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Abstract

Gestational and early postnatal iron deficiency occurs commonly in humans and results in altered
behaviors suggestive of striatal dysfunction. We hypothesized that early iron deficiency alters the
metabolome of the developing striatum and accounts for abnormalities in striatum-dependent
behavior in rats. Sixteen metabolite concentrations from a 9-11 uL volume within the striatum were
serially assessed in 10 iron-deficient and 10 iron-sufficient rats on postnatal days 8, 22 (peak anemia),
and 37 (following recovery from anemia) using 1H NMR spectroscopy at 9.4 tesla. Chin-elicited
bilateral forelimb placing and vibrissae-elicited unilateral forelimb placing were also assessed on
these days. Iron deficiency altered metabolites indexing energy metabolism, neurotransmission, glial
integrity, and myelination over time (P< 0.05). Successful development of behaviors was delayed in
the iron-deficient group (P <0.01). Alterations in creatine, glucose, glutamine, glutamate, N-
acetylaspartate, myoinositol, and glycerophosphorylcholine + phosphorylcholine concentrations
accounted for 77-83% of the behavioral variability during peak anemia on postnatal day 22 in the
iron-deficient group. Correction of anemia normalized the striatal metabolome but not the behaviors
on postnatal day 37. These novel data imply that alterations in the metabolite profile of the striatum
likely influence later neural functioning in early iron deficiency.

Introduction

The most common cause of gestational and early postnatal iron deficiency in the world is

mothers who are iron-deficient (D)1 during the periods of pregnancy and lactation. Anemia,
potentially due to iron deficiency, complicates most pregnancies in developing countries (1).
Gestational diabetes mellitus and intrauterine growth restriction also place the fetus at risk for
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brain iron deficiency (2,3). Despite iron replenishment, chronically 1D infants continue to have
suboptimal performance on motor and mental measures and more behavioral problems than
infants who were never ID (1,4-7). There is also evidence that neurocognitive alterations may
persist into adolescence (8). Many of these behaviors have been linked to dysfunction of the
striatum, a brain region that develops rapidly during the late gestational and early postnatal
periods. The striatum is activated in the presence of stimuli associated with reward and in the
presence of aversive, novel, unexpected, or intense stimuli. Perturbations in the nigrostriatal
tracts and dopamine metabolism are associated with changes in motor control, altered
perception, memory, and motivation consistent with behavioral changes seen in ID children
(4-112).

Rodent models of early iron deficiency support the hypothesis that some behavioral changes
are associated with short- and long-term alterations in striatal dopamine homeostasis (12,13).
The behavioral abnormalities include delayed appearance of forelimb placing reflexes elicited
by chin or vibrissae stimulation, incomplete automatic grooming chains, increased hesitancy,
and decreased exploratory behavior. Associated dopaminergic changes include increased
extracellular concentration of dopamine and its metabolites and increased dopamine
transporter levels in the striatum.

The effects of early iron deficiency are not limited to changes in brain monoamine
neurotransmitter metabolism and include glutamate metabolism, energy metabolism, and
myelin production (14-16). These metabolite alterations in developing brain regions can be
assessed simultaneously and longitudinally using 1H NMR spectroscopy at high magnetic
fields (e.g., 9.4 tesla) during typical development and under adverse perinatal conditions, such
as perinatal iron deficiency and chronic hypoxia (16,17). The effects of gestational and early
neonatal iron deficiency on the striatal metabolome and the relation of these metabolite changes
to striatum-dependent behaviors are not yet known.

The objective of the present study was to evaluate the effects of gestational and lactational iron
deficiency on 1) the metabolome of the striatum during its development using high-field 1H
NMR spectroscopy, and 2) the acquisition of 2 striatum-dependent behaviors, chin-elicited
bilateral forelimb placing (also known as head-on) and vibrissae-elicited unilateral forelimb
placing, that emerge postnatally in rats (18,19). Furthermore, we hypothesized that there would
be an association between changes in metabolites involved in energy, neurotransmitter and
myelination pathways, and delays in striatum-dependent behaviors.

11 Apbreviations used

G

GPC + PCho

gestational day

sum of glycerophosphorylcholine and phosphorylcholine

iron-deficient

iron-sufficient

N-acetylaspartate

postnatal day
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Materials and Methods

Animals

Experiments were performed according to procedures approved by the Institutional Animal
Care and Use Committee of the University of Minnesota. Pregnant Sprague Dawley dams
(Harlan, Sprague Dawley) were received on gestational day (G) 3 and were housed in the local
animal facility. The number of pups in a litter was randomly culled to 8 on postnatal day (P)
3-4, keeping the male:female ratio equal as much as possible. Rats had free access to food and
water and were maintained on a 12-h light:dark cycle at room temperature.

Study design

Pregnant dams were randomly assigned, upon arrival, to either an 1D diet (ID group) or iron-
sufficient (IS) diet (1S group). A total of 8 litters (4 IS and 4 1D) were raised. Our dietary model
was designed to replicate the phenomenon of mothers who are 1D during pregnancy and remain
deficient throughout the lactation period. The low-iron diet (Formula TD80396, Harlan-
Teklad; elemental iron concentration: 3-6 mg/kg) was administered from G3 to P7, followed
by a slightly iron-supplemented diet (Formula TD01094, Harlan-Teklad; elemental iron
concentration: 10 mg/kg) from P7 until weaning on P22, when an iron-supplemented diet
(Formula TD89300, Harlan-Teklad; elemental iron concentration: 50 mg/kg) was started and
continued until the end of the experiment on P37. The dams and pups, after weaning, were fed
the iron-supplemented diet (50 mg/kg) from G3 to P37 in the IS group. The composition of
diet TD80396 has been previously published (20). The other 2 diets were prepared by adding
0.03 mg of ferrous sulfate (FeSO,4 - 7H,0)/kg diet (TD 01094) or 0.235 mg of ferrous citrate/
kg diet (TD 89300) to this diet. Analysis of the diets using atomic absorption spectroscopy
method demonstrated an iron concentration (ug/g) of 2.86 (TD80396), 9.38 (TD01094), and
48.50 (TD89000), respectively.

A total of 53 rats (7-11/group on P8, P22, and P37) from 7 litters (3 IS, 4 ID) were utilized for
brain tissue iron assay and hematocrit. Twenty rats (10 IS and 10 ID) from 4 litters (2 IS and
2 ID) were longitudinally studied by 1H NMR spectroscopy and performed striatum-dependent
behaviors on P8, P22, and P37. Two rats in the IS group died during the experimental period,
one on P15 and the other on P37. Littermates of same sex and similar body weight were
substituted on both occasions. There was no mortality in the 1D group.

IH NMR spectroscopy

All experiments were performed on a 9.4 tesla/31 cm magnet (Magnex Scientific) interfaced
to a Varian INOVA console (Varian). Spontaneously, breathing rats were anesthetized by flow
of agas mixture (N20:0, =1:1) containing 1.5-2% isoflurane. The air temperature surrounding
the rats was maintained at 30°C by warm-water circulation and verified by a thermosensor.
The duration of a study of a single animal did not exceed 100 min. The detailed technical
aspects of the 1H NMR spectroscopy have been described previously (16,17,21,22).
Positioning of the volume of interest within the striatum in the sagittal and coronal planes was
based on multislice rapid acquisition with relaxation enhancement imaging (echo train length
= 8, echo spacing = 15 ms, field of view = 2 x 2 cm, matrix = 256 x 256, slice thickness = 1
mm). The volume of interest (9-11 uL) was adjusted to match the postnatal increase in striatal
size between P8 and P37.

Quantification of metabolites

In vivo 1H NMR spectra were analyzed using the LCModel (23) as in our previous studies
(16,17). The signals of macromolecules and the following 16 metabolites were quantified from
each spectrum: alanine, ascorbate, aspartate, creatine, y-aminobutyric acid (GABA), glucose,
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glutamate, glutamine, glutathione, lactate, myoinositol, N-acetylaspartate (NAA), N-
acetylaspartylglutamate, phosphocreatine, phosphorylethanolamine, and taurine.
Unsuppressed water signal was used as an internal reference for the quantification of
metabolites, assuming a brain water content of 88, 82, and 79% on P8, P22, and P37,
respectively, based on a previous study (16). Absolute concentrations of the metabolites were
expressed as pmol/g tissue. Due to a strong cross-correlation in the quantification of similar
spectra, the sum of glycerophosphorylcholine (GPC) and phosphorylcholine (PCho) (GPC +
PCho), was determined. The phosphocreatine:creatine and glutamate:glutamine ratios were
also analyzed. Thus, the metabolome consisted of 17 metabolites and 2 metabolite ratios.

Behavioral assessments

Both chin-elicited bilateral forelimb placing and vibrissae-elicited unilateral forelimb placing
were assessed during the rat’s light cycle on P8, P22, and P37 before anesthesia was initiated
for NMR spectroscopy. For bilateral forelimb placing, the rat was held by its torso and the
ventral aspect of the chin was placed in contact with the horizontal surface of a table. A
successful response was determined by the immediate and simultaneous placing of both
forelimbs on the table surface. For unilateral forelimb placing, the rat was held by its torso,
allowing one forelimb to hang free. The vibrissae on the ipsilateral side were brushed against
the table edge. A successful response was determined by the immediate placing of the ipsilateral
forelimb on the table surface. A score of 1 was given for each successful trial in both behavioral
tests. Each rat performed 10 sequential comfortable trials of each behavior on each day.
Unilateral forelimb placing has been traditionally used to study the effects of unilateral stroke
in rats on contralateral limb placing (19). Since iron deficiency does not preferentially affect
one hemisphere over the other, the means of the right and left placing results were determined
at each age. Group means were determined for both behavioral tasks.

Biochemical analysis

Rats were deeply anesthetized with sodium pentobarbital administered intraperitoneally. Blood
was collected by cardiac puncture for determining the hematocrit. The animals were
transcardially perfused with phosphate buffered saline (pH 7.4) until the effluent was clear.
Following decapitation, the brain was removed and frozen at -80°C. Brain iron concentrations
were assayed by atomic absorption spectroscopy, as previously described (24). Values were
expressed as pmol of elemental iron/g wet tissue.

Statistical analysis

Group means of body and brain weights and hematocrit and tissue iron concentration between
the 2 dietary groups were compared using ANOVA, and the differences at the 3 postnatal ages
(i.e., on P8, P22, and P37), were determined using Bonferroni-adjusted two-tailed t tests. The
hypotheses regarding the effect of postnatal age, effect of diet, and effect of interaction between
age and diet (age x diet) on the metabolites and behaviors were tested with multivariate linear
or generalized linear regression models (for behavioral outcomes). Generalized estimating
equation methodology (25) was used to fit the linear or generalized linear models to the
outcomes of metabolites and behaviors. We predicted that peak behavior changes between the
ID and IS groups would occur concurrently with peak anemia, which occurred on P22.
Therefore, we planned to perform a secondary analysis using a logistic regression model to
determine whether the metabolite alterations on P8 or P22 could predict behavior on P22.
Finally, we performed a multiple regression analysis to determine the magnitude of the variance
in behavioral tests on P22 that was accounted for by the metabolites that differed between the
2 dietary groups by generating overall r and r2 values for each behavior. All statistical tests
were two-tailed and significance level was set at P = 0.05, except for post hoc analysis, where
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significance level was set at P = 0.02 to correct for multiple comparisons. Statistical analyses
were conducted using SAS version 9.1 (SAS Institute).

The body weight and brain weight increased between P8 and P37 in both groups (Table 1).
There was an effect of age on body and brain weights, hematocrit, and brain iron concentration
(P < 0.02). Diet had an effect on all variables except the brain weight (P < 0.001), and age x
diet affected all variables except the brain iron concentration (P < 0.001). The ID group had
lower body weight and hematocrit than the IS group on P8 and P22 (P < 0.001). The brain iron
concentration was 50% lower in the ID group on P8 (P < 0.003). This difference decreased to
25 and 15% on P22 and P37, respectively (Table 1).

IH NMR spectroscopy

Developmental changes were evident in the 1H NMR spectra obtained on P8, P22, and P37
(Fig. 1). We assessed the role of postnatal age on the metabolite profile and confirmed a
developmental trajectory for all metabolites in both dietary groups (P < 0.001; Table 2).
Differences were significant between the 1D and IS groups for the following metabolites:
glucose, glutamine, GPC + PCho, myo-inositol, lactate, NAA, phosphocreatine, taurine, and
glutamate:glutamine ratio (P <0.05). There was an age x diet interaction on ascorbate, creatine,
glucose, glutamate, myo-inositol, NAA, taurine (P < 0.05). Iron deficiency did not affect
alanine, aspartate, glutathione, N-acetylaspartylglutamate, and phophorylethanolamine. The
greatest number of metabolites was affected on P22, the time of peak anemia. Most alterations
resolved by P37, when anemia had also resolved and brain iron concentration approached
control values.

Behavioral assessment

Successful performance of the 2 striatum-dependent behaviors increased over time in both
groups (P < 0.001), confirming a developmental trajectory (Table 3). The IS group had the
greatest improvement between P8 and P22, with full development of the task by P37. The ID
group, however, had <50% success on both behaviors on P22 and continued to be significantly
less successful on P37, despite correction of anemia. The ID group had delayed appearances
of both behaviors, resulting in a significant age x diet interaction (P =0.01 for bilateral forelimb
placing and P = 0.002 for averaged left and right unilateral forelimb placing;=Table 3).

Based on peak behavioral differences between groups on P22, multiple regression analysis was
used to assess to what degree the metabolites that were significantly different between the
dietary groups on P22 accounted for the variance in behavior at that time point. Striatal
concentrations of creatine, glucose, glutamate, glutamine, NAA, myo-inositol, and GPC +
PCho on P22 accounted for 77-83% of the variance in the behavioral performance (bilateral
forelimb placing: r = 0.88, r2 = 0.77; mean unilateral forelimb placing: r = 0.91, r2 = 0.83).

Logistic regression analysis was used to assess whether antecedent metabolite changes on P8
(i.e., period of peak brain iron deficiency) predicted behavior on P22. Overall, there were few
metabolites on P8 that predicted abnormal behavior on P22. Specifically, the model predicted
that the probability of successful performance on bilateral forelimb placing on P22 decreased
if rats were ID on P8 or had higher striatal concentrations of GPC + PCho, lactate, or
glutamate:glutamine ratio on P8. Only lactate and glutamate:glutamine ratio were higher in
the ID group on P8. The model predicted that the probability of successful performance on
mean unilateral forelimb placing on P22 decreased if rats were 1D or had higher concentrations
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of glutamine or GPC + PCho on P8. None of the P8 metabolite difference between the diet
groups predicted the unilateral behavioral retardation of the ID group on P22.

Asimilar analysis assessed whether concurrent metabolite changes on P22 predicted behavioral
impairment on P22. The probability of successful performance on bilateral forelimb placing
decreased if rats had higher striatal concentrations of glutamine, NAA, or GPC + PCho or
lower concentrations of phosphorylethanolamine, phosphocreatine, or myo-inositol on P22,
NAA was indeed higher and myo-inositol was lower in the ID group on P22, both results are
consistent with less-successful performance. The model also predicted that the probability of
successful performance on unilateral forelimb placing decreased if rats were ID or had lower
concentrations of GPC + PCho or phosphorylethanolamine on P22. None of the metabolite
difference between dietary groups on P22 predicted the unilateral behavioral retardation of the
ID group on P22. Overall, hierarchical regression demonstrated that alterations in 2 metabolites
measured in the striatum, NAA, and myo-inositol, were best related to the decreased behavioral
performance during iron deficiency.

Discussion

This study examined the consequences of combined gestational and lactational iron deficiency
on the metabolome of the developing striatum and on striatum-dependent behaviors. The
dietary model produced changes in the metabolome, most of which were resolved by P37 with
iron replenishment. The concurrent metabolite changes correlated with and accounted for the
delayed acquisition of striatum-dependent behaviors. Yet, despite the correction of the striatal
metabolome with iron treatment and the resolution of anemia, behavioral abnormalities
persisted.

The metabolomic analysis demonstrated that, although the overall developmental trajectories
of metabolites were similar in the 2 dietary groups, multiple metabolites were altered in the
striatum due to iron deficiency. Whereas some of the metabolite changes were similar to those
demonstrated in the ID hippocampus reported from our laboratory previously (16), changes in
others, especially those on P22, were similar to those described for the 1D hippocampus
exposed to chronic hypoxia (17). Taken together, this suggests that brain iron deficiency,
combined with potential hypoxia due to anemia, is likely responsible for the metabolomic
alterations in the striatum of the 1D group.

The metabolite changes demonstrate that markers of energy metabolism (phosphocreatine and
creatine), energy substrates (glucose and lactate), amino acids, neurotransmitters (glutamate,
y-aminobutyric acid, and taurine), and markers of neuronal and glial integrity and myelination
(glutamine, myo-inositol, and NAA) are altered in the striatum due to gestational and lactational
iron deficiency. Alterations in multiple metabolites suggest that the effect of iron deficiency

is pervasive and likely involves multiple biochemical pathways in the developing striatum.

The ID rats in this study had a delayed acquisition of striatum dependent behaviors. Whether
these behavioral impairments are permanent is not known, because the assessment did not
extend beyond P37. Recent studies using the same dietary model showed similar delayed
acquisition of these striatal tasks (12,13). These striatum-based behavioral changes were
largely attributed to alterations in dopaminergic homeostasis based on an extensive literature
demonstrating changes in dopamine concentration, receptor concentrations, and reuptake
mechanisms in this dopamine-rich structure (9,18,19,26,27). Furthermore, the behavioral
phenotypes of 1D animals are thought to closely resemble animals with lesions to dopaminergic
neurons (13,18,28,29).
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This study showed that ~80% of the variability in the 2 tested behaviors was accounted for by
concurrent alterations in metabolite markers of energy metabolism, glutamatergic
neurotransmission, glial integrity, and myelination. These processes were also implicated in
prior whole brain and hippocampal iron deficiency models (14,16,30) but were not previously
assessed in the striatum.

The phosphocreatine concentrations were, overall, higher in the ID group. This was
accompanied by lower creatine concentrations on P22, resulting in an increased
phosphocreatine:creatine ratio during the period of peak anemia. We propose that hypoxia due
to severe anemia is responsible for the lower creatine in the 1D striatum. This is supported by
a similar decrease in creatine demonstrated in the hippocampus subjected to chronic hypoxia
(17) and the normalization of creatine with correction of anemia on P37 in the present study.
The increased phosphocreatine and decreased creatine suggests that energy production needed
for cellular structure and function, including myelin production and synaptic transmission, may
be impaired in the ID striatum (31-34).

As in our previous study of the hippocampus (16), iron deficiency altered glutamate and
glutamine concentrations in the striatum so that the glutamate:glutamine ratio was increased.
We postulate that increased glutamate:glutamine ratio represents suppressed glutamatergic
neurotransmission in the 1D striatum. Glutamate released from the neurons during
glutamatergic neurotransmission is taken up by the adjacent astrocytes, converted to glutamine,
and transferred back to the neurons, where it is reconverted to glutamate. Glutamate uptake
and conversion to glutamine in the astrocytes are energy-demanding processes (35-37) that are
likely to be compromised in the energy-limited ID striatum. As further discussed below, we
propose that suppressed glutamatergic neurotransmission may be responsible for the altered
dopamine metabolism demonstrated in the ID striatum, insofar as both neurotransmitters
modulate each other’s action in the striatum (38). Finally, increased glutamate and decreased
glutamine concentrations may also suggest the potential for increased vulnerability to oxidative
injury in the 1D striatum. Similar alterations in glutamate and glutamine were demonstrated in
the striatum of mice lacking H-ferritin, a model of iron deficiency and oxidative stress (39).

The logistic regression model identified 2 concurrent metabolites, NAA and myo-inositol,
related to the decreased behavioral performance during iron deficiency. In addition, multiple
regression analysis demonstrated that the striatal concentrations of glutamine, NAA, myo-
inositol, and GPC + PCho on P22 predicted 77-83% of the variance in the behavioral
performance. This leads to the speculation that the striatal process most affected by gestational
and lactational iron deficiency is oligodendroglial cell integrity and myelination, because the
affected metabolites are markers of glial integrity and membrane phospholipid biosynthesis
(40-46). Human and rat studies have shown that brain iron is vital for myelination (14,
47-52). In addition, oligodendrocytes require iron for energy production and myelin synthesis
(49).

Higher levels of striatal NAA in ID rats could represent a defect in deacetylation of NAA
required during myelin production. During rapid postnatal brain growth, the peak uptake of
brain iron coincides with the period of peak myelinogenesis. Human studies have found poorer
motor control and altered auditory brainstem responses in formerly ID infants (8,50,51), both
ascribed to impaired myelination. The results of our study may provide metabolomic evidence
for a delay in myelin maturation.

Previous literature, including work from our own group, demonstrated that impairments in
striatum-dependent behaviors in iron deficiency are associated with alterations in dopamine
metabolism (12,13). In the present study, ~80% of the observed behavioral changes from iron
deficiency were attributable to metabolite alterations that did not include dopamine, because
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the latter cannot be measured by NMR spectroscopy. Without simultaneous assessment of
dopaminergic metabolites, it is not possible to determine the relative roles of dopamine and
nondopamine metabolites in accounting for these specific behavioral impairments, which are
strongly driven by the monoamine system (13,18,19,29). As proposed earlier, it is possible that
the glutamatergic changes we observed in the striatum and the hippocampus (16) interact with
the striatal dopaminergic system. Extensive evidence demonstrates a complex interaction
between the dopaminergic and glutamatergic systems in the striatum, nucleus accumbens,
prefrontal cortex, and hippocampus (53-58). For example, the hippocampal glutamatergic
system affects the tonic state of the dopamine neurons in the ventral tegmental area (55).
Adequate glutamatergic hippocampal input to the striatum is important for maintaining striatal
dopaminergic neurons in a potentiated state. With reduced neuronal output from the
hippocampus (59), characterized by altered glutamatergic homeostasis (16), it is possible that
changes in the glutamatergic system affect the likelihood with which striatal dopaminergic
neurons fire (55). In this study and in the previous one (16), the neurotransmitter abnormalities
on NMR spectroscopy appear as glutamatergic in the hippocampus (16) and glutamatergic
input to the striatum; however, the resultant downstream behavioral effects in the striatum
(12) appear to be dopaminergic.

In conclusion, iron deficiency induced metabolite changes that accounted for a large proportion
of striatum-dependent behavioral changes. The observed changes were the ones expected to
be affected by iron deficiency and included alterations in markers of energy metabolism,
neurotransmission, neuronal and glial integrity, and myelination. Additional studies are
necessary to determine whether these metabolite alterations are selective to the striatum or also
occur in other brain areas in gestational and lactational iron deficiency. Hierarchically, changes
in metabolite markers of myelination were the ones most prominently affected; however, the
interaction of the glutamatergic and dopaminergic changes, as well as metabolite alterations
that are not detected by conventional NMR methods, or other, as yet to be determined factors
induced by brain iron deficiency, could also account for the observed behavioral abnormalities.
Of potential clinical significance, correction of iron deficiency anemia by P37 normalized the
striatal metabolome but not the behaviors, suggesting that the striatum underwent fundamental
and perhaps irreversible changes due to iron deficiency during development.
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Figure 1.

Sagittal and coronal MRI, and IH NMR spectra of the iron-deficient striatum. *H NMR spectra
were obtained from a 9-11 puL volume of the striatum (boxes in MRI) on P8 (A), P22 (B), and
P37 (C). Ala, alanine; Asc, ascorbate; Asp, aspartate; Cr, creatine; GABA, y-aminobutyric
acid; Glc, glucose; Glu, glutamate; Gin, glutamine; GPC, glycerophosphorylcholine; Lac,
lactate; Ins, myo-inositol; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; PCr,
phosphocreatine; PCho, phosphorylcholine; PE, phosphorylethanolamine; Tau, taurine.
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