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Encephalopathy of prematurity (EP) is a broad designation that encompasses various 

neurological pathologies common after pre-term birth, including choroid plexus, 

germinal matrix, and intraventricular hemorrhages, periventricular leukomalacia, 

neuronal and axonal pathology, and hydrocephalus. EP is common in preterm, low-birth 

weight infants and is associated with life-long cognitive, behavioral, and motor (cerebral 

palsy) abnormalities in survivors. Here, a novel clinically-relevant rat model of EP was 

developed and characterized that combines dual prenatal insults of transient intrauterine 

ischemia and low-level maternal systemic inflammation (IUI+LPS). Ischemia and 

inflammation, both potent activators of angiogenesis, led to weakened blood vessels and 

predisposed to hemorrhage in pups after vaginal delivery. Prominent hemorrhages, white 

matter damage, and accompanying behavioral deficits were observed in injured pups after 

vaginal delivery. In pups exposed to the same prenatal insults of IUI+LPS but delivered 

abdominally, hemorrhages were minimal, neurological function was similar to controls, 



 
 

and myelination and axonal development were significantly better persevered. 

Additionally, in susceptible animals, preventing or minimizing the impact of 

microhemorrhages through TLR4 antagonism or genetic deletion, or postnatal iron 

chelation resulted in improved outcomes. This work is the first to demonstrate the 

devastating role that neonatal brain microhemorrhages play in the overall pathology of 

neonatal brain function. This work has shown experimentally that the grave aftereffects 

of the combined prenatal insults can be significantly ameliorated if microhemorrhages are 

avoided, for example, by Caesarian-section (C-section) or possibly, by appropriate 

pharmacological prophylaxis of the high risk mother or affected infant.   
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CHAPTER 1 

INTRODUCTION 

  

Encephalopathy of Prematurity 

Encephalopathy of prematurity (EP) is a broad designation that encompasses various 

neurological pathologies common after pre-term birth, including choroid plexus, 

germinal matrix, and intraventricular hemorrhages, periventricular leukomalacia, 

neuronal and axonal pathology, and hydrocephalus (1, 2) . EP is common in preterm, 

low-birth weight infants and is associated with life-long cognitive, behavioral, and motor 

(cerebral palsy) abnormalities in survivors (1-5).  

 

Clinical case studies suggest that the conditions contributing to the development of EP 

are multifactorial. Aside from prematurity, three other risk factors are continually 

associated with hemorrhagic and non-hemorrhagic brain pathology in infants: (i) in utero 

or perinatal hypoxia-ischemia (H/I), (ii) perinatal infection, and (iii) early postnatal 

mechanical ventilation (1, 2, 5, 6). Transient episodes of H/I, mild or severe, can occur 

during gestation due to maternal or fetal factors including gestational smoking, maternal 

blood disorders, placental perfusion deficits, umbilical cord occlusion, and abnormal fetal 

pulmonary function. It is estimated that 2% of term births and up to 60% of preterm 

births show evidence of an ischemic event (7).  

 

Perinatal infection is also a factor underlying the development of EP. There are four main 

routes of fetal infection: invasive introduction, ascending vaginal infection, spread from 

the peritoneum, and hematogenous spread through the placenta. In addition to the 
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maternal inflammatory response, these infections also induce a fetal inflammatory 

response (8-13). Aberrant inflammation complicates up to 35% of preterm deliveries, a 

rate that increases to 75% when there is premature rupture of the fetal amniotic and 

chorionic membranes (14, 15).   

 

Although the epidemiology varies from study to study, it is well-documented that these 

insults, ischemia and infection, can co-occur during gestation (16-18). It was shown that 

abnormal neurologic outcome at 2 years was highest for preterm infants with histological 

chorioamnionitis and additional placental perfusion defects (17). H/I alone may not be 

sufficient to cause significant brain injury, but often results in significant injury when 

combined with an infectious/inflammatory insult, such as pretreatment with 

lipopolysaccharide (LPS) of gram-negative bacteria (19-21). Work with the Rice-

Vannucci model of perinatal H/I has been instrumental in showing that, among numerous 

models of periventricular leukomalacia, the combination of H/I and LPS is one of the 

most-important rodent models to induce extensive white matter injury with ensuing 

neurobehavioral deficits (22-24). H/I and LPS both produce similar white matter 

abnormalities, but the two strongly reinforce each other. Low doses of LPS which, by 

themselves, have no adverse effects in 7-day-old rats, dramatically increase brain injury 

due to subsequent postnatal H/I (19, 21, 25). Similar findings have been made with 

prenatal exposure to LPS combined with postnatal H/I (26).  

 

The susceptibility to white matter injury during development closely coincides with the 

timing of the appearance of preOLs. The four successive stages of oligodendrocyte (OL) 
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lineage are defined by the expression of OL lineage-specific markers: (27, 28) (i) early 

OL progenitors (NG2
+
, Olig2

+
, PDGFR-α

+
, O4

–
); (ii) pre-OLs/late OL progenitors (O4

+
, 

O1
–
); (iii) immature OLs (O4

+
, O1

+
); (iv) mature OLs (myelin basic protein; MBP

+
). The 

pre-OL stage, which is selectively targeted by H/I, oxidative/nitrosative stress (29, 30), 

and inflammatory injury coincides with the high-risk period for periventricular white 

matter damage (31). When LPS administration is followed by H/I, there is early death or 

arrested maturation of pre-OLs (32, 33) resulting later in reduced numbers of mature, 

MBP-expressing OLs (9, 19-21). Many existing models of EP and periventricular 

leukomalacia induce H/I or inflammatory injury in the postnatal pup when pre-OLs 

predominate—postnatal (P) 1-5 (31).  In the present study, a novel model of EP 

incorporates hypoxic and inflammatory insults prenatally, which lead to spontaneous 

cerebral hemorrhages during this window of heightened white matter vulnerability.    

 

Angiogenesis and Hemorrhage 

The most debilitating forms of EP involve brain hemorrhage (periventricular, germinal 

matrix, and intraventricular hemorrhages). Hemorrhage strongly correlates with the 

degree of prematurity and is often associated with worse neurological outcome (34, 35). 

Emerging data indicate that cerebral microhemorrhages can be identified in 40% of 

preterm infants (36), and may be associated with adverse neurological development (37).  

Hemorrhagic lesions can directly damage brain tissue but also initiate inflammatory 

cascades that can do far greater secondary “bystander” damage.  
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In rodents, and likely in other species as well, hemorrhages in the neonatal brain are more 

harmful than in the adult brain (38), in part because haptoglobin, an acute phase protein 

that is required for scavenging blood breakdown products (39), is nearly absent at birth 

(40). Blood and blood breakdown products that are present at birth can persist for many 

days, and thus have a protracted opportunity to induce oxidative damage. In the rat, 

postnatal (P) day 1-3 is the preterm equivalent of 23-32 weeks human gestation (4, 23, 

27, 41). At these times, late oligodendrocyte (OL) progenitors (a.k.a., premyelinating 

OLs; pre-OLs), which are highly vulnerable to oxidative injury, are present in great 

numbers (31).  

 

Previous work from our laboratory showed that intrauterine ischemia (IUI) on embryonic 

day (E)19 induces an angiogenic response in the rat brain that is accompanied by 

upregulation of matrix metalloproteinase 9 (MMP-9) and degradation of microvascular 

basement membrane collagen IV and laminin (42). This angiogenic response, although 

necessary for the budding off of new vessels, leaves existing microvessels, especially 

those in the highly vulnerable periventricular area, structurally weakened and susceptible 

to mechanical stresses. If this vulnerability is still present during or after birth, a vascular 

stress such as an increase in venous pressure can cause microhemorrhages in the neonatal 

brain (42-45). This previous work showed that postnatal mechanical ventilation, a 

common practice in treating premature infants and which causes increased venous 

pressure, was associated with severe intracerebral hemorrhage if ischemia preceded it in 

utero (42). 
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Apart from IUI, another potent angiogenic stimulus is lipopolysaccharide (LPS), the 

canonical Toll-like receptor 4 (TLR4) ligand and component of gram-negative bacteria 

(46). Thus, I hypothesized that the combination of IUI and an additional inflammatory 

insult (like bacterial infection), both events which often precede prematurity and EP, 

would potentiate the angiogenic response. This would effectively weaken vessels to a 

greater extent such that the increase in venous pressure that occurs during vaginal birth 

would be sufficient to cause vessel rupture. In rats, intrauterine pressure peaks at 30mm 

Hg during the periodic uterine contractions during labor (47). This is the same pressure 

recorded in the jugular vein during venous hypertension that led to microhemorrhages 

after IUI (44, 45). Periodic uterine contractions compress the fetus, effectively 

contributing to venous hypertension during delivery and predisposing to 

microhemorrhages. 

 

Indeed, data from the clinical suggest that hemorrhage into the neonatal human brain may 

be influenced by the mode of delivery. Hemorrhages in apparently asymptomatic 

neonates are common, with a prevalence of 26% in full-term vaginal births versus none 

in caesarian-section/abdominal births (48). Other studies corroborate the reduction in 

neonatal brain hemorrhages with  caesarian-section (C-Section) (49). Also, some studies 

suggest that periventricular leukomalacia may be reduced by C-section (50). However, to 

date, abdominal delivery has not been shown to protect from long-term neurological 

injury due to microhemorrhages. In the present study, C-section after prenatal insults is 

shown to prevent hemorrhages and improve neurofunctional outcome. 
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Treatment and Prevention of Hemorrhage  

While C-section may represent a therapeutic option in itself to protect from hemorrhage, 

other effective therapeutic interventions are urgently needed to treat at-risk mothers and 

vulnerable infants. Although prenatal insults that predispose to brain microhemorrhages 

are inevitable, it might be possible to reduce their impact by treating high risk mothers 

before birth to prevent or minimize the incidence or severity of microhemorrhages in 

newborns. However, because not all mothers with high risk pregnancies will be 

successfully identified, it will be necessary to develop therapies to treat newborns who 

sustain microhemorrhages, as increasingly diagnosed by susceptibility-weighted 

magnetic resonance imaging (MRI) (36).   

 

For at-risk mothers, treating with an anti-inflammatory agent might reduce the pro-

angiogenic response induced by gestational insults. By inhibiting angiogenesis, 

susceptible vessels in the fetal brain might be better preserved and therefore might be less 

likely to rupture in the context of increased venous pressure during birth or during 

postnatal ventilation. LPS is the canonical TLR4 agonist, but it is widely appreciated that 

blood breakdown products are also potent activators of TLR4, with well-documented 

activation by methemoglobin, heme, and hemin (51). Moreover, the absence of 

haptoglobin allows blood breakdown products a protracted opportunity to act on a TLR4 

system that is already upregulated by IUI+LPS. TLR4 is the central point of convergence 

for the combined insults of IUI, LPS, and hemorrhages. Together, the combined insults – 

the initial IUI+LPS that induces innate immunity, along with the protracted stimulation 

by blood breakdown products – come together to induce a potent activation of innate 
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immunity that can have grave consequences for pre-OLs. Inhibiting this system, 

specifically TLR4, pharmacologically or genetically may be protective and yield better 

neurological outcomes.  

 

In newborns diagnosed with hemorrhage through susceptibility-weighted MRI, reducing 

the secondary damage induced by microhemorrhages would be highly beneficial. 

Periventricular white matter damage (PWMD) is mediated by excitotoxicity, 

inflammation, and oxidative stress, with excess iron playing a crucial role in oxidative 

stress (52, 53). Redox-active iron, a catalyst in the production of hydroxyl radicals via the 

Fenton reaction, is a key participant in reactive oxygen species (ROS)-induced tissue 

injury and inflammation (54-56). Excess iron can accumulate in periventricular areas 

from the breakdown of extravasated blood and can cause oxidative and/or nitrosative 

injury to pre-oligodendrocytes (57, 58). Iron chelation in the perinatal period may 

potentially reduce the harmful effects of extravasated blood and lead to improved 

outcome after prenatal injury. The present study demonstrates the protective advantage 

proffered by such anti-inflammatory and anti-iron pharmacological agents.   
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CHAPTER 2  

MATERIALS AND METHODS 

Ethics Statement 

All animal experiments were performed under a protocol (#0913016) approved by the 

Institutional Animal Care and Use Committee of the University of Maryland.  

 

Transient Intra-uterine ischemia (IUI) 

Transient intra-uterine ischemia was induced in pregnant rats as previously described 

(44). On embryonic day 19 (E19) pregnant dams underwent laparotomy. Anesthesia was 

induced with 4% isofluorane delivered with 75% air, 25% O2 and maintained with 2-

2.25% isofluorane for the remainder of the surgery. A Pulse Oximeter (Mouse-Ox, 

STARR Life Sciences Corps) was used to monitor and maintain oxygen saturation at at 

least 90-95% throughout the surgery. A heating pad was placed beneath the dam to 

maintain body temperature at approximately 37°C. An abdominal incision was made, the 

uterus was externalized, and the uterine and ovarian vasculature was clamped bilaterally 

for 20 minutes to induce transient IUI. Vascular clamps with low closing pressure (5-

15g/mm
2
, Fine Scientific Tools) were used to induce IUI.  If uterine and ovarian was 

sufficiently clamped bilaterally, global ischemia should occur in all pups. The uterus was 

briefly re-externalized to remove the clamps. It should be noted that ischemia was 

confirmed by observing the uterine and ovarian vasculature change from a bright, red 

color before clamping to a deep bluish/purple color after 20 minutes of clamping. After 

removing the clamps and following reperfusion, the vessels returned to their original 

color, the uterus was re-internalized, and the abdominal incision was closed. Uterine 
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temperature was taken during the ischemic period and was found to be 38.2 ±0.1°C.This 

temperature was not significantly different than the uterine temperature (38.0±0.2°C) of 

uninjured naïve dams taken prior to C-section in later experiments.  

 

LPS preparation 

All procedures in the preparation of LPS were carried out in a biosafety cabinet in sterile 

vials. The solutions and pumps were made fresh before each procedure. A stock solution 

of LPS was prepared by diluting 1 mg of LPS (#L4516; suitable for cell culture; Sigma, 

St. Louis, MO, not available in pharmaceutical grade) into sterile saline to achieve a 

concentration of 0.075mg/ml. This solution was sterilized by filtration through a .22μm 

filter then loaded directly into the mini-osmotic pumps (Alzet 2001, 1.0 μl/h; 3.0cm in 

length x 0.7cm diameter; Alzet Corp., Cupertino, CA). The pumps were filled with a 

volume of solution (222–238 μl) sufficient to fill the pump. After loading, the pumps 

were primed for 4-6 hours in normal saline at 37°C with the outlet of the pump connected 

to a length of PE60 tubing that extended above the level of the priming solution, to 

prevent H+ ions from entering the pump chamber.  

 

LPS pump implantation 

Following abdominal closure, the dam was prepped for cannulation of the external 

jugular vein for timed LPS infusion. After hair clipping and aseptic preparation, an 

incision of approximately 1-1.5cm was made just above the shoulder and a pocket bluntly 

dissected for pump placement. Additionally, an incision was made near the neck and the 

external jugular was visualized. A subcutaneous tract/tunnel was dissected from this 



10 
 

shoulder pocket/incision to the neck incision line to allow passing of the pump catheter. 

The pump was placed in the pocket and the catheter end passed subcutaneously then 

introduced into the jugular vein. Once in place, the catheter was secured in the jugular via 

circumferential sutures of 4-0 to 5-0 silk. Once the external jugular vein was catheterized, 

LPS (#L4516; suitable for cell culture; Sigma, St. Louis, MO) was delivered at 

600ng/hour for 24 hours via a 200uL Azlet jugular pump. The total duration of anesthesia 

for ischemia and pump implantation was approximately 1.5 hours. 

 Serum LPS Levels 

 In a subset of dams, serum LPS levels were quantified using the Limulus 

Amebocyte lysate (LAL) assay (Thermo Fisher Scientific). Briefly, mixed venous-arterial 

blood was collected from the dam 24 hours after LPS pump implantation. Serum was 

collected from this blood and used in the LAL assay.  

 

Birth & Delivery 

All pups in Chapter 3 and Chapter 5 were born vaginally on E21-22 from dams 

approximately 3 days after survival surgery. In Chapter 4, a subset of pups were born 

abdominally on E22/P0. In order to ensure that the C-section was performed as close to 

natural birth as possible, two equivalently timed-pregnant dams were utilized. Both dams 

underwent IUI+LPS on E19. When one of the dams began to give natural birth on E22, 

the other underwent C-section as previously described (59). Briefly, dams were placed in 

a DecapiCone and decapitated using a commercial guillotine (Braintree Scientific NS-

802). The abdominal incision was opened and the uterus was externalized. Fetuses and 

their fetal membranes were quickly removed from the uterus and placed into sterile Petri 
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dishes with gauze wet with warm saline. A circulating warm water heating pad was 

placed under the Petri dishes to give thermal support (37-39 C) and aid in pup recovery. 

After cleaning the pups’ mouths with gauze and saline, they were stimulated by rolling 

and prodding with sterile cotton-tipped swabs. After pups reliably breathed on their own, 

they were transported to a foster dam, who was left undisturbed for 24 hours. It should be 

noted that pups in Series 1 of Chapter 4 were euthanized immediately following removal 

from the uterus and first breaths were taken.  

 

Brain Tissue Preparation-Histology & Immunohistochemistry (Chapters 3, 4, 5) 

Brain tissue designated for histology was processed in a similar fashion for each group 

and experimental series in each chapter. Care was taken to minimize freeze artifacts (58). 

Rats were transcardially perfused with normal saline followed by 10% neutral buffered 

formalin. Perfusion-fixed brains were postfixed overnight. After fixation, brains were 

cryoprotected using 30% sucrose in Phosphate buffered saline (PBS) for 48 hours at 4°C 

then frozen in Optimal Cutting Temperature (OCT) compound. The same process was 

used for rats perfused at any developmental age.  

 

Histology & Immunohistochemistry 

Immunohistochemistry was performed as described (42). Cryosections (10 μm) were 

blocked with 2% donkey serum with 0.2% Triton X-100 in 1x phosphate buffered saline 

(PBS) for 1 hour at room temperature. Sections were incubated overnight with primary 

antibodies including: mouse anti-ED1 (1:200; MAB1435; Millipore); rabbit anti-p65 

(1:100; sc-372; Santa Cruz), rabbit anti-MMP-9 (1:200; ab38898, Abcam, Cambridge, 
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MA); rabbit anti-collagen IV (1:400; ab6586; Abcam), rat anti-myelin basic protein 

(MBP) (1:200; #ab7349; Abcam); mouse anti-SMI-312 (1:200; #837901; BioLegend, 

San Diego, CA); mouse anti-nTyr (1:100; sc-32757; Santa Cruz); and rabbit anti-IBA1 

(1:200; 019-19741; Wako) at 4°C. After several rinses in PBS, sections were incubated 

with species-appropriate fluorescent secondary antibodies (Alexa Fluor 488 and 555, 

Molecular Probes, Invitrogen, Carlsbad, CA) for 1 hour at room temperature. Controls 

included the omission of primary antibody.  

 

In Chapter 4, cryosections (10μm) from rats in Series 2 were stained with Luxol fast blue 

(LFB) following standard protocols (59).  

 

Quantification of Specific Labeling 

Unbiased Measurements of specific labeling within regions of interest (ROI) were 

obtained using NIS-Elements AR software (Nikon Instruments, Melville, NY) from 

sections immunolabeled or stained in a single batch. All images for a given signal were 

captured using uniform parameters of magnification, area, exposure, and gain. 

Segmentation analysis was performed by computing a histogram of pixel intensity for a 

particular ROI, and pixels were classified as having specific labeling based on signal 

intensity greater than 2x that of background. The area occupied by pixels with specific 

labeling was used to determine the percent area in the ROI with specific labeling (% 

ROI). 
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In Chapter 3, ED1 was quantified in the corpus callosum and the hippocampus at the 

coronal plane approximately 2.0mm behind the rostral extent of the lateral ventricles. The 

corpus callosum ROI consisted of a rectangle, on the corpus callosum, in line with its 

long axis. Labeling in the hippocampus was quantified using an oval 1000 x 500 µm over 

the hippocampus. The marker p65 was quantified in the cortex, hippocampus, and 

entorhinal cortex. The areas calculated were a rectangle, 1500 x 500 µm, above the 

corpus callosum (cortex), plus an oval, 1000 x 500 µm, below the corpus callosum 

(hippocampus), plus a circle, 500µm diameter, over the entorhinal cortex. 

 

In Chapter 4, for MMP-9 and CD31, the ROIs included the cortex, hippocampus, and 

internal capsule. The areas calculated were a rectangle, 1500 x 500 µm, above the corpus 

callosum (cortex), plus an oval, 1000 x 500 µm, below the corpus callosum 

(hippocampus), plus a circle, 500µm diameter, below the hippocampus (internal capsule). 

For collagen IV, the ROI studied was the entire coronal section at the same level. White 

matter and axonal integrity was measured by quantifying Luxol fast blue staining and 

myelin basic protein (MBP) and SMI-312 immunolabeling. For LFB, the ROI was a 

rectangle, 1000 x 500μm, on the corpus callosum, in line with its long axis. For MBP, the 

ROI was a rectangle, 1500 x 500μm, above the corpus callosum. For SMI-312, the ROI 

was a rectangle, 1500 x 500μm, above the corpus callosum, plus an oval, 1000 x 500μm, 

below the corpus callosum.  

 

In Chapter 5, nitrotyrosine (nTyr) and IBA1 immunolabeling were quantified using a 

circular ROI, 300μm diameter, over the internal capsule. 
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All ROIs were chosen in periventricular areas, where hemorrhages are most frequent and 

are associated with long-term cognitive and motor impairment (1, 2).  

Automated Brain Hemorrhage Analysis 

Coronal sections at P0 were collected at either (i) a single coronal plane (Series 1, 

Chapter 3), (ii) at 9 coronal planes spaced at 500μm intervals spanning 4mm starting at 

the rostral end of the lateral ventricles (Series 1, Chapter 4; Series 1, Chapter 5), or (iii) at 

5 coronal planes spaced at 500μm intervals spanning 2.0mm starting at the rostral end of 

the lateral ventricles (Series 2, Chapter 5). Unstained coronal sections were analyzed. 

Hemorrhages were identified in an automated, unbiased manner using custom software 

that employs a “support vector machines” (SVM) (Math Works, Natick, MA). For each 

true color image (RGB), the blue and green channels of each image were isolated and 

used for analysis. Training data, consisting of blood-positive pixels and a set of a priori 

labeled blood-negative pixels, were hand-selected from a single digitized brain slice that 

contained extravasated blood, and used to train a 2-dimensional linear SVM. Notably, the 

training data were linearly separable with no classification error. The trained SVM was 

then used to classify pixels as either blood-positive or blood-negative, yielding total area 

occupied by blood. Pixel numbers were then converted to μm². 

 

Data Analysis/Statistics 

Data are presented as mean±SE. Statistical analysis (ANOVA with post-hoc Fisher 

comparisons) were performed using Origin Pro (V8; OriginLab, North Hampton, MA).  
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Group Name Abbreviation Mode of Delivery 

Naïve Naïve, CTR (Chp 3) 

CTR-VD (Chp 4 & 5) 

Vaginal 

LPS only LPS Vaginal 

IUI + LPS  

Vaginal Delivery 

IUI+LPS (Chp 3); 

IUILPS (Figures) 

PI-VD (Chp 4 & 5) 

Vaginal 

IUI + LPS  

Abdominal Delivery 

PI-AD Abdominal 

IUI + LPS + Tak-242 PI-Tak-242-VD Vaginal 

IUI + LPS  

TLR4 Wildtype 

TLR4 +/+ Vaginal 

IUI + LPS  

TLR4 Heterozygote  

TLR4 +/- Vaginal 

IUI + LPS  

TLR4 Homozygous mutant 

TLR4 -/- Vaginal 

IUI + LPS + Deferoxamine PI-VD-DFO Vaginal 

IUI + LPS + ZG-

Deferoxamine 

PI-VD-ZGDFO Vaginal 

 

Table 2.1 Group names, their abbreviations, and their mode of delivery 
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Experimental Series for Chapter 3 

The effects of prenatal insults were assessed in 3 series of pups, each with 3 groups—

Naïve uninjured (CTR), maternal LPS only (LPS), and intrauterine ischemia and 

maternal LPS (IUI+LPS). In series 1, pups were euthanized at P0, as close to birth as 

possible, to be used to histological measures including hemorrhage quantification, 

ventricular dilation, and immunohistochemistry. These pups were not studied 

behaviorally. In series 2, pups underwent neurobehavioral testing throughout 

development beginning on postnatal day (P) 3 and ending on P52. These rats were 

euthanized at P52 and used for histological analyses as well. Pups from series 1 and 

series 2 were included in the analysis of mortality. In series 3, pups were euthanized on 

E19 (12hr after in utero injury for LPS and IUI+LPS groups) or E20 (24hr after in utero 

injury). Brain tissue from these pups was used for immunolabeling. 

 

Pups of both sexes were used throughout this study for histological and behavioral 

outcomes. 
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Table 2.2 Experimental Series Chapter 3 
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Mortality 

Neonatal mortality was determined by counting the number of pups that survived the first 

24 hours of life after birth. The number of pups alive this time period was compared to 

the number of fetuses that were counted during the intrauterine ischemia portion of the 

surgery on E19. This method of determining mortality was used for the IUI+LPS group. 

Neonatal mortality for the uninjured group (CTR) and the maternal LPS group (LPS) was 

determined by comparing the number of pups born at P0 and the number of pups 

surviving until P2.  

 

Ventriculomegaly 

Unstained coronal sections from the level of the rostral extent of the lateral ventricles 

were used to assess lateral ventricular dilation at P0. Photoshop was used to outline the 

lateral ventricles and the number of pixels was recorded and converted to µm². 

 

Early Postnatal Behavior 

Early behavioral assessments were made from P3 to P14. Pups were assessed using two 

well-characterized tests (60): Righting Reflex and Negative Geotaxis.  

Righting Reflex-The righting reflex tests the pups’ ability to roll from its back to its 

abdomen. The time taken to perform this task was recorded.  

Negative Geotaxis-Pups were positioned facing down on a 20° incline. Instinctively, pups 

tend to adjust their position 180° such that they point up an incline rather than down. The 

time it took for the pup to complete this movement was recorded. Pups that were unable 
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to complete this task after 60 seconds were given the maximum score (2X the longest 

time of any pup on that day). 

 

Adolescent Behavior 

Complex motor, social, and cognitive assessments were made using established 

behavioral tests from P24-P52 (44, 45, 61-63).  

Social Behaviors:  

Open Field (61)-To assess exploratory behavior, spontaneous activity in Open Field 

Chamber was recorded for 1 trial of 3 minutes on P24.  The Open Field chamber area 

measured 40x40cm. The time spent in the 20x20cm central region of the chamber was 

calculated using the Any-Maze software.    

Elevated Plus (61)-Anxiety-like behavior was assessed using the Elevated Plus Maze. 

Rats were allowed to roam freely about an Elevated Plus Maze apparatus for 1 trial of 3 

minutes on P24. The time each rat spent in open arms versus in closed arms was 

determined using the Any-Maze software. 

Motor Behaviors: 

Beam Balance (44)-To measure motor coordination, rats were tested using a modified 

beam balance protocol on P31. Rats traversed a 1.5-inch wide wooden beam that was 

placed across a shallow box with padding. Rats were given a score of 0-3, with 3 

representing the worst score. A score of 0 indicates that the rat traversed the beam with 

no hesitancy or gross motor problems. A score of 1 was given to rats that showed 

unsteadiness and hesitation while traversing the beam while a score of 2 was given if 

unsteadiness, hesitation, and initial foot slipping was present. Finally, a score of 3 was 
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given to rats that showed consistent foot slipping in addition to hesitation and 

unsteadiness while traversing the beam. Scores were determined by two independent 

researchers.  

Rearing (63)-Rats were placed in a Plexiglas rearing chamber with metal flooring for 3 

minutes. Spontaneous time spent rearing was recorded during the 3-minute trial on P31. 

Rearing was defined as time spent on hindlimbs with both front paws elevated above 

shoulder height.  

Inclined Plane (62)-Rats were placed on a sealed wood board fitted with an angle reader. 

The experimenter raised the board while the animal gripped at the wood. The maximum 

angle before the rat was unable to grip was averaged over three trials on P31. 

Grip Strength (44, 45, 63)-Rats used their forepaws to grip the wire mesh of the grip 

apparatus (Bioseb BP, In VivoResearch Instruments, France). The experimenter gently 

tugged on the rats’ tail causing it to release its grip. Maximum grip strength was recorded 

in grams and averaged over two trials on P31.  

 

Spatial learning and memory 

Morris Water Maze (44, 45) -The Morris Water Maze (MWM) test was used to assess 

cognitive function, including spatial learning and memory. The specifications for this test 

have been previously described (44, 45) and are detailed below. Each trial throughout 

MWM was recorded and analyzed by the Any-Maze tracking Software (Any-Maze, 

Stoelting Co., Wood Dale, IL).   

At P35, pups began the acquisition phase of incremental learning. The platform was 

located in the NW quadrant throughout this phase of MWM. The time to locate the 

http://www.sciencedirect.com/science/article/pii/S0014488611004481#200024434
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platform was recorded for 4 trials per day for 5 consecutive days—designated Day 1-5. 

Rats were released from a different quadrant during each of the 4 trials. Trials were 2 

minutes long. If rats could not locate the platform in the allotted 2 minutes, they were 

guided to the platform by the experimenter. Once on the platform, whether they found it 

themselves or not, rats were required to stay on the platform for an additional 30 seconds. 

Rats were returned to their cages for 30 minutes before beginning the next trial.  

 

The memory probe was conducted on Day 6 of MWM on P40 rats. After the platform 

was removed from the pool, the rat was released from the SW quadrant and allowed to 

swim freely for 70 seconds. Time spent in each quadrant was recorded and determined by 

the Any-Maze software.  

 

Thigmotaxis, a measure of open-space anxiety was assessed using this test as well (64). 

Thigmotaxis was defined as swimming within 10cm of the wall of the pool during the 

first trial of incremental learning. 
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Figure 2.1 Timeline of behavioral tests 
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Experimental Series for Chapter 4 

The effects of mode of delivery on outcome after IUI+LPS was assessed in two series of 

pups, each with 3 groups—prenatal insults of IUI+LPS with vaginal delivery (PI-VD), 

prenatal insults of IUI+LPS with abdominal delivery (PI-AD), and no prenatal insults 

with abdominal delivery (CTR-AD). Previous data on uninjured pups delivered vaginally 

will also be represented as CTR-VD. In series 1, pups were euthanized at P0 after 

vaginally delivery or on E22 after abdominal delivery and were used for histological 

measures such as hemorrhage analysis and immunohistochemistry. In series 2, pups 

underwent neurobehavioral testing throughout development beginning on P3 on 

continuing to P52. These rats were euthanized at P52 and used for histological analyses 

as well. In series 3, pups were euthanized on E19 (12hr after in utero injury for LPS and 

IUI+LPS groups) or E20 (24hr after in utero injury) or P0 (72hrs after in utero injury). 

Brain tissue from these pups was used for immunolabeling.  

 

The automated hemorrhage analysis as well as extensive neurobehavioral testing were 

conducted as described above.  

 

Pups of both sexes were used throughout this study for histological and behavioral 

outcomes. 
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Table 2.3 Experimental Series Chapter 4 
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Transillumination  

Prior to freezing, brains from P0 pups were illuminated via a focused LED light. 

Macroscopic digital photographs were taken of the illuminated brains with a camera 

mounted on a microscope (Leica Wild M3Z). Images were captured through a Nikon 

D5000 camera. Large intracerebral hemorrhages were identified by eye in each image.   

 

Experimental Series for Chapter 5 

Three series of dams were used to assess how different molecular manipulations affect 

neonatal hemorrhage size and distribution after in utero injury. All dams were subjected 

to IUI+LPS survival surgery on E19 and gave birth vaginally on E22. In series 1, dams 

were treated with from E19-E22 with Tak-242, a specific TLR4 receptor antagonist and 

pups were euthanized at P0 for automated hemorrhage analysis.  For series 2, TLR4 

heterozygote females bred with TLR4 heterozygote males were used. Pregnant TLR4 

heterozygous dams underwent survival surgery on E19 and pups were born vaginally on 

E22 and were euthanized at P0 for automated hemorrhage analysis. In series 3, dams 

underwent IUI+LPS survival surgery on E19 and gave birth vaginally. Their pups were 

treated with deferoxamine or zinc/gallium-deferoxamine from P0-P5. These pups were 

euthanized at P5 and studied histologically.  

 

The automated hemorrhage analyses were conducted as described above. Hemorrhage 

data from CTR-VD, PI-VD and PI-AD displayed in Chapter 4 are reproduced on Figure 

5.1 for comparison. Additionally, early behavioral data from CTR-VD, PI-VD, and PI-
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AD displayed in Chapter 4 are reproduced on Figure 5.3.  Pups of both sexes were used 

throughout this study for histological and behavioral outcomes. 
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Table 2.4 Experimental Series Chapter 5 
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Tak-242 Preparation & Delivery 

Tak-242 (#614316, EMD Millipore; San Diego, CA) was prepared by reconstituting in 

100% DMSO then diluted in normal saline to achieve a final concentration of 14μg/μL. 

This solution was loaded into a 3-day 100µL mini-osmotic pump (1003D, Alzet Corp., 

Cupertino, CA) and placed in the IP cavity on E19 during surgery. This delivered at a rate 

of 1uL/hr to achieve a final dose of 1mg/kg/day until E22.  

 

TLR4 Mutant Rat Breeding & Genotyping  

Rats heterozygous for TLR4 were generated using transcriptional activator-like effector 

nuclease (TALEN)-mediated gene inactivation by a group led by G.E. Homanics 

(Department of Anesthesiology, University of Pittsburgh) as described (65). Previous 

studies with TALENs have revealed very few off-target events in rats (66),  mice (67),  

zebrafish (68), or human cells (69), using this technology. 

 

DNA sequence analysis revealed the mutation to be a 13-bp deletion in Exon 1 of TLR4. 

This deletion was predicted to result in a shift of the reading frame such that the mutant 

locus would only produce the first 25 amino acids of TLR4 followed by 28 nonsense 

amino acids and a premature translation termination codon. This severely truncated 

protein (for comparison, wild type TLR4 is 835 amino acids) was predicted to be a 

nonfunctional, null allele. 

 

To establish that the D13 allele results in a null allele, the authors first confirmed that the 

D13 mutation is present in the mRNA that is expressed in the animals (65). 
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Next, to functionally validate inactivation of TLR4, the authors challenged rats with an 

intraperitoneal injection of the classic TLR4 ligand, LPS. They used plasma levels of 

TNFα as a marker for the inflammatory response. LPS induced a significant increase in 

TNFα production in WT and heterozygous rats, but not in homozygous knockout rats. 

The near failure of homozygous knockouts to respond to the LPS challenge confirms that 

TLR4 is nonfunctional in these animals (65). Our data challenging TLR4–/– rats with 

blood confirm a severely attenuated response to this TLR4 ligand (See Appendix Figure 

A.4).   

 

Thus, at the DNA, mRNA, and function levels, these animals are TLR4 null. As 

discussed in more detail in the appendix, TLR4–/– rats show no obvious change in 

phenotype compared to WT, and they are healthy, fertile and viable. 

 

The TLR4–/– rat is commercially available (Strain #694) through the NIH-sponsored 

“Rat Resource & Research Center” at the University of Missouri. I developed our colony 

of TLR4–/– rats from breeding pairs obtained from the RR&RC.  

 

When males were at least 10 weeks old and females were at least 12 weeks old, they were 

paired for 24 hours then separated. The day after pairing was designated E0. Rats were 

paired again 7 days later. On E19 (of the initial pairing), rats were examined for 

pregnancy by sight and palpation. If rats did not appear to be pregnant E19, they were 

checked again 7 days later. If pregnancy was confirmed, IUI+LPS survival surgery was 

performed on E19. Only heterozygote female and heterozygote males were used for 
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breeding. All genotyping was done on tail clips were taken from pups at P0 (Transnetyx, 

Inc., Cordova, TN). 

 

Deferoxamine Preparation & Delivery 

Uncoupled deferoxamine (Sigma D9533, Lot #BCBP7336V) was prepared by diluting in 

saline to achieve a final concentration of 10mg/mL. This was given to pups at a dose of 

100mg/kg every 12hr subcutaneously.  

 

The Zinc/Gallium (Zn/Ga)-complex with deferoxamine was prepared as follows: a 10 

mM solution of deferoxamine mesylate is mixed with an equal volume of a 10 mM 

solution of ZnCl2 or GaCl3 and is titrated to pH 7.4, yielding metal:DFO ratios of 1.0:1.0. 

The mixtures are heated to 45 C for 30 min. A 3:1 mixture of Zn-DFO and Ga-DFO, 

filtered using a 0.22 m membrane, was used to treat the pups (100 mg/kg) (70).  Pups 

were injected every 12hr, subcutaneously.  
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CHAPTER 3  

DEVELOPMENT OF A NOVEL RODENT MODEL OF ENCEPHALOPATHY 

OF PREMATURITY 

 

Duration of In Utero Ischemia 

Previous work on EP showed that transient in utero ischemia (IUI) for 20 minutes on 

gestational day 19 (E19) resulted in low fetal mortality (44). For this reason, the same 

protocol of ischemia was incorporated here for a novel model of EP combining the dual 

insults of prenatal ischemia and infection.  

 

LPS 

Lipopolysaccharide (LPS), a component of the outer wall of gram-negative bacteria, was 

infused into the maternal jugular vein to model systemic maternal infection. LPS is 

widely used in experimental settings to model infection (25). LPS is a canonical TLR4 

ligand that activates classic inflammatory pathways leading to the upregulation of pro-

inflammatory cytokines via NFkB-mediated transcription (46).  

 

LPS Dosage and Delivery 

LPS was infused into the maternal jugular vein via a mini-osmotic pump at a rate of 

8.0uL/hour x 24 hours at a dose of 600ng/hr. This dose of LPS yields a serum levels of 

4.5±0.9 endotoxin units/mL (n=7 rats) (Figure 3.1), measured using the Limulus 

amebocyte lysate assay (Thermo Fisher Scientific). These levels mimic serum level of 

LPS reported in pregnant women with chronic indolent or subclinical infections, 
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(1.62±2.21EU/mL; range 0.38-15 EU/mL) (71). This dose was also chosen based on a 

low neonatal morality compared with other, higher doses. The jugular vein was chosen as 

a way to reliably introduce LPS into the maternal systemic circulation to ensure reliable 

trans-placental passage of LPS (72). 
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Figure 3.1: Maternal serum LPS levels following 24hr LPS infusion. Maternal serum 

LPS concentrations (EU/mL) following 24 hour infusion at 600ng/hr; n=7 per group.  
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Mortality 

For the IUI+LPS group, neonatal mortality was defined as a reduction in litter size from 

surgery on E19 to 24 hours after birth. For naïve controls and LPS only groups, neonatal 

mortality was defined as the difference in the number of pups at birth and the number 

surviving 48 hours to P2. Naïve controls had 0% mortality (n=96, 0 deaths) (Figure 3.2). 

LPS treatment alone resulted in 7.5% morality (n=66, 5 deaths). To determine the optimal 

dose of LPS, 4 doses (200ng/hr, 400ng/hr, 600ng/hr, 1.8ug/hr) were paired with IUI on 

E19 and fetal mortality was examined. A dose of 600ng/hr LPS combined with IUI led to 

a low neonatal mortality (18.51%, n=135, 25 deaths) and also yielded serum levels that 

reflect subclinical infections in pregnant women (Figure 3.1).  
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Figure 3.2: Fetal mortality induced by various prenatal insults. Fetuses were 

subjected to intrauterine ischemia (IUI) of 20 minutes on E19 followed by infusion of 

200ng/hr LPS (n=27), 400ng/hr LPS (n=29), 600ng/hr LPS (n=135), or 1.8µg/hr LPS 

(n=9); naïve and 600ng/hr LPS alone consisted of 96 pups and 66 pups, respectively. 
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Histopathological Outcomes 

 

Automated Hemorrhage Analysis at Birth 

Exposure to the combination of both IUI and LPS at E19 was required to produce 

significant microhemorrhages. Work in our lab previously reported that pups exposed to 

in utero to IUI alone at E19 exhibit minimal hemorrhages at P0 (44). Comparing total 

area of hemorrhage at a single coronal plane 2.0mm behind the rostral tip of the lateral 

ventricles gave values of 270±76, 287±73, 2744±365 μm² in naïve pups (CTR), pups 

exposed to LPS only (LPS), and pups with dual prenatal insults of IUI+LPS (IUILPS), 

respectively (Figure 3.3, n=10 per group). Thus, exposure to the dual insults was 

associated with a 10-fold increase in hemorrhages compared to CTR and LPS only. 

Hemorrhages most frequently occurred in periventricular areas but also occurred in the 

cortex and thalamus (Figure 3.3, panel B). 
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Figure 3.3: Brain microhemorrhages at P0 following prenatal insults. A: 

Hematoxylin and eosin-stained coronal sections of P0 brains showing representative 

microhemorrhages in the pup in naïve controls (CTR, left panel) and following the 

prenatal insults of LPS alone (LPS, middle panel) and IUI+LPS (IUILPS, right panel); 

scale bar 1mm. B: Maps showing the locations and sizes of microhemorrhages identified 

in the coronal section 2.5mm from the rostral extent of the lateral ventricles, on P0 in 

CTR pups (left panel), LPS pups (middle panel), and IUILPS pups (right panel); data 

from left and right hemispheres of 10 pups are superimposed; scale bar 1mm. C: The 

averages of total area occupied by hemorrhages in the coronal section 2.5mm from the 

rostral extent of the lateral ventricles in CTR pups, LPS pups, and IUILPS pups, as 

indicated; 10 pups per group; ***, p<0.001, comparing CTR and IUILPS. 
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Ventriculomegaly at Birth 

Dilation of the lateral ventricles, a common feature of EP (1, 2, 4), was assessed at birth. 

In all groups, except naïve pups, the lateral ventricles were dilated (Figure 3.4). 

Ventricular area was calculated and found to be 5.9x10
4
, 9.0x10

4
, and 10.8x10

4 
µm

2
 in 

the naïve, LPS only, and IUI+LPS groups, respectively. This corresponded to a 53% and 

82% increase in ventricular size in both groups compared to naïve. A representative 

image of a lateral ventricle is shown for each group (Figure 3.4, panels A-C).  

  



40 
 

 

Figure 3.4: Ventriculomegaly of the lateral ventricles at P0 following prenatal 

insults. A-C: Representative unstained sections of P0 brains showing ventriculomegaly 

in naïve controls (A) and following prenatal insults of LPS alone (B) and IUI+LPS (C); 

scale bar 1mm. D: Quantification of the average ventricular area in the 3 groups, as 

indicated, *, p<0.05. 
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Inflammation at Birth 

Hemorrhage into the brain parenchyma induces an endogenous inflammatory response 

and activates microglia (44, 51). Immunolabeling at birth for the inflammatory marker 

ED1 (CD68) showed marked increases in inflammation in pups with dual prenatal insults 

of IUI+LPS relative to naïve and LPS only (Figure 3.5). Positive labeling for ED1 

coincided with areas of extravasated blood, namely the periventricular white matter, the 

corpus callosum and hippocampus. Unbiased quantification of ED1 positive cells showed 

a significant increase in IUI+LPS relative to naïve and LPS only in both quantified areas. 

Another important inflammatory marker, p65, was found to be increased in pups 

following dual insults of IUI+LPS relative to naïve and LPS only (Figure 3.6). On E20, 

12-24 hours after injury, p65 showed increased immunoreactivity in IUI+LPS pups in the 

cortex, hippocampus, and entorhinal cortex (Figure 3.6, panel C). LPS only pups also 

showed increased p65 immunoreactivity in the entorhinal cortex 24 hours after injury.  
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Figure 3.5: Perihemorrhagic microglial activation at P0 following prenatal insults. 

A,B: Representative images of ED1 (red) immunolabeling at P0 in naïve control pups 

(CTR, A), LPS pups, and IUI+LPS pups (IUILPS, B); nuclei are labeled with DAPI 

(blue); scale bar 1mm. C: Quantification of ED1-specific labeling in the corpus callosum 

(CC) and hippocampus (HC), * and ***, p<0.05 and 0.001, respectively.  
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Figure 3.6: Perihemorrhagic inflammation at P0 following prenatal insults. A: 

Representative images of p65 immunolabeling in the cortex (CTX) at P0 in naïve control 

pups (CTR, A, left panel) and following prenatal insults of IUI+LPS (IUILPS, A, right 

panel). B: Representative images of p65 immunolabeling in the hippocampus (HC) at P0 

in naïve control pups (CTR, B, left panel) and following prenatal insults of IUI+LPS 

(IUILPS, B, right panel). Scale bar for (A)  and (B) is 1mm. C: Quantification of p65-

specific labeling in the cortex (CTX), hippocampus (HC), and entorhinal cortex (ENT 

CTX) in naïve control pups (CTR), pups 12 hrs after LPS (LPS 12hr), pups 24hrs after 

LPS treatment (LPS 24hr), pups 12 hrs after IUI+LPS (IUILPS 12hr), and pups 24 hrs 

after IUI+LPS (IUILPS 24hr), as indicated; *, p<0.05. 
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Neurological Outcomes 

Early Reflexive Behavior 

Beginning on P3 and continuing until P14, pups from 3 groups (Naïve, LPS only, and 

IUI+LPS) were tested using two well-established tests of vestibulomotor behavior and 

reflexes, the righting reflex and negative geotaxis (60). The effects of ischemia alone on 

these behaviors was previously described and found to be indistinguishable from 

uninjured pups (44). Naïve pups as well as LPS only pups showed no significant 

differences on these tests as well. However, pups with dual insults of IUI+LPS showed 

marked deficits on both tests (Figure 3.7). They took significantly longer to complete 

each task and frequently could not complete the task on P3 and P4.  

  



46 
 

 

Figure 3.7: Early behavior following prenatal insults. A-B: Performance on the 

righting reflex and negative geotaxis test, as indicated,  from P3-P14 in naïve controls 

(Naïve) and following prenatal insults of LPS alone (LPS) and IUI+LPS (IUILPS); n=25 

pups/group; * and **, p<0.05 and 0.01, respectively. 
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Adolescent Social Behavior 

To assess baseline levels of anxiety, P24 rats from all groups were subjected to two 

common tests of anxiety: the open field task and the elevated plus maze (61). Avoidance 

of the center of the open field chamber is indicative of an anxiety-like phenotype. In a 

single 3-minute trial, uninjured rats and rats with prenatal LPS only, spent 19.1±1.6s and 

20.9±0.9s in the center of the open field chamber, respectively. These groups were not 

significantly different from each other. Rats with dual prenatal insults of IUI+LPS spent 

significantly less time in the center of the chamber (11.6±1.3s) compared to uninjured 

rats and LPS only rats (Figure 3.8, panel A). 

 

A second test of anxiety, the elevated plus maze, was conducted on P31. Greater time 

spent in the open arms of the apparatus, like the center of the open field chamber, 

indicates less anxiety and more exploratory behavior in the subject. Uninjured rats and 

rats with prenatal LPS only spent 48.4±11.3s and 37.84±3.9s in the open arms of the 

apparatus while pups with dual prenatal insults spent 11.9±2.6s. These results 

corroborated the data seen on the open field test suggesting that at baseline, rats with dual 

prenatal insults had greater anxiety than their uninjured or LPS-treated counterparts. 

(Figure 3.8, panel B).  
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Figure 3.8: Adolescent social behavior following prenatal insults. A-C: Performance 

on the open field test at P24, the elevated plus maze at P24, and on Thigmotaxis on P35, 

as indicated, in naïve control pups (CTR) and following prenatal insults of LPS alone 

(LPS) and IUI+LPS (IUILPS); n=25pups/group; * and **, p<0.05 and 0.01, respectively. 
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Adolescent Motor Behavior 

Motor activity in adolescence was tested using various well-established tests (rearing, 

beam balance, inclined plane, and grip test (44, 45, 62, 63) on either P24 or P31. On P24, 

rats from dual prenatal insults of IUI+LPS showed deficits on the inclined plane task. The 

maximum angle they could attain on the inclined planed was 76.8±0.8°, while naïve and 

LPS only was significantly better at 80.2±1.0° and 81.4±0.74°, respectively (Figure 3.8, 

panel A). 

 

Rats from dual prenatal insults of IUI+LPS showed further motor impairment indicated 

by their performance on the rearing task. The rearing test is a measure of spontaneous 

motor activity. On P31, rearing onto the hindlimbs was measured in the 3 groups. Naïve 

and LPS rats behaved similarly, averaging 64.9±2.9s and 63.3±1.5s rearing in a 3 minute 

trial. IUI+LPS rats were impaired and only reared for 32.0±4.2s (Figure 3.8, panel B). 

 

This deficit in motor function was also seen on the beam balance task. IUI+LPS rats 

showed hesitation and tremor while traversing the beam. Additionally, they often had 

footfalls and slips on both sides of the beam. This often earned them the worst score of 3. 

Uninjured naïve rats and LPS only rats were able to traverse the beam without problems 

and often received a score of 0 (Figure 3.8, panel C).  

 

Finally, on P31, rats from dual prenatal insults of IUI+LPS had significantly weaker 

forelimb grip strength. On average, they gripped 275±12 grams (g) while their uninjured 
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or LPS only treated counterparts gripped at 427±22g and 434±16g, respectively (Figure 

3.8, panel D).  
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Figure 3.9: Adolescent motor behavior following prenatal insults. A-D: Performance 

on the inclined plane test on P24, spontaneous rearing on P31, performance on the beam 

balance task on P24, and grip strength on P31, as indicated, in naïve control pups (CTR) 

and following prenatal insults of LPS alone (LPS) and IUI+LPS (IUILPS); 

n=25pups/group; *,**, and ***, p<0.05, 0.01, and 0.001, respectively. 
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Cognitive Behavior 

To assess spatial learning and memory, rats (P35-P49) were tested on the Morris water 

maze (44, 45). All 3 groups (naïve, LPS only, IUI+LPS) behaved similarly on the vision 

test, indicating that their vision was not impaired after prenatal insults (data not shown). 

Additionally, incremental learning was not significantly different between groups (Figure 

3.9, panel A). During the memory probe trial, pups from both injured groups (LPS only 

and IUI+LPS) spent significantly less time in the correct quadrant than their uninjured 

counterparts. This was the only measure on which LPS pups were similarly impaired as 

pups from dual prenatal insults of IUI+LPS. Additional tests of cognition, potentially in 

adulthood rather than adolescence, would be necessary to understand this phenomenon.  

 

Additionally, rats in the IUI+LPS group spent significantly longer time in the thigmotaxis 

zone during the first trial of MWM (Figure 3.8, panel C). Increased time in this zone 

indicates anxiety (64). These data are in accord with the data showing heightened anxiety 

on both the open field test and elevated plus maze test. 
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Figure 3.10: Adolescent cognitive behavior on the Morris water maze following 

prenatal insults. A-B: Incremental spatial learning on P35-P39 and performance on the 

memory probe at P40, as indicated, in naïve control pups (CTR) and following prenatal 

insults of LPS alone (LPS) and IUI+LPS (IUILPS); n=25pups/group; * and **, p<0.05 

and 0.01, respectively.  
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CONCLUSIONS 

The most important finding of this chapter is that dual prenatal insults of transient 

intrauterine ischemia and maternal systemic inflammation recapitulate many of the main 

features of encephalopathy of prematurity in the human preterm infant. Prenatal exposure 

to LPS alone appeared to be relatively harmless, producing no major social, motor, or 

cognitive deficits throughout development. Similarly, it was previously reported that IUI 

alone led to minimal hemorrhages and normal neurofunctional outcome (44). However, 

the combination of intrauterine ischemia and low-grade maternal inflammation, resulted 

in several brain abnormalities at birth and which manifested in behavioral deficits 

throughout development. IUI+LPS pups showed periventricular and intraventricular 

hemorrhages, perihemorrhagic inflammation, and dilated lateral ventricles at birth. 

Additionally, in early development, these rats showed impairment on vestibulomotor 

reflexes such as the righting reflex and negative geotaxis. These behavioral impairments 

persisted later in development and correlated with worse performance on several motor 

tasks as well as tests of anxiety. Finally, their performance on MWM indicated impaired 

spatial learning and memory. The combination of prenatal ischemia and inflammation 

reliably replicated many of the salient features of encephalopathy of prematurity 

commonly seen in premature infants and as such represents an accurate model of the 

human disease.  
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CHAPTER 4  

THE EFFECTS OF MODE OF DELIVERY ON MICROHEMORRHAGE AT 

BIRTH 

Angiogenesis and vascular remodeling 

Previous work in our lab reported that IUI alone on E19 induces an angiogenic response 

marked by upregulation of vascular endothelial growth factor (VEGF) and MMP-9 (42). 

Here, the angiogenic response is supplemented by the addition of LPS, which is 

proangiogenic (46). Brain tissue was harvested from fetuses 12-24 hours after IUI+LPS 

survival surgery on E19 to evaluate two markers of angiogenesis, CD31 (PECAM-1) and 

MMP-9. Quantitative immunohistochemistry showed that both markers of angiogenesis 

were significantly increased in periventricular areas in fetuses exposed to dual insults (PI; 

PI-VD), compared to naïve controls (CTR) (Figure 4.1).  
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Figure 4.1: Dual prenatal insults of IUI+LPS stimulate angiogenesis and alter 

collagen IV immunoreactivity. A-D: Immunolabeling for the angiogenic markers, 

CD31 (A) and MMP-9 (C), with quantification (B, D), on E20 in naïve controls (CTR) 

and 12 or 24 hours after dual prenatal insults (PI), in cortex (Ctx), hippocampus (HC) and 

internal capsule (Int C.) E,F: Immunolabeling for collagen IV (E), with quantification 

(F), on P0 in naïve controls (CTR) and after dual prenatal insults and vaginal delivery 

(PI-VD), in coronal brains sections; 5 pups per group; *, p<0.05; **, p<0.01.  
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Transillumination 

Brains from P0 pups were mounted on an LED light and photographed under a 

microscope. Sizable intracerebral hemorrhages could be seen using this method. Brains 

from 3 groups were analyzed: naïve control pups (no prenatal insult) born vaginally 

(CTR-VD), pups following dual Prenatal Insults (IUI+LPS) with Vaginal Delivery (PI-

VD), and pups following dual Prenatal Insults with Abdominal Delivery (PI-AD) (Figure 

4.2). Hemorrhages were observed in 15/29 (52%) of PI-VD brains using this technique. 

Only 4/26 brains showed hemorrhage in the PI-AD group. Representative pictures are 

seen in Figure 4.2. 
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Figure 4.2: Transilluminated brains at P0 following prenatal insults with vaginal vs. 

abdominal delivery. A-C: P0 pup brains following prenatal IUI+LPS with vaginal 

delivery (PI-VD, A, C, all panels) or prenatal IUI+LPS with abdominal delivery (PI-AD, 

B); scale bar in B: 1mm for A and B, scale bar in C: 1mm.  
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Automated Hemorrhage Analysis  

After freezing and sectioning, hemorrhages were quantified at 9 sequential coronal planes 

in the 3 groups.  Microhemorrhages were identified in all 3 groups, in all coronal planes 

throughout the cerebrum (Figure 4.3, panel A-D). However, in each coronal plane, the 

total area occupied by hemorrhages was significantly greater in PI-VD pups compared to 

PI-AD or CTR-VD pups. The total areas occupied by hemorrhages in the CTR-VD and 

PI-AD groups were not significantly different (Figure, D).  

 

Data from a representative coronal plane (2.5mm behind the rostral tip of the lateral 

ventricles) in these 3 groups were analyzed further. The total area occupied by 

microhemorrhages were 269±56, 3097±652, and 340±56 μm² (corresponding to 

diameters of 19, 63, 21 μm) in the 3 groups, CTR-VD, PI-VD, and PI-AD, respectively 

(Figure 4.3, panel C). Further, the smallest, most frequent hemorrhages (0-500μm²), 

which were present in all 3 groups, were twice as frequent in the PI-VD group compared 

to the PI-AD and CTR-VD group (Figure 4.3, panel E). Also, larger hemorrhages were 

present only in the PI-VD group (Figure 4.3, panel E, insert).  
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Figure 4.3: Brain microhemorrhages associated with vaginal delivery are prevented 

by C-section. A,B: Hematoxylin and eosin-stained coronal sections of P0 brains showing 

representative microhemorrhages in pup following prenatal insults with vaginal delivery 

(PI-VD) (A, left panel; B, all panels) but not following prenatal insults with abdominal 

delivery (PI-AD) (A, right panel); scale bars, 1 and 0.25mm in (A) and (B), respectively. 

C: Maps showing locations and sizes of microhemorrhages identified in the coronal 

section 2.5mm from the rostral extent of the lateral ventricle, on P0 in PI-VD pups (left 

panel) and in PI-AD pups (right panel); data from the right and left hemispheres of 26 

and 29 pups, respectively are superimposed; scale bar, 1mm. D: The averages of the total 

area occupied by hemorrhages in 9 coronal sections (see insert) in CTR-VD pups, PI-VD 

pups, and in PI-AD pups, as indicated; 10 pups per group; **, p<0.01 comparing CTR-

VD and PI-VD; ##, p<0.01 comparing PI-VD and PI-AD. E: Histogram showing the 

frequency distribution of microhemorrhages by size in the 3 groups; same coronal plane 

as in (C); inset shows the data plotted with an extended abscissa and the ordinate in log 

scale. 
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Neurological Outcomes 

On P3-P14, PI-VD pups exhibited severe abnormalities on the righting reflex and 

negative geotaxis tasks (Figure 4.4, panel A-B). By contrast, PI-AD pups performed 

similarly to controls.  

 

In adolescence (P24-P35), rats displayed an anxiety-like phenotype, as indicated by their 

avoidance of the center of the open field chamber, avoidance of the open arms of the 

elevated plus maze, and time in the thigmotaxis zone during the first trial in the Morris 

water maze (Figure 4.4, panel B). By contrast, PI-AD rats showed minimal anxiety-like 

behaviors that were no different than controls. In adolescence (P24-P31), PI-VD rats 

displayed abnormal performance on rearing, beam balance, and grip strength. (Figure 4.4, 

panel C). 

 

In adolescent rats (P35-P45) exposed prenatally to IUI+LPS, incremental spatial learning 

was not significantly affected, and spatial memory was inconsistently affected by vaginal 

versus abdominal delivery (Figure 4.4, panel D).  

 

Pups delivered abdominally after no prenatal insults (CTR-AD) showed no behavioral 

deficits in the early postnatal period as well as throughout adolescence (See Appendix).  
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Figure 4.4: Neurological function associated with vaginal vs. abdominal delivery 

following dual insults at E19. A: Performance on the righting reflex and the negative 

geotaxis test, as indicated on P3-P14 in naïve (no prenatal insult) pups with vaginal 

delivery (CTR-VD), pups following prenatal insults with vaginal delivery (PI-VD), and 

pups following prenatal insults with abdominal delivery (PI-AD). B: Performance on the 

open field test at P24, the elevated plus maze at P31, and on thigmotaxis at P35, as 

indicated, in CTR-VD pups, PI-VD pups and PI-AD pups. C: Spontaneous rearing at 

P31, performance on the beam balance test at P31, and grip strength at P31, as indicated, 

in CTR-VD pups, PI-VD pups and PI-AD pups. D: Incremental spatial learning on P35-

P39, performance on the memory probe at P40, and on the rapid learning test at P42, as 

indicated, in CTR-VD pups, PI-VD pups and PI-AD pups. For all panels, 19-25 

pups/group; * and **, p<0.05 and 0.01, respectively, comparing CTR-VD and PI-VD; # 

and ##, p<0.05 and 0.01, respectively, comparing PI-VD and PI-AD. 
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White Matter & Axonal Integrity 

White matter and axonal abnormalities were evaluated at P52. PI-VD rats exhibited 

severe white matter abnormalities. Compared to controls, Luxol Fast Blue staining and 

myelin basic protein immunolabeling revealed severe hypomyelination of the corpus 

callosum and cortex, along with clumped myelinated fibers (73) in both the cortex and 

hippocampus (Figure 4.5, panel A-C). By contrast, PI-AD rats showed significantly better 

myelination and only rare clumped myelinated fibers.  

 

In accord with the findings on myelination, PI-VD rats exhibited severe axonal 

abnormalities. Compared to controls, immunolabeling of SMI-312, a marker of axons, 

revealed severe axonopathy of cortex and hippocampus (Figure 4.5, panel E). By 

contrast, PI-AD rats showed significantly better axonal development.  
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Figure 4.5: Myelination and axonal development associated with vaginal vs. 

abdominal delivery. A-D: Representative images (A-C) and quantification (D) of Luxol 

fast blue  staining (A) and myelin basic protein (MBP) immunolabeling (B, C) at P52 in 

naïve (no prenatal insult) pups with vaginal delivery (CTR-VD, images not shown), pups 

following prenatal insults with vaginal delivery (PI-VD), and pups following prenatal 

insults with abdominal delivery (PI-AD); arrows in (A) point to clumped myelinated 

fibers; arrows in (C) point to poorly myelinated fibers above corpus callosum; rectangles 

show regions of interest (ROI) that were quantified; 7 pups/group; **, p<0.01 comparing 

CTR-VD and PI-VD; ##, p<0.01 comparing PI-VD and PI-AD. E,F: Representative 

images (E) and quantification (F) of axonal labeling SMI-312 at P52 in CTR-VD pups, 

PI-VD pups and PI-AD pups; rectangle and oval show ROIs that were quantified; 7 

pups/group. Bars, 1mm (A), 500 μm (B,E), 250 μm (C). 
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CONCLUSIONS 

The principal finding of this chapter is that pups that were exposed to the same dual 

prenatal insults of ischemia and maternal LPS, but that were delivered abdominally, were 

spared hemorrhages, had minimal or no motor and behavioral deficits, and had 

significantly better preservation of white matter and axons. Additionally, it was shown 

that induced angiogenesis shortly before birth weakens vessels and can predispose to 

cerebral microhemorrhages. The presence of cerebral microhemorrhages was the primary 

difference between vaginally-delivered and abdominally-delivered pups at birth 

suggesting that they precede the severe neurological dysfunction seem throughout 

development. Taken together, these findings underscore the importance of effectively 

preventing hemorrhages before they occur.   
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CHAPTER 5  

PREVENTION AND TREATMENT OF NEONATAL MICROHEMORRHAGES 

Automated Hemorrhage Analysis-Tak-242 

Pups exposed as fetuses to the dual prenatal insults, but born vaginally from dams treated 

with TAK-242, a specific TLR4 antagonist, exhibited minimal microhemorrhages. The 

absence of microhemorrhages in pups born vaginally from dams treated with TAK-242 

was strikingly different from the prominent microhemorrhages in pups born vaginally 

from untreated dams (PI-VD pups), and was similar to the lack of microhemorrhages in 

pups born abdominally (PI-AD pups) (Figure 5.1). 

 

Automated Hemorrhage Analysis-TLR4 Mutant Rats 

TLR4 mutant rats (+/+, +/-, and -/-) underwent IUI+LPS on E19 and were born vaginally. 

Brains at P0 were studied for microhemorrhages. TLR4 +/+ and TLR4 +/- showed 

prominent microhemorrhages, reminiscent of PI-VD pups. Contrastingly, TLR4 -/- 

showed reduced microhemorrhages at all coronal levels studied (Figure 5.2). 
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Figure 5.1: Brain microhemorrhages associated with prenatal insult and vaginal 

delivery are reduced by Tak-242 treatment. The averages of the total area occupied by 

hemorrhages in 9 coronal sections  in naïve control pups delivered vaginally (CTR-VD), 

pups following prenatal insults with vaginal delivery (PI-VD), pups following prenatal 

insults with abdominal delivery (PI-AD), and pups following prenatal insults + Tak-242 

treatment and vaginal delivery (PI-TAK242-VD; n=16 pups). 
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Figure 5.2: Genetic deletion of TLR4 reduces microhemorrhages following prenatal 

insults and vaginal delivery. The average total area occupied by hemorrhages in 5 

coronal sections beginning at the rostral extent of the lateral ventricles and extending 

posteriorly in TLR4 +/+ WT pups after prenatal insults of IUI+LPS, TLR4 +/- 

Heterozygous pups after prenatal insults, and TLR4 -/- KO pups after prenatal insults; 

n=4/group. 
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Effects of Neonatal Deferoxamine Treatment 

Deferoxamine (DFO) has a long history of use for the treatment for iron poisoning and 

hemochromatosis in children (74-76). Numerous preclinical studies have demonstrated 

the protective effects of DFO for treating brain hemorrhages (ICH, SAH) in adult animals 

(77-82) as well as in models of neonatal germinal matrix (83) and intraventricular 

hemorrhage (84). However, in humans, DFO also has been associated with oxidative lung 

injury leading to acute respiratory distress syndrome (ARDS) (85). Given the propensity 

of neonates, especially premature neonates, to have pulmonary co-morbidities, treatments 

that put their fragile lungs at risk of oxidative injury are probably best avoided. 

 

To avoid the potential pro-oxidant lung toxicity of DFO, without sacrificing its crucial 

iron chelating property, Zn/Ga-DFO was also used (70). The Zn/Ga-DFO complex is 

based on the “push-pull” concept (86) – DFO forms a complex with a metal of low 

affinity, such as Zn or Ga; when DFO encounters iron, for which it has higher affinity, it 

exchanges the low affinity metal for the high affinity metal. Upon complex formation 

with iron, DFO thus delivers Zn or Ga, which, not incidentally, possess innate anti-

oxidant and anti-inflammatory properties (87-91). Notably, instead of harming the lung 

like uncomplexed DFO, Zn/Ga-DFO has been found to be highly beneficial in a mouse 

model of asthma (70).  

 

The effects of treatment with uncomplexed DFO (n=5) or Zn/Ga-DFO (n=5) were 

studied after prenatal insults. The presence of hemorrhages were confirmed by examining 

coronal sections (Figure 5.3, panel A). On P3–5, PI-VD pups treated with DFO or Zn/Ga-

DFO had righting reflex and negative geotaxis better than untreated PI-VD pups (Figure 



73 
 

5.3, C). Histological study of the brains on P5 confirmed that pups had sustained 

microhemorrhages, but showed less Iba1 and nitrotyrosine, markers of inflammation, 

around the hemorrhages (Figure 5.3, A-B).  
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Figure 5.3 Early reflexive behavior is improved after postnatal deferoxamine 

treatment. A: At P5, microhemorrhages are still apparent (Scale bar 0.25mm). B: Zn/Ga-

DFO reduces Iba1 and nitrotyrosine (nTyr) around the hemorrhages. C: Performance on 

righting reflex and on negative geotaxis test on P3–5 in: (i) naïve pups with vaginal 

delivery (CTR-VD): (ii) pups following dual prenatal insults with vaginal delivery (PI-

VD); (iii) pups following dual prenatal insults with vaginal delivery and treated with 

DFO or Zn/Ga-DFO after birth (PI-VD-DFO or PI-VD-ZGDFO); n=5/group. 
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CONCLUSIONS 

The main finding of this chapter is that pups that underwent dual prenatal insults of 

IUI+LPS and that were delivered vaginally were spared hemorrhages after 

pharmacological inhibition of or genetic downregulation of TLR4. These pups displayed 

minimal hemorrhages, reminiscent of abdominally delivered pups after prenatal insults. 

Additionally, it was shown that the deleterious neurofunctional effects of hemorrhages 

can be reduced when pups are treated postnatally with uncomplexed or zinc/gallium-

coupled deferoxamine. Their performance on early behavioral tasks, which (in this 

model) has historically predicted performance on later tasks, was similar to uninjured 

controls or abdominally delivered pups after prenatal insults. Furthermore, markers of 

inflammation were reduced after this treatment. Taken together these findings provide 

new insights on perinatal microhemorrhages, indicating that pharmacological inhibition 

of or genetic deletion of TLR4 can reduce microhemorrhages while postnatal iron 

chelation can reduce inflammatory and neurofunctional consequences of 

microhemorrhages sustained during vaginal delivery.  
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CHAPTER 6 

DISCUSSION 

Models of human preterm birth and EP 

The novel rat model of human preterm birth reported here incorporates a 20-minute 

episode of IUI on E19, followed by a 24-hr infusion of low-dose LPS in the pregnant 

dam. As noted above, either insult alone (IUI or LPS), when administered prenatally, 

results in minimal neurological deficits when rats are tested in adolescence. However, the 

combination of IUI+LPS was surprisingly harmful. The dual prenatal insults of IUI+LPS 

led to prevalent microhemorrhages, marked inflammation at birth, neurological 

dysfunction throughout development, and white matter damage lasting until adulthood.   

 

Several experimental models of perinatal brain injury have been described (4, 9, 22, 23, 

25, 36). These models primarily use hypoxic or inflammatory insults or a combination of 

both delivered in utero or postnatally. Because white matter damage is a hallmark of 

perinatal brain injury, these models attempt to induce injury during the period when white 

matter progenitors are most prevalent. In the rat, P1–5 is the preterm equivalent of 23–32 

weeks human gestation (4, 23, 27, 41). At these times, late oligodendrocyte (OL) 

progenitors (a.k.a., premyelinating OLs; pre-OLs), which are highly vulnerable to 

oxidative injury, are present in great numbers (31, 92). When trying to model neonatal 

white matter pathologies like periventricular leukomalacia, experimenters make use of 

the vulnerability of this cell type by inducing injury during the period when they densely 

populate the brain (P1-P5). It has been shown here and by others that blood and blood 

breakdown products are toxic to the developing brain especially the underlying white 
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matter (36, 42, 44, 51). Importantly, although delivered prenatally, the combination of 

prenatal insults of IUI and LPS, in the present study, predisposes to hemorrhages at birth 

and during the postnatal period of white matter vulnerability. These hemorrhages initiate 

a cascade of inflammatory injury resulting in prominent white matter damage, which is 

the primary outcome produced by other models of prenatal injury. As such, 

microhemorrhages in the neonatal rat brain can be used to model microhemorrhages in 

the human preterm infant during the most critical period of white matter development.   

 

Microhemorrhages can be prevented by C-section 

To date, I have studied two rat models with perinatal microhemorrhages: (i) the one 

described above, with the dual prenatal insults (IUI+LPS) and vaginal delivery; (ii) 

another with IUI alone prenatally combined with postnatal raised venous pressure (42, 

44, 45). Importantly, the magnitude and the anatomical distribution of the 

microhemorrhages in both models are similar, and the early and later neurofunctional 

abnormalities mirror each other. These similarities led me to speculate that, with 

IUI+LPS prenatally, the spontaneous mechanical stresses of vaginal delivery are 

sufficient by themselves to induce microhemorrhages from microvessels severely 

compromised by upregulated angiogenesis. In rats, uterine contractions that expel fetuses 

at birth are associated with periodic rises in intrauterine pressure that peak at 30 mm Hg 

(47) the same pressure recorded in the jugular vein during venous hypertension that 

induces microhemorrhages after IUI (44, 45). Periodic uterine contractions compress the 

fetus, thus inducing periodic venous hypertension during delivery, leading to 

microhemorrhages linked to prenatal IUI+LPS. 



78 
 

 

Important factors known to predispose to perinatal brain hemorrhages are abnormal 

collagen IV development (43) and collagen IV degradation, due either to constitutive (93) 

or induced angiogenesis (42). Angiogenesis induced by IUI is characterized by 

upregulation of VEGF, CD31, and MMP-9, with MMP-9 proteolytic activity degrading 

the microvascular matrix, including collagen IV and laminin (42). Matrix degradation is 

necessary for the budding off of new vessels during angiogenesis (94), but it leaves 

existing vessels structurally weakened and susceptible to mechanical perturbations.  

 

Previous work from our lab recently reported that 20-minute IUI and its angiogenic 

response in the rat were relatively harmless unless newborn pups (P0) also were exposed 

to a second insult that caused an increase in venous pressure, in which case they suffered 

microhemorrhages similar to those observed here, with lasting neurological abnormalities 

(42, 45). Apart from IUI, another potent angiogenic stimulus is LPS (42). In the present 

study, it was found that when IUI was followed by low-dose maternal LPS, the fetal 

angiogenic response was augmented, such that vaginal delivery by itself was sufficient to 

induce microhemorrhages.  

 

Remarkably, in the present model with dual prenatal insults (IUI+LPS), 

microhemorrhages can be avoided by C-section. The incidence of hemorrhages observed 

after prenatal insults and vaginal delivery was drastically reduced if pups were delivered 

abdominally. These pups also exhibited neurofunction essentially indistinguishable from 

uninjured naïve controls. Additionally, white matter hypomyelination and axonopathy 
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were significantly reduced compared to vaginally-delivered pups.  This is, arguably, the 

most important finding of the present study—that C-section can offer protection after 

prenatal insult. However, in humans, the potential neuroprotection afforded by abdominal 

delivery remains controversial, despite evidence, albeit inconclusive, that abdominal 

delivery may protect from neonatal brain hemorrhages and possibly leukomalacia (48-

50). 

 

Preventing and Treating Microhemorrhages 

TLR4 is the central point of convergence for the combined insults of IUI, LPS, and 

hemorrhages (95). The combined insults allow for potent stimulation of the TLR4 

pathway yielding a strong, and potentially harmful, innate immune response. In the 

present study, pharmacological inhibition of TLR4 by the TLR4 antagonist Tak-242 was 

shown to reduce microhemorrhages throughout the brain. The presence of hemorrhage 

after this injury (IUI+LPS) has strongly been associated with worse neurological function 

throughout development. Although pups treated with Tak-242 were not studied 

behaviorally, their reduction in microhemorrhages would suggest that they would also 

perform better on neurobehavioral tests. The converging role that TLR4 plays after this 

injury was further supported when TLR4 KO rats were observed to have fewer and 

smaller hemorrhages after injury than their WT and heterozygote littermates. Examining 

the neurofunctional outcomes of Tak-242-treated and TLR4 KO rats after injury would 

provide further insight as to whether TLR4 inhibition could produce lasting behavioral 

improvement in addition to reducing hemorrhages at birth. This could represent a 
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translational therapeutic option to prevent or minimize the incidence of 

microhemorrhages in the preterm infant.  

 

Although prenatal injury cannot always be anticipated, it is possible to identify premature 

infants that are born with microhemorrhages (36). It is therefore important to develop 

therapies that can minimize the effect of spontaneous perinatal microhemorrhages. The 

data presented here suggest that treatment of the pups beginning on P0 with the iron 

chelator, deferoxamine, can reduce neurofunctional consequences of microhemorrhages 

sustained during vaginal delivery.  

 

Conclusions  

There are several significant findings of the present study. Firstly, the combination of 

transient IUI and LPS administration on E19 reliably recapitulates the salient features of 

hemorrhagic EP and, as such, can be used to model the disease. Next, angiogenesis 

induced shortly before birth can predispose to cerebral microhemorrhages during birth, 

which can lead to white matter damage, especially if they occur during the stage of white 

matter development dominated by preOLs (late gestation-birth in the rat). This white 

matter damage induced by microhemorrhages is accompanied by severe axonopathy and 

severe adolescent neurological dysfunction, reminiscent of periventricular leukomalacia 

in humans. Finally, in susceptible animals, preventing or minimizing the impact of 

microhemorrhages, through abdominal delivery, TLR4 antagonism or genetic deletion, or 

deferoxamine treatment results in improved outcomes. 
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This work is the first to demonstrate the devastating role that neonatal brain 

microhemorrhages play in the overall pathology of neonatal brain function. This work 

has shown experimentally that the grave aftereffects of the combined prenatal insults can 

be significantly ameliorated if microhemorrhages are avoided, for example, by C-section 

or possibly, by appropriate pharmacological prophylaxis of the high risk mother or 

affected infant.   
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APPENDIX 

 

Naïve Abdominal Birth 

Uninjured pups delivered abdominally (CTR-AD) showed no evidence of behavioral 

deficit throughout development. They performed similarly to uninjured pups delivered 

vaginally on all measures (Figure A.1 & Figure A.2).  

 

Naïve Deferoxamine  

Uninjured pups were given uncomplexed deferoxamine (DFO) from P0-P5 to examine if 

DFO alone could produce changes in behavior, positive or negative. These pups (CTR-

DEF) pups performed similar to untreated naïve pups on early behavioral tasks (Figure 

A.1).   

 

 

Figure A.1 Early reflexive behavior of controls 

  



83 
 

 

 

Figure A.2 Adolescent behaviors of CTR-AD 
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Sexual dimorphism—males with microhemorrhages fare worse than females 

Neonatal mortality and morbidity are sex biased in low birth weight infants, with male 

sex associated with significantly greater risk of CP, intraventricular hemorrhage (IVH), 

IVH grades 3-4, and death (96-100). In animal studies, males are more susceptible than 

females to behavioral deficits following perinatal insults (101). Although both sexes were 

included in the current study and the data reported above, sex differences were still 

examined. Data with the IUI+LPS model reported above confirm worse performances on 

neurofunctional tests in adolescent males compared to females with microhemorrhages 

(Figure A.3). Future studies could examine this phenomenon in greater detail.  

 

Figure A.3 Sex Differences after Prenatal Insults of IUI+LPS 
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TLR Knock-out (KO) Rats 

In mature rodents, the TLR4 KO phenotype at baseline (unchallenged), which has been 

extensively studied in mice and to a lesser extent in rats (65) does not exhibit traits 

distinct from wild-type (WT). The characteristic feature of this genotype is that, when 

challenged by TLR4 ligands such as LPS or blood, TLR4 deletion is associated with a 

muted inflammatory response in the brain and elsewhere, compared to WT (102-104).  

In the perinatal period, TLR4 attenuation or loss-of-function can result in a complex 

picture. In humans, TLR4 polymorphisms that result in attenuation-of-function have been 

associated with a greater risk of premature birth (105-107) and perinatal infection (108-

111). In murine offspring of TLR4–/– females bred to TLR4–/– males, parturition is 

early, and litter size and pup viability are reduced (112). Conversely, TLR4 deletion in 

pregnant mice can protect from LPS-induced intrauterine death (72).  

We are actively breeding a colony of TLR4–/– rats (Wistar background) (to our 

knowledge, we are the only lab with an active colony of TLR4 KO rats). Breeding is 

between heterozygotes; offspring are genotyped. There is no distinct phenotype in our 

KO rats compared to WT rats. When breeding heterozygote to heterozygote or to KO, 

litter sizes are normal.  

 

TLR4 is Mendelian dominant. TLR4+/– heterozygotes have the same phenotype as 

TLR4+/+ homozygotes ––heterozygotes respond equally well to the pro-inflammatory 

TLR4 ligands, LPS (65) and blood (not shown). 
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Behavioral tests in unchallenged TLR4–/– rats (~8 weeks old) show no differences 

compared to wild-type controls (Figure A.4). When TLR4–/– rats are challenged by 

injection of blood into the brain, neuroinflammatory responses, including microglial 

activation and oxidative/nitrosative injury, are significantly muted, both adjacent to the 

clot, and remotely (Figure A.5). Notably, infusion of 600 ng/hr LPS in TLR4–/– rats 

yields serum levels of 4.8±0.7 EU/mL LPS (n=3), similar to WT rats (4.5±0.9 EU/mL).  

 

Figure A.4 WT vs TLR KO behavior 

 

 

Figure A.5 WT vs. TLR4 KO inflammatory response after blood infusion.  
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