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Abstract
Objective—Perinatal iron deficiency results in persistent hippocampus-based cognitive deficits
in adulthood despite iron supplementation. The objective of the present study was to determine the
long-term effects of perinatal iron deficiency and its treatment on hippocampal anatomy and
neurochemistry in formerly iron-deficient young adult rats.

Methods—Perinatal iron deficiency was induced using a low-iron diet during gestation and the
first postnatal week in male rats. Hippocampal size was determined using volumetric magnetic
resonance imaging at 8 weeks of age. Hippocampal neurochemical profile, consisting of 17
metabolites indexing neuronal and glial integrity, energy reserves, amino acids, and myelination,
was quantified using high-field in vivo 1H NMR spectroscopy at 9.4 T (N = 11) and compared
with iron-sufficient control group (N = 10).

Results—The brain iron concentration was 56% lower than the control group at 7 days of age in
the iron-deficient group, but had recovered completely at 8 weeks. The cross-sectional area of the
hippocampus was decreased by 12% in the formerly iron-deficient group (P = 0.0002). The
hippocampal neurochemical profile was altered: relative to the control group, creatine, lactate, N-
acetylaspartylglutamate, and taurine concentrations were 6–29% lower, and glutamine
concentration 18% higher in the formerly iron-deficient hippocampus (P < 0.05).

Discussion—Perinatal iron deficiency was associated with reduced hippocampal size and
altered neurochemistry in adulthood, despite correction of brain iron deficiency. The
neurochemical changes suggest suppressed energy metabolism, neuronal activity, and plasticity in
the formerly iron-deficient hippocampus. These anatomic and neurochemical changes are
consistent with previous structural and behavioral studies demonstrating long-term hippocampal
dysfunction following perinatal iron deficiency.
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Introduction
Iron deficiency during the fetal and neonatal periods (i.e. perinatal period) is common in
pregnancies complicated by maternal iron deficiency, diabetes mellitus, intrauterine growth
restriction, and prematurity.1 Perinatal iron deficiency has deleterious effects on
neurodevelopment in humans and rats.2 Within the developing brain, the hippocampus
appears particularly vulnerable. Hippocampus-mediated recognition memory is impaired in
iron-deficient newborn infants.3 Likewise, hippocampal energy metabolism,
neurotransmission and myelination,4 dendritic structure, and elec-trophysiology5,6 are
altered during the period of perinatal iron deficiency in developing rats.

Of further concern, the genomic, structural and functional deficits due to early iron
deficiency persist despite iron supplementation in humans and rodents.2,7–10 Previous
studies have demonstrated suppression of genes involved in plasticity,11 impaired long-term
potentiation,5 and abnormal dendritic arborization6 in the hippocampus, as well as deficits
on hippocampus-dependent cognitive tasks8,9 in formerly iron-deficient rats during early
adulthood, despite the restoration of hippocampal iron concentration through iron
supplementation.11 The anatomic and neurochemical underpinnings of these enduring
deficits are not well understood. A previous in vivo 1H NMR spectroscopy study
demonstrated that perinatal iron deficiency alters the neurochemical profile of the
hippocampus in developing rats during the period of iron deficiency.4 Specifically, the
neurochemical markers of energy homeostasis, neurotransmission, and myelination were
affected,4 implying a metabolically hypoactive hippocampus during the period of iron
deficiency. The efficacy of iron supplementation beginning early in postnatal life in
reversing these neurochemical changes has yet to be established. The objective of the
present study was to determine the long-term effects of perinatal iron deficiency and its
treatment on hippocampal anatomy and neurochemistry using volumetric magnetic
resonance imaging (MRI) and in vivo 1H NMR spectroscopy in formerly iron-deficient
young adult rats. High-field in vivo 1H NMR spectroscopy is a sensitive method for
simultaneously determining markers of neuronal and glial integrity, energy metabolism,
membrane biosynthesis, and neurotransmitters in distinct brain regions of rats.4,12,13 Based
on previous investigations, we hypothesized that formerly iron-deficient rats will
demonstrate structural and neurochemical abnormalities in the hippocampus at young
adulthood.

Methods
Animal preparation

Male Sprague-Dawley rats (N = 31) from six separate litters were used in this study.
Pregnant rats were purchased (Charles River Laboratories; Wilmington, MA, USA) and
individually housed in a temperature and humidity-controlled room. Three dams were
started on a low-iron diet (Formula TD 80396, Harlan-Teklad, Madison, WI, USA;
elemental iron concentration: 3–6 mg/kg) upon arrival on gestational day 1–2. This low-iron
regimen continued throughout the rest of gestation and until postnatal day (P) 7, followed by
an iron-supplemented diet (Teklad 4% Mouse/Rat Diet 7001, Harlan-Teklad; elemental iron
concentration: 198 mg/kg) until the day of the experiment (formerly iron-deficient group).
This dietary model induces a similar degree of brain iron deficiency as found in iron-
deficient human newborn infants at birth with complete replenishment of hippocampal iron
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concentration by adulthood.4,11 Three dams were maintained on the iron-supplemented diet
throughout gestation and postnatal periods to produce the control group. Dams were allowed
to deliver spontaneously and the litter size was limited to eight by culling on P2. Some rats
in each litter (N = 5/group) were killed on P7 to determine brain iron concentration. The rest
were weaned on P21 to the iron-supplemented diet and allowed to reach adulthood. A total
of 21 rats were used for NMR studies on P56, followed by determination of brain iron
concentration. All procedures were approved by the Institutional Animal Care and Use
Committee and complied with the NIH Guide for the Care and Use of Laboratory Animals.

Determination of brain iron concentration
Rats (N = 5/group on P7 and N = 7/group on P56) were deeply anesthetized using sodium
pentobarbital (100 mg/kg IP). A blood sample was collected for determining hematocrit
before in situ transcardial perfusion with normal saline. The brain was collected, flash
frozen, and stored at −80 °C until analysis. Brain water content was determined by weighing
the brain before and after drying for 72 hours. Brain iron concentration was assayed using
atomic absorption spectroscopy.

MRI and in vivo 1H NMR spectroscopy
MRI and 1H NMR spectra were obtained from spontaneously breathing rats (N = 10, control
group; N =11, formerly iron-deficient group) on P56 (i.e. 8 weeks of age) under inhalation
anesthesia (gas mixture O2:N2O = 1:1, isoflurane 3% for induction, 1–2% for maintenance).
All MR experiments were performed in a horizontal bore 9.4 T/31 cm magnet (Varian/
Magnex Scientific, Yarnton, UK) interfaced to a Varian INOVA console (Varian, Inc., Palo
Alto, CA, USA).4,12 Briefly, magnetic field homogeneity was adjusted using FASTMAP
shimming technique. Multi-slice coronal brain images were acquired using RARE sequence
(echo spacing = 15 ms, echo train length = 8, slice thickness = 1 mm). In vivo 1H NMR
spectra were acquired from a 10–13 μl volume of interest (VOI) centered on the left
hippocampus using ultra-short echo-time STEAM localization method (TE = 2 ms)
combined with outer volume suppression and VAPOR water suppression.12

Determination of hippocampal cross-sectional area—The cross-sectional area of
the hippocampus was measured from the coronal RARE images of the brain. The boundary
of the hippocampus was outlined and the surface area was determined using the user-guided
tools of the Image Browser software package (Varian, Inc.).

Quantification of metabolites—In vivo 1H NMR spectra were analyzed using LCModel
with the spectrum of fast relaxing macromolecules included in the basis set.4,12

Unsuppressed water signal was used as internal reference. A brain water content of 80% was
used in the calculation, based on the value determined in the harvested brains. The following
17 metabolites were quantified from 1H NMR spectra: alanine, ascorbate, aspartate, creatine
(Cr), phosphocreatine (PCr), gamma-amino-butyric acid, glucose, glutamate, glutamine,
glutathione, lactate, myo-inositol, N-acetylaspartate, N-acetylaspartylglutamate (NAAG),
phosphoethanolamine, taurine, and sum of glycerophosphocholine and phosphocholine
(GPC + PC). Total Cr (Cr + PCr), and PCr/Cr and glutamate/glutamine ratios were also
determined.

Statistical analysis
Data were analyzed using independent samples t-tests. Data are expressed as mean ± SEM.
A P < 0.05 was considered statistically significant.
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Results
The body weight, brain weight, brain water content, and hematocrit were comparable in the
two groups on P56 (Table 1). The brain iron concentration in the iron-deficient group was
44% of the control group on P7 (2.44 ± 0.06 vs. 5.58 ± 0.30 μg/g, P = 0.0001), but had fully
recovered on P56 (Table 1).

MRI and 1H NMR spectroscopy
The coronal MR image and the representative in vivo 1H NMR spectrum acquired from the
left hippocampus of a rat in the control group are shown in Fig. 1. The hippocampal cross-
sectional area determined from the MRI was decreased by 12% in the formerly iron-
deficient group relative to the control group (formerly iron-deficient: 5.57 ± 0.09 mm2 vs.
control: 6.34 ± 0.13 mm2, P = 0.0002).

The spectral quality, consistently achieved in all experiments, enabled reliable quantification
of 17 brain metabolites in both groups (Fig. 2). Compared with the control group, the
concentrations of Cr (−9%), lactate (−13%), NAAG (−29%), taurine (−6%), and Cr + PCr
(−4%) were lower, and that of glutamine (+18%) is higher, in the formerly iron-deficient
group (P < 0.05, each; Fig. 2). The glutamate/glutamine ratio was 18% lower in the formerly
iron-deficient group (formerly iron-deficient: 3.9 ± 0.5 vs. control: 4.8 ± 0.8, P = 0.009). In
addition, there was a trend towards decreased myo-inositol (−5%, P = 0.05),
phosphoethanolamine (−9%, P = 0.07) and increased GPC + PC (+8%, P = 0.08)
concentrations (Fig. 2), and increased PCr/Cr ratio (formerly iron-deficient group: 1.09 ±
0.05 vs. control group: 0.96 ± 0.03, P = 0.06) in the formerly iron-deficient hippocampus.
The rest of the neurochemicals were not affected by perinatal iron deficiency.

Discussion
In this study, we found decreased hippocampal size and altered neurochemical profile in
iron-sufficient young adult rats exposed to iron deficiency during the fetal and neonatal
periods. In spite of supplementing iron from the neonatal period and achieving brain iron
repletion, anatomic and neurochemical abnormalities remained at young adulthood,
suggesting a long-term and potentially irreversible effect of perinatal iron deficiency on the
hippocampus.

The MRI showed a 12% decrease in hippocampal cross-sectional area in the formerly iron-
deficient rats, a finding consistent with a previous study that demonstrated an approximately
17% decrease in hippocampal volume following gestational and lactational iron deficiency
in mice.14 The discrepancy in hippocampal size between the two studies can be explained by
the extended duration of iron deficiency in the latter study,14 where iron supplementation
did not commence until P21 (i.e. 14 days later than the present study). Collectively, the two
studies suggest a dose–response relationship between duration of perinatal iron deficiency
and loss of hippocampal volume in adulthood. The lack of recovery of hippocampal size
with iron rehabilitation is most likely a reflection of iron deprivation commencing from the
fetal period. Prenatal undernutrition in rats results in smaller hippocampus at adulthood that
is not amenable to recovery with postnatal nutritional and extranutritional (e.g.
environmental enrichment) measures.15

Multiple factors likely account for decreased hippocampal size in the formerly iron-deficient
rats. The period of brain iron deficiency in our model coincided with the period of neuronal
proliferation and differentiation, onset of myelination, and synaptogenesis in the
hippocampus.16 Any or all of these developmental processes may have been affected by iron
deficiency and led to reduced hippocampal size at adulthood. Perinatal iron deficiency
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impairs the expression of neurotrophic factors that regulate neuronal differentiation in the
hippocampus.11 The long-term sequelae of such dysregulated expression on neuronal
number, size, and density in the adult hippocampus are not known. Similarly, iron
deficiency during early postnatal life is associated with hypomyelination.4,17,18 A recent
study using the same animal model demonstrated abnormal dendritic architecture,
characterized by a proximal shift in peak branching, thinner third-generation branches and
spine heads, and 25% fewer branches in the formerly iron-deficient hippocampus at
adulthood.6 Additional studies are necessary to characterize the individual role of these
factors in the smaller hippocampus at adulthood in perinatal iron deficiency.

The hippocampal neurochemical profile was also affected in the formerly iron-deficient rats.
The demonstrated neurochemical changes are not the result of hippocampal volume loss,
since the VOI selected for 1H NMR spectroscopy was adjusted based on hippocampal
volume and the reported values are tissue concentrations and not content. A previous study
had demonstrated alterations in seven metabolites in the hippocampus during the period of
iron deficiency.4 The concentrations of five metabolites remained altered in the present
study, in spite of normalization of brain iron concentration. The magnitude of these
neurochemical changes is comparable to the 5–23% concentration differences observed in
the hippocampus and striatum during the period of iron deficiency in this model.4,13

Whereas some of the neurochemical changes likely represent residual effects of previous
iron deficiency, others potentially represent a programming effect of perinatal iron
deficiency on the hippocampus or toxicity from iron therapy. These possibilities are not
mutually exclusive. Interestingly, the persistent neurochemical changes in the hippocampus
contrast with the response of the striatum to iron therapy in perinatal iron deficiency, where
the neurochemical profile normalizes by P37.13 The dissimilar responses of the brain
regions subserving different modalities of cognitive function to iron deficiency and
supplementation may explain the unbalanced development of memory systems following
perinatal iron deficiency.9,19,20

The neurochemical changes in the formerly iron-deficient hippocampus are consistent with
biochemical processes likely to be affected by iron deficiency. Two of the neurochemical
changes index decreased energy metabolism. Decreased Cr and Cr + PCr concentrations
imply reduced flux capacity for high-energy phosphoryl transfer from PCr to ATP in the
formerly iron-deficient hippocampus.21 The decreased steady-state concentration of lactate
likely indicates decreased oxidative glucose metabolism.22 Collectively, these changes
suggest a hypometabolic state in the formerly iron-deficient hippocampus. The decreased
concentration of taurine further supports this possibility, since there is a positive correlation
between brain taurine concentration and cerebral metabolic rate.23 Suppression of
hippocampal energy metabolism has been demonstrated during the period of iron
deficiency.4 This is not surprising, given that most of the mitochondrial enzymes involved in
the oxidative production of ATP contain iron and are affected by iron deficiency.24

However, energy metabolism remained perturbed in the formerly iron-deficient
hippocampus in the present study, despite the resolution of iron deficiency. This implies a
potential programming effect of perinatal iron deficiency on hippocampal energy
homeostasis. Previous studies have demonstrated long-term dysregulation of critical genes,
including energy-related genes in the hippocampus due to perinatal iron deficiency.10,11,25

This is dissimilar to the effect of iron deficiency on energy metabolism in non-brain tissues,
such as the skeletal muscle and intestinal mucosa, and non-hippocampal brain regions, such
as the striatum, where iron supplementation rapidly normalizes tissue energy
metabolism.13,24

The increased glutamine concentration was likely responsible for the decreased glutamate/
glutamine ratio in the present study and suggests that glutamate–glutamine cycling between
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neuron and glia may be disrupted in the formerly iron-deficient hippocampus. Typically,
glutamate released from the neurons into the extracellular space is taken up by nearby
astrocytes, converted to glutamine through the action of glutamine synthase enzyme, and
trafficked back to the neurons for reconversion to glutamate, thereby completing the so-
called glutamate–glutamine cycle.26,27 The decreased glutamate/glutamine ratio and
increased glutamine in the present study implies dysregulated glutamatergic
neurotransmission in the formerly iron-deficient hippocampus.28,29 Decreased taurine and
NAAG, which modulate N-methyl-D-aspartate glutamate receptor function,30,31 in the
formerly iron-deficient hippocampus is concordant with this interpretation. Collectively,
these neurochemical changes corroborate the previously demonstrated decreased long-term
potentiation and synaptic plasticity in the formerly iron-deficient hippocampus at
adulthood.6,10,11,32 Alternately, reactive astrocytosis also may be responsible for increased
glutamine in the formerly iron-deficient hippocampus.33 A previous study demonstrated
upregulation of epidermal growth factor, which is known to induce glutamine synthase
activity and promote astrocytosis, in the iron-deficient hippocampus.32

The functional significance of the MRI and neurochemical changes was not assessed in the
present study. Nevertheless, the results provide potential mechanisms for the long-term
hippocampal dysfunction due to perinatal iron deficiency. Loss of hippocampal volume is
associated with cognitive impairments in humans and rodents.14,34,35 While a 12% decrease
in hippocampal size may appear modest, a similar degree (6–11%) of hippocampal atrophy
is associated with significant cognitive impairments in preterm infants34 and adults with
early stage Alzheimer’s disease.35 Likewise, a comparable magnitude of neurochemical
changes in other brain regions is associated with behavioral deficits in iron-deficient
developing rats13 and cognitive impairments in adult humans with neurodegenerative
disorders.36–38 The neurochemical evidence of suppressed energy metabolism, cellular
activity, and plasticity corroborate the previously demonstrated similar effects, such as
suppressed brain-derived neurotrophic factor activity, and decreased postsynaptic density
protein-95, calmodulin-dependent protein kinase II-alpha, and structural guidance protein
expressions in the formerly iron-deficient hippocampus,6,10,11 and explain the altered long-
term potentiation5 and perturbed dendritic cytoskeletal assembly6 in this structure. It is
noteworthy that the decreased glutamate/glutamine ratio and taurine and NAAG
concentrations demonstrated in the present study are considered as biomarkers of
schizophrenia.28,39–42 Maternal iron deficiency during gestation is considered as a potential
risk factor for schizophrenia in the offsping.43

While perinatal iron deficiency was most likely responsible for our results, iron toxicity
during iron supplementation may also have played a role. Perinatal iron deficiency
upregulates iron transporters in the hippocampus.44 Thus, there is a potential for increased
susceptibility to oxidant-mediated injury during iron supplementation. Neurodegeneration
due to excess iron supplementation during development has been demonstrated in mice.45

Additional studies using different doses and durations of iron supplementation are necessary
to address this possibility. The animal model used in the present study mimics perinatal iron
deficiency in human newborn infants due to maternal gestational diabetes mellitus or
intrauterine growth restriction.1 Hence, our results are relevant to those clinical conditions.
Future research incorporating an un-supplemented iron-deficient group is necessary to
determine the effects of chronic iron deficiency (i.e. during prenatal and postnatal periods)
on the hippocampus. Finally, as our study period was limited to young adulthood, additional
studies are also warranted to determine whether the demonstrated structural and
neurochemical changes improve or worsen over time.

In summary, perinatal iron deficiency is associated with reduced size and altered
neurochemical profile of the hippocampus at young adulthood in rats. The ability to detect
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these changes attests to the sensitivity and reliability of high-field 1H NMR spectroscopy for
such investigations. The non-invasiveness of the method also suggests its potential use in
human infants and children with iron deficiency. The enduring and deleterious nature of the
hippocampal deficits underscores the importance of preventing perinatal iron deficiency in
populations at risk for this condition.
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Figure 1.
In vivo 1H NMR spectraum from the hippocampus of a 56-day-old rat from the control
group. The VOI on the left hippocampus for acquiring 1H NMR spectra is shown in the MRI
(inset). Ala, alanine; Asc, ascorbate; Asp, aspartate; Cr, creatine; PCr, phosphocreatine;
GABA, gamma-aminobutyric acid; Gln, glutamine; Glu, glutamate; GPC,
glycerophosphocholine; Ins, myo-inositol; Lac, lactate; NAA, N-acetylaspartate; PC,
phosphocholine; PE, phosphoethanolamine; Tau, taurine.
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Figure 2.
Neurochemical profile of the hippocampus of 56-day-old rats in the control (black) and
formerly iron-deficient (gray) groups. Values are mean ± SEM; N = 10 (control group) and
N = 11 (formerly iron-deficient group). *P < 0.05 and **P < 0.01. Ala, alanine; Asc,
ascorbate; Asp, aspartate; Cr, creatine; PCr, phosphocreatine; GABA, gamma-aminobutyric
acid; Glc, glucose; Gln, glutamine; Glu, glutamate; GSH, glutathione; Ins, myo-inositol;
Lac, lactate; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; PE,
phosphoethanolamine; Tau, taurine: GPC + PC, sum of glycerophosphocholine and
phosphocholine; Cr + PCr, sum of Cr and PCr (total creatine).
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Table 1

Body weight, hematocrit, brain weight, water content, and iron concentration on P56 rats in the control and
formerly iron-deficient groups

Parameter Control group Formerly iron-deficient group

Body weight (g) 240 ± 17 223 ± 10

Hematocrit (%) 47 ± 1 48 ± 1

Brain weight (mg) 1.16 ± 0.02 1.04 ± 0.02

Brain water content (%) 80 ± 0.5 80 ± 0.5

Brain iron concentration (μg/g wet tissue weight) 7.94 ± 0.45 7.60 ± 0.20

Mean ± SEM, N = 10–11 per group for body weight, brain weight, and hematocrit; N = 7 per group for brain water and brain iron concentration.
None of the parameters are significantly different between the groups.
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