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Abstract

Posthemorrhagic hydrocephalus occurs in up to 30% of infants with high-grade intraventricular
hemorrhage and is associated with the worst neurocognitive outcomes in preterm infants. The
mechanisms of posthemorrhagic hydrocephalus after intraventricular hemorrhage are unknown;
however, CSF levels of iron metabolic pathway proteins including hemoglobin have been
implicated in its pathogenesis. Here, we develop an animal model of intraventricular hemorrhage
using intra-ventricular injection of hemoglobin at post-natal day 4 that results in acute and
chronic hydrocephalus, pathologic choroid plexus iron accumulation, and subsequent choroid
plexus injury at post-natal days 5, 7, and 15. This model also results in increased expression

of aquaporin-1, Na+/K+/Cl- cotransporter 1, and Na+/K+/ATPase on the apical surface of the
choroid plexus 24 h post-intraventricular hemorrhage. We use this model to evaluate a clinically
relevant treatment strategy for the prevention of neurological sequelae after intraventricular
hemorrhage using intraventricular administration of the iron chelator deferoxamine at the time
of hemorrhage. Deferoxamine treatment prevented posthemorrhagic hydrocephalus for up to 11
days after intraventricular hemorrhage and prevented the development of sensorimotor gating
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deficits. In addition, deferoxamine treatment facilitated acute iron clearance through the choroid
plexus and subsequently reduced choroid plexus iron levels at 24 h with reversal of hemoglobin-
induced aquaporin-1 upregulation on the apical surface of the choroid plexus. Intraventricular
administration of deferoxamine at the time of intraventricular hemorrhage may be a clinically
relevant treatment strategy for preventing posthemorrhagic hydrocephalus and likely acts through
promoting iron clearance through the choroid plexus to prevent hemoglobin-induced injury.
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1. Introduction

Neonatal germinal matrix hemorrhage-intraventricular hemorrhage (GMH-IVH) is a
significant cause of morbidity and mortality and is associated with the worst neurodevel-
opmental outcomes of those born preterm [1, 2]. Neurologic sequelae of GMH-IVH include
cognitive deficits, cerebral palsy, and posthemorrhagic hydrocephalus (PHH), the latter

of which develops in up to 30% of children with high-grade GMH-IVH [3]. We have
previously shown hemoglobin (HB) and iron-mediated development of PHH after IVH in
animal models and have recently validated these preclinical findings in two separate patient
cohorts, implicating iron metabolism as a key pathway in altering CSF circulation resulting
in PHH [4-9]. However, the long-term consequences of IVH in the preclinical setting are
not known nor are the specific mechanisms by which iron is cleared. Current treatment

of PHH is palliative (surgery for CSF diversion), often associated with complications, and
does not prevent initial brain injury from IVH [3, 10-13]. As the timing of IVH and
subsequent development of PHH in preterm infants is well-known and anticipated, there is
an opportunity for treatment at the time of injury [14, 17-19, 21, 25].

A major challenge in developing effective treatment strategies in the preclinical setting is the
selection of an appropriate drug and administration method with known in vivo performance
and clearance mechanisms [14, 19, 26]. Deferoxamine (DFX), an injectable iron chelator,

is used to treat patients with iron-overload syndromes such as hemochromatosis and thus

is already in clinical use [22]. DFX plays a physiologic role similar to that of ferritin

and sequesters free iron thereby reducing iron-mediated production of free radicals and
down-stream DNA damage, cell death, and neurotoxicity [16, 20, 22, 23, 25]. Free-radical
scavengers can help protect against iron-mediated hydrocephalus and behavioral deficits
[27], and DFX may also act through this mechanism to prevent free-radical damage to the
ventricular system through iron chelation [28]. Importantly, intraventricular DFX clearance
has been shown to occur via native drug transport mechanisms of the choroid plexus

(ChP) epithelium, making this an attractive pathway that could be harnessed for therapeutic
purposes, particularly in light of recent evidence supporting ChP-mediated CSF solute
clearance during development [24, 29].We previously showed improvement in ventricle size
in a neonatal (P7) IVH model with early peripheral DFX treatment, and others have reported
similar outcomes [8, 17]. However, while intraventricular DFX treatment has been reported
in one adult IVH [27] and one adult subarachnoid hemorrhage preclinical study [18], it
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has not been evaluated during development in neonatal GMH-IVH-PHH, nor has it been
evaluated at the time of IVH [21]. Direct application of DFX into the ventricle may be

a viable targeted strategy to prevent ventricular dilation and brain injury by utilizing the
inherent clearance mechanism of the ChP and the physical proximity of an iron chelation
agent to the heme—iron burden in the brain ventricles.

In this study, we show that intraventricular HB administration results in progressive and
chronic ventricular enlargement in a neonatal rat model of GMH-IVH in a clinically mimetic
manner to PHH. We furthermore show that intraventricular DFX treatment at the time of
injury facilitates early clearance of iron through the ChP, maintains normal CSF solute
clearance through the ChP, delays hydrocephalus for 11 days after injury, and prevents long-
term sensory-motor gating deficits. Ventricular DFX administration represents a clinically
feasible treatment strategy and likely acts through promotion of iron clearance from the
ventricles via the ChP.

2. Results

2.1 HB alters CSF distribution within the ventricular system and results in acute and
chronic hydrocephalus

Intraventricular injection of 20 uL HB (150 mg/mL) in P4 rats resulted in lateral ventricle
(LV), third ventricle (3V), and cavum septum pellucidum (CSP) dilation compared to
artificial CSF (aCSF)-injected animals at 72 h post-injection (Figs. 1B, C and 2C, D, G).
The significant increase in LV volume was sustained up to P21 (Fig. 3B, D); however,

by P60, there was a wide range in LV volumes representative of two cohorts: one in

which ventriculomegaly resolved and another in which there was sustained ventriculomegaly
(Fig. 3F). However, the rate of hydrocephalus in HB-injected rats, defined as 3 standard
deviations above the mean of aCSF-injected rats [30], was significantly increased compared
to the rate of hydrocephalus in aCSF-injected rats at both P21 and P60 (p = 0.0079, Fisher’s
exact test) (Fig. 3E, G). Importantly, this wide distribution of ventricle sizes indicates long-
term variation in response to IVH, which recapitulates clinical rates of PHH development
following IVH in preterm infants [3].

Furthermore, as HB was injected unilaterally into the right LV, we compared right and

left LV volumes 72 h (P7), 11 days (P15), and 17 days (P21) after HB injection and

found bilateral ventriculomegaly with no volumetric differences between the two sides
(Supplementary Fig. 1). The cerebral aqueduct was visualized in all animals on T2-weighted
MRI (Fig. 2A), and there was no difference in 4V volume following HB injection (Fig.

2H). Notably, cortical volumes were similar in all groups 72 h after injection (Fig. 2E). The
specific ventricular expansion response between ventricles (LVvs. 3V vs. 4V) may indicate
inherent differences in regional ependymal tissue response to HB.

2.2 Intraventricular DFX at time of IVH prevents early hydrocephalus

As neonatal preterm IVH occurs during a specific time window after birth, we evaluated
treatment with intraventricular iron chelation with DFX at the time of IVH induction (Fig.
1A). To determine the effect and dose response of intraventricular DFX on the development
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of PHH following IVH, we evaluated six different doses of DFX ranging from 0.4 to 20.0
mg/kg (Fig. 1B). All doses were injected into the right LV at the time of IVH (Fig. 1B

and C). DFX doses ranging from 0.4 to 5.0 mg/kg were effective at preventing PHH 72 h
post-injection (Fig. 1C). CSF accumulation in the CSP specifically was also prevented by
DFX treatment (Fig. 2D). Higher concentrations of DFX (10.0 mg/kg and 20.0 mg/kg) did
not prevent ventricular enlargement and resulted in ventricular enlargement com-parable to
that of the HB group, likely due to toxicity (Fig. 1C). One milligram per kilogram of DFX
was the lowest dose effective at preventing ventricular enlargement and was used for all
subsequent experiments. No mortality or toxicity was observed with 1.0 mg/kg DFX; all
animals were healthy and active, and no changes in the ventricular system were observed
when 1.0 mg/kg DFX was injected alone (Fig. 1B, C).

Treatment with 1.0 mg/kg DFX at the time of I\VH induction (HB+DFX) resulted in a
significant decrease in ventricle size 72 h post-injection compared to animals injected with
HB only (Fig. 2C). Consequently, the rate of hydrocephalus in DFX-treated animals (0 of
9 animals) was significantly decreased compared to HB-injected animals (6 of 9 animals)
(Supplementary Fig. 2, Supplementary Table 1). This effect was sustained up to 11 days
post-IVH (P15), where none of the animals treated with DFX developed hydrocephalus (0
of 8 animals) while 10 of 18 animals that were not treated with concurrent DFX developed
hydrocephalus (p = 0.0095, Fisher’s exact test) (Fig. 21, J, Supplementary Table 2).

Treatment with DFX did not prevent the eventual onset of progressive ventricular
enlargement at P21 and P60 (Fig. 3A, D, F). However, at these later time points, there

was a wide distribution of ventricular volumes in the HB + DFX group, indicating possible
efficacy of DFX in preventing chronic ventricular dilation in a subset of rats.

2.3 DFX does not prevent ChP injury after intraventricular HB injection.

Because the ChP is believed to have a role in CSF clearance during post-natal development
in addition to its canonical role in CSF production, we examined the effect of aCSF, HB, HB
+ DFX, and DFX injection on the LV ChP. At 24 h, 72 h, and 11 days after HB injection,

the ChP luminal diameter was decreased compared to that of aCSF animals (Fig. 4A, C, D,
E). There was also increased disruption of the ChP structure 72 h post-HB injection (22.1 £
5.3% of the ChP structure) compared to aCSF controls (5.2 + 1.9%) (Fig.4F, G). No changes
in ChP structure were observed 6 h post-HB injection (Fig.4B).

Despite its therapeutic effect against PHH development, DFX treatment did not prevent

the HB-induced decrease in ChP luminal diameter, nor did it prevent HB-induced ChP
structural injury at 24 h, 72 h, and 11 days post-HB injection (Fig. 4A-G). Qualitatively, the
ChP in the HB and HB + DFX groups had less interaction with the LV wall compared to
aCSF-injected animals at all timepoints. DFX injection alone did not result in quantifiable
changes to the ChP compared to aCSF-injected animals (Fig. 4). Finally, in contrast to the
HB-induced ChP structural changes, there was no significant structural injury to the LV
ependymal surface (Fig. 4H, I).
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2.4 DFX mediates early iron clearance through the ChP in IVH

We evaluated the ChP as a potential iron clearance route, as intraventricular DFX has been
previously shown to be cleared through the ChP [28]. Little to no ferric iron was observed
in the ChP of rats injected with only aCSF or DFX at any time point (Fig. 5), indicating that
baseline iron levels within the ChP are low and that DFX alone does not impact physiologic
iron clearance. After HB injection, however, there was a significant increase in epithelial
ChP iron at all time points after 6 h compared to aCSF controls (Fig. 5C-E).

In HB + DFX-injected rats, there was a significant increase in iron in the ChP lumen 6h
post-injection compared to aCSF-injected rats (Fig. 5B). There was also increased luminal
ChP iron in HB+DFX rats compared to HB-injected rats, in which iron was primarily
located within the ChP epithelial cells (Fig. 5A). Twenty four hours after injection, there
was significantly less ChP iron in HB + DFX-injected rats compared to HB-injected rats
(Fig. 5C). After this time point, there was a sustained decrease in ChP iron in the HB +
DFX group compared to the HB group until P15 (Fig. 5D, E). Significant iron deposition
in the periventricular ependyma, hippocampus, or cortex was not observed at any of the
experimental time points with Perl’s staining.

To assess possible neuroinflammatory changes in the ChP secondary to increased ChP iron
after HB + DFX treatment, we examined the levels of inflammatory cytokine interleukin-6
(IL-6) at 2 h and 6 h post-HB injection. There was a significant elevation of ChP IL-6 at
both timepoints in HB-injected animals compared to aCSF-injected animals (Fig. 5F, G).
Treatment with DFX at the time of HB injection trended towards lowered I1L-6 expression
at 2 h post-injection (Fig. 5F) and did not result in significantly increased I1L-6 expression
over HB-injection levels at 6 h post-injection (Fig. 5G), suggesting that the increased ChP
luminal iron at 6 h did not result in unintended inflammatory changes.

Taken together with our findings of retained ChP structural integrity at 6 h post-HB
injection, the ChP may not only retain the ability to clear HB (and thereby iron) early

after IVH, but also provides a route by which expedited clearance can occur, as seen by

the elevated iron content primarily within the ChP lumen at this time point. Further-more,
this enhanced ability to clear iron in the presence of DFX early after IVH is followed by a
reduction in ChP iron at all later time points, which suggests diminished egress as a result of
a lower iron burden within the ventricles.

2.5 DFXreverses reduced CSF solute clearance through the ChP after IVH.

1.9-nm gold nanoparticles (AuNPs) (Nanoprobes, Yaphank, NY) were injected into the
right LV at P7 (72 h after CSF, HB, and HB + DFX injections) in order to track CSF

solute clearance in a subset of rats. AUNPs were primarily observed in the ChP lumen in
aCSF animals, suggesting this location as the site of CSF solute trafficking and subsequent
clearance by the ChP. In HB-injected animals, we observed a significant increase in AuUNPs
retained in the ChP epithelial cells compared to aCSF control animals, indicating impaired
CSF solute clearance through the ChP after IVH (Fig. 6). Treatment with DFX was
associated with reduced ChP AuNPs compared to HB rats (Fig. 6C), indicating preserved
ChP CSF solute handling and clearance several days after DFX administration.
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2.6 ChP apical expression of ion and water transporters precede significant ventricular
expansion after IVH

To assess the functional capacity of the ChP after IVH, we evaluated the apical surface of
the ChP using immunofluo-rescence. We found a significant increase in the expression of
aquaporin-1 (AQP1), Na+/K+/ATPase (NKAT), and Na+/K+/ClI- cotransporter 1 (NKCC1)
along the apical surface of the ChP in HB-injected animals 24 h post-injection (Fig. 7A,
B). No differences were observed at 72 h (Fig. 7C). Treatment with DFX at the time of HB
injection was associated with a reduction in HB-induced AQP1 expression at 24 h but did
not alter NKAT or NKCC1 expression (Fig. 7B).

Quantitative analysis of protein expression in intact and non-intact ChP showed that AQP1
and NKAT expression were decreased 24 h post-HB injection compared to aCSF controls
(Supplementary Fig. 3A, B). No significant differences in NKCC1 expression were observed
at 24 h (Supplementary Fig. 3C). NKAT and NKCCL1 expression were decreased 72 h
post-HB injection (Supplementary Figure 3F, G); however, no significant differences in
AQP1 expression were observed (Supplementary Fig. 3E). No significant differences in
protein expression of AQP1, NKAT, and NKCC1 were observed between HB and HB +
DFX animals 24 and 72 h post-injection (Supplementary Fig. 3).

The finding of an overall decrease in protein levels of AQP1, NKAT, and NKCC1 within
the entire ChP likely reflects the overall state of ChP damage after HB injection (IVH)
compared to our functional quantification of the intact ChP apical surface. Furthermore,
there was a significant increase in the number of apoptotic LV ChP cells at 24 h and 72 h
after HB injection (Fig. 7D-F). DFX treatment did not reduce the number of apoptotic cells
at either timepoint (Fig. 7E, F).

2.7 Neonatal IVH-PHH produces iron-mediated behavioral effects in HB-injected rats

Similar to clinical preterm 1\VVH, intraventricular HB injection did not result in significant
sensorimotor deficits (walking initiation, ledge, large platform, small platform, or inverted
screen tests) in adolescent rats compared to the aCSF control group (Supplementary Fig.
4A, B, C, D). However, with DFX treatment, HB + DFX rats spent significantly less time
on the 90° inclined screen compared to either the HB (p = 0.010) or aCSF (p = 0.002)
groups (Supplementary Fig. 4E), suggesting deficits in strength and/or coordination in the
HB + DFX rats. Importantly, this possible sensorimotor deficit in the HB + DFX rats did not
impair their performance on aspects of more cognitively based tests (e.g., cued performance,
swimming speeds in the Morris water maze (MWM)) or with regard to the acoustic startle
or pre-pulse inhibition (PPI) responses (Supplementary Fig. 4H, I; Fig. 8). There were

no consistent differences between groups concerning spatial learning acquisition (place
trials-MWM) or anxiety-like behaviors (elevated plus maze (EPM) testing) (Supplementary
Fig. 4F, G (EPM), J (MWM)). While DFX treatment did not have demonstrable effects on
spatial learning and memory performance in HB-injected rats, treatment at time of IVH
with DFX improved HB-induced diminished acoustic startle and PPI responses. Specifically,
impaired acoustic startle responses in HB-injected rats were increased to aCSF control-like
levels with DFX treatment (HB vs. HB + DFX (p = 0.015), and aCSF vs. HB (p = 0.023)
groups), with similar magnitudes being exhibited by HB + DFX-treated and aCSF control
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rats, suggesting a protective effect of DFX on impaired startle reactivity of HB rats (Fig.
8A). Similarly, total mean %PPI responses of the HB + DFX rats were significantly elevated
relative to the HB group for the 8 dB (p = 0.008) and 16 dB (p = 0.018) above background
PPI trials, and were similar to aCSF control levels (Fig. 8B).

Comparable results were found using a different method to calculate %PPI (Fig. 8C). In
summary, treatment with DFX at time of I\VVH reversed behavioral deficits in HB-injected
rats, specifically for acoustic startle and PPI responses.

3. Discussion

In this study, intraventricular DFX at the time of IVVH injury in neonatal rats prevented

early hydrocephalus, facilitated iron and CSF solute clearance through the ChP, and reduced
neurologic dysfunction at 60 days. While DFX treatment did not alter HB-mediated ChP
structural injury, it prevented IVH-induced ChP AQP1 increased expression. In summary,
DFX maintained and facilitated ChP function early after injury, with important implications
for clinical treatment strategies for the prevention of I\VH-induced brain injury and
hydrocephalus, and for understanding the role of ChP during development in clearance of
CSF and drug-mediated intraventricular blood products.

In a neonatal rat model of GMH-IVH, intraventricular DFX treatment at the time of IVH
prevented both hydrocephalus development for up to 11 days and impairment in long-term
sensorimotor reactivity and gating, likely via expedited iron clearance by the ChP. Our
model and experimental administration of intraventricular DFX uniquely address prevention
of IVH-induced brain injury and PHH [8, 19, 31, 32]. Unlike older animals used in other
studies, rat pups used in our study underwent intraventricular administration of HB at P4,
which corresponds to the late second trimester/early third trimester in humans, a critically
important developmental period in which infants born prematurely are at risk for GMH-1VH
[19, 33]. As early CSF HB levels in preterm infants with 1\VH are associated with later
development of PHH, we chose HB to model IVH [7]. Our final imaging endpoint of P60,
corresponding to late adolescence in humans, allows for both tracking of ventricle size using
serial in vivo MRIs and for the assessment of long-term neurological changes.

DFX administration directly into the ventricle bypasses the blood-brain-barrier, is in close
proximity to the drug target (IVH) and allows for lower drug concentrations [18]. As (1)
preterm 1\VH occurs during a defined time period (1-3 days after birth) and then progresses
in the subsequent days and (2) HB causes significant bilateral ventricular enlargement
within 24 h post-injection [8], we chose to co-inject DFX with HB to evaluate initiation of
treatment at the earliest possible time point. We selected the lowest consistently effective
DFX dose (1.0 mg/kg) to avoid toxicity after determining that doses of 1.0 mg/kg, 3.0
mg/kg, and 5.0 mg/kg were equivalent in preventing hydrocephalus [18]. Our HB IVH
model resulted in chronic PHH similar to what is observed in humans and allowed us to
examine specific biological changes in GMH-1VVH without and with iron chelation.

The development of PHH following GMH-IVH is likely governed by multiple interrelated
processes including astrogliosis, water/ion channel dysfunction, excess free-radical
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production, and glymphatic impairment. Mitigating contributors to these processes, such
as free-radical scavenging, have been shown to alleviate ventricular expansion [4, 8, 27, 32,
34-37]. However, iron-mediated ChP injury may be a common denominator initiating this
complex cascade of events, and no studies to date have specifically investigated intrinsic
solute clearance mechanisms during development for their disease-modifying potential. ChP
function has traditionally been viewed as a source of CSF production [38]. In fact, the ChP
has been shown to clear various solutes and drugs such as iron, antibiotics, amyloid-beta,
and DFX and more recently CSF during development through NKCC1 [15, 24, 28, 29,
38-40]. Finally, the role of ChP in neurodegenerative disease has only recently begun

to be elucidated: reduced ChP volume has been correlated with increased CSF levels

of proteins important in pathophysiology of Alzheimer’s and Parkinson’s diseases, and
impaired clearance of CSF tracer via the ChP has been found in patients with normal
pressure hydrocephalus, and further implicates the ChP in solute clearance [42, 43].

We show iron and tracer clearance through the ChP, which is concurrent to ChP injury in
our IVH model. Intra-ventricular HB without DFX resulted in continued iron accumulation
in the ChP, peaking 72 h after injection. Specifically, iron was found almost exclusively
outside the lumen within the epithelial cells of ChP at all-time points, indicating impairment
in iron transport and prolonged contact between epithelial cells and free iron. The presence
of intra-ventricular HB in all rats (without and with DFX) resulted in ChP damage in a time-
dependent manner starting at 24 h, which likely contributed to ChP clearance dysfunction
and downstream effects on CSF circulation resulting in hydro-cephalus. Intraventricular
injection of AuNPs 72 h after induction of IVVH resulted in an increase in tracer within

the ChP 10 min after AUNP administration, suggesting ChP-mediated solute handling with
impaired solute/CSF clearance in our I\VH condition. This diminished ability of the ChP

to clear solutes was associated with enlarged ventricles on MRI at this time point. An
alternative explanation for our findings is the enhanced clearance of solutes after IVH;
however, this is less likely as we found significant ventricular expansion at this time point.

Clinically relevant doses of intraventricular DFX at the time of HB administration (1'\VH)
resulted in significantly more iron in the ChP 6 h after injection when compared to controls.
Interestingly, iron was observed primarily inside the ChP lumen outside the epithelial cells,
likely indicating trans-ChP transport of DFX-iron complexes into the lumen through known
DFX transport mechanisms in the ChP [17, 21, 24, 28]. Although Perls staining does not
distinguish between free iron and iron sequestered by DFX, these pat-terns suggest that prior
to 24 h after injury, HB-derived free iron was sequestered by DFX and transported across
the ChP epithelium into the lumen. This peak in iron clearance was followed by a decrease
in iron levels within the ChP when compared to the HB group at 24 h and 72 h post-injury
indicating expedited clearance of iron from the ventricle with DFX treatment. DFX also
preserved some degree of functional integrity of the ChP at 72 h post-injury, whereby ChP
AUNP levels were similar to that of the CSF control group, likely indicating CSF solute
clearance similar to CSF-injected rats. Our interpretation of this finding is in the context of
small ventricle sizes of DFX-treated HB rats and the CSF group in earlier time points, which
suggests that the ChP retains its ability to clear solutes and contributes to the regulation of
ventricular volume. These results, combined with our recent clinical study which showed
that preserved ChP function through the production of CSF transferrin was associated with
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improved neurocognitive outcomes in infants with PHH, may have implications for ChP
cauterization for the treatment of neonatal hydrocephalus [9].

Despite the retained ability of the ChP to clear DFX-iron in the acute setting and prevent
early hydrocephalus, the ChP continued to exhibit significant damage over time (unlike the
ependyma which was not significantly injured), and ventricular enlargement at P21 and P60
was not able to be prevented by a single DFX dose at P4. In fact, ventricle volumes in the
HB + DFX co-injected group, while small and equivalent to that of aCSF-injected rats at P7,
increased by P21 and were equivalent to the degree of ventriculomegaly seen in HB-injected
rats at P60. ChP expression of NKAT and NKCC1 was acutely increased at 24 h in the
presence of intraventricular HB, but all trans-porter levels were equivalent to those in aCSF-
injected rats at 72 h. ChP CSF production is driven by osmotic gradients produced primarily
by carbonic anhydrase and NKAT [44, 46]. NKCCL is a bidirectional ion transporter, and
phosphorylated NKCC1 has recently been shown to mediate CSF clearance during postnatal
development [29, 45]. In our model, the acute upregulation of NKCC1 in both the HB

and HB + DFX groups suggests iron independent regulation of ion transporters involved
with ChP CSF production and clearance. This response may be a maladaptive response of
hypersecretion or an attempt at facilitating clearance of CSF. The latter interpretation is
favored in the setting of DFX treatment as we show functional improvement in ChP solute
clearance. Targeting ChP ion transport proteins that are upregulated in hydrocephalus has
been shown to alleviate hydrocephalus in a kaolin animal model and is an area of active
research [29]. However, more studies are needed on the directionality of CSF movement at
the level of the ChP in hydrocephalus [29].

AQP1 is a selective water channel protein in the ChP and is upregulated in certain types
of hydrocephalus in humans [36, 47]. We show that HB-induced AQP1 upregulation in
the ChP 24h after I\VH was prevented by intraventricular DFX treatment at time of IVH.
AQP1 upregulation in the hours after IVH may indicate a hypersecretion phenomenon, and
DFX may act as a regulatory agent in controlling maladaptive CSF hypersecretion through
clearance of iron. ChP epithelial cells contain iron-responsive element-binding proteins
that have reduced binding affinity in the presence of high iron loads in the CSF and may
relate to overall dysregulation in ChP iron handling [38, 48, 49]. The sodium-coupled
bicarbonate exchanger is involved in the response of iron-responsive element-binding
proteins to IVH suggesting a link between the pathogenesis of IVVH and ChP ion and iron
handling [32]. DFX treatment through chelation of iron may also impact these processes
along with normalization of AQP1 ChP protein levels; however, the exact mechanisms of
this interaction are unclear and require further investigation [5, 6].

The results of our initial behavioral studies show long-term neurologic injury (sensorimotor
reactivity and gating deficits) in rats, although the performance of the HB adolescent rats
was not different from that of the CSF group in the majority of behavioral tests. We
observed that early DFX treatment had a protective effect against the decreased startle
response and chronic sensorimotor gating (PPI response) impairment in the HB group.
Homozygous mice with a spontaneous megalencephaly mutation are hypersensitive to
acoustic startle, and this condition has negative consequences for synchronous neuronal
activity that primes hippocampal networks by increasing their excitability [50]. Moreover,
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impaired sensorimotor gating has been related to hippocampal degeneration and volume
loss, which have been linked to neonatal IVH [6, 51, 52]. Thus, dysfunctional hippocampal
circuitry may be responsible for these behavioral anomalies and be a target for further

study. Given the proximity of the hippocampus to the lateral ventricles and the behavioral
changes related to a degree of preserved hippocampal function, there may exist a spatial

and temporal relationship between the time course of delayed ventriculomegaly and adjacent
brain development. It is possible that DFX-mediated early ventricular iron clearance reduced
iron-mediated peri-hippocampal injury. Furthermore, these changes likely extend beyond
structural damage alone as cortical volumes were similar between HB-injected rats without
and with DFX at all time points, and there may be other mechanisms at play such as
alteration of CSF and solute circulation in the brain, which could affect these integrated
behavioral pathways. It should be noted that we did find some evidence of impairment on
one out of six tests within the sensorimotor battery (90° inclined screen) in the HB + DFX
rats. However, for reasons outlined in the Supplementary Results, this probably represents

a very subtle deficit, but for translational concerns, should be assessed further to determine
if it is a reliable finding. Regardless, the inclined screen results of the HB + DFX group

are not contradictory relative to the positive effects observed in these rats concerning the
sensorimotor reactivity (acoustic startle) and gating (PPI) findings. Specifically, the former
task is dependent on the interaction between the somatosensory and motor systems, whereas
the latter is dependent on interactions between the auditory and motor systems; and different
neural circuits are involved in mediating these functions, which could be differentially
affected by the DFX treatment.

Our results show that a single dose of intraventricular DFX at the time of IVH injury

is effective in preventing hydrocephalus for up to 11 days in a rat model of neonatal
GMH-IVH, with modulation of ChP clearance of iron and solutes, and represents a clinically
feasible treatment strategy for preterm IVH. As the prevention of hydrocephalus was limited
to 11 days, repeated administration of DFX to produce a more lasting effect may be needed.
Importantly, the time-dependent relationship between ChP damage and ChP solute clearance
suggests that there exists a finite window in which intraventricular DFX may be effective.
The critical role of the ChP in solute clearance and its inherent vulnerability to injury are
essential factors to consider in the development of novel treatment options for GMH-IVH/
PHH.

4. Materials and Methods

Additional details are provided in the Supplementary Data.

4.1 Animals

All animal procedures were approved and performed according to the Institutional Animal
Care and Use Committee (IACUC) of the Washington University School of Medicine
protocol #19-0905. Sprague Dawley rats (Charles River Laboratories, Wilmington, MA,
USA) were housed with biological mothers and littermates, maintained on a 12-h light/12-h
dark daily light cycle, and had access to water, food, and maternal milk ad libitum.
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4.2 Intraventricular injections

Surgery was performed on a clean surface with a heating pad. P4 rats were anesthetized
using isoflurane (2.5% induction and 1.5% maintenance) then placed prone on a stereotaxic
head frame (Stoelting, Wood Dale, IL, USA). Head bars were placed at the external auditory
meatus and tightened to minimize head movement. After sterilizing the dorsal cranium, the
skull was exposed through a 2.5-mm midline skin incision. Twenty microliters of solution

at a 8000-nl/min rate was injected into the right LV (1.5 mm lateral and 0.4 mm anterior

to bregma and 2.0 mm deep from the skull surface) using a 30-gauge needle attached to a
0.3-cc syringe held in a micro-infusion pump (World Precision Instruments, Sarasota, FL,
USA). The needle was left in place for 5 min then slowly withdrawn to prevent backflow.
Incision was closed with 6-0 Ethilon suture (Ethicon Inc, Raritan, NJ, USA). Rats recovered
from anesthesia and were returned to their cage with the mother.

4.3 Intraventricular hemorrhage modeling and DFX dose determination

P4 rats were injected with 20 pl aCSF (Tocris Bioscience, Bristol, UK) or HB (EMD
Millipore Corp, Burlington, MA, USA) diluted in artificial CSF at 150 mg/ml (equivalent
to 3 mg of HB per rat), or HB + DFX with the parameters above. To determine optimal
DFX (Sigma-Aldrich, St. Louis, MO, USA) dose, P4 rats were co-injected with different
concentrations of DFX (0.4 mg/kg, 1.0 mg/kg, 3.0 mg/kg, 5.0 mg/kg, 10.0 mg/kg, and 20.0
mg/kg, calculated from an average body weight of P4 rat pups i.e.,10 g, mixed in 150 mg/ml
HB diluted in aCSF.

4.4 Gold nanoparticle (Au-NP) injections, tissue processing, and imaging

A subset of rats was injected with 20 pl of 1.9 nm Au-NPs (Nanoprobes, Yaphank, NY,
USA), diluted in artificial CSF at a 200 mg/ml concentration into the right LV at P7

(72 h after aCSF, HB, or HB + DFX injection at P4). Rats were euthanized 10 min
post-AuNP injection via intracardiac perfusion with 10 ml of 1 x phosphate buffered

saline (PBS) followed by 10 ml of 4% paraformaldehyde (PFA) (ThermoFisher scientific,
Waltham, MA, USA). After perfusion, brains were removed, washed with 1 x PBS for 3

h, and processed through alcohol grades (30%, 50%, and 70% ethanol for 30 min each)
before fixing into paraffin and embedding. Brains were subsequently coronally sectioned

at 7-10-pm thickness using a Leica microtome (Leica Microsystems, Wetzlar, Germany).
Sections were deparaffinized and mounted using xylene-based mounting medium (Cytoseal
XYL, ThermoFisher scientific, Waltham, MA, USA). The integrated density of AUNPs was
measured at five random areas of a single frame of ChP for a minimum of six images

per rat (n = 4/group), and the background was subtracted to calculate the mean integrated
density value. All image quantifications were performed using the ImageJ software (version:
2.1.0/1.53C) [53].

4.5 Histology and hematoxylin and eosin (H&E) staining

After deparaffinization and hydration, sections were stained with hematoxylin for 1 min
then eosin for 3 min with intermittent rinsing in tap water for 5 min. After dehydration in
ascending grades of alcohol (70%, 95%, 100%) and xylene (20 min), sections were mounted
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using a xylene-based mounting medium (Cytoseal XYL, ThermoFisher scientific, Waltham,
MA, USA) and imaged using a Leica microscope (Leica Microsystems, Wetzlar, Germany).

4.6 Determination of ependymal and ChP injury

H&E-stained images were used to evaluate ependymal and ChP injury. The length of
non-intact or perturbed ependymal regions on the lateral wall of a single frame per rat (n =
4/ group) was measured and divided by the total perimeter of the wall of the LV to determine
ependymal injury. To assess the integrity of the ChP, epithelial cells that were separated from
the intact ChP epithelium and the total number of ChP cells were counted. Injured ChP cell
percentage was calculated by the number of non-intact ChP cells divided by the total number
of ChP cells. ChP luminal diameter was measured across a single layer of apical cells and
the lumen at 20 random areas of the ChP of a single frame per rat (n = 4/ group). The

total luminal measurements of intact regions of ChP were averaged to obtain the mean ChP
diameter per rat.

4.7 Immunofluorescence

Deparaffinized brain sections were quenched in hydrogen peroxide and methanol (1

ml/200 ml respectively) for 20 min at room temperature. Antigen retrieval was performed
using Diva Decloaker Solution (Biocare Medical, Concord, CA, USA) for 2 min at

120 °C and 30 s at 90 °C in a lab-rated pressure cooker (Dako Cytomation, Glostrup,
Denmark). Once cooled to room temperature, sections were blocked using 5% bovine
serum albumin (Sigma-Aldrich, St. Louis, MO, USA) in 1 x PBS and 1% Triton X-100
(TX-100) (Sigma-Aldrich, St. Louis, MO, USA). Sections were then incubated separately
with primary antibodies to the following proteins (AQP1 1:100 (Mouse, ab9566, Abcam,
Cambridge, UK), NKCC1 1:100 (Rabbit, ab59791, Abcam, Cambridge, UK), and NKAT
1:50 (Rabbit, ab76020, Abcam, Cambridge, UK) overnight at 4 °C. Slides were washed

six times for 5 min each with 1 x PBS-TX-100 and incubated for 1 h with respective
anti-rabbit (A32731, ThermoFisher scientific, Waltham, MA, USA) or anti-mouse (A32723,
ThermoFisher scientific, Waltham, MA, USA) 488 Alexa fluor conjugated secondary
antibodies (1:2000). Slides were washed six times for 5 min each with 1 x PBS-TX-100,
and mounted with ProLong™ Gold Antifade with 4”,6-diamidino-2-phe-nylindole (DAPI)
(ThermoFisher scientific, Waltham, MA, USA). The fluorescent sections were imaged using
a Leica microscope (Leica Microsystems, Wetzlar, Germany) or a Hamamatsu NanoZoomer
microscope (2.0-HT System, Hamamatsu City, Japan) to visualize protein localization and
expression. Mean fluorescent intensities for AQP1, NKCC1, and NKAT were calculated
from six random regions of ChP per frame (3—4 frames per rat), and the background was
subtracted from the total intensity to calculate the mean intensity of LV ChP per rat.

4.8 Terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling
(TUNEL) assay

TUNEL assay was performed to detect DNA fragmentation in the epithelial cells of the ChP.
After sections were deparaffinized, sections were stained as per the manufacturer’s protocol
(Millipore-Sigma, St. Louis, MO, USA) and counterstained with DAPI. The percentage

of TUNELpositive cells was determined by counting the number of TUNEL-positive cells
(green) divided by the total number of DAPI-positive ChP cells (blue). Six random images
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of the ChP per rat were analyzed to determine the percent of TUNEL-positive cells in the
ChP for each rat (n = 3-6/ group).

4.9 Perls iron staining

Perls Prussian blue staining was performed as per manufacturer’s protocol (HT20-1KT,
Sigma-Aldrich, St. Louis, MO, USA) with slight modifications. Briefly, paraffin-embedded
and rehydrated brain sections were stained with Perls solution for 7 min, counterstained with
nuclear fast red for 2 min, and rinsed intermittently in running tap water for 5 min. Sections
were dehydrated using alcohol grades (30%, 50%, 70%, 95%, 100% for 5 min each) and
xylene (20 min) as above and embedded with xylene-based mounting medium (Cyto-seal
XYL, ThermoFisher scientific, Waltham, MA, USA). Images were obtained of the ChP from
the right and left LVs, cortex, hippocampus, and periventricular ependyma at 6 h, 24 h, 72

h, and 11 days after injection to determine the time course of iron (Fe3+) clearance in the
ChP (Leica Microsystems, Wetzlar, Germany). The integrated density of blue staining was
measured at six random areas of a single frame of ChP for a minimum of six images per rat
(n = 3/group), and background was subtracted to calculate the mean integrated density.

4.10 MRI and brain volume measurements

To determine ventricle and brain cortex volumes, T2-weighted MRIs were acquired at 72

h, 17 days (P21), and 56 days (P60) post-injection using a 4.7 T Varian MRI scanner
(Varian Inc., Palo Alto, CA, USA). Rats were anesthetized using isoflurane (2.5% induction,
1.5% maintenance) and kept warm using a heated air blower. T2-weighted fast spin echo
sequences (repetition time 3000/echo time 27.50 ms, four averages, field of view 18.0

mm x 18.0 mm, matrix 128 x 128, 24 axial slices, and 0.50 mm thick) were used to

acquire images. T2-weighted MRIs at 11 days post-injection (P15) were acquired using a
9.4 T Bruker MRI scanner (Bruker, MA, USA) with T2-weighted fast spin echo sequences
(repetition time = 5000 ms, echo time = 66.00 ms, echo spacing = 16.50 ms, number of
averages = 2, repetitions = 1, rare factor = 8, field of view = 16.0 mm x 16.0 mm, matrix
=256 x 256, number of axial slices = 32, thickness = 0.50 mm). The ventricles (left LV,
right LV, 3V, and 4V), CSP (defined as the CSF space medial to the LVs and rostral to

the 3V [54], and cortex were manually segmented on coronal images using ITK-SNAP
software (version 3.8.0), and volumes were calculated by multiplying slice thickness by
segmented area on each slice and then summing across slices. Ventricular volumes were
calculated by manual segmentation of T2 hyperintense spaces. 3D images of the ventricles
were automatically rendered following segmentation. Cortical volumes were calculated by
manual segmentation of the grey matter between the corpus callosum or external capsule and
the cortical surface from the prefrontal cortex to the visual cortex. All segmentations were
performed with cross-reference to an anatomical atlas [55].

Fisher’s exact test was used to compare rates of hydrocephalus between HB and HB + DFX
conditions at P7 and P15, and aCSF and HB conditions at P7, P21, and P60. Hydrocephalus
in all analyses was defined as ventricle volumes greater than three standard deviations above
the mean of aCSF-injected animals [30]. 0.5 was added to each value before calculating the

relative risk to avoid dividing by zero, as zero aCSF and HB + DFX animals developed
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hydrocephalus. All tests were two-tailed, and a p value of less than 0.05 was considered
significant. Data were analyzed using GraphPad Prism version 9.3.1 (350).

4.11 Behavioral studies

Behavioral testing began on P28 for each group (CSF, HB, and HB + DFX (n = 9 each))

and ended on P46. Testing was conducted by individuals blinded to treatment. The tests
were conducted in the following sequence: open-field, a battery of sensorimotor measures,
EPM, acoustic startle and PPI, and the MWM. These tests were adapted from standard

tests used with adult rodents to make them appropriate for adolescent rats [56, 57]. A
detailed description of the methodology and timeline for each test and specific references are
provided in the Supplementary Methods.

4,12 Statistics

Statistical analysis was performed using the Prism software (\ersion 7.0). Data were
analyzed using Student’s t test, Fisher’s exact test, and one-way ANOVA with Tukey’s
post-hoc test for multiple comparisons. All data shown in histograms were mean + standard
error of the mean (SEM). p < 0.05 was considered statistically significant. Analysis of the
behavioral data included repeated measures ANOVA models, which are described in detail
in the Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Dose-dependent effect of intraventricular deferoxamine (DFX) administered at the time of
hemorrhage on the development of posthemorrhagic hydrocephalus.

(A) Timeline of experimental plan. Artificial CSF (aCSF), hemoglobin (HB), HB + DFX, or
DFX only were injected into the right lateral ventricle at post-natal day 4 (P4). Rats were
either sacrificed 6 h, 24 h (at P5), 72 h post-injection (at P7), or 11 days post-injection (at
P15) for histology, and underwent T2-weighted MRI at P5, P7, and P15 prior to sacrifice. A
separate cohort of rats were followed longitudinally and underwent MRI scans at P7, P21,
and P60 to assess ventricle volume and behavioral testing from P28 to P46. Histology time
points are shown in red, MRI in blue, and behavioral testing in green. (B) Representative
T2-weighted MRI images of the brain showing the effect of 20 uL aCSF, HB (150 mg/mL),
and HB + DFX, with DFX treatment doses ranging from 0.4 to 20.0 mg/kg. The effect

of 1.0 mg/kg DFX only injection is also shown. All MRIs shown were performed 72 h
post-injection. (C) Quantification of lateral ventricle volumes 72 h post-injection. Data are
mean = SEM, n = 4 per group; one-way ANOVA with post-hoc Tukey test.
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Figure 2. Deferoxamine (DFX) treatment at the time of hemorrhage preventsregion-specific
ventricular expansion after neonatal intra-ventricular hemorrhage (IVH).

(A) Representative T2-weighted MRI images showing the lateral ventricles (LV), 3rd
ventricle (3V), cerebral aqueduct (AQ), and 4th ventricle (4V) 72 h post-intraventricular
injection of artificial CSF (aCSF), hemoglobin (HB), HB + DFX, or DFX in post-natal day 4
rats. Scalebars = 1 mm. (B) 3D reconstructions of the ventricular system (LV red, 3V green,
4V blue) 72 h post-injection in the axial, sagittal, and coronal planes. (C-H) Quantification
of LV (C), cavum septum pellucidum (CSP) (D), cortex (E), LV/cortex ratio (F), 3V (G),
and 4V (H) volumes 72 h post-injection. HB injection resulted in significant increases in

LV, CSP, and 3V volumes, as well as an increase in the LV/cortex ratio, but no significant
differences in cortex or 4V volumes. DFX treatment at the time of I\VH induction resulted in
significantly smaller LV and CSP volumes compared to rats injected with HB only. Data are
mean £ SEM, n = 9-10 per group; one-way ANOVA with post-hoc Tukey test. (I-J) The rate
of hydrocephalus in HB + DFX-injected rats (0 of 8) was significantly lower than the rate of
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hydrocephalus in HB animals (10 of 18) 11 days post-injection at P15. scalebar =1 mm. p =
0.0095, Fisher’s exact test
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Figure 3. Deferoxamine (DFX) treatment prevents acute, but not chronic hydrocephalus after

IVH.
(A) Representative T2-weighted MRIs at postnatal day 7 (P7), P21, and P60 after

intraventricular injection of artificial CSF (aCSF), hemoglobin (HB), or HB + deferoxamine
(HB+DFX) at P4. (B-C) Quantification of lateral ventricle (LV) volume (B) and rate of

hydrocephalus development (C) at P7. (D-E) Quantification of LV volume (D) and rate of

hydrocephalus development (E) at P21. (F-G) Quantification of LV volume (F) and rate of
hydrocephalus development (G) at P60. Lateral ventricle volume data are mean = SEM, n =
4-5 per group; one-way ANOVA with post-hoc Tukey test. Hydrocephalus data are analyzed

with Fisher’s exact test
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Figure 4. Selective choroid plexus (ChP) injury in thelateral ventricles (LV) after neonatal
intraventricular hemorrhageisnot prevented by deferoxamine (DFX).

(A) Representative hematoxylin and eosin (H&E) images of the LVs 6 h, 24 h (P5), 72 h
(P7), and 11 days (P15) after intraventricular injection of aCSF, hemoglobin (HB), HB +
DFX, or DFX alone in post-natal day 4 (P4) rats. Insets highlight ChP structure. Scalebars =
500 um, inset scalebars = 50 pm. (B-E) Quantification of ChP luminal diameter 6 h (B), 24
h (C), 72 h (D), and 11 days (P15) (E) after aCSF, HB, HB + DFX, or DFX injection at P4.
The luminal diameter in HB-injected rats is significantly decreased at 24 h (C), 72 h (D), and
at P15 (E) compared to aCSF-injected rats. HB-induced decreases in ChP luminal diameters
were variably affected by DFX treatment, with no significant differences between the HB
and HB+DFX groups at any timepoint. Data are mean + SEM, n = 4 per group; one-way
ANOVA with post-hoc Tukey test. (F-G) Representative H&E images (F) and quantification
(G) of ChP injury 72 h after intraventricular aCSF, HB, HB + DFX, or DFX injection.

(H-1) Representative H&E images of intact (arrows) and non-intact LV ependyma (H) with
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quantification of LV ependymal injury 72 h after intraventricular injection of aCSF, HB, HB
+ DFX, or DFX alone (I). Scale bars = 50 um. Data are mean + SEM, n = 4 per group;
one-way ANOVA with post-hoc Tukey test
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Figure 5. Early deferoxamine (DFX)-mediated iron clearance through the choroid plexus (ChP).
(A) Early deferoxamine (DFX)-mediated iron clearance through the choroid plexus (ChP).

(A) Representative images of Perls iron staining (blue) in the lateral ventricle (LV) ChP 6
h, 24 h, 72 h, and 11 days (P15) after intraventricular injection of artificial CSF (aCSF),
hemoglobin (HB), HB + DFX, or DFX alone in post-natal day 4 rats. For each time point,
the top row is the right LV and bot-tom is the left LV. At 6 h post-injection, ChP iron was
found primarily in the lumen in the HB + DFX group, while iron was present in the ChP
epithelium in other groups. (B—E) Quantification of ChP iron in the right and left LVs at

6 h (B), 24 h (C), 72 h (D), and 11 days (P15) (E) post-injection. There was increased

iron accumulation at 24 h, 72 h, and 11 days (P15) after HB injection compared to aCSF
controls. HB + DFX-injected rats had significantly more iron within the ChP compared to
aCSF controls at 6 h post-injection (B), and demonstrated a reduced iron burden within the
ChP at 24 h (C), 72 h (D), and 11 days (P15) (E) compared to the HB group. Data are mean
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+ SEM, n = 3 per group; one-way ANOVA with post-hoc Tukey test. (F-G) Choroid plexus
RNA levels of IL-6 determined by gRT-PCR 2 h and 6 h post-intraventricular hemorrhage
(IVH) induction (HB injection), normalized to p-actin. Quantification showed increased
IL-6 expression at 2 h and 6 h post-IVH. DFX treatment resulted in a trend towards
decreased IL-6 expression at the 2-h time-point. Data are mean £ SEM, n = 3 per group;
one-way ANOVA with post-hoc Tukey test
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Figure6. Iron-mediated choroid plexus (ChP) dysfunction after intraventricular hemorrhage
resultsin reduced CSF solute clearance.

(A-B) Iron-mediated choroid plexus (ChP) dysfunction after intraventricular hemorrhage
results in reduced CSF solute clearance. (A-B) Representative photomicrographs of the right
lateral ventricle (LV) (A) and right LV ChP (B) 10 min after intraventricular injection of
1.9-nm gold nanoparticles (AuNPs) 72 h post-intraventricular injection of artificial CSF
(aCSF), hemoglobin (HB), or HB + deferoxamine (HB+DFX) at post-natal day 4 (P4).
AUNPs (brown/black) are observed in the ChP lumen and epithelium. A scale bars = 200
pum, B scale-bars = 25 um. (C) Quantification of AuNP integrated density in the ChP shows
a significant increase in AuNPs in the ChP 72 h after HB injection, which was reduced with
DFX treatment at the time of I'\VH induction (HB injection). Data are mean + SEM, n = 4 per
group; one-way ANOVA with post-hoc Tukey test
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Figure 7. Hemoglobin (HB)-induced choroid plexus (ChP) expression of ion and water
transporters.
(A) Representative immunofluorescence of lateral ventricle ChP aquaporin-1 (AQP1),

Na+/K+/ATPase (NKAT), and Na+/K+/ClI- cotransporter 1 (NKCC1) expression 24 h after
intraventricular injection of artificial CSF (aCSF), hemoglobin (HB), or HB + deferoxamine
(DFX) in post-natal day 4 (P4) rats. Scale bars = 50 um, inset scale bars = 10 um. (B-C)
Quantification of mean intensity of AQP1, NKAT, and NKCC1 expression 24 h (B) and

72 h (C) post-aCSF, HB, or HB + DFX injection showing a significant increase in AQP1
expression 24 h after I\VH induction (HB injection), which was prevented by DFX treatment.
Significant increases in NKAT and NKCC1 expression after I\VH were not altered by DFX
treatment. At 72 h post-injection, there were no significant differences in ChP expression

of AQP1, NKAT, or NKCCL1. Data are mean + SEM, n = 3—4 per group; one-way ANOVA
with post-hoc Tukey. (D) Representative images of right lateral ventricle ChP terminal
deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling (TUNEL) assay
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for DNA fragmentation 24 h and 72 h after intraventricular injection. Scale bars = 50 pm.
(E-F) Quantification of cellular DNA fragmentation at 24 h (E) and 72 h (F) post-aCSF, HB,
or HB + DFX injection. Data are mean + SEM, n = 3-6 per group; one-way ANOVA with
post-hoc Tukey test
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Figure 8. Deferoxamine (DFX) treatment restores acoustic startle response magnitudesto
control-like levels following intraventricular hemorrhage and increases prepulseinhibition (PPI)
response magnitudes.

(A) Deferoxamine (DFX) treatment restores acoustic startle response magnitudes to control-
like levels following intraventricular hemorrhage and increases prepulse inhibition (PPI)
response magnitudes. (A) Analysis of acoustic startle data after intraventricular injection of
artificial CSF (aCSF control), hemoglobin (HB), or HB + DFX at post-natal day 4 (P4)
shows that groups differed significantly in their response levels (treatment effect: p = 0.025).
Subsequent simple effects tests showed that the HB-treated rats had significantly lower
acoustic startle levels on average across blocks (p = 0.023) compared to aCSF controls

with pair-wise comparisons showing differences occurring at blocks 2 (“p = 0.040), 3 ("p
=0.012), and 4 (“p = 0.047). Similarly, the startle response of the HB-treated rats was

also significantly lower on average relative to the HB + DFX group (p = 0.015), with
differences being observed at blocks 3 (#p = 0.004) and 4 (#p = 0.005). (B) The groups also
differed with regard to the magnitudes of their mean %PPI responses (treatment effect: p =
0.035). Differences were mostly due to the HB-treated rats showing significantly reduced
%PPI levels compared to the HB + DFX group, on average across the PPI trial types (p
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= 0.011), with differences being found for 8 dB (#p = 0.008) and 16 dB (#p = 0.018)

above background trials. (C) Similar results were found when a different method was used
to calculate %PPI. Namely, the groups were found to differ significantly (treatment effect:

p = 0.033), which was mostly due to the HB-treated rats showing significantly reduced
%PPI values relative to the HB + DFX group (p = 0.033), on average across PPI trial types.
Pair-wise comparisons showed that the differences between these two groups were greatest
for the 12 dB (p = 0.006) and 20 dB (p = 0.027) above background trials. The simple effects
test comparing HB vs. CSF was not significant (p = 0.081), although large differences were
found during the 12 dB above background trial (p = 0.037). B-C white bars indicate aCSF,
black bars indicate HB, striped bars indicate HB+DFX.
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