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Abstract

Background and Purpose—This study investigated if acute and delayed Deferoxamine
treatment attenuates long-term sequelae after germinal matrix hemorrhage (GMH).

Methods—Bacterial collagenase (0.3 U) was infused intraparenchymally into the right
hemispheric ganglionic eminence in P7 rat pups to induce GMH. GMH animals received either
Deferoxamine or vehicle twice a day for 7 consecutive days. Deferoxamine administration was
initiated at either 1 hour or 72 hours post-GMH. Long-term neurocognitive deficits and motor
coordination were assessed using Morris water maze, rotarod, and foot fault tests between day 21—
28 post-GMH. At 28 days post-GMH, brain morphology was assessed and extracellular matrix
protein (fibronectin and vitronectin) expression was determined.

Results—Acute and delayed Deferoxamine treatment improved long-term motor and cognitive
function at 21-28 days post-GMH. Attenuated neurofunction was paralleled with improved
overall brain morphology at 28 days post-GMH, reducing white matter loss, basal ganglia loss,
post-hemorrhagic ventricular dilation, and cortical loss. GMH resulted in significantly increased
expression of fibronectin and vitronectin, which was reversed by acute and delayed Deferoxamine
treatment.

Conclusion—Acute and delayed Deferoxamine administration ameliorated long-term sequelae
after GMH.
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Introduction

Methods

Germinal matrix hemorrhage (GMH) occurs when immature blood vessels rupture within
the subventricular tissue in premature infants.l GMH occurs in approximately 12000 live
births per every year in the US and often results in developmental delays, mental retardation,
cerebral palsy, and post-hemorrhagic hydrocephalus, posing significant socioeconomic
burdens.! 2 Because current clinical management is limited, research is needed to
investigate innovative therapeutic modalities.

In adult rodent intracerebral hemorrhage and subarachnoid hemorrhage models, red blood
cells present in the intraparenchymal tissue are lysed and hemoglobin metabolized to release
iron, resulting in a highly oxidative environment and consequent iron toxicity that damages
brain tissue.3 4 Chelation of iron using Deferoxamine improved neurofunctional outcomes
after intracerebral hemorrhage and subarachnoid hemorrhage, yet its efficacy has not been
evaluated after neonatal GMH.® 6 Blood products and proliferation of extracellular matrix
proteins are theorized to disrupt CSF flow dynamics following hemorrhage, leading to
consequent post-hemorrhagic hydrocephalus development.”

We hypothesized acute and delayed Deferoxamine treatment will ameliorate extracellular
matrix protein proliferation, post-hemorrhagic ventricular dilation, and long-term
neurofunctional outcomes after GMH.

All protocols and procedures were approved by the Institutional Animal Care and Use
Committee at Loma Linda University. The online-only Data Supplement contains detailed
methods. Stereotaxic infusion of 0.3 U bacterial collagenase into the right ganglionic
eminence was performed to induce GMH in P7 rat pups, as described.® While some consider
P7 rat pups to be equivalent in brain development of a term human infant, recent evidence
suggests P7 is closer in brain development to 30-32 week gestation age human infants,
which is approximately the point we want to model GMH 8. Forty animals were divided into
four groups: Sham, Vehicle (PBS intraperitoneally BID starting 1 hour post-GMH for 7
days), acute Deferoxamine (100 mg/kg intraperitoneally BID starting 1 hour post-GMH for
7 days), and delayed Deferoxamine (100 mg/kg intraperitoneally BID starting 72 hours post-
GMH for 7 days). Each animal group was alternated when undergoing surgeries.

Neurocognitive deficits and motor coordination were evaluated by Morris water maze,
rotarod, and foot fault tests between 21-28 days post-GMH (n=10/group). Animals that
failed to swim or only swam in stationary circles were excluded from further analysis in our
study. Ventricular volume, cortical thickness, white matter loss, and basal ganglia loss were
calculated in Nissl stained histological brain sections 28 days post-GMH using NIH Image J
software (n=5/group). Cerebral structure borders were delineated using previously defined
criteria from stereologic neuroanatomical studies using optical dissector principles 9 10,
Volumes were calculated as the average delineated area from 10 um sections taken at
approximately 2.5 mm, 1.2mm, 0.7 mm rostral and 2.9 mm caudal of bregma multiplied by
the depth of the cerebroventricular system. Fibronectin and vitronectin expressions were
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quantified by Western blot at 28 days post-GMH (n=5/group). Blinded investigators
performed the neurobehavioral, histological, and Western blot analyses.

Sample size estimations were made by power analysis using a type | error rate of 0.05 and a
power of 0.8 on a two-sided test. Data are expressed as mean+SEM. Western blot and
histological data were analyzed by one-way ANOVA followed by the Tukey post-hoc test,
and behavior data were analyzed by one-way ANOVA on ranks and the Student-Newman-
Keuls method. A P value <0.05 was considered statistically significant.

Deferoxamine Improved Brain Morphology after GMH

At 28 days post-GMH, brain morphology was assessed in Nissl stained brain sections (n=5
group). Ventricular volume was found significantly increased in the vehicle group compared
to sham, but acute and delayed Deferoxamine treatment significantly reduced GMH-induced
ventricular dilation (P<0.05; Figure 1A). Cortical thickness was evaluated as a right
hemisphere/left hemisphere ratio to the mean of sham and was significantly decreased in the
vehicle group compared to sham-operated animals, but acute and delayed Deferoxamine
treatment ameliorated cortical loss (P<0.05, Figure 1B). Basal ganglia volume was
evaluated as a percentage to mean sham basal ganglia volume (Figure 1C). Acute and
delayed Deferoxamine treated groups had significantly less basal ganglia loss compared to
the vehicle group (P<0.05; Figure 1C). White matter loss was evaluated as a percent loss
using sham-operated animals as a baseline (Figure 1D). Acute and delayed Deferoxamine
treated groups had significantly less white matter loss compared to the vehicle group
(P<0.05; Figure 1D).

Deferoxamine Reduced Extracellular Matrix Protein Expression after GMH

Western blot analyses were conducted at 28 days post-GMH induction (n=5 per group).
Fibronectin expression was found increased in the vehicle group compared to sham-operated
animals, and acute and delayed Deferoxamine treatment significantly reduced fibronectin
expression after GMH (P<0.05; Figure 2A). Vitronectin expression was also significantly
increased in the vehicle group compared to sham-operated animals, and acute and delayed
Deferoxamine treatment tended to reduce vitronectin expression after GMH (P>0.05 vs
sham; Figure 2B).

Deferoxamine Improved Long-term Neurofunctional Outcomes after GMH

Vehicle treated GMH animals demonstrated significant spatial memory loss compared to
sham-operated animals in the Morris water maze by swimming greater distances finding the
platform (P<0.05; Figure 3A) and spending less time in the target quadrant during the probe
trials (P<0.05; Figure 3B). Acute and delayed treatment animals showed significant
cognitive functional recovery by having reduced swimming distances (P<0.05; Figure 3A)
and tended to spend more time in the target quadrant during the probe trials (P>0.05 vs
sham; Figure 3B). Furthermore, vehicle animals had significantly more foot faults than
sham, but acute and delayed Deferoxamine treated GMH animals had significantly reduced
foot faults compared to vehicle (P<0.05; Figure 3C). Vehicle animals had significantly
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worse rotarod performances compared to sham, but acute and delayed Deferoxamine treated
animals had significantly better rotarod performances than vehicle rats (P<0.05; Figure 3D).

Discussion

Iron toxicity is known to play a crucial pathophysiological role in brain injury following
hemorrhage, with some evidence indicating iron overload may contribute to hydrocephalus
development.3: 4 11 Blood products and extracellular matrix protein proliferation are thought
to significantly contribute to post-hemorrhagic hydrocephalus development by disrupting
normal cerebrospinal fluid flow in the ventricles.” Deferoxamine treatment attenuated brain
injury in adult brain hemorrhage models,>: © yet it has not been evaluated in neonates nor has
it been shown to significantly attenuate neonatal post-hemorrhagic hydrocephalus
development and long-term neurofunctional deficits. This study evaluated the efficacy of 1
hour (acute) and 72 hour (delayed) Deferoxamine treatment as a potential therapeutic
modality for GMH-induced brain injury, the delayed time point serving as a more clinically
relevant treatment regimen. Extracellular matrix protein proliferation is indicative of gliosis
and is hypothesized to deposit within the ventricles, disrupting cerebrospinal fluid flow and
contributing to post-hemorrhagic hydrocephalus development. Fibronectin and vitronectin
were significantly increased in GMH animals compared to sham-operated animals, yet acute
and delayed Deferoxamine treated animals had significantly reduced fibronectin and
vitronectin expressions compared to vehicle, indicating GMH leads to increased
extracellular matrix protein proliferation, which was attenuated by iron chelation.

Additionally, vehicle treated GMH animals demonstrated significantly enlarged ventricular
volume, decreased cortical thickness, increased basal ganglia loss, and increased white
matter loss, while acute and delayed Deferoxamine treated animals showed significantly
improved brain morphological outcomes across all measures. Consequently, acute and
delayed Deferoxamine treated GMH animals had significantly improved spatial memory and
motor coordination compared to vehicle animals. Our results corroborate with similar brain
hemorrhage animal models depicting Deferoxamine treatment ameliorates post-hemorrhage
brain injury. Furthermore, acute and delayed post-GMH iron chelation significantly reduced
neonatal post-hemorrhagic ventricular dilation.

Our results suggest that iron toxicity at acute and delayed time points following GMH is
associated with post-hemorrhagic ventricular dilation, but the pathophysiological
mechanisms remain to be elucidated. The choroid plexus is an epithelial layer in the
ventricles specialized for cerebrospinal fluid production and is susceptible to injury
following hemorrhage.12 It also contains high expression levels of iron metabolic proteins
relative to other brain tissues.13 Iron-overload in the cerebroventricular system following
GMH may adversely affect normal functioning of the choroid plexus, leading to
pathologically increased cerebrospinal fluid production. Another possible explanation is
GMH-induced cerebroventricular iron overload destroys subarachnoid granulations, as is
observed in subarachnoid hemorrhage, reducing overall cerebrospinal fluid reabsorption.14
Further investigations are needed to determine mechanisms linking GMH-induced iron
toxicity with long-term post-hemorrhagic ventricular dilation.
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Our study is the first to show Deferoxamine attenuates long-term neurocognitive and
sensorimotor deficits, improves overall brain morphology, and reduces post-hemorrhagic

ve
in

ntricular dilation following GMH when treatment is initiated as late as 72 hours post-ictus
neonates, providing evidence for a potentially clinically translatable therapeutic modality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Quantification of (A) ventricular volume, (B) cortical thickness, (D) basal ganglia loss, and
(D) white matter loss at 28 days after germinal matrix hemorrhage. Values are expressed as
mean+SEM. *P<0.05 compared to sham, and #P<0.05 compared to vehicle. N=5 per group.
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Figure2.

Western blot analysis of (A) Fibronectin and (B) Virtronectin at 28 days after germinal
matrix hemorrhage. Representative microphotographs of Nissl stained brain sections (C) at
28 days after germinal matrix hemorrhage. Values are expressed as mean+SEM. *P<0.05
compared to sham, and #P<0.05 compared to vehicle. N=5 per group.
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