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Iron plays an important role in numerous vital enzyme sys-
tems in the perinatal brain. The membrane proteins that mediate
iron transport [transferrin receptor (TfR) and divalent metal
transporter 1 (DMT-1)] and the iron regulatory proteins (IRP-1
and IRP-2) that stabilize their mRNAs undergo regional devel-
opmental changes in the iron-sufficient rat brain between post-
natal day (P) 5 and 15. Perinatal iron deficiency (ID) affects
developing brain regions nonhomogeneously, suggesting poten-
tial differences in regional iron transporter and regulatory protein
expression. The objective of the study was to determine the effect
of perinatal ID on regional expression of IRP-1, IRP-2, TfR, and
DMT-1 in the developing rat brain. Gestationally iron-deficient
Sprague Dawley rat pups were compared with iron-sufficient
control pups at P10. Serial 12-� coronal sections of fixed frozen
brain from pups on P10 were assessed by light microscopy for
IRP-1, IRP-2, DMT-1, and TfR localization. ID did not change
the percentage of cells with positive staining for the four proteins
in the choroid epithelium, ependyma, vascular endothelium, or
neurons of the striatum. ID increased the percentage of neurons

expressing the four proteins in the hippocampus and the cerebral
cortex. Increased numbers of TfR- and DMT-1–positive cells
were always associated with increased IRP-positive cells. The
P10 rat responds to perinatal ID by selectively increasing the
number of neurons expressing IRP-regulated transporters in
brain regions that are rapidly developing, without any change at
transport surfaces or in regions that are quiescent. Brain iron
distribution during ID seems to be locally rather than globally
regulated. (Pediatr Res 53: 800–807, 2003)

Abbreviations
ID, iron deficiency
TfR, transferrin receptor
DMT-1, divalent metal transporter 1
IRP, iron regulatory protein
CytOx, cytochrome c oxidase
IRE, iron responsive element
P, postnatal day

Iron is essential for normal CNS growth and development
because it forms an important component of hemoproteins and
enzymes involved in neuronal oxidative metabolism, neuro-
transmitter synthesis, and myelin synthesis (1). Iron deficiency
(ID) during late fetal and early postnatal life in humans (2, 3)
and in animal models is associated with cognitive impairments
that persist despite iron repletion (4). These deficits are pre-

sumably due to alterations in iron-based neuronal cellular
processes that occur during a period of rapid brain growth and
its associated high iron demand (5).

ID during the perinatal period also results in regionalization
of functional brain iron (6–8). Regionalization suggests that
the brain has a mechanism for sensing iron requirements and
for prioritizing iron to high-need areas. We have previously
shown that a 40% decrease in total brain iron content in the
perinatal rat results in differential regional losses of cyto-
chrome c oxidase (CytOx), an iron-containing enzyme, with
more marked deficits noted in the hippocampus and prefrontal
cortex than in the striatum on postnatal day (P) 10 (6). The
preferential loss of hippocampal CytOx in our model is con-
sistent with deficits in the neural circuits underlying recogni-
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tion and working memory demonstrated by Felt and Lozoff (4)
in a similar model.

The mechanism by which the perinatal brain regionalizes
iron distribution during deficiency states is not understood
(6–8). The effect may be dependent on the relative responsive-
ness of the iron transporters transferrin receptor (TfR) and
divalent metal transporter-1 (DMT-1) and their putative regu-
latory proteins iron regulatory proteins (IRP) 1 and 2 to ID.
The mature brain accretes iron across two surfaces, the blood-
brain barrier and the blood-CSF-brain interface (9, 10). Regu-
lated iron transport across these surfaces and subsequent iron
uptake by glia and neurons are dependent on TfR and DMT-1.
The expression of TfR and possibly DMT-1 is regulated
posttranscriptionally by two cytosolic iron regulatory proteins,
IRP1 and IRP2 (11, 12). IRP are sequence- and structure-
specific RNA binding proteins found in the cytosol. They are
sensitive to decreased intracellular iron status and bind iron-
responsive elements (IRE) on the 3' untranslated regions of
TfR and DMT-1 mRNA when intracellular iron is low. The
binding increases the stability of the mRNA and increases the
expression of the respective uptake proteins, resulting in res-
toration of intracellular iron status (11–13). Whereas IRP-1’s
sensitivity to iron status results in a conformational change that
enhances IRE binding, IRP-2 increases its chances of binding
IRE through increased protein expression (13). The locations
of IRP expressing cells in the brain have been mapped in the
iron-sufficient developing rat (14) and in the adult mouse (15).
The distribution of cells expressing the IRP is different in the
adult and developing rodent. The effect of iron deficiency on
the location and types of cells expressing the two IRP during
iron deficiency has not been previously studied.

All four proteins undergo marked increases in regional
expression in the iron-sufficient rat between P5 and P15,
particularly in areas of high metabolic activity (e.g. hippocam-
pus, cortex). This developmental change is characterized by
increases in the percentage of neuronal and nonneuronal cells
expressing these proteins (14).

We hypothesized that a 40% reduction in brain iron would
increase the number of cells expressing TfR, DMT-1, and IRP
at the blood-brain transport surfaces, including the vascular
endothelium (blood-brain barrier), choroid plexus epithelium
(blood-CSF barrier), and ependymal endothelium (CSF-brain
barrier). Furthermore, our previous study on CytOx loss sug-
gested that perinatal ID induces large differences in regional
iron status. We therefore hypothesized that a given degree of
ID would increase the number of cells expressing the iron
transporters and their regulators in brain regions with the
highest CytOx loss such as the hippocampus and cerebral
cortex, whereas areas with minimal CytOx loss such as the
striatum would show little change.

METHODS

Animal Preparation and Study Design

The experiment was approved by the Institutional Animal
Care and Utilization Committee of the University of Minne-
sota. Six iron-sufficient and six iron-deficient Sprague Dawley
rat pups were studied on P10. Dams of iron-sufficient pups

were maintained on a standard iron-fortified (198 mg/kg food)
diet (4% mouse/rat diet, Teklad, Madison, WI, U.S.A.)
throughout pregnancy and postpartum, whereas dams of iron-
deficient pups were maintained on a low-iron (3–6 mg/kg
food) diet (Formula TD 80396, Harlan Teklad) from gesta-
tional day 2 until P10. This diet results in a 45% loss of total
brain iron concentration in the pups by P10 (16).

The pups were weighed and were deeply anesthetized with
sodium pentobarbital (60 mg/kg i.p.). Blood samples were
obtained for determination of hematocrit, and the pups were
transcardially perfused with 0.9% NaCl. The brains were rap-
idly removed and postfixed in a solution of 5% formaldehyde
and 5% sucrose in PBS (pH 7.4) for 24 h at 4°C. They were
cryoprotected by serial passages through 20%, 30%, and 40%
sucrose in PBS over a period of several days before being
quick-frozen in a tissue-embedding medium (Fischer Scien-
tific, Fair Lawn, NJ, U.S.A.). Serial 12-� coronal sections were
obtained using a cryostat (Model CM1900; Leica Instruments
GmbH, Nussloch, Germany) at �25°C to �27°C. The brain
sections were mounted on poly-L-lysine–coated slides and
were stored at �80°C until immunohistochemical analyses
were performed. On the basis of our previous studies (6, 14),
brain sections that included the hippocampus, the prefrontal
cortex, and the striatum were selected for analysis. The choroid
plexus was assessed in the third ventricle, and the ependymal
cell layer was assessed in the linings of the third and fourth
ventricles.

Immunohistochemistry

Immunohistochemical analysis for each protein was per-
formed simultaneously in iron-deficient and iron-sufficient an-
imals using multiple sections. As with our previous study (14),
primary antibodies were diluted in 0.01 M PBS (pH 7.4) with
2% Triton X-100 and 2% horse serum as follows: the primary
chicken anti-rat IRP-1 antibody (17), 1:250, the rabbit anti-rat
IRP-2 antibody (14), 1:750, the rabbit anti-DMT-1 antibody
(18), 1:300, and the mouse anti-rat TfR antibody (Research
Diagnostics, Flanders, NJ, U.S.A.), 1:400. The two IRP anti-
bodies have been previously shown to recognize IRP in devel-
oping rat (14) and adult mouse (15) brains. The DMT-1
antibody recognizes both the IRE and non-IRE form of the
molecule in the developing and adult rat brain (14, 18). The
brain sections were pretreated in a solution of 1% horse serum
for IRP-2, DMT-1, and TfR and in 1% goat serum for IRP-1
for 20 min before incubation with the respective primary
antibody. They were treated with avidin D followed by biotin
(Avidin/Biotin Blocking Kit, Vector Laboratory, Burlingame,
CA, U.S.A.) (15 min each, with a rinse with PBS for 5 min
between treatments) to block all endogenous avidin and biotin
binding sites before adding biotinylated secondary antibodies
(14).

Brain sections were rinsed in PBS and were incubated with
their respective primary antibody (2 h each for IRP-1, IRP-2,
and DMT-1 and overnight for TfR) (14). After incubation, they
were treated for 30 min in a biotinylated secondary correspond-
ing to the species of the primary antibody, followed by strepta-
vidin/peroxidase complex for 30 min (Vector Laboratory).
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They were incubated with 3, 3'-diaminobenzidine (Sigma
Chemical Co., St. Louis, MO, U.S.A.) for 5 min to reveal the
bound peroxidase. After rinses in water to stop the reaction,
brain sections were then dehydrated in a series of increasing
concentrations of ethyl alcohol, cleared in Histoclear (Fisher
Scientific), and coverslipped with a permanent mounting
medium.

Microscopic Visualization and Analysis

General principles. Brain sections were visualized under a
light microscope (Nikon Optiphot, Nippon Kogaku K.K., To-
kyo, Japan) at 10–1000� magnification. The anatomic regions
of interest were identified as in our previous studies and were
assessed from their most anterior to their most posterior aspect
in the P10 brain (6, 14, 19). Anatomic structures were sampled
in a minimum of three and a maximum of seven planes with
each brain sampled at least in the most anterior and most
posterior aspects. In the hippocampus, cortex, and striatum, a
10 � 10-mm grid inserted in the eyepiece was used to define
the extent of the region of interest during counting at 400� and
to ensure accurate cell counts. The type of cell assessed varied
on the basis of the region of interest. Sample cell counts were
first performed on control (no primary antibody) slides to
determine the expected cell numbers for each region without
introducing any visual bias of stained versus unstained cells.
Subsequently, the number of cells of specific interest with
positive staining for IRP-1, IRP-2, DMT-1, and TfR was
expressed as percentage of all of the cells (positive and nega-
tive) of that type in the region. The results across the six
animals in each group were averaged, and the mean percentage
was categorized into �25% positive cells, 25–75% positive
cells, and �75% positive cells. The percentage of positively
stained cells from the iron-sufficient and iron-deficient brains
was compared.

Specific brain regions. The brain regions of interest were
the potential transport surfaces including the choroid plexus,
ependymal lining and blood vessels, the hippocampus, the
cerebral cortex, and the head of the caudate nucleus (striatum).
The cell types of interest were the cuboidal epithelial cells of
the choroid, the ependymal cells of the ventricles, the endo-
thelial cells of the vasculature, the pyramidal neurons of the
cortex and hippocampal subareas CA1 and CA3, the granular
cells of the lower blade of the dentate gyrus, and the neurons
of the head of the caudate.

Staining of the choroid plexus cells of both lateral ventricles
was assessed from 0 to 5.0 mm anterior to the interauricular
line. The choroid plexus of the third ventricle was assessed
between 0 and 3.4 mm anterior to the same reference point
(19). All choroid epithelial cells in a given section were
counted, although the choroid was frequently damaged and
thus incomplete on sections. The epithelial cell count for each
choroid plexus was approximately 600 cells, and at least four
choroids were assessed per animal. Staining of the central
blood vessels in the choroid was not included in the counts.

Staining of ependymal cells was assessed in the third and
fourth ventricles from 0 to 3.4 mm anterior to the interauricular
line. The ependyma of both ventricles was typically intact and

averaged 350 cells per ventricle. All ependymal cells were
counted, and the number of positively stained cells was ex-
pressed as a percentage of the total number of cells.

The three hippocampal subareas (CA1, CA3c, and dentate
gyrus) were assessed separately because of the different func-
tions subserved by these areas and because the dentate has
predominantly granular cells whereas the CA areas are popu-
lated by pyramidal cells. Only these primary neuronal cell
types were assessed for positive staining. The hippocampus
was assessed from 0.0 to 2.6 mm anterior to the interauricular
line (19). All pyramidal cells in CA1 were counted from its
medial border to 2 mm laterally (approximately 500 cells). All
pyramidal cells in CA3c were counted in a 1-mm area defined
by the posterolateral corner of the structure (approximately 300
cells). All granular cells in the lower blade of the dentate gyrus
were counted for 1 mm laterally from its medial border.

The pyramidal cells of the developing cortical layers were
counted from the interauricular line to a point 6.5 mm anteri-
orly using the grid (19). At 400� magnification, 18 nonover-
lapping grid areas could be assessed in the section at the
interauricular line. The cortical cell counts ranged from 2000 to
3600 cells, depending on whether the counting was anterior or
posterior. The cortex was further subdivided into inner, middle,
and outer layers of approximately 1000 cells each.

The neurons of the head of the caudate nucleus (striatum)
were counted at 400� magnification from 4.4 to 6.5 mm
anterior to the interauricular line using the grid (19). Twelve
nonoverlapping grid areas were assessed per section. Neuron
counts ranged from 500 to 700.

RESULTS

The model induced significant ID in the experimental pups.
The mean � SD hematocrit was 38 � 3% in the iron-sufficient
pups and 19 � 4% in the iron-deficient pups (p � 0.001). The
staining patterns of IRP-1, IRP-2, and DMT-1 were character-
ized by a granular pattern throughout the cytoplasm and the
neuronal axonal processes. Neuronal TfR staining was found
on the cell membrane surface. The findings in the iron-
sufficient group were consistent with previous experiments at
P10 (14).

Choroid plexus epithelium, ependyma, and vascular endo-
thelium. Less than 25% of choroid plexus epithelial cells
stained positively for the four proteins. The percentage of
stained choroid cells was similar between the lateral and third
ventricles, and the percentage did not change from anterior to
posterior. Iron deficiency did not increase the percentage of
stained cells (Table 1). One hundred percent of ependymal
cells stained positively for IRP-1, IRP-2, and DMT-1 in both
the iron-sufficient and iron-deficient brains. Less than 10% of
ependymal cells stained positively for TfR in either condition.
The percentages did not change in the rostral-caudal plane
(Table 1). The iron-sufficient vascular endothelium stained
positively for all four proteins in both conditions. Figure 1
demonstrates the lack of effect of ID on TfR staining in choroid
and ependymal cells.

Hippocampus. The effects of ID on staining for the four
proteins in the three hippocampal subareas are shown in Table
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2. In the iron-sufficient brain, the percentage of positively
stained pyramidal cells in CA1 and CA3c was greater than the
percentage of positively stained granular cells in the dentate
gyrus. ID increased the number of stained neurons for IRP-1,
IRP-2, DMT-1, and TfR in all hippocampal subareas. The
dentate gyrus showed the greatest change in percentage of cells
stained for all four proteins in response to ID. The results were
similar in rostral and caudal sections for all four proteins in all
three subareas under both dietary conditions. Figure 2 demon-
strates the change in the effect of ID on IRP-1 and DMT-1
staining in the granular cells of the dentate gyrus.

Cerebral cortex. The effects of ID on the percentage of
positively stained pyramidal neurons for the four proteins in
the cerebral cortex are shown in Table 3. The percentages were
unaffected by anterior versus posterior location. In the iron-
sufficient brain, cortical neuronal staining for all four proteins
was expressed predominantly in the mid-cortical layers, with

some positive neurons noted in the outer layer. In contrast, in
the deficient state, all layers of the cerebral cortex had a high
percentage of neurons stained positively for all four proteins.
Figure 3 demonstrates the increase in staining for IRP-1 and
DMT-1 in all cortical layers in the iron-deficient animal.

Striatum. Neurons were positively stained for IRP-1, IRP-2,
DMT-1, and TfR in the iron-sufficient striatum, and the per-
centage of cells that were positive did not change with ID.
Figure 4 demonstrates the lack of differences between iron-
sufficient and iron-deficient animals in staining for IRP-2 in the
striatum.

DISCUSSION

Newborn infants of mothers with diabetes mellitus and
infants with evidence of intrauterine growth retardation have
high rates of fetal and neonatal ID. Greater than 50% of these
infants are born with abnormally low iron stores (20–22), and
25% are estimated to be at risk for brain ID (21). Autopsy
studies in these infants have shown a 30–40% decrease in
brain iron content (21, 23). Electrophysiologic studies have
shown abnormalities in hippocampally based recognition
memory processing in newborn infants of mothers with diabe-
tes, suggesting iron-dependent impairments of neurodevelop-
ment (24). Follow-up studies of these infants demonstrate
continued poorer long-term cognitive processing despite iron
repletion (25).

In the perinatal rat brain, iron deficiency similar to that seen
in human infants results in depletion of ferritin iron throughout
the brain but widely variable losses of the functional iron
compound CytOx (6). The greater loss of CytOx activity in
subareas of the hippocampus and the cortex compared with the
minimal loss in the striatum, amygdala, and entorhinal area
suggests that the neurons in the former areas have a greater
degree of intracellular ID (6). Thus, we hypothesized in the
current study that IRP-1, IRP-2, DMT-1, and TfR protein
expression (as indexed by the number of cells with positive

Figure 1. Choroid plexus epithelial cells and ependymal cells lining the third ventricle from iron-sufficient (left) and iron-deficient (right) brain stained for TfR.
Absent staining in the ependymal cells is marked with arrowheads. Examples of positively stained choroid epithelial cells are marked with arrows. Positively
stained red cells and blood vessels are visible in both sections. Magnification: �400.

Table 1. Effect of ID on the percentage of positively stained cells
in the choroid epithelium, the ependymal cell layer, and the

vascular endothelium

Transport surface/protein Iron sufficient Iron deficient

Choroid plexus epithelium
IRP-1 � �
IRP-2 � �
DMT-1 �� ��
TfR 0/� 0/�

Ependyma
IRP-1 ��� ���
IRP-2 ��� ���
DMT-1 ��� ���
TfR 0/� 0/�

Vascular endothelium
IRP-1 ��� ���
IRP-2 ��� ���
DMT-1 ��� ���
TfR ��� ���

0, no positively stained cells; �, � 25% positively stained cells; ��,
25–75% positively stained cells; ���, 75–100% positively stained cells.
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staining for these proteins) would be increased in these iron-
deficient regions as the cells attempted to regain intracellular
iron sufficiency. The results of the current study supported this
hypothesis. We found increased numbers of neurons with
detectable IRP-1, IRP-2, DMT-1, and TfR in the brain subre-
gions that were previously shown to be most deficient in CytOx
activity. We found no increases in the area where CytOx
activity was spared (6).

The brain has two potential mechanisms to increase iron
delivery to iron-starved neurons. The more general mechanism
would be to increase total brain iron delivery from the serum
via the blood-brain and the blood-CSF-brain interfaces (10,

26). This mechanism seems to be the normal response of the
more mature animal where brain iron uptake increases 2-fold in
response to dietary iron deficiency (26). This process would be
dependent on the vascular endothelial cell of the blood-brain
barrier, the choroid plexus epithelial cell of the blood-CSF
barrier, and the ependymal cell of the CSF-brain barrier being
able to sense the total iron status of the brain. In the immature
animal with incomplete expression of the transport proteins
(14), the expected response to ID would be to increase the
percentage of cells expressing the proteins or to increase the
amount of protein (e.g. staining intensity) within the cells. All
cells in the ependyma and the vascular endothelium had pos-
itive staining in the iron-sufficient state, and thus no increase
could be appreciated with ID. However, we saw no evidence
for iron deficiency increasing the numbers of stained cells in
the choroid epithelium, which modulates blood-CSF iron trans-
port. A more specific mechanism to increase uptake would be
based on the intracellular iron concentration of individual
neuronal and nonneuronal cells in a given region. This mech-
anism allows for some degree of control on the basis of
regional iron supply and neuronal demand and is likely present
in the more mature animal (7, 8). We found evidence for this
mechanism in the perinatal animal, as well, as judged by the
increased number of cells expressing the proteins in the hip-
pocampus and the cortex and the contrast between the findings
in those areas and the striatum.

The effects of ID on neuronal iron transporters and IRP
expression in the three brain regions varied by anatomic sub-
region. We chose to study the hippocampus, the cerebral
cortex, and the striatum for three reasons. First, these areas
represented the extremes of the spectrum of ID-induced CytOx

Figure 2. IRP-1 (top) and DMT-1 (bottom) staining in iron-sufficient (left) and iron-deficient (right) brain in the upper and lower blades of the dentate gyrus
(arrows). Note the marked increase in the number of dentate granular cells expressing both proteins in the iron-deficient brain. Magnification: �10.

Table 2. Effect of ID on IRP-1, IRP-2, DMT-1, and TfR staining of
pyramidal neurons in subareas CA1 and CA3c of the hippocampus

and granular cells of the dentate gyrus

Hippocampal subarea/protein Iron sufficient Iron deficient

CA1
IRP-1 �� ���
IRP-2 �� ���
DMT-1 �� ���
TfR � ���

CA3
IRP-1 �� ���
IRP-2 �� ���
DMT-1 �� ���
TfR � ���

Dentate gyrus
IRP-1 0/� ���
IRP-2 0/� ���
DMT-1 0/� ���
TfR 0/� ��

0, no positively stained cells; �, � 25% positively stained cells; ��,
25–75% positively stained cells; ���, 75–100% positively stained cells.
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activity loss at P10, with the hippocampus and cortex exhibit-
ing the greatest loss and the striatum the least (6). Second, at
P10, the cerebral cortex and the hippocampus become meta-
bolically more active and would be expected to have a high
iron requirement, whereas the striatum is metabolically rela-
tively quiescent (27). Third, these brain regions subserve the
two major memory systems: explicit (recognition) and implicit
(procedural) memory (28). The hippocampus with its CA1,
CA3c, and dentate gyrus subregions involved in long-term
potentiation and learning is at the core of recognition memory
processing (28). Lesions of the hippocampus result in profound
impairments of recognition memory, spatial memory, and spa-
tial working memory (29, 30). Downstream effects via connec-

tions to the prefrontal cortex include altered executive func-
tions. Iron-deficient rats perform abnormally on the Morris
water maze task (4), which is thought to rely on intact recog-
nition and spatial working memory systems. The striatum,
particularly the head of the caudate, is central to procedural
learning and seems to function independent of the hippocam-
pus (28).

In the hippocampus, ID increased the numbers of cells and
cell types that stained positively for IRP-1, IRP-2, DMT-1, and
TfR. The dentate gyrus normally has minimal expression of
these proteins until P15 in the iron-sufficient rat (14). ID at P10
induced �75% of the dentate granular cells to express the
proteins, effectively making the area seem developmentally 5
days older. The CA areas of the hippocampus already express
low levels of the proteins at P10 in the iron-sufficient state (14).
The marked increase in the number of cells with positive
staining suggests that these areas that are involved in long-term
potentiation have significant ongoing ID. Previous studies have
reported that cortex and hippocampal areas are sensitive to ID
and lose iron rapidly (7). Assessing the status of the transport-
ers and their IRP may be a useful way to demonstrate that these
cells are iron deficient.

In the cerebral cortex, ID induced the cortical neurons in the
middle layers to increase the number of cells with positive
staining for proteins already present at P10 in the iron-
sufficient state. It also altered the time of onset of protein
expression in the inner and outer cortical layers—areas that
would not normally be expressing the proteins on P10 (14).
The iron-deficient cortex at P10 had the staining pattern of an
iron-sufficient cortex at P15, with all layers expressing both
IRP and transporters (14). These findings suggest that the

Figure 3. IRP-1 (top) and DMT-1 (bottom) staining in iron-sufficient (left) and iron-deficient (right) cerebral cortex. In contrast to the iron-sufficient brain,
neurons in all layers are stained in the iron-deficient brain. Magnification: �100.

Table 3. Effect of ID on the percentage of pyramidal neurons with
positive staining for the IRP, DMT-1, and TfR in the cerebral

cortex

Cortical layer/protein Iron sufficient Iron deficient

Outer layer
IRP-1 � ���
IRP-2 �� ���
DMT-1 �� ���
TfR � ���

Middle layers
IRP-1 �� ���
IRP-2 �� ���
DMT-1 �� ���
TfR �� ���

Inner layers
IRP-1 � ���
IRP-2 � ���
DMT-1 � ���
TfR � ���

0, no positively stained cells; �, � 25% positively stained cells; ��,
25–75% positively stained cells; ���, 75–100% positively stained cells.
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cortex is profoundly iron deficient at a time when its metabolic
demands are increasing.

In contrast, the number of cells that stained positive for the
four proteins in the striatum was similar in the iron-sufficient
and iron-deficient state. The findings are consistent with this
area remaining relatively sufficient in functional iron despite
the 40% decrease in total brain iron induced by this model (6).
The mechanism(s) for the preservation of iron status in this
area is not known but may be related to a relatively low iron
demand during this period of development. We speculate that
at P10, the striatum is already mature compared with the
hippocampus and the cerebral cortex, and therefore its meta-
bolic demands are low. Thus, a decrease in supply seems to
have little effect on intracellular iron status and consequently
on IRP and iron transporter status. Extending these specula-
tions to brain function, it seems that striatum-based behaviors
might be less affected by perinatal ID than hippocampus-based
behaviors.

ID in the perinatal animal presents unique challenges to the
brain because it occurs at a time when there is a systematic
developmental ontogeny of these proteins (14). The apparent
disruption and hastening of the expected developmental
changes in brain iron uptake as seen in the dentate gyrus could
potentially affect long-term brain development by disrupting
the delicate timing involved in iron delivery for rapidly divid-
ing and differentiating neurons and myelin-producing
oligodendrocytes.

Immunohistochemistry proved to be a useful method for
studying the effect of ID on the developing brain because it
allowed us to assess localization (e.g. TfR on the neuronal
cell membrane) as well as the number of cells with detect-
able protein. Immunohistochemistry is not a strictly quan-
titative technique in that the increases in staining intensity
within cells may or may not reflect increases in protein
quantity. Nevertheless, the striking increase in the number
of cells in which there was detectable staining strongly
supports the premise that ID has activated the iron trans-

porters in selective regions. Assessment of the IRP and
particularly IRP-2 gave us meaningful insight in transporter
mRNA regulation (13, 31). IRP-2 seems to be a strong
regulator of TfR mRNA because degradation of IRP-2 in
cell culture results in a rapid decrease TfR mRNA levels
(31). In our study, we speculate that cells that stain posi-
tively for the IRP-2 have more stable TfR mRNA and thus
more copies of the proteins than cells that do not stain
positively. Thus, the number of cells expressing detectable
levels of IRP-2 can be used as a functional assay of the
degree of iron deficiency in a given brain region. In this
respect, the increase in the number of cells that stained
positively for IRP-2 in the hippocampus of ID animals
confirms the high degree of ID in that particular region.

Although ID seems to activate this regulated transporter
system, function as defined by increased iron uptake was not
assessed in this study. mRNA can be stabilized, more trans-
porter protein can be made, and more cells can express the
transporters, but kinetic studies would be needed to demon-
strate more active iron transport in the ID regions. Neverthe-
less, with the iron transporters studied in cell culture systems,
presence of the protein typically correlates with increased iron
transport. Similarly, if IRP-2 is not seen, the cell is either iron
sufficient and IRP-2 has been degraded or the cell does not
express that particular IRP (13, 15).

CONCLUSION

In summary, our results show that the rat brain at P10 responds
to perinatal ID by selectively increasing the percentage of neurons
with detectable iron regulatory and transport proteins in a regional
manner. The effect is greater in the hippocampus and cortex
compared with the striatum, suggesting that the first two are
functionally more iron deficient than the last in this model. ID
during this rapid period of brain maturation has the potential to
alter neuroanatomy and neurometabolism in these areas, resulting
in long-term neuronal dysfunction and behavioral impairment.

Figure 4. IRP-2 staining of striatum in an iron-sufficient (left) and an iron-deficient (right) brain. Magnification: �400.
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