific effects of ID, or particular iron-dependent biochemical reactions (e.g. 

oxidative phosphorylation, dopamine production, fatty acid metabolism, dNTP synthesis) 

(J. L. Beard et al., 2003). Although many of these are highly linked and coordinated, no 

attempt until now has been able to separate or control all or even some of these 

parameters in an in vivo model. For example, it is still not clear how iron is transported 

across the blood brain barrier and provided to all the various cell types residing there. 

However, our results demonstrate that Slc11a2-mediated iron uptake is the primary 

means of neuronal iron uptake, especially during the postnatal hippocampal growth spurt. 

Slc11a2hipp/hipp mice had changes in markers for hippocampal iron status, consistent with 

homeostatic changes that under normal conditions would attempt to correct ID. 

Furthermore, we show evidence that hypoxia, reactive oxygen species, neurotoxicity of 
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other divalent metal cations, hypothyroidism, and early life stress are not likely to be 

responsible for the behavioral, neurometabolomic, structural and molecular phenotypes in 

Slc11a2hipp/hipp mice.   

Our results from in vivo 1H MRS indicate neuronal iron uptake is tightly coupled 

with neuronal glutamate balance and energy metabolism. This is in contrast to IDA in rat 

hippocampus, which induces persistent changes in 12 (of 16 measured) metabolites over 

the developmental period, related to energy status, neurotransmission and myelination, 

and therefore might have been due to the secondary effects of IDA rather than direct 

effects of ID on the hippocampus (R. Rao et al., 2003). However, our results are 

consistent with studies linking dietary ID after weaning with decreased brain glutamate 

concentrations (V. Taneja et al., 1986) (A. Shukla et al., 1989a), and iron levels with 

regulation of CNS glutamate formation and secretion via the iron-dependent enzyme 

cytosolic aconitase (IRP-1) in retinal pigment epithelial cells (M. C. McGahan et al., 

2005). Markers of myelination (PCho, PE, myo-inositol), GABAergic neurotransmission, 

and neuronal number (NAA) were unchanged. 

The relationship between Slc11a2-dependent iron uptake and differentiation and 

function of neurons in the hippocampus warrants further consideration. Late fetal/early 

postnatal life is a period of rapid hippocampal growth and differentiation in most 

mammals (J. Dobbing and J. Sands, 1979). Peak cellular differentiation, dendrite 

morphogenesis, and synapse formation occur between P15 and P25 (J. Pokorny and T. 

Yamamoto, 1981) (L. L. Rihn and B. J. Claiborne, 1990). Iron import into the rat 

hippocampus is greatest immediately preceding the hippocampal growth spurt (prior to 

P15), characterized by the rapid appearance of iron transport and iron regulatory proteins 
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(E. M. Taylor and E. H. Morgan, 1990) (A. J. Siddappa et al., 2002). The shafts and 

spines of apical dendrites of CA1 pyramidal neurons are highly metabolic areas 

characterized by rapid local iron transmembrane cycling via TfR1 (M. A. Burack et al., 

2000) (M. A. Silverman et al., 2001) (T. A. Blanpied et al., 2003). Regulation in most 

tissues (including early postnatal neurons in the hippocampus) of transcripts involved 

iron transport and homeostasis occurs through stabilization of mRNA through an iron-

response protein/iron response element mechanism (R. S. Eisenstein, 2000). 

Transcription factors such as HIF-1a have been documented to be iron-dependent (P. 

Jaakkola et al., 2001) (K. H. Lee et al., 2006; C. Peyssonnaux et al., 2007), and may alter 

rates of transcription for certain target genes involved in iron homeostasis, energy 

homeostasis and dendrite morphology. Expression studies in P15 IDA rat hippocampus 

revealed changes in components of the mTOR pathway (E. S. Carlson et al., 2007), a 

molecular mechanism that couples energy and nutrient status to cell growth, protein 

translation and actin polymerization. Consistent with our results in IDA rat pups and 

Slc11a2hipp/hipp mice, brain-derived neurotrophic factor regulates Camk2a expression via 

the mTOR pathway (G. M. Schratt et al., 2004).  

A few considerations may complicate interpretation of phenotypes in 

Slc11a2hipp/hipp mice. CamkIIα-cre expression in Slc11a2hipp/hipp mice (and thus ID) 

initiates at embryonic day 18. This means that the effects we observed at more distal time 

points may be dependent on changes at earlier time points. Furthermore, Slc11a2 has 

been shown to transport several other divalent cations both in vitro (H. Gunshin et al., 

1997) (M. D. Garrick et al., 2006) and in vivo (M. Knopfel et al., 2005) although the 

transporter has its highest affinity for iron.  Thus, Slc11a2 mutants could potentially 
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induce deficiency of other divalent metal micronutrients.  Dietary ID models have been 

shown to alter brain levels of copper and manganese, however, hippocampus only shows 

significant increase in manganese (and other metals) when manganese is supplemented 

with an iron deficient diet (S. J. Garcia et al., 2007). Additionally, Mn is still efficiently 

taken up into brain in the Belgrade rat (J. S. Crossgrove and R. A. Yokel, 2004). These 

results and our studies of Sod1 and Sod2 expression in Slc11a2hipp/hipp mice suggest that 

dysregulation of non-iron metal homeostasis in brain or hippocampus of Slc11a2hipp/hipp 

mice is unlikely.   
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Introduction 

Iron is a tightly regulated elemental nutrient that is critical for normal brain 

development and function throughout the lifespan. Dysregulation of iron homeostasis in 

the brain, particularly hippocampus, is often presented in the context of iron overload, a 

condition that can lead to injury or malfunction in the context of vascular stroke and 

neurodegeneration. The hippocampus, a highly metabolically active area of the brain that 

plays a role in learning and memory, is extremely vulnerable to iron-induced 

neurotoxicity (W. N. Sloot et al., 1994). It has been demonstrated that iron toxicity might 

be induced by NMDA receptor activation, which in turn induces Slc11a2 (DMT1) 

dependent iron uptake via a neuronal nitric oxide synthase (nNOS)/Dexras1 dependent 

mechanism in vitro (J. H. Cheah et al., 2006). Conversely, iron deficiency (ID) also 

impairs function of the hippocampus. ID elicits altered recognition memory behavior in 

both humans (A. M. Siddappa et al., 2004; T. DeBoer et al., 2005) and rodents (B. T. Felt 

and B. Lozoff, 1996; M. D. McEchron et al., 2005; B. T. Felt et al., 2006; M. D. 

McEchron et al., 2007; A. T. Schmidt et al., 2007) in several hippocampus-dependent 

tasks. Early ID also leads to long-term molecular, structural, synaptic, and behavioral 

changes, after iron repletion in humans (T. DeBoer et al., 2005; B. Lozoff et al., 2006b; 

B. Lozoff et al., 2006a) and rodents (L. A. Jorgenson et al., 2003; L. A. Jorgenson et al., 

2005; E. S. Carlson et al., 2007; A. T. Schmidt et al., 2007), and predisposes the 

hippocampus to injury from perinatal hypoxia-ischemia (R. Rao et al., 2007). Previously, 

we have shown that late fetal/early neonatal ID anemia elicits altered measures of both 

presynaptic and postsynaptic plasticity in the hippocampus, providing a link between 
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cellular changes in the hippocampus and memory in iron deficient animals (L. A. 

Jorgenson et al., 2005).  

In light of studies that demonstrate adverse effects of iron overload and 

deficiency, it appears that proper iron balance is necessary for normal brain function. 

However, the effect of activation of cellular mechanisms of learning and memory by 

experience on neuronal iron balance, and whether they are required for normal learning 

and memory, is largely unexplored. To investigate whether iron is required for normal 

spatial navigation memory formation, we used Slc11a2hipp/hipp mice, (and their wild-type 

littermates, denoted as Slc11a2WT/WT mice), a model we previously developed and 

demonstrated to have neuron-specific deletion of Slc11a2, hippocampal-specific iron 

reduction of 40%, altered developmental gene expression, altered neurometabolism, and 

altered dendrite morphology of pyramidal neurons in hippocampal area CA1 (Carlson et 

al., 2008, in review). For the first time, we show that Morris Water Maze training induce 

markers of neuronal iron uptake in Slc11a2WT/WT mice, and that neuronal iron uptake by 

Slc11a2 is essential for normal spatial memory behavior. 

Methods 

Animals. All experiments were approved by the Institutional Animal Care and Use 

Committee of the University of Minnesota and performed in accordance with the NRC 

Guide for the Care and Use of Laboratory Animals.  Targeted Slc11a2 flox/flox mice in a 

129 J1 background strain (H. Gunshin et al., 2005) were crossed with CaMKIIα-cre 

(L7ag#13 line (I. Dragatsis and S. Zeitlin, 2000)) transgenic mice in a C57BL/6J 

background to generate double mutant, hippocampal neuron specific knockout of Slc11a2 

(Slc11a2hipp/hipp mice) in a mixed 129 J1/C57BL/6J background. All animals were bred 
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and housed in specific-pathogen free facility at the University of Minnesota. Only male 

littermates were analyzed. Individual mouse tail DNA was genotyped by PCR, as 

described in the previous chapter.  

Behavioral Experiments.  

Apparatus: The experimental apparatus consisted of a circular water tank 120 cm in 

diameter and 45 cm high. A transparent platform (10 cm in diameter) was placed so that 

its surface was 1.5 cm below the water line. The pool was located in a large test room 

where there were many cues external to the maze (e.g., pictures, lamps, etc.): these were 

visible from the pool and could be used by the mice for spatial orientation. These extra-

maze cues were kept constant throughout the testing period. Water temperature was kept 

at 21–23 °C. Animal behaviors were videotaped and analyzed by the Topscan system 

(Clever Systems, Reston, VA). For descriptive data collection, the pool was subdivided 

into four equal quadrants formed by imaginary lines. 

Morris Water Maze.  Two versions of the Morris Water Maze (MWM) were used.  The 

first, described in detail previously (S. H. Choi et al., 2006), utilized a moving platform 

that permitted a daily assessment of spatial memory using a procedure that yields 

information comparable to a probe trial, and enhancing a standard probe trial in that the 

rodent learns to search extensively within the correct quadrant without expecting to find 

the platform in a precise location within that quadrant. A visually cued version was used 

to test motivation and capacity to swim.  It remained possible that this version of the 

MWM was too difficult for the animals with iron deficiency in the hippocampus. Thus, 

we used a second, easier version of the MWM that utilized a fixed hidden platform that 

serially decreased in size (and thus increased in difficulty) over the training day to help 



 83 

the animals maintain a motivation to swim.  

Morris Water Maze Experiment 1 

Animals.  3-month-old Slc11a2hipp/hipp mice (N = 15) and Slc11a2WT/WT mice (N = 12) 

(not used in MWM version 2) were tested in this version.   

Habituation trial.  A single habituation trial was performed 1 day before the first water 

maze test, by placing each mouse on the hidden platform for 30 s. If the mouse fell or 

jumped from the platform, it was placed back on the platform. 

Cued trials.  Three cued trials, in which the escape platform protruded above the water 

surface at different locations within the correct quadrant, were performed a day after all 

spatial learning trials to rule out group differences in sensorimotor ability and/or 

motivation.  

Training trials.  Each mouse received five training trials per day for three consecutive 

days. At the start of a trial the mice were placed in a different quadrant of the tank in a 

random sequence that was the same for all animals. The mice were allowed to swim for 

90 s or until they escaped the task by finding the platform. On each trial, the mice were 

lowered gently into the water, facing the wall of the pool, and then released. The platform 

was located in a randomly changing position within one target quadrant throughout the 

test period, including the middle of the quadrant, against the wall, near the center of the 

pool and at the edges of the target quadrant. If the mice found the platform, they were 

allowed to remain there for 20 s and then returned to their home cage. Mice that failed to 

find the platform within 90 s were guided to it by the experimenter, and a maximum 

score of 90 s was assigned. Finding the platform was defined as staying on it for at least 

2 s; mice that crossed the platform without stopping (jumping immediately into the 
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water) were left to swim. After each trial, mice were dried and returned to their home 

cage. The percent time and distance traveled within the target quadrant were calculated 

relative to the total distance traveled or total amount of time spent swimming before 

reaching the platform. 

Probe trials.  Immediately after the training trials on each day, each mouse received a 

spatial probe trial, where the platform was removed from the tank and the rodents were 

allowed to swim for 30 s. Time spent and path length in the target quadrant where the 

platform was previously located, as well as the percent time of immobility, defined as a 

lack of activity except movements needed to keep their nose above water, were 

measured.  

Morris Water Maze Experiment 2 

Animals.  3-month-old Slc11a2hipp/hipp mice (N=9) and Slc11a2WT/WT mice (N = 8) (not 

used in other experiments) were tested in this version.   

Habituation trial.  As with the first MWM experiment, a single habituation trial was 

performed 1 day before the first water maze test.  

Training trials.  In this experiment, each mouse received six training trials per day for 

five consecutive days. These were performed as in the first MWM experiment, except 

that (1) the platform was located in a fixed position within one target quadrant throughout 

the test period, and (2) over the first two days, the platform gradually shrunk every 4 

trials, starting with a diameter of 20 cm for 4 trials, then a diameter of 15 cm for 4 trials, 

and a diameter of 10 cm for 4 trials; on each following day, the platform was 20 cm for 2 

trials, then 15 cm for 2 trials, then 10 cm for the final 2 training trials.     

Probe trials. Immediately after the training trials on each day, the mice received a spatial 
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probe trial as described above. 

Tissue dissection and RNA collection.  3-month old trained (N=7-10 per group) and 

untrained (N=4 per group) male mice were euthanized by an i.p. injection of Beuthanasia 

(10mg/Kg).. Brains were removed from the cranium and bisected along the midline.  

Hippocampus was dissected and flash-frozen in liquid Nitrogen. Total RNA was isolated 

from dissected hippocampus using RNA-isolation kit (Stratagene, La Jolla, CA) and 

concentrations were measured by Absorbance at 260nm (A260/280) using a NanoDrop ND-

1000 (NanoDrop Technologies, Inc., Wilmington, DE). In trained mice, hippocampal 

RNA was isolated as described above, immediately after the last probe trial in the Morris 

Water Maze.  

Quantitative Real-Time PCR (qPCR).  Messenger RNA levels were measured by real-

time PCR (Taqman®).  Reverse transcription was carried out using SuperScript III 

(Invitrogen, Carlsbad, CA) and random hexamer probes per manufacturer 

recommendation.  Approximately 4µg of total RNA were used to generate cDNAs.  The 

resulting cDNAs were diluted 7-fold to give a final volume of 140µl.  All qPCRs were 

performed with 1/2 manufacturer recommended volume (Applied Biosystems Inc., Foster 

City, CA) consisting of 4µl of diluted cDNAs, 5µl 2X Taqman® qPCR Universal Mix 

(No AmpErase), 0.5µl 20X Taqman® Gene Expression Assay intron-spanning 

primers/FAM-labeled probes, and 0.5µl 20X Taqman® 18S rRNA primer-limited VIC-

labeled probe mix for internal normalization.  Thermocycling was carried out according 

to manufacturer protocol (ABI) using a MX3000P instrument (Stratagene, La Jolla, CA).  

The transcripts that were analyzed are listed in Table 6. 
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Statistical Analysis.  Two-way analysis of variance (ANOVA) was performed with Cre 

status, day of training, and their interaction as fixed factors to determine the effects of 

hippocampal specific knockout of DMT-1 and training on measures of Morris Water 

Maze performance, as we did previously (S. H. Choi et al., 2006). For the data shown in 

Fig. 3a, a Bonferroni post-test was performed for each to compare for significant 

differences in memory performance on each day.  For the data from the Easier MWM, 

Day 3 (as this was the day in which significant differences were seen in the first MWM 

experiment) was chosen a priori to test for significant differences in MWM memory 

performance, using unpaired two-tailed Student’s t tests.  

Two-way analysis of variance (ANOVA) was performed with Cre status, Morris 

Water Maze Version, and their interaction as fixed factors to determine the effects of 

hippocampal specific knockout of DMT-1 and Training on qPCR determined mRNA 

expression. We also had three a priori hypotheses we tested with unpaired two-tailed 

Student’s t-tests: 1) altered gene expression in trained versus untrained wild-type 3-

month old mice, 2) altered gene expression in Slc11a2hipp/hipp and Slc11a2WT/WT mice after 

the easier MWM version, and 3) altered gene expression in trained (easier MWM 

version) versus untrained Slc11a2hipp/hipp mice. 

Results 

Slc11a2hipp/hipp mice exhibit impaired spatial navigation memory  

Since CA1 mediated learning and memory function is dependent on normal structure and 

metabolism, we evaluated the functional ability of Slc11a2hipp/hipp and Slc11a2WT/WT mice 

on spatial navigation tasks. Performance on spatial navigation memory tasks is altered in 

IDA rats (B. T. Felt et al., 2006; A. T. Schmidt et al., 2007).   
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Figure 11. Poorer spatial navigation memory performance and increased bouts of immobility 

during training and probes in a movable hidden platform task in 3-month old Slc11a2hipp/hipp 

mice in the Morris Water Maze (MWM). A) Percent of total swim time spent in target 

quadrant on probe trials after each day of training in Slc11a2WT/WT (black bars, N = 12) and 

Slc11a2hipp/hipp mice (white bars, N = 15). Error bars are SEM. *Significant difference 

between Slc11a2WT/WT and Slc11a2hipp/hipp mice (p<0.01, Bonferroni post-test) on third probe 

trial. B) Mean escape latency (s) of Slc11a2WT/WT (black squares, N = 12) and Slc11a2hipp/hipp 

(white circles, N = 15) mice during movable hidden platform training trials. Error bars are +/- 

SEM. Slc11a2hipp/hipp mice have significantly longer mean escape latencies than Slc11a2WT/WT 

mice during training (p<0.01, ANOVA). C) Percent time spent in target quadrant of 

Slc11a2WT/WT (black squares, N = 12) and Slc11a2hipp/hipp (white circles, N = 15) mice during 

movable hidden platform training trials. Error bars are +/- SEM. Slc11a2hipp/hipp mice spend 

significantly less time target quadrant during training than Slc11a2WT/WT mice (p<0.01, 

ANOVA). D) Mean swim velocity (mm/sec) of Slc11a2WT/WT (black squares, N = 12) and 

Slc11a2hipp/hipp (white circles, N = 15) mice during movable hidden platform training trials. 

Error bars are +/- SEM. Slc11a2hipp/hipp mice had progressively slower mean swim velocities 

during training than Slc11a2WT/WT mice (p<0.01, ANOVA). E) Percent time spent floating of 

Slc11a2WT/WT (black bars, N = 12) and Slc11a2hipp/hipp (white bars, N = 15) mice during 

movable hidden platform training trials. Error bars are SEM. Slc11a2hipp/hipp mice spent more 

time floating during probe trials than Slc11a2WT/WT mice (p<0.01, ANOVA). F) Mean escape 

latency (s) of Slc11a2WT/WT (black bars, N = 12) and Slc11a2hipp/hipp (white bars, N =15) mice 

during visual cued task. Error bars are SEM.  Slc11a2WT/WT and Slc11a2hipp/hipp mice had no 

significant differences in mean escape latency in the visual cued task.  
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Initially, we used a modified, more difficult version of the MWM in which the hidden 

platform is moved between training trials to random places within the target quadrant. 

This version promotes searching within the target quadrant, side-steps a number of 

problems with standard water maze versions, and each training trial is effectively a probe 

trial (S. H. Choi et al., 2006) (T. Schallert, 2006). Slc11a2WT/WT mice (N = 12) reach a 

criterion of spending 50% of their time searching in the target quadrant, while the 

Slc11a2hipp/hipp mice (N = 15) perform no better than chance (Fig. 11A). Slc11a2hipp/hipp 

mice have significantly longer mean escape latencies and spend significantly less time in 

the target quadrant during training (Figs. 11B-C). During training, Slc11a2hipp/hipp mice 

appeared to have more bouts of immobility.  Thus, we examined mean swim velocity and 

percent time spent immobile. Slc11a2hipp/hipp mice had progressively slower mean swim 

velocities over the training days, and more inactive time (Figs. 11D, 11E). Since 

Slc11a2hipp/hipp mice had the same mean swim velocity as Slc11a2WT/WT mice on the first 

trial, and performance progressively deteriorated over the entire training period rather 

than over the course of an individual day, we concluded that the change in mean swim 

velocity in Slc11a2hipp/hipp mice was a learned response, rather than due to fatigue. There 

were no significant differences in mean escape latency in the visual cued task, a control 

for procedural memory, sensorimotor function, motivation and capacity to swim (Fig. 

11F).  

Since there could still be motivational effects preventing learning in the first 

version of the MWM we used, we subsequently used an easier version of the MWM, in 

which the hidden platform was fixed in a single position in the target quadrant, and had 

slightly larger platforms during the beginning of each training day to increase the chance  
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Figure 12.  Poorer spatial navigation memory performance without increased bouts of 

immobility during probe trials of 3-month old Slc11a2hipp/hipp mice in an easier hidden 

platform task of the MWM. A) Percent of total swim time spent in target quadrant on 

probe trials after each day of training in Slc11a2WT/WT (black bars, N = 8) and 

Slc11a2hipp/hipp mice (white bars, N = 9). Error bars are SEM. *Significant difference 

between Slc11a2WT/WT and Slc11a2hipp/hipp mice (p<0.05, unpaired two-tailed t-test). B) 

Mean swim velocity (mm/sec) of Slc11a2WT/WT (black bars, N = 8) and Slc11a2hipp/hipp 

(white bars, N = 9) mice during easier hidden platform training trials. Error bars are 

SEM.  Slc11a2WT/WT and Slc11a2hipp/hipp mice had no significant differences in mean swim 

velocity during training in MWM2. C) Percent time spent floating of Slc11a2WT/WT (black 

bars, N = 8) and Slc11a2hipp/hipp (white bars, N = 9) mice during movable hidden platform 

training trials. Error bars are SEM.  Slc11a2hipp/hipp and Slc11a2WT/WT did not significantly 

differ in amount of time spent floating in this version of the MWM. D) Percent of total 

swim time spent in target quadrant on training trials (averaged over the entire training 

day) in Slc11a2WT/WT (black bars, N = 8) and Slc11a2hipp/hipp mice (white bars, N = 9). 

Error bars are SEM.  Slc11a2WT/WT and Slc11a2hipp/hipp mice had no significant differences 

in time spent in target quadrant during training in MWM2.  E) Mean escape latency (s) of 

Slc11a2WT/WT (black bars, N = 8) and Slc11a2hipp/hipp (white bars, N = 9) mice during 

training trials (averaged over the entire training day) on easier hidden platform task. Error 

bars are SEM.  Slc11a2WT/WT and Slc11a2hipp/hipp mice had no significant differences in 

mean escape latency during training in MWM2. 
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Table 5. ANOVA Statistics for Behavioral Experiments 
Measurement Figure F-Statistic  

(Cre Status) 
F-Statistic 
(Training) 

F-Statistic 
(Interaction) 

Movable Hidden Platform Version of MWM (MWM1) 
Percent Swim time in target quadrant, 

Probe trials (MWM1) 
11A 6.26** 2.72* 3.22** 

Mean Escape Latency during training 
(MWM1) 

11B 35.77*** 4.03** 0.62 n.s. 

Percent Swim time in target quadrant, 
training trials (MWM1) 

11C 35.72*** 3.69*** 1.20 n.s. 

Mean Swim Velocity (MWM1) 11D 120.5*** 4.24*** 0.98 n.s. 
Percent time spent floating (MWM1) 11E 34.58*** 3.2** 0.51 n.s. 
Mean Escape Latency Visual Cued 

Task (MWM1) 
11F 1.99 n.s. 5.01*** 0.55 n.s. 

Fixed Hidden Platform, Easier MWM (MWM2) 
Percent Swim Time in target 

quadrant, Probe Trials (MWM2) 
12A 0.19 n.s. 19.59*** 2.76** 

Mean Swim Velocity (MWM2) 12B 0.25 n.s. 3.47*** 0.65 n.s. 
Percent time spent floating (MWM2) 12C 0.08 n.s. 0.84 n.s. 0.39 n.s. 
Percent Swim time in target quadrant, 

training trials (MWM2) 
12D 0.06 n.s. 9.08*** 0.21 n.s. 

Mean Escape Latency during training 
(MWM2) 

12E 0.001 n.s. 1.94 n.s. 0.28 n.s. 

*P<0.10, **P<0.05, ***P<0.01, n.s. = not significant. 
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of the mouse finding it. In this easier version of the MWM, Slc11a2hipp/hipp mice (N = 9) 

did not reach criterion until the fourth day of training, while Slc11a2WT/WT mice (N = 8) 

reached criterion on the third day of training (Fig. 12A). No significant changes between 

Slc11a2hipp/hipp and Slc11a2WT/WT mice were seen in time spent in the target quadrant, 

mean escape latency, mean swim velocity, during training trials or percent time spent 

immobile during probe trials (Figs. 12B-E). That Slc11a2hipp/hipp mice showed no 

differences in mean swim velocity or percent time spent immobile in this version of the 

MWM further supports the speculation that bouts of immobility in the first MWM 

version were learned. Table 5 summarizes data from both MWM experiments.  

Slc11a2WT/WT mice show induction of mRNAs mediating iron metabolism and 

synaptic plasticity in response to behavioral training, and Slc11a2hipp/hipp mice have 

altered expression of mRNAs mediating iron homeostasis and synaptic plasticity 

 Spatial memory training has been shown to induce gene expression in subfields of 

the hippocampus (S. D. Vann et al., 2000). We investigated whether training in the 

versions of the Morris Water Maze we performed would have an experience dependent 

effect on expression of genes related to iron uptake and synaptic plasticity in trained and 

untrained Slc11a2WT/WT mice.  Furthermore, we examined whether hippocampus–specific 

deletion of Slc11a2 would alter this experience-dependent gene expression. Relative 

mRNA expression changes are shown in Fig. 13. Table 7 lists F-statistics from ANOVAs 

performed with each data set with Cre status, MWM version, and their interaction as 

fixed factors in the in the two-way analysis, and t-tests testing three a priori hypotheses: 

trained (difficult version) vs. untrained in wild type mice, Slc11a2hipp/hipp mice vs 

Slc11a2WT/WT mice in the easier MWM version, and altered gene expression in trained  
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Table 6. Genes examined by quantitative PCR 

 

 

Gene (official symbol and name) Unigene ID Functional Marker of: 
Slc11a2, solute carrier family 11 
(proton-coupled divalent metal ion 
transporters), member 2 

Mm.234608 Iron transport 
Slc11a2 knockout 

Tfrc, transferrin receptor Mm.28683 Iron transport 
Aco1, aconitase 1 (IRP-1) Mm.208991 Iron response element binding 
Ireb2, iron responsive element binding 
protein 2, (IRP-2)  

Mm.331547 Iron response element binding 

Rasd1, RAS, dexamethasone-induced 1 Mm.3903 NMDA receptor activity 
dependent iron uptake  

Grin2a, glutamate receptor, ionotropic, 
NMDA2A, (epsilon 1) 

Mm.2953 Glutamatergic synapse plasticity 

Grin2b, glutamate receptor, ionotropic, 
NMDA2B, (epsilon 2)  

Mm.436649 Glutamatergic synapse plasticity 

Nos1, nitric oxide synthase 1, neuronal Mm.44249 Synaptic plasticity (iron-, heme-, 
and calmodulin-binding) 

Ckb, creatine kinase, brain Mm.16831 Creatine phosphokinase activity 
Slc2a3, solute carrier family 2 
(facilitated glucose transporter), 
member 3 

Mm.395108 Neuronal glucose uptake 
 

Camk2a, calcium/calmodulin-
dependent protein kinase II alpha 

Mm.131530 Dendrite development 
 

Dlg4, discs, large homolog 4 
(Drosophila) (PSD-95) 

Mm.27256 Dendrite development 
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Figure 13. Expression of genes of interest in untrained, trained (difficult MWM version), and 

trained (easier/enabling MWM version) Slc11a2WT/WT and Slc11a2hipp/hipp mice, quantified by 

qPCR. Graphs show expression patterns for each gene in both Slc11a2WT/WT and Slc11a2hipp/hipp 

mice. In each graph, the Y-axis is in units of relative mRNA expression. The X-axis is the version 

of the MWM after which gene expression was measured. For each untrained condition, N = 4.  

For each MWM version/condition, N = 7-10. Significance values: * P < 0.05, ** P < 0.01, *** P 

< 0.001.  
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Table 7. ANOVA and t-test Statistics of Gene Expression After Training Data  
 

ANOVA: *P<0.05, **P<0.01, ***P<0.001; Unpaired, two-tailed Student’s t-test: 
†P<0.05, ††P<0.01, †††P<0.001, n. s. = not significant. 
 

Gene 
Symbol 

F-
Statistic  

(Cre 
Status) 

F-
Statistic 
(MWM 
Version) 

F-Statistic 
(Inter-
action) 

Slc11a2WT/WT 
trained 

(difficult 
MWM)/ 

Slc11a2WT/WT 
untrained 

Slc11a2hipp/hipp 
(easier 

MWM)/ 
Slc11a2WT/WT 

(easier 
MWM) 

Slc11a2hipp/hipp 
(easier 

MWM)/ 
Slc11a2hipp/hipp 

untrained 

Slc11a2 45.19*
** 

6.36** 3.31* 1.71† 0.40††† 1.00 n.s. 

Tfrc 4.39* 3.40* 0.03 n.s. 1.39† 1.27† 1.16 n.s. 
Aco1 0.99 

n.s. 
6.57** 0.26 n.s. 1.42† 1.28† 1.63†† 

Ireb2 1.10 n.s 2.15 
n.s. 

0.54 n.s. 1.22† 1.22† 1.08 n.s. 

Rasd1 4.87* 0.91 
n.s. 

1.25 n.s. 1.38† 1.42† 1.14 n.s. 

Nos1 1.29 
n.s. 

0.26 
n.s. 

0.91 n.s. 0.98 n.s. 1.41†† 1.20 n.s. 

Grin2a 8.32** 0.15 
n.s. 

0.46 n.s. 0.99 n.s. 1.33†† 1.16† 

Grin2b 0.93 
n.s. 

2.59 
n.s. 

3.39* 1.56† 1.24† 1.19 n.s. 

Camk2a 1.81 
n.s. 

3.96* 4.15* 1.18† 1.17† 1.15† 

Dlg4 5.72* 3.50* 2.26 n.s. 1.02 n.s. 1.29†† 1.51††† 
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(easier MWM version) versus untrained Slc11a2hipp/hipp mice. We found changes in 7 

mRNA transcripts (out of 10 measured) by ANOVA chosen as markers of iron 

metabolism and synaptic plasticity, significant for Cre status or the interaction between 

Cre Status and MWM version (Table 7). Training induced upregulation of transcripts 

mediating iron metabolism Slc11a2, Tfrc, Aco1, Ireb2, and Rasd1, and upregulation in 

transcripts mediating synaptic plasticity Grin2b and Camk2a in Slc11a2WT/WT mice. 

Spatial memory training did not induce changes in expression of Nos1, Grin2a, or Dlg4 

in Slc11a2WT/WT mice. The easier version of the MWM, in which Slc11a2hipp/hipp mice 

eventually reached learning-criterion, appeared to elicit upregulation (in Slc11a2hipp/hipp 

mice over Slc11a2WT/WT mice) in all genes we measured, excepting Slc11a2, the deleted 

gene. However, when we compared expression levels of mRNAs in trained (easier MWM 

version) Slc11a2hipp/hipp mice vs. untrained Slc11a2hipp/hipp mice, we only found significant 

differences in 4 genes: Aco1, Grin2a, Camk2a, and Dlg4 (Table 7). Thus, the differences 

we observed in Tfrc, Ireb2, Rasd1, Grin2b, and Nos1 between Slc11a2hipp/hipp mice over 

Slc11a2WT/WT mice in the easier MWM version are not due to induction by training in 

Slc11a2hipp/hipp mice. 

Discussion 

The results of the first spatial memory experiment, in which the hidden platform 

was moved between training trials within the target quadrant, could be explained by the 

Slc11a2hipp/hipp mice responding to the difficulty of the task with behavioral despair or 

learned helplessness, as in a Porsolt Forced Swim task (R. D. Porsolt et al., 1977). The 

second MWM experiment suggests that the induction of bouts of immobility can be 

avoided when the task is made easier. There is still a measurable effect in the probe tests 
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for spatial navigation in the second MWM experiment, particularly in the rate of learning 

(measured on probe tests) over the period of training, and which day the mice reach 

criterion in the probe test, suggesting that learning and memory systems are affected in 

Slc11a2hipp/hipp mice. 

There are multiple clinical studies that make our model particularly relevant to 

understanding abnormal cognitive function due to ID. In newborn humans, measurements 

of hippocampus-based auditory recognition memory showed significant alterations in 

iron deficient infants of diabetic mothers (IDMs) with cord serum ferritin concentrations 

less than 34 µg/L (a group at high risk for brain ID), compared with IDMs with sufficient 

brain iron stores (A. M. Siddappa et al., 2004). An aspect of IDMs particularly relevant to 

our model is that they are not typically anemic, but rather there is a shift in fetal iron from 

developing tissues such as muscle and brain to the liver due to an increase in 

hematopoiesis (C. D. Petry et al., 1992). IDMs also showed deficits in memory of multi-

step event sequences compared with typically developing controls, at one year of age (T. 

DeBoer et al., 2005). One implication of the behavioral results in Slc11a2hipp/hipp mice for 

clinical treatment is that interventions that facilitate learning may improve cognitive 

outcomes in formerly iron deficient children. 

The hippocampus is implicated in several aspects of memory function, such as 

acquisition, retrieval and strategy switching (L. R. Squire, 1992; L. B. Day et al., 1999). 

IDA impairs hippocampus-dependent trace fear conditioning, but not other forms of fear 

conditioning (M. D. McEchron et al., 2005). One model of late gestational/early postnatal 

ID without anemia resulted in rats with persisting sensorimotor deficits, more hesitancy 

in novel settings, and poorer spatial water maze performance (B. T. Felt et al., 2006). We 
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attribute the abnormalities in spatial navigation memory in Slc11a2hipp/hipp mice to be 

dependent on the integrity of hippocampus, and related to the structural and 

neurochemical changes we have demonstrated there. However, the hippocampus is only 

one of several brain regions that when damaged, results in altered performance on spatial 

memory tests (N. M. White and R. J. McDonald, 2002) (D. P. Cain et al., 2006); this has 

implications for the study of spatial memory performance after IDA, which has been 

shown to impair many cognitive systems (A. M. Siddappa et al., 2004; B. T. Felt et al., 

2006; A. T. Schmidt et al., 2007; K. L. Ward et al., 2007). It is possible, and consistent, 

that the behavioral phenotypes seen in Slc11a2hipp/hipp mice could be attributable to altered 

network connections between hippocampus and other areas that are important in spatial 

navigation memory performance (L. B. Day et al., 1999; J. E. Lisman and A. A. Grace, 

2005).  

Several studies have shown that neuronal activity, synaptic plasticity, and 

behavioral training alter neuronal gene expression, including after spatial memory 

formation in neurons of the hippocampus (J. F. Guzowski et al., 2001). Many of these 

genes are regulatory transcription factors that regulate “downstream” genes that may, in 

turn, affect cellular physiology (T. Herdegen and J. D. Leah, 1998; W. Tischmeyer and 

R. Grimm, 1999). Our data suggest that several days of spatial memory training induces 

experience-dependent iron uptake in hippocampus in wild type mice, and that 

hippocampal neuron specific deletion of Slc11a2 alters experience-dependent gene 

expression related to iron uptake and synaptic plasticity. The two versions of the MWM 

allowed us to determine that 1) iron uptake by Slc11a2 is required for learning in the 

more difficult version, and 2) that when we enable learning (i.e. the second version) 
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Slc11a2-deficient hippocampal neurons respond with an increase in expression of both 

iron uptake and regulatory mRNAs, and mRNAs required for synaptic plasticity.  With 

the easier version of the MWM, we were able to induce expression of 3 markers of 

neuronal plasticity (Grin2a, Camk2a, and Dlg4), and Aco1 in Slc11a2hipp/hipp mice, 

despite iron depletion.  These results and the performance of in Slc11a2hipp/hipp mice in the 

easier version of the MWM suggest that iron is not essential for learning and plasticity, 

but that proper iron balance greatly facilitates it. In light of this, the mechanism of 

activity-dependent iron uptake proposed by Cheah and colleagues (J. H. Cheah et al., 

2006), may, under normal physiologic conditions, be a mechanism to promote proper 

iron balance required for normal memory formation in the hippocampus.  

The role of iron in memory could be mediated through a number of neuronal 

proteins that require iron as a cofactor or structural element. These proteins, such as Nos1 

(neuronal nitric oxide synthase) and Aco1/IRP-1 regulate important aspects of neuronal 

signal transduction involved in memory. Nos1 binds heme  (which requires iron) and 

calmodulin (K. Panda et al., 2004), thus regulating synaptic plasticity through the 

production of nitric oxide. Aco1/IRP-1, which contains an iron sulfur cluster that changes 

conformation and changes its activity based on the degree of iron deficiency (R. S. 

Eisenstein, 2000), has been shown to regulate levels of glutamate and its secretion in an 

iron-dependent manner (M. C. McGahan et al., 2005).  We speculate that the increased 

expression we observed in the context of learning in Nos1 (in Slc11a2hipp/hipp mice vs. 

Slc11a2WT/WT in the easier MWM version) and Aco1 (in both Slc11a2hipp/hipp and 

Slc11a2WT/WT mice) may be a homeostatic response to the overall decreased hippocampal 

glutamate/glutamine we observed with MRS.   
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This is the first demonstration that experience-dependent iron uptake is shown to 

be required for normal learning and memory function in vivo. The proper balance of iron 

(especially during neurodevelopment) may optimize learning and memory function.   
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Hippocampus or Procedural Memory Vs. 

Declarative Memory?



 109 

Introduction 

Many models with varied severity and timing of early ID and iron repletion have both 

short and long term effects on striatal monoamine metabolism and neurotransmission (J. 

L. Beard et al., 2003; J. L. Beard et al., 2006; B. T. Felt et al., 2006; K. L. Ward et al., 

2007). However, it is still unclear whether changes in striatum due to ID result in altered 

memory performance. In ID rat pups assessed with striatal-based behaviors such as chin-

elicited bilateral forelimb placement and vibrissae-elicited unilateral forelimb placement 

and 1H NMR spectroscopy, IDA delayed maturation of these behaviors, and was 

associated with changes in neurometabolomic markers of energy status, glutamatergic 

neurotransmission, and myelination (K. L. Ward et al., 2007). Upon iron repletion, the 

neurometabolome returned to normal, but the striatal-associated behavioral alterations 

persisted (K. L. Ward et al., 2007). A less severe model of perinatal ID (a non-anemic 

model) resulted in rats with persisting sensorimotor deficits (delayed vibrissae-evoked 

forelimb placing, longer sticker removal time, and more imperfect grooming chains), 

more hesitancy in novel settings, and poorer spatial water maze performance (increased 

latencies to reach escape platform, and decreased percent path in platform quadrant) (B. 

T. Felt et al., 2006). No changes in hematology or growth were seen by PND35 in this 

version of ID. Monoamines, dopamine transporter and dopamine receptor in striatum 

were unchanged among groups. Serotonin transporter concentration was lower in 

striatum of ID animals. Determining the role of these documented striatal changes, 

especially in light of changes demonstrated in hippocampus is both conceptually and 

experimentally difficult.    
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The hippocampus is not the only area that when damaged, results in spatial 

memory deficits.  Other areas include the ventral-medial striatum, regions of the 

hippocampal formation such as fornix/fimbria, basal forebrain areas such as nucleus 

basalis magnocellularis, and medial thalamus (B. D. Devan and N. M. White, 1999; C. L. 

Gonzalez et al., 2000; D. P. Cain et al., 2006). Thus, it is likely that network interactions 

among all of these areas allow for successful spatial navigation in rodents and humans. 

One recently proposed network identifies the hippocampal-ventral tegmental area (VTA) 

loop, which regulates entry of information into long-term memory (J. E. Lisman and A. 

A. Grace, 2005).  Schematically, novel sensory information arrives to the hippocampus 

from the entorhinal cortex.  This signal leaves the hippocampus, and traverses the 

following path: subiculum  nucleus accumbens in the ventral medial striatum  

ventral pallidum  VTA (J. E. Lisman and A. A. Grace, 2005).  Activation of this circuit 

induces novelty-dependent firing of dopaminergic neurons in the VTA, which project 

back to the hippocampus (J. E. Lisman and A. A. Grace, 2005). The resulting 

dopaminergic neurotransmission from VTA to hippocampus thus results in increased 

LTP and learning, thus regulating long-term memory formation (J. E. Lisman and A. A. 

Grace, 2005).  Along the way from hippocampus to VTA, information passes through 

areas important for cognition of motivational salience and reward.  For example, spiny 

cells in the nucleus accumbens (in the ventral medial striatum) combine goal-dependent 

signals from prefrontal cortex and novelty signals from hippocampus (J. E. Lisman and 

A. A. Grace, 2005).  This is a plausible mechanism for the association of environmental 

cues in the MWM required for spatial navigation (hippocampus supplying information 

from place cells) with solution of the maze (finding the hidden platform).   
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Lisman and Grace’s Hippocampal-VTA loop model provides a promising mechanism 

to synthesize findings from multiple labs studying the cognitive consequences of 

gestational and postnatal ID, as well as interpreting findings from Slc11a2 hipp/hipp mice.  

It relies on dopaminergic neurotransmission, and involves parts of the striatum, which 

have both documented to be altered by ID. Here, we have assessed Slc11a2 hipp/hipp mice 

with 1H NMR spectroscopy in striatum, and used a modified version of the MWM 

developed by Devan and White, which gets the spatial navigation memory system 

(mediated by the Hippocampal-VTA loop) to directly compete with the procedural 

memory system (mediated by dorso-lateral striatum: caudate/putamen). Our results 

demonstrate that while the striatum is metabolically compromised in Slc11a2 hipp/hipp 

mice, it is its function in the Hippocampal-VTA loop that is altered, rather than its 

function in dorso-lateral striatal-based procedural memory.  

Methods 

Animals.  All experiments were approved by the Institutional Animal Care and Use 

Committee of the University of Minnesota and performed in accordance with the NRC 

Guide for the Care and Use of Laboratory Animals. Targeted Slc11a2 flox/flox mice (H. 

Gunshin et al., 2005) were crossed with CaMKIIα-cre (L7ag#13 line, (I. Dragatsis and S. 

Zeitlin, 2000)) transgenic mice to generate double mutant, hippocampal neuron specific 

knockout of Slc11a2 (Slc11a2hipp/hipp mice). All animals were bred and housed in 

specific-pathogen free facility at the University of Minnesota. Male littermates were 

analyzed unless otherwise noted. Individual mouse tail DNA was genotyped by PCR, 

using previously published cycling conditions and primers (Chapter 3).  

In vivo 1H NMR spectroscopy.  All experiments were performed on a 9.4 T/31 cm magnet 
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(Magnex Scientific, Abingdon, UK) equipped with an 11 cm gradient coil insert 

(300 mT/m, 500 µs) and strong custom-designed second-order shim coils (Magnex 

Scientific, Abingdon, UK) (I. Tkac et al., 2004). The magnet was interfaced to a Varian 

INOVA console (Varian, Inc., Palo Alto, CA, USA). A quadrature surface RF coil with 

two geometrically decoupled single-turn coils (of 14 mm diameter) was used for both RF 

transmission and reception. All first- and second-order shim terms were automatically 

adjusted using FASTMAP with EPI readout (R. Gruetter, 1993; R. Gruetter and I. Tkac, 

2000). Ultra-short echo-time STEAM (echo time TE = 2 ms, middle period TM = 20 ms, 

repetition time TR = 5 s, number of transients NT = 160) combined with outer volume 

suppression and VAPOR water suppression was used for localization (I. Tkac et al., 

1999; I. Tkac et al., 2004). Data were saved as arrays of FIDs (four transients per FID), 

corrected for the frequency drift, summed, and finally corrected for residual eddy current 

effects using the reference water signal. The position of the volume of interest (VOI) was 

selected based on multi-slice RARE images. VOIs were centered in the left dorsal 

hippocampus. The size of the VOI (5-6 µL) was adjusted to fit the anatomical structure of 

hippocampus, exclude cortex and ventricle, and to minimize partial volume effects. 

Quantification of metabolites.  In vivo 1H NMR spectra were analyzed using LC Model 

(S. W. Provencher, 1993). The unsuppressed water signal measured from the same VOI 

was used as an internal reference for the quantification, assuming 80% brain water 

content. The LC Model analysis calculates the best fit to the experimental spectrum as a 

linear combination of model, solution spectra of brain metabolites. The following 19 

metabolites were included in the basis set: alanine (Ala), ascorbate (Asc), aspartate, 

creatine (Cr), γ-aminobutyric acid (GABA), glucose (Glc), glutamate (Glu), glutamine 
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(Gln), glutathione (GSH), glycerophosphorylcholine (GPC), myo-inositol (myo-Ins), 

lactate (Lac), N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), 

phosphocreatine (PCr), phosphorylcholine (PCho), phosphorylethanolamine (PE), scyllo-

inositol, and taurine (Tau). In addition, the spectrum of fast relaxing macromolecules, 

experimentally measured in the mouse brain with an inversion recovery experiment using 

a short repetition time (TR = 2.0 s, inversion time = 0.675 s), was included in the basis 

set as previously described (J. Pfeuffer et al., 1999; I. Tkac et al., 2004). Most of 

metabolites were quantified with Cramer-Rao lower bounds (CRLB) of 3–35%, 

corresponding to estimated errors in metabolite concentrations of 0.3–0.5 µmol/g.  

Behavioral experiments 

Apparatus.  The experimental apparatus consisted of a circular water tank 120 cm in 

diameter and 45 cm high. A transparent platform (10 cm in diameter) was placed so that 

its surface was 1.5 cm below the water line. The pool was located in a large test room 

where there were many cues external to the maze (e.g., pictures, lamps, etc.): these were 

visible from the pool and could be used by the mice for spatial orientation. These extra-

maze cues were kept constant throughout the testing period. Water temperature was kept 

at 21–23 °C. Animal behaviors were videotaped and analyzed by the Topscan system 

(Clever Systems, Reston, VA). For descriptive data collection, the pool was subdivided 

into four equal quadrants formed by imaginary lines. 

Habituation trial.  A single habituation trial was performed 1 day before the first water 

maze test, by placing each mouse on the hidden platform for 30 s. If the mouse fell or 

jumped from the platform, it was placed back on the platform. 

Procedural memory experiment: cued trials.  Four cued trials, in which the escape 
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platform protruded above the water surface at different locations within the target 

quadrant, were performed a day after the habituation trial. 

Competition Experiment 

Habituation trial.  As with the first MWM experiment, a single habituation trial was 

performed 1 day before the first water maze test.  

Training trials.  In this experiment, each mouse received four training trials per day for 8 

consecutive days. On the first day of the experiment, mice were trained to swim to the 

visible platform located in the center of the target quadrant. Each daily training session 

consisted of four trials on which each mouse was released once from each of four start 

points. The trial began by placing a mouse in the pool facing the wall, at a randomly 

selected start position and ended when the mouse climbed onto the visible platform, or 

after 30 seconds had elapsed. If the mouse had not escaped after 30 seconds, it was gently 

placed on the platform. Each mouse was left on the platform for 15 seconds, and returned 

to its home cage. For each mouse, there was a 20-25 minute delay between trials within a 

daily session. During the delay, the remaining mice were run on the same trial.  

 On the next day after the day of training on the visible platform, each mouse 

received a four-trial session in which the visible platform was replaced with the 

submerged platform in the same location. Identical training procedures were used during 

these hidden platform trials.   

 Subsequently, this 2 day sequence of one visible platform session followed by one 

hidden platform session was repeated three more times, for a total of 32 training trials (16 

visible, 16 hidden) over a total of 8 days. Escape latency (time to reach the available 

platform) were measured on these acquisition trials.  
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Probe trials.  On day 6 and day 8, competition probes were given. The visible platform 

was moved to the center of the quadrant directly opposite the target quadrant used in the 

acquisition trials.  Two trials were given from start positions equidistant to the center of 

the both the target quadrant used during training and the new location of the visible 

platform. Video recordings were used to determine whether the mice swam within 5 cm 

of the perimeter of the former platform location in the target quadrant before escaping to 

the visible platform, now located in the opposite quadrant.  A point was scored for each 

animal each time it crossed within 5 cm of the perimeter of the former platform location 

in the target quadrant.   

Results 

Magnetic resonance spectroscopy in striatum.  1H NMR spectra of Slc11a2hipp/hipp mice 

and Slc11a2 WT/WT mice differed significantly, and were markedly different than the 

hippocampus in the same animal. 1H NMR spectra Slc11a2hipp/hipp mice and Slc11a2 WT/WT 

mice are shown in Figs. 14A-B. Among the 13 neurometabolites that could be reliably 

quantified in the hippocampus, creatine, glucose and lactate concentrations were 

decreased in Slc11a2hipp/hipp mice (Fig. 14A). Phosphocreatine and the [PCr]/[Cr] ratio, 

which is directly related to cellular energy status ([ATP]/[ADP]free), was significantly 

increased in striatum of Slc11a2hipp/hipp mice (Fig. 14B) (B. K. Siesjo, 1978; M. Erecinska 

and I. A. Silver, 1989). GPC+PCho, a marker of myelination, was significantly decreased 

in Slc11a2hipp/hipp mice. Markers of myelination (PE, myo-inositol), GABAergic 

neurotransmission, and neuronal number (NAA) were unchanged. IDA rat pups are 

highly sensitive to hypoxia, which results in increased lactate levels measured with MRS  
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Figure 14. Markers for energy metabolism are altered in striatum of Slc11a2hipp/hipp mice. 

A) Neurochemical profiles of 3-month old Slc11a2WT/WT (black bars, N=6) and 

Slc11a2hipp/hipp (white bars, N=6) mice. Values = mean +/- SEM.  Creatine, glucose, 

GPC+PCho, and lactate are significantly decreased in striatum of Slc11a2hipp/hipp mice. 

Phosphocreatine is significantly increased in striatum of Slc11a2hipp/hipp mice. *Significant 

differences between Slc11a2WT/WT and Slc11a2hipp/hipp mice (p<0.05, unpaired two-tailed t-

test). Abbreviations: Ala, alanine; Asp, aspartate; Cr, creatine; GABA, γ-aminobutyric 

acid; Glc, glucose; Gln, glutamine; Glu, glutamate; GPC, glycerophosphorylcholine; 

GSH, glutathione; Lac, lactate; Ins, myo-inositol; NAA, N-acetylaspartate; NAAG, N-

acetylaspartylglutamate; PCho, phosphorylcholine; PCr, phosphocreatine; PE, 

phosphorylethanolamine; and Tau, taurine. B) PCr/Cr ratio in striatum of 3-month old 

Slc11a2WT/WT (black bars, N=6) and Slc11a2hipp/hipp (white bars, N=6) mice. PCr/Cr is 

significantly elevated in striatum of Slc11a2hipp/hipp mice. *Significant difference between 

Slc11a2WT/WT and Slc11a2hipp/hipp mice (p<0.05, unpaired two-tailed t-test). 
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(R. Rao et al., 2007). Here, the decrease in lactate levels in Slc11a2hipp/hipp mice indicates 

they are likely not hypoxic.  

Behavioral Assessment.  We evaluated procedural memory function, which is altered in 

IDA rats (K. L. Ward et al., 2007) by using the visual cue task of the Morris Water Maze.  

Initially, we used a version of the visual cued task in which the visible platform is moved 

between training trials to random places within the target quadrant (Fig. 15). 

Slc11a2hipp/hipp mice had decreased mean escape times during the second and third trials 

of this task, suggesting altered procedural memory function (Fig. 15). We then 

determined relative contribution (K. L. Ward et al., 2007) of spatial navigation memory 

and procedural memory deficits in Slc11a2hipp/hipp mice. We used a modified version of 

the Morris Water Maze (MWM) in which the visible platform and hidden platform 

training trials are alternated on a daily basis, and a competition test is used to probe for 

place and/or cued responses (McDonald and White, 1994; (B. D. Devan and N. M. 

White, 1999)). This version puts spatial navigation and procedural memory into direct 

competition (McDonald and White, 1994).  Dorsal-lateral striatal injury results in rats 

favoring a place response, and hippocampal and ventral-medial striatal injuries results in 

rats favoring cued responses (B. D. Devan and N. M. White, 1999).  During training, 

there were no significant differences between Slc11a2hipp/hipp and Slc11a2WT/WT mice on 

either the visible cued or spatial navigation tasks (Fig. 16A).  However, on the memory 

system competition probes, Slc11a2hipp/hipp mice had significantly fewer place responses 

(Fig. 16B), and spent significantly less time in the maze than Slc11a2WT/WT mice before 

escaping to the visible platform (Fig. 16C).   
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Figure 15. Mean escape latency (s) of Slc11a2WT/WT (black bars) and Slc11a2hipp/hipp 

(white bars) mice during training trials on visual cued task performed before any other 

training. Error bars are SEM. Slc11a2hipp/hipp mice had significant greater mean escape 

latencies on trials 2 and 3 of the visible cued task. *Significant difference between 

Slc11a2WT/WT and Slc11a2hipp/hipp mice (p<0.05, unpaired two-tailed t-test). 
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Figure 16. A) Mean escape latency (s) of Slc11a2WT/WT (black boxes) and Slc11a2hipp/hipp 

(white circles) mice during training trials on alternating visual platform and hidden 

platform tasks. Slc11a2WT/WT and Slc11a2hipp/hipp mice showed no significant differences on 

either task during training. Error bars are SEM. B) Place responses per competition 

probe. Slc11a2hipp/hipp mice (white bars) had significantly fewer place responses than 

Slc11a2WT/WT mice (black bars). Error bars are SEM. *Significant difference between 

Slc11a2WT/WT and Slc11a2hipp/hipp mice (p<0.05, unpaired two-tailed t-test). C) Mean escape 

latency (s) of Slc11a2WT/WT (black boxes) and Slc11a2hipp/hipp (white circles) mice during 

memory system competition probe trials. Slc11a2hipp/hipp mice had significantly shorter 

mean escape latencies than Slc11a2WT/WT mice on memory system competition probe 

trials. Error bars are SEM. *Significant difference between Slc11a2WT/WT and 

Slc11a2hipp/hipp mice (p<0.05, unpaired two-tailed t-test). 
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Discussion 

Our results indicate altered striatal function in Slc11a2hipp/hipp mice.  However, this 

altered function has more impact on neurocircuitry mediating spatial navigation memory 

(more traditionally associated with hippocampus) than on procedural memory (more 

traditionally associated with striatum).  Several behavioral studies (mentioned above) 

have shown that this hippocampal/striatum distinction for memory systems is 

oversimplified.  This oversimplification may lead to incorrect interpretations of the data 

coming from the literature describing the consequences of iron deficiency on cognition.  

Here, we have shown that it is not inconsistent that ID has effects on both hippocampus 

and striatum, but that this ultimately results in altered spatial navigation (and thus 

declarative) memory capacity, as opposed to procedural memory function.  Future studies 

will determine iron content, and expression patterns of transcripts such as TfR-1 

mediating iron metabolism and other processes in striatum of Slc11a2hipp/hipp mice.  It will 

be interesting to examine levels of tyrosine hydroxlase, dopamine, and dopamine 

receptors in striatum, as well as dopamine receptors in hippocampus.    
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Introduction 

This model forms the basis for experiments in Specific Aim 3 and provides the added 

benefit of temporally restricted disruption of iron transport, rather than permanent 

deletion that occurs in the DMT-1 mouse. Furthermore, it disrupts iron uptake at a 

different site (neuronal uptake) than the DMT-1 mouse that disrupts iron unloading 

intracellularly.  Transferrin Receptor-1 (TfR-1) is comprised of two homogeneous 

subunits, making it possible to use a “dominant negative” knock-down strategy in which 

a mutant subunit is expressed which dimerizes and/or outcompetes native TfR-1 subunits 

to form non-functional receptors (Fig. 17A). 

Construction, evidence of translocation, response to tet activator, and evidence of 

dominant-negative regulation of the DN TfR-1 construct 

Construction of DN TfR-1 transgene. We have already constructed the transgene that 

consists of a TRE/CMV promoter, a Kozak consensus translation initiation site to 

enhance expression of the transgene, and an eGFP cassette in frame with the mutant TfR-

1 cDNA. The dominant negative form of TfR-1 is a mutation of a conserved Arg-Gly-

Asp transferrin binding motif in the TfR-1 protein (Fig. 17B).  This mutant should be 

sufficient to prevent docking of the transferrin protein to TfR-1 ((V. Dubljevic et al., 

1999) & Figs. 17A, B).  This mutant is made inducible by generating a transgenic animal 

with a mutant construct of the dominant negative form of TfR-1 downstream from a 

tetracycline response element/minimal CMV (TRE) promoter and mated with an animal 

expressing tetracycline-OFF transactivator (tTA) under the regulatory control of a 

CaMKIIa promoter (Fig. 17A). The inducible EGFP-TfR-1 cDNA transgene should be 

expressed at physiologic levels sufficient to affect iron uptake, as we have considered that 
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Figure 17. Schematic of dominant negative (DN) TfR-1 function. (A) Overexpression of 

DN construct out-competes the endogenous receptor. (B) Point mutation (g1946a) in the 

TfR-1 cDNA eliciting the amino acid substitution R649H.  
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CaMKIIa expression constitutes 1-2% of total protein in forebrain structures (J. Lisman 

et al., 2002). Thus, the tetOFF activator (tTA) under regulatory control of the CaMKIIa 

promoter should be present in amounts sufficient to drive physiologically relevant 

expression of the TRE-EGFP-dnTfR-1 transgene in the presence of doxycycline. The 

murine TfR-1 cDNA does not encode a N-terminal signal localization sequence making 

this a reasonable approach for constructing an EGFP-dnTfR-1cDNA fusion construct, 

with the EGFP just 5’ (and in frame) to the N-terminal start codon of TfR-1 cDNA (E. M. 

Gerhardt et al., 1991).  

Translocation of DN TfR-1 transgene in primary hippocampal pyramidal cell culture. 

Our construct undergoes normal translocation in hippocampal cell culture (Fig. 18A). 

Response of the transgene to the tet-activator. In vitro studies show that our construct is 

induced with in chinese hamster ovary (CHO) cells upon removal of doxycycline See 

(Figs. 18B, C).   

Evidence of dominant negative regulation of the transgene. To test whether our construst 

was a dominant negative TfR-1 subunit, we expressed the WT and DN versions of our 

transgene in tTA-expressing CHO cells, and then incubated each with a Texas-red (TR) 

labeled transferrin molecule.  The WT construct-expressing CHO cells internalized the 

TR-transferrin, while the DN construct expressing CHO cells did not (Figs. 18D, E). 

Injection and confirmation of genomic integration of the transgene in the DN TfR-1 

mouse 

Founder mice expressing this transgene have been generated by pronuclear injection 

performed by our mouse genetics laboratory and confirmed by Southern blot with an 

eGFP probe (Fig. 19A).  C57BL/6J female mice (21-25 days of age) were superovulated  
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Figure 18. (A) Expression of TRE-eGFP-dnTFR1Tg construct in hippocampal neuron 

culture.   TRE-eGFP-dnTFR1Tg localizes into soma and neurites normally. (B-C) 

Expression of TRE-eGFP-dnTFR-1 construct in tTA-CHO cells. Doxycycline inhibits 

expression in (B), and removal of doxycycline allows expression (C). (D-E) Merged 

image: TRE-eGFP-wtTFR-1 (green) construct internalizes TR-transferrin protein (red) 

forming a yellow overlap in (D).  Merged image: TRE-eGFP-dnTFR-1 (green) construct 

does not internalize TR-Tf (red) (E). 
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Figure 19. In vivo expression of the dnTfR-1 transgene. A) Genotyping of founders with 

dnTfR-1 transgene integration by Southern Blot with an eGFP probe. There are two 

definite founders. B) PCR Genotyping of Offspring from founder #92, using an eGFP 

forward primer and reverse primer C3 located within the dNTfR-1 transgene. Expected 

product size is ~1600bp. (C) PCR Genotyping from CaMKII-tTA mice. Expected 

product size is 450 bp.  Arrow points to 500 bp band in 1 kb ladder.  D) GFP positivity in 

hippocampus of DN+/tTA+ mice.  E-F) No GFP fluorescence in CA1 area of 

hippocampus in DN+/tTA- mice (E) Positive fluorescence in DN+/tTA+ mice (F). (G-H) 

No GFP fluorescence in CA3 area of hippocampus in DN+/tTA- mice (G) Positive 

fluorescence in DN+/tTA+ mice (H). 
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Figure 20. Poorer spatial navigation memory performance during probe trials of 3-month 

old DN+/tTA+ mice in a movable hidden platform task of the MWM. Percent of total 

swim time spent in target quadrant on probe trials after each day of training in DN+/tTA- 

(N=4) (black bars) and DN+/tTA+ mice (N=5) (white bars). Error bars are SEM. 

*Significant difference between DN+/tTA- and DN+/tTA+ mice (p<0.05, unpaired two-

tailed t-test). 
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to synchronize ovulation and then mated to C57BL/6J fertile males.  Fertilized embryos 

were collected at 0.5 days post conception (dpc).  Isolated single cell embryos displaying 

two pronuclei were microinjected using an Eppendorf microinjection system fitted to an 

Olympus or Leica inverted microscope.  The 22-30 injected embryos were implanted into 

the left oviduct of a 0.5 dpc pseudopregnant CD-1 female (6-7 weeks of age).  Pups were 

born 19 days post implant. DNA was prepared from the tail biopsy for definitive 

genotyping. Pups positive for the transgene were unique founders; each was propagated 

and maintained as heterozygotes (a strain we name B6;TgTRE-eGFP-dnTfR1) by 

backcrossing to WT C57BL/6J mice. 

Finally, we have shown that animals positive for both transgenes (DN-TfR1, and 

CamKIIa-tTA) are positive for GFP fluorescence in hippocampus (Fig. 19D, F, H). 

Furthermore, mice that are positive for both transgenes have poorer performance on a 

movale hidden platform task in the MWM (Fig. 20).   

These experiments show that the dnTfR-1 construct is a functional dominant negative 

regulator of TfR-1 expression and that generation of the dnTfR-1 transgenic animal is 

complete. 
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One gene of interest has emerged as a potential unifying mechanism for many of 

the observations we have characterized in the models (both dietary and genetic) of ID 

presented above: hypoxia-inducible factor 1α (HIF1a). 

HIF1a function and maintenance of iron homeostasis  

Iron is imperative for maintaining oxygen homeostasis via transport (e.g. hemoglobin), 

tissue sensation (e.g. cytoglobin, neuroglobin), and molecular utilization (e.g. 

cytochromes in mitochondrial oxidative phosphorylation). A mechanism coordinating 

both iron and oxygen homeostasis is logical. Indeed, HIF1a activation has recently been 

implicated as a mechanism of iron homeostasis in hepatocytes (C. Peyssonnaux et al., 

2007). HIF1a function is dependent on its translocation from the cytosol to the nucleus of 

the cell, where it then induces transcription of its target genes.  In a normoxic state, 

HIF1a is prevented from translocating to the nucleus by prolyl hydroxylase enzymes, 

which hydroxylate the HIF1a protein and target it for degradation. More simply put, 

HIF1a protein levels are low under normoxic conditions. Hydroxylation of HIF1a is 

oxygen-dependent.  Under conditions of hypoxia, hydroxylation and degradation of 

HIF1a protein is prevented, and HIF1a translocates to the nucleus, where it induces 

expression of genes whose proteins act to restore the cell to a normoxic state.  It is 

important to note that prolyl hydroxylase enzymes contain iron, and are iron-level 

dependent (M. A. McDonough et al., 2006). That is, ID will also prevent hydroxylation 

and degradation of HIF1a (in a hypoxia independent manner). The key to understanding 

how HIF1a can be a unifying mechanism for both maintenance of iron homeostasis in the 

CNS and be the mechanism of how ID alters cognitive function lies in HIF1a’s 

transcriptional targets. HIF1a targets of transcription have been a major focus of several 
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studies. Table 6 lists several selected targets of HIF1a transcription, and their expression 

changes in hippocampus of models of ID and IDA (data not shown).  How does HIF1a 

regulate iron homeostasis? HIF1a regulates its own protein level by inducing expression 

of prolyl hydroxylases, which are, in turn, iron level dependent.  Furthermore, HIF1a 

regulates expression of genes involved in regulation of iron homeostasis: HIF1a induces 

expression of transferrin and ceruloplasmin, and suppresses expression of hepcidin, a 

protein hormone synthesized and released by the liver which signals systemic iron 

saturation to the gut (G. Nicolas et al., 2002c; G. Nicolas et al., 2002b; G. Nicolas et al., 

2002a; C. Peyssonnaux et al., 2007).  Hepcidin is also expressed in the brain, but its 

function there is currently unknown (S. Zechel et al., 2006). Finally, HIF1a induces 

expression of Ddit4, a potent regulator of mTOR signaling.  mTOR signaling has also 

been implicated in iron uptake by regulating transferrin receptor (T. Galvez et al., 2007).   

Our findings in chapter 3 that Slc11a2hipp/hipp mice do not have changes in several markers 

of hypoxia (adarb1, ldha, lactate) suggest that neurons in hippocampus of Slc11a2hipp/hipp 

mice are not hypoxic.  However, levels of several HIF1a inducible transcripts were 

significantly upregulated in both IDA rats and Slc11a2hipp/hipp mice. This may indicate that 

HIF1a is inducing expression of several of its target genes in an iron dependent, hypoxia-

independent manner.   

HIF1a and regulation of growth in neurons 

How does HIF1a regulate hippocampal neuron alterations seen in models of ID? HIF1a 

induces transcription of many genes known to mediate several aspects of cell growth.   
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Table 8. HIF1a-regulated genes in hippocampal iron deficiency 

1Review (S. Rocha, 2007), 2Review (G. L. Semenza, 2007), 3Microarray (E. S. Carlson et 
al., 2007), 4qPCR (E. S. Carlson et al., 2007), 5qPCR (unpublished data), 6(T. Shoshani et 
al., 2002) 

HIF-regulated genes Upregulated 
in hypoxia?  

Upregulated in 
IDA?  

Upregulated in 
Slc11a2hipp/hipp 
mice? 

Vegfa Yes1 Yes3, 4 ? 
Tf Yes1 Yes3, 4 Yes5 
TfR Yes2 Yes3, 4 Yes5 
Egln1 Yes1 ? Yes5 
Egln2 ? Yes2 Yes5 
Bhlhb3 Yes1 Yes3, 4 ? 
Glut1 Yes1 Yes3, 4 ? 
Glut3 Yes1 Yes3 Yes5 
Cxcl12 Yes1 Yes3, 4 ? 
Cxcr4 Yes1 Yes3 ? 
Ctgf Yes1 Yes3 ? 
Ddit4 Yes6 Yes3, 4 Yes5 
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For example, HIF1a has been shown to induce expression of the glucose transporters 

Slc2a1 and Slc2a3, mTOR regulator Ddit4. Modulation of the mTOR pathway is relevant 

in this context, because downstream targets of mTOR signaling include regulation of 

protein translation, actin polymerization—processes imperative to dendrite 

morphogenesis. Furthermore, BDNF-dependent regulation of synaptic plasticity has been 

shown to be mTOR dependent (G. M. Schratt et al., 2004). Drosophila transcription 

factor tango whose mammalian homolog is Arnt (HIF1b) was recently identified in a 

screen of Drosophila mutants identified for alterations in sensory neuron dendrite 

arborization (J. Z. Parrish et al., 2006). RNAi knockdown of tango reduced sensory 

neuron dendrite arborization (J. Z. Parrish et al., 2006). For HIF1a to function correctly, it 

must bind Arnt when it arrives in the nucleus, before altering gene expression. 

Furthermore, HIF1a induces expression of Bhlhb3, Cxcl12, and Cxcr4, which have been 

shown to play a role in dendrite morphogenesis in neurons of the hippocampus (M. J. 

Rossner et al., 1997; M. Lu et al., 2002; F. Pujol et al., 2005).  

HIF1a and models of ID in the hippocampus 

HIF1a appears to be a promising nexus of both iron metabolism and regulation of 

neuronal morphogenesis in hippocampus, and thus a potential mechanism of how ID 

directly alters cognitive function. It will be important to probe levels of HIF1a protein in 

hippocampus of each of the iron deficiency models we have developed.  Furthermore, 

both genetic models of ID (Slc11a2hipp/hipp and DN-Tfr-1 mice) can be crossed with cell-

type specific knockouts of HIF1a.  This manipulation could conclusively identify HIF1a 

as an iron-dependent mechanism of altered dendrite morphogenesis. For example, HIF1a 
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knockout in Slc11a2hipp/hipp mice, may even rescue the altered dendrite phenotype we see 

in Slc11a2hipp/hipp mice. 

Other future directions 

The mouse models presented here will be useful in studying many aspects of iron in 

neurobiology, neurodevelopment, behavior, and experience-dependent plasticity such as 

cell death, neurogenesis, and synaptogenesis. These models also offer opportunities to 

study how iron is distributed intracellularly, and how iron homeostasis is sensed and 

maintained among the many neural cell subtypes residing in hippocampus. In addition to 

the reversibly inducible dominant negative TfR-1 mouse model, further genetic 

manipulations may allow us to reintroduce Slc11a2 into Slc11a2hipp/hipp mice, to 

determine the effects of iron repletion at different times. Finally, we can use these models 

to examine the effects of common stressors and pathophysiological processes that are 

often superimposed on ID in clinical settings.
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