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Abstract

Intraventricular hemorrhage (IVH) leads to reduced myelination and astrogliosis of the white 

matter in premature infants. No therapeutic strategy exists to minimize white matter injury in 

survivors with IVH. Epidermal growth factor (EGF) enhances myelination, astrogliosis, and 

neurologic recovery in animal models of white matter injury. Here, we hypothesized that 

recombinant human (rh) EGF treatment would enhance oligodendrocyte precursor cell (OPC) 

maturation, myelination, and neurological recovery in preterm rabbits with IVH. In addition, 

rhEGF would promote astrogliosis by inducing astroglial progenitor proliferation and GFAP 

transcription. We tested these hypotheses in a preterm rabbit model of IVH and evaluated autopsy 

samples from human preterm infants. We found that EGF and EGFR expression were more 

abundant in the ganglionic eminence relative to the cortical plate and white matter of human 

infants and that the development of IVH reduced EGF levels, but not EGFR expression. 

Accordingly, rhEGF treatment promoted proliferation and maturation of OPCs, preserved myelin 

in the white matter, and enhanced neurological recovery in rabbits with IVH. rhEGF treatment 

inhibited Notch signaling, which conceivably contributed to OPC maturation. rhEGF treatment 

contributed to astrogliosis by increasing astroglial proliferation and upregulating GFAP as well as 

Sox9 expression. Hence, IVH results in a decline in EGF expression; and rhEGF treatment 

preserves myelin, restores neurological recovery, and exacerbates astrogliosis by inducing 

proliferation of astrocytes and enhancing transcription of GFAP and Sox9 in pups with IVH. 

rhEGF treatment might improve the neurological outcome of premature infants with IVH.
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Introduction

Intraventricular hemorrhage (IVH) remains a major complication of prematurity that leads to 

white matter injury (WMI) in premature infants (Ballabh 2014). There is no viable treatment 

to minimize white matter injury and associated motor and cognitive deficits in the survivors 

of IVH. Epidermal growth factor (EGF) receptor regulates oligodendrogenesis and promotes 

myelination in the animal models of neonatal hypoxia-ischemia and lysolechithin-induced 

demyelination (Galvez-Contreras et al. 2013; Gonzalez-Perez and Alvarez-Buylla 2011). 

Therefore, we asked whether EGF treatment would restore myelination in rabbit model of 

IVH and if so, what the underlying mechanisms were.

During intrauterine life, oligodendrocyte progenitor cells (OPCs) are produced initially in 

the medial ganglionic eminence (GE) and anterior entopeduncular area and later, they are 

generated in the caudal and lateral ganglionic eminence (Kessaris et al. 2006). EGF and EGF 

receptor (EGFR) regulate survival, proliferation, and migration of neural precursor cells and 

induce their differentiation towards oligodendrocyte lineage (Galvez-Contreras et al. 2013; 

Gonzalez-Perez and Alvarez-Buylla 2011). EGFR overexpression in the ganglionic 

eminence during early postnatal development increases the population of endogenous stem 

cells (Type-B cell) and early OPC (Aguirre et al. 2005). In addition, this enhances 

proliferation of astrocytes and Dlx2+ progenitors in the ganglionic eminences, thereby 

augmenting gliogenesis at the expense of neurogenesis (Doetsch et al. 2002; Mayer et al. 

2009). EGF-induced OPCs are migratory and express nestin, Olig2, and PDGFRα 
(Gonzalez-Perez et al. 2009). Intriguingly, upon withdrawal of EGF, the OPCs stop 

migrating and differentiate into myelinating oligodendrocytes in the white matter (Gonzalez-

Perez and Alvarez-Buylla 2011). Hence, EGF promotes migration, proliferation, and 

maturation of OPCs as well as multiplication of astrocytes.

EGF treatment has been demonstrated to offer neuroprotection in both neonatal and adult 

model of brain injury by stimulating proliferation and maturation of OPCs. Recent studies in 

a mouse model of neonatal chronic hypoxia have demonstrated that EGF signaling promotes 

survival, proliferation, and maturation of OPC as well as neurological recovery (Aguirre et 

al. 2005; Scafidi et al. 2014). In adult models of demyelination, EGF activation enhances 

proliferation and maturation of OPC resulting in increased myelination and functional 

recovery (Aguirre et al. 2007; Aguirre et al. 2005). Furthermore, EGF treatment induces 

recovery in a rat model of traumatic brain injury (Sun et al. 2010). Despite this, the effect of 

IVH on EGFR pathway in neonatal animal models and therapeutic benefits of EGF 

treatment in restoring myelination and clinical recovery in an animal model of IVH have 

remained unexplored.

EGF signaling is mediated by several pathways, including Akt, MAP kinase, and JAK/STAT 

pathways (Jorissen et al. 2003). Akt is a serine/threonine kinase which regulates cell 
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survival, proliferation, and maturation. In oligodendrocyte, it specifically enhances 

production of myelin via mammalian target of rapamycin (mTOR) signaling (Flores et al. 

2008). Activation of STAT-3 specially promotes astrogliogenesis and suppresses 

neurogenesis (Herrmann et al. 2008). A switch from neurogenesis to gliogenesis is in 

progress in late pregnancy, which is initiated and driven by NFIA and Sox9 transcription 

factors (Kang et al. 2012; Molofsky and Deneen 2015). As astrocytes mature, they express 

several markers, including GFAP, vimentin, S-100β, and others. GFAP promotor in 

astrocytes is regulated by several factors, including Notch, bone morphogenetic protein, 

leukemia inhibiting factor, and others (Herrmann et al. 2008; Molofsky and Deneen 2015), 

which might be affected by the development of IVH and EGF treatment. EGF is known to 

enhance proliferation of astrocytes and convert quiescent astrocytes into reactive astrocytes 

(Liu et al. 2006; Liu and Neufeld 2007; Mayer et al. 2009). However, the effect of EGF on 

OPC and astrocytes in infants or animal models of IVH has not been studied.

Based on these considerations, we hypothesized that EGF treatment would promote OPC 

proliferation and differentiation, myelination, and clinical recovery in rabbit pups with IVH, 

which might be mediated by Akt-mTOR signaling. We also postulated that rhEGF would 

promote astrogliosis by driving astrocyte proliferation, enhancing GFAP, and inducing NFIA 

and Sox9 transcription factors.

Material and methods

Animals

The Institutional Animal Care and Use Committee of the New York Medical College, 

Valhalla, NY approved the present study. We used our preterm rabbit model of glycerol-

induced IVH for this study (Chua et al. 2009; Dummula et al. 2011; Vinukonda et al. 2010). 

Briefly, we purchased timed-pregnant New Zealand white rabbits from Charles River 

Laboratories, Inc. (Wilmington, MA). We performed C-section to deliver the premature pups 

at E29 (full-term=32 days). Newborn pups were reared in an infant incubator at a 

temperature of 35° C. We used puppy formula (Zoologic, Petag, IL) to gavage-feed the pups 

in a volume of ~2 ml every 12 h (100 ml/kg/day) for the first 2 days, and feeds were 

advanced to 125, 150, 200, 250 and 280 ml/kg at postnatal days 3, 5, 7, 10 and 14, 

respectively. We treated rabbit pups of either sex with 50% intraperitoneal glycerol (6.5 

gm/kg) at 2 h of age to induce IVH. Severity of IVH was determined by measuring ventricle 

volume (length, breadth & depth in coronal & sagittal views) on head ultrasound at 24 h age 

using an Acuson Sequoia C256 (Siemens) ultrasound machine. Pups were classified as 

moderate (30–150 mm3) and severe (151–250 mm3) IVH, based on ventricular volume. 

Ventricular volume <30 mm3 indicated microscopic or no IVH. The pups with moderate and 

severe IVH were assigned into treatment and control groups so that the severity of IVH was 

balanced between the comparison groups.

Recombinant human EGF (rhEGF) treatment

The rabbit pups with IVH were sequentially treated with either 5 μl of recombinant human 

epidermal growth factor (Millipore Billerica, MA, USA; 250 ng per dose each lateral 

ventricle) or vehicle at days 2 (24 h age), 4 and 6 intracerebroventricularly on both sides. 
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Briefly, the pups were mounted on a rabbit pup restrainer after anesthetizing them with 

ketamine and xylazine. A needle of 28 gauge with 10 μl Hamilton syringe was mounted on a 

micromanipulator to inject the EGF into the ventricle. We used the following coordinates 

from bregma: 1 mm anterior, 4 mm lateral, and 3 mm deep. The dose of EGF was calculated 

based on its previous use in rats (Kuhn et al. 1997; Sun et al. 2010). The severity of IVH, 

measured by ultrasound, was similar between the comparison groups—vehicle treated pups 

with IVH and rhEGF-treated pups with IVH.

Human subjects

The Research Administration of New York Medical College, Valhalla, NY approved the use 

of autopsy brain samples from premature infants to conduct this study. The postmortem 

materials included forebrain tissue samples taken at the level of the head of caudate nucleus 

from premature infants with and without IVH of 23–27 gestational weeks (gw) and less than 

5 days of postnatal age. Samples were obtained less than 18 h postmortem. We excluded 

premature infants with hypoxic-ischemic encephalopathy, meningitis, culture proven sepsis, 

major brain or spinal cord malformation, chromosomal defects, and history of neurogenetic 

disorders. We included 6 infants from each of the two groups, including IVH (grade 3 or 4) 

and no IVH. The wall of the cerebral hemisphere in premature infants consists of ventricular 

zone (VZ), subventricular zone (SVZ), intermediate zone, cortical plate, and marginal zone 

as illustrated by the Boulder Committee (Bystron et al. 2008). In the present study, we 

described intermediate zone embryonic white matter synonymously with white matter, and 

cerebral cortex for the cortical plate.

Rabbit tissue collection and processing

We processed the tissues as previously described (Ballabh et al. 2007). The brain slices were 

immersed in 4% paraformaldehyde in phosphate buffered saline (PBS; 0.1 M, pH 7.4) for 18 

hours and then were cryoprotected by keeping them into 15% sucrose in 0.1 M PBS buffer 

for 24 h followed by 30% sucrose for the next 24 h. We next froze the tissue slice after 

embedding into optimum cutting temperature compound (Sakura, Japan). Frozen coronal 

blocks were cut on a cryostat into coronal sections of 20 μm thickness. For Western blot 

analyses, coronal slices of 1–2 mm thickness were harvested at the level of the midseptal 

nucleus of the forebrain and snap frozen on dry ice.

Human tissue collection and processing

We processed the human tissues as in our prior studies (Ballabh et al. 2007). About 3–4 mm 

thick coronal slices were cut at the level of head of caudate nucleus from the fronto-parietal 

lobe. The coronal blocks comprised cortical plate, embryonic white matter, and ganglionic 

eminence. The samples were immersion-fixed in 4% paraformaldehyde in PBS for 18 h and 

were then cryoprotected by immersion into a 15% sucrose solution in PBS, followed by 30% 

sucrose in PBS. The tissues next were frozen after embedding them into optimum cutting 

temperature compound (Sakura, Japan). Frozen coronal blocks were cut into 20 μm thick 

sections. For Western blot analyses, pieces of tissues were directly harvested from the 

cortex, white matter, and ganglionic eminence and snap frozen on dry ice.

Vinukonda et al. Page 4

Glia. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immunohistochemistry

Immunohistochemical staining was performed as described previously (Ballabh et al. 2007). 

The primary antibodies used in experiments included: rabbit epidermal growth factor 

(catalog #06-102, Millipore, Billerica, MA, USA), mouse epidermal growth factor receptor 

(Catalog # 2232, Cell signaling technology, Danvers, MA), goat polyclonal Ki67 (catalog 

#275R-14, Cell Marque, Rocklin, CA), goat polyclonal Olig2 (catalog #AF-2418, R&D, 

Minneapolis, MN), mouse monoclonal GFAP (catalog #G6171, Sigma-Aldrich, St. Louis, 

MO), rat monoclonal myelin basic protein (MBP; catalog #AB7439, Abcam, Cambridge, 

MA), goat polyclonal PDGFRα (catalog #AR307, R & D, Minneapolis, MN), mouse 

monoclonal myelin associated glycoprotein (MAG; catalog #AB89780, Abcam, Cambridge, 

MA), biotinylated O4 monoclonal antibody (provided by Dr. Rashmi Bansal, University of 

Connecticut), and mouse monoclonal Nkx2.2 (Hybridoma Bank, University of Iowa, IA). 

Secondary antibodies used were Cy-3 conjugate donkey anti-mouse, Cy-3 conjugate donkey 

anti-goat, and FITC conjugate donkey anti-rat (Jackson Immunoresearch, West Grove, PA). 

Briefly, we hydrated the fixed sections in 0.01 M PBS, blocked the sections with normal 

donkey serum in PBS with 0.01% Triton-X (PBST), and incubated with the primary 

antibodies diluted in PBST at 4° C overnight. After several washes in PBS, the sections were 

incubated with secondary antibody diluted in 1% normal goat serum in PBS at room 

temperature for 60 min. Finally, after washing in PBS, sections were mounted with Slow 

Fade Light Antifade reagent (Molecular Probes, Invitrogen, CA) and were visualized under 

a confocal microscope (Nikon Instruments, Japan). Stereology was performed using a 

fluorescent microscope (Axioskop 2 plus, Carl Zeiss Inc) with motorized specimen stage for 

automated sampling (ASI, Eugene, OR), with a CCD color video camera (Microfire; 

Optronics, Goleta, CA) and stereology software (Stereologer, SRC, Baltimore, MD).

Quantification of oligodendrocytes

Proliferation and maturation of OPC were assessed in the corona radiata and corpus 

collosum of pups without IVH and pups with IVH treated with vehicle or rhEGF. We 

injected intramuscular BrdU in these three sets of animals in a dose of 50 mg/kg twice a day 

for two days and animal were euthanized at D3. Cycling OPCs (S-phase of cell cycle) were 

identified by double-labeling the coronal sections with BrdU and Olig2 or PDGFRα 
antibodies, while maturation of OPC was evaluated by double-labeling the sections with 

Olig2 and Nkx2.2 antibodies. All coronal sections were obtained at the level of the 

midseptal nucleus (five 20 μm sections at an interval of 90 μm). Quantification was 

performed by a blinded investigator in a random and unbiased fashion using a confocal 

microscope with a 60× lens (Nikon Instruments, Japan). Cells were counted in ~25 images 

(5 images × 4–5 sections) for each brain region for every parameter for each pup (n=5 pups 

per group).

Stereological assessment of myelin and astrocytes in the corona radiate and corpus 
callosum

We quantified several stereological parameters using computerized software system 

(Stereologer, Stereology Resource Center, Chester, MD). Briefly, coronal sections of 30 μm 

thickness were cut on a cryostat with a section sampling interval of 90 μm to accomplish 6 
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sections or more at the level of mid-septal nucleus. The sections were double-labeled with 

myelin basic protein (MBP) antibody and DAPI (nuclear stain) and quantified as follows. 

The reference spaces (corona radiata, corpus callosum) were marked on the section under a 

5× objective. The volume of the outlined area (reference space) was quantified using a point 

counting probe (frame 25 μm × 25 μm; guard zone 2 μm, inter-frame interval = 300 μm). 

The total volume fraction (load) of myelin stained by MBP antibody through a defined 

reference space was quantified using the object area fraction probe under 60× oil lens. For 

the area fraction probe (frame 25 μm × 25 μm; guard zone 2 μm, interframe interval 400 

μm), the investigator clicked on the grid points that overlapped the myelin fibers in sections 

labeled with MBP. The area fraction of myelin was estimated as the ratio of product of the 

area per point and the number of points hitting the reference area [a(point)•ΣPref] over the 

product of the area per point and number of points hitting the sampled area 

[a(point)•ΣPsamp], as reported previously.(Mouton et al. 2009) A coefficient of error (CE) < 

0.10 was acceptable. To assess astrogliosis, we quantified total volume fractions of astrocyte 

cell bodies and glial fibers in a similar manner as for myelin (Mouton et al. 2009).

Western blot analyses

We homogenized the frozen brain tissue in sample buffer (3% SDS, 10% glycerol and 62.5 

mM Tris-HCl) by mechanical homogenizer and then sonicated the lysate before 

centrifugation. We measured supernatant protein concentrations using a BCA protein assay 

kit (Pierce Kit #23227, Thermo Scientific, Rockford, IL) with BSA to create the standard 

curve. After boiling the samples in Laemmli buffer (catalog #161-0737, BioRad, CA), total 

protein samples were separated by SDS-PAGE.(Ballabh et al. 2007) Equal amounts of 

protein (10–20 μg) were loaded onto 4–15% or 4–20% gradient precast gels (BioRad, CA), 

based on the molecular weight of the target protein. Separated proteins were transferred onto 

polyvinylidene difluoride (PVDF) membranes by electro-transfer. We next incubated the 

membranes overnight with primary antibodies. We detected target proteins with 

chemiluminescence ECL system (GE Healthcare) by using secondary antibodies conjugated 

with horseradish peroxidase (Jackson Immunoresearch, West Grove, PA). We then stripped 

the blots using stripping buffer (2.5% SDS, 0.7% 2-mercaptoethanol, 62.5 mM Tris-HCl, pH 

6.8) and incubated with β-actin antibody (catalog #A5316, Sigma, St. Louis, MO) followed 

by secondary antibody and detection with chemiluminescence ECL system. As described 

previously,(Vinukonda et al. 2010) the blots from each experiment were densitometrically 

analyzed using Image J. Optical density (OD) values were normalized to β-actin. Antibodies 

used for Western blot analyses were the same as used for immunohistochemistry. In 

addition, we used mouse monoclonal vimentin (Hybridoma Bank, University of Iowa, IA), 

mouse monoclonal STAT3 (Cell signaling technology, Danvers, MA ), rabbit polyclonal P-

STAT3 (Tyro705, Cell signaling technology, Danvers, MA), mouse monoclonal Akt (BD 

biosciences, San Jose, CA), mouse monoclonal P-Akt (BD Bioscience, San Jose, CA), rabbit 

polyclonal mTOR (Cell Signaling Inc., Danvers, MA), rabbit polyclonal P-mTOR (Cell 

Signaling Inc., Danvers, MA), mouse monoclonal beta actin (Sigma-Aldrich), rabbit 

polyclonal NFIA (Active Motif, Carlsbad, CA), rabbit polyclonal Sox9 (Millipore, Billerica, 

MA), NICD (R & D Systems, Minneapolis, MN), mouse monoclonal Hes5 (Sigma-Aldrich), 

mouse monoclonal Dlx1 (NIH Neuromab, UC Davis, CA), and Mash1 (BD Biosciences, 

San Jose, CA) primary antibodies..
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Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Gene expression was performed by real time PCR as previously described (Ballabh et al. 

2007). Briefly, total RNA was isolated using a RNeasy Mini kit (catalog #74104, Qiagen) 

from a coronal brain slice taken at the level of the mid-septal nucleus. cDNA was 

synthesized using Superscript II RT enzyme (catalog # 05081955001, Roche, Indianapolis, 

IN) followed by real time quantitation using SYBR green (catalog # 04913850001, Roche, 

Indianapolis, IN) with an ABI Prism 7900HT Sequence Detection System (Applied 

Biosystems). Analysis was completed using the efficiency corrected ΔΔCT method. The 

following primers were used: GFAP (accession number: NG_008401) sense: 

ACTCAATGCTGGCTTCAAGGAGAC, antisense: ATGTAGCTGGCAAAGCGGTCATTG. 

The gene expression for EGFR1 (Assay ID: OC 33955872_g1), EGFR2 (Assay ID: 

OC04096730_m1), EGFR3 (Assay ID:OC03395874_m1), EGFR4 (Assay ID: OC 

03395876_m1), Sox9 (Assay ID: Oc04096872_m1), NFIA (Assay ID: Hs00325656_m1) 

were assayed using primers plus MGB TaqMan probes from Life Technologies (Norwalk, 

CT).

Electron microscopy

We processed brains (14 d) from glycerol treated pups without IVH, pups with IVH, and 

rhEGF treated pups with IVH (n = 3–4 each). We took slices (2 mm thickness) from freshly 

harvested rabbit pup brain using a brain slicer matrix and then dissected corona radiata and 

corpus callosum in a petri dish under a SteReo discovery microscope (Carl Zeiss). The 

dissected tissues of the white matter were fixed into 2.5% glutaraldehyde overnight. The 

tissues were then washed in 0.1 M sodium cacodylate buffer, pH 7.4, postfixed in buffered 

osmium tetroxide for 1–2 h, stained en bloc with 1% uranyl acetate, dehydrated in graded 

ethanol solutions, and embedded in epoxy resin. We next placed sections of 60–90 nm 

thicknesses onto 200 mesh grids, stained with uranyl acetate and lead citrate, and then the 

sections were examined with a Techni 12 electron microscope at 80 Kv. Digital images were 

acquired using a 16 megapixel Advanced Microscopy Techniques camera. We acquired 12–

20 images per brain. Electron micrographs were assessed for myelinated axons per unit area; 

and the g-ratio (ratio of axonal diameter with myelin sheath and axonal diameter without 

myelin sheath) of myelinated axons in the 3 groups of pups were calculated using Image J 

(NIH).

Statistics and Analysis

Data are expressed as means ± standard error of the mean (s.e.m.). To determine differences 

in the myelin basic protein (MBP), myelin associated glycoprotein (MAG), GFAP, vimentin, 

STAT-3, mTOR, and Akt on Western blot analyses and cell counts between 3 groups (no 

IVH, vehicle- and rhEGF-treated kits), we used one way ANOVA. Gene expressions for 

EGFR1–4, EGF, NFIA, Sox9, vimentin and GFAP between the three groups at day 3 and 7 

were compared by employing two-way ANOVA. To compare EGF and EGFR expression, in 

the three brain regions between infants with and without IVH, we employed two-way 

ANOVA with repeated measures. All post hoc comparisons were done by Tukey multiple 

comparison test at the 0.05 significance level.
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RESULTS

EGFR is enriched in the GE of human preterm infants and does not change with 
development of IVH

To compare EGFR expression between premature human infants with and without IVH (23–

27 gestational weeks), we labeled coronal sections from the forebrain with EGFR specific 

antibody. We found that EGFR was abundantly expressed in the medial and lateral GE 

(colloquially known as germinal matrix) and weakly in the cortical plate, dorsal cortical 

subventricular zone (SVZ), and embryonic white matter. Double labeling of EGFR with 

GFAP, Olig2, and nestin specific antibodies revealed that EGFR was predominantly 

expressed on the Olig2+ and nestin+ precursor cells of ventricular zone and SVZ in the GE 

as well as the white matter (Fig. 1A). Moreover, EGFR expression was weak on the GFAP+ 

glial cells in almost all the cortical compartments. Western blot analyses on homogenates 

made from tissues harvested from these regions confirmed that EGFR expression was 

significantly higher in the GE compared with the cortical plate or white matter in infants 

with IVH (P= 0.001 and 0.004, Fig. 1B). Moreover, EGFR expression was also elevated in 

the GE relative to the white matter in pups without IVH (P=0.038). Importantly, EGFR 

levels were comparable between infants with and without IVH in all the three regions (Fig. 

1B). Weak-to-absent expression of EGFR on the GFAP+ astroglial cells has also been 

reported in adult astrocytes (Liu and Neufeld 2007).

We next evaluated preterm rabbit forebrains (E29) for the expression of EGFR. Western blot 

analyses showed that there was no difference in EGFR expression between rabbits with and 

without IVH at both postnatal 48 and 72 h after the induction of IVH (Fig. 1B). Real time 

qPCR using taqman probes (Life Tech, Norwalk, CT) also showed comparable mRNA 

expression of EGFR1–4 in pups with and without IVH at both postnatal days (D) 3 and 7 

(data not shown). A satisfactory immunolabeling could not be obtained with the 

commercially available EGFR antibodies in the rabbit brain sections. Together, EGFR is 

more abundantly expressed in the GE relative to the white matter and cortical plate; and IVH 

does not affect its expression.

EGF expression is reduced in both rabbits and humans with IVH

To evaluate EGF expression in the GE, white matter, and cortical plate of preterm human 

infants with and without IVH, we immunostained forebrain sections with EGF specific 

antibody. We found that EGF expression was more abundant in the GE relative to the white 

matter and cortical plate of infants without IVH (Fig. 2A). Moreover EGF immunoreactivity 

was reduced in the GE of infants with IVH compared to infants without IVH, however EGF 

expression in the cortical plate and embryonic white matter was comparable between infants 

with and without IVH. Double immunolabeling of the forebrain sections with EGF and 

neural cell markers—GFAP, Olig2, and nestin—revealed that EGF was expressed 

abundantly on GFAP+ and nestin+ radial glial cells of the GE and the dorsal cortical SVZ 

(Fig. 2A; Data on cortical SVZ not shown). However, EGF expression was weak-to-absent 

on Olig2+ OPCs. Quantification of EGF protein (15 kDa) by Western blot analyses 

confirmed that EGF expression was higher in GE relative to the cortex and white matter of 

infants without IVH (P=0.002, 0.004), but not of infants with IVH ( Fig. 2B). More 
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importantly, EGF (15 kDa) levels were reduced in the GE of infants with IVH compared to 

controls without IVH (P=0.019), but not in the cortex or white matter.

We next assessed EGF expression in the preterm rabbits with and without IVH. Western blot 

analyses showed that EGF (15 kDa) protein expression was reduced in the forebrain of 

rabbits with IVH compared with untreated and glycerol-treated controls without IVH at 

postnatal 48 h (P=0.034 and 0.003), but not at 72 h (Fig. 2B). In contrast to protein 

expression, EGF mRNA expression, which was measured by real time PCR, was 

comparable between rabbits with and without IVH (data not shown). We might attribute this 

difference between protein and gene expression of EGF to rapid mRNA turnover. 

Collectively, EGF expression is higher in periventricular GE relative to the white matter and 

cortex in infants without IVH and the development of IVH reduces EGF expression in both 

rabbits and humans.

Human recombinant EGF protein preserved myelin in rabbits with IVH

Since EGF treatment promotes myelination in both neonatal model of chronic hypoxia and 

adult models of demyelination, we postulated that treatment with human recombinant (rh) 

EGF would restore myelination in preterm rabbit pups with IVH compared to vehicle 

controls. To this end, we compared three sets of rabbit pups at D 14: a) glycerol-treated pups 

without IVH, b) vehicle-treated pups with IVH, and c) rhEGF-treated pups with IVH. To 

clarify, all pups with IVH received glycerol to induce IVH, and then they alternatively 

received either rhEGF or vehicle. Severity of IVH (Fig. 3A) was similar between vehicle and 

rhEGF-treated groups, as measured by head ultrasound. We performed immunolabeling and 

stereological quantification of myelin in brain sections labeled with myelin basic protein 

(MBP) antibody. Our analyses demonstrated that the volume fractions (myelin load) of MBP 

in the corpus callosum and corona radiata were significantly reduced in pups with IVH 

relative to controls without IVH (P<0.023) and that ICV rhEGF injection restored the 

expression of MBP (P = 0.013, Fig. 3B). Accordingly, Western blot analyses confirmed that 

MBP levels were diminished in pups with IVH compared to glycerol-treated and untreated 

(no glycerol) controls without IVH (P < 0.001 both, Fig. 3C) and that rhEGF treatment 

significantly increased MBP expression in pups with IVH (P = 0.001). Similarly, MAG 

levels, assayed by Western blot analyses, were significantly higher in rhEGF-treated pups 

compared with vehicle controls with IVH (P = 0.001, Fig. 3C).

To assess morphology and density of myelinated axons in rhEGF treated pups with IVH 

compared to vehicle-treated pups with IVH and glycerol controls without IVH, we evaluated 

myelin ultrastructure in the three sets of pups at D 14 (Fig. 3D). We found that the density of 

myelinated axons were less in pups with IVH compared to controls without IVH (P < 0.004) 

and that rhEGF treatment significantly increased the number of myelinated axons in pups 

with IVH (P < 0.027). Moreover, the g-ratio was similar in the three groups of pups (0.767 

± 0.011 vs. 0.763 ± 0.002 vs. 0.78± 0.017, in pups without IVH, with IVH and EGF 

treatment, respectively). This suggests that rhEGF treatment preserves myelin in rabbits with 

IVH.
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rhEGF administration restores neurological recovery

To determine whether rhEGF treatment enhances neurological recovery in rabbit pups with 

IVH, we performed neurobehavioral scoring on the three sets of preterm pups at D14 

(Table), as described before (Dummula et al. 2011; Vinukonda et al. 2010). We noted 

significant weakness in the right hind leg of two pups, both hind legs of one pup, and right 

arm of one pup in the vehicle treated controls with IVH. However, only one pup in the 

rhEGF treated group displayed left hind-leg weakness. The average distance traveled in one 

minute was higher in rhEGF treated pups compared to vehicle controls (P=0.037). The 

scores for gait were significantly better in rhEGF treated pups relative to controls. 

Percentage of pups showing inability to hold their position on a ramp pitched at 60° 

inclination for 15 seconds or longer was more in rhEGF-treated pups compared to saline 

controls (40% vs. 11%). Moreover, scores for righting reflex and gait was superior in the 

treatment group compared to vehicle controls (P<0.05). We did not find any abnormal 

behavior in the rhEGF treated pups, which we can be attributed to rhEGF administration. 

There was no difference in sensory and cranial nerve evaluation of the three sets of rabbit 

pups.

rhEGF treatment enhances both proliferation and maturation of OPC

Since rhEGF preserved myelin in glycerol model of IVH and as rhEGF induces proliferation 

and maturation of OPC in a model of chronic hypoxia (Aguirre et al. 2005; Scafidi et al. 

2014), we postulated that rhEGF treatment might enhance proliferation and maturation of 

OPCs. To this end, we compared cycling and total number of OPCs in glycerol-treated pups 

without IVH, vehicle-treated, and rhEGF-treated pups with IVH. All the three groups of 

animals were treated with intramuscular BrdU, and OPCs were labeled with BrdU and 

PDGFRα or Olig2 specific antibodies (Fig. 4A, 4B). The densities of both total and 

proliferating (S-phase of the cell cycle) PDGFRα+ cells were reduced in vehicle-treated 

pups with IVH compared to controls without IVH at D3 (P = 0.041, 0.034, respectively). 

More importantly, rhEGF treatment elevated the densities of both total and proliferating 

PDGFRα+ cells compared to the vehicle controls at D3. (P = 0.022, 0.001, respectively, Fig. 

4A). Similar to PDGFRα, both total and proliferating Olig2+ cells showed a trend toward 

decline in pups with IVH compared to controls without IVH and rhEGF treatment increased 

the density of total Olig2+ cells (P=0.017, Fig. 4B), but not of Brdu+Olig2+ cells.

We next evaluated the effect of rhEGF treatment on OPC maturation in sections double 

labeled with Olig2 and Nkx2.2 specific antibodies. We chose Nkx2.2 antigen on OPCs to 

assess maturation because it is expressed on myelinating (immature OPC) OPCs. We found 

that population of Olig2+Nkx2.2+ cells was significantly reduced in pups with IVH relative 

to controls without IVH (P<0.001), and rhEGF treatment significantly increased their 

density (P = 0.002) in both corona radiata and corpus callosum (Fig. 4C). This suggests that 

rhEGF treatment promotes the maturation of OPCs in pups with IVH. Consistent with this 

conclusion, we found higher levels of CNPase (2′,3′-cyclic nucleotide-3′-

phosphodiesterase), as measured by Western blot analyses, in rhEGF treated pups with IVH 

compared to vehicle controls (P<0.035, data not shown) at D14. Together, rhEGF treatment 

promotes both proliferation and maturation of OPCs.
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rhEGF treatment does not affect Akt and mTOR pathways in rabbits with IVH

Akt-mTOR signaling promotes CNS myelination through mTOR pathway in mouse models 

(Flores et al. 2008; Guardiola-Diaz et al. 2012; Narayanan et al. 2009; Tyler et al. 2011). 

Conversely, STAT-3 signaling inhibits myelination by diverting differentiation of OPC 

lineage into astrocytes in model of murine encephalomyelitis (Sun et al. 2015). Therefore, 

we evaluated Akt, mTOR and STAT-3 signaling pathways in rhEGF treated rabbits with IVH 

compared to the respective controls at both D3 and 7. We found that total-Akt, P-Akt, total 

mTOR, and P-mTOR expression were comparable between controls without IVH, vehicle- 

and rhEGF treated pups with IVH (Fig 5A, 5B, data for D3 not shown).

We next evaluated the effect of rhEGF treatment on STAT-3 signaling pathways. Total 

STAT3 levels were comparable between IVH, vehicle- and rhEGF treated pups with IVH. 

However, P-STAT3 (Tyr 705) levels were higher in pups with IVH compared to controls 

without IVH and rhEGF treatment did not affect the expression of P-STAT-3 (Fig. 5C). The 

data suggest that the development of IVH does not affect Akt and mTOR pathways, but 

activates STAT3 pathway. More importantly, rhEGF treatment does not activate any of these 

pathways in pups with IVH.

rhEGF treatment enhances proliferation of astrocytes and GFAP expression

EGF stimulates proliferation of astrocytes and transforms quiescent astrocytes into reactive 

astrocytes (Gonzalez-Perez and Quinones-Hinojosa 2010; Liu et al. 2006; Mayer et al. 

2009). GFAP and vimentin are intermediate filament of astrocytes and both are upregulated 

in astrogliosis (Eliasson et al. 1999). Therefore, we compared GFAP and vimentin 

expression between 3 sets of rabbit pups—glycerol controls without IVH, vehicle- and 

rhEGF-treated pups with IVH—at D 14. Immunolabeling revealed that the majority of 

astrocytes in the corona radiata were unbranched processes running almost parallel to each 

other in pups without IVH (Fig. 6A). In contrast, periventricular white matter of pups with 

IVH showed abundance of hypertrophic astrocytes, which exhibit large cell body and 

multiple processes. There was no significant difference in the morphology of GFAP+ 

astrocytes between vehicle- and rhEGF-treated pups with IVH. Both stereological 

quantification of GFAP labeled images and Western blot analyses showed that GFAP 

expression was higher in pups with IVH compared to controls without IVH (P< 0.04 and 

0.05, respectively; Fig. 6A, 6B). However, rhEGF treatment did not affect GFAP expression 

I pups with IVH. Similar to GFAP, vimentin expression was higher in pups with IVH 

compared to controls without IVH (P< 0.05; Fig. 6B); and rhEGF treatment did not 

significantly affect the levels of vimentin in pups with IVH at D14. Together, IVH increases 

the expression of GFAP and vimentin at D14, however rhEGF treatment does not further 

increase their expression.

We next evaluated the effect of rhEGF on GFAP and vimentin expression in pups with IVH 

at D3. We found that GFAP protein expression was higher in pups with IVH compared to 

glycerol controls without IVH (P <0.001, Fig. 6C). More importantly, GFAP levels were 

higher in rhEGF-treated compared to vehicle-treated pups with IVH (P <0.025). 

Accordingly, rhEGF treatment enhanced GFAP mRNA expression in pups with IVH relative 

to vehicle controls at D7 (P=0.005, Fig. 6D), but not at D3. We next measured vimentin 
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levels in the three sets of pups. We noted that the onset of IVH did not affect vimentin 

protein levels at D3, but rhEGF treatment increased expression of vimentin in pups with 

IVH (P< 0.034). In contrast to vimentin protein levels, vimentin mRNA expression was not 

affected by rhEGF treatment at D3 or 7 (Fig. 6D). This discrepancy between protein and 

gene expression of vimentin might be attributed to a rapid vimentin mRNA turnover. 

Together, rhEGF treatment increased GFAP and vimentin expression at D 3 in pups with 

IVH, but not at D14. A lack of effect of rhEGF treatment on GFAP and vimentin expression 

at D14 could be because the rabbits received the last dose of rhEGF at D6 and thus, the 

effect of rhEGF on astrocytes might have diminished by D14.

rhEGF treatment favors astrocytic proliferation, upregulates SOX9, and inhibits Notch 
signaling

To elucidate the mechanism of rhEGF induced elevation in GFAP in pups with IVH, we 

assessed the effect of IVH on astrocyte proliferation. S-100β is a calcium binding protein 

and is specific for astrocytes (Hachem et al. 2005). Thus, we double-labelled the brain 

sections with S-100β and Ki67 specific antibodies. We found that the development of IVH 

reduced the density of both total and cycling S-100β+ astrocytes (P<0.001 both), and that 

rhEGF treatment expanded the population of both the total and proliferating astrocytes 

(P<0.05 and 0.007, respectively, Fig. 7A).

Gliogenic switch—a transition from neurogenesis to gliogenesis—is in process in fetal brain 

in later pregnancy and is regulated by Sox9 and NFIA transcription factors (Kang et al. 

2012). As these transcription factors might contribute to astrocytic proliferation and gliosis, 

we quantified Sox9 and NFIA by RT-qPCR and Western blot analyses. We found that IVH 

did not affect protein and gene expression of Sox9 or NFIA at D3. However, rhEGF 

treatment increased Sox9 protein levels at D3 (P=0.006, Fig. 7B), but not NFIA. 

Accordingly, Sox9 mRNA accumulation was higher in rhEGF treated pups relative to 

vehicle controls at D 7 (P =0.046) and displayed a trend toward similar increase at D3 

(P=0.061, Fig. 7C).

Since Sox9 is implicated in Notch-mediated gliosis and as Sox9 expression is upregulated 

following Notch activation in embryonic stem cells (Meier-Stiegen et al. 2010; Taylor et al. 

2007), we assessed Notch signaling in rabbits treated with rhEGF. We found that rhEGF 

treatment reduced the release of Notch intracellular domain (NICD) and expression of Hes5 

at D3 (P<0.05 both, Fig. 7B). Accordingly, Hes5 mRNA expression was lower in rhEGF 

treated pups with IVH compared to vehicle controls with IVH (P<0.05).

Together, rhEGF treatment promotes astrocyte multiplication and elevates SOX9 

transcription factors, but suppresses Notch signaling. This suggests that EGF-induced Sox9 

upregulation is not related to Notch signaling.

rhEGF treatment induces proliferation of Sox2+ neural cells and does not attenuate Dlx1, 
Mash1

The high mobility group (HMG) family transcription factor Sox9 is vital for the induction 

and maintenance of neural stem cell pool in the central nervous system and it is also the 

master regulator that defines glial fate choice by mediating the neurogenic-to-gliogenic fate 
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switch (Stolt et al. 2003; Vong et al. 2015). Therefore, we evaluated neural progenitor Sox2+ 

cell in the medial GE and the ventral transcription factors, Dlx1 and Mash1, regulating 

interneuron neurogenesis.

Sox2 and Ki67 double labeling showed that both proliferating Sox2 cells were reduced in 

rabbits with IVH compared to controls without IVH (P<0.05, Fig. 8A). More importantly, 

rhEGF treatment increased both total and proliferating Sox2+ cells in pups with IVH 

(P<0.05 both). Reduced density of total and proliferating Sox2+ progenitors can be 

attributed to suppressed EGF levels in pups with IVH, and accordingly, EGF administration 

restored Sox2 proliferation and density.

We next assessed Dlx1 and Mash1 transcription factors and found them to be comparable 

between glycerol controls without IVH, vehicle and rhEGF treated pups with IVH (Fig. 8B). 

This suggests that rhEGF may not significantly affect interneuron neurogenesis and that 

increased oligodendrogenesis on rhEGF treatment is perhaps not at the expense of 

interneuron neurogenesis.

Discussion

IVH is a major complication of prematurity, which affects about 12,000 premature infants 

every year in the USA. As survival rates of preterm infants have markedly increased, 

cerebral palsy and cognitive deficits associated with IVH have emerged as major public 

health concerns. Unfortunately, there is no viable preventive or therapeutic strategy to 

alleviate IVH-induced complications in survivors with IVH. In the present study, we showed 

that the development of IVH reduces EGF expression in both rabbits and humans and 

accordingly, EGF treatment restores OPC maturation, myelination, and clinical recovery in 

rabbits with IVH. rhEGF treatment inhibited Notch signaling, which possibly contributed to 

OPC maturation. EGF treatment also exacerbated astrogliosis by driving astroglial 

proliferation, elevating Sox9 expression, and promoting GFAP transcription in pups with 

IVH. In addition, EGF treatment increased total and proliferating Sox2+ progenitor pool, 

which seemingly contributed to both astrogenesis and oligodendrogenesis.

The most novel and clinically relevant finding of this study was that rhEGF treatment 

enhanced OPC maturation and preserved myelin in a rabbit model of IVH. To our 

knowledge, this is the first study demonstrating preservation of myelin and improvement in 

neurologic function with rhEGF treatment in an animal model of IVH. However, role of 

rhEGF in myelination has been studied in both healthy animals and several animal models of 

brain injury. A number of studies have shown that EGF is a potent mitogen, which 

stimulates OPC proliferation, migration, and maturation (Aguirre et al. 2007; Gonzalez-

Perez and Quinones-Hinojosa 2010). Indeed, EGFR overexpression in a transgenic mouse 

model promotes proliferation of OPC progenitors and induces remyelination in an adult 

model of lysolecithin-induced demyelination (Aguirre et al. 2007). Moreover, intranasal 

delivery of HB-EGF mobilizes progenitors of SVZ towards demyelinating lesion in the 

corpus callosum to restore myelination (Cantarella et al. 2008). Similarly, in a neonatal 

model of chronic hypoxia, intranasal HB-EGF has promoted survival, proliferation, and 

maturation of OPC as well as neurological recovery (Scafidi et al. 2014). Other than the 
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effect of EGF on OPCs, EGF treatment also increases proliferation of neural cells in the 

hippocampus and intracerebroventricular infusion of EGF for 7 days in an adult model of 

traumatic brain injury has led to improvement in cognitive function (Sun et al. 2010). This 

indicates that EGF might act as a neuroprotectant to preserve both axon and myelin. 

Together, improvement in myelination and neurologic recovery after rhEGF treatment in a 

number of previous studies reinforces our finding that the rhEGF treatment promotes OPC 

maturation and preserves myelin after IVH.

We demonstrated that rhEGF treatment exacerbated astrogliosis in rabbits with IVH; and we 

also dissected the underlying mechanisms. Specifically, we found that rhEGF treatment 

increased proliferation of S100β+ astrocytes, elevated GFAP and vimentin protein levels, 

and enhanced transcription of GFAP. Consistent with the present study, previous works have 

shown that EGFR activation is an upstream signal that induces astrogliosis by driving 

proliferation of astrocytes, increasing GFAP levels, and converting quiescent astrocytes into 

reactive astrocytes (Liu et al. 2006; Liu and Neufeld 2007). Accordingly, EGF inhibition has 

reduced astrogliosis in spinal cord injury model in adult rats (Li et al. 2014). Culture studies 

on adult neural stem cells from the SVZ of the lateral ventricular wall have revealed that 

EGF treatment induces proliferation and migration of GFAP+ type-B astrocytes and that 

upon EGF withdrawal, EGF-stimulated cells differentiate into O4+ oligodendrocytes 

(Gonzalez-Perez and Quinones-Hinojosa 2010). By contrast, studies in 2D and Bioactive3D 

culture systems have shown that HB-EGF reduced GFAP mRNA expression and did not 

affect GFAP and vimentin protein levels (Puschmann et al. 2014). A lack of EGF effect on 

GFAP expression in this 3D culture study might be attributed to a low dose of EGF used and 

difference in the culture conditions. In the present study, we observed that rhEGF treatment 

increased GFAP+ astrocytosis at both D3 and 7, but not at D14. A failure of upsurge in 

GFAP levels upon rhEGF treatment at D14 might be because the pups received the last dose 

of rhEGF at D6 and thus, the rhEGF effect diminished by D14. Together, rhEGF treatment 

led to astrogliosis by enhancing astrocytic proliferation and upregulating GFAP transcription 

as well as translation.

NFIA and Sox9 are the key transcription factors that regulate embryonic gliogenesis and 

astrocyogenesis (Kang et al. 2012; Meier-Stiegen et al. 2010; Molofsky and Deneen 2015). 

Recent studies have shown that Sox9 control gliogenesis by NFIA induction and by its 

association with NFIA (Stolt et al. 2003). In the present study, we found that rhEGF 

treatment increased both gene and protein expression of Sox9 in pups with IVH, but not of 

NFIA. Sox9 gene is regulated by both Sonic hedgehog and Notch signaling. Sox9 enhances 

cell proliferation and maintains multi-potentiality of neural stem cell both in vivo and in 
vitro (Martini et al. 2013; Scott et al. 2010; Swartling et al. 2009). Therefore, elevation in 

Sox9 levels after rhEGF treatment might have induced proliferative astrocytosis (Fig. 7A) in 

rabbits with IVH.

We found that both EGF and EGFR were abundantly expressed in the GE relative to other 

brain regions. Although the onset of IVH reduced EGF expression in the GE, EGFR levels 

remain unchanged in both humans in rabbits. Changes in the levels of EGF were limited to 

the GE, but not to the other brain region. This might be because GE is close to the site of 

hemorrhage, while cortex and white matter are distant from the ventricle. EGF and EGFR 
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expression have been evaluated in neonatal and adult models of brain injury. Hypoxia in P11 

rats, which was initiated at P3 led to an increase in EGF expression in mice (Scafidi et al. 

2014). Moreover, HB EGF levels are also increased in rats with hypoxia-ischemia (Tanaka et 

al. 1999). In human patient of multiple sclerosis, HB-EGF immunoreactivity is increased on 

reactive astrocytes in the active lesion and in the rim around chronic active lesions compared 

to normal white matter (Schenk et al. 2013). Likewise, neuritic plaques from patients with 

pathologically confirmed Alzheimer’s disease show intense EGFR immunoreactivity 

(Birecree et al. 1988). Traumatic brain injury results in increased numbers of GFAP+/EGFR+ 

stem cells through the dedifferentiation of progenitor cells (Sun et al. 2010). Interestingly, 

plasma EGF is considered a biomarker for progression to cognitive impairment in PD. 

Together, EGF and EGFR are associated with brain injury paradigms and their expression is 

elevated in brain lesions in several brain injury conditions, but by contrast EGF levels are 

reduced in both rabbits and infants with IVH. We speculate that low EGF levels in IVH 

diminished the density and proliferation of Sox2+, Olig2, and PDGFRα cells.

EGF treatment preserved myelin and promoted clinical recovery in our animal model of IVH 

and in models of demyelination as well as chronic hypoxia (Aguirre and Gallo 2007; 

Aguirre et al. 2005; Scafidi et al. 2014). By contrast, EGF inhibition using anti-EGF 

antibody alleviates experimental autoimmune encephalomyelitis by inducing 

oligodendrogenesis and neurogenesis at expense of astrogenesis (Amir-Levy et al. 2014). 

Thus, rhEGF enhancing myelination in models of brain injury is context-dependent and 

specific to experimental conditions. EGF treatment can also induce neurotoxicities, 

including apoptosis, oxidative neural cell death, and reduced cell maturation (Cha et al. 

2000; Hognason et al. 2001). Even though EGF is a mitogen, it does not initiate malignant 

transformation. However, EGF might promote tumors and thus, investigators have raised 

doubts on its clinical use despite concrete demonstrations of efficacy in experimental 

conditions (Berlanga-Acosta et al. 2009). Intranasal EGF has been successfully used in a 

rodent model of chronic hypoxia to enhance myelination (Scafidi et al. 2014), and intranasal 

route is convenient mode of drug administration, which may be tried in infants with IVH. 

Together, the safety and efficacy of EGF treatment needs confirmation in infants with IVH 

by performing a randomized controlled clinical trial.

In conclusion, we show that rhEGF promotes proliferation and maturation of OPCs, 

preserves myelin, and hastens neurological recovery in rabbits with IVH. Since rhEGF 

treatment inhibits Notch signaling, downregulation of Notch pathways conceivably 

contributes to OPC maturation in rhEGF treated pups with IVH. rhEGF treatment 

exacerbates astrogliosis by inducing astroglial proliferation, elevating Sox9 expression, and 

promoting GFAP transcription in pups with IVH. If rhEGF treatment demonstrates safety 

and efficacy in ameliorating white matter injury in premature infants with IVH, this will 

improve the neurologic outcome of premature infants with IVH.
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Fig. 1. Human ganglionic eminence exhibits abundance of EGFR; and IVH does not affect 
EGFR expression
A) Representative immunofluorescence of cryosections from 23 gw infant, which was 

labeled using EGFR with Olig2, (upper panel), nestin (middle panel), or GFAP (lower panel) 

specific antibody. EGFR was abundantly expressed on Olig2+ and nestin+ precursor cells of 

the medial GE and white matter. GFAP+ radial glia in the GE and astrocytes in the 

embryonic whiter matter (WM) weakly expressed EGFR. Scale bar, 20 μm. B) Western blot 

analyses were performed for EGFR on homogenates made from tissues taken from the 

cortical plate (cortex), WM, and GE of preterm infants with and without IVH, as indicated. 

The bar charts are mean ± s.e.m. (n = 6 each). Values were normalized to β actin levels. 

EGFR expression was significantly higher in the GE compared to the cortical plate and WM 

of infants with IVH. In infants without IVH, EGFR levels were elevated in the GE compared 

to the white matter, but not to the cortex. EGFR expression was comparable between infants 

with and without IVH for the three brain regions. **P<0.01 GE vs. WM, # P<0.01 GE vs. 

cortex in infants with IVH; †P<0.05 GE vs. WM in infants without IVH. C) Western blot 

analyses for EGFR was performed on lysates made from the forebrain slices of rabbit pups 

with and without IVH at 48 and 72 h age. Bar chart shows mean ± s.e.m. (n=5 each group). 

EGFR protein levels were comparable between pups with and without IVH. DSVZ, dorsal 

cortical subventricular zone.
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Fig. 2. EGF expression was reduced in both rabbits and humans with IVH
A) Representative immunofluorescence of cryosections from 23 gw infant double labeled 

with EGF and Olig2 (upper panel), GFAP (middle panel), or nestin (lower panel) antibodies. 

For middle and lower panel, above and to the right of images are orthogonal views in x–z 

and y–z planes of a composite z-stalk of a series of confocal images taken 0.4 μm apart. 

Arrow shows co-localization of EGF and GFAP/nestin expression in the GE. Note that EGF 

is abundantly expressed on GFAP+ and nestin+ radial glia of the medial GE and dorsal 

cortical SVZ. Expression of EGF was weak-to-absent on Olig2+ cells. EGF 

immunoreactivity is more intense in the GE relative to the WM. Scale bar, 20 μm. B) 
Representative Western blot analyses for EGF on homogenates made from tissues taken 

from cortex, WM, and GE of preterm infants with and without IVH, as indicated. The bar 

charts are mean ± s.e.m. (n = 6 each). Values were normalized to β actin levels. Note higher 

EGF expression (15kDa) in the GE relative to the cortex and WM in infants without IVH 

and reduced EGF levels in the GE of infants with IVH compared to controls without IVH. 

C) Western blot analyses for EGF were performed on lysates made from forebrain slices of 

rabbit pups with IVH and without IVH at 48 and 72 h age. Bar chart shows mean ± s.e.m. 

(n=5 each group). EGF protein levels were lower in pups with IVH compared to pups 

without IVH at 48h. *P<0.01 GE vs. WM; # P<0.01 GE vs. cortex; †P<0.05 IVH vs. no IVH 
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in the GE; ‡P<0.05 for IVH vs. untreated no IVH controls; ϕP<0.01 for IVH vs. glycerol 

treated controls.
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Fig. 3. EGF treatment preserves myelin in rabbits with IVH
A) Coronal brain slice from frontal lobe of E29 rabbit pup show normal slit-like ventricle 

(left panel), moderate hemorrhage in the ventricle (middle panel) and severe hemorrhage 

(right panel) resulting in fusion of the two ventricles (bottom panel). Scale bar, 1 cm. B, B′) 

Representative immunofluorescence of myelin basic protein (MBP) in the corona radiata of 

D14 pups. Data are mean ± s.e.m. (n = 5 each group). Volume fractions of MBP were higher 

in the corpus callosum and corona radiata of EGF-treated pups compared with vehicle 

controls with IVH. Scale bar, 200 μm. V, ventricular side. C, C′ and C″) Representative 

Western blot analysis for MBP and MAG in the forebrain of premature rabbit pups, as 

indicated, at D14. Adult rat brain was used as positive control. Each lane represents lysate 

from a whole coronal slice taken at the level of midseptal nucleus of one brain. Bar chart 

shows mean ± s.e.m. (n=5 each group). MBP and MAG expression were higher in EGF 

treated pups compared with vehicle treated controls. D, D′) Typical electron micrograph 

from rabbit pups with and without IVH, and pups with IVH treated with rhEGF at D 14. 

Note that myelinated axons were fewer in pups with IVH compared to controls without IVH 

and that rhEGF treatment significantly increased the number of myelinated axons in pups 

with IVH. Scale bar, 1 μm. *P<0.05,**<0.01, ***P<0.001 pups with vs. without IVH. 

#P<0.05, ###P<0.001 vehicle vs. rhEGF treated pups with IVH.
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Fig. 4. EGF administration promotes OPC proliferation and maturation
A) Representative immunofluorescence of cryosections from a 3 d old pup double-labeled 

with PDGFRα and BrdU specific antibodies. Graphs show mean ± SEM (n = 5 each). 

Cycling PDGFRα+ cells (arrowhead) were reduced in pups with IVH, and rhEGF treatment 

increased their density. B) Representative immunofluorescence of cryosections from a 3 d 

old pup double-labeled with Olig2 and BrdU specific antibodies. Bar-charts are mean±SEM 

(n= 5 each). Note total and cycling Olig2+ cells show a trend toward reduction in pups with 

IVH (compared to no IVH controls) and an increase in rhEGF treated pups relative to 

vehicle controls. Arrowhead indicated Olig2+BrdU+ cells. C) Cryosections were double 

labeled with Nkx2.2 and Olig2 antibodies. Graphs show mean±SEM (n=5 each). Note 

reduced number of cells co-labeled with Nkx2.2+Olig2+ (arrowhead) in pups with IVH 

compared to vehicle controls, and rhEGF treatment increased the number in this subset of 

cells. *P<0.05, ***P<0.001 pups with vs. without IVH. #P<0.05, ##P<0.01, ###P<0.001 

vehicle vs. rhEGF treated pups with IVH. Scale bar, 20μm.
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Fig. 5. RhEGF treatment does not affect mTOR, Akt, or STAT-3 signaling
Representative Western blot analyses performed on forebrain homogenates (1 cm slice at 

mid-septal nucleus) of pups at D3 or 7, as indicated. Adult rat brain was positive-control. 

Graph shows mean ± s.e.m. (n = 5 each). Values were normalized to β-actin. A, B, C) 
mTOR, Akt, phospho-mTOR, phosphor-Akt and STAT-3 were comparable between controls 

without IVH, vehicle- and rhEGF-treated pups with IVH. However, P-STAT-3 levels were 

higher in pups with IVH compared to controls without IVH and rhEGF treatment did not 

make any difference. **P < 0.01 for no IVH vs. IVH.
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Fig. 6. rhEGF treatment promotes astrogliosis
A) Representative immunofluorescence of cryosections from pups (D14) labeled with GFAP 

antibody are shown, as indicated. ‘V’ indicates ventricular side. Rectangular panels are high 

power view of the adjacent image. Note abundant hypertrophic astrocytes in vehicle and 

rhEGF treated pups with IVH. Scale bar, 200 μm and 20 μm, as indicated. Graph shows 

mean ± s.e.m. (n = 5 each). rhEGF treatment did not affect volume fraction of astroglial 

fibers compared to vehicle controls on stereological-analyses. B) Western blot analyses for 

GFAP and vimentin were performed in forebrain homogenates of pups (D 14). Adult rat 

brain was positive-control. Graph shows mean ± s.e.m. (n = 5 each). Values were normalized 

to β-actin. rhEGF treatment did not affect GFAP or vimentin expression in pups with IVH. 

C) Western blot analyses for GFAP and vimentin were performed in forebrain homogenates 

of pups (D 3). Adult rat brain was positive-control. Graph shows mean ± s.e.m. (n = 5 each). 

Values were normalized to β-actin. rhEGF treatment increased both GFAP and vimentin 

expression in pups with IVH. D) Data are mean ± s.e.m. GFAP mRNA expression increased 

with rhEGF treatment at D7, not D3. However, vimentin mRNA expression was not affected 

by rhEGF treatment at D 3 or 7. *P < 0.05, **P < 0.01, ***P < 0.001 for no IVH vs. IVH. 

#P < 0.05, ##P < 0.01for vehicle treated vs. rhEGF treated pups with IVH.
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Fig. 7. rhEGF increases astrocytic proliferation, upregulates Sox9 and blocks Notch signaling
A, A1) Representative immunofluorescence of cryosections from pups (D3) labeled with 

S100β and Ki67 antibodies. Note reduced density of total and proliferating (arrowhead) 

S100β in pups with IVH and increase in their density on rhEGF treatment. Data are mean ± 

s.e.m. Scale Bar, 20μm. B–B4) Representative Western blot analyses of Sox9, NFIA, NICD, 

and Hes5 performed in forebrain homogenates of pups at D3. Adult rat brain was positive-

control. Graph shows mean ± s.e.m. (n = 5 each). Values were normalized to β-actin. rhEGF 

treatment increased Sox9 protein levels, reduced NICD and Hes5 expression, and did not 

change NFIA levels. C) Bar Chart shows mean ± s.e.m. (n = 5 each). rhEGF treatment 

increased Sox9 mRNA accumulation in pups with IVH, but did not affect NFIA mRNA. P < 

0.001 for no IVH vs. IVH. #P < 0.05, ##P < 0.01 for vehicle treated vs. rhEGF treated pups 

with IVH.
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Fig. 8. rhEGF treatment induces proliferation of Sox2+ cells and does not affect Dlx1, Mash1 
proteins
A) Representative immunofluorescence of cryosections from pups (D3) labeled with Sox2 

and Ki67 antibodies. Lower panels are high magnification images of the boxed area in the 

upper panel. Note reduced density of total and proliferating (arrowhead) Sox2 in pups with 

IVH and increase in their density on rhEGF treatment. Data are mean ± s.e.m. Scale Bar, 50 

μm (upper panel), 20μm (lower panel). B) A typical Western blot analyses of Dlx1, and 

Mash1 performed on forebrain homogenates of pups at D3. Adult rat brain was positive-

control. Graph shows mean ± s.e.m. (n = 5 each). Values were normalized to β-actin. rhEGF 

treatment did not affect Dlx1 and Mash1 levels. *P < 0.05 for no IVH vs. IVH. #P < 0.05, 

for vehicle treated vs. rhEGF treated pups with IVH.
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Table

Neurobehavioral evaluation of rhEGF and vehicle treated pups with IVH and Controls without IVH at 

postnatal day 14

System Test No IVH (n=12) IVH vehicle (n=10) IVH, rhEGF (n=9)

Cranial Nerve Aversive response to alcohol 3 (3,3) 3 (3,3) 3 (3,3)

Sucking and Swallowing 3 (3,3) 3 (3,3) 3 (3,3)

Motor Motor activity

Head 3 (3,3) 3 (3,3) 3 (3,3)

Fore Legs 3 (3,3) 3 (3,3) 3 (3,3)

Hind Legs 3 (3,3) 2.5 (1,3) 3 (3,3)

Righting reflexa 5 (5,5) 4 (2,5)# 5 (5,5)*

Locomotion on 30° inclinationb 3 (3,3) 3 (2,3) 3 (3,3)

Tonec: Forelimb 0 (0,0) 0 (0,0) 0 (0,0)

Tonec: Hind Limb 0 (0,0) 0 (0,0) 0 (0,0)

Inability to hold their position at 60° Inclination for 15 s or 
more (latency to slip down the slope, if <15s )

0% 40% 11%

Inability to walk more than 60 inches in one minute (%) 0% 40% 11%

Gaitd 4 (3.5,4) 3 (2,4) 4 (4,4)*

Motor Impairment 0% 40% 11%

Sensory Facial touch 3 (3,3) 3 (3,3) 3 (3,3)

Pain 3 (3,3) 3 (3,3) 3 (3,3)

Values are median and interquartile range. Zero is the worst response and 3 is the best response, unless otherwise noted.

*
P<0.05 for vehicle treated vs. rhEGF treated pups with IVH

#
P<0.05, for glycerol treated pups without IVH and vehicle treated pups with IVH

a
Score (range, 1–5): no. of times turns prone within 2 seconds when placed in supine out of 5 tries.

b
Score (range, 0–3) 0, does not walk; 1, takes a few steps (less than 8 inches); 2, walks for 9–18 inches; 3, walks very well beyond 18 inches.

c
Score (range, 1–3): 0, no increase in tone; 1, slight increase in tone; 2, considerable increase in tone; 3, limb rigid in flexion or extension.

d
Gait was graded as 0 (no locomotion), 1 (crawls with trunk touching the ground for few steps and then rolls over), 2 (walks taking alternate steps, 

trunk low and cannot walk on inclined surface), 3 (walks taking alternate steps, cannot propel its body using synchronously the hind legs, but walks 
on 30° inclined surface), 4 (walks, runs, and jumps without restriction, propels the body using synchronously the back legs, but limitation in speed, 
balance, and coordination manifesting as clumsiness in gait), or 5 (normal walking).

d
Motor impairment was defined as weakness in either fore- or hind-legs and distance walked ≤60 inches in 60 seconds.
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