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Severe cerebral intraventricular hemorrhage (IVH) in preterm infants continues to be a

major clinical problem, occurring in about 15–20% of very preterm infants. In contrast

to other brain lesions the incidence of IVH has not been reduced over the last

decade, but actually slightly increased. Currently over 50% of surviving infants develop

post-hemorrhagic ventricular dilatation and about 35% develop severe neurological

impairment, mainly cerebral palsy and intellectual disability. To date there is no therapy

available to prevent infants from developing either hydrocephalus or serious neurological

disability. It is known that blood rapidly accumulates within the ventricles following

IVH and this leads to disruption of normal anatomy and increased local pressure.

However, the molecular mechanisms causing brain injury following IVH are incompletely

understood. We propose that extracellular hemoglobin is central in the pathophysiology

of periventricular white matter damage following IVH. Using a preterm rabbit pup model

of IVH the distribution of extracellular hemoglobin was characterized at 72 h following

hemorrhage. Evaluation of histology, histochemistry, hemoglobin immunolabeling and

scanning electron microscopy revealed presence of extensive amounts of extracellular

hemoglobin, i.e., not retained within erythrocytes, in the periventricular white matter,

widely distributed throughout the brain. Furthermore, double immunolabeling together

with themigration and differentiationmarkers polysialic acid neural cell adhesionmolecule

(PSA-NCAM) demonstrates that a significant proportion of the extracellular hemoglobin

is distributed in areas of the periventricular white matter with high extracellular plasticity.

In conclusion, these findings support that extracellular hemoglobin may contribute to

the pathophysiological processes that cause irreversible damage to the immature brain

following IVH.
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FIGURE 2 | Characterization of Hb following preterm rabbit pup IVH. The presence of Hb following IVH was characterized within the brain utilizing the inherent

peroxidase activity of Hb. Rabbit pups with IVH or sham controls were euthanized at 72 h of age followed by saline and freshly prepared 4% PFA perfusion. Afterwards

the brains were dissected out from the skulls and immersed in 4% PFA. Brains were prepared and sections and a number of subventricular and periventricular

anatomically comparable regions of interests (ROI) were chosen. Neuroanatomically defined ROI’s located in the rostral forebrain at the levels of rostral forebrain (Level

1), caudal forebrain (Level 2), rostral midbrain (Level 3) and caudal midbrain (Level 4), were stained for peroxidase activity of Hb as described in the Materials and

Methods Section. Microscope analyses were performed on a wide-field Olympus microscope (IX73) and slide scanning were performed on a Hamamatsu

NanoZoomer 2.0-HT Digital slide scanner: C10730. Scanning was performed with a 40× magnification lens. Images used for illustrations, from regions of interest

(ROI), were grabbed with the viewer software NDP.view2 Viewing software. Scale bar of slide scan image indicate 2.5mm and of ROI images indicate 500 µm.

(Luo et al., 2013) (Figure 5). Double labeling of Hb and PSA-
NCAM displayed a high co-existence, thus clearly indicating
that extracellular Hb is found within areas of high plasticity.

Importantly, it should be noted that no difference in PSA-NCAM
staining was recorded between the experimental groups (not
shown).
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FIGURE 3 | Presence of intracellular and extracellular Hb. The presence

of RBCs and Hb following IVH was characterized within the brain utilizing the

inherent peroxidase activity of Hb in combination with SEM. Rabbit pups with

IVH or sham controls were euthanized at 72 h of age followed by saline and

freshly prepared 4% PFA perfusion. Afterwards the brains were dissected out

from the skulls and immersed in 4% PFA. Brains were prepared and sections

at the levels of rostral forebrain (Level 1) were stained for peroxidase activity of

Hb or prepared for high magnification SEM as described in the Materials and

Methods section. Bright-field microscope analyses were performed on a

wide-field Olympus microscope (IX73) and slide scanning were performed on a

Hamamatsu NanoZoomer 2.0-HT Digital slide scanner: C10730. Scanning

was performed with a 40× magnification lens. Images used for illustrations,

from regions of interest (ROI), were grabbed with the viewer software

NDP.view2 Viewing software. Scale bar of slide scan image indicate 1.0mm

and of ROI images indicate 100 µm. SEM specimens were examined in a

Philips/FEI XL 30 FESEM scanning electron microscope using an

Everhart-Tornley secondary electron detector. Image processing was done

with the Scandium software for simple image acquiring and auto-storage into

the Scandium database. Scale bar of SEM images indicate 10 µm.

DISCUSSION

This study, is to the best of our knowledge, the first to show
that following IVH, in a preterm animal model, extracellular
Hb, i.e., not retained within the erythrocytes, enters into and is
widely dispersed via the periventricular white matter throughout
wide areas of the immature brain. Furthermore, we show that
a significant proportion of the extracellular Hb is distributed in
areas of the periventricular white matter with high extracellular
plasticity.

In the human preterm infant, hemorrhages restricted to
the intraventricular space are believed to have their origin in
ruptured vessels located within the germinal matrix with a
subsequent extension of hemorrhage to the lateral ventricle
(Ballabh, 2010). The IVH leads to a varying degree of PHVD

FIGURE 4 | Hb immunolabeling within the brain following preterm

rabbit pup IVH. The presence of Hb following IVH was characterized by Hb

(displayed as red) immunolabeling of selected regions of interests (ROI) of

peroxidase activity corresponding areas, recorded in parallel sections. Rabbit

pups with IVH or sham controls were euthanized at 72 h of age followed by

saline and freshly prepared 4% PFA perfusion. Afterwards the brains were

dissected out from the skulls and immersed in 4% PFA. Brains were prepared

and sections at the levels of rostral forebrain (Level 1) and caudal midbrain

(Level 4), were immunolabeled for Hb as described in the Materials and

Methods Section. Fluorescence microscope analyses were performed on a

wide-field Olympus microscope (IX73) and slide scanning were performed on a

Hamamatsu NanoZoomer 2.0-HT Digital slide scanner: C10730. Scanning

was performed with a 40× magnification lens. Images used for illustrations,

from ROI’s, were grabbed with the viewer software NDP.view2 Viewing

software. DAPI labeled cell nuclei are blue. Scale bar of slide scan images

indicate 2.5mm and of ROI images indicate 25 µm.

which typically evolves over weeks. In the preterm rabbit pup
model, IVH is invariably followed by PHVD which develops
rapidly with a significant increase in ventricular size during
the first 3 days (Sveinsdottir et al., 2012). In the current
study, histological findings were recorded at 3 days of age
and thus representative of IVH with a well-established PHVD.
We have previously shown that ongoing hemolysis after IVH
causes constant release of extracellular oxyHb in intraventricular
CSF with the oxidized metabolite metHb reaching a peak at
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FIGURE 5 | Extracellular Hb is present within plastic areas of the

periventricular white matter following preterm rabbit pup IVH. The

relation between Hb (B), displayed in red and PSA-NCAM (C), displayed in

green, a marker of areas with high plasticity, characterized by double labeling

of selected regions of interests (ROI) of peroxidase activity corresponding

areas (A), recorded in parallel sections. Rabbit pups with IVH or sham controls

were euthanized at 72 h of age followed by saline and freshly prepared 4%

PFA perfusion. Afterwards the brains were dissected from the skulls and

immersed in 4% PFA. Brains were prepared and sections at the levels of

rostral midbrain (Level 3) and caudal midbrain (Level 4), were immunolabeled

for Hb and PSA-NCAM as described in the Materials and Methods section.

DAPI labeled cell nuclei, displayed in blue, are shown in (D) and the merge of

Hb, PSA-NCAM and DAPI is displayed in (E). Fluorescence microscope

analyses were performed on a wide-field Olympus microscope (IX73) and slide

scanning were performed on a Hamamatsu NanoZoomer 2.0-HT Digital slide

(Continued)

FIGURE 5 | Continued

scanner: C10730. Scanning was performed with a 40× magnification lens.

Images used for illustrations, from ROI’s, were grabbed with the viewer

software NDP.view2 Viewing software. Scale bar of slide scan images indicate

500 µm and of ROI images indicate 25 µm.

approximately 72 h (Gram et al., 2013). In previous studies we
found that the metHb was a potent inducer of pro-inflammation,
displaying a strong correlation with TNFα protein levels in
intraventricular CSF and increased mRNA levels for TNFα, IL-
1β and of HO-1 in periventricular brain tissue (Gram et al., 2013,
2014). Thus, our present observation of wide-spread presence
of extracellular Hb in periventricular tissue at 72 h after IVH
is consistent with our previous findings at the corresponding
time-point.

In the current study, the inherent PO activity of Hb was
utilized to identify and display the presence and distribution
of both cellular and non-cellular retained Hb. The PO activity
of Hb has previously mainly been utilized in plasma for
qualitative or quantitative measurement of Hb (Grigorieva et al.,
2013), however protocol for the use in histochemistry has
been described (Strum and Karnovsky, 1970). The use of PO
activity in tissue as an adjunct to specific Hb immunolabeling,
which showed excellent co-distribution, for sensitive recognition
of intracellular and extracellular Hb proved invaluable in the
current study for achieving a spatial overview of the Hb
distribution.

Specific staining for Hb, using PO activity and Hb
immunolabeling, revealed presence of extracellular Hb within
periventricular areas, such as the SVZ, with an increased
gradient toward the less cellular dense white matter axonal tracts.
These regions stained positively for PSA-NCAM signifying
regions permissive for diffusion and mobility. In general,
double labeling for Hb and PSA-NCAM exhibited a very
high degree of co-existence. Of note, staining for extracellular
Hb was frequently positive in periventricular areas adjacent
to a morphologically intact ependyme. This suggests that
extracellular Hb released during ongoing hemolysis within the
intraventricular space diffuses passively through the ependyme
driven by a concentration gradient. Alternatively, extracellular
Hb has the potential to migrate in the white matter in directions
with less restricted diffusion. Directional diffusion of small
molecules, such as water, in axonal tracts has been extensively
addressed using magnetic resonance imaging (MRI) technique
(Le Bihan and Iima, 2015). To our knowledge, mobility within
axonal tracts of molecules of similar size as Hb has not been
addressed previously.

Preterm infants who develop IVH with PHVD are at
increased risk for spastic diplegia, a well-defined sub-entity of
cerebral palsy, with impaired motor function and spasticity
predominantly present in the lower limbs (Linsell et al., 2016).
The causal damage is considered to be located to the axons
of the corticospinal tracts traveling in periventricular matter
adjacent to the lateral ventricles. Altered periventricular white
matter diffusion characteristics, as determined by MRI, were
recently described in very preterm infants following IVH with
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PHVD (Brouwer et al., 2016). Extracellular Hb has been shown
to cause oxidative damage to axonal myelin components and
to cultured oligodendrocytes (Bamm et al., 2015). The present
study shows that extracellular Hb is capable of reaching areas
corresponding to those populated by the motor axons of the
corticospinal tract. Preterm infants with IVH display reduced
cortical graymatter volumes as determined byMRI segmentation
(Vasileiadis et al., 2004). One explanation for this may be
damage to glial progenitors in the SVZ causing a disturbed
migration of supporting glial cells to developing cortical layers
(Gressens et al., 1992). Extensive deposition of Hb in white
matter may also lead to primary axonal damage leading to
retrograde neuronal degeneration reflected as reduced cortical
gray matter.

A striking and consistent finding, not previously reported
in the literature, was the extensive hemorrhage detected in the
region of the SFO. The SFO is located in the anterior wall of
the third ventricle in near proximity to the foramen Monroi,
connecting the third ventricle to the respective lateral ventricles.
As one of the circumventricular organs, the SFO has a unique
function as a sensory organ for blood osmolarity and plays
an important role in regulation of fluid homeostasis and in
cardiovascular regulation (Cottrell and Ferguson, 2004). IVH in
the preterm rabbit pup is induced by intraperitoneal glycerol
injection which causes an increase in serum osmolarity and
thereby a pressure gradient over the BBB leading to vessel
rupture (Conner et al., 1983). This is a reasonable analogy to
the pathophysiological events leading to IVH in preterm infants
where infusion of hyperosmolar solutions have been considered
causal in occurrence of IVH (Papile et al., 1978). Continued study
will evaluate the role of SFO hemorrhage as a possible primary
event in the pathogenesis of IVH. Hemorrhage-induced damage
to the sensory cells of the SFO may have clinically important
long-term implications.

Extracellular Hb and its metabolites are well-documented
initiators of oxidative stress and pro-inflammation (Xi et al.,
2006; Fang et al., 2013). We propose extracellular Hb as a central

up-stream initiator of mechanisms leading to irreversible damage
following IVH in the developing brain. Therefore, the present
findings are fundamental for furthered understanding of the
causal relationship between extravasated blood primarily located
within the intraventricular space and induction of mechanisms
leading to cell and axonal damage in periventricular white
matter, ultimately causing neurodevelopmental impairment.
Development and investigations of tools of treatment to diminish
Hb related damage during IVHmay be one of themost important
challenges.
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