nature publishing group

Basic Science Investigation ‘ AI‘tICleS

Longitudinal diffusion tensor and manganese-enhanced MRI
detect delayed cerebral gray and white matter injury after

hypoxia-ischemia and hyperoxia

Tora Sund Morken', Marius Widerge', Christina Vogt', Stian Lydersen?, Marianne Havnes?, Jon Skranes’, Pal Erik Goa*

and Ann-Mari Brubakk'~

BACKGROUND: Hypoxia—ischemia (HI) induces delayed
inflammation and long-term gray and white matter brain injury
that may be altered by hyperoxia.

METHODS: HI and 2 h of hyperoxia (100% 0,) or room air (21%
0) in 7-d-old (P7) rats were studied by magnetic resonance
imaging at 7 Tesla during 42 d: apparent diffusion coefficient
(ADCQ) maps on day 1; T-weighted manganese-enhanced
images on day 7; diffusion tensor images on days 21 and 42; and
T, maps at all time points.

RESULTS: The long-term brain tissue destruction on T, maps was
more severe in HI+hyperoxia than Hi+room air. ADC was lower in
HI+hyperoxia vs. HH+room air and sham and was correlated with
long-term outcome. Manganese enhancementindicating inflam-
mation was seen in both the groups along with more microglial
activation in Hl+hyperoxia on day 7. Fractional anisotropy (FA) in
corpus callosum was lower and radial diffusivity was higher in
HI+hyperoxia than that in HI+room air and sham on day 21. From
day 21 to day 42, FA and radial diffusivity in HI+hyperoxia were
unchanged, whereas in HI+room air, FA increased and radial dif-
fusivity decreased to values similar to sham.

CONCLUSION: Hyperoxia caused a more severe tissue destruc-
tion, delayed irreversible white matter injury, and increased
inflammatory response resulting in a worsening in the trajectory
of injury after HI in developing gray and white matter.

Perinatal brain injury is a severe and often fatal condition
that may lead to lifelong disabilities in survivors. Improved
neonatal intensive care has led to increasing survival rates over
the last decades, but disability rates have not improved cor-
respondingly, in part due to the increasing number of preterm
born infants who survive (1). The ensuing injury process after
hypoxia-ischemia (HI) may progress for days and weeks and
is the result of both impaired brain development and continu-
ing destructive processes such as inflammation (2-4). There
are indications that exposure to hyperoxia may increase such
injury (5).

Oxygen supplementation in postinjury care is used to
maintain adequate oxygen saturation in the cardiorespiratory
unstable neonate, and exposure to supraphysiological levels
of oxygen is often unavoidable. The international guidelines
for the immediate resuscitation of term infants was recently
changed and currently recommends beginning with room
air (21% O,) rather than hyperoxia (100% O,) (6) because
an increased mortality after hyperoxic resuscitation has been
shown in these infants (7). Uncertainty remains for the opti-
mal regimen in preterm infants and later on during postinjury
care. There is a need to study both the effect of hyperoxia after
an acute hypoxic-ischemic episode and the effect of long-term
treatment with oxygen on the development of injury in pre-
term children.

Repeated multimodal magnetic resonance imaging (MRI) is
an excellent tool to study the long-term impact of hyperoxia
on the evolution of injury in immature gray and white mat-
ter after HI in vivo. We have previously shown how areas of
delayed tissue loss and ongoing inflammation can be depicted
with repeated high-resolution manganese-enhanced T, and T,
images after HI in the 7-d-old (P7) rat (8,9). Additional MRI
methods to study the long-term evolution of injury in vivo
are early diffusion mapping and longitudinal diffusion ten-
sor imaging (DTI) that can be used to detect the long-term
changes in water diffusion and thereby the microstructure of
developing gray and white matter.

We hypothesized that a single episode of hyperoxia would
worsen the long-term trajectory of delayed injury in gray and
white matter after HI in the immature rat brain. The aim of
the study was to explore this effect up to 42 d after HI using
multimodal MRL

RESULTS

Body weight (Table 1) was restricted in all HI animals com-
pared longitudinally with sham. There were no differences
between HI groups.
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Effects of Hyperoxia on Long-Term Tissue Destruction After HI

On day 1, areas of high T, were seen in the ipsilateral hemi-
sphere (Figure 1a). These areas later underwent destruction
and impaired growth. HI+hyperoxia had lower ipsilateral
hemisphere volumes and larger porencephalic cysts than
HI+room air at all time points (Figure 1b,d). There was a sig-
nificant interaction in thelinear mixed model between time and
experiment group in ipsilateral hemisphere volume (P < 0.001)
and porencephalic cyst volume (P < 0.001). This was seen as a
more severe trajectory of brain tissue destruction with increas-
ing differences in ipsilateral hemisphere and porencephalic

Table 1. Longitudinal mean body weight + SEM
DayO(g) Day1(g) Day7(g)
15.7£0.5% 15.6+0.5% 244+1.1*

Day21(g) Day42(qg)
60.2+4.1* 170.5+8.1
65.8+1.6* 167.3+5.2
189.3+8.2

HI+hyperoxia
15.1+04 15.1+£04* 24.0+0.6*

16.8+1.1 288+0.7 766+19

Hl+room air
Sham

HI, hypoxia-ischemia.
*P<0.05vs.sham.

14.7+£1.1

Hl+
100% O,

cyst volumes between HI+room air and HI+hyperoxia over
the 42-d follow-up period after injury (Figure 1).

Manganese Enhancement and the Inflammatory Response
Increased manganese enhancement was observed in both the
HI groups 7 d after HI in ipsilateral basal ganglia, thalamus, and
cortex (Figure 2c—e). Areas of activated microglia and reactive
astrocytes were seen in the manganese-enhanced areas in both
groups. A slightly higher proportion of the ipsilateral brain tis-
sue was manganese enhanced in HI+hyperoxia vs. HI+room
air (not significant, P = 0.066). Mean CD68 score was higher in
HI+hyperoxia than in HI+room air on day 7 after HI (P = 0.02;
Figure 2b). Mean antiglial fibrillary acid protein score and counts
of caspase-3-positive cells did not differ between HI+room air
and HI+hyperoxia.

Early Apparent Diffusion Coefficient and Long-Term Outcome
After HI

Apparent diffusion coefficient (ADC) values were lower in ipsi-
lateral basal ganglia and hippocampus in HI+hyperoxia than in
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Figure 1. Effects of hyperoxia on long-term tissue destruction after hypoxia—ischemia (HI). (a) T, maps; (b) ipsilateral hemisphere volume; (c) contralateral
hemisphere volume; and (d) porencephalic cyst volume; all from days 1, 7, 21, and 42 after (HI) in Hl+hyperoxia (open triangle), Hl+room air (open square),
and sham (black diamond). Areas with increased T, (white arrows) on day 1 show injured areas with edema. The same area dissolved into a porencephalic
cystseen as high T, in liquid areas on days 7, 21, and 42 (black arrows). Bars represent 95% confidence intervals. *P < 0.05 HI + hyperoxia vs. HI + room air; /P <

0.05 HI + hyperoxia vs. sham; *P < 0.05 HI + room air vs. sham.
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Figure 2. Manganese enhancement and delayed inflammation. (a) Relative manganese-enhanced volume in ipsilateral hemisphere in HI+hyperoxia
(open triangle), HI+room air (open square), and sham (black diamond); **not significant, P = 0.066. (b) Mean CD68 score in HI+hyperoxia (black column)
and Hl+room air (white column). Bars represent 95% confidence intervals. * P < 0.05. (c-e) T,-weighted images with manganese enhancement (bright
areas) in (c) Hl+hyperoxia, (d) Hl+room air, and (e) sham; (f,g) CD68-positive microglial cells (brown) in (f) HI+hyperoxia and (g) HI+room air. In f,g, bars =
2mm. (h,i) Microglial cells were seen extending into the corpus callosum and (j) contralateral cingulum. Scattered caspase-3-positive cells were seen in
contralateral hemisphere in the area of the external capsule (k). In h-k, bars = 100 um, x20 magnification. HI, hypoxia—ischemia.

Table 2. Mean ADC (m?%/sx 107) and 95% Cl in ipsilateral basal ganglia, thalamus, hippocampus, and cortex 1 day after HI

HI+hyperoxia Hl+room air Sham
Mean 95% Cl Mean 95% Cl Mean 95%Cl
Basal ganglia 614.5 (545.8-638.1)** 802.6 (679.8-925.5)* 1,105.7 (1,035.0-1,176.4)
Thalamus 611.1 (533.2-689.0)* 795.9 (641.3-950.5)* 1,134.8 (1,093.5-1,176.0)
Hippocampus 767.2 (695.2-839.3)** 9123 (817.4-1,007.3)* 1,122.4 (1,079.9-1,164.9)
Cortex 456.1 (366.3-545.9)* 649.5 (486.2-812.9)* 1,029.3 (991.8-1,066.8)

ADC, apparent diffusion coefficient; Cl, confidence interval; HI, hypoxia—ischemia.
*P < 0.05 vs. sham; **P < 0.05 HI+hyperoxia vs. Hl+room air and sham.

HI+room air 1 d after HI with the same tendency in thalamus
(P =0.06) and cortex (P = 0.1), indicating a more severe injury
in this group (Table 2). Both HI groups had lower ADC val-
ues in all regions vs. sham. ADC on day 1 after HI was posi-
tively correlated with long-term ipsilateral hemisphere volumes
(Table 3), especially in thalamus. HI+room air had an overall
stronger correlation between day 1 ADC and long-term ipsilat-
eral hemisphere volumes than HI+hyperoxia. Visual evaluation
of ADC maps 1 d after HI identified four patterns of abnormal-
ity that could be related to different trajectories of brain tissue
loss (Figure 3a). These were pattern 1: no injury, could not be
distinguished from sham (n = 1); pattern 2: high ADC and high
signal intensity on T, maps in external capsule only (n = 14);
pattern 3: low ADC in cortex, thalamus, and hippocampus (n
= 26); and pattern 4: ADC change in contralateral hemisphere
(n = 6). In animals with high ADC and high T, in white matter

Copyright © 2013 International Pediatric Research Foundation, Inc.

(pattern 2), the ipsilateral hemisphere had an impaired growth
resulting in hypotrophy of the ipsilateral hemisphere without
dissolution and cyst development (Figure 3c). This resulted in
larger ipsilateral brain hemisphere volumes in the long term
than animals with a reduction in ADC in ipsilateral (pattern 3)
or contralateral hemisphere (pattern 4). Animals with pattern
3 or 4 had total hemisphere destruction in the long term with a
porencephalic cyst occupying most of the ipsilateral area of the
brain (Figure 3c).

Diffusion Tensor Imaging in Corpus Callosum and Contralateral
White Matter

DTI was performed on day 21 and day 42 after HI. On day 21
after HI, fractional anisotropy (FA) in corpus callosum was lower
in HI+hyperoxia than in HI+room air that again was lower than
in sham (Figure 4d). From day 21 to day 42, FA increased in
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Table 3. Correlations between ADC values on day 1 and ipsilateral hemisphere volume on days 7,21, and 42

Dependent variable: ipsilateral hemisphere volume

Independent
variable Day 7 Day 21 Day 42
ADConday 1 Constant B R? Constant B R? Constant B R?
Basal ganglia
HI+hyperoxia 82.4 0.3 0.41* 228.0 -0.1 0.09 161.8 0.1 0.01
HI+room air 91.9 0.3 0.74* 86.9 0.3 0.63* 60.7 0.4 0.70*
Thalamus
HIl+hyperoxia 92.1 0.3 0.47* -283 0.4 0.40* -82.6 0.5 0.56*
Hl+room air 151.2 0.2 0.66* 1325 0.2 0.8* 122.2 0.3 0.84*
Hippocampus
HI+hyperoxia 67.0 0.2 0.32*% 120.9 0.1 0.05 81.1 0.2 0.17
Hl+room air -24.3 0.4 0.77* =23 0.4 0.69* -62.9 0.5 0.80*
Cortex
HI+hyperoxia 1723 0.2 0.31* 2234 -0.1 0.02 180.7 0.1 0.02
Hl+room air 200.6 0.2 0.56* 217.9 0.2 0.34 213.7 0.2 0.49*

ADC, apparent diffusion coefficient; HI, hypoxia—ischemia.
*P<0.05.
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Figure 3. Early apparent diffusion coefficient and long-term outcome after HI. (a) ADC maps 1 d after HI with four different patterns of injury. Pattern

1: no injury and sham; pattern 2: high ADC in external capsule only; pattern 3: low ADC in cortex, thalamus, and hippocampus; pattern 4: ADC changes
in contralateral hemisphere. (b) Graph of ipsilateral brain tissue volume from days 1 to 42 in animals from pattern 1 (open diamond), pattern 2 (open
square), pattern 3 (open triangle), and pattern 4 (black square). (c) Hematoxylin—eosin-stained slices from days 7 and 42 (scale bar = 2 mm). Group mean
with error bars representing 95% confidence intervals. *P < 0.05 pattern 1 vs. patterns 2-4; P < 0.05 pattern 2 vs. pattern 3; *P < 0.05 pattern 2 vs. pattern

4. ADC, apparent diffusion coefficient; HI, hypoxia—ischemia.

HI+room air (P = 0.004), whereas it remained unchanged in
HI+hyperoxia and sham. This resulted in similar values of FA
in HI+room air and sham on day 42. The changes in FA were
associated with changes in radial diffusivity. On day 21, radial
diffusivity was higher in HI+hyperoxia than in HI+room air,
and both were higher than in sham. From day 21 to day 42,
radial diffusivity decreased in HI+room air (P = 0.001) to values
similar to sham on day 42, whereas no change was seen in sham

174  Pediatric RESEARCH Volume 73 | Number 2 | February 2013

or Hl+hyperoxia (Figure 4e). Axial diffusivity did not differ
between experiment groups on either time point but increased
in HI+hyperoxia from day 21 to day 42. There was a significant
interaction between time and experiment group in radial and
axial diffusivity (P = 0.03).

In contralateral white matter, FA did not differ between experi-
ment groups or time points, but there was a tendency toward hig-
heraxial (P=0.05) and radial (P=0.09) diffusivityin HI+hyperoxia

Copyright © 2013 International Pediatric Research Foundation, Inc.
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Figure 4. Diffusion tensor imaging. (a—c) Directionally color-coded fractional anisotropy maps from day 42 after hypoxia—ischemia (HI) in sham (a),
Hl+room air pup with mild injury (b), and Hl+hyperoxia pup with severe injury (c). (d—f) Fractional anisotropy (d), radial diffusivity (e), and axial dif-
fusivity (f) in corpus callosum. (g-i) Fractional anisotropy (g), radial diffusivity (h), and axial diffusivity (i) in contralateral white matter. (j-I) Fractional
anisotropy (j), radial diffusivity (k), and axial diffusivity (I) in contralateral putamen. All diffusion tensor imaging metrics are from days 21 and 42 after HI
and show Hl+hyperoxia (red triangle), Hl+room air (blue square), and sham (green triangle). Graphs show means and 95% confidence intervals for each
group. *P < 0.05 Hl+hyperoxia vs. Hl+room air; TP < 0.05 Hi+hyperoxia vs. sham; *P < 0.05 HI+room air vs. sham; P < 0.05 Hl+room air day 21 vs. day 42;

**P < 0.05 Hl+hyperoxia day 21 vs. day 42.

vs. sham on day 42 (Figure 4h-i). In contralateral caudate puta-
men, FA and axial diffusivity in HI+hyperoxia increased from day
21 to day 42, and FA was higher in HI+hyperoxia vs. HI+room
air and sham on day 42 (Figure 4j-1).

Changes in Contralateral Hemisphere

T, values were evaluated in the contralateral hemisphere but
did not differ between experiment groups (data not shown).
ADC values were lower in contralateral parasagittal cortex in
HI+hyperoxia than in Hl+room air and sham (P < 0.05) and
were positively correlated with low contralateral hemisphere
volumes on day 42 (R* = 0.59; P = 0.003). Growth of the con-
tralateral hemisphere was restricted in all HI animals compared
longitudinally with sham, with no differences between HI
groups (Figure 1c). There was a positive correlation between
body weight and contralateral hemisphere volume on day 42
(R*=0.62; P <0.001). On immunohistochemistry on day 7 after
HI, activated microglial cells were observed in either corpus
callosum or contralateral cingulum in 86% of HI+hyperoxia

Copyright © 2013 International Pediatric Research Foundation, Inc.

and 81% of HI+room air, and scattered apoptotic cells were
observed in contralateral hemisphere in both the HI groups
(Figure 2h-k).

DISCUSSION

Exposure to hyperoxia after HI in the P7 rat induced a more
severe initial brain injury with increased tissue loss during
the subsequent weeks as compared with exposure to room
air. The larger tissue destruction associated with hyperoxia
after HI was accompanied by signs of increased inflamma-
tion. The severity of late injury correlated with the reduc-
tion in ADC in brain tissue on day 1 after HI and depended
on whether ADC was abnormal in white matter only or in
both gray and white matter on day 1. DTI metrics indicated
irreversible changes in white matter microstructure in cor-
pus callosum after HI and hyperoxia. Hyperoxia also seemed
to have a detrimental effect on white matter development in
the contralateral hemisphere and an influence on long-term
brain growth.
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Strengths and Limitations

The strength of this study is the detailed information about
brain development and injury obtained by multimodal MRI
follow-up in vivo combined with immunohistochemistry. To
our knowledge, it is the first study to examine the effect of
hyperoxia after HI on long-term injury development in gray
and white matter in a neonatal rat model using manganese-
enhanced MRI in combination with DTT and anatomical imag-
ing. Although some experimental studies have found no effect
(10) or that hyperoxia limits injury (11), mounting experimen-
tal data indicate that hyperoxia exacerbates injury after HI in
the immature brain (5,12). Our study corroborates these find-
ings and adds important knowledge to the effect of hyperoxia
on the prolonged evolution of injury in gray and white matter.
Two hours of hyperoxia was used to demonstrate an effect on
the trajectories of gray and white matter injury development.
However, this does not translate directly to a clinical setting,
in which exposure is typically repeated, shorter, and fluctuat-
ing between low and high oxygen concentrations. A possible
limitation is that whole litters were used. To appropriately ana-
lyze this design, we applied a mixed model that recognizes that
litters, not individual pups, were assigned to the experiment
groups. This model takes into account the random effects of lit-
ters (clusters) when measuring the fixed effects of experiment
groups.

Comparative Aspects of the P7 Rat Model

The Vannucci model in the P7 rat has often been considered
a late-preterm model because the cortical layering is complete
(13), but myelination of white matter has not yet started (14).
Such a comparison between the human and rodent brain will
always be arbitrary because of the differences in brain devel-
opment and anatomy between these species. In human brain
development, most neural events occur before birth, whereas in
the rat, many of these events occur after birth (15). Also, the rat
brain has a lissencephalic surface, whereas the human brain is
gyrencephalic.

Long-Term Tissue Destruction

Exposure to hyperoxia after HI led to more severe longitu-
dinal tissue destruction as demonstrated by the more pro-
nounced brain tissue loss and larger porencephalic cysts in
HI+hyperoxia than in HI+room air. In this and earlier studies,
we have shown that areas of manganese enhancement 7 d after
HI correspond to areas of inflammation and gliosis that later
undergo delayed cell death and liquefaction, suggesting that
inflammation is involved in the continued destruction of brain
tissue after HI (8,9). The indications of a stronger inflamma-
tory response in HI+hyperoxia in our study are in agreement
with earlier animal studies reporting that inflammation in the
perinatal brain (16) and activated microglia in the adult brain
(17) increase after hyperoxic reperfusion. A more pronounced
delayed inflammatory response may either have been caused
by larger areas of initial injury in animals exposed to hyper-
oxia after HI or by a direct enhancing effect of hyperoxia on
inflammation.

176  Pediatric RESEARCH Volume 73 | Number 2 | February 2013

Early ADC and Long-Term Outcome

Early ADC changes observed in gray matter in HI+hyperoxia
could be explained by a more severe cytotoxic edema causing
restriction of water movement due to cellular swelling and
reduction of extracellular space (18). This is in accordance with
current knowledge of increased oxidative stress in the reper-
fusion phase leading to increased cellular injury (19), possi-
bly potentiated by a vasoconstricting effect of hyperoxia after
injury (20). ADC is used in the clinic for early assessment of
perinatal brain injury because diffusion abnormalities appear
earlier than signal abnormalities on T, and T, imaging. The
finding that early low ADC in thalamus correlated with lower
ipsilateral hemisphere volume longitudinally is in agreement
with human studies in which low early ADC in this area pre-
dicted long-term MRI injury patterns and neurologic outcome
after HI (21,22). The correlation was strongest in HI+room air,
possibly explained by a more homogenous severe destruction
of brain tissue in the HI+hyperoxia group in the long term.
Our findings of high ADC in white matter in injury pattern 2
have been reported in animal studies as a sign of subtle white
matter injury after HI (23) and also in studies of preterm
infants with white matter diffuse excessive high signal intensity
at term-equivalent age (24). High ADC indicates the presence
of free extracellular water, supported by high T, observed in
white matter in the same animals. One possible explanation is
vasogenic edema extending into white matter from adjacent
injured areas. Other possible explanations are cellular reac-
tions in oligodendrocytes and microglia in white matter (25),
and apoptosis causing cellular shrinkage and increase in extra-
cellular space (26,27).

DTI

Lower FA and increased radial diffusivity in corpus callosum in
HI+hyperoxia in our study may indicate pathological changes
in white matter microstructure. White matter deviations are
often seen in preterm infants (28), and both hypoxia and
ischemia, as well as hyperoxia, are thought to play an impor-
tant role in the pathogenesis (4,29). During normal matura-
tional development of white matter in rats, increasing FA and
decreasing radial diffusivity observed during the first postnatal
weeks are thought to be related to increasing oligodendrocyte
coverage and myelination of white matter tracts (30,31). One
may speculate whether reduced myelination or axonal injury
and loss of transcallosal fibers may have contributed to the
lower FA and increased radial diffusivity. The normalization
of DTI metrics from day 21 to day 42 in HI+room air may
indicate repair. In contrast, this normalization was not seen
among HI+hyperoxia, possibly indicating an irreversible effect
of hyperoxia on immature white matter. This is in agreement
with emerging evidence of selective vulnerability of white mat-
ter to prolonged hyperoxia exposure during the first postnatal
week in rats (29), leading to long-term reduction in FA of cor-
pus callosum (32). The observation of activated microglia in
white matter supports the hypothesis that these cells, abundant
in developing white matter, are key effectors in the pathogen-
esis of injury to perinatal white matter (4).

Copyright © 2013 International Pediatric Research Foundation, Inc.



DTI and MEMRI of HI and hyperoxia ‘ ArtiCIes

a
>
b
c
d ADC 3D-T, DTI DTI
HET, T, T, T,
L1 | | |
T ! W
0 1 7 21 42

Figure 5. Experimental design with experiment groups. (a) HI+hyperoxia,
(b) HI+room air, (c) sham, and (d) timeline of days after HI with respec-
tive MRl modalities. Animals were followed with repeated MRI for either

7 d after HI (gray arrows) (ina, n=15;inb,n=9;and in ¢, n = 6) or for

42 d after HI (black arrows) (ina,n=13;inb,n=10;and in¢,n=7). HI,
hypoxia-ischemia; MRI, magnetic resonance imaging.

Our observations of DTT abnormalities in contralateral white
matter and caudate putamen have correlates in clinical studies.
In preterm infants with diffuse excessive high signal intensity
in white matter indicating white matter abnormality, increased
axial and radial diffusivity have been found on DTT (33). DTI
studies of normal aging subjects have revealed higher FA and
axial diffusivity in basal ganglia attributed to tissue degradation
and a relatively more compact tissue (34). A restricted volume
of basal ganglia has been shown in preterm infants (35), paral-
lel to our findings of lower contralateral brain volume after HI
in the long term. One may speculate that a similar process of
relative tissue degradation and restricted growth in the devel-
oping brain after perinatal HI has led to the observed changes
in DTT metrics in caudate putamen in our study.

Contralateral Hemisphere

Signs of injury in the contralateral hemisphere may have been
caused by the global hypoxia in this model of HI. Restricted
contralateral hemispheric growth has also been reported by
others (36,37), and observations of activated microglia and scat-
tered apoptotic cells suggest that delayed injury processes are
activated. A potentiating effect of hyperoxia in the reperfusion
phase is also possible. Vasoconstriction by hyperoxia has earlier
been reported in the reperfusion phase in preterm infants (20)
and may have worsened the injury and the subsequent cytotoxic
edema in areas of immature vascularization in the developing
brain; in our study seen as a reduction in ADC in contralateral
parasagittal cortex in HI+hyperoxia 1 day after HI.

Conclusion

Exposure to hyperoxia after HI caused adverse effects in gray
and white matter development that increased during the course
of the longitudinal study. The evolving tissue destruction and
loss of white matter integrity may have been caused by increased
inflammatory reactions, either as a direct consequence of hyper-
oxia or indirectly through a more severe initial injury. Our study
corroborates the emerging evidence of vulnerability to hyper-
oxia of immature gray and white matter and adds important

Copyright © 2013 International Pediatric Research Foundation, Inc.

knowledge to the impact of hyperoxia on long-term develop-
ment of injury. We suggest that future studies should examine
the effects of fluctuating oxygen concentrations on circulation
and development of gray and white matter in the immature brain
to better mimic the clinical conditions of the preterm neonate.

METHODS

Animals

Animals were obtained from Scanbur, Norway AS. Six Wistar rats,
mated at the animal facility at the Norwegian University of Science and
Technology in Trondheim, gave birth to litters of 9-14 pups. The pups
(n = 60) were weaned at the age of 4wk (P28) and kept on a 12:12h
light:dark cycle with food and water ad Ilibitum. Experiments were
approved by the Animal Care and Use Committee at the Norwegian
University of Science and Technology (Forsgksdyrutvalget).

HI and Experiment Groups

The Vannucci model for HI brain injury was used (9,14). P7 rats were
placed on a water-heated thermal pad (Gaymar Industries, Orchard
Park, NY) and anesthetized with isoflurane (Baxter, Allerod, Denmark).
The right common carotid artery was identified, thermocauterized, and
severed. In sham-operated littermates, the carotid artery was identified
under anesthesia but not severed (n = 13). The pups were returned to
their dam for recovery and feeding for a minimum of 2h and a max-
imum of 4h. Thereafter, the pups were put in a fiberglass box inside
an incubator, where the temperature and oxygen concentrations were
constantly monitored and the temperature was kept at 36 + 0.5°C. The
box was flushed with preheated, humidified 8% 0,in92% N,, and the
oxygen concentration was kept constant for 75 min. Immediately after
hypoxia, the box was flushed with either 100% O, or room air. After
saturating the box with the desired gas concentration, flow was kept at a
minimum during exposure. Four litters (1 = 28) were exposed to 100%
O, (HI+hyperoxia), and two litters (n = 19) were exposed to room air
(HI+room air) for 2h. More pups were allocated to the HI+hyperoxia
group because a larger injury variability was expected in this group.

Manganese Enhancement

For manganese-enhanced MRI, MnCl2 (Sigma-Aldrich, St Louis, MO)
was given as a single dose (40 mg/kg body weight) by intraperitoneal
injection 6h after hypoxia (one litter from each experiment group and
sham-operated littermates; n = 20). The animals that did not receive
MnClI, were injected with 0.15ml of 0.9% NaCl (B. Braun Melsungen,
Germany; 7 = 40).

MRI

MRI was performed on days 1, 7, 21, and 42 after HI using a 7-Tesla
magnet (Biospec 70/20 AS; Bruker Biospin MRI, Ettlingen, Germany)
with water-cooled (BGA-12, 400 mT/m) gradients. A volume resona-
tor (Bruker Biospin MRI) was used for radio frequency transmission,
and actively decoupled head surface coils (Rapid Biomedical, Rimpar,
Germany) were used for radio frequency reception. During scanning,
the anesthetized (2% isoflurane in 30% O,/70% N,) pups lay prone in a
dedicated water-heated bed (Bruker Biospin MRI), and the heads were
fixated in the same position with tooth bar, nose mask, and polysty-
rene. Temperature and respiration were monitored during the scanning
procedure. All animals were imaged longitudinally at all time points
until euthanization (Figure 5). On day 1, diffusion-weighted images
were obtained using an echo planar imaging sequence with six b values
(100/200/400/600/800/1,000ms) in three orthogonal directions; echo
time (TE) = 37.50 ms; repetition time (TR) = 3,000 ms; four averages;
field-of-view (FOV) = 25 x 30 mm? acquisition matrix (MTX) = 160
x 192; 15 coronal slices of 1mm. On day 7, three-dimensional T -
weighted data sets were obtained using a gradient echo fast low-angle
shot sequence with flip-angle = 30°% TR = 12ms; TE = 3.0ms; FOV =
25 x 25 x 17.5mm?, and MTX = 160 x 160 x 112. Two-dimensional
coronal T, maps were obtained at all time points with a turbo spin-echo
(RARE) sequence: Effective TE = 25, 75, and 125ms; TR = 4,000 ms;
RARE-factor = 4; FOV = 25 x 20mm? (day 1 and day 7), 30 x 20 mm?
(day 21 and day 42); MTX = 160 x 96 (day 1 and day 7), and 192 x
96 (day 21 and day 42) reconstructed to 160 x 128 and 192 x 128,
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respectively; 15 slices of 1 mm. On days 21 and 42, DTI was performed
with an echo planar imaging sequence using 30 directions; b = 1,000 ms;
five b0 images; TE = 40 ms; TR = 3,750 ms; FOV =40 x 49.5 mm? MTX
=172 x 212; 25 axial slices of 0.5 mm.

Magnetic Resonance Image Analyses

Gray matter changes were studied by ADC maps from day 1 after HI
and by manganese-enhanced three-dimensional T, imaging from
day 7 after HI. Volume measurements of the injured brain areas
were carried out on T, maps at all time points along with the assess-
ment of the anatomical distribution of injury. The long-term white
matter development was studied by DTT on day 21 and day 42 after
HI. In-house-developed software (MATLAB version R2010a, Math
Works, Natick, MA) was used for calculating the ADC and T, maps,
and Image] (v1.42q, National Institutes of Health, Bethesda, MD) was
used for image analyses. The ADC maps were calculated by fitting a
monoexponential model to the signal intensity of the images with dif-
ferent b values. Regions of interest were drawn in parasagittal cortex,
thalamus, hippocampus, and basal ganglia in one slice corresponding
to —3.25mm from the bregma (38). The T, maps were calculated by
fitting a monoexponential model to the signal intensity of the images
with different TE values. The area of the remaining brain tissue in
each hemisphere and porencephalic cysts were drawn manually on
the T, maps in each image slice, and the total volumes were calcu-
lated. Manganese-enhanced areas in the ipsilateral hemisphere were
defined by having higher signal intensity on T -weighted images than
on the contralateral side on day 7 (8). Areas of manganese-enhanced
tissue were manually drawn in each image slice, and the manganese-
enhanced volumes calculated. DTT analyses were performed with the
tools of the FMRIB software library (FSL version 4.1.4, Oxford Centre
for Functional MRI of the Brain, Oxford, UK; www.fmrib.ox.ac.uk/
fsl). Images were preprocessed to reduce image artifacts due to motion
and eddy current distortions by affine transformation and coregistra-
tion of the diffusion-encoded images to the b0 images. Single data sets
with severe ghosting artifacts were excluded from further analyses
(day 21: n = 6; day 42: n = 5). Brains were segmented out using the
Brain Extraction Tool before FDT version 2.0 (both part of FSL) was
used to fit a voxelwise diffusion tensor model to the diffusion image
data (39). Maps for the FA, radial diffusivity, and axial diffusivity were
created. To limit partial volume effects, regions of interest were manu-
ally drawn in the center of white matter structures at all relevant image
slices on the FA maps and combined to three volumes of interest that
were used in the analyses: corpus callosum (comprising the genu,
body, and splenium), contralateral major white matter structures, and
contralateral caudate putamen. Mean FA, radial diffusivity, and axial
diffusivity were calculated in each of these volumes of interest in each
animal. Due to severe tissue loss, regions of interest were not drawn in
ipsilateral white matter.

Immunohistochemistry

Animals were killed after MRI acquisition on day 7 or 42 by an over-
dose of pentobarbital (300 mg/kg; Vétoquinol, Lure, France). For fixa-
tion, an intracardial perfusion of 4% paraformaldehyde (Fluka Chemie
AG, Buchs, Switzerland) in phosphate-buffered saline (Oxoid Limited,
Hampshire, UK) was given. After embedding in paraffin, coronal sec-
tions (8 um) corresponding to —3.25mm from the bregma (38) were
cut and stained with hematoxylin—eosin (Cell Path, Newtown, UK
and Sigma-Aldrich), antiED1-fluorescein isothiocyanate (Serotec,
Raleigh, NC) for CD68-positive microglia, antiglial fibrillary acid
protein (Cymbus Biotechnology, Southampton, UK) for reactive
astrocytes, or anticleaved-caspase-3 (Cell Signaling, Danvers, MA) for
apoptosis. The sections were then incubated with rat antifluorescein
isothiocyanate-biotin (Roche, Basel, Switzerland), horse antimouse-
biotin (Vector Laboratories, Burlingame, CA), or goat antirabbit—
biotin (Vector Laboratories). Visualization was performed using a
Vectastain ABC kit (Vector Laboratories). The sections were evaluated
semiquantitatively for the presence of CD68 or antiglial fibrillary acid
protein—positive cells in 13 defined regions: parietal cortex divided
into six subregions, CA1l, CA2, CA3, CA4, dentate gyrus, thalamus,
and caudate putamen (10). The following scale was used for scoring:
0, no positive cells; 1, <33% of cells in area stained; 2, 33-67% stained;
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3, >67% stained. The average of the scored regions was defined as
the mean score. For regions in total dissolution, no score was given.
Caspase-3 immunoreactive cells were counted in ipsi- and contral-
ateral hemisphere. Full-section images were captured with a MIRAX
MIDI system (Carl Zeiss Microlmaging, Jena, Germany). On day 42,
semiquantitative analyses were not performed because of large areas of
destruction in the ipsilateral hemisphere.

Statistical Analyses

Data were analyzed at each time point using a linear mixed model
with experiment group as fixed effect and litter as random effect
and are presented as estimated marginal means with 95% con-
fidence intervals unless stated otherwise. Time trajectories of
the HI+hyperoxia vs. HI+room air groups were compared using
a mixed model with group and categorized time as fixed effects,
individual as level 2 random effect, and litter as level 3 random
effect, using a likelihood ratio test for the time x group interaction.
Analyses of the DTT metrics between time points were performed
by paired Student’s t-test, and therefore subjects with missing DTI
data at either time point were excluded. ADC, immunohistochem-
istry, and manganese-enhancement data were not normally distrib-
uted and were analyzed with Mann-Whitney U-test. A two-sided
P value of < 0.05 was considered significant. Analyses were per-
formed in Stata 10 (StataCorp, College Station, TX) and SPSS 16
(SPSS, Chicago, IL).
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