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Objective: To determine the utility of hollow manganese
oxide nanoparticle (HMON)-enhanced MRI in depicting
and monitoring apoptotic area following hypoxic-
ischaemic injury in a neonatal rat brain and to evaluate
the longitudinal evolution of hypoxic-ischaemic brain
injury (HII) up to 21 days.

Methods: The institutional animal care and use committee
approval was obtained. The Rice-Vannucci model of HIl
was used in 7-day-old rat pups (n=17). MRl was
performed 1, 3, 7, 14 and 21 days after HIl with in-
traperitoneal injection of HMON. Relative contrast values
in the injured hemisphere and mean apparent diffusion
coefficient values were calculated at each time point.
Apoptosis and reactive astrogliosis were detected by
terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end-labelling (TUNEL) and glial fibrillary acidic
protein staining, and the distribution and intensity of
immunohistochemical staining were directly compared
with those of HMON enhancement on MRI.

INTRODUCTION

Perinatal hypoxic—ischaemic brain injury (HII) is a major
cause of mortality and morbidity in infants and young
children."” In contrast to the immediate irreversible
damage caused by infarction, HII leads to a prolonged
neuronal death after the insult. Apoptosis contributes sig-
nificantly to the delayed death of neurons following the
insult.>® It may be possible to block the neurochemical
cascade that initiates the delayed injury process. Multiple
therapeutic trials are currently being conducted to in-
vestigate effective antiapoptotic therapy against HIL>™®
Therefore, the availability of a technique to image apo-
ptotic cell death in vivo is of considerable interest.

MRI can play an essential role in the assessment of HII,
providing the opportunity to perform longitudinal imaging

Results: The dorsolateral thalamus, hippocampus and
remaining cortex of the injured hemisphere showed
HMON enhancement from 3 to 21 days after HIl. The
mean relative contrast values in the dorsolateral thalamus
showed an increase from a negative value at 1 day to
16.5 + 4.8% at 21 days. The apoptotic cells and reactive
astrocytes were observed on immunohistochemical
staining from 1 to 21 days after HIl. The accumulation of
apoptotic cells regionally matched with the areas of
HMON enhancement, while that of reactive astrocytes
did not.

Conclusion: The areas of HMON enhancement showed
best spatial agreement with those of apoptosis on TUNEL
staining. Both HMON enhancement and TUNEL-positive
cells were observed up to 21 days after Hil.

Advances in knowledge: The strength of our study is the
visualization of apoptotic area in vivo using HMON-
enhanced MRI, and we also showed that HIl has a pro-
longed evolution lasting for several weeks.

of the injury process in vivo.”'® Apparent diffusion co-
efficient (ADC) values may be useful for assessing early
phase of HII, but their use may be limited in identifying
subsequent processes because pseudonormalization of the
ADC values can occur.''? Manganese-enhanced MRI has
been used in animal models, since it enables the visuali-
zation of neuroarchitecture.'®'*™"> Clinical application of
manganese-enhanced MRI, however, is limited by safety
issues concerning the toxicity of high-dose manganese.'®'”

Therefore, it is highly desirable to explore a novel MR
method, which is capable of depicting apoptotic cell death
after HII. Hollow manganese oxide nanoparticle (HMON)
was recently developed as a positive T} contrast agent for
MRI. HMON has an enhanced relaxivity attributed to its
large water-accessible surface area, improved diagnostic
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performance with long blood circulation time and the flexibility
of many options for functional modifications of the surface and
hollow centre.'®"”

The aim of our study was to determine the utility of
HMON-enhanced MRI in depicting and monitoring apo-
ptotic area following hypoxic—ischaemic injury in a neonatal
rat brain and to evaluate the longitudinal evolution of HII up
to 21 days.

METHODS AND MATERIALS

All of the experimental protocols were approved by the In-
stitutional Animal Care and Use Committee of the Samsung
Biomedical Research Institute. The Samsung Biomedical Re-
search Institute is an Association for Assessment and Accredi-
tation of Laboratory Animal Care International-accredited
facility and abides by the Institute of Laboratory Animal
Resources guide.

Animal model of hypoxic-ischaemic brain injury

HII was induced using the Rice-Vannucci model*>*" in 7-day-
old Sprague-Dawley rat pups (n=17, 13-17g). The right
common carotid artery was exposed and ligated under iso-
flurane anaesthesia (4% for induction and 2% for maintenance).
The duration of operating procedure was <5min. The pups
were then allowed to recover with their dam for at least 2h.
Hypoxia was induced by placing the pups in a fibreglass cage
containing humidified gas mixture (8% O,-balance N,) for
180 min and maintained at around 36 °C throughout the pro-
cedure. This procedure resulted in unilateral HII to the right
cerebral hemisphere.

MR image acquisition

MRI was performed on 1, 3, 7, 14 and 21 days after HII using
a 7.0-T MRI system (Bruker Biospin, Fallanden, Switzerland)
equipped with a 20-cm gradient set capable of supplying up to
400mTm ™" with a rise time of 100 ps. A birdcage coil (inside
diameter, 72 mm; Bruker Biospin, Fallanden, Switzerland) was
used for excitation, and an actively decoupled phased-array coil
was used for signal reception. During scanning, the anaes-
thetized (isoflurane, 4% for induction and 1-1.5% for mainte-
nance) pups lay prone in a dedicated water-heated bed and the
head of the pup was carefully fixed using earplugs, a tooth bar
and a nose mask. Temperature and respiration were monitored
during scanning. HMON was given as a dose of 20 mgkg ™'
body weight at a concentration of 100 mM (mixed with 0.9%
NaCl to a volume of 0.1 ml) by intraperitoneal injection to all of
the pups just before inducing HII.

All MR images were scanned with a total of 12 slices and a
1.0-mm slice thickness without interslice gaps that encom-
passed the entire brain for an average of 26 min per pup.
Coronal scans were obtained using the following sequences:
fast spin-echo T, weighted images [repetition time (TR)/echo
time (TE) = 232/7.7 ms, number of experiments (NEX) = 12,
field of view (FOV) = 25.6 X 25.6 mm’, matrix = 256 X 256,
duration = 12min] and fast spin-echo T, weighted images
(TR/TE = 3000/60 ms, NEX =2, FOV =25.6X 25.6 mm’,
matrix = 256 X 256, duration = 6.5 min). Diffusion-weighted
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images were obtained wusing an echoplanar imaging
sequence (TR/TE = 3000/100 ms, b-values = 0/100/200/400/
600/800/1000 s mm™ >, NEX =5, FOV =25.6 X 25.6 mm’,
matrix = 128 X 128, repetitions = 3, duration =7 min). ADC
values were computed in a voxel-by-voxel manner using
in-house-developed software (MATLAB® v. R2008a; MathWorks
Inc., Natick, MA) by exponential fitting of the local signal
intensity vs b-values.

Three pups without lesions on MRI were presumed to have no
hypoxic—ischaemic lesions and were excluded from the study.
Thus, a total of 14 pups were included in this study.

Histology and immunohistochemistry

After MRI acquisition, animals were sacrificed at 1 day (n = 2),
3 days (n=2), 7 days (n=2), 14 days (n=2) and 21 days
(n = 6) following HII. They were anaesthetized with 1.5% iso-
flurane and were perfused intracardially with 0.9% normal saline
followed by 4% paraformaldehyde in phosphate-buffered saline.
Brains were removed and serially sliced into coronal sections
(4-pm thick) using a brain matrix along the same plane
as MRI sections. Slides were processed for standard staining
with haematoxylin—eosin (H&E) and immunohistochemical
staining with terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end-labelling (TUNEL) as a marker for apo-
ptosis and antiglial fibrillary acidic protein as a marker for reactive
astrocytes.

Data analysis

Two radiologists (with 20 and 5 years’ paediatric imaging in-
terpretation experiences, respectively), who were blinded to the
histological results, evaluated all of the MR images by consensus.
The sequential changes in the hypoxic—ischaemic brain were
evaluated at five time points, with emphasis on the presence of
enhancement in the injured hemisphere on T; weighted images
and the signal intensity in the injured hemisphere on T,
weighted and diffusion-weighted images.

For quantitative measurement of contrast enhancement in the
injured hemisphere on T; weighted images and the signal in-
tensity in the injured hemisphere on T, weighted images, the
relative contrast values were calculated using the following
equation:

Relative contrast value = signal intensity oy ipgiiateral)

- Signal intenSitYROI(contralateral):| /

signal intensitypq( ) X 100.

contralateral

The circular regions of interest (ROIs) (area, 0.16 mm?) were
manually drawn in the dorsolateral thalamus at the level of the
hippocampal head on T; and T, weighted images. Lesions were
mirrored to the contralateral brain as reference ROIs. All data
are expressed as mean = standard deviation. In addition, ROI
analysis of the mean ADC value in the dorsolateral thalamus was
performed and mirroring of ROIs in the contralateral hemi-
sphere was also performed for comparison.
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The slices stained for immunohistochemistry were evaluated
using standard microscopy. For assessing the colocalization
between histopathologic findings and MR images, the distri-
bution of TUNEL-stained and glial fibrillary acidic protein
(GFAP)-stained cells in different areas of the injured hemisphere
was visually compared with that of HMON enhancement at the
level of the hippocampal head. For comparison between histo-
pathologic images and MR images, the stained histopathologic
images were converted into greyscale images and then, the grey
levels of these images were manually adjusted to be comparable
with the HMON-enhanced MR images using in-house-developed
software (MATLAB® v. R2008a; MathWorks Inc.). We evaluated
the morphological changes in the injured hemisphere and the
presence of haemorrhage on H&E staining.

RESULTS

Contrast-enhanced 7; and T, weighted images
Contrast-enhanced T; weighted images of the injured hemi-
sphere showed enhancement in a part of the dorsolateral thal-
amus, hippocampus and remaining cortex from 3 to 21 days
after HIL. Most of the cortex and hippocampus in the injured
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hemisphere were liquefied during the period from 7 to 21 days,
appearing as hypointense areas on contrast-enhanced T
weighted images. HMON enhancement was also seen along the
edge of the remaining cortex and hippocampus (Figure 1).
Chronological changes in the relative contrast values in the in-
jured hemisphere on T; and T, weighted images are shown in
Figure 2. The dorsolateral thalamus in the injured hemisphere
showed signal reduction compared with that of contralateral
hemisphere, representing negative relative contrast values at 1
day. The mean relative contrast values in the dorsolateral thal-
amus on T; weighted images were notably increased to 5.7 =
3.7% at 3 days after HII and then gradually increased to 16.5 +
4.8% up to 21 days.

Contrast-enhanced T, weighted images demonstrated tran-
sient hyperintensity at 1 day, but thereafter they showed
persistent hypointensity till 21 days. The areas of T, hypo-
intensity clearly corresponded to those of T; hyperintensity.
The mean relative contrast values in the injured hemisphere
decreased from —19.3 = 10.9% to —49.6 = 12.2% during the
period from 3 to 21 days.

Figure 1. Serial brain MR images in a pup after hypoxic-ischaemic brain injury: (a) contrast-enhanced T7; weighted images (T1WI)
are showing hollow manganese oxide nanoparticle enhancement in a part of the dorsolateral thalamus, hippocampus and
cortex of the injured hemisphere from 3 to 21 days. Large areas of the cortex in the injured hemisphere are showing cavitary
changes from 7 to 21 days. (b) Contrast-enhanced 7, weighted images (T2WI) are showing hyperintensity in the injured
hemisphere at 1day and hypointensity in a part of the dorsolateral thalamus, hippocampus and cortex of the injured hemisphere
up to 21 days. The areas of T, hypointensity are clearly corresponding to those of T; hyperintensity (asterisks at the dorsolateral
thalamus). (¢, d) An injured hemisphere is showing hyperintensity on diffusion-weighted images and decreased apparent
diffusion coefficient (ADC) values at 1 day. From 3 to 21 days, there is an increase in ADC values of the injured hemisphere.

DWI, diffusion-weighted imaging.

(a) TIWI

(b) T2WI

(c) DWI

(d) ADC
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Figure 2. Mean relative contrast values in the dorsolateral thalamus at each time point are showing an increase from a negative value
at 1 day to 16.5 + 4.8% at 21 days on T; weighted images (TIWI) and a decrease from a positive value at 1 day to —49.6 =12.2% at

21 days on T, weighted images (T2WI).

30

20

Mean relative contrast value (%)

——T1WI

—o—T2WI

Time after hypoxic-ischemic brain injury (day)

Diffusion-weighted images and apparent diffusion
coefficient maps

At 1 day after HII in all of the pups, the injured hemisphere
showed hyperintense areas on diffusion-weighted images and a
corresponding decrease in ADC compared with the contralateral
hemisphere. From 3 to 21 days, the ADC values in the dorso-
lateral thalamus and remaining cortex of the injured hemisphere
were gradually increased, while those of the contralateral hemi-
sphere were decreased. There was a signal loss in the dorsolateral

thalamus of the injured hemisphere, which corresponded to
hypointensity on T, weighted images (Figure 1). The changes in
the mean ADC values of the dorsolateral thalamus following HII
are shown in Figure 3. Mean ADCs in the dorsolateral thalamus
of the injured hemisphere at 1 day and 3 days were lower by
0.436 X 107> and 0.745 X 10> mm?s~}, respectively, than those
of the contralateral hemisphere (p <0.001 and p = 0.002). Mean
ADC in the dorsolateral thalamus of the injured hemisphere
returned to normal at 7 days.

Figure 3. Mean apparent diffusion coefficient (ADC) values in the dorsolateral thalamus at each time point are showing decreased
mean ADC values in the dorsolateral thalamus of the injured hemisphere compared with those of the contralateral hemisphere from
1 day to 3 days. Mean ADC values in the dorsolateral thalamus of the injured hemisphere are normalized at 7 days. Asterisks are
indicating significant differences (p < 0.05, two-sample t-test) in mean ADC values between the dorsolateral thalamus of the injured
and contralateral hemispheres. Injured = dorsolateral thalamus of the injured hemisphere; contralateral = dorsolateral thalamus of

the contralateral hemisphere.
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Colocalization of histological findings and MRI
All of the pups revealed histopathological changes in the injured
hemisphere on TUNEL, GFAP and H&E staining.

Immunohistochemical examination of brain sections showed
high number of TUNEL-positive cells in the dorsolateral thal-
amus, hippocampus and cortex of the injured hemisphere.
TUNEL-positive cells in the injured hemisphere were observed
from 1 day, peaked at 3 days and then declined till 21 days after
HII (Figure 4). Areas of TUNEL-positive cells were regionally
limited and matched obviously with those showing HMON
enhancement on T; weighted MR images from 3 to 21 days.
Although TUNEL-positive cells were widely spread in the large
parts of the thalamus, hippocampus and cortex of the injured
hemisphere, there was no HMON enhancement at 1 day in all of
the pups (Figure 5).

On the contrary, HMON enhancement did not show spatial
agreement with the distribution of the GFAP immunoactivity,
although the distribution of the GFAP-positive cells did partially
overlap with the HMON enhancement. GFAP-positive regions
indicating the presence of reactive astroglia were seen through-
out the entire injured hemisphere. The positive areas of GFAP
staining were larger than those of TUNEL staining. There was
a tendency for a negative correlation between the positive areas
of TUNEL staining and those of GFAP staining. There was
a weaker staining for GFAP in the injured hemisphere with
accompanying high number of TUNEL-positive cells (Figure 5).
GFAP-positive cells were observed at 1 day and they showed
a persistent increase in number over time up to 21 days
(Figure 4).

H&E stain revealed widespread tissue loss and formation of
a large cyst in most of the cortex and spongiform appearance or

Figure 4. Selected pixel numbers of immunohistochemical
staining with terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end-labelling (TUNEL) and glial fibrillary
acidic protein (GFAP) at each time point are showing that
TUNEL-positive cells in the injured hemisphere are observed
from 1day, peak at 3 days and then decline by 21 days. Selected
pixel numbers for GFAP-positive cells are showing an increase
from 1 day to 21 days.

8

—+—TUNEL

: | ——rap /
5 Wl
2

Percentage of the segmented staining area
B

1 3 7 14 21

Time after hypoxic-ischemic brain injury (day)

BUR

formation of small cysts in the dorsolateral thalamus and hip-
pocampus from 7 to 21 days. However, there was no haemor-
rhage in the injured hemisphere up to 21 days (data not shown).

DISCUSSION

Our data demonstrated the feasibility of depicting apoptotic area
after HII in vivo using MRI after intraperitoneal injection
of HMON.

This study demonstrated the followings: (1) enhancement on
HMON:-enhanced T; weighted images as well as hypointensity
on T, weighted images were seen in the dorsolateral thalamus,
hippocampus and remaining cortex of the injured hemisphere in
pups from 3 to 21 days after HII, (2) TUNEL-stained apoptotic
cells and GFAP-stained reactive astrocytes in the injured hemi-
sphere were observed up to 21 days after HII and (3) areas of
HMON enhancement on 7T; weighted images showed best
spatial agreement with those of apoptosis on TUNEL staining.

Apoptotic cascades are activated following neonatal HII in ani-
mal models. Recent data suggest, however, that apoptosis as
a result of HII is morphologically different from developmental
apoptosis, and many hybrid necrotic—apoptotic phenotypes have
been observed.””* Apoptosis is also referred to as delayed neu-
ronal death because neurons do not die promptly but rather die
within several hours to days after the insult. Immunohisto-
chemical studies revealed that neonatal ischaemia-reperfusion
model showed TUNEL-positive cells from 4h to 30 days after
reperfusion® and DNA fragmentation using ApopTag kit, which
is known as an apoptotic marker, was initiated within 0.5h and
persisted for at least 4 weeks after HIL>* In our study, an in-
crease in the number of TUNEL-positive cells peaked at around
3 days after HII and maintained for 21 days. This implies that
therapeutic efforts to block the enzymatic cascade of delayed
neuronal death can be conducted up to 3 weeks following HII.

HMON, which was recently developed as a positive MR contrast
agent, has proven its superiority in MRI contrast efficiency and
drug-loading capacity. It has the ability to carry high payloads of
MR-active magnetic centres owing to its large water-accessible
surface area and it exhibits an improved diagnostic performance
with long blood circulation time. In addition, it has the ability to
load hydrophobic small molecules within the interior void, si-
multaneously with conjugation of the functional molecules at
the surface area. HMON plays as dual contrast agent for T} and
T, weighted MR images.'"®'® Although the mechanism for
HMON accumulation remains unclear, it can be inferred that
the increased relaxivity of the HMON is mainly due to the
increased concentration of manganese ions exposed at the
hollow inner surface.'"® We demonstrated HMON enhance-
ment in the specific areas of the injured hemisphere after HII,
which was in accordance with the results of previous studies
using manganese-enhanced MRI.”'> HMON enhancement was
seen at 3 days, which was earlier than that observed in the
manganese-enhanced MR study by Wideroe et al.'> Longitudinal
manganese-enhanced MR studies showed delayed enhancement
in the injured hemisphere up to 42 days, and it mainly corre-
sponded to the areas of activated microglia and reactive astrocytes
as well as low numbers of apoptotic cells.” Our results also
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Figure 5. Colocalization of hollow manganese oxide nanoparticle (HMON)-enhanced MR images and immunohistochemical staining
in five pups at each time point: (a) contrast-enhanced 7; weighted images (TIWI) are showing no enhancement at 1 day. HMON
enhancement is observed in a part of the injured hemisphere from 3 to 21 days. (b) Corresponding histologic slices with terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labelling (TUNEL) (original magnification, X12.5) at 1 day are showing
a weakly positive staining. TUNEL-positive cells in the injured hemisphere are increasing at 3 days and decreasing gradually by
21 days. (c) Corresponding slices with glial fibrillary acidic protein (GFAP) (X12.5) are showing increased areas of GFAP-positive
cells from 1 day to 21 days. (d, e) Magnified slices of TUNEL (d) (red box) (xX200) and GFAP (e) (blue box) (x200) are showing
negative correlations between the positive areas of TUNEL staining and those of GFAP staining. The areas of TUNEL-positive cells
(red asterisks) are negative or weakly positive for GFAP staining (blue asterisks), and the areas of GFAP-positive cells (white dots)

are also showing sparse TUNEL-positive cells (black dots).

(a) TIWI

(b) TUNEL (x12.5)

(c) GFAP (x12.5)

(d) TUNEL (x200)

(e) GFAP (x200)

1 day 3 day

showed delayed HMON enhancement up to 21 days after HII and
distribution of HMON enhancement on MR images was in good
agreement with that of the TUNEL-positive cells, which is sug-
gestive of apoptosis. In contrast, the distribution of GFAP staining
did not correspond to that of HMON enhancement. These results
suggest that apoptosis may be the dominant mechanism for
HMON enhancement.

However, there was a lack of HMON enhancement at 1 day,
although the histological abnormality existed. Plausible
explanations for the lack of HMON enhancement at 1 day
are temporal dysfunction of microtubules that are sensitive
to ischaemic injury, low concentration of contrast in the serum
by the intraperitoneal route and cytotoxic oedema.'®'>'”
In addition, the number of apoptotic cells in the injured
hemisphere peaked at 3 days and decreased by 21 days.

7 day 14 day 21 day

This change was not in agreement with the pattern of HMON
enhancement, which showed an increase in the mean relative
contrast value from 1 day to 21 days. This suggests that other
factors, in addition to apoptosis, may also contribute to
HMON enhancement. The pathophysiology of manganese
enhancement in MR images has been previously discussed in
relation to experimental animal models of hypoxia; manganese
enhancement was closely related to activated microglia, reactive
astrogliosis, calcium ion channel activity, blood-brain barrier
disruption and apoptosis.”'>~'>*> Although we did not precisely
evaluate these potential factors such as activated microglia, cal-
cium ion channel activity and blood-brain barrier disruption,
they may have partially contributed to the HMON enhancement.

The ADC value derived from diffusion-weighted images can
delineate ischaemic changes in the brain during an early
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period."”!" In our study, ADC values tended to decrease quickly
at 1 day following HII and then normalized after a period of
time. Thus, ADC values do not reflect the ischaemic changes
during the later period in spite of the presence of histologic
changes. In our study, there was a signal loss in the injured
dorsolateral thalamus on diffusion-weighted images and ADC
maps. This can be explained by the phenomenon called “T,
blackout’;*® which represents susceptibility effects caused by
paramagnetic effects of HMON. In contrast with ADC mea-
surement, HMON-enhanced MRI may have an advantage in
visualizing apoptotic area even in the later period after ischae-
mic injury.

The limitations of our study are as follows. First, the mechanism
of HMON accumulation in the apoptotic area remains unclear,
although we inferred it. Second limitation of our study is that
HMON was given by intraperitoneal injection, which is not
commonly used in clinical practice. Further research is needed
to apply HMON in practice. Third, HMON was administered
prior to the onset of hypoxia and was administered only once.
The clinical application of HMON might be limited by long
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duration of contrast action and consequential inability to sep-
arate the effects of T relaxivity changes and enhancement.

In conclusion, the areas of HMON enhancement showed best
spatial agreement with those of apoptosis on TUNEL staining.
Both HMON enhancement and TUNEL-positive cells were
observed up to 21 days after HII. The strength of our study is the
visualization of apoptotic area in vivo using HMON-enhanced
MRI, and we showed that HII has a prolonged evolution lasting
for several weeks. For the development of neuroprotective
agents, an imaging method that can depict and monitor apo-
ptotic area after HII is necessary. This study demonstrated that
HMON-enhanced MRI will provide a pivotal role in monitoring
early results of therapeutic trials and in guiding the development
of practical treatment strategies. The results of our study also
suggest that therapeutic efforts to save the injured neurons can
be adjusted up to 3 weeks following HIL
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