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Abstract

We investigated the effects of perinatal hypoxia-ischemia
(HI) on brain injury and neurological functional outcome at
postnatal day (P)30 through P90. Hl was induced by exposing
P9 mice to 8% O, for 55 min using the Vannucci HI model. Fol-
lowing HI, mice were treated with either vehicle control or
Na*/H* exchanger isoform 1 (NHE1) inhibitor HOE 642. The
animals were examined by the accelerating rotarod test at
P30 and the Morris water maze (MWM) test at P60. T,-weight-
ed MRI was conducted at P90. Diffusion tensor imaging (DTI)
was subsequently performed in ex vivo brains, followed by
immunohistochemical staining for changes in myelin basic
protein (MBP) and neurofilament protein expression in the
corpus callosum (CC). Animals at P30 after HI showed deficits
in motor and spatial learning. T, MRI detected a wide spec-
trum of brain injury in these animals. A positive linear correla-

tion was observed between learning deficits and the degree
of tissue loss in the ipsilateral hemisphere and hippocampus.
Additionally, CC DTI fractional anisotropy (FA) values corre-
lated with MBP expression. Both FA and MBP values corre-
lated with performance on the MWM test. HOE 642-treated
mice exhibited improved spatial learning and memory, and
less white matter injury in the CC. These findings suggest that
HI-induced cerebral atrophy and CC injury contribute to the
development of deficits in learning and memory, and that
inhibition of NHET is neuroprotective in part by reducing
white matter injury. T,-weighted MRI and DTl are useful indi-
cators of functional outcome after perinatal HI.

Copyright © 2011 S. Karger AG, Basel

Introduction

Perinatal hypoxia-ischemia (HI) is a common cause of
brain injury resulting in significant mortality and mor-
bidity among both term and preterm neonates [1]. Neu-
rologic outcome in surviving children is variable, rang-
ing from mild cognitive impairment to major debilitating
disease [2]. Perinatal HI at different gestational ages re-
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sultsin distinct patterns of injury based on region and the
cell type [2, 3]. The mechanisms underlying perinatal HI-
mediated brain injury and their impact on long-term
neurological outcomes are not well defined.

The importance of assessing neurobehavioral out-
comes in animal studies of cerebral ischemia is now well
recognized, and several recent studies have sought to
characterize the behavioral and learning deficits in neo-
natal animals after HI [3-5]. Efforts to correlate injury
profiles with behavioral outcome have focused on selec-
tive cell death in susceptible brain regions such as the
hippocampus and white matter. Early demyelination and
subsequent glial scarring are associated with long-term
spatial learning and memory deficits in rats after HI [6].
Clinically, MRI and diffusion tensor imaging (DTI) are
increasingly used to detect HI-induced brain injury in
neonates and to characterize the extent of the injury [2].
A main benefit of the use of MRI in neonates after HI is
its ability to obtain a wide array of clinical information
noninvasively, and to follow the evolution of the brain
injury longitudinally [7-9].

In the perinatal period, white matter tracts develop
from a disorganized state to more organized bundles of
white matter tracts [10]. Fractional anisotropy (FA) in
DTT reflects a ratio of the water diffusivity along fiber
tracts to that across fiber tracts [10]. White matter injury
after HI can result in decreased diffusivity of water along
the axonal fibers. This decrease in directional diffusivity
can be detected by reductions in FA. While the utility of
DTT for assessing white matter injury is well established
[9-11], neurobehavioral correlates of DTI findings after
HI are poorly defined.

We have recently reported that pharmacological inhi-
bition of Na*/H* exchanger isoform 1 (NHE1) activity in
postnatal day (P)9 mice protected hippocampal neurons
at 3 days after HI [12]. Neonatal mice that were treated
with HOE 642 (a potent and selective inhibitor of NHEI)
showed improved motor and spatial learning at P60.
However, the long-term effects of NHEI inhibition after
HI on cerebral atrophy and white matter injury have not
been assessed.

In this study, we assessed cerebral atrophy and white
matter injury using MRI and immunohistochemistry as
well as correlations between MRI findings and behav-
ioral tests of learning and memory. Cerebral atrophy and
white matter damage in the corpus callosum (CC) cor-
related with impaired motor and spatial learning after
HI. Inhibition of NHE-1 reduced white matter damage in
the CC and improved the animals’ performance on be-
havioral testing.

Chronic Neurological Deficits after
Perinatal HI

Materials and Methods

Materials

Antibodies against monoclonal anti-myelin basic protein
(MBP) and polyclonal anti-neurofilament (NF) were from Milli-
pore (Billerica, Mass., USA) Sigma Inc. HOE 642 was a kind gift
from Aventis Pharma (Frankfurt, Germany). Goat anti-mouse
Alexa Fluor 488-conjugated IgG and goat anti-rabbit Alexa Fluor
546-conjugated IgG were from Invitrogen (Carlsbad, Calif., USA).
The tissue section rinsing solution CitriSolv was from Fisher Inc.
(Hampton, N.H., USA) and DPX mounting medium from Sigma
Inc.

Induction of Neonatal HI

C57/B6 mice at P9 were anesthetized with isoflurane (4% for
induction, 1% for maintenance) plus 30% O, and 70% N,. The body
temperature of the animals was maintained at 37°C with a heating
pad. Under a surgical microscope, a midline skin incision was
made, and the left common carotid artery electrically cauterized
as described before [12]. The incision was rinsed with 1% lidocaine
and sutured with a 6-0 Prolene suture. The animals were returned
to their dams and monitored continuously for 30 min during a
2-hour recovery period. To induce ipsilateral ischemic injury, the
animals were placed in a hypoxia chamber (BioSpherix Ltd., Red-
field, N.Y., USA) equilibrated with 8% O, and 92% N, at 37°C for
55 min. After HI, the animals were monitored continuously for 30
min and then checked every 30 min for 2 h and then daily until
sacrificed. Sham control animals [n = 5; 4 male (M), 1 female (F)]
underwent the same surgical procedures except the cauterization
of the left common carotid artery and exposure to hypoxia.

Drug Administration

To selectively inhibit NHE1 with its potent and highly selective
inhibitor HOE 642, the animals were randomly divided into HI
vehicle control (HI) and HOE 642-treated groups (HI + HOE).
HOE 642 (0.5 mg/kg) was administered intraperitoneally at 10
min, 24 and 48 h after HI (n = 8; 6 M, 2 F). Due to the short half-
life of HOE 642, it was administered at multiple time points (half-
life: 40 min in rats) [13]. The HI vehicle control animals received
an equal volume of saline at the same time points (n=9; 6 F, 3 M).

Accelerating Rotarod Test

The accelerating rotarod test examines balance and motor co-
ordination as well as skill learning. The accelerating rotarod test
was performed when the mice reached P30. After the mice were
placed onto a horizontal rotating rod at 4 rpm (Model ENV-575M;
Med Associates, St. Albans, Vt., USA), the rotarod was accelerated
from 4 to 40 rpm over the course of a 5-min trial. A single test
lasted from the time the mouse was placed on the rotating rod
until it fell off or until 5 min had elapsed. If a mouse grasped the
wheel and made 1 complete revolution, the latency to the first
complete revolution was recorded [14]. The mouse was then re-
turned to the home cage. Mice were tested for 4 trials per day for
3 consecutive days [15]. The mice rested in their home cages for
20 min to 1 h between each trial. The average time on the rotating
rod on day 3 is presented.

Hidden Morris Water Maze Test
Spatial learning and memory were assessed by the Morris wa-
ter maze (MWM) test in sham, HI and HOE 642-treated mice at
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P60. The mice were trained to locate a hidden escape platform in
a water pool as described before [12]. The pool was 124 cm wide
and 45 cm high. The clear acrylic hidden escape platform was 10
cm wide and 30 cm high with a circular top. Distal visual cues
were placed on each wall in the room (441 X 332 cm, with a back-
ground noise of 56 dB). The pool was filled with 31 cm of water
(21-23°C), and illumination at the water level was 21 1x. White
and nontoxic paint was added until the water was opaque (about
550 g of Crayola nontoxic liquid paint). Thus, the platform was
hidden by 1 cm of colored water. Lastly, the pool was virtually di-
vided into equal quadrants with 4 virtual points: west, north, east
and south. The escape platform was placed in the center of the
northwest quadrant, 26 cm from the wall at 45° diagonal from the
center.

The mice were transported from the housing room to the test-
ing room. Then, they were allowed to acclimate to the room for
30 min before training or testing. A brief preliminary training
was conducted with each mouse to ensure it could swim and
climb onto the platform. Each mouse was then trained for a total
of 32 trials. That is, each mouse was trained for 8 trials (2 blocks)
per day for 4 days. Between each trial, the mice were allowed to
rest on the platform for 10-15 s. The trials lasted 1 min or until a
mouse found the platform. If the mouse did not find the platform,
the mouse was placed on the platform for 10-15 s by the research-
er. Latency to reach the platform was automatically tracked and
recorded. After trial 32, each animal was given an MWM probe
trial, during which the platform was removed and each animal
allowed 60 s to search for the platform in the pool. The amount of
time that each animal spent in the trained quadrant and the oth-
er quadrants was recorded.

T,-Weighted MRI

MRI was performed using a Varian 4.7-tesla Small Animal
MRI scanner with a Varian 200-MHz quadrature mouse radio-
frequency coil (2.5 cm internal diameter). For T, imaging, mice
at P90 after HI were anesthetized with 1.5% isoflurane in an oxy-
gen/air mixture administered through a nose cone and then se-
cured in a cradle positioned within the center of the magnet bore.
Respiratory rate and body temperature were monitored with an
MR-compatible physiology monitoring unit, and temperature
was maintained within physiologic limits (37.0 = 0.2°C) using a
heated airflow unit. T,-weighted fast spin echo images (TR =
4,000 ms; effective TE = 60 ms; echo train length = 8; matrix size:
128 X 128; averages = 40) were acquired from 12 contiguous ax-
ial slices with a field of view of 17 X 17 mm and a slice thickness
of 1 mm. Masks of ipsilateral and contralateral hemispheres, hip-
pocampus and ventricles were created for each slice using Image]
[16]. Tissue volumes were calculated, and the ventricles and cysts
excluded from the hemispheric volume measurement. The vol-
ume of hemispheric tissue and hippocampus was expressed as a
ratio of ipsilateral to contralateral tissue volumes. 3-D surface re-
constructions of the ventricular system were created using the
SurfaceGen module in Amira (Visage Imaging Inc., San Diego,
Calif., USA).

DTI of ex vivo Brains

After completion of the T,-weighted MRI scanning, the ani-
mals at P90 were anesthetized with isoflurane, transcardially per-
fused with 4% paraformaldehyde and decapitated. After postfix-
ation of the brains in 4% paraformaldehyde overnight, brains
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were stored in a 30% sucrose/PBS solution for 48 h and rinsed with
PBS for 24 h. DTI was then performed on ex vivo brain specimens,
using a multislice spin echo sequence to acquire 3 reference and
30 noncollinear diffusion-weighted image volumes with the fol-
lowing parameters: TE/TR = 22/2,000 ms; number of excita-
tions = 4; matrix size = 192 X 192, reconstructed to 256 X 256;
field of view = 30 X 30 mm; 25 slices; slice thickness = 0.5 mm;
b-value = 1,100 s/mm?. FA, mean diffusivity, axial diffusivity and
radial diffusivity maps were created using Matlab-based software
developed in house.

Regions of interest (ROI) were drawn on each slice, and DTI
values calculated for the entire volume of each ROI (fig. 4). For
DTTI analysis, binary masks of ipsilateral and contralateral CC,
hippocampus, basal ganglia and cortex were manually drawn on
each of the 25 axial slices, using Amira software. The masks were
then applied to the FA and diffusivity maps. Mean values were
calculated for the entire volume of each ROI. FA, mean diffusiv-
ity, axial diffusivity and radial diffusivity values were analyzed
for all ROI and correlated with the behavioral test results.

Double Immunofluorescence Staining

Ex vivo brains were sectioned (35 pm thickness) on a freezing
sliding microtome (Leica SM2000R; Leica, Ill., USA). The brain
sections were either cryoprotected in an antifreeze solution for
storage at —20°C or mounted on polylysine-coated slides. In order
to quantify white matter injury, 2 coronal brain sections from
each brain were used (0.02 mm posterior from bregma, interaural
3.82 mm; 0.46 mm posterior from bregma, interaural 3.82 mm)
[17]. After rinsing with Tris-buffered saline (TBS), brain sections
were incubated with TBS++ (0.1% Triton X-100 and 3% goat se-
rum in 0.1 M TBS) for 30 min at 37°C. Sections were double-
stained with monoclonal antibody against MBP (1:50) and rabbit
polyclonal antibody against NF (1:160) for 1 h at 37°C and then
overnight at 4°C. After washing with TBS (3 X 10 min), brain
sections were incubated for 1 h at 37°C with goat anti-mouse Al-
exa Fluor 488-conjugated IgG for MBP (1:200) and goat anti-rab-
bit Alexa Fluor 546-conjugated IgG for NF (1:200). Following
rinsing with TBS, sections were incubated in TO-PRO-3 Iodide
(1:1,500 in TBS++) for 15 min and mounted on slides. The slides
were imaged with a Leica DM IRE 2 inverted confocal microscope
and Leica microscope software (Leica Inc., Ill., USA). For quanti-
fication of MBP and NF immunofluorescence staining, images
were autothresholded using Image] to subtract background stain-
ing. ROI were selected within the ipsilateral and contralateral CC.
Fluorescence intensity was calculated as the percentage of fluores-
cence-positive pixels within each ROIL, and expressed as a ratio of
the ipsilateral to contralateral values. CC thickness was measured
on coronal sections in each brain at 3 different locations (fig. 3c).
The mean thickness of the ipsilateral CC was expressed as a ratio
of ipsilateral to contralateral values.

Statistical Analysis

Values are expressed as means £ SD. The Mann-Whitney
rank sum test was used to compare the vehicle control and drug-
treated groups. ANOVA with Tukey’s post test was used in the
case of multiple comparisons. p < 0.05 were considered statisti-
cally significant. Pearson correlation analysis and linear regres-
sion were performed, with the significance of the correlation de-
termined by ANOVA. Statistical analysis was performed using
PASW Statistics 18 (SPSS Inc., Chicago, Ill., USA).

Cengiz et al.
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Fig. 1. T,-weighted MRI revealing variable
degrees of HI-induced hemispheric dam-
age. IL = Ipsilateral; CL = contralateral.
a Representative T,-weighted images
showing the spectrum of brain lesions af-
ter HI (mild, moderate and severe; n = 14).
T,-weighted MRI was performed at P90
after induction of HI in mice at P9. b Rep-
resentative 3-D reconstructions of the ce-
rebral ventricles after HI. Arrows: normal
ventricles. Arrowheads: ventriculo-mega-
ly. ¢ Hemispheric tissue volume measured
in sham, HI and HOE 642-treated ani-
mals. Representative ROI for hemispheric
tissue volume calculation are shown for IL
(horizontal line fill) and CL hemispheres
(vertical line fill). Ventricles and cysts were
excluded, and the volume of hemispheric
tissue was expressed as a ratio of ipsilat-
eral to contralateral tissue volume. d Hip-
pocampal tissue volume ratios in sham, HI
and HI + HOE animals are shown. Repre-
sentative ROI for hippocampal volume
calculation are depicted. ¢, d * p < 0.05.
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T,-Weighted MRI Reveals Variable Degrees of Brain
Injury in HI + HOE-Treated Mice after Perinatal HI

T,-weighted MRI demonstrated a wide spectrum of
brain injury at P90 (fig. 1a), with mild injury (<15% tissue
volume loss), moderate injury (15-30% tissue volume

Chronic Neurological Deficits after
Perinatal HI

loss) and severe injury/cysts. Moreover, 3-D reconstruc-
tions of the ventricular system illustrate that cerebral tis-
sue loss was accompanied by a similar degree of ventricu-
lomegaly, with formation of large cysts in the most se-
verely injured brains (fig. 1b). Mild injury was seen in 4
HI and 4 HI + HOE animals, moderate injury was seen
in 4 HI and 2 HI + HOE animals, and severe injury/cysts
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Fig. 2. Correlation of ipsilateral hemispheric tissue volume and
hippocampal tissue volume with motor and spatial learning in
mice after HI. The accelerating rotarod test and MWM probe tri-
al were performed at P30 and P60 after HI, respectively. Hemi-
spheric and hippocampal tissue volume ratios of these animals
were determined by T,-weighted MRI at P90. Correlations are
presented for sham/HI and sham/HI + HOE animals. a Correla-

were detected in 1 HI and 2 HI + HOE animals. Figure 1c
shows that the ipsilateral-to-contralateral hemispheric
tissue volume ratios were significantly reduced in the HI
group, compared with the sham control. A loss of ipsilat-
eral hippocampal tissue volume was also detected in HI
brains (fig. 1d). The hemispheric and hippocampal tissue
volume ratios were similar in the HI and HI + HOE
groups (fig. 1c, d). These data are consistent with previous
reports that developing immature brains exhibit variable
responses to HI, both in rodent models and clinically [18,
19].
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tion of ipsilateral hemispheric tissue volume ratio with time spent
on the rotarod. b Correlation of ipsilateral hemispheric tissue vol-
ume ratio with time spent in the training quadrant (MWM probe
trial). c Correlation of ipsilateral hippocampal tissue volume ratio
with time spent on the rotarod. d Correlation of ipsilateral hip-
pocampal tissue volume ratio with time spent in the training
quadrant (MWM probe trial).

Ipsilateral Hemispheric and Hippocampal Tissue

Volume Loss Correlates with Motor and Spatial

Learning after Perinatal HI

We have previously shown that induction of HI in
these animals at P9 resulted in impaired motor learning
as measured by the accelerating rotarod test, and im-
paired spatial learning and memory as measured by the
MWM test [12]. In the current study, Pearson correlation
and linear regression analyses demonstrated that the de-
gree of hemispheric and hippocampal tissue volume loss
in both HI and HOE 642 animals correlated with their

Cengiz et al.
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Fig. 3. HI-induced loss of MBP and NF expression in the ipsilat-
eral CC. Changes in MBP and NF protein expression after HI
were examined by immunohistochemical staining in the contra-
lateral and ipsilateral CC of ex vivo brains at P90 after HI. CL =
Contralateral; IL = ipsilateral. * p < 0.05 sham vs. HI; T p < 0.05
HIvs. HI + HOE. a Representative images of MBP and NF stain-
ings are shown from each group. Arrowheads: abundant MBP
and NF expression. Arrows: reduced MBP and NF expression.
TO-PRO-3 Iodide used for nuclear staining. b MBP expression is

Chronic Neurological Deficits after
Perinatal HI

expressed as the ratio of ipsilateral to contralateral values in
sham, HI and HI + HOE animals (n = 5-9). ¢ Three ROI in the
CC were selected and the thickness of the CC measured in each
brain and expressed as a mean value. d CC thickness was ex-
pressed as the ratio of the ipsilateral to contralateral mean values
in sham, HI and HI + HOE animals. e Correlation of CC thick-
ness ratio with time spent on rotarod. f Correlation of CC thick-
ness ratio with time spent in the training quadrant (MWM probe
trial).
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performance on the accelerating rotarod test (fig. 2a, c).
Similarly, changes in hemispheric and hippocampal tis-
sue volume ratios linearly correlated with the perfor-
mance on the MWM probe trial in HTand HOE 642-treat-
ed animals (fig. 2b, d). However, the shallower regression
slopes in HOE 642-treated animals imply that these ani-
mals spent more time in the training quadrant despite
their similar degree of hemispheric and hippocampal tis-
sue volume loss (fig. 2b, d). This suggests that NHE1 in-
hibition improved spatial learning and memory indepen-
dent of hemispheric and hippocampal tissue volume loss.

NHE]I Inhibition Preserves CC MBP Expression,

CC Thickness and Neurobehavioral Outcome after

Perinatal HI

To investigate white matter injury in these animals,
and its potential contribution to the neurobehavioral out-
come, we evaluated the expression of MBP and NF in the
ipsilateral and contralateral CC by immunohistochemi-
cal staining in sham, HI and HOE 642-treated animals at
P90. As shown in figure 3a, the contralateral and ipsilat-
eral CC in sham brains exhibited normal fiber tracts with
abundant MBP and NF immunofluorescence signals (ar-
rowheads). In contrast, the ipsilateral CC of HI brains
expressed less MBP as well as less NF immunostaining
(arrows). The overlay images of MBP and NF immuno-
staining revealed loss of MBP and NF expression in the
ipsilateral CC after HI (fig. 3a, arrows). Most important-
ly, HOE 642-treated brains exhibited significantly more
MBP immunostaining in the ipsilateral CC than the HI
controls (p < 0.05; fig. 3a, b). The fiber tract morphology
of the ipsilateral CC in the HOE 642-treated brains was
similar to that of the ipsilateral CC of sham brains (fig. 3a,
arrowheads). Although NF expression was decreased in
HI animals, this did not reach statistical significance
(data not shown). Measurement of CC thickness revealed
that there was a significant reduction in the HI brains at
P90 (fig. 3¢, d). In contrast, the CC thickness of the HOE
642-treated brains was similar to that of the sham con-
trols (fig. 3d). Furthermore, there was a positive linear
relation between CC thickness and motor and spatial
learning when all groups were pooled for correlation
analysis (fig. 3e, f). The nonpooled individual groups did
not illustrate correlations (data not shown). This could be
explained by the clustered data distribution or small sam-
ple size. Taken together, these data suggest that induction
of HI in mice at P9 led to a sustained loss of MBP and
axonal tract degeneration in the CC at P90. Inhibition of
NHEI after HI attenuated the injury in the CC and im-
proved neurobehavioral outcome.
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Correlation of Ipsilateral CC FA Values with Loss of

MBP Expression and Spatial Learning Deficits

We further investigated the white matter damage in
the ipsilateral CC by DTI analysis. Representative FA
maps and ROI are shown in figure 4a. FA values for the
sham, HI and HI + HOE groups were 0.48 * 0.06, 0.44
+ 0.08 and 0.46 * 0.07, respectively (p > 0.05). However,
a linear correlation between the ipsilateral CC FA value
and MBP immunostaining values (in the pooled groups)
was significant (R = 0.43; p < 0.05), suggesting that the
reduction in FA values in the ipsilateral CC after HI rep-
resents a loss of myelinated axons after HI (fig. 4b). No
changes were found in axial or radial diffusivity values
among these groups. We speculated that the damage in
the ipsilateral CC may play a role in neurobehavioral def-
icit formation. A positive correlation between the ipsilat-
eral CC FA values and the time spent in the training
quadrant of the MWM probe trial was detected (R = 0.45;
p < 0.05; fig. 4c). Collectively, these findings suggest that
the decreases in CC FA values reflect a degeneration of
the myelinated axonal tracts in the CC after HI, and that
white matter injury may contribute to spatial learning
and memory deficits in mice after HI.

Discussion

T,-Weighted MRI Reveals Variable Degrees of Brain

Injury after Perinatal HI

In the current study, a heterogeneous injury was de-
tected in mice at P90 after perinatal HI using T,-weight-
ed MRI. Moderate-to-severe brain injury was evident
with varying degrees of hemispheric tissue volume loss
and ventriculomegaly. The most severe injuries presented
as cyst formation with cavitation in the posterior periven-
tricular white matter. This wide spectrum of brain dam-
age is characteristic of immature brains in response to
HI, and is consistent with both preclinical studies with
rodent HI models and clinical findings in children after
neonatal HI [1, 2, 5, 18, 19]. The heterogeneity of HI-in-
duced brain injuries results from selective vulnerability
of specific populations of neurons and oligodendrocytes
to ischemic insult in the developing brain [2, 19]. More-
over, age-dependent differences in brain repair processes
such as neurogenesis, oligodendrocyte regeneration and
inflammation may also contribute to specific anatomic
patterns of injury [12]. Gender-dependent differences
also play an important role after HI [20]. In the current
study, the sample size for each gender was small and did
not allow us to investigate effects of gender on cerebral

Cengiz et al.

202 Iudy 0z uo 3senb Aq Jpd-0£¥8ZE000/2€L8292/0.L2/7-€/EE/PA-BI0IE/OUP/WOD JBIEY MMM//:dY WOl papeojumoq



Color version available online

HI + HOE

14 7] ® Sham Pearson coeff. = 0.57
4 o ni p <0.05 A
1.2 9 A HI+HOE 4
c
R
a
g
o
x
[
o
[aa]
=
0.6 = A o
- (o]
0.4 T T T T T T T T T T T 1
0.30 0.35 0.40 0.45 0.50 0.55 0.60
b FA
50 7] ® Sham Pearson coeff. = 0.43
4 o HI p < 0.05
40 =1 A HI+HOE A
= « *
= L ]
5 A
P
Q
I
o
=
=
=
C FA

Fig. 4. Correlation of ipsilateral CC FA values with MBP protein
expression and MWM probe trial. DTT was performed on ex vivo
brains at P90 in sham, HI and HI + HOE groups after perinatal
HIinduced at P9. CL = Contralateral; IL = ipsilateral. a Represen-
tative FA maps from each group demonstrating ROI selection.
b Correlation of CC FA values with MBP protein expression in
SHAM, HI and HI + HOE animals. MBP immunofluorescence
intensity was presented as the ratio of ipsilateral to contralateral
CC intensity. R = 0.43; p < 0.05. ¢ Correlation of CC FA values
with MWM probe trial in sham, HI and HI + HOE animals. R =
0.45; p < 0.05. N = 11. b, c Regression line represents the mean of
all animals studied.

Chronic Neurological Deficits after
Perinatal HI

atrophy and behavioral deficits in each group. Thus, fu-
ture study is needed to address this issue.

HI-Induced White Matter Damage in Ipsilateral CC

Using the immunofluorescence staining approach, we
observed a significant reduction in MBP expression
(fig. 3b) in the ipsilateral CC after HI. We also detected a
reduction of NF expression and axonal disorganization
after HI. FA is a measure of the directionality of water
diffusion within tissue, and is a sensitive indicator of
white matter injury [18, 21]. HI caused FA reduction (ap-
prox. 7%), which may reflect HI-induced neuronal dam-
age, demyelination and loss of axon fibers in the ipsilat-
eral CC. This is consistent with findings by others regard-
ing HI-mediated white matter damage. At P70 after HI,
rats exhibited a significantly lower FA in the ipsilateral
CC, proximal external capsule and anterior commissure
[22]. Moreover, a similar decrease in FA in the CC has
been detected in rats at P40-50 after chronic sublethal
hypoxia [23]. We also observed a significant reduction in
CC thickness in HI animals at P90. A similar finding was
reported in rats at P90 in a global perinatal asphyxia
model [24]. It has been documented that P0-50 in rats is
an important period for myelination, maturation and
pruning of axonal tracts in the CC, suggesting that ani-
mals are susceptible to white matter injury from HI dur-
ing this vulnerable period [24]. Our findings demonstrate
that HI induction in P9 mice could cause a sustained in-
jury to white matter at P90.

Contribution of Hemispheric Tissue Volume Loss and

White Matter Damage to Motor Learning and Spatial

Learning Deficits

In the current study, we found that decrease in ipsilat-
eral hemispheric tissue volume positively correlated with
motor and spatial learning deficits in mice after HI. How-
ever, inhibition of NHEI protein with HOE 642 did not
reduce the hemispheric tissue volume loss at P90, but sig-
nificantly improved motor learning and memory at P60
(the latter has previously been reported [12]). It has been
reported that neuronal plasticity after HI can improve
memory loss without reducing tissue atrophy in either
hippocampus or cortex [25]. Treatment with HOE 642
was shown to be neuroprotective of the hippocampus 3
days after HI in neonatal mice [12]. In addition to the pos-
sible effects of HOE 642 on neuronal plasticity, we specu-
late that less white matter damage may also have contrib-
uted to better functional outcome in the HOE 642-treat-
ed mice. Myelin plays an important role in learning and
memory function [6, 24, 26]. In our study, white matter
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damage in the CC (DTI FA values, MBP staining and CC
thickness measurement) correlated with the performance
of animals on motor learning and memory tests. More-
over, HOE 642-treated animals exhibited a reduced loss
of MBP and thicker ipsilateral CC compared with HI an-
imals. Damage or agenesis of the CC in children is asso-
ciated with attention deficit disorder and developmental
coordination disorder [27, 28]. Both of these clinical dis-
orders are characterized by impairments of posture, mo-
tor coordination and sensorimotor coordination [27].
Therefore, the association of impaired motor learning
with CC injury in our study may reflect a phenomenon
similar to the motor coordination impairment in hu-
mans. However, we could not completely rule out the con-
tribution of the hippocampus to memory deficits in this
study because we only assessed hippocampal damage by
T,-weighted MRI. Our findings suggest that hemispher-
ic tissue volume and white matter injury are involved
with impairments of memory and learning, and that the
improved memory and learning seen in the HOE
642-treated animals may in part result from a reduction
in white matter injury.

Inflammation and gliosis play an important role in
white matter injury after perinatal HI [29-32]. Although
preterm neonates are more susceptible to white matter
injury after HI than term neonates, term neonates do
show white matter injury which is associated with motor,
perceptual, behavioral and cognitive disorders [33].
NHETI is highly expressed in reactive astrocytes 3 days
after HI in P9 mice [12]. In addition, we found that NHE1
inhibition with HOE 642 decreases microglial activation
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