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Abstract
Germinal matrix hemorrhage (GMH) is the most common neurological disease of premature
newborns. GMH causes neurological sequelae such as cerebral palsy, post-hemorrhagic
hydrocephalus, and mental retardation. Despite this, there is no standardized animal model of
spontaneous GMH using newborn rats to depict the condition. We asked whether stereotactic
injection of collagenase type VII (0.3 U) into the ganglionic eminence of neonatal rats would
reproduce the acute brain injury, gliosis, hydrocephalus, periventricular leukomalacia, and
attendant neurological consequences found in humans. To test this hypothesis, we used our
neonatal rat model of collagenase-induced GMH in P7 pups, and found that the levels of free-
radical adducts (nitrotyrosine and 4-hyroxynonenal), proliferation (mammalian target of
rapamycin), inflammation (COX-2), blood components (hemoglobin and thrombin), and gliosis
(vitronectin and GFAP) were higher in the forebrain of GMH pups, than in controls.
Neurobehavioral testing showed that pups with GMH had developmental delay, and the juvenile
animals had significant cognitive and motor disability, suggesting clinical relevance of the model.
There was also evidence of white-matter reduction, ventricular dilation, and brain atrophy in the
GMH animals. This study highlights an instructive animal model of the neurological consequences
after germinal matrix hemorrhage, with evidence of brain injuries that can be used to evaluate
strategies in the prevention and treatment of post-hemorrhagic complications.
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Introduction
Germinal matrix hemorrhage (GMH) is the most common neurological disorder of
newborns, and is defined as the rupture of immature blood vessels within the subependymal
brain tissue of the premature infant (Ballabh, 2010; Vermont-Oxford, 1993). This occurs
approximately 3.5 times per 1,000 live births (Heron et al., 2010) and is an increasing socio-
economic problem since both the preterm birth rates, and neonatal survival, have
considerably increased over the past two decades (Shennan and Bewley, 2006). The major
neurological sequelae following intraventricular extension of GMH are: cerebral palsy, post-
hemorrhagic hydrocephalus (PHH) and debilitating cognitive deficits (e.g. mental
retardation and academic difficulties) (Ballabh et al., 2004; Bassan et al., 2007).

Since GMH has been largely unpreventable (Bassan, 2009; Roland and Hill, 2003), and
because clinical treatments are mostly inadequate (supportive)(Kenet et al., 2011), it is
clinically important to develop and test novel therapeutic strategies to mitigate these
devastating neurological consequences. Thus, it is necessary to characterize standardized
animal models to study the spectrum of brain injuries and neurobehavioral deficits following
GMH, in order that neuroprotective and preventative modalities can be adequately
developed and tested for this vulnerable patient population (Ballabh et al., 2007; Chua et al.,
2009; Zia et al., 2009).

GMH has been modeled using several animal species, including the rabbit, dog, sheep, rat,
mouse, and pig, either by direct (needle) injection of blood into the ventricle, or by changing
hemodynamic (systemic) properties, including blood pressure, circulating blood volume,
serum glycerol, carbon-dioxide, osmolarity, or oxygenation levels (Balasubramaniam and
Del Bigio, 2006; Georgiadis et al., 2008; Goddard et al., 1980). However, these animal
models do not adequately resemble the premature neonates having GMH with respect to the
etiology, neuropathology, and clinical outcomes of the disease (Aquilina et al., 2011;
Aquilina et al., 2007; Balasubramaniam et al., 2006; Cherian et al., 2004; Cherian et al.,
2003). Although needle insertion into the brain has inherent disadvantages of producing
direct trauma to surrounding tissues, the infusion of blood has little relation to a spontaneous
bleed, and the modification of hemodynamic factors leading to hypoxia, hypertension,
hypercarbic, hyperosmotic, or hypervolemic states will confound the GMH-induced brain
pathology. Another limitation of existing models is the cost and the special expertise
required to care for and rear prematurely delivered large mammals used to model GMH.
Rodent models of brain injury are relatively easy to use, maintain, inexpensive to reproduce,
and their neurobehavior development has been well documented (Altman and Sudarshan,
1975). However, there is a lack of rodent model bearing neurological consequences of GMH
that naturally mimics the preterm survivors of GMH.

We thus chose to administer collagenase (sterile intracerebral hemorrhage inducing agent
(Rosenberg et al., 1990)) for induction of GMH, because it will cause a standardized,
stereotaxically-controlled, and spontaneous rupture of the ganglionic eminence into the
lateral ventricles (Lekic et al., 2011). We then asked whether the induction of GMH would
be attended by significant regional brain swelling (edema), delays of neurodevelopment,
increased fibrogenesis and gliosis, altered body or brain growth, and cognitive or motor
deficits. Finally, we evaluated the juvenile brains to demonstrate the atrophy,
ventriculomegaly, and clinical relevance of the model.
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Materials and Methods
Animal Groups and General Operative Procedures

This study was conducted in accordance with the National Institutes of Health guidelines for
the treatment of animals, and was approved by the Institutional Animal Care and Use
Committee of Loma Linda University. Timed pregnant Sprague-Dawley rats were purchased
from Harlan Laboratories, Indianapolis, IN. One hundred fifty three P7 rat pups were then
randomly divided into the following groups: sham-operated (n=41), needle-control (n=18),
collagenase-0.1 units (n=10), collagenase-0.3 units (n=84). Pups of both genders were
subjected to the operative procedure, using aseptic technique, they were gently anesthetized
with 3% isoflurane (in mixed air and oxygen), while placed prone onto a stereotaxic frame.
For GMH induction, betadine first sterilized the surgical scalp area, which was then incised
in the longitudinal plane to expose the skull and reveal the bregma. The following
stereotactic coordinates were precisely measured from bregma: 1.8 mm (rostral), 1.5 mm
(lateral), and 2.8 mm (depth) from the dura. A burr hole (1 mm) was drilled, into which a 27
gauge needle was inserted at a rate of 1 mm/min. A microinfusion pump (Harvard
Apparatus, Holliston, MA) infused 0.3 units of clostridial collagenase VII-S (Sigma, St
Louis, MO) through the Hamilton syringe. The needle remained in place for an additional 10
minutes after injection to prevent “back-leakage”. After needle removal, the burr hole was
sealed with bone wax, the incision suture closed, and the animals were allowed to recover on
a 37°C heated blanket. The entire surgery took on average 20 minutes. Upon recovering
from anesthesia, the animals were returned to their dams. Needle-controls consisted of
needle insertion alone without collagenase infusion.

Experiment 1: Mechanisms of Brain Injury following GMH
Animal Perfusion and Tissue Extraction

The animals were fatally anesthetized with isoflurane (≥5%) followed by cardiovascular
perfusion with ice-cold PBS for hemoglobin assay, thrombin level, and immunoblot
analyses. The forebrains were dissected and snap-frozen with liquid-nitrogen, then stored in
−80°C freezer, before protein extractions, or spectrophotometric quantification.

Brain Water Content
The percentage of brain edema was measured using the wet-weight/dry-weight method 24
hours after GMH induction (Tang et al., 2005). Quickly following sacrifice, the brains were
removed and divided. Tissue weights were determined before and after drying for 24 hours
in a 100°C oven, using an analytical microbalance (model AE 100; Mettler Instrument Co.,
Columbus, OH) that is capable of measuring within 1.0 μg of precision. Brain edema was
then finally calculated as a percentage: (wet weight - dry weight)/wet weight × 100.

Hematoma Size
The hemorrhagic injury size was quantified 24 hours after GMH induction using computer-
assisted outlining of brain slices. Neonatal rats were euthanized under deep (≥5%) isoflurane
anesthesia. The brains were removed and cut into slices using a 1-mm rat brain matrix.
Under standardized conditions, images of the brain slices were taken with a digital camera,
and then converted into a binary image for the area delineation analysis using Image J
software (National Institutes of Health, Bethesda, MD). Further details have published
elsewhere (Chang et al., 2011; Foerch et al., 2008).
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Composite Neuroscore
The 24-hour neurological evaluation consisted of a sensorimotor value represented by the
combined averages from negative geotropism, righting reflex, and grip traction test as
described (Balasubramaniam et al., 2006; Cherian et al., 2003; Thullier et al., 1997). The
values are expressed as percent of sham, and further procedural details are provided below
(in Experiment 2).

Western Blotting
For the protein immunoblot (Lekic et al., 2011), the concentration was first determined
using the DC protein assay (Bio-Rad, Hercules, CA). Samples were subjected to SDS-PAGE
on 4–20% gels and then transferred to nitrocellulose membrane for 100 minutes at 100 V
(Bio-Rad). The blotting membranes were incubated for 1 hour with 5% nonfat milk in Tris-
buffered saline containing 0.1% Tween 20. These were then incubated overnight with the
following primary antibodies: anti-Vitronectin (1:25 000; Abcam, Cambridge, MA), anti-
GFAP (1:20 000; Abcam, Cambridge, MA), anti-COX2 (1:200; Cayman Chemical, Ann
Arbor, MI), or anti-phospho-MTOR (1:1000; Cell Signaling Technology, Danvers, MA).
The membranes were then incubated with secondary antibodies (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA) and then processed with the ECL plus kit (GE Healthcare
and Life Science, Piscataway, NJ). For the internal control, the same membrane was probed
with an antibody against β-actin (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA) after
being stripped. The relative density of resultant protein immunoblot images were finally
semi-quantitatively analyzed using Image J software (4.0, Media Cybernetics, Silver Spring,
MD) as described (Tang et al., 2004).

Hemoglobin Assay
The spectrophotometric measurement of hemorrhagic volume was performed using well-
established protocols (Choudhri et al., 1997; Tang et al., 2004). Extracted forebrain tissue
was placed in glass test tubes with 3 mL of PBS, and then homogenized for 60 seconds
(Tissue Miser Homogenizer; Fisher Scientific, Pittsburgh, PA). After ultrasonication for 1
minute lysed erythrocyte membranes; the products were then centrifuged for 30 minutes,
and Drabkin’s reagent was added (Sigma-Aldrich) into aliquots of supernatant, which
reacted for 15 minutes. Absorbance, using a spectrophotometer (540 nm; Genesis 10uv;
Thermo Fisher Scientific, Waltham, MA), was calculated into a hemorrhagic volume (μL)
on the basis of a standard curve as routinely performed (Lekic et al., 2011).

Thrombin Assay
To measure thrombin activity in the rat brain, animals were transcardially perfused with
phosphate-buffered saline at 6hr, 24hr, 10d and 21d after GMH. Brain samples were then
homogenized and thrombin-specific amidolytic activity was measured using the
chromogenic thrombin substrate S2238 (Anaspec, Fremont, CA) as previously described
(Gong et al., 2008). The final concentration of the s2238 solution was 20mM in phosphate-
buffered saline. Thrombin standards were made using rat thrombin (Sigma Aldrich, St.
Louis, MO) at concentrations of 0, 1.5625, 3.125, 6.25, 12.5, 25, and 50 mU/ml. Reaction
mixtures consisted of 10ul of brain sample supernatant and 1.5ul of the s2238 chromogenic
substrate mixture, which were then added to 90ul of phosphate-buffered saline. Reaction
mixtures were allowed to incubate for 1hr at room temperature, after which the sample
absorbance were spectrophotometrically measured at 405nm.

Experiment 2: Developmental Profiles following GMH
Acquisition of developmental milestones was blindly assessed over 7 days following
collagenase infusion. For negative geotropism, the time needed for complete rotation (180°)
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after being placed head down on a slope (20° angle) was recorded (Thullier et al., 1997). For
righting reflex, the time required for the rat pups to completely roll-over onto all four limbs
after being placed on their backs was measured (Thullier et al., 1997). The maximum
allotted time was 60 seconds per trial (2 trials/day) for these tests. For sensorimotor function
quantification, the falling latency was recorded (60 second cut-off) following forelimb grasp
of a suspended line (40 cm-length, 3 mm-diameter) as was described for grip-traction testing
(Cherian et al., 2003; Lekic et al., 2011). Finally, the latency of eye-opening was blindly
documented by quantifying the number of days after GMH both eye lids opened for each
animal.

Craniometric Measurements
Head-size (width, height) and crown-rump (body length) measurements were performed on
days 0, 1, 7, 10, 14, 21, and 28, using a Boley Gauge (Franklin Dental Supply, Bellmore,
NY) as described (Saad, 1990). The head-width was measured at the anterior border
adjacent to the ears, and the head-height from the posterior aspect adjacent to the mandible.
Rump-to-crown measurement was the greatest cranial (rostral) to tail (caudal) extension.
This craniometric ration was calculated according to the total millimeters (mm) of head
circumference (surface of ellipse= pi([width]x[height])/per centimeters (cm) of body length.

Experiment 3: Neurobehavioral Evaluation at the juvenile developmental
stage
Cognitive Function

The animals were assessed using a series of tests. The Morris water-maze measured spatial
learning and memory on three daily blocks, as we described previously (Hartman et al.,
2009; Lekic et al., 2010). The apparatus consisted of a metal pool (110cm diameter), filled
with water to within 15cm of the upper edge, containing a small platform (11cm diameter)
for the animal to climb onto, and swim path length was digitally analyzed by Noldus
Ethovision tracking software. The cued trials (maximum of 60 sec/trial) measured general
associative learning, sensorimotor abilities, and motivation to escape the water with the
escape platform obviously visible from above the water’s surface. The platform’s location
changed every other trial. The spatial trials (maximum of 60 sec/trial) measured spatial
learning, with the platform submerged, hidden but discoverable. The probe trials measured
spatial memory by recording time spent in the target quadrant once the platform was
removed. The T-Maze assessed short-term (working) memory ability (Hughes, 2004). For
each trial, the rat was placed into the stem (40 cm × 10 cm) of the T-maze and allowed to
explore until either the left or right arm was chosen. Following a sequence of 10 trials, the
rate of spontaneous alternation (0% = none and 100% = complete; alternations/trial) was
tabulated (Fathali et al., 2010; Zhou et al., 2009). Open field data was digitally recorded for
30 minutes and subsequently analyzed by Noldus Ethovision tracking software (Hartman et
al., 2009). Path length within the open-topped plastic boxes (49cm-long, 35.5cm-wide, and
44.5cm-tall) was used to measure locomotor activity.

Motor Function
The percent neurodeficit was quantified using a series of six tests measuring functional
deficits (100=severe, 50=moderate, 0=none): 1) proprioceptive limb placing, 2) lateral limb
placement, 3) forelimb placement, 4) postural reflex, 5) back pressure towards edge, 6)
lateral pressure towards edge. These tests are routinely performed in brain-injured juvenile
rats (Fathali et al., 2010; Zhou et al., 2011). The rotarod ascertained striatal ability using a
standard apparatus (Columbus Instruments) consisting of a horizontal rotating cylinder
(7cm-diameter × 9.5cm-wide) accelerating at 2 rpm/5 sec that requires continuous walking
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to avoid falling off. Latency to fall is precisely recorded by a photobeam-circuit (Hartman et
al., 2009; Lekic et al., 2010). For foot-fault testing, the number of complete limb missteps
through wire-grid openings was documented per limb over 120 seconds while the animal
explored an elevated wire (3 mm) suspension (20 cm × 40 cm) grid (Zhou et al., 2009).

Experiment 4: Cerebral Morphometry after one month
The animals were terminally anesthetized with isoflurane (≥5%), followed by cardiovascular
perfusion with ice-cold PBS and 10% paraformaldehyde. The brains were removed and
separated from surrounding tissues. The quantification of weight was performed using an
analytical microbalance (model AE 100; Mettler Instrument Co., Columbus, OH) capable of
1.0μg precision (loss of brain weight has been used to estimate brain damage in juvenile
animals following neonatal brain injury (Andine et al., 1990)). Brains were post-fixed in
10% paraformaldehyde then 30% sucrose (weight/volume) for 3 days. Histopathological
analyses used 10 μm thick coronal sections, caudally cut every 600 μm on a cryostat (Leica
Microsystems LM3050S), then mounted and stained on poly-L-lysine-coated slides.
Morphometric analysis of cresyl violet slides (Lekic et al., 2011) involved computer-assisted
(ImageJ 4.0, Media Cybernetics, Silver Spring, MD) hand delineation of the ventricle
system (lateral, third, cerebral aqueduct, and fourth), hemisphere (cortex, subcortex),
caudate, thalamus, hippocampus, and corpus callosum (white matter). The borderlines of
these structures were based on criteria derived from stereologic studies using optical
dissector principles (Avendano et al., 2005; Bermejo et al., 2003; Ekinci et al., 2008;
Oorschot, 1996; Reisert et al., 1984; Tang et al., 2001). The volumes were calculated:
[(Average [(Area of coronal section) × Interval × Number of sections) (MacLellan et al.,
2008)].

Statistical Analysis
Significance was considered at P<0.05. Behavior data were statistically analyzed using
Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks, followed by the Student-
Newman-Keuls Method, and repeated-measures ANOVA for long-term analyses. All other
data were statistically analyzed using one-way ANOVA, followed by Tukey post-hoc test
for significant analyses. Statistical analyses were performed using SigmaPlot version 10.0
for Windows.

Results
Experimental Model of Germinal Matrix Hemorrhage using Rats

All pups tolerated the procedure, recovered from anesthesia, and had a zero percent
mortality rate across the entire study. The stereotaxic collagenase-induced hematoma
originated from the cerebral parenchyma of ganglionic-eminence and one day later spread
throughout the adjacent ipsilateral peri-ventricular brain region (Fig. 1B). Unilateral
collagenase infusion caused a dose-dependent elevation of brain water, hematoma size, and
neurological deficit at 24 hours after GMH induction (P<0.05, Fig. 1D and 1E).

Experiment 1: Mechanisms of Brain Injury following GMH
To determine whether differences exist in the presence of oxidative stress markers between
the brain of neonatal pups with collagenase-induced GMH, and controls (non-GMH), we
evaluated free radical adducts (4-hyroxynonenal) and a cellular content marker of nitrosative
stress (3-nitrotyrosine) by semi-quantitative Western blot analyses of full-thickness brain
homogenates. The optical density measurement of bands confirmed that both 4-HNE (25–60
kDa) and nitrotyrosine bands (20–75 kDa) were stronger and more dense in pups with GMH
than non-GMH controls at 24 hours (P<0.05, Fig. 2A and 2B). We next quantified
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inflammatory (COX-2) and proliferation (p-mTOR) markers by Western blot analysis,
which showed the COX-2 (72 kDa) and p-mTOR (289 kDa) bands were more dense in pups
at 72 hours after GMH, than in controls (P<0.05, Fig. 2C). Next, quantifications of blood
components showed an increased level of hemoglobin (Hgb) and thrombin at 24 hours after
GMH, compared with controls (P<0.05, Fig. 2D). The level of Hgb remained significantly
elevated in brain homogenates acquired up to seven days after GMH (P<0.05), whereas
thrombin levels were also increased (1.5- to 2-fold) at 10 days post-GMH, but compared
with the non-GMH controls, the difference was not statistically significant (p=0.051). We
then finally evaluated the time-course of gliosis-related protein expression [vitronectin (75
kDa) and GFAP (55 kDa)] at 1, 3, 10, 17, and 24 days after GMH induction. The results
semi-quantitatively demonstrate peak optical density blotting of vitronectin on day 24, and
GFAP on day 10, compared with non-GMH controls (P<0.05, Fig. 2E and 2F).

Experiment 2: Developmental Profiles following GMH
The infusion of collagenase led to significant developmental delay (post-GMH days 1–3) in
negative geotropism, righting reflex, grip traction, and eye-opening, as compared with non-
GMH controls (P<0.05, Fig. 3A–D). The head size was disproportionally increased
compared to body length on days 7–14, and body weight was decreased on days 1, 14, 21,
and 28, compared with intact animals (P<0.05, Fig. 3E and 3F).

Experiment 3: Neurobehavioral Evaluation at the juvenile developmental stage
At the fourth week following GMH, all groups demonstrated equal cued learning ability in
the water-maze (P>0.05). During the spatial (hidden platform) trials, however, collagenase
infused animals performed significantly worse than controls (P<0.05, Fig. 4A). In
comparison, the controls performed better with each block and during the spatial memory
probe (P<0.05, Fig. 4A, right panel). Furthermore, the T-Maze showed significant loss of
‘working’ memory (P<0.05, Fig. 4B). Additionally, the open field test revealed significant
hyperactivity (P<0.05, Fig. 4C). Finally, GMH led to significant motor dysfunction, as
demonstrated by the comprehensive neurodeficit scale, rotarod, and foot-fault performance
evaluations (P<0.05, Fig. 4D–F).

Experiment 4: Cerebral Morphometry after one month
Neonatal collagenase infusion (0.3 Units) resulted in a decrease in the gross whole-brain
weight of the juvenile animals, four weeks later (P<0.05, Fig. 5A). This is qualitatively
demonstrated as a generalized ventriculomegaly and brain atrophy (Fig. 5B). Volumetric
analyses showed bilateral brain tissue volume losses (total, cortical, sub-cortical), and
extremely dilated ventricles (P<0.05, Fig. 5C and 5D). Morphometry further showed the
corresponding bilateral atrophy of the caudate, thalamus, hippocampus and white-matter
areas (P<0.05, Fig. 5E and 5F).

Discussion
Several models of perinatal hypoxia-ischemia are available and have been extensively
evaluated. However, collagenase GMH in neonatal rats, causing acute brain injuries and
long-term neurobehavioral and histopathological consequences, has not been studied. Our
experimental model has practical significance to the human condition on a number of levels.
First, the intraventricular hemorrhage in this model is morphologically similar to premature
infants because the hemorrhage generally begins with the rupture of blood vessels within the
germinal-matrix and, subsequently, the ependyma is broken, filling the ventricle with blood
(Conner et al., 1983). Second, the development of GMH-intraventricular hemorrhage in this
model is mechanistically comparable to that of GMH in premature infants, since there is a
spontaneous and progressive escalation of transmural pressure, blood-vessel rupture, focal
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bleeding, and re-bleeding, all leading to extremes of intracranial pressure during the first few
days of preterm infant life (Conner et al., 1983; Welch, 1980). Specifically, clinical
conditions like the use of high pulmonary-ventilator pressure (increased cerebral venous
pressure), bicarbonate infusions (increased serum osmolarity), and diuretic administration
(decreased intracranial pressure), are factors causing GMH in premature infants, due to the
elevation of transmural pressures across intracerebral blood vessel walls (Ballabh, 2010).
Third, the induction of GMH using a standardized and commercially-available neonatal
stereotaxic frame with a Hamilton syringe, minimizes the trauma to brain parenchyma. This
was previously unavoidable using the free-hand approach (Alles et al., 2010;
Balasubramaniam et al., 2006), despite the use of ultrasound or MRI monitoring (Xue et al.,
2003). Fourth, the induction of GMH in this collagenase model results in a robust
inflammatory brain response associated with elevated levels of hemoglobin and thrombin,
but without any major neurological deficits, similar to human preterm newborns. Fifth, there
are a number of advantages of using the rat as an experimental animal; specifically, the brain
injury, neurobehavior and histopathology are well described in the rat species (Lekic et al.,
2011). Sixth, this model using rats is far less expensive, is much less labor intensive, and
very readily permits survival into adulthood, compared with piglets, beagles, or rabbits
(Aquilina et al., 2007; Cherian et al., 2003; Georgiadis et al., 2008; Goddard et al., 1980).
Seventh, the induction of GMH with collagenase creates a slow rate of intraventricular bleed
(MacLellan et al., 2008); avoiding the confounding brain injury and/or infarction resulting
from increased intracerebral pressures (ICP) following rapid intraventricular infusions of
relatively large blood volumes (Aquilina et al., 2007; Balasubramaniam et al., 2006; Cherian
et al., 2003; Mayfrank et al., 1997). Collectively, the collagenase-induced hemorrhage in the
model resembles GMH of preterm newborns both mechanistically and morphologically,
which makes this a useful means to study the disease process and assess therapeutic
strategies.

Animal models are needed to study the evolution of brain damage and the potential of
therapeutics for recovery after GMH. In this study, we characterized a novel model of GMH
by stereotaxic injection of sterile collagenase into the ganglionic eminence of newborn rats.
All the rats exhibited hematomal extension into the ventricles, and therefore, this model
corresponds to grade III–IV (severe) GMH as defined by clinical imaging studies in
premature human infants (Papile et al., 1978). Spontaneous intraventricular hemorrhage was
previously induced using glycerol to cause intracranial hypotension in prematurely born
rabbits (27–30 days gestation) (Conner et al., 1983). Alternatively, the direct injection of
blood into newborn dog brains was used to study the effects of acute ventricular distension
upon the blood flow patterns in surrounding brain tissues (Batton and Nardis, 1987). Canine
models have played an essential role in the understanding of physiologic factors
predisposing to GMH (Balasubramaniam and Del Bigio, 2006). There is also a mouse model
of neonatal hypoxia-ischemia that develops spontaneous (superficial) foci of bleeding, but
this is unlike those clinically seen in humans (Yoshioka et al., 1989). These studies have
described in detail the physiologic processes, and structural features, behind the initiation of
GMH, however, have not been solely suitable to study many of the tissue reactions
following neonatal hemorrhagic brain injury.

In this study, collagenase infusion into the ganglionic eminence (periventricular region) of
neonatal rats produced both neonatal-early (transient) and juvenile-delayed (persistent)
neurobehavioral deficits. We used negative geotropism, righting-reflex, and grip-traction
testing as an assessment battery for early reflex locomotor testing. The development of
locomotion (surface righting and negative geotropism) and grip-traction ability (forelimb
grip traction testing) are amongst the earliest developmental motor milestones described for
rats (Altman and Sudarshan, 1975; Bona et al., 1997; Westerga and Gramsbergen, 1990).
The first two weeks of life (postnatal days 1–14) involve rapid changes in brain
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development (Davison and Dobbing, 1966; Eayrs and Goodhead, 1959), and therefore it is
likely that a cerebrovascular injury, such as spontaneous ganglionic eminence bleeding,
could interrupt the developmental changes necessary for timely attainment of
neurobehavioral skills. Such delays in early developmental function have been documented
to be predictive of neuromotor function in premature human infants (Allen and Capute,
1989). In accordance with both the clinical presentation, and a spontaneous rabbit model of
GMH, our difference in performance was significantly worsened compared to control
groups (sham and needle-trauma) only during the first 1–3 days following GMH (Georgiadis
et al., 2008). This timing is in contrast to those findings following rodent models of
intraventricular blood infusion that found persistent sensorimotor deficits for 1–2 weeks
after the initial brain insult (Aquilina et al., 2011; Balasubramaniam et al., 2006). This
difference likely reflects traumatic brain injury following free-hand needle insertion, despite
ultrasound or MRI monitoring (Xue et al., 2003). Here, we minimized the needle trauma
injury, as evidenced by the agreement in both our histopathological and neurobehavioral
outcomes, that support the efficacy of using a standardized stereotaxic technique, including
frame and syringe. Further, the decreased body weight on day 1 after GMH is in agreement
with losses in bodily mass 24 hours after hypoxia-ischemic brain injury in P7 rats (Chen et
al., 2011), and our corresponding somatic response further confirms experimental relevance
of the GMH model. Most importantly, the delayed motor and cognitive deficits found in our
juvenile animals correspond to the clinical presentation of deficits after GMH in humans.
These are therefore likely a reflection of the ventricular dilation, brain atrophy, and direct
injury to the periventricular structures, over time, from the intraventricular extending
hematoma (Balasubramaniam et al., 2006). However, since both brain atrophy and
ventricular enlargement were found in this study, future work will need to further
characterize the ventricle size, starting from the acute phase, so to illustrate the development
of hydrocephalus in this model.

The rapid progression of developmental events following the P7 developmental stage in the
rat brain has differences compared to the human term neonate, and the limitation to model
GMH was reviewed by others (Cherian et al., 2003). Glial proliferation in the rat peaks in
the range of P1 and P20 (compared to the 3–4 months in the human). Synaptogenesis is from
P14 to P21 in the rat (2–36 months in humans) and neuronal myelination is from P10 to P50
(several years following birth in humans) (Bass et al., 1970). Although for the past thirty-
years, many have considered the P7 rat equivalent to the human term neonate (Rice et al.,
1981), there is evidence that P7 may represent an earlier gestation. In fact, the rat cerebral
cortex at P12 to P13 corresponds to the full-term newborn human infant, with respect to the
degree of maturation (Romijn et al., 1991). Additionally, serial measurements of amplitude
integrated EEG in rats (aged P1 to P21) suggest that P7 is equivalent to the 30–32 week pre-
term neonate, while P10 corresponds to the 40–42 week human term gestation (Tucker et al.,
2009).

Using the gold-standard of cognition assessment in juvenile rodents (Morris et al., 1982), we
found spatial learning and memory deficits. The ventriculomegaly, brain atrophy, and white-
matter losses were together related to the juvenile-associated losses in working memory (T-
maze) and increased hyperactivity in the open-field (path length). Motor deficits on the
accelerating rotarod and foot-fault tests further confirm the bilateral nature of the brain
injury, and along with the bilateral character of the histopathology, lend support to the
theory of progressive intraventricular CSF accumulation over time, as was hypothesized by
others (Cherian et al., 2003; Chua et al., 2009). Recent results using drainage, irrigation, and
fibrinolytic (DRIFT) therapy [to lower the intraventricular pressure, distortion, free iron, and
cytokines] have shown improvements in developmental profiles, cognitive ability, and
global cerebral function following GMH in pre-term humans (Whitelaw et al., 2010).
Together, our results demonstrate that delayed cognitive and motor dysfunction will occur in
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this model, and future studies can evaluate novel strategies for the translation of therapeutics
from-bench, to-bedside.

To date, outcomes following hydrocephalus induction have been studied primarily using the
kaolin (aluminum silicate) model using rodents (Lopes Lda et al., 2009). These studies
predominantly describe an obstructive form of hydrocephalus, with a lesser contribution
from inflammation (e.g. arachnoiditis), reactive astrocytosis and microgliosis (Deren et al.,
2010). However, the nature of this cerebral inflammatory process is different compared to
that following the spontaneous entry of whole blood into the CSF (Ballabh et al., 2007). The
iron released from hemoglobin in the days following brain hemorrhage will catalyze lipid
peroxidation and exacerbate excitotoxicity (Wagner et al., 2003). The free-iron levels in the
neonatal CSF are markedly increased for several weeks after GMH, and adding insult to
injury, will enhance the formation of reactive oxygen species at a vulnerable developmental
stage when antioxidant enzymes have not yet been fully established (Savman et al., 2001).
Furthermore, the coagulation cascade will free thrombin, which is known to cause apoptosis
in cultured neurons and astrocytes (Donovan et al., 1997). Thrombin will also activate
rodent microglia to enhance glutamate receptor (rNMDA) function (Gingrich et al., 2000;
Moller et al., 2000). Glutamate will be released from lysed red-blood cells (RBC) to increase
local CSF levels and will, at least in part, contribute to the hematoma-related brain injury
(Tang et al., 2002). As the RBC-lysis proceeds, platelets within the intraventricular clot will
activate and release granules containing latent transforming growth factor (TGF)-β
(Grainger et al., 1995). The elevated levels of TGF-β, within the CSF, will also have
contributions of the release from the choroid plexus and recruited macrophages (Flood et al.,
2001). TGF-β is a powerful stimulator of fibroblasts, leading to the increased (peri-
ventricular) deposition of extracellular-matrix proteins (Bottner et al., 2000), presumptively
obstructing CSF flow.

There are several potential limitations of this model. First, while the GMH collagenase
model is a simple means of producing hemorrhage and is reproducible, it may cause a
significant inflammatory reaction (Wang and Dore, 2007) above and beyond the blood
components themselves. This related inflammation, may account for a proportion of the
ventricular dilation: as comparable studies, using direct blood injection in rats, required
about twice the hemorrhagic volume in order for ventricular dilation to occur in only 65% of
pups (Cherian et al., 2003). Therefore, it likely differs from the cerebrovascular mechanisms
producing spontaneous intracerebral hemorrhage in pre-term human neonates. Second, while
the hydrocephalus is most likely due to the accumulation of a large amount blood in the
ventricles, it would be difficult to separate the effects of the drugs on the blood in the
ventricle, from that within the brain tissue. Third, although hydrocephalus is generally
thought to occur as a result of the impairment of arachnoid villi by blood and products of
coagulation, the mechanism of impairment of CSF drainage (vs. overproduction) was not
considered. Fourth, whereas bleeding occurs both in the brain and into the ventricles, the
cause of hydrocephalus is most likely molecules within the CSF. The actual molecules
causing hydrocephalus and/or impeding drainage across the arachnoid granulations have not
yet been identified. Fifth, the individual contributions from thrombin, hemoglobin, iron, and
the independent role of (deactivated) collagenase, minus blood products, will need to be
considered. Sixth, the role of iron-chelator and anti-thrombin drugs should be investigated
independently upon evolution of both hydrocephalus and neurobehavioral difficulties.
Seventh, the brain hemorrhage initiating from germinal matrix was not demonstrated.
Studies will thus need to investigate early hematoma formation following collagenase
infusion into the periventricular ganglionic eminence: other work, however, used a similar
brain region to model GMH (Balasubramaniam et al., 2006). Eighth, while all pups tolerated
the procedure, having no mortality across the entire study, this is divergent from human
findings following high-grade GMH. Clinically, this brain injury leads to a much higher rate
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of mortality [approximately 30–50%; (Pikus et al., 1997)]. However, a potential strength of
the model is that the final outcomes are likely some combination together of collagenase and
hemorrhage.

In conclusion, the present study describes a novel rat model of neurological consequences
following GMH that mimics the motor deficits and ventricular dilation seen in human
preterm newborns. Based on these series of experiments, future preclinical evaluations of
therapeutic strategies may assess molecular mechanisms of brain injury as pertaining to the
specific blood components (hemoglobin and thrombin), free-radical adducts (nitrotyrosine
and 4-hyroxynonenal), inflammation (COX-2), tissue proliferation (mTOR) and gliosis
(vitronectin and GFAP) markers. Study outcomes can be linked to evaluations of specific
neurological ability: a) cognition (water-maze, T-maze, open-field), and/or, b) functional
status (neurodeficit scale, rotarod, foot-faults). In accordance with clinical features, the
histological analyses revealed bilateral atrophy and reduced white matter of the forebrain,
which was further supported by acute brain injury and reactive proliferation markers. This
model appears to be an attractive tool for the evaluation of therapeutic targets in the
prevention and treatment of brain hemorrhage complications in preterm newborns.
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Highlights

• Human neonatal germinal matrix hemorrhage can be studied using newborn
rats.

• Collagenase-GMH models mTOR, COX, GFAP, and vitronectin, expression
profiles.

• Levels of hemoglobin, thombin, and edema, accumulate in rodent GMH brain
injury.

• Juvenile animals demonstrated dilated ventricles, cognitive, and motor
disability.
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Fig. 1. Experimental Model of Germinal Matrix Hemorrhage using Rats
(A) Schematic showing stereotaxic needle placement into the ganglionic eminence near the
subcortical (sCx) junction with the lateral ventricle. (B) Photomicrograph of gross coronal
section 24 hours after collagenase infusion (0.3 units) illustrates hematoma localization
(bar= 1 mm). (C) Coronal section of formalin perfused brain, one month after collagenase
infusion (0.3 units) showing ventricular dilation (bar= 1.5 mm). (D) Degree of brain
swelling, (E) Neuroscore (left), and Injury size (right). Values are expressed as mean ±SEM,
n= 10 (neuroscore) and n= 5 (all others), *P<0.05 compared with controls (sham and needle
trauma), †P<0.05 compared with collagenase (0.1 units)
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Fig. 2. Mechanisms of Brain Injury following GMH
Representative Western blot analyses at 24 hours (A,B) and 72 hours (C) post-GMH: (A)
nitrotyrosine [range MW= 20–75 kDa; n=6/group], (B) 4-HNE [range MW= 25–60 kDa;
n=6/group], (C) COX-2 [left, MW= 72 kDa; n=4/group] and the phosphorylated product of
mTOR [right, MW= 289 kDa; n=4/group]. (D) Blood component quantification:
Hemoglobin at 1, 3 and 7 days (left; n=3/group) and Thrombin at 6 and 24 hours, 10 and 21
days (right; n=4/group). Representative Western blot analysis of samples from 1 to 24 days
(E) vitronectin [MW= 75 kDa; n=6/group] and (F) GFAP [MW= 55 kDa; n=6/group].
Values are expressed as mean ±SEM. *P<0.05 compared with controls (sham and needle
trauma)
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Fig. 3. Developmental Profiles following GMH
Bar graphs are demonstrating the long-term quantification of (A) Negative Geotropism, (B)
Righting Reflex, (C) Grip Traction Testing, (D) Eye-Opening Latency, (E) Head Size, and
(F) Body Weight. The values are expressed as mean ±SEM, n= 8 controls (sham and needle
trauma), n= 9 (collagenase infusion, 0.3 units), *P<0.05 compared with controls.
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Fig. 4. Neurobehavioral Evaluation at the juvenile developmental stage
(A) Spatial learning was assessed by the swim distance needed to find the visible (cued)
versus the hidden (spatial) platforms in the water-maze. (B) Spatial memory (left) was
determined by the percent duration in the probe quadrant when the platform was removed.
Working memory (right) was quantified by the number of spontaneous alternations in the T-
Maze. (C) Level of hyperactivity was measured by the path length in open-topped boxes
over a 30 minute duration. Motor function was evaluated by a battery of tests: (D)
Neurodeficit Scale, (E) Rotarod, and (F) Foot Fault testing. Graphed values are expressed as
mean ±SEM or mean ±95th C.I. (probe quadrant duration and alternations), n= 8 (sham and
needle trauma), n= 9 (collagenase infusion, 0.3 units), *P<0.05 compared with controls
(sham and needle trauma).
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Fig. 5. Cerebral Morphometry after one month
(A) Whole-brain gross weight. (B) Representative Coronal Cryosection (scale bar= 1 mm)
illustrating the bilateral ventricular dilation and overall brain atrophy. (C) Brain tissue
volume (mm3). (D) Volume of the ventricles (mm3). (E) Subcortical brain regional areas
showing atrophy. (F) White matter loss. Values expressed as mean ±SEM, n= 8 (sham and
needle trauma), n= 9 (collagenase infusion, 0.3 units), *P<0.05 compared with controls
(sham and needle), †P<0.05 compared with the contralateral side.

Lekic et al. Page 21

Exp Neurol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


