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Abstract

Gestational iron deficiency (ID) has been associated with a wide variety of central nervous system (CNS) impairments in
developing offspring. However, a focus on singular regions has impeded an understanding of the CNS-wide effects of this
micronutrient deficiency. Because the developing brain requires iron during specific phases of growth in a region-specific
manner, we hypothesized that maternal iron deprivation would lead to region-specific impairments in the CNS of offspring.
Female rats were fed an iron control (Fe+) or iron-deficient (Fe—) diet containing 240 or 6 wg/g iron during gestation and
lactation. The corpus callosum (CC), hippocampus, and cortex of the offspring were analyzed at postnatal day 21 (P21) and/
or P40 using structural and functional measures. In the CC at P40, ID was associated with reduced peak amplitudes of
compound action potentials specific to myelinated axons, in which diameters were reduced by ~20% compared with Fe+
controls. In the hippocampus, ID was associated with a 25% reduction in basal dendritic length of pyramidal neurons at
P21, whereas branching complexity was unaffected. We also identified a shift toward increased proximal branching of
apical dendrites in ID without an effect on overall length compared with Fe+ controls. ID also affected cortical neurons, but
unlike the hippocampus, both apical and basal dendrites displayed a uniform decrease in branching complexity, with no
significant effect on overall length. These deficits culminated in significantly poorer performance of P40 Fe— offspring in
the novel object recognition task. Collectively, these results demonstrate that non-anemic gestational ID has a significant

and region-specific impact on neuronal development and may provide a framework for understanding and recognizing the

presentation of clinical symptoms of ID.

J. Nutr. 144: 1058-1066, 2014.

Introduction

Iron is one of the most abundant metals on earth, yet deficiency
in this essential metal continues to affect the health of pregnant
women and children in virtually all nations and is associated
with a vast number of behavioral, biochemical, and cellular defects
in the developing central nervous system (CNS)” (1-9). The severity
of impact that iron deficiency (ID) has on CNS development ap-
pears to correlate with the timing of onset, and studies in animal
models and humans suggest that ID during the early stages of
pregnancy is associated with impaired neuronal maturation and
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function (10-12). The cognitive impairments associated with
these neuronal dysfunctions persist into adulthood despite iron
supplementation, suggesting that ID causes permanent alterations
of cellular structures and/or functions (13,14).

Although our understanding of the impact that ID has on
brain function has grown considerably over the past decade, the
use of various animal models and dietary protocols makes it chal-
lenging to compare data and gain a comprehensive picture of the
full spectrum of impairments caused by gestational ID. The synon-
ymous use of the terms ID and ID anemia (IDA) has hindered the
study of 2 distinctly different pathologic states. IDA, the late-
stage manifestation of chronic ID, is a common model used to
study the developmental deficits caused by this micronutrient
deficiency (15,16). However, IDA affects multiple organ systems
and produces various secondary effects, complicating the assess-
ment of how much of any observed neurologic defect is due to
impaired hematopoiesis and subsequent hypoxia as opposed
to the depletion of CNS iron stores. Although IDA has clear
detrimental impacts on fetal development, the prevalence of ID
without anemia is estimated to be 2.5 times greater and often
remains undiagnosed because of the more subtle nature of its
clinical symptoms and potential overlap with normal clinical
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TABLE 1 Hematologic variables, brain iron concentration, and growth of iron-deficient and control rats

during postnatal development'

Fe+ Fe— P
n Value n Value Age Diet Age X diet
Hematocrit, % <0.001 <0.001 <0.001
P7 17 315+ 1.19 14 29.2 = 1.68
P14 14 313+ 1.19 10 301 = 1.21
P21 12 379 +1.17 15 23.2 = 1.27*
P40 23 444 +1.27 15 402 = 1.57
Hemoglobin, g/dl 0.001 0.03 0.82
P7 17 9.48 = 0.56 14 8.47 = 0.62
P14 14 9.85 = 1.24 10 8.23 = 0.64
P21 12 10.7 = 0.72 15 9.75 + 0.98
P40 23 119 +1.02 15 112 =064
MCH, pg <0.001 0.69 0.30
P7 17 36.6 = 1.02 14 353 = 1.00
P14 14 20.3 + 0.85 10 234 =219
P21 12 214 = 0.73 15 224 = 081
P40 23 17.4 = 0.98 15 16.2 = 0.74
MCV, fL <0.001 0.07 0.62
P7 17 97.8 = 1.72 14 943 = 270
P14 14 545 + 3.03 10 554 + 3.28
P21 12 56.5 = 3.35 15 462 + 4.84
P40 23 489 + 2.62 15 436 * 2.47
Weight, g <0.001 0.03 0.14
P7 25 973 =185 9 969 = 1.1
P14 16 192 £ 0.74 " 178 =043
P21 " 276 1.1 8 248 + 0.86
P40 16 91.6 = 2.80 " 89.4 = 2.29
Brain iron, ng/g 0.03 <0.001 0.004
P7 4 148 + 2.53 4 406 + 2.2*
P14 4 8.00 + 1.00 4 6.91 = 1.16
P21 4 16.0 = 1.16 4 7.29 £ 1.16*
P40 4 14.4 +1.00 4 6.91 = 1.00*

" Results given as means + SEMs; data represent 11-15 litters per diet group for weight and hematologic measurements and 4 litters per
diet group for brain iron measurements, with n representing number of offspring used per diet group at each age. *P < 0.05, significantly
different from age-matched control (Fe+). Fe+, iron control; Fe—, iron-deficient; MCH, mean corpuscular hemoglobin; MCV, mean

corpuscular volume; P, postnatal day.

thresholds (17). Even if clearly defined models of ID, as opposed
to IDA, are used to describe the impact on neuronal development,
a focus on singular CNS regions makes it difficult to compare
studies across the field and to understand its global impact on
CNS development (11,18-26).

To generate a more comprehensive understanding of a possible
CNS-wide phenotype in 1 defined system, we extended our previous
studies on the auditory nerve (AN) (27) and examined another
white matter tract, the corpus callosum (CC), as well as the
hippocampus and cortex as functional gray matter regions. The
inclusion of these gray matter regions allows for a direct com-
parison with the white matter impacts in the same animal model
and a comparison with the data generated by others. Pathways
from these regions are involved in various neurobehavioral
circuits, and deficits in them may contribute to the behavioral
deficits reported in iron-deficient children, reinforcing the need
to study these regions in an integrated manner rather than
singularly (28,29).

Given the highly variable demand and concentration of iron
in specific regions of the brain and the resulting responses of
various iron homeostasis proteins, it is likely that specific regions
experience and exhibit diversity in their response to ID (30-32).
The goal of this study was to establish whether multiple CNS

regions show equal sensitivity to non-anemic gestational ID and
to determine any temporal or regional specificity in sequalae.

Materials and Methods

Experimental design and diet administration. All protocols were
approved by the University Committee on Animal Resources at the University
of Rochester. Rats are from the same cohort as our previous publication,
and handling and feeding paradigms are detailed there (27). Females
were randomly assigned to diet group and fed an iron control (Fe+) or
iron-deficient (Fe—) diet containing 240 pg/g (Harlan TD 05656) or
6 pg/g (Harlan TD80396) iron, respectively, for 2 wk before mating and
throughout gestation/lactation. All diets were purchased from Teklad
Lab Animal Diets, Harlan Laboratories (for diet formulation and nutritional
components, see Supplemental Table 1). Offspring were weaned onto the
same diet as their respective dams and were designated as the Fe+ group
(total of 15 litters) and Fe— group (total of 13 litters), respectively. Only
1 male and 1 female from a single litter were included in any 1 age group
per endpoint to control for litter-specific effects, except for measure-
ments of postnatal weight and hematologic indices of Table 1, in which
some litters were sampled more than once. The number of offspring per
group or per age is represented by 7 (for numbers of litters used per
endpoint, see table and figure legends). Analyses were performed on offspring
of mixed sex, with equal numbers of each sex used per endpoint, when
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possible. Postnatal growth of this cohort, hematologic measures, and
whole-brain iron measurements were performed as described previously
(27) and were compared using the definitions of anemia set forward by
the WHO (33,34).

Tissue harvest and Western blotting. Rats were asphyxiated with
carbon dioxide at postnatal day 7 (P7), P14, P21, and P40, and brain tissue
was processed as described previously (27). Briefly, 40 pg of protein was
resolved by SDS-PAGE, and membranes were probed for anti-ferritin
heavy chain (Cell Signaling Technology), using B-actin as a loading
control. Immunoreactive proteins were detected and quantified by
densitometry as described previously (27).

Electron microscopy. Electron microscopy analysis was conducted on
P40 offspring. Rats were deeply anesthetized and perfused with fixative
as described previously (27,35). Slices, 1 mm thick, were made of the
postfixed brains to expose the CC and were submitted for ultrathin
sectioning. All samples were osmicated, stained, dehydrated, and embed-
ded in resin as described previously (27,35). A minimum of 5 images
were captured for each tissue sample at 5000X magnification and used
for axon diameter and myelin thickness measurements and at 70,000
magnification for counts of lamellae.

EM quantitative analysis. Axon density was determined by counting
the number of axons in 9 different 25-pum? areas in each of the 5 photo-
micrographs using the cell counter function in NIH Image]. Axon diameter
(the inner diameter of the myelin sheath), myelin thickness (defined as
myelinated fiber diameter minus axon diameter), and percentage of
myelination were determined by measuring all axons contained in the
same 9 25-um?® areas of interest used in the density measurement.
Approximately 1000 axons were measured per rat, and only fibers cut
transversely were measured. The same systematic sampling was used for
all samples, and photomicrographs were coded and analyzed blindly to
avoid bias.

Electrophysiologic recording procedures. Electrophysiology was
conducted on P40 offspring to correlate to previous electrophysiology
measures conducted at P40 in the AN (27). The CC was prepared as
described previously, and electrophysiologic recording procedures were
adapted from Reeves et al. (35). In our experiments, the recording
electrode was later repositioned from the initial distance of 1.6 mm to
distances of 1.2, 1.0, and 0.6 mm. More than 90% of the stimulus
artifact was subtracted by placing a second recording pipette electrode in
the bath and feeding both signals into a differential amplifier of our own
design. Evoked action potentials were amplified (bandpass: direct current
to 10 kHz) and digitized at 25-100 kHz. Quantification of mean latency in
milliseconds and absolute amplitude in millivolts was calculated based on
time to each peak and height of each peak, respectively.

Golgi-Cox staining. Brains of P21 offspring were placed directly into
Golgi solution, stored, and prepared for sectioning as described previously
(11). This age was chosen for Golgi analysis, because this is the time
point at which pyramidal neurons first stabilize after a period of rapid
changes during development (36). Approximately 24 midsagittal plane
sections of 150 wm thickness per brain were collected from a Leica vibratome
(VT1000S; Leica Biosystems). Sections were reacted in ammonium
hydroxide and sodium thiosulfate solution as described previously (11).
Neuron tracings were done on an Olympus DSU BX51WI microscope
(Olympus America) and captured using an MBF CX9000 digital camera
with Neurolucida software (MBF Biosciences). Randomly selected pyram-
idal neurons were traced at 40X or 100X from the cornu ammonis (CA1)
hippocampus region and layers 3—4 (~400 pm from the dorsal surface)
of the frontal cortex on each slide. Dendritic tracing was performed as
described previously (11).

Morphometric analysis. Sholl analysis was conducted and analyzed as
described previously (11,37). The Neurolucida software provided overall
neuron summary information, including mean dendritic length, branch
order, and ring crossings calibrated to distance from soma. Extent of
branching was assessed by counting the number of intersections at each
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of the Sholl rings. Total crossings at each ring within apical and basal
dendrite (BD) subdivisions for each neuron were recorded. Peak branching
distance was defined as described previously (11). For all analysis, individual
neurons were averaged per rat and then per group.

Novel object recognition task. The behavioral novel object recogni-
tion (NOR) test is used to assess recognition memory in rodent models
and was performed as described previously (38-40). Offspring were
allowed to freely explore the empty arena (70 X 70 X 9 ¢cm) for 10 min
on day 1. The next day, the rats were placed in the arena with 2 identical
objects for 10 min to facilitate familiarization. On the last day, the rats
were placed in the arena with 1 familiar object and 1 novel sample
object. Objects selected for NOR testing were cleaned with 70% ethanol
to eliminate residual scent between rats. The CleverSys tracking system
(CleverSys) measured the time spent interacting with the objects. Object
interaction was defined as entrance in the object-containing zone (5 cm
radius) resulting in direct or nearly direct object contact with the nose or
whiskers. All rats were returned to their home cages between test trial
phases. The time spent exploring each object and the discrimination
index percentage were quantified from digital recordings.

Statistical analysis. Statistical comparisons of densitometry were
performed by ANOVA (diet X age). Electrophysiology results in the CC
were analyzed by ANOVA (diet X electrode distance). Axon diameter
distribution in the CC was analyzed by ANOVA (diet X diameter). The
number of intersections measured in the Sholl analysis was analyzed by
ANOVA (diet X distance from soma). For statistically significant main
effects or interactions, post hoc Holm-Sidak tests were used to compare
Fe— to Fe+ offspring at each time point or secondary factor (e.g.,
diameter, distance), using SigmaPlot 11 (Systat Software). Student’s # test
was used for comparisons of overall dendritic length (data not shown),
axon diameter, and CC axonal characteristics (Supplemental Table 2) for
the Fe+ and Fe— groups. A P value <0.05 was considered statistically
significant.

Results

Postnatal growth and hematologic measures. In general,
Fe— rats had similar growth patterns during postnatal development
compared with the Fe+ group, excluding overt malnutrition
(Table 1). For postnatal weight, there was an effect of age (P < 0.001)
and diet (P < 0.04) but no age X diet interaction (P = 0.14).
Hematologic measures and whole-brain iron measurement were
conducted as described previously (27) and showed a significant
decrease in hematocrit at P21 in the ID cohort that was not
associated with a change in hemoglobin concentrations or other
hematologic variables. We did not see significant diet X age
interactions in hematologic variables at any other ages (Table 1).

CC iron stores and axonal structure. Overall, there was a
significant effect of diet (P < 0.005) on CC cellular iron stores
measured by ferritin protein concentrations but no diet X age
interactions. Ferritin expression was decreased by ~25% in the
Fe— group compared with Fe+ controls across older ages (Fig.
1A). At P40, myelinated axon diameter was significantly greater
in the Fe+ group (0.60 * 0.03 wm) compared with Fe— offspring
(0.49 * 0.02 wm) (P = 0.03), whereas the diameter of non-
myelinated axons was unaffected (P = 0.12) (Fig. 1C). This age
was chosen because the CC showed significant signs of tissue ID
and allowed a correlation with the deficits observed previously
at P40 in the AN (27). When displayed as a frequency across
diameter, there was an effect of diameter (P < 0.001), representing
the bell-shaped distribution (Fig. 1D). There was a significant
diet X diameter interaction (P < 0.001), indicating that diet did
not have a uniform effect across all sizes of diameter. Specifically,
the frequency of small axons, 0.5um in diameter, was significantly
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FIGURE 1 Tissue ferritin protein concentrations and axonal struc-
tural characteristics of CC from Fe+ and Fe— rats. Ferritin expression
in CC lysates from Fe+ and Fe— rats normalized to the P7 Fe+ amount;
representative Western bands are shown below each age for each
diet group (A). Data represent 9-10 total litters per diet group, with
n = 6 rats per age per diet group. Representative electron
micrographs from P40 Fe+ and Fe— CC at 2500X (B). Mean axon
diameter of myelinated and nonmyelinated fibers; *P < 0.05, Fe+
vs. Fe— by Student’s t test (C). Axon diameter distribution of axons
in P40 Fe+ or Fe— CC; *P < 0.05, Fe+ vs. Fe— within axon diameter
(D). Data represent 3 total litters per diet group, with n = 3 rats per
diet group. Values are means * SEMs. CC, corpus callosum;
Fe+, iron control; Fe—, iron-deficient; FTH, ferritin heavy chain; P,
postnatal day.

higher for the Fe— group (10.9 = 0.40%) than the Fe+ group
(8.39 = 0.87%) (P < 0.05). There were no significant diet group
differences in CC axonal density, ruling out simple changes in
the total number of axons (Supplemental Table 2). Additionally,
there were no significant diet group differences in myelin thickness,
calculated g ratio (Supplemental Table 2), or protein concentra-
tions of myelin constituents, including myelin basic protein, or
myelin associated glycoprotein (data not shown).

CC compound action potential electrophysiology. Brain
slice compound action potential electrophysiologic recordings
are characterized by 2 waveform components generated by myeli-
nated axons (N1 wave) and nonmyelinated axons (N2 wave)
(Fig. 2A) (35,41,42). Overall, there was a significant effect of
stimulus distance (P < 0.001), and waveform amplitudes de-
creased as stimulus distance increased. For N1 waveforms, there
was a significant main effect of diet (P < 0.001), and N1 wave
amplitudes were marginally smaller in the Fe— group across all
stimulus distances compared with the Fe+ group (Fig. 2B). In
contrast, there were no significant diet group differences in
callosal N2 waveforms (P = 0.75) (Fig. 2C). When amplitude
was expressed as a ratio of N1-to-N2 waveforms, there was a
significant effect of diet (P < 0.001), and amplitudes were
decreased by 25-50% in the Fe— diet group compared with the
Fe+ diet group across stimulus distance. For the ratio, there was
also an effect of stimulus distance (P < 0.001) (Fig. 2D). There
were no significant diet group differences in conduction velocity
for either the N1 or N2 waveforms (data not shown).

Iron store mobilization in gray matter regions. For the
hippocampus, there was an effect of diet (P < 0.001), age (P =
0.04), and diet X age interaction (P < 0.001). Ferritin protein
expression in the hippocampus of the Fe— diet group was
significantly less than that of the Fe+ diet group at P14 (~60%
less), P21 (~35%), and P40 (~25%) (P < 0.05) (Fig. 3A). Within
the Fe+ diet group, ferritin expression was significantly increased
at P14 (~70%) and decreased at P21 (~30%) and P40 (~20%)
compared with P7 (P < 0.05). Within the Fe— diet group, ferritin
expression was significantly decreased at P14 (~30%), P21
(~50%), and P40 (~40%) compared with P7 (P < 0.05). In
the cortex, there was a significant effect of diet (P < 0.001), age
(P <0.001), and diet X age interaction (P = 0.04). Ferritin protein
expression in the cortex of the Fe— diet group was significantly
less than that of the Fe+ diet group at P14 (~50%) and P40
(~40%) (P < 0.05) (Fig. 3B). Within the Fe+ diet group, ferritin
expression was significantly increased at P14 (~100%) (P < 0.05),
whereas expression was similar at all ages within the Fe— group.

Dendritic complexity of hippocampal pyramidal neurons.
Multiple discrepancies in hippocampal dendritic arborization
were observed between both diet groups at P21, and represen-
tative images from the CA1 region are shown in Figure 4A.
BD length was significantly shorter (P = 0.01) in Fe— CA1
pyramidal neurons compared with those of the Fe+ diet group
(data not shown). In contrast, apical dendrite (AD) length was
not significantly affected by diet group (P = 0.05) (data not
shown). For BD complexity, by analysis of Sholl ring intersec-
tions, there was a significant effect of distance from the soma
(P < 0.001), indicating a decrease in complexity with increasing
distance from the soma, a profile reported previously (11,43).
Slight decreases in the number of BD Sholl ring intersections
were observed in the Fe— group around 150 pm from the soma,
although there were no significant effects of diet (P = 0.10) or
diet X age interactions (P = 0.93) (Fig. 4B). Sholl analysis of AD
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FIGURE 2 Electrophysiology of postnatal day 40 CC in Fe+ and Fe—
rats. Schematic of stimulating and recording electrode placements
(left), representative compound action potential waveform (right), and
illustrative quantification of N1 and N2 waveforms (A). *indicates
measure of amplitude. Mean N1 wave amplitude across stimulus
distance (B). Mean N2 amplitude across stimulus distance (C). Ratio of
N1-to-N2 waveform amplitude across stimulus distance (D). Distances
without a common letter differ significantly (P < 0.05). Values are
means = SEMs. Data represent 4-5 litters per group, with n = 5 for
the Fe+ group and 4 for the Fe— group. CC, corpus callosum; Fe+,
iron control; Fe—, iron-deficient; Rec, recording electrode; N1, mye-
linated axons; N2, nonmyelinated axons; Stim, stimulating electrode.
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complexity revealed a significant effect of diet (P = 0.02), distance
(P < 0.001), and a diet X distance interaction (P < 0.001). The
AD of the Fe— diet group displayed increased proximal and
decreased distal branching compared with the Fe+ group. The
number of intersections was significantly fewer (~50% fewer) in
the Fe— group at distances of 200 and 210 pm compared with
Fe+ AD (P < 0.05) (Fig. 4C). There were no significant diet
effects on quantity of BD (P = 0.79), AD (P = 0.59), or soma
surface area (P = 0.46), indicating primarily a geographical deviation
in branching of dendrites in the Fe— diet group.
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of HP dendritic populations from postnatal day 21 Fe+ and Fe— rats.
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Dendritic complexity of cortical neurons. There was no sig-
nificant effect of diet on overall length of ADs (P = 0.10) or BDs
(P = 0.05) (data not shown). Whereas alterations in the hippocam-
pus were distinct between dendritic subpopulations, the overall
distribution pattern of branching in the cortex was similar
between both dendritic subpopulations. For BD, there was a
significant effect of diet (P < 0.001) such that the Fe— group
displayed fewer branches at proximal distances (Fig. 5B). There
was also an effect of distance from the soma (P < 0.001) but no
diet X distance interaction (P = 0.37). For AD, there was a
significant effect of diet (P < 0.001), and the Fe— group displayed
decreased proximal branching that was most evident at dis-
tances <100 pm from the soma (Fig. 5C). An effect of distance

(P < 0.001) was also observed in this dendritic population, but
there was no diet X distance interaction (P = 0.79).

NOR task. Exploration time was marginally longer for the novel
object in offspring of the Fe+ group (P = 0.09), whereas Fe— rats spent
equal amounts of time exploring both old and novel objects (P = 0.99)
(Fig. 6A). The discrimination index (ratio of time spent exploring
novel-to-old objects) was also significantly higher (P = 0.02) in the
Fe+ group and exceeded that of the Fe— group by ~20% (Fig. 6B).

Discussion

This study provides evidence that gestational non-anemic ID
is associated with impairments in cellular processes of white and
gray matter regions in the developing CNS. Specifically, we show
the following. 1) ID does not have to reach the level of anemia to
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FIGURE 5 Golgi staining and Sholl analysis of branching complexity
of CX dendritic populations from postnatal day 21 Fe+ and Fe— rats.
Representative images (20X) of Golgi—Cox-stained CX neurons from
Fe+ and Fe— rats (A). Number of Sholl ring intersections of BD (B) and
AD (C) from Fe+ and Fe— CX neurons. Values are as means + SEMs.
Data represent 4 independent litters per diet group, with n = 4 rats per
age per group. AD, apical dendrite; BD, basal dendrite; CX, cortex;
Fe+, iron control; Fe—, iron-deficient.
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FIGURE 6 NOR task performance of postnatal day 40 Fe+ and Fe— rats.
Exploration time spent on old vs. novel objects in the NOR arena by
Fe+ and Fe— rats (A). Percentage of total exploration time spent with
novel object (discrimination index) during session of Fe+ and Fe— rats
(B). *P < 0.05 vs. Fe+. Dashed line indicates the threshold for preference
between test objects. Values are means = SEMs. Data represent 6
total litters per diet group, with n = 6 rats per group. Fe+, iron control;
Fe—, iron-deficient; NOR, novel object recognition.

have a profound impact on both white and gray matter regions.
2) The depletion of tissue iron, measured by ferritin concentra-
tions, is not uniform across the CNS and occurs earlier in gray
matter than in white matter regions. 3) The impact of ID without
anemia on axonal architecture and maturation is more profound
than the impact on myelination, and 4) functional impairments
are characterized by alterations in neuronal structure. Together,
these data suggest that ID-induced alterations are not benign, and
the impact of ID on CNS function is best studied in a manner that
takes into account these regional differences.

An important aspect of our study is the focus on ID that is
initiated before gestation and is sustained throughout the life of
the offspring at an amount that does not cause anemia but is
significant enough to initiate changes in tissue iron homeostasis.
This mimics a situation that is likely to be prevalent in humans,
in which tissue ID occurs early in development but does not
cause clinical signs of anemia and would hence not prompt im-
mediate iron supplementation. Our data show that even non-anemic
ID has a significant impact on multiple CNS regions leading to
functional impairment. The effectiveness of iron supplementa-
tion on reversing these deficits is an intriguing question in light of
studies that show that correction of the hematologic variables of
ID does not benefit the CNS (2,8,13,26,44,45). Work from our
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own laboratory confirmed the presence of a gestational window
of vulnerability (33).

Our analysis of the CC, the largest white matter tract in the
brain, highlights the regional specificity of ID (46). This myeli-
nated tract is responsible for interhemispheric connectivity, and
deficits in its function could contribute to poorer cognitive per-
formance or behavioral abnormalities that were reported with
IDA. We observed a significant decrease in axonal diameter of
myelinated axons in Fe— offspring. This was not a result of
hypermyelination of small-diameter axons at the cost of larger-
diameter axons, because the g ratio (Supplemental Table 2) was
preserved in the Fe— group, indicating normal myelination of all
axons. The differential vulnerability of myelinated axons in this
white matter tract could be consistent with disruptions in myelina-
tion or axon-glial interactions during development. However,
the myelin protein profile of the CC was not altered by diet, and
ultrastructural analysis revealed no gross myelin abnormalities.
These data would suggest then that there is no intrinsic myelin
deficit but that axons may not be responding properly to glial-
generated cues in regulation of diameter size. This possible miscom-
munication in the iron-deficient CC may be sufficient to prevent the
recruitment of these fibers into the compound action potential field.

Interestingly, the decreases in myelinated axon diameter were
not accompanied by significant decreases in signal conduction
velocity but were instead associated with a significant decrease
in signal strength (indicated by decreased amplitude). When we
compared the results from the CC with those in the AN (27), it
appears that different mechanisms contribute to the functional
deficits produced by decreased axonal diameter. Although decreases
in axonal diameter were sufficient to impede the speed of action
potential propagation in the AN, the same structural changes
only affected action potential signal strength, not speed in the
CC. This indicates that the regional hierarchy of susceptibility to
ID extends to the underlying mechanisms, the specifics of which
are as yet unknown.

The specific impairments we identified were mainly associ-
ated with neuronal maturation rather than any glial dysfunc-
tions. This is consistent with our previous study of mild ID on
the AN, in which we did not see a myelination defect (27).
However, this is in contrast to studies using models of IDA, in
which profound myelination defects are seen (45,47,48). This
suggests that the prevalent defects in myelination are most likely
due to the secondary effects of anemia, including ischemia,
hypoxia, or concurrent hypothyroidism rather than deficiencies
in iron alone (8,49,50). Although it is true that oligodendrocytes
require iron as a cofactor in enzymes that produce myelin,
studies that reported hypomyelination used a more severe ID or
anemia (with decreases in hematocrit averaging 50% less than
age-matched controls) compared with our feeding paradigm
(47,48,51,52).

Our study of hippocampal and cortical tissues extends and
supports reports from others showing that the gray matter is
affected by even mild ID (11,25-27,32). A detailed structural
characterization including Sholl analyses revealed significant
impairments in dendritic arborization and organization at P21.
This time point occurs shortly after the first signs of tissue ID in
the hippocampus (Fig. 3) and thus allowed us to look at the
acute structural effects of developmental ID. The decrease in
hippocampal ferritin expression is maintained through P40 despite
an increase in hematocrit concentrations during this time, which
would suggest that the effects of ID at P21 might actually under-
estimate any effects that would be present at P40. Georgieff
and colleagues (10,11,25,53) extensively described ID-induced
alterations in hippocampal neuronal architecture and associated



impairments in neuronal function. From these studies, it has
become clear that sufficient iron stores are critical for accurate
dendritic arborization in the hippocampus. In agreement with
these data, we discovered proximal shifts in AD branching and
identified decreases in BD length and branching, a defect not
described previously. The hippocampus is a critical component
of recognition memory, and knockouts of proteins involved in proper
synaptic signaling, injury/lesion models, and pharmacologic drugs
that inhibit hippocampal function resulted in reproducible de-
ficits in rodent performance of the NOR task (35-37). This con-
nection seems likely given the structural changes in the hippocampus
and decreased novel object exploration in Fe— offspring. Al-
though untested here, it is probable that the defects uncovered
on the morphologic level would also result in reduced long-term
potentiation and elevated paired-pulse facilitation as shown previ-
ously and impaired prepulse inhibition as described recently by
Pisansky and colleagues (19,54).

Our investigation of the morphological alterations in the
cortex emphasizes the region-specific impact of ID on neuronal
structure. The shift in peak branching distance observed in the
hippocampus did not predict the morphological alterations we
revealed in the cortex, in which the abnormalities in dendritic
branching were similar in both the apical and basal subdivisions.
These findings in the cortex are novel and suggest that ID could
interfere with the connectivity between the hippocampus and
cortex, impeding circuits designed to encode spatial and other
episodic memories (55,56). This is supported by studies showing
that lesions of the enterorhinal cortex disrupted object recogni-
tion memory in monkeys, implicating a critical function of both
the cortex itself and its connectivity with the hippocampus in the
NOR task (57). These alterations in the pattern of dendritic
complexity and possible impact on signaling may precipitate the
poorer performance of Fe— rats in the NOR task and mimic
results reported in other animal models of ID, as well as in iron-
deficient children (2,10).

Our analysis of multiple brain regions in a cohort of rats that
were fed identical diets (except for iron content) has allowed
additional new insights and confirms the variability of the im-
pact of ID on neurodevelopment. We found that the degree of
impairment between different regions in the same rat was more
variable than the degree of impairment across different rats,
suggesting a uniform hierarchy of regional susceptibility. We
confirmed that iron depletion occurs in a region-specific manner
and that individual CNS regions display differential vulnerabil-
ity to molecular and functional deficits, which coincides with
published literature that reported regional differences in iron
homeostasis proteins and deficits in isolated regions. However,
our study reinforces the fact that it is the integration of all these
regions that is critical for proper CNS development and that this
phenomenon remains understudied in nutritional deficiencies.
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