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Abstract

Iron is a necessary substrate for neuronal function throughout the lifespan, but particularly during
development. Early life iron deficiency (ID) in humans (late gestation through 2-3 years) results
in persistent cognitive and behavioral abnormalities despite iron repletion. Animal models of early
life ID generated using maternal dietary iron restriction also demonstrate persistent learning and
memory deficits, suggesting a critical requirement for iron during hippocampal development.
Precise definition of the temporal window for this requirement has been elusive due to anemia and
total body and brain ID inherent to previous dietary restriction models. To circumvent these
confounds, we developed transgenic mice that express tetracycline transactivator regulated,
dominant negative transferrin receptor (DNTfR1) in hippocampal neurons, disrupting TfR1
mediated iron uptake specifically in CA1 pyramidal neurons. Normal iron status was restored by
doxycycline administration. We manipulated the duration of ID using this inducible model to
examine long-term effects of early ID on Morris water maze learning, CA1 apical dendrite
structure, and defining factors of critical periods including parvalbmin (PV) expression,
perineuronal nets (PNN), and brain derived neurotrophic factor (BDNF) expression. Ongoing 1D
impaired spatial memory and resulted in disorganized apical dendrite structure accompanied by
altered PV and PNN expression and reduced BDNF levels. Iron repletion at P21, near the end of
hippocampal dendritogenesis, restored spatial memory, dendrite structure, and critical period
markers in adult mice. However, mice that remained hippocampally iron deficient until P42
continued to have spatial memory deficits, impaired CA1 apical dendrite structure, and persistent
alterations in PV and PNN expression and reduced BDNF despite iron repletion. Together, these
findings demonstrate that hippocampal iron availability is necessary between P21 and P42 for
development of normal spatial learning and memory, and that these effects may reflect disruption
of critical period closure by early life ID.
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INTRODUCTION

Iron deficiency (ID) is the most common micronutrient deficiency worldwide, affecting two
billion people and 20-30% of pregnant women and their offspring (Rao and Georgieff,
2007). Early life ID (late gestation through 2-3 years), results in learning and memory
deficits that persist beyond the period of ID in spite of prompt iron treatment (Burden et al.,
2007; Riggins et al., 2009). Long-term deficits in learning and memory following early life
ID include impaired elicited imitation recall and facial recognition memory in childhood
(Burden et al., 2007; Riggins et al., 2009) and impaired recognition memory performance at
age 19 years (Lukowski et al., 2010), These studies suggest that iron is an important nutrient
for the normal development of the hippocampus during late fetal and early postnatal life and
that the neuropathology generated by reduced iron availability during that time period
induces long-term behavioral abnormalities. In humans the hippocampus undergoes a period
of rapid growth early in development from late gestation through the first year of life,
coincident with the emergence of hippocampal-dependent recognition memory (Nelson,
1995). This period also coincides with the highest risk for early life ID in human populations
(Lozoff and Georgieff, 2006).

The critical nature of iron in hippocampal development appears to stem from its role in
neuronal energy metabolism through incorporation into cytochromes and intracellular globin
molecules. These proteins are responsible for oxygen delivery and energy production and
are highly active during periods of rapid development. Similar to humans, a period of rapid
hippocampal growth and differentiation occurs early in postnatal life. In rodents, postnatal
day (P)10 to P25 is characterized by profuse dendrite arborization, spine formation and
synaptogenesis, and the development of characteristic adult electrophysiology (Bekenstein
and Lothman, 1991a; Bekenstein and Lothman, 1991b; Pokorny and Yamamoto, 1981a;
Pokorny and Yamamoto, 1981b). Energy metabolism as well as iron uptake and utilization
increase rapidly in the hippocampus during this period, and are characterized by changes in
ATP utilization, uptake of glucose, lactate and pyruvate, the developmental appearance of
iron transport proteins, the breakdown of storage iron, and high amounts of cytochrome ¢
oxidase activity (Blanpied et al., 2003; Cheah et al., 2006; Erecinska et al., 2004; Siddappa
et al., 2002; Taylor and Morgan, 1990).

As would be expected from the human behavioral data, animal models demonstrate that the
hippocampus is especially vulnerable to early life ID anemia (IDA). Rat models of early life
ID are typically generated through restriction of maternal dietary iron, resulting in ID
anemia in the offspring. Early life IDA results in impaired spatial learning in the water maze
and win-shift radial arm maze that persists following iron repletion (Felt et al., 2006; Felt
and Lozoff, 1996; Schmidt et al., 2007). In addition, formerly IDA adult rats demonstrate
abnormal hippocampal electrophysiology, dendrite structure in area CA1, gene expression,
and brain derived neurotrophic factor (BDNF) signaling in spite of complete iron repletion
(Brunette et al., 2010; Carlson et al., 2007; Jorgenson et al., 2005; Jorgenson et al., 2003;
Tran et al., 2009). Together, these observations suggest a critical requirement for iron during
hippocampal development to establish normal adult structure and function.

More precise definition of the temporal window for this requirement is necessary to
understand the role of iron in hippocampal development and prevent the long-term sequelae,
but has been elusive due to confounders inherent to dietary IDA models. In addition to
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generating total brain 1D, these models render all tissues iron deficient (Dallman and Spirito,
1977; Jorgenson et al., 2003). Total body ID results in severe anemia and a prolonged
repletion period of over 25 days in the rat brain once iron is reintroduced in the diet
(Jorgenson et al., 2005). This lengthy repletion period corresponds to years in the
developing human and is too imprecise to determine whether iron is specifically needed in
the period of rapid hippocampal development.

To more precisely define the developmental window during which iron is most critical for
neurodevelopment and establishment of normal adult structure and function, we developed a
novel, reversible, dominant negative transferrin receptor-1 (DNTfR1) transgenic mouse
model. TfR1 is the first step in neuronal iron uptake, binding diferric transferrin (Tf) and
incorporating the entire complex intracellularly (Moos and Morgan, 2000). The DNTfR1
model utilizes a tissue specific conditional tetracycline responsive transgene system to
reversibly over-express non-functional DNTfR1 in hippocampal pyramidal neurons (Gossen
and Bujard, 1992; Mayford et al., 1996) (Fig. 1). Transferrin receptor-1 is an appealing
target for the study of iron uptake by hippocampal neurons because it is preferentially
targeted to dendrites coincident with the development of morphological polarity (Burack et
al., 2000; Silverman et al., 2001; West et al., 1997) and is up-regulated /n vivo in response to
learning (Carlson et al., 2009). Here, we used the DNTfR1 model to manipulate TfR1
mediated iron uptake during rapid hippocampal development and demonstrated that
restitution of iron uptake beginning at P21, but not as late as P42, rescues spatial learning
behavior, CA1 apical dendrite structure and BDNF signaling in the adult mouse. In addition,
early ID alters the number of parvalbumin (PV) positive cells and the appearance of
perineuronal nets (PNN) in CAL, processes that are thought to define critical periods during
development (Hensch, 2004).

MATERIALS AND METHODS
Generation of (Tet-Off) TRE-eGFP-DNTfR1 Transgenic mice

Construct Generation—Total brain RNA was isolated from C57/B6 mice and used to
generate TfR1 cDNA. We generated a total brain cDNA library using oligo-dT primers from
an Invitrogen reverse-transcriptase-PCR (RT-PCR) kit. We then isolated TfR1 cDNA via
PCR with the forward primer 5-CGGGATCCGATGATGGATCAAGCCAGATCA-3’
(containing a BamHI site) and the reverse primer 5’-
CCATCGATGGTTAAAACTCATTGTCAATATT-3’ (containing a Clal site). This
generated a ~2.3 kb cDNA of TfR1, corresponding to its predicted size. This fragment was
then ligated into pTRE2 (Clontech) using BamHI and Clal sites. pTRE2-DNTfR1 construct
was generated using site-directed mutagenesis to modify guaninel®46 to adenosine, which
changes arginine®4° to histidine respectively, thus abrogating TfR1’s ability to bind
transferrin ((Dubljevic et al., 1999); Fig. 1). A PCR fragment for enhanced green fluorescent
protein (eGFP) was isolated using the forward primer 5-
TCCCCGCGGGGACGCCACCATGGTGAGCAAGGGA-3’ (containing a Sacll site and a
Kozak consensus translation initiation site) and the reverse primer 5’-
CGCGGATCCGCGCCTTGTACAGCTCGTCCATGCC-3’ (containing a BamHI site and
omitting the stop codon). This ~700 bp fragment was ligated into the pTRE2-DNTfR1
construct, downstream from the TRE, but upstream and in frame to the TfR-1 cDNA. The
final construct (pPTRE2-eGFP-DNTfR1) was linearized with a unique Pvul site for
pronuclear injection. All cloning steps have been confirmed by DNA sequencing performed
by the Advanced Genetic Analysis Center at the University of Minnesota.

Pronuclear injection and confirmation of genomic integration of Tg(TRE2-
eGFP-DNTfR1)—The University of Minnesota Mouse Genetics Laboratory generated
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founder transgenic mice positive for Tg(TRE2-eGFP-DNTfR1) by pronuclear injection.
C57BL/6J female mice (21-25 days of age) were superovulated to synchronize ovulation
and then mated to C57BL/6J fertile males. Fertilized embryos were collected at 0.5 days
post conception. Isolated single cell embryos displaying two pronuclei were microinjected
with the transgenic construct (Tg). About 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 a tail snip for definitive genotyping by
Southern blot and PCR. Genomic DNA isolated from tail snips was used to indentify the
genotype of resultant offspring. Three pups positive for the Tg were unique founders; each
was propagated and maintained as heterozygotes by backcrossing to WT C57BL/6J mice.
Here we present findings from a single strain, Mkg1. Mkgl was mated with B6;CBA-
Tg(Camk2a-tTA)1Mmay/J mice (purchased from Jackson Laboratories) which express
tetracycline-OFF transactivator (tTA) under the regulatory control of a CaMKlla promoter
(Mayford et al., 1996). Animals positive for DNTfR1 and Camk2a-tTA express DNTfR1 at
levels sufficient to affect iron uptake, in the absence of doxycycline. Litters were generated
by mating males and females positive for a single transgene with males positive for the other
transgene. These doubly transgenic mice are hereafter referred to as dominant negative
(DN), while offspring positive for one or no transgenes are referred to as wild type (WT)
because they do not express DNTfR1.

Animal Breeding and Doxycycline Administration—All experiments were
performed in accordance with the NRC’s Guide for Care and Use of Laboratory Mice, and
with approval of the Institutional Animal Care and Use Committee of the University of
Minnesota. Mice were housed in RAR facilities in a 12 light 12 dark cycle. All experimental
animals were maintained on ad lib standard laboratory chow until weaning (P21). Following
weaning, animals continued on standard diet (WT"0dox DNM0dox) or were switched to ad lib
doxycycline diet (0.625mg doxycycline/kg, TD.01306, Harlan-Teklad, Madison, WI) at P21
(WTP21dox gnd DNP21doxy or p42 (WTP4200X gnd DNP42doX) The doxycycline diet was
identical to the standard diet in all other nutritional aspects.

To produce animals for morphological analysis, B6;CBA-Tg(Camk2a-tTA)1Mmay/J
animals were crossed with B6;Cg-Tg(Thyl-YFP)16Jrs/J animals, which expresses YFP in
random subsets of neurons (Feng et al., 2000); animals positive for both transgenes were
then mated with C57 BL/6- Tg(TRE2-eGFP-DNTFR1)Mkg1 animals.

Tissue collection

Animals were euthanized by i.p. injection of Beuthanasia (10mg/kg). Whole brains used for
histology were then collected following transcardial perfusion with PBS, and by perfusion
with 4% PFA. Hippocampal tissue used for mRNA analysis was dissected following rapid
decapitation and brain removal. Dissected hemispheres were then flash frozen in liquid
nitrogen and stored at —80°C until used.

Experimental assays

Transferrin Binding—To test the ability of DNTfR1 binding to Tf in vitro, CHO cells
stably expressing Tet-OFF tetracycline transactivator (CHO AA8 Tet-Off Control Cell Line,
Clontech), were transfected with Pvul-linearized pTRE2-pCMV:eGFP-TfR1 or pTRE2-
CMV:eGFP-DNTfR1 plasmid using Lipofectamine per manufacturer’s recommendation
(Invitrogen). Following overnight incubation, transfected CHO cells were incubated for 1
hour with 25 pg/mL Texas-red labeled Tf (Invitrogen). Unbound Tf was removed with PBS
washes. Bound Tf was visualized with light microscopy equipped with a CCD camera.
Images were captured and processed using Adobe Photoshop.
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Hematocrit—Trunk blood samples for hematocrit measures were taken following rapid
decapitation using heparinized capillary tubes to ensure that the animals were not anemic
and that doxycycline administration did not alter the hematologic status. Samples were
centrifuged at 10,000 g for 10 min and hematocrit was determined using a standard
hematocrit reader.

Histology—50 wm vibratome brain sections from male and female P70 WTnodox,
WTP21dox pNnodox and DNP21dox mice were stained for storage iron using modified Perl’s
iron stain or mounted on slides with DAPI and imaged for CA1 apical dendrite structure as
described previously (Carlson et al., 2009). Sections were imaged using a Nikon microscope
(Eclipse 600) and for Perl’s analysis, staining density was measured using Photoshop.
Square, 20 pixel boxes were used to record the average staining intensity from a non-stained
region (background) and from the CA1 pyramidal cell layer, CA3 neurons, and the cortex.
Background staining intensity was then subtracted from CA1, CA3 and cortical staining
intensity to determine specific regional iron staining densities as previously described
(Gewirtz et al., 2008).

Immunohistological analyses for PV and PNN were performed on 20 um frozen brain
sections from male and female P30 and P70 WT, DNMedox pNP21dox " ang DNPA42dox mice
not used in behavioral experiments as previously described (Balmer et al., 2009; Dityatev et
al., 2007). Antigen unmasking was enhanced by pre-treating the sections with 90°C 50mM
Citric acid buffer for 30 minutes before washing sections twice in Tris buffered saline (TBS)
with 0.1% Triton X 100. Sections were then blocked in 10% goat serum diluted in TBS with
0.1% Triton X 100 for 30 minutes and incubated overnight at 4°C in a mixture of goat anti-
parvalbumin primary antibody (1:8000, Abcam) and biotin-conjugated lectin from Wisteria
floribunda (1:50, Sigma) diluted in blocking solution. The sections were then washed twice
in TBS with 0.1% Triton X 100 and incubated with Alexa-488 goat anti-rabbit (1:200,
Invitrogen) and Alexa-555 Streptavidin (1:50, Invitrogen) in TBS with 0.2% Triton X-100
for 30 minutes at room temperature. Omission of the primary antibodies as a control
condition resulted in absence of staining. The sections were imaged using a Nikon
microscope (Eclipse 600). The total number of PV positive cells and cells with PNNs were
counted in CAl. An average of 3 sections per animal, representing an anterior, middle and
posterior aspect of CA1, were assessed and averaged for each animal. Initial inspection
revealed no differences in counts between the sections within each animal, confirming that
there were no anterior to posterior differences in expression. Given the low number of PV
positive cells expressed in hippocampus, we were able to count all of the positive cells
within each section examined at a magnification that included the entire hippocampal
structure.

Quantitative RT-PCR—Isolation of total RNA and qPCR was performed as previously
described (Carlson et al., 2007; Tran et al., 2008). Briefly, total RNA was isolated from
hippocampal hemispheres obtained from 8-10 males/group using an RNA isolation kit
(Ambion). cDNA was generated using 2 g of total RNA and a High Capacity cDNA kit
(ABI). The cDNA was then diluted 10 fold. gPCR was performed in duplex using Tagman
quantitative RT-PCR Universal Mix, Tagman gene expression assay probes or SYBR Green
for genes of interest. The eukaryotic ribosomal protein 18S was used as an endogenous
control (ABI assay 4319413E, gene accession number X03205.1). The gene expression
assay probes used are described as follows (gene name, accession number, and ABI product
number): ntrk2 (TrkBghort), NM_008745.2, MmO01341751_m1; ntrk2 (TrkBjong),
NM_001025074.2, Mm01341761_m1; banf (bdnflV), NM_001048141.1,
MmO00432069_m1; banf(BDNF V), NM_001048142.1, Mm01334042_m1. SYBR Green
was used to measure eGFP as a way to assess the status of the D/N gene with the following
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primer set; forward primer, 5'-ACTTCAAGATCCGCCACAAC-3’ reverse primer, 5'-
GTGCTCAGGTAGTGGTTGTC-3".

Morris Water Maze—A modified version of the Morris water maze (MWM) was used to
evaluate spatial memory, as previously described (Carlson et al., 2009; Choi et al., 2006).
Briefly, 2-3 month old male WT nodox, P21dox, P42dox gnf pNnodox, P21dox, P42dox mice wyere
tested across six consecutive days. A circular pool 120cm in diameter was filled with water
occluded with white non-toxic paint and divided into virtual quadrants (NE, NW, SE, SW).
A 10cm diameter escape platform was submerged 1cm below the surface in the NW
quadrant. Salient visual cues were located on the walls surrounding the tank. The animals
were habituated to the water on day one. During the four test days that followed animals
were given five training trials with an inter-trial interval of 30 minutes. The animals were
trained to search an entire quadrant for the escape platform by placing the platform in a
unique position within the NW quadrant for each training trail. Animals were placed into the
pool facing the wall from an entry location chosen randomly from N, NE, E, SE, S, SW
positions along the pool. Animals were allowed to swim until they escaped onto the
platform, if a mouse did not escape within 90 seconds, it was guided to the platform. Each of
the four testing days, the animals were given a single 30 second probe trial following the
training trials during which the platform was removed from the pool and the animals were
allowed to swim for 30 seconds before being removed from the pool. Performance was
measured by the mean escape latency and percentage of time spent in the target quadrant
during training trials and by the amount of time spent searching for the submerged platform
in the target quadrant during probe trials.

Visual Cued Task—On the sixth day of behavioral testing, the animals were given visual
cued task (VCT) training where a visible flag was attached to the submerged platform.
Animals performed three 45 second training trials. Performance was measured by escape
latency as previously described (Carlson et al., 2009). The trials were video-captured and
analyzed using Topscan software (Clever Systems, Reston, VA).

Data analysis

RESULTS

All experimental conditions consisted of DN and WT littermates from at least three
independent litters. One-way Analysis of Variance (ANOVA) was used to compare staining
intensity, hematocrit values, mRNA expression, and number of PV positive cells and PNNSs.
Two-way ANOVA was used to assess genotype x training and diet x training interactions in
MWM and VCT parameters. For all analyses a was set at 0.05 and Bonferroni post-hoc
analyses were used.

DNTfR1 expression reversibly inhibits iron uptake

To test the ability of DNTfRL1 to bind transferrin /n vitro, eGFP-TfR-1 and eGFP-DNTfR1
plasmids were transfected into Tet-Off CHO cells and incubated with Texas red labeled Tf
(Texas red-Tf) (Fig. 2A-B, D-E). Texas red-Tf co-localized with eGFP-TfR-1 (Fig. 2C) but
not eGFP-DNTfR1 (Fig. 2F).

To determine if DNTfR1 expression is sufficient to reduce /n vivo iron uptake in the
hippocampus, storage iron was analyzed with modified Perl’s staining. DNTfR1 expression
significantly reduces storage iron in adult DN"°4°X CA1 pyramidal neurons compared to
WTNodox (Fig. 34-B,F). Iron staining in the CA3 region and cortex is not altered in DNNodox
mice compared to WT"doX |ittermates (Fig. 3A-B,£). Dietary doxycyline beginning at P21
reduces DNTfR1 mRNA expression by greater than 50% (Fig. 3F) and restores normal iron
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status in CA1 pyramidal neurons in adult DNP21doX animals (Fig. 3C-D,£). Iron staining in
the CA3 region and cortex is not affected by doxycyline treatment (Fig. 3C-D,E). Therefore,
DNTfR1 expression specifically and reversibly reduces iron levels in CAl neurons without
affecting iron staining in other brain regions.

DNTfR1 expression (DN40X 43 5+0,7% vs. WTN04OX 41 2+3.6%, p=ns) and administration
of doxycycline (WTP21dox 43 3+1 50 vs DNP21doX 43 3+1.9%, p=ns) do not affect the
hematocrit, thus assuring that the developing hippocampus is not oxygen deprived as it is in
the dietary IDA models.

ID in CAl impairs spatial memory

The effect of DNTfR1 induced hippocampal ID on spatial memory was assessed in a
modified MWM task (Carlson et al., 2009; Choi et al., 2006). Adult (P70) mice WTnodox
mice demonstrate decreased escape latencies and spend more time in the platform quadrant
across training trials (Table 1; Fig. 44, D solid line). Hippocampally iron deficient DNNodox
mice exhibit increased escape latencies and spend less time in the platform quadrant than
their iron sufficient WTNdoX Jittermates (Table 1; Fig. 44, D dashed line). Additionally,
DNModox animals spend more time swimming in the perimeter of the maze during training
trials than WTM°doX Jittermates (Table 1; Fig. 4G). Consistent with performance during
training, WTN°4oX mice spent above chance amounts of time in the target quadrant across
probe trials, while DN°9X mice spent approximately chance amounts of time searching in
the target quadrant (Table 1; Fig. 4J).

Iron repletion beginning at P21 but not P42 rescues learning and memory performance

Restoration of iron status began at either P21 or P42 by inhibiting DNTfR1 expression with
dietary doxycycline (Fig. 3F). DNP21doX mice showed no difference in MWM learning,
characterized by reduced escape latencies and increased time spent in the platform quadrant
compared to WTP21d0X [ittermates (Table 1; Fig. 4B,£). Furthermore, there was no longer an
effect of genotype on the percentage of time spent swimming in the perimeter of the maze
(Table 1; Fig. 4H). Ultimately, both groups demonstrated above chance amounts of time
spent swimming in the platform quadrant during the probe trials (Table 1; Fig. 4K). In
contrast, DNP42doX mice showed longer escape latencies, less time spent in the target
quadrant, and increased time spent swimming in the perimeter of the maze during training
trials compared to WTP42d0X mice (Table 1; Fig. 4C,F,/, dashed line). Their performance
was no better than DN"09%X mice. On the probe trials, DNP42d9X mice spent chance amounts
of time in the platform quadrant while WTP4240X |ittermates spent higher than chance
amounts (Table 1; Fig. 4L).

Swim velocity and VCT performance are not affected by doxycyline or hippocampal iron

status

Swim velocity and performance on a VCT assessed if DNTfR1 expression affects sensory or
motor function during training. Mean swim velocity was not affected by genotype or
doxycyline administration (Table 1). Three VVCT trials were subsequently given to mice
following completion of MWM training. There was no effect of genotype or doxycycline
treatment on VCT escape latencies (Table 1). Further analysis demonstrated that doxycyline
did not independently affect MWM performance within WT groups (p=0.6).

Timing of iron repletion affects dendrite structure

CAL apical dendrite structure is an important factor associated with hippocampal learning
and memory that is negatively affected by early-life ID (Brunette et al., 2010; Jorgenson et
al., 2003). CAL1 apical dendrites were visualized in adult (P70) mice using transgenic thy-1-
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YFP In order to determine if DNTfR1-induced ID alters structure. Apical dendrites in iron
deficient DNN°4oX animals were truncated and disorganized compared to iron sufficient
WTNodoX animals, (Fig. 5A-B) as previously described (Carlson et al., 2009; Jorgenson et
al., 2003). Timing of iron repletion had an effect on adult apical dendrite structure. The
earlier iron repleted DNP21doX animals had comparable structure to always iron sufficient
WTP2ldox (Fig. 5C-D), while the later iron repleted DNP4240% had disrupted dendrite
structure comparable to always iron deficient DN™4%X animals (Fig. 5£-F).

Early ID affects critical period markers

At P30, the number of PV positive cells and cells with PNNs in CA1 was lower in the
DNPnodox gnd DN21dox groups compared to WT (Fig. 64) suggesting a developmental delay
in the appearance of these markers. All groups had similar percentages of PV positive cells
with PNNs suggesting that ID did not affect this process (Fig. 6 5). All cells with PNNs were
PV positive.

In adult mice, there were no longer any differences among groups in the number of PV
positive cells in CA1 (Fig. 6C). However, persistent hippocampal 1D in the DNM4%X group
reduced the number of PNNs and the percentage of PV positive cells with PNNs compared
to WT mice (Fig. 6C,D). Iron repletion at P21 in DNP21dX animals restored the number of
PNNs and the percentage of PV cells with nets to WT levels, however the percentage of PV
cells with nets remained reduced in DNP42d49X animals (Fig. 6.0). Doxycycline treatment had
no effect on PV cells or PNNs in WT animals (data not shown).

Several BDNF splice variants are expressed in the adult mouse hippocampus, BDNF-IV and
BDNF-V account for the majority of BDNF mRNA in the CAL region (Malkovska et al.,
2006). BDNF-V was reduced in DNM4oX and DNP424oX mice compared to WT littermates,
while there was no significant reduction in animals treated at P21 (Fig. 6£). Iron status has
no effect on BDNF-IV mRNA levels or on expression of either the long or short isoform of
the BDNF receptor TrkB (data not shown), suggesting that there is no compensatory
upregulation of TrkB resulting from suppression of BDNF-V in the DN°4X and DNP42
mice.

DISCUSSION

Using a novel approach that induces reversible and relatively specific hippocampal
pyramidal cell 1D, we show in this study that iron during a rapid period of hippocampal
development is necessary for intact adult learning and memory performance. Previous
dietary ID models result in reduced iron status of multiple brain cell populations involved in
learning and memory. Thus, it is remarkable that the specific cell type manipulation of iron
transport in our current model results in such a similar phenotype seen in dietary models of
early ID. The findings suggest that, while not alone, pyramidal cell dysfunction contributes
significantly to deficits caused by early-life ID. More specifically, our findings that iron
restoration beginning at P21, but not P42, normalized learning behavior, structural and
cellular signaling effects of early life 1D, leads us to postulate that a developmentally critical
period for iron in CA1 pyramidal neurons ends between P21 and P42. The iron sensitive
time point of P21 identified in this study occurs within a period of rapid hippocampal
development between P10 and P25 during which remarkable changes occur in several iron
dependent processes in area CAL. These include accelerated neuronal dendrite and spine
differentiation (Brunette et al., 2010; Pokorny and Yamamoto, 1981a; Pokorny and
Yamamoto, 1981b), maturation of electrophysiologic capacity (Bekenstein and Lothman,
1991a; Bekenstein and Lothman, 1991b; Jorgenson et al., 2005), upregulation of synaptic
plasticity genes (Carlson et al., 2007), and expression of several neurotrophic factors
important for the coordination of cellular growth, including BDNF (Tran et al., 2008).
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We previously isolated neuronal iron uptake as an important factor for hippocampal function
and CA1 dendrite development through the generation of a pyramidal cell-specific
conditional mouse knockout (CKO) of the iron transporter gene S/c11aZ2, which encodes
DMT-1 protein, beginning at E 18.5 (Carlson et al., 2009; Gunshin et al., 2005). Similar to
the DNTfR1 model utilized in the current study, DMT-1 CKO restricts ID to hippocampal
pyramidal neurons without anemia or total body I1D. Adult, iron deficient DMT-1 CKO and
DNModox mice in the present study demonstrate similar spatial memory, dendrite
morphology and gene expression deficits as formerly IDA rats (Brunette et al., 2010;
Carlson et al., 2007; Carlson et al., 2009; Felt and Lozoff, 1996; Jorgenson et al., 2003; Tran
et al., 2009). Although these findings highlight the importance of iron for hippocampal
neuronal structure and function, both DMT-1 CKO and DN4X animals are iron deficient
throughout development and adulthood, making it difficult to differentiate the
developmental effects of ID from ongoing ID in the adult animal.

Manipulation of the timing of iron repletion using the reversible genetic model in this study
made it possible to confirm our findings in the DMT-1 CKO mouse and to determine that
there is a critical requirement for proper iron status during the period of rapid hippocampal
growth (P10-25). It was interesting to note the apparent tropism of the transgene for CA1.
CaMKIlla-tTA and therefore DNTfR1 expression occurs in all hippocampal pyramidal
neurons (Mayford et al., 1996), however we noted that iron staining was only reduced in
CAL pyramidal neurons. It is possible that these cells express DNTfR1 more strongly than
other cell populations, resulting in more efficient competition with endogenous TfR1. It is
also possible that other cell populations use alternative iron uptake mechanisms, such as H-
ferritin (Fisher et al., 2007), but that CA1 neurons are unable to use non-TfR1 mediated iron
uptake systems.

Rescue of structural and behavioral phenotypes by iron restoration beginning at P21, which
is late in the traditional window of rapid hippocampal development (P10-25), supports the
hypothesis that early life neuronal ID adaptively extends or delays the primary period of
dendrite arborization and synaptogenesis, enabling cells to complete dendritogenesis if iron
becomes available. Developmental delays may be adaptive in that they allow retention of
plasticity at unexpectedly late times, thereby minimizing long-term impairment. Thus,
substrate provision within an appropriate and perhaps slightly extended period, allows for
recovery even beyond traditional periods of development. However, the presence of
behavioral and structural deficits in DNP4249X mice demonstrates that P42 is beyond the
point in hippocampal development when neuronal iron repletion is no longer effective in
rescuing the phenotype. The findings indicate that a critical period for iron exists during
hippocampal development and that this coincides with the period of rapid morphologic
development. While it is possible that the DNP4249X animals may eventually recover with
even greater time on the doxycyline diet, this possibility is unlikely in light of the persistent
deficits observed in humans and the alterations to critical period markers observed in
DNP42doX animals.

Significant progress has recently been made in understanding mechanisms that regulate
critical periods. The balance of inhibitory and excitatory activity is a hallmark of critical
periods, and the onset and duration of critical periods have been attributed to the maturation
of PV positive GABA interneurons and the formation of extracellular PNNs (Hensch, 2005).
Reduced numbers of PV positive cells and PNNs at P30 in DN"°4°X animals, immediately
following the traditional window of rapid hippocampal growth, suggest that early 1D delays
GABA-ergic maturation. This is consistent with reduced whole brain PV mRNA expression
in P12 IDA rat pups (Bastian et al., 2010). Iron repletion does not reverse these effects
immediately, as there is continued reduction of CA1 PV positive cells and PNNs in
DNP21dox animals at P30. However, the effects of iron repletion are evident in adulthood. In
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spite of no difference in the number of PV positive cells between WT and DN groups, the
total number of PNNSs and percentage of PV positive cells with nets continues to be lower in
P70 DNN°doX animals with ongoing ID. These effects were eliminated following P21 iron
repletion, but the percentage of PV positive cells with nets remained suppressed following
P42 repletion.

BDNF plays an important role in mediating the rate of ontogeny of synaptic plasticity and
critical periods during development. In the visual cortex, BDNF promotes interneuron
development and chronic increases in BDNF expression result in precocious critical periods
(Abidin et al., 2008; Hanover et al., 1999; Huang et al., 1999). In the current study,
hippocampal BDNF-V levels in adult mice were affected by iron status during development.
Expression of BDNF-V mRNA was reduced by nearly 50% in adult DNM4oX and DNP42dox
animals that also showed structural and functional deficits. In contrast, BDNF-V levels were
preserved in behaviorally and structurally normal adult DNP21doX animals. Furthermore, the
lack of compensatory upregulation of TrkB mRNA in the DN"°40X and DNP42d0X mijce
suggests that, overall the signaling system is depressed. The current study definitively
demonstrates that lack of neuronal iron, independent of other effects of IDA, alters BDNF
and that provision of iron in a time-sensitive manner promotes normal BDNF mRNA
expression. Further research will be necessary to determine specifically how iron regulates
BDNF gene expression and what role BDNF has in the formation and maintenance of PNNs
in the adult hippocampus.

In visual cortex and amygdala PNN formation reflects critical period closure and acquisition
of adult plasticity (Gogolla et al., 2009; Gundelfinger et al., 2010). While the role of PNNs
in hippocampal development is less well understood, the tight association between critical
period markers, BDNF expression and persistent structural and behavioral deficits following
delayed iron repletion suggests an important functional linkage.

In summary, our findings demonstrate a critical requirement for iron during the period of
rapid hippocampal structural and functional development. Iron deficiency in CA1 neurons
during this critical period results in reduced BDNF expression and appearance of critical
period markers that likely contribute to deficits in spatial memory and apical dendrite
structure. The findings presented here refine our understanding of the developmental role of
iron in the brain. The DNTfR1 model can be adapted in future studies to selectively interfere
with iron uptake in multiple brain regions across all stages of development and pathological
conditions to explore the varying roles of iron in neurodevelopment and degeneration.
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FIGURE 1. Generation of DNTfR1 transgene

(A) Schematic of DNTfR1. (B) DNTfRL1 transgene contains a g1946a point mutation
resulting in R649H substitution in the RGD Tf binding domain (Dubljevic et al., 1999). (C)
tTA drives DNTfR1 expression from the TRE CMV promoter.
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Texas-Red Tf

FIGURE 2. Loss of Tf binding capability in CHO cells expressing DNTfR1

Panels A—-C) CHO cells transfected with high levels of eGFP-TTR (A, arrows) showing
strong Tf binding (B, arrows). Merged image (C, arrows) showing extensive overlap of TfR-
Tf binding in yellow. Panels D-F) CHO cells transfected with high levels of eGFP-DNTfR1
(D, arrows) showing minimal or no Tf binding (E, arrows). Trace Tf-binding is due to a
small amount of residual endogenous TfR1 expression in CHO cells. Merged image (F,
arrows) shows loss of TfR-Tf binding.
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FIGURE 3. DNTfR1 expression selectively and reversibly inhibitsiron uptake

in vivo. Perls’ iron staining in adult hippocampus and cortex from (A) WTnodox (B) pNnodox
(C) WTP21dox and (D) DNP21doX mice; inset, magnification of CA1 pyramidal cell layer
indicated by arrowhead, scale bar=200 pm. (E) Quantification of staining intensity. (F)
Relative expression of DNTfR1 mRNA. Data are mean + SEM; **p<0.01, ***p<0.001
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FIGURE 4. Hippocampal 1D impairs spatial learning

(A-C) Average daily escape latency for (A) WTN0dox gnd pNnodox (B) \WTP21dox gng
DNP21dox and (C) WTP42dox and DNPA42dox ganimals. (D-F) Average daily percentage of
time spent swimming in platform quadrant during training trials for (D) WT"0d4oX ang
DNnodox | (g) WTP21dox gnd DNP21dox and (F) WTP42dox and DNP42doX gnimals. (G-1)
Average daily percentage of time spent swimming in the perimeter of MWM during training
trials for (G) WTN04oX gnd DNNodoX  (H) WTP21dox gnd DNP21dox and (1) WTP42dox gng
DNP42dox gnimals. (J-L) Percentage of time spent target quadrant during single daily MWM
probe trail for (J) WTN04oX gnd DNNodox, (K) WTP21dox gnd DNP21dox and (L) wP42dox
and DNPA42dox animals. Data are mean+SEM (n=10-14), # indicates p<0.05 effect of
genotype by two-way ANOVA; + indicates p<0.05 effect of training by two-way ANOVA;
*p<0.05 and ***p<0.001 indicate Bonferroni posthoc significance.
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FIGURE 5. Hippocampal 1D impairs CA1 apical dendrite mor phology

CA1 apical dendrite morphology in (A) WTnodox (B) pNnodox (c) \TP21dox (py pNP21dox
(E) WTP42dox and (F) DNP42d9Xgnimals. Note the abnormal dendrite morphology (arrows)
in the groups represented in Panels B and F and the lack of such abnormalities in Panel D.
Scale bar=200 pm
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FIGURE 6. Timing of iron repletion differentially alterscritical period markersand BDNF-V
MRNA

Mean number of PV positive cells, PNNs and percent of PV positive cells with PNNs in
CA1 of WT, DNN04oX and DNP21doX mice at P30 (A, B) and in WT, DNM0dox pNP21dox gnq
DNP42dox mice at P70 (C, D). (E) Relative expression of BDNF-V mRNA at P70. Data are
mean = SEM; *p<0.05, **p<0.01
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Statistical Analysis of MWM and VCT Performance. p values represent Two-Way ANOVA effects of training
and genotype on MWM performance.

No Dox (n=14,10)

P21 Dox (n=11,14)

P42 Dox (n=10,14)

F.p F.p F.p

Escape Latency

Genotype 19.32, p<0.001 1.55, p=0.22 29.30, p<0.001

Training 7.85, p<0.001 10.62, p<0.001 21.99, p<0.001
Percent Time in Target Quadrant During Training

Genotype 9.52, p<0.01 0.02, p=0.88 7.36, p<0.01

Training 5.63, p<0.01 4.16, p<0.01 12.22, p<0.001
Percent Time in Maze Perimeter

Genotype 28.87, p<0.001 0.06, p=0.82 57.92, p<0.01

Training 217, p=0.11 0.42, p=0.74 0.65, p=0.59
Mean Swim Velocity

Genotype 0.002, p=0.96 1.39, p=0.24 0.04, p=0.85

Training 2.13, p<0.01 1.14, p=0.31 1.83, p<0.05
Percent Time in Target Quadrant During Probe Trials

Genotype 23.37, p<0.001 0.13, p=0.72 10.62, p<0.001

Training 13.99, p<0.001 9.72, p<0.001 12.61, p<0.001
VCT Escape Latency

Genotype 2.21, p=0.14 1.73, p=0.19 2.17, p=0.15

Training 3.81, p<0.05 1.79, p=0.18 0.78, p=0.46
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