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Perinatal iron deficiency predisposes the
developing rat hippocampus to greater injury from
mild to moderate hypoxia—-ischemia

Raghavendra Rao"*?, Ivan Tkac**, Elise L. Townsend®>*, Kathleen Ennis', Rolf Gruetter>*"

and Michael K Georgieff"**°

'Department of Pediatrics, University of Minnesota, Minneapolis, Minnesota, USA; *Center for Magnetic
Resonance Research, University of Minnesota, Minneapolis, Minnesota, USA; *Center for Neurobehavioral
Development, University of Minnesota, Minneapolis, Minnesota, USA; *Department of Radiology, University
of Minnesota, Minneapolis, Minnesota, USA; °Institute of Child Development, University of Minnesota,

Minneapolis, Minnesota, USA

The hippocampus is injured in both hypoxia—-ischemia (HI) and perinatal iron deficiency that are co-
morbidities in infants of diabetic mothers and intrauterine growth restricted infants. We
hypothesized that preexisting perinatal iron deficiency predisposes the hippocampus to greater
injury when exposed to a relatively mild Hl injury. Iron-sufficient and iron-deficient rats (hematocrit
40% lower and brain iron concentration 55% lower) were subjected to unilateral Hl injury of 15, 30, or
45mins (n=12 to 13/HI duration) on postnatal day 14. Sixteen metabolite concentrations were
measured from an 11 uL volume on the ipsilateral (HI) and contralateral (control) hippocampi 1 week
later using in vivo "H NMR spectroscopy. The concentrations of creatine, glutamate, myo-inositol,
and N-acetylaspartate were lower on the control side in the iron-deficient group (P<0.02, each).
Magnetic resonance imaging showed hippocampal injury in the majority of the iron-deficient rats
(58% versus 11%, P<0.0001) with worsening severity with increasing durations of HI (P=0.0001).
Glucose, glutamate, N-acetylaspartate, and taurine concentrations were decreased and glutamine,
lactate and myo-inositol concentrations, and glutamate/glutamine ratio were increased on the Hi
side in the iron-deficient group (P<0.01, each), mainly in the 30 and 45 mins HI subgroups (P<0.02,
each). These neurochemical changes likely reflect the histochemically detected neuronal injury and
reactive astrocytosis in the iron-deficient group and suggest that perinatal iron deficiency
predisposes the hippocampus to greater injury from exposure to a relatively mild HI insult.
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Introduction

Perinatal hypoxic—ischemic (HI) injury and brain
iron deficiency are common co-morbidities in
infants of diabetic mothers and intrauterine growth
restricted infants. In comparison to the general
population, the incidence of perinatal HI injury is
higher in these infants (Kattwinkel, 2006). Approxi-
mately 25% of both groups of infants are also at risk
for brain iron deficiency with brain iron concentra-
tion being 30% to 40% lower in the most severe
cases (Georgieff et al, 1995; Petry et al, 1992).
Cognitive abnormalities, whose nature suggests the
compromise of the developing hippocampus, are
common in infants of diabetic mothers and intra-
uterine growth restricted infants (Ornoy et al, 1999;
Siddappa et al, 2004; Silverman et al, 1998). In
animal models, both perinatal iron deficiency
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and HI independently cause hippocampal injury
(deUngria et al, 2000; Towfighi et al, 1997; Yager
and Thornhill, 1997).

As iron and iron-containing enzymes are essential
for normal neurodevelopment, perinatal iron defi-
ciency may predispose the developing hippocampus
to greater HI injury. In developing rats, perinatal
iron deficiency adversely affects oxidative phos-
phorylation in the hippocampus, as indexed by
decreased cytochrome c oxidase activity selectively
in this brain region (deUngria et al, 2000). Further-
more, there is a greater loss of hippocampal
cytochrome c¢ oxidase activity 24h after an acute
HI injury in this model (Rao et al, 1999), suggesting
poor recoverability of oxidative metabolism in
perinatal iron deficiency. Our in vivo 'H NMR
spectroscopy study has showed that in addition to
altered energy metabolism, the concentrations of
excitatory amino acids, glutamate, and aspartate are
elevated in the iron-deficient hippocampus (Rao et
al, 2003). The potential for excitotoxicity is en-
hanced under these conditions (Schmidt-Kastner
and Freund, 1991; Vexler and Ferriero, 2001). Our
previous study has showed that perinatally iron-
deficient rats subjected to unilateral HI injury of two
and one half hours on postnatal day (P) 7 sustain
severe hippocampal injury (Rao et al, 1999).

Whether perinatal iron deficiency increases the
vulnerability of the hippocampus to the more
prevalent HI injury of mild to moderate severity is
not known and is the focus of the present study. We
hypothesized that the iron-deficient hippocampus
would sustain greater severity of HI injury when
compared with the iron-sufficient one. The objective
of the study was to assess the effect of increasing
durations of unilateral HI injury on the hippocam-
pus in a developing rat model of perinatal iron
deficiency using high-field in vivo "H NMR spectro-
scopy and histochemistry. "H NMR spectroscopy is a
sensitive, noninvasive method that has been used to
evaluate perinatal HI injury in humans and rats
(Huppi and Lazeyras, 2001; Malisza et al, 1999).
Changes in neurochemical concentrations, typically
reported as ratio of each other, have been used to
quantify the severity of HI injury (Huppi and
Lazeyras, 2001; Robertson et al, 2001). With high
magnetic field strengths (e.g. 9.4T) absolute con-
centrations of multiple metabolites from a defined
brain region, such as the developing hippocampus
can be determined (Tkac et al, 2003). In the present
study, we elucidated the specific neurochemical and
histochemical alterations due to graded, relatively
mild HI injury in the iron-deficient hippocampus.

Materials and methods
Animals

The Institutional Animal Care and Use Committee of
University of Minnesota approved all experimental pro-
tocols (protocol number 0105A99961). Fifty-six iron-
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deficient (from 9 litters) and 59 iron-sufficient (from 8
litters) male and female Sprague—-Dawley rat pups (Harlan
Sprague Dawley, Indianapolis, IN, USA) were studied on
P14. This postnatal age was chosen due to the neurode-
velopmental similarities between the rat brain on P12-13
and the full-term human newborn infant (Romijn et al,
1991). Fetal and neonatal iron deficiency was induced by
feeding the pregnant dam a low-iron diet (Formula TD
80396, Harlan-Teklad; Madison, WI, USA; elemental iron
concentration: 3 to 6 mg/kg) from gestational day 2 until
P7, followed by an iron-supplemented diet (Teklad 4%
Mouse/Rat Diet 7001, Harlan-Teklad; elemental iron
concentration: 198 mg/kg). This dietary manipulation
induces brain iron deficiency of a severity similar to that
showed in human infants with perinatal iron deficiency
(Petry et al, 1992; Rao et al, 2003) with over 90% reduction
in stainable iron in the hippocampus (deUngria et al,
2000). Dams of iron-sufficient pups received the iron-
supplemented diet throughout the gestational and post-
natal periods. Animals were allowed food and water ad
libitum and were maintained on a 12-h day-and-night
cycle. Litter size was limited to 8 by random culling soon
after birth. Eight pups from one litter in each dietary group
were used to measure the body and brain weights,
hematocrit, and brain iron concentration. The remaining
animals were subjected to unilateral HI injury.

Induction of HI Injury

The immature Levine model was used to induce unilateral
HI injury (Vannucci and Vannucci, 2005). Briefly, under
inhalation anesthesia (Isoflurane 3% for induction, 1.5%
maintenance in 1:1 mixture of O, and N,O), the right
common carotid artery was isolated through a ventral
cervical midline incision and was permanently ligated
using 4.0 silk. One to two hours after the surgery, pairs of
rat pups were exposed to 8% O, (balance nitrogen) in an
airtight glass jar that was partially submerged in a warm
water bath (temperature inside the jar: 34+0.5°C). The
injury is limited predominantly to the hemisphere
ipsilateral to the ligated side (i.e., the side subjected to
both ischemia and hypoxia) in this model (Vannucci and
Vannucci, 2005). After a randomly assigned predesignated
duration of exposure of 15, 30, or 45 mins, the hypoxic gas
mixture was rapidly replaced with room air, the jar was
opened and the animals were removed. They were
reunited with their respective dams after complete
TECOVEry.

"H NMR Spectroscopy

"H NMR spectroscopy was performed 1 week post-HI
injury (i.e., on P21) using a previously described protocol
(Tkac et al, 2003). Both or at least one randomly selected
pup in each pair that was subjected to HI injury
simultaneously (see above) was studied by NMR spectro-
scopy. Briefly, under inhalation anesthesia (1% to 2%
Isoflurane in an equal mixture of O, and N,O), sponta-
neously breathing rat pups were placed inside a horizontal
9.4T/31cm magnet (Magnex Scientific; Abingdon, UK)



equipped with an 11-cm gradient coil (300 mT/m, 500 us)
with strong custom-built shim coil (Magnex Scientific).
The magnet was interfaced to a Varian INOVA console
(Varian, Inc.; Palo Alto, CA, USA). A quadrature transmit/
receive surface RF coil with two geometrically decoupled
single-turn coils with a 14 mm diameter was used (Tkac
et al, 2003). All first- and second-order shims were
automatically adjusted by FASTMAP (Gruetter, 1993).
The water signal was efficiently suppressed using VAPOR
water suppression technique (Tkac et al, 1999). Ultra-
short echo-time STEAM (TE=2ms, TM=20ms,
TR =5secs, NT=160) combined with outer volume sup-
pression (Tkac et al, 1999) was used to select volumes of
interest (VOI) centered on the left (unligated side) and
right (ligated side) hippocampus in each rat. The positions
of VOI were based on multislice RARE images (echo train
length=8, TE=60ms, matrix=256 x 256, slice thick-
ness=1mm) and corresponded to coronal plates 50 to 54
of stereotaxic atlas of the developing rat brain (Sherwood
and Timiras, 1970). The VOI was approximately 11 ul
(2.5 x 1.5 x 3.0mm). When there was evidence of tissue
loss, the size of the VOI was appropriately adjusted to
ensure that only the hippocampus was assessed. The
order of NMR spectroscopy from the two sides was chosen
at random. The study of a single animal did not exceed
60 mins.

Tissue Preparation

Immediately after "H NMR spectroscopy, the brains were
harvested and processed for histochemical analysis.
Animals were deeply anesthetized with sodium pento-
barbital (100 mg/kg, i.p.) before in situ transcardial perfu-
sion with 0.9% saline, followed by 5% neutral buffered
formaldehyde solution and 5% sucrose in phosphate-
buffered saline (PBS), pH 7.4. Brains were removed and
postfixed in the same fixative overnight at 4°C, followed
by serial overnight passages in increasing sucrose con-
centrations (20%, 30%, and 40%) in PBS at 4°C for
cryoprotection. They were then flash-frozen using dry ice
and acetone and were embedded in a tissue-freezing
medium (Triangle Biomedical Sciences, Durham, NC,
USA) for sectioning. In animals used to assess brain iron
concentration, a blood sample was obtained to determine
the hematocrit before perfusion with saline and perfusion
with formaldehyde was omitted.

Histochemistry

Serial 15 um coronal frozen sections were obtained at the
level of the posteriolateral thalamus using a cryostat
(Model CM1900; Leica Instruments GmbH; Nussloch,
Germany) at —20°C to —25°C. Sections were mounted on
poly-L-lysine coated slides and were stored at —20°C until
stained for Nissl substance, degraded myelin basic protein
(MBP), and glial fibrillary acidic protein (GFAP).

Rabbit polyclonal antibodies to degraded MBP (Chemi-
con International; Temecula, CA, USA) and to GFAP
(Novus-Biologicals; Littleton, CO, USA) were used to
characterize abnormal-appearing oligodendrocyte pro-
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cesses and cell bodies in demyelinated areas (Matsuo
et al, 1997) and for characterizing astrocyte morphology
(Nedelcu et al, 1999), respectively, in the brain sections
adjacent to those used for Nissl histochemistry. Sections
were preincubated using avidin-biotin blocking solution
(Vector Labs; Burlingame, CA, USA) and were incubated
overnight at 4°C with the respective antibodies (dilution
1:1000). After incubation, the slides were rinsed several
times with PBS and immunohistochemical staining was
performed using the universal VECTASTAIN Elite ABC
Kit (Vector Labs; Burlingame, CA, USA). The diamino-
benzedine substrate kit (Vector Labs) was used to visualize
the bound peroxidase. Sections were treated with nickel
chloride solution to obtain a black/gray stain. Neurons in
sections used for GFAP staining were counterstained with
Gill’s hematoxylin. Sections were then dehydrated by a
series of ethanol rinses and were mounted using Vecta-
Mount (Vector Labs) and coverslipped.

Analyses

Brain iron assay: Brain iron concentration was assayed by
atomic absorption spectroscopy and was expressed as
micrograms of elemental iron/g wet-tissue weight (Rao
et al, 2003).

Magnetic resonance image analysis: Hippocampal in-
jury in the hemisphere ipsilateral to the ligated side (i.e.,
the HI side) was evaluated in a masked manner and was
graded as no discernible injury, injury limited to the
hippocampus, or extensive injury involving the entire
hippocampus and the adjacent tissues. The number of
animals with these injuries in each of the three HI
subgroups in the two dietary groups was determined and
compared.

Quantification of metabolites: The LCModel (Provencher,
1993) was used to analyze in vivo "H NMR spectra with
the macromolecule signal included in the basis set (Tkac
et al, 2003). Unsuppressed water signal was used as an
internal reference for quantification. A brain water content
of 83% was used in the calculation based on our previous
study (Tkac et al, 2003). The following 18 metabolites
were quantified from each spectrum: alanine, aspartate,
creatine, y-aminobutyric acid (GABA), glucose, glutamate,
glutamine, glutathione, glycerophosphorylcholine (GPC),
lactate, myo-inositol, N-acetylaspartate (NAA), N-acetyl-
aspartylglutamate, phosphocreatine, phosphorylcholine
(PCho), phosphorylethanolamine, scyllo-inositol, and
taurine, and were represented as umol/g tissue. The
glutamate/glutamine and phosphocreatine/creatine ratios
were also determined.

Histochemical analysis: The brain sections were visua-
lized through a x 4 objective in a light microscope (Nikon
Eclipse E600, Nikon Corporation; Shinagawa-ku; Tokyo,
Japan). Digital microscopic images were collected at x 40
magnification using a camera (Nikon Digital Camera
DXM1200, Nikon Corporation) and were projected onto
the computer monitor using a software program (ACT-1,
Nikon Corporation). Hippocampal subareas CA1, CA3ab,

Journal of Cerebral Blood Flow & Metabolism (2007) 27, 729-740



Hypoxic-ischemic injury in iron deficiency
R Rao et a

732

CA3c, and the dentate gyrus were identified using the
nomenclature of Johansen (1993). Four to six brain
sections from six to nine animals per HI subgroup in each
dietary group that showed bilateral symmetry, tissue
integrity, and uniform background staining were randomly
selected for all histochemistry analyses. The presence of
injury on the HI side was determined in a masked manner.

For assessing the severity of neuronal injury, the
intensity of Nissl staining on the HI and control sides
was determined using a computer-assisted program (Im-
ageJ 1.34s; National Institutes of Health, Baltimore, MD,
USA) (deUngria et al, 2000; Rao et al, 1999). On the image
projected and frozen on the computer screen, a 20
pixel x 20-pixel grid was positioned randomly on five,
bilaterally corresponding points within hippocampal
subareas on the control and HI sides. As cortical injury
is patchy in this model (Vannucci and Vannucci, 2005),
staining intensity of 20 lightest points in the parietal
cortex on the HI side was compared with that in 20
corresponding locations on the control side. The intensity
of Nissl staining was measured in grayscale units (range:
1/white; 254/black), and mean values for each brain region
on the HI and control sides were determined and
compared.

Reactive astrocytosis in subarea CA1 was determined by
counting all GFAP positive cells within a 290 ym x 235 ym
grid placed on hippocampal CA1 subarea on identical
positions on the HI and the control sides. Mean numbers
of reactive astrocytes on the control and HI side were
determined and compared.

Statistical Analysis

Group means of body and brain weights, hematocrit, and
brain iron concentration in the two dietary groups were
compared using unpaired, two-tailed #-tests. Mortality and
presence of injury in the two groups were compared using
Pearson y* test. The percent Nissl staining intensity losses
in the brain regions and the number of GFAP positive
astrocytes in the CA1 hippocampal subarea on the HI and
control sides were compared using paired t-tests within
each HI subgroup. The differences in the GFAP positive
astrocytes between the two dietary groups were deter-
mined using Wilcoxon signed-rank test.

Neurochemical concentrations were analyzed as fol-
lows: first, to assess whether acute hypoxia alone had an
effect on the unligated side, the concentrations of
metabolites on the left side in the three HI subgroups
were compared within each dietary group. Then the
difference in the concentration of each neurochemical
between the HI side and the control side was determined
for each animal. Distributions of these differences were
examined for approximation to normality using histo-
grams and box plots. The effect of iron deficiency on the
mean concentration difference of each neurochemical was
determined using univariate ANOVAs with dietary group
and HI duration as fixed factors. For neurochemicals
demonstrating a main effect of diet, the effect at a specific
HI duration was established by post hoc analysis using
Bonferroni adjusted t-tests.
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The effect of iron deficiency on the mean Nissl staining
intensity loss in brain areas was determined using
univariate ANOVA, and the effect at a specific HI duration
was established by post hoc analysis using Bonferroni
adjusted t-tests. A statistical software package (SPSS,
Version 13.0, SPSS Inc., Chicago, IL, USA) was used for all
analysis. Data are presented as mean +s.e.m. Significance
was set at P<0.05, except for the post hoc analysis, where
P<0.02 was considered significant.

Results

When compared with the iron-sufficient group,
iron-deficient rats had lower mean body weight
(32.2+0.8 versus 29.1+0.3 g), hematocrit (40.0+0.6
versus 24.2+0.7%), and brain iron concentration
(8.23+0.40 versus 4.07+0.17 ug/g) (P<0.01, each)
on P14. The mean brain weight was similar (0.86 +
0.00 versus 0.88+0.01g) in the two groups.

There was no mortality during surgery in either
group. Survival rates after HI injury were similar in
the two groups (88% in the iron-deficient and 85%
in the iron-sufficient). All deaths occurred during
exposure to hypoxia and there was no delayed
mortality in either group. In the iron-sufficient
group, all deaths occurred in the 45mins HI
subgroup, whereas in the iron-deficient group, death
occurred in the 30 mins, and 45 mins HI subgroups.
Of the survivors, 90% in the iron-deficient and 82%
in the iron-sufficient group were studied by 'H NMR
spectroscopy.

The MRI showed either no discernable injury,
injury limited to the hippocampus or extensive
injury involving the hippocampus and the adjacent
cerebral cortex on the HI side (Figure 1). The
number of rats with these injuries in the two dietary
groups is showed in Table 1. More iron-deficient
animals had hippocampal injury on MRI than
did iron-sufficient animals (58% versus 11%,
P<0.0001). Furthermore, there was dependency
between duration of hypoxia and the extent of
hippocampal injury in the iron-deficient group
(P=0.0001), but not in the iron-sufficient group
(P=0.08). Standardized residuals showed a dura-
tion-dependent effect of HI injury on the extent of
hippocampal injury in the iron-deficient group,
such that higher duration of HI was associated with
more severe injury (Table 1).

The representative "H NMR spectra from the
control and the HI sides are shown in Figure 2. All
metabolites except scyllo-inositol could be reliably
quantified from each spectrum. Cramer Rao lower
bounds, which are estimates of accuracy of the fitted
concentrations, were <25% for all metabolites,
except alanine and N-acetylaspartylglutamate, and
were <4% for creatine+ phosphocreatine, myo-
inositol, NAA, and taurine in each of the 148
measured spectra. This corresponded to an esti-
mated error of calculated concentration of
<0.3 umol/g. Because of the close spectral similarity,
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Figure 1 Post-hypoxic—ischemic (HI) hippocampal injury. Magnetic resonance imaging and brain sections from three iron-deficient
rats obtained 1 week after a unilateral HI injury of 15, 30, or 45 mins on postnatal day 14 showed no hippocampal injury (A, D, and
G), neuronal injury and demyelination limited to CA1 hippocampal subarea (arrows in B, E, and H) and injury involving the whole
hippocampus (black arrows in C, F, and 1) and the adjacent parietal cortex (white arrow in C) on the HI side, respectively. The
distribution of rats with these injuries in the two dietary groups is given in Table 1. (15um coronal brain sections, Nissl
histochemistry, and immunohistochemistry for degraded myelin basic protein on adjacent brain sections. See text for details of RARE
image acquisition).

Table 1 Post-HI hippocampal injury

Dietary groups and Injury on MRI analysis Injury on histochemical analysis
HI subgroups
None Localized to Hippocampus and Localized to Hippocampus and
hippocampus adjacent cerebral cortex hippocampus adjacent cerebral cortex

Iron-sufficient (min)

15 12 0 0 0 0
30 11 0 1 0 1
45 9 3 0 0 2

Iron-deficient (min)*"*©

15 11 1 0 1 1
30 1 7 5 1 5
45 4 2 7 1 5

Values = number of rats with hippocampal injury on the HI hemisphere detected by MRI or histochemistry 1 week post-HI injury on postnatal day 14. For MRI
analysis, N =12 in each HI subgroup in the iron-sufficient group and N =12, 13, and 13 in 15, 30, and 45 min HI subgroups, respectively, in the iron-
deficient group. For histochemical analysis, N = 6 in each HI subgroup in the iron-sufficient group and N =6, 9, and 8 in 15, 30, and 45 min HI subgroups,
respectively, in the iron-deficient group. All analyses are by Pearson »2.

@Hippocampal injury significantly more common in the iron-deficient group on MRI (P < 0.0001) and histochemistry (P = 0.02) when compared with the iron-
sufficient group.

bDependency between duration of hypoxia and the extent of hippocampal injury on MRI was present only in the iron-deficient group (P = 0.0001).

“Injury in the parietal cortex significantly more common in the iron-deficient group (P < 0.0001).

reliable distinction between GPC and PCho was not  mobile lipids were also present on the HI side in
possible. Therefore, their sum (GPC + PCho) was used some animals.

in the analysis. Thus, the neurochemical profile Iron deficiency had an effect on the hippocampal
consisted of 16 neurochemicals and two neurochem- concentrations of creatine, glutamate, myo-inositol,
ical ratios. Additional peaks, possibly representing  and N-acetylaspartate on the control side (P<0.02,

Journal of Cerebral Blood Flow & Metabolism (2007) 27, 729-740
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Figure 2 'H NMR spectra of the rat hippocampus post-HI
injury. 'H NMR spectra from the hippocampi on the HI (top)
and control (bottom) hemispheres from an iron-deficient rat
were obtained one week after an acute HI injury of 30 mins on
postnatal day 14 (whose MRI is shown in Figure 1b). Arrows
indicate the direction of changes in certain neurochemicals on
the HI side when compared with the control side. Additional
peaks due to lipid signals are also present on the HI side. See
text for NMR spectroscopy details. Abbreviations: Ala, alanine;
Cr, creatine; Glu, glutamate; GIn, glutamine; GPC, glyceropho-
sphorylcholine; Lac, lactate; Ins, myo-inositol; NAA, N-
acetylaspartate; PCr, phosphocreatine; PCho, phosphorylcho-
line; PE, phosphorylethanolamine; and Tau, taurine.

each; Figure 3). Post hoc analysis showed that
concentration of NAA in all three HI subgroups
(P<0.01, each), and that of myo-inositol in the
15mins HI subgroup (P=0.02) on the control side
were lower in the iron-deficient group when
compared with the iron-sufficient group. The dura-
tion of HI injury did not have an effect on any of the
neurochemical concentrations and neurochemical
ratios on the unligated side in either dietary group
(Figure 3).

There was a main effect of iron deficiency on the
following neurochemicals on the HI side: glucose,
glutamate, glutamine, lactate, myo-inositol, NAA,
and taurine concentrations and glutamate/glutamine
ratio (P<0.01 each; Figure 4). The effect of iron
deficiency on most of the neurochemicals was
present in the 30 and 45mins HI subgroups
(P<0.02, each). Iron deficiency did not have an
effect on alanine, aspartate, creatine, GABA, glu-
tathione, GPC+PCho, N-acetylaspartylglutamate,
phosphocreatine, phosphorylethanolamine concen-
trations, and phosphocreatine/creatine ratio.

Histochemical changes in the hippocampus and
adjacent parietal cortex mirrored the anatomic MRI
changes (Figure 1). More rats in the iron-deficient
group had neuronal injury (53% versus 13%,
P=0.02; Table 1) and myelin breakdown in the
hippocampus than those in the iron-sufficient
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group. The loss of Nissl staining intensity varied
among the dietary groups as well as among the
hippocampal subareas (P<0.01, each; Table 2). Post
hoc analysis showed that Nissl staining intensity
was significantly decreased in subarea CA1 on the
HI side in the 30mins HI subgroup in the iron-
deficient group (P<0.01; Table 2). The intensity of
Nissl staining was not affected in other hippocampal
subareas in the iron-deficient group and in any
hippocampal subarea in the iron-sufficient group.
There were more reactive astrocytes in the CA1
subarea on the HI side in each of the three HI
subgroups only in the iron-deficient group (P<0.01,
each; Figure 5). As a whole, iron-deficient group had
more reactive astrocytes on the HI side than the iron-
sufficient group (P<0.001; Figure 5). In some iron-
deficient animals with extensive hippocampal
injury on the HI side, neuronal injury, and reactive
astrocytosis were present also in the CA1 hippo-
campal subarea on the control side (Figure 5c).
Injury in the parietal cortex adjacent to the
hippocampus also was more common in the iron-
deficient group (58% versus 18%, P<0.01; Table 1).
However, unlike the well-demarcated hippocampal
injury, cortical injury was patchy and was restricted
to the middle cortical layers. Neither iron-deficiency
nor duration of HI injury had an effect on Nissl
staining intensity loss in the parietal cortex (Table 2).

Discussion

The findings of the study suggest that the vulner-
ability of the developing hippocampus to a rela-
tively mild HI injury is increased when there is
coexisting perinatal brain iron deficiency. Magnetic
resonance imaging and histochemistry showed
hippocampal injury in all animals that sustained
brain injury in both dietary groups. In animals with
more extensive injury involving the cerebral cortex,
hippocampal injury was invariably present. "H NMR
spectroscopy reliably quantified the severity of
hippocampal injury. Multiple neurochemicals were
altered on the HI side in the iron-deficient group.
Specific neurochemicals were affected and others,
such as creatine, were spared. Moreover, neuro-
chemical changes were not uniform; while the
concentrations of some were increased, those of
others were decreased. These findings suggest that
neurochemical alterations likely represent changes
in specific cellular and metabolic processes in the
iron-deficient hippocampus subjected to acute HI
injury.

There was loss of NAA on the HI side in the 30
and 45mins HI subgroups in the iron-deficient
group. In adult gerbils subjected to global ischemia,
decreased NAA determined by in vivo 'H NMR
spectroscopy correlates with neuronal loss in the
CA1 subarea of the hippocampus (Sager et al, 2001).
In the present study also, histochemistry showed
decreased Nissl staining intensity in the CA1



Hypoxic-ischemic injury in iron deficiency
R Rao et a

o

|:|15min . 30 min . 45 min

Neurochemical Concentration (umol/g)

Mac
Ala
Asp
cr*
PCr
Gle
Gin

GABA

Glu*

Cw
o

GSH
Ins*
Lac
Tau

‘kg g

GPC+PCho
PCr:Cr
Glu:Glin

Figure 3 Post-HI neurochemical profile of the rat hippocampus on the control side. Values = mean+s.e.m. neurochemical
concentration or ratio on the unligated left side one week after a unilateral HI injury of 15, 30, or 45 mins on postnatal day 14 in the
iron-sufficient (A) and the iron-deficient (B) groups, N as in Table 1. *Significant differences between the iron-sufficient and iron-
deficient groups (P<0.02, each; ANOVA). 'Significant differences between the dietary groups in these HI subgroups (P < 0.02,
each; Bonferroni-adjusted t tests). None of the neurochemicals or ratios differed among HI subgroups within each dietary group.
Abbreviations: Ala, alanine; Asp, aspartate; Cr, creatine; GABA, y-aminobutyric acid; Glc, glucose; Glu, glutamate; Gin, glutamine;
GSH, glutathione; GPC, glycerophosphorylcholine; Lac, lactate; Ins, myo-inositol; NAA, N-acetylaspartate; NAAG, N-acetyl-
aspartylglutamate; PCr, phosphocreatine; PCho, phosphorylcholine; PE, phosphorylethanolamine; and Tau, taurine.

subarea, suggesting that decreased NAA likely
represents neuroaxonal injury in the iron-deficient
hippocampus. However, unlike the adult brain,
NAA is also present in immature oligodendrocytes
in the developing brain (Bhakoo and Pearce, 2000;
Urenjak et al, 1992). Iron, as well as energy demand
of oligodendrocytes in the developing brain is high

(Connor and Menzies, 1996), and these cells are
highly vulnerable to HI injury (Skoff et al, 2001).
Therefore, decreased NAA in the present study may
represent tissue injury involving both neurons and
oligodendrocytes (Huppi and Lazeyras, 2001).
Neuronal injury was accompanied by demyelina-
tion and reactive astrocytosis in CA1 subarea of the
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Percent change on the Hl side in relation to the control side

Figure 4 Post HI neurochemical changes in the rat hippocam-
pus on the HI side. Values=mean+s.e.m. changes in
neurochemical concentrations and glutamate/glutamine ratio
on the HI side as a percentage of those on the control side 1
week after a unilateral HI injury of 15, 30, or 45mins on
postnatal day 14, N as in Table 1. There was a main effect of
iron deficiency for each neurochemical and glutamate/gluta-
mine ratio (P <0.01, each; ANOVA). *Significant differences
between iron-sufficient and iron-deficient groups in these HI
subgroups (P <0.02, each; Bonferroni-adjusted Student’s
t-tests). Abbreviation: Glu:GlIn ratio, glutamate/glutamine ratio.

Table 2 Regional loss of Nissl staining intensity post HI injury

hippocampus in the iron-deficient group. The
corresponding increases in myo-inositol and gluta-
mine concentrations are the likely in vivo markers of
these processes. In human infants and animal
models, elevated myo-inositol is considered a
marker of disrupted osmotic regulation and/or
reactive astrocytosis in the injured brain (Bitsch et
al, 1999; Robertson et al, 2001; Schuhmann et al,
2003). Glial fibrillary acidic protein expression and
inositol phosphate accumulation increase concomi-
tantly after an ischemic brain injury in rats and is
maximum 7 days later (Fortuna et al, 1997).

There was demyelination at the site of injury in
the iron-deficient group. In adult animals, demyeli-
nation commences within 1 to 3 days after focal
cerebral ischemia (Irving et al, 2001). Failure of Na*-
K* ATPase in the axons, oligodendrocyte injury, and
wallerian degeneration secondary to gray matter
injury are postulated to be responsible for this
demyelination (Schabitz et al, 2000). There is
limited information on post-HI demyelination in
the developing hippocampus. In rats, myelinated
fibers in the hippocampus are first seen between P15
and P17 and progressively increase until P25, when
the adult pattern is achieved (Meier et al, 2004;
Savaskan et al, 1999). As acute HI in our study
predated the onset of hippocampal myelination,
either an ongoing injury, such as the secondary
energy failure that occurs 24 to 48 h later (Vannucci
and Vannucci, 2005), or wallerian degeneration of
the nascent myelin due to hippocampal neuronal
injury may be responsible for the myelin breakdown
observed in the iron-deficient group. Altered myelin
production and maintenance associated with iron
deficiency (Beard et al, 2003) also may have been
responsible for the enhanced demyelination.
Whether perinatal HI injury results in demyelina-
tion in the human hippocampus, where myelinated
fibers are first seen at 39 weeks but peak myelination
occurs after birth (Arnold and Trojanowski, 1996), is
not known.

Dietary groups and HI subgroups

Hippocampal subarea®

CA1 CA3ab CA3c Dentate gyrus Parietal cortex

Iron-sufficient

15 min (n=6) 3.3+4.2 0.0+2.3 0.0+2.3 0.3+1.1 0.9+0.2
30min (n=6) 0.6+6.2 0.0+2.6 4.8+5.4 0.0+4.3 0.6+0.2
45min (n=6) 6.8+7.1 0.0+2.1 0.1+3.0 1.0+1.9 0.4+0.3
Iron-deficient®

15min (n=6) 3.7+4.9 0.0+1.2 0.0+3.3 7.8+4.6 0.240.1
30min (n=9) 18.8+3.0° 6.8+6.9 2.5+3.7 2.6+2.3 0.3+0.2
45min (n=8) 17.6+6.1 2.1+3.9 0.0+2.9 1.8+2.3 2.8+1.7

Values = mean +s.e.m. % loss of Nissl| staining intensity on the HI hemisphere when compared with the corresponding brain region on the control hemisphere.

#Nomenclature based on Johansen (1993).

PMain effect of iron-deficiency on Nissl staining intensity loss was seen for subarea CA1 (P =0.03, univariate ANOVA).
“Significantly different between iron-sufficient and iron-deficient groups (P < 0.01, Bonferroni-adjusted t-test).
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Figure 5 Post-HI reactive astrocytosis in the hippocampal CAl
subarea. Brain sections on the control side (A and C) and HI
side (B and D) are from the same iron-deficient rats shown in
Figure 1, and were obtained 1 week after an acute Hl injury of
30mins (A and B) or 45mins (C and D). Arrows point to
reactive astrocytes amidst degenerating neurons in CA1 subarea
of the hippocampus on the HI side (B and D) and extending to
the control side in the animal with more extensive injury (C). (E)
The number of reactive astrocytes on the control and HI sides in
the two dietary groups. Significant difference between the iron-
sufficient and iron-deficient groups (P <0.001; Wilcoxon
Signed-Rank test). *Significant differences between the control
and HI sides in the iron-deficient group (P < 0.01 each; paired
t-tests). (A-D: 15 um coronal brain sections, GFAP immuno-
histochemistry for astrocytes and Gill's hematoxylin histochem-
istry for neurons. Values in (E) = mean+s.e.m. GFAP positive
cells within @ 290 um x 235um grid placed on identical
positions on CA1l hippocampal subarea bilaterally, N as in
Table 2).

Lactate levels were elevated on the HI side in the
iron-deficient group. During and immediately after
the HI injury, lactate levels are elevated in both
cerebral hemispheres, probably due to anaerobic
glycolysis secondary to decreased oxygen delivery
(Malisza et al, 1999; Payen et al, 1996). In the
present study, lactate levels continued to be elevated
one week post-HI injury, when perfusion and
oxygenation presumably have been restored at the
site of injury (Phillis and O’Regan, 2003). Such
persistent elevation in lactate is postulated to be due
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to retention in damaged cells, as well as due to
metabolic activity in phagocytic cells at the site of
injury (Malisza et al, 1999; Schuhmann et al, 2003).
In the present study, increased lactate levels were
associated with decreased glucose concentrations,
potentially suggesting persistent alterations in sub-
strate utilization in the iron-deficient hippocampus
subjected to HI injury.

Glutamate concentrations were decreased and
glutamine concentrations were increased in the
iron-deficient group, likely reflecting the tissue
composition (loss of glutamate-containing neurons
and infiltration of glutamine-containing astrocytes)
at the site of HI injury. However, they may also
represent a disrupted glutamine—glutamate equili-
brium between neurons and glia (Wallin et al, 2000).
Typically, glutamate released into the extracellular
space is taken up by nearby astrocytes, converted to
glutamine through the action of the enzyme gluta-
mine synthase and trafficked back to the neurons for
reconversion to glutamate, thereby completing the
so-called glutamate-glutamine cycle (Daikhin and
Yudkoff, 2000; Magistretti et al 1999). The decreased
glutamate and increased glutamine concentrations
in the present study implies that after acute HI
injury, the neuronal-glial glutamate—glutamine
equilibrium may be shifted in favor of increased
glutamine synthesis in the iron-deficient hippocam-
pus (Aas et al, 1993; Dao et al, 1991; Wallin et al,
2000; Phillis and O’Regan, 2003). Such metabolic
shift has been showed in in vivo rat models of
glutamate receptor overstimulation (Tkac et al,
2001).

In contrast to the findings in our previous study
that assessed the effects of iron deficiency without
superimposed hypoxia or HI injury on the hippo-
campus (Rao et al, 2003), the concentrations of
creatine, glutamate, myo-inositol, and N-acetyl-
aspartate were lower in the hippocampus on the
unligated side in the iron-deficient group. Similar
neurochemical changes have been showed in the
hippocampus exposed to chronic hypoxia that was
also iron-deficient (Raman et al, 2005). Taken
together, these neurochemical changes suggest that
hypoxia without ischemia may alter neuronal and
glial integrities and energy metabolism in an iron-
deficient hippocampus. A threshold effect may be
present since a duration-dependent effect of hypox-
ia on the neurochemicals was not present. Addi-
tional studies are necessary to determine the effect
of acute hypoxia on the iron-deficient hippocampus.

We used a well-established model of unilateral HI
injury (Vannucci and Vannucci, 2005) in our study.
The survival rate and the pattern of injury were
similar to those reported at this postnatal age
(Towfighi et al, 1997; Yager and Thornhill, 1997).
Injury was not selective to the hippocampus even
though this structure was the focus of the present
study. Both MRI and histochemistry showed injury
in the adjacent parietal cortex in animals with
extensive hippocampal injury in both dietary
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groups. This is consistent with the reported dis-
tribution of injury in this model at this postnatal age
(Towfighi et al, 1997; Yager and Thornhill, 1997).
We did not evaluate the neurochemical alterations
in the cortex or in any other brain regions, and the
histochemical assessment beyond the hippocampus
was limited to the adjacent parietal cortex. The lack
of evidence for injury by densitometric analysis in
this area may be due to the limitation of this method
to accurately quantify the cortical injury secondary
to its patchy nature (Nelson and Silverstein, 1994).
Additional studies are necessary to establish the
neurochemical and histologic changes in the cere-
bral cortex and other brain regions due to HI injury
in perinatal iron deficiency.

In addition to brain iron deficiency, anemia that is
inevitable in our dietary model may have played a
significant role in brain injury. In human infants,
severe iron deficiency anemia has been associated
with hemiplegia, presumably due to cerebral hypox-
ia, altered viscosity, and thrombosis (Yager and
Hartfield, 2002). As we did not measure cerebral
blood flow changes and blood viscosity in our study,
it is not possible to differentiate the relative roles of
brain iron deficiency and anemia for our results.
Future studies controlling for anemia are necessary
to establish the role of brain iron deficiency in acute
HI injury. Similarly, the brain iron deficiency in our
model was slightly more severe than that showed in
infants of diabetic mothers and intrauterine growth
restricted infants with fetal and neonatal iron
deficiency (Petry et al, 1992; Georgieff et al, 1995).
Moreover, these infants typically do not have
anemia. Therefore, the results of the study are more
applicable to perinatal iron deficiency with anemia
secondary to maternal dietary iron deficiency that is
commonly seen in disadvantaged populations (Rao
and Georgieff, 2001). To our knowledge, the brain
iron concentration of the offspring of iron-deficient
mothers has not been assessed. Therefore, caution is
necessary while extrapolating the study results to
human clinical conditions.

Nevertheless, the study shows the importance of
optimal iron homeostasis during brain development.
Through its role in the production of free radicals,
iron is thought to play a significant role in perinatal
HI injury (Palmer et al, 1999; Vexler and Ferriero,
2001). High iron content, combined with immature
antioxidant mechanisms, is postulated to predis-
pose the developing brain to HI injury (Vexler and
Ferriero, 2001). In neonatal rats subjected to acute
HI injury, iron is histochemically detectable within
2—4h in brain regions that subsequently undergo
injury (Palmer et al, 1999). Administration of the
iron chelator desferoxamine before or soon after HI
injury reduces injury in neonatal rats (Palmer et al,
1994). Conversely, iron deficiency also appears to
increase the risk of HI injury in the developing brain
(Yager and Hartfield, 2002).

In conclusion, high field "H NMR spectroscopy
allowed us to determine the dose—response effect of

Journal of Cerebral Blood Flow & Metabolism (2007) 27, 729-740

graded durations of mild HI injury in the iron-
deficient hippocampus. The ability to detect and
quantify the neurochemical changes from specific
brain regions attests to the sensitivity and usefulness
of this method for studies of this nature. Because it
is noninvasive, the method can be extended to
human infants to detect and monitor the progression
of perinatal HI injury. Increased vulnerability of the
hippocampus and other brain regions to mild HI
injury may be responsible for the long-term cogni-
tive deficits in human infants with perinatal iron
deficiency.
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