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Abstract 

We hypothesized that repetitive umbilical cord occlusions (UCOs) leading to severe acidemia 

will stimulate a placental and fetal inflammatory response associated with brain injury, which 

will be exacerbated by chronic hypoxemia and low-grade infection. Chronically instrumented 

fetal sheep served as controls or underwent repetitive UCOs for up to 4 hours or until fetal 

arterial pH was <7.00. Normoxic-UCO and hypoxic-UCO fetuses had arterial O2 saturation 

pre-UCOs of >55% and <55%, respectively, while lipopolysaccharide (LPS)-UCO fetuses 

received LPS intra-amniotically (2mg/h) starting 1 hour pre-UCOs. Fetal plasma and amniotic 

fluid were sampled for cytokines and after 48 hours of recovery placental and brain tissue were 

processed for measurement of inflammation and brain injury. Repetitive UCOs resulted in 

severe fetal acidemia with pH approaching 7.00 for all 3 UCO groups. All UCO groups had 

increased neutrophils in the placental zona-intima. LPS-UCO animals had elevated IL-6 in 

fetal plasma at 1-hour recovery, which was highly correlated with nadir pH attained (r =.97). 

Repetitive UCOs with severe acidemia can induce a placental inflammatory response, more so 

with low-grade inflammation and likely contributing to cytokine release into umbilical 

circulation. Despite up to 4 hours of repetitive UCOs and severe acidemia in most of these 

animals, there was no significant effect on measures of brain inflammation or injury, except in 

the LPS-UCO animals where TUNEL+ cells were increased in the hippocampus. As such, the 

near-term ovine fetal brain shows remarkable tolerance for these cord occlusion insults and 

likely involving protective metabolic mechanisms, despite the severe acidemia noted.    
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Chapter 1 

1.1 Inflammation and Fetal Brain Injury 

1.1.1 Intrauterine Infection and Fetal Brain Injury 

Exposure of the fetus to inflammation in utero is a known risk factor for the development of 

neurobehavioral disorders later in life, including cerebral palsy, autism and schizophrenia.1-5 

Although inflammation is a natural aspect of pregnancy and labour, various adverse events 

such as intrauterine infection, perinatal hypoxia, or labour complications can disrupt the 

balance of pro- and anti-inflammatory cytokines resulting in adverse neonatal outcomes. 

Between 25% and 40% of preterm births6, and between 8.8% and 23.5% of term births7, are 

complicated by intrauterine inflammation.  Chorioamnionitis is the inflammation of the fetal 

membranes resulting from ascending bacterial infection of the uterus, and is a confirmed risk 

factor for the development of cerebral palsy.5 Yoon et al found that among 123 preterm 

children, those with elevated amniotic IL-6 or IL-8 concentrations at the time of birth were 

significantly more likely to have developed cerebral palsy by the age of 3.8  Likewise, Shalak 

et al found that infants born to mothers with chorioamnionitis had elevated levels of IL-6 and 

IL-8 in umbilical cord blood, and those infants with the highest cytokine levels were more 

likely to develop hypoxic-ischemic encephalopathy (HIE).9  Additionally, Viscardi et al found 

that in preterm infants, elevated cerebrospinal fluid IL-6 and TNFα was associated with cranial 

ultrasound abnormalities.10  These clinical and epidemiological studies suggest that the release 

of pro-inflammatory cytokines due to infection during pregnancy is a significant mediator of 

neonatal brain injury, and could have long term implications on brain development in the 

infant. 

Animal based studies with induced perinatal infection/inflammation further support the 

contributory role of cytokines and inflammatory cells in perinatal brain injury.  

Lipopolysaccharide (LPS) is a membrane component of gram-negative bacteria that bind toll-

like receptors expressed on a variety of immune and non-immune cell types to stimulate an 

acute inflammatory response, and is a commonly used tool in the study of 

infection/inflammation in relation to neonatal brain injury.  Kallapur et al11 were the first to 

demonstrate in preterm fetal sheep that intraamniotic exposure to LPS (~20 mg) resulted in 

increased expression of IL-6, IL-8, and IL-1β in the chorion and amnion, as seen in 
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chorioamnionitis. Nitsos et al12 exposed preterm fetal sheep to LPS (1.1 mg/d for 28 days by 

amniotic infusion), and found that amniotic fluid IL-6 and IL-8 were both elevated at delivery. 

Additionally, most LPS exposed fetuses had focal areas of white matter injury, as well as a 

greater degree of activated microglia compared to control animals. In a similar study where 

preterm sheep were exposed chronically to intravenous LPS over 5 days, exposed fetuses had 

elevated plasma TNFα, increased number of activated microglia in the subcortical white 

matter, and also exhibited signs of white matter injury.13 This study demonstrated that 

inflammation in the absence of other major physiologic disturbances such as hypoxemia, 

hypercapnia, or acidemia is able to cause brain injury.  In rabbits, intrauterine infection  with 

e. coli administration at 80% gestation resulted in notable apoptotic cell death in fetal 

periventricular white matter, and in some cases cystic white matter lesions comparable to 

periventricular leukomalacia (PVL) seen in humans.14  More recently, maternal infection by E. 

coli has been associated with increased neuronal apoptosis in the hippocampus as well as 

subsequent impairment of spatial learning and memory abilities in rat pups15.  These studies 

together corroborate the notion derived from human studies that infection and subsequent 

elevation of pro-inflammatory cytokines plays a significant contributory role in the 

development of neonatal brain injury. 

1.1.2 Intrauterine Hypoxia and Brain Injury 

Intrauterine growth restriction (IUGR) is another known risk factor for neonatal brain injury 

which may lead to the development of long term neurological sequelae including cerebral 

palsy, autism, and schizophrenia,16-18 and is associated with chronic hypoxia during the latter 

part of pregnancy.19,20  Both clinical and experimental studies have linked IUGR with increased 

production of pro-inflammatory cytokines. McElrath et al 21 found that infants with IUGR, had 

increased risk of elevated pro-inflammatory cytokines including IL-1β, IL-6, TNF-α, and IL-8 

14 days after birth. In a study looking at IUGR in guinea pigs, gene expression for 22/113 

cytokines and/or receptors were upregulated in chronically hypoxic fetuses; among them were 

TNFα, IL-1β, and IL-1r1 receptor.22  These chronically hypoxic fetuses also exhibited 

decreased neuronal density and increased rates of apoptosis in the hippocampus.22 These 

studies indicate that chronic hypoxia in the days or weeks prior to birth may be a significant 

source of inflammation, and thereby has the potential to sensitize the neonatal brain to injury.  
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While either infection or hypoxia alone is sufficient to induce neonatal brain injury, there is 

evidence that infection can also predispose a fetus to hypoxic-ischemic brain injury. 

Epidemiological evidence indicates that the risk for developing cerebral palsy is greater in 

fetuses exposed to both infection and hypoxia compared to those exposed to hypoxia alone.23   

Similarly, exposure of 7 day old rat pups to LPS,  administered to either the peritoneal cavity 

or the cerebrospinal fluid, sensitized their brains to a subsequent hypoxic/ischemic insult that 

would otherwise be inert.24,25  Other studies have shown that rat pups exposed to LPS prior to 

a hypoxic insult had increased number of apoptotic cells26 and blood-brain-barrier damage.27  

Taken together, these studies indicate intrauterine infection can sensitize the fetal brain to 

hypoxic injury. A possible mechanism by which infection could promote hypoxic injury was 

suggested by Garnier et al28, whereby changes in cardiovascular function due to bacterial 

infection would result in altered cerebral blood flow. Indeed, intrauterine infection can alter 

fetal cardiovascular function resulting in reduced cerebral blood flow and subsequent hypoxic 

injury.29  Under normal circumstances, a fetus is able to alter brain metabolism and redistribute 

blood flow in order to maintain its  essential energy requirements and to avoid brain injury in 

response to a hypoxic insult.30 However increased systemic pro-inflammatory cytokines due 

to infection might impair the fetus’ ability to adapt to a hypoxic insult, thereby increasing the 

likelihood of injury.  

1.1.3 Labour Events and Inflammation 

Inflammation is a normal and essential aspect in the induction, maintenance, and termination 

of healthy pregnancies.31,32  Normal term labour is accompanied by increases in pro-

inflammatory cytokines IL-6, and IL-833, indicating that these cytokines play a role in the 

normal progression of labour. However adverse events near term, such as compression of the 

umbilical cord during labour leading to severe hypoxic-acidemia, can result in excessive 

production of pro-inflammatory cytokines, and in turn increase risk for neonatal morbidity.34,35 

Chiesa et al34 studied term neonates and found that IL-6 was elevated in the umbilical cord 

blood of neonates that had perinatal asphyxia and subsequently developed HIE (22(1.9-9743) 

pg/ml; P < 0.0001) compared to those without perinatal asphyxia. In a similar study, Silveira 

et al35 found that IL-6 and TNFα were elevated in the cerebrospinal fluid of neonates with HIE 

compared to normal controls, at 157.5 (66.8-288) pg/ml (p < 0.00001) and 14.7 (13.8-15.3) 

pg.ml (p < .00001), respectively. These studies reinforced the notion that pro-inflammatory 
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cytokines have a role in the pathogenesis of hypoxic brain injury.  Additionally, placental 

hypoperfusion resulting from compression of the umbilical cord during labour has been shown 

to stimulate secretion of IL-6 and TNFα by the placenta36, suggesting that labour itself is a 

possible trigger for the production of pro-inflammatory cytokines.   

 

1.2 Pro-inflammatory Cytokines and the Fetal Inflammatory 
Response 

1.2.1 Pro-inflammatory Cytokines and Pregnancy 

Cytokines are a class of small soluble peptides or glycoproteins produced by a variety of cell 

types including leukocytes and endothelial cells, among others.  They function primarily as a 

means of intracellular communication, with a plethora of autocrine, paracrine, and endocrine 

effects, and thus play an integral role in the regulation of the innate immune response.43  

Cytokines can be classified based on the effect they have on their effector cells; some cytokines 

are pro-inflammatory such as IL-1β, IL-8 and TNFα, some are anti-inflammatory such as IL-

10, and some can be pleiotropic like IL-6, having both pro- and anti-inflammatory effects 

depending on the target-cell type, cytokine concentration, and/or other environmental 

conditions.43  In vivo, cytokines are always acting among a milieu of other cytokines and 

messenger molecules, and so the end result of an inflammatory cascade usually depends upon 

a complex interplay between pro- and anti-inflammatory signals. 

Inflammation is a normal aspect of a healthy term pregnancy, with pro-inflammatory cytokines 

having essential functions at all stages including implantation, maintenance, and parturition. 

Implantation involves the adhesion of a blastocyst to the endometrium, followed by secretion 

of proteinases thus allowing for proliferation and invasion of trophoblasts. IL-1β promotes 

secretion of proteinases by trophoblasts37,38, while IL-6 increases their bioactivity.39  In 

addition, both IL-1β and IL-6 have been shown to promote proliferation of first trimester 

trophoblasts40.  Insufficient invasiveness of trophoblast cells leading to placental ischemia later 

in pregnancy is strongly associated with preeclampsia41, thus emphasizing the importance of 

these cytokines in the establishment of pregnancy.  After implantation, pro-inflammatory 

cytokines are also involved in the production and secretion of a variety of hormones throughout 

the course of pregnancy.   Production of human chorionic gonadotropin (hCG), is promoted by 
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IL-1β, IL-6 and TNFα among others; secretion of both corticotropin releasing hormone (CRH) 

and adrenocorticotropic hormone (ACTH) by the placenta is stimulated by IL-1β; and finally, 

estradiol production by placental cells is increased after exposure to IL-1β or TNFα.32 

Additionally, pro-inflammatory cytokines are involved in processes of parturition, including 

cervical ripening, rupture of the fetal membranes, and contraction of the uterus during labour.32  

Involvement of pro-inflammatory cytokines in these processes not only highlights their 

functional importance throughout pregnancy, but also illustrates the many points of 

vulnerability should an abnormal inflammatory response occur.   

1.2.2 The Fetal Inflammatory Response Syndrome 

The fetal inflammatory response syndrome (FIRS) was first defined by Gomez et al.42  in 

fetuses with premature labour or preterm premature rupture of membranes (PPROM) by a  cord 

blood IL-6 concentration of 11 pg/ml or greater, and was determined to be an independent risk 

factor for severe neonatal morbidity, most notably respiratory distress syndrome and sepsis. 

Presently, the literature has shown that a fetal inflammatory response may be triggered by both 

bacterial infection or by signals released from injured tissue, is not limited to fetuses with 

premature labour or PPROM, and involves many cytokines in addition to IL-6.  Accordingly, 

FIRS is now more broadly defined as the systemic activation of the fetal innate immune 

system.43  Gotsch et al43 suggested that the FIRS is a means for a fetus to escape a hostile 

intrauterine environment, whereby signals for infection/injury trigger the release of pro-

inflammatory cytokines by the fetus and placenta eventually leading to the induction of labour, 

citing the fact that infants who survived the neonatal period were more likely to show signs of 

an inflammatory response than an infant who died in the perinatal period.44   Despite its 

potential survival value, the FIRS has been linked to dysfunction or abnormalities in every 

major organ system, including the fetal brain.43  It is well established that a fetal inflammatory 

response can result from intrauterine infection12,13,24,25,43, IUGR21,22, and acute 

hypoxia/ischemia34,35. Therefore, neonatal morbidity associated with neonatal brain injury is 

likely to result from a culmination of all these factors.   
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1.3 The Placenta and Inflammation 

1.3.1 Neutrophils 

Neutrophils are the most abundant type of white blood cell, and are an integral part of the 

innate immune system.  When stained with hematoxylin and eosin (H&E) neutrophils appear 

light pink with a dark multilobular nucleus and visible granules within its cytoplasm.  Normally 

found in the systemic circulation, neutrophils migrate quickly to sites of injury or infection and 

are usually among the first immune cells to appear.  The extravasation of neutrophils from 

blood vessels is facilitated by the expression of specific cell adhesion molecules on endothelial 

cells in response to stimulants including bacterial LPS or cytokines such as IL-1β and TNFα.45  

Once at the site of inflammation neutrophils can phagocytose foreign microbes, release 

cytoplasmic granules containing a variety of antimicrobial molecules, or form neutrophil 

extracellular traps (NETs) which are networks of extracellular fibers with antimicrobial 

properties. 

The immune response to infection or injury in the placenta, like other tissues, consists firstly 

of a prompt arrival of neutrophils followed later by macrophages, T-cells and dendritic cells.46  

Neutrophils first appear in the subchorionic fibrin within 6-12 hours of the inflammatory 

stimulus, migrating from the maternal blood in the intervillous space.47  Second, neutrophils 

migrate from the maternal decidual vessels to the fetal amnion, chorion, and associated 

connective tissue, thus comprising the condition of histological chorioamnionitis.47  All 

neutrophils within the placenta are maternal in origin, with the exception of those found in the 

chorionic plate vessels, which are of fetal origin.48  Inflammation of the chorionic plate vessels 

and umbilical cord, termed chorionic vasculitis and funisitis, respectively, is indicative of a 

fetal inflammatory response.  This thesis will use neutrophil infiltration into the ovine placenta 

as an indicator of inflammation within the placenta.  

1.3.2 Macrophages 

Macrophages are a type of white blood cell found in tissues under a state of inflammation.  

Their general functions consist of, but are not limited to, phagocytosis of pathogens and cellular 

debris, antigen presentation, as well as modulation of the immune response through secretion 

of cytokines and chemokines.  Macrophages are present in the decidua, as well as in the 

placenta throughout pregnancy and are believed to have a variety of tissue-specific functions 
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including: vascular remodeling of the uterine lining during placentation, immunomodulation 

of the materno-fetal interface, and preparation of the cervix for parturition.49  Additionally, 

macrophages in the placenta and decidua can function as activators of the innate immune 

system in response to bacterial infection through activation of membrane bound pattern 

recognition receptors, for example Toll-like receptors (TLRs)49 or CD16350. 

CD163 is a scavenger receptor of the cysteine-rich superfamily (SRCR) expressed exclusively 

on macrophages and monocytes, including those found in the placenta.  It is best  characterized 

as a membrane receptor involved in the clearance of free hemoglobin in the blood resulting 

from the breakdown of red blood cells, thereby protecting tissue from oxidative damage.51 

Recently CD163 has been shown to bind gram-positive and gram-negative bacteria and trigger 

the production of pro-inflammatory cytokines52,  suggesting that CD163 may also be involved 

in the initiation of an innate immune response to bacterial infection. 

1.3.3 Mast Cells 

It is well established that mast cells play a vital role in reproductive processes, particularly 

during initiation and maintenance of pregnancy where they aid in tissue remodeling, 

angiogenesis, placentation, and spiral artery modifications.53 Additionally, there is evidence 

that excessive mast cell degranulation can lead to preterm labour, as might be seen in women 

with systemic mastocytosis54 or allergy-associated induction of preterm labour.55-57 

Conversely, Menzies et al58 found that mast-cell deficient mice underwent labour at the same 

time as wild-type controls, suggesting that the normal initiation of labour is not dependent on 

mast cell activity. In the context of hypoxia and/or ischemia, researchers have found that mast 

cells are the earliest responders to hypoxia-ischemia in the brain, likely by acutely affecting 

blood brain barrier permeability.59 In near term fetal sheep subjected to repetitive umbilical 

cord occlusion with severe acidemia, mast cells in the choroid plexus were increased two fold 

compared to controls.60  However, the role of mast cells in placental inflammation is not well 

studied. To our knowledge this is the first study looking at mast cells in the ovine placental 

cotyledon.  
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1.4 The Brain and Inflammation 

1.4.1 Microglia as the Primary Immune Cell Within the Brain 

Microglia are the innate immune cell of the central nervous system and their physiologic roles 

include phagocytosis of cellular debris, and induction of neuronal cell death during normal 

development. While in their resting state, microglia take on a ramified appearance. However, 

when exposed to certain stimuli such as inflammation61, infection13, neuronal death62, trauma 

and ischemia63, they can become activated and more numerous.  Activated microglia secrete a 

variety of inflammatory mediators including reactive oxygen species64, nitrous oxide65, pro-

inflammatory cytokines66,67, and quinolinic acid.68  Although these mediators are normally 

beneficial, prolonged activation of microglia can result in elevation of these mediators beyond 

normal physiologic levels, at which point they can become neurotoxic.  Aggregations of 

microglia have been found in the dentate gyrus of neonates exposed to hypoxia-ischemia.69  

Increased microglia activation has also been shown in the white matter of mid-term ovine 

fetuses exposed to either hypoxia-ischemia or systemic endotoxemia,70 as well as in the white 

matter and hippocampus of near-term ovine fetus exposed to hypoxia-ischemia60 or chronic 

systemic endotoxemia.13 Lehnardt et al71 showed that LPS induced oligodendrocyte death is 

dependent on toll-like receptor 4 (TLR4) which are expressed solely on microglia within the 

CNS. Similarly, pharmacological inhibition of microglia proliferation after CNS injury in vivo 

reduced neuronal injury compared to control animals.72   This evidence strongly implicates the 

role of activated microglia in the pathogenesis of brain injury. 

1.4.2 The Role of Mast Cells 

Mast cells are potent effector cells in the innate immune system that function primarily by 

storing and secreting a variety of biological molecules including histamines, prostaglandins, 

and cytokines.59,73  In the brain, there is increasing evidence that mast cell activity in response 

to hypoxia-ischemia can lead to brain injury.  In rat pups subjected to unilateral cerebral 

hypoxia-ischemia via ligation of the right common carotid artery, mast cell numbers were 

significantly increased in the ligated side compared to the non-ischemic side, and areas of high 

mast cell numbers were also those with increased activated microglia and brain injury.74  

Furthermore, inhibition of mast cell degranulation attenuated brain injury due to the hypoxic-

ischemic insult.74  In near term ovine fetuses subjected to repetitive umbilical cord occlusion 
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with severe acidemia, we found a two-fold increase in mast cell numbers in the choroid plexus 

compared to control animals.60 

1.5 Umbilical Cord Occlusions in the Ovine Fetus 

Variable fetal heart rate (FHR) decelerations are the most common non-reassuring FHR pattern 

seen intrapartum, and are caused by compression of the umbilical cord leading to fetal 

hypoxemia.75 If umbilical cord occlusions (UCO) during labour are of sufficient duration and 

severity, fetal acidemia may develop,76 and consequently the infant will be at greater risk of 

long term neurological sequelae.77,78 Itskovitz et al79, using the chronically catheterized ovine 

fetus, elucidated that the fetal heart rate response to UCOs was dependent on the degree of 

blood flow reduction in the umbilical cord, as well as on the UCO duration.  There have been 

many studies using the catheterized near-term ovine fetus to investigate the effects of UCOs 

on brain injury and inflammation, all with varying UCO duration, severity and frequency.  

Intermittent UCOs without cumulative acidemia, consisting of 90-second UCOs every 30 

minutes for 3 to 5 hours, is generally well tolerated by the ovine fetus, with minimal signs of 

necrotic cell injury80, and no signs of apoptotic cell injury.81  However, fetuses exposed to these 

intermittent UCOs did show widespread changes in brain structural proteins, including 

vimentin, glial fibrillary acidic protein, and  nestin.82  These studies indicate that while the fetal 

brain can tolerate limited hypoxic insults without suffering overt damage, more subtle changes 

can occur which may impact long term brain development. Prout et al60 subjected near-term 

ovine fetuses to a series of repetitive UCOs consisting of 1-minute occlusion every 5 minutes 

for 1 hour, 1-minute occlusion every 3 minutes for 1 hour, followed by 1-minute occlusions 

every 2 minutes until the fetus attained an arterial pH of < 7.0.  This study found that repetitive 

UCOs with severe acidemia resulted in a ~2-fold increase in IL-1β in the fetal circulation, a ~2 

fold increase in microglia numbers in the white matter and hippocampus, and a ~2-fold increase 

in mast cells within the thalamus and choroid plexus .60  This study demonstrated that repetitive 

UCOs with severe fetal acidemia can result in a fetal inflammatory response, both systemically 

and locally within the brain, which might then contribute to subsequent brain injury. 
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1.6 Rationale, Hypothesis, and Research Objectives 

1.6.1 Rationale 

Variable fetal heart rate (FHR) decelerations are the most common non-reassuring FHR pattern 

observed intrapartum, and are indicative of acute fetal hypoxia due to repetitive umbilical cord 

occlusion (UCO) with uterine contractions during labour.75  Repetitive UCOs of sufficient 

duration and frequency will result in worsening fetal acidemia, which can become severe 

defined as fetal arterial pH < 7.0.83  These infants are at risk of developing hypoxic-ischemic 

encephalopathy (HIE) and long term neurological sequelae, including cerebral palsy.78 

However, the majority of these infants will be without long term complications, indicating that 

other factors may be involved in the development of brain injury in addition to the degree of 

hypoxic-acidemia at birth.77 

Elevated pro-inflammatory cytokines are well associated with increased risk for fetal-neonatal 

brain injury.12,13, 24  The release of pro-inflammatory cytokines into the fetal circulation can be 

secondary to a variety of conditions, including infection both antenatal and intrapartum43, 

chronic hypoxemia with intra-uterine growth restriction during the antenatal period22, and 

acute hypoxia occurring during labour and leading to hypoxic-acidemia at birth.34,35, 43, 84 Since 

these insults can each on their own initiate an inflammatory response, there is the potential for 

them to act concomitantly contributing to brain injury.  As such, this thesis will study the 

additive effects of low-grade bacterial infection as might be seen in patients with histologic 

chorioamnionitis at the time of delivery, as well as chronic hypoxemia as seen with fetal growth 

restriction, on the fetal-placental inflammatory response to repetitive UCOs. 

The placenta is an important source of pro-inflammatory cytokines that under normal 

physiological conditions play an important role in the initiation, maintenance, and completion 

of healthy pregnancies.31  Cells in the placenta shown to produce pro-inflammatory cytokines 

include trophoblasts, stromal cells, vascular endothelial cells and macrophages.32 However 

studies have shown that placental hypoxia or hypoperfusion can also trigger the production of 

pro-inflammatory cytokines by the placenta with potential for release into the fetal 

circulation32,36, supporting the contention that reduced uterine or umbilical blood flow during 

labour with contractions can cause an increase in circulating pro-inflammatory cytokines in the 

fetus, thereby predisposing to hypoxic brain injury. This thesis will examine fetal plasma 
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cytokines as marker for systemic inflammation and amniotic fluid cytokines as marker of 

placental inflammation in the near term ovine fetus in response to repetitive UCOs. 

In the placenta neutrophils are recruited from the maternal blood through expression of cell 

adhesion molecules on endothelial cells in response to injury or infection.85 The presence of 

neutrophils in the amnion and chorion is considered to be the hallmark of placental 

inflammation with histological chorioamnionitis.47   Macrophages can be found within the 

placenta throughout pregnancy where they have a variety of functions.49  Notably, 

macrophages within the placenta can function as activators of the innate immune system in 

response to bacterial infection through activation of their membrane bound receptors such as 

toll-like receptors (TLRs) or CD163.49,50  Upon activation, macrophages can secrete reactive 

oxygen species, nitric oxide, and pro-inflammatory cytokines.49 Little is known of mast cells 

in the placenta and their role in the placental inflammatory response.  However they are widely 

recognized as key cellular components of inflammatory processes through the secretion of 

biologic mediators, including cytokines, histamine, and prostaglandins, among others.  This 

thesis will examine neutrophils, macrophages, and mast cells within the placental cotyledons 

of the near term ovine fetus as markers of a placental inflammatory response to repetitive 

UCOs.  

Within the fetal brain, microglia are the primary immune cells, which can become activated in 

response to injury or infection. Upon activation they can secrete various inflammatory 

mediators including reactive oxygen species64, nitrous oxide65, and pro-inflammatory 

cytokines65,66 , all of which can be neurotoxic. Mast cells are another type of immune cell that 

can be found sparsely within the fetal brain, and have been implicated in the pathogenesis of 

inflammatory brain injury.59,60,73  This thesis will examine microglia and mast cells within the 

brain of the near term ovine fetus as markers of a local inflammatory response to repetitive 

UCOs. Apoptosis and necrosis will additionally be assessed as markers for brain injury.   

1.6.2 Hypotheses 

1) Repetitive UCOs leading to severe fetal acidemia as might be seen clinically during labour 

with non-reassuring FHR decelerations, will initiate a placental inflammatory response with 

an increase in neutrophils, macrophages and mast cells in the placenta causing an increase in 

pro-inflammatory cytokines in the fetal circulation and amniotic fluid. Pre-existing chronic 
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hypoxia or low-grade inflammation, as might be seen with fetal growth restriction or histologic 

chorioamnionitis, will exacerbate the fetal-placental inflammatory response to repetitive 

UCOs. 

2) Repetitive UCOs leading to severe fetal acidemia and systemic inflammation, will initiate a 

brain inflammatory response with increased activated microglia and mast cells, and thereby an 

increase in necrotic and apoptotic cell death in the fetal brain.  Pre-existing chronic hypoxia or 

low-grade inflammation, as might be seen with fetal growth restriction or histologic 

chorioamnionitis, will exacerbate the fetal brain inflammatory and injury response to repetitive 

UCOs. 

1.6.3 Objectives 

1) To determine the change in neutrophil, macrophage, and mast cell numbers in the placental 

cotyledons, and in pro-inflammatory cytokines in the fetal circulation and amniotic fluid in 

response to repetitive UCOs with severe acidemia in the near-term ovine fetus, with and 

without pre-existing chronic hypoxia or low grade inflammation. 

2) To determine the change in microglia and mast cell numbers, and in necrotic and apoptotic 

cell death in the brain in response to repetitive UCOs with severe acidemia in the near-term 

ovine fetus, with and without pre-existing chronic hypoxia or low grade inflammation. 
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Chapter 2 

Repetitive Umbilical Cord Occlusions and Fetal Placental 
Inflammation 
2.1 Introduction 

Variable fetal heart rate (FHR) decelerations due to compression of the umbilical cord with 

resultant fetal hypoxemia are the most common non-reassuring FHR pattern observed 

intrapartum.1  Repetitive umbilical cord occlusions (UCOs) during labour of sufficient duration 

and frequency result in worsening fetal acidemia which if prolonged can become severe, 

defined as arterial pH < 7.0.2  Affected infants have an increased risk of developing hypoxic-

ischemic encephalopathy (HIE) and long term neurological sequelae, including cerebral palsy.3  

However, most infants with severe acidemia at birth will be without noted complications, 

suggesting that an infant’s susceptibility to hypoxic-asphyxial injury is multifactorial.4  

Epidemiological and clinical evidence indicates that an increase in pro-inflammatory cytokines 

during infectious processes, both antenatal and postnatal, contributes to the risk for perinatal 

brain injury.5  Subsequent animal-based studies with induced perinatal infection/inflammation 

further support the contributory role of cytokines and inflammatory cells in perinatal brain 

injury5-7, and also indicate a synergistic interaction between inflammation and hypoxia in the 

pathogenesis of brain injury.5,8,9  Similarly, both clinical and experimental evidence suggest 

that the pathogenesis of newborn HIE, in the absence of infection, is mediated by an increase 

in pro-inflammatory cytokines,5,10-12 suggesting hypoxia/asphyxia alone can trigger an 

inflammatory response.  Furthermore pro-inflammatory cytokines have also been implicated 

in the development of brain injury due to chronic intrauterine hypoxia leading to fetal growth 

restriction.13  In short, fetal inflammation can be secondary to a variety of conditions, including 

intrauterine infection, acute asphyxia intrapartum, and chronic hypoxia during the antenatal 

period, all of which have the potential to act concomitantly contributing to perinatal brain 

injury.   

The placenta is a major source of pro-inflammatory cytokines, which under normal conditions 

play a pivotal role in the initiation, maintenance and completion of healthy pregnancies.14 

However, placental hypoxia and/or hypoperfusion can trigger the release of cytokines by the 

placenta,15,16 supporting the contention that reduced uterine or umbilical blood flow due to 
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contractions during labour can cause an increase in circulating inflammatory cytokines in the 

fetus and thus predispose to hypoxic brain injury.   We therefore hypothesized that repetitive 

UCOs leading to severe fetal acidemia will stimulate a placental inflammatory response, along 

with a systemic inflammatory response within the fetus.  Macrophages, neutrophils, and mast 

cells were counted as measures of inflammation in the placental cotyledons at 48 hours of 

recovery, while fetal plasma interleukin (IL) 6 was assessed throughout the experiment as a 

measure of systemic inflammation in response to the repetitive UCOs with worsening 

acidemia. Amniotic fluid IL-6 and IL-1β were additionally assessed at select time points as 

further measures of placental and/or membrane inflammation, since any increase in these 

cytokines is likely attributable to placental/membrane production and release into the amniotic 

cavity.16  We also sought to examine the additional impact on these inflammatory responses of 

lower oxygenation and low-grade bacterial infection as might be seen clinically during labour 

with fetal growth restriction and placental chorioamnionitis.17-20 

 

2.2 Materials and Methods 

2.2.1 Surgical Preparation 

Thirty mixed breed ewes were surgically instrumented at 124-128 days gestation (term = 147 

days) (Figure 2.1).  Anesthesia, surgical procedures, and postoperative (postop) care of the 

animals have been previously described.21  General anesthesia was induced using 1 g of sodium 

pentothal (Abbott Laboratories Ltd., Montreal, Quebec, Canada) given intravenously, followed 

by 1% to 2% isoflurane in O2 for maintenance.  A polyvinyl catheter was placed in the maternal 

femoral vein for administering fluids and antibiotics and for blood sampling.  A midline 

incision was made in the lower abdominal wall to expose the uterus, which was palpated to 

determine fetal number and position.  Fetuses were partially exteriorized through an incision 

in the uterine wall.  Polyvinyl catheters were placed in the left and right brachiocephalic arteries 

for blood sampling and pressure recordings, and the right brachiocephalic vein for 

administering antibiotics.  Stainless-steel electrodes were placed biparietally on the dura to 

monitor electrocortical (ECoG) activity, as well as on the fetal chest to monitor 

electrocardiographic (ECG) activity.  In experimental animals, an inflatable silicone occluder 

cuff (OC14; In Vivo Metric, Healdsburg, California) was placed around the proximal portion  
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Figure 2.1.  Thirty near term ovine fetuses were chronically instrumented at 126 days gestation 

(term = 147 days), as shown above.  Animals were allowed to recover for 4 days prior to 

experimental study. 
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of the umbilical cord and secured to the abdominal skin.  The fetus was then returned to the 

uterus, a polyvinyl catheter was placed in the amniotic cavity for amniotic fluid sampling and 

pressure recordings, and the uterine and abdominal incisions were closed.  Antibiotics were 

administered to the mother (5 cm3 Tivetrin), fetus (1 cm3 Penicillin), and amniotic cavity (1 

cm3 Penicillin) at the end of surgery.  Animals were allowed to recover for four days, during 

which daily maternal and fetal blood samples were taken for blood gases and pH to monitor 

maternal and fetal health.  On postop day 2, a fetal arterial plasma sample (3 mL) was also 

taken for later cytokine analysis.  Catheters were flushed daily with saline in order to maintain 

patency. 

2.2.2 Experimental Procedure 

Animals were divided retrospectively into 4 groups based on postsurgical, sustained baseline 

blood oxygen status. Fetal baseline oxygen status was determined by averaging the arterial O2 

saturation of blood samples taken on each of the 4 postop recovery days, as well as at baseline 

on the day of the UCO experimental study.  Fetuses with average baseline arterial O2 saturation 

of < 55% comprised a low oxygen or hypoxic-UCO group (n = 5), since this level of 

oxygenation has been used to denote decreased oxygenation/spontaneous hypoxemia in the 

near term ovine fetus.22,23  The remaining fetuses with average baseline arterial O2 saturation 

≥ 55% were divided into a normoxic-UCO group (n = 9), LPS-UCO group (n = 6), and control 

group (n = 10). The LPS (E. Coli 055:B5, Sigma Aldrich, Oakville, Ontario, Canada), a 

bacterial endotoxin found on the outer membrane of gram-negative bacteria, was administered 

via hourly intra-amniotic injections of 2 mg/h beginning 1 hour prior to the first UCO to 

simulate a low-grade bacterial infection in LPS-UCO animals.24,25 The control group consisted 

of normoxic fetuses that underwent surgical preparation but were not subjected to UCOs. These 

animals were used only as tissue controls for histological examination of the placental 

cotyledons. 

Umbilical cord occlusions were induced by inflating occluder cuffs with varying volumes of 

saline.  The severity of occlusion was gauged by observing the magnitude of resultant FHR 

decelerations, with decelerations of 30, 60, and 90 bpm corresponding to umbilical blood  
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Figure 2.2. Schematic diagram of the experimental timeline. Each division represents a 

duration of 1 hour. Arrowheads indicate when animals in the LPS-UCO group received intra-

amniotic injections of LPS. LPS indicates lipopolysaccharide; UCO, umbilical cord 

occlusions.  
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flow reduction of approximately 50%, 75%, and 100%, respectively, as reported by Itskovitz 

et al.26 These targeted occlusions and associated FHR deceleration of 30, 60, and 90 bpm were 

deemed, “mild-partial”, “moderate-partial”, and “severe-complete” UCOs, respectively.  All 

UCOs were 1 minute in duration and occurred every 2.5 minutes. 

On the experimental day, a PowerLab system was used for data acquisition and analysis 

(LabChart 6, Adinstruments, Sydney, Australia) to record fetal arterial blood pressure, 

amniotic pressure, ECoG, ECG, and heart rate.  FHR was triggered and calculated online from 

arterial pressure systolic peaks.  All fetuses were monitored for a 1- to 2-hour baseline control 

period. Experimental fetuses were then subjected to series of repetitive UCOs consisting of 1 

hour of mild partial, 1 hour of moderate partial, and up to 2 hours of severe complete UCOs 

(Figure  2.2).  UCOs were discontinued if fetal arterial pH dropped below 7.00, or after two 

hours of severe complete UCOs.  The ewe and fetus were allowed to recover for 48 hours after 

the end of the UCOs, at which time they were euthanized with a barbiturate overdose (30 mg 

sodium pentobarbital, MTC Pharmaceuticals, Cambridge, Ontario, Canada). 

Fetal arterial blood samples (1 mL) were taken at baseline, at the end of a representative UCO 

of each UCO series, every 20 minutes between UCOs, and after 1, 24, and 48 hours of recovery.  

Blood samples were analyzed for blood gases, pH, glucose, and lactate using an automated 

blood gas analyzer (ABL 725, Radiometer Medical, Copenhagen, Denmark) with temperature 

corrected to 39.0°C.   Additional blood samples (3 mL) were collected at baseline prior to 

UCOs, immediately after the final UCO, and at 1 and 48 hours of recovery.  These samples 

were immediately centrifuged at 3400 rpm for 5 minutes at 4° C, with the supernatant (plasma) 

then transferred to a fresh microfuge tube and frozen at -80° C for later analysis of pro-

inflammatory cytokines.  Amniotic fluid samples (3 mL) were taken at baseline prior to UCOs, 

and after 1 and 48 hours of recovery.  These samples were also centrifuged at 3400 rpm for 5 

minutes at 4° C, with the supernatant then transferred to a fresh microfuge tube and frozen at -

80° C for later analysis of pro-inflammatory cytokines.  At the end of the experimental day, 

fetuses were given a transfusion of maternal blood with volume equal to the total volume of 

blood sampled that day.   
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2.2.3 Tissue Histochemical Analysis 

Placental cotyledons that appeared to be of average size were collected from each fetus at 

necropsy.  Cotyledons were immersed in 4% paraformaldehyde for 24 hours, then in fresh 

phosphate buffered saline (PBS) for three days, followed by 70% ethanol for 7 days, then 

blocked and embedded in paraffin for histological analysis. 

Macrophages within the cotyledon were visualized by immunohistochemical staining with a 

mouse anti-CD163 antibody.27,28 Staining was performed using an avidin/biotin based 

peroxidase method (Vectastain Elite Kit, Vector Laboratories, Burlingame, California). Tissue 

sections were deparaffinized with three 5-minute washes in xylene, then rehydrated in a series 

of ethanol baths (100%, 100%, 90%, 90%, 70%) lasting 2 minutes each.  Tissue sections were 

then rinsed once in pure water for 5 minutes followed by two 5-minute washes in PBS.  For 

antigen retrieval, tissues were boiled in 10 mmol/L citrate buffer for 30 minutes, cooled to 

room temperature for 30 minutes, then rinsed with two 5-minute washes in PBS.  Endogenous 

peroxidase activity was quenched by incubating tissues in 3% H2O2 (Fischer Scientific, 

Ottawa, Ontario, Canada) for 10 minutes followed by two 5-minute washes in PBS.  

Endogenous biotin was blocked by incubating tissues in avidin solution followed by biotin 

solution for 15 minutes each.  To reduce non-specific staining, slides were incubated in 

Background Sniper (Biocare Medical, Concord, California) for 7 minutes at room temperature 

then rinsed in PBS.  Tissue sections were then incubated in mouse anti-CD163 monoclonal 

antibody (1:1000, Acris, San Diego, California) overnight (~20 hours) at 4° C, rinsed with 

three 5-minute washes in PBS, incubated with secondary antibody (1:200, biotinylated anti-

mouse immunoglobulin G [IgG]; Vector Laboratories) for 30 minutes at room temperature, 

and again rinsed with three 5-minute washes in PBS.  Tissue sections were then incubated with 

streptavidin-peroxidase solution (Vector Laboratories) for 45 minutes at room temperature, 

rinsed with three 5-minute washes in PBS, and finally incubated with diaminobenzidine 

(Biocare Medical) for exactly 2 minutes to develop the stain.  Tissue sections were then 

dehydrated in a series of ethanol baths (70%, 70%, 90%, 100%, 100%) followed by 3 5-minute 

washes in xylene and finally cover-slipped using Permount (Fischer Scientific). Negative 

controls were produced using the protocol described above but omitting the primary antibody 

and confirmed absence of staining. 
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Neutrophils within the cotyledons were identified by visual examination of hematoxylin and 

eosin (H&E)-stained slides.  Tissue sections were deparaffinized with three 5-minute washes 

in xylene, then rehydrated in a series of ethanol baths (100%, 100%, 90%, 90%, 70%) lasting 

2 minutes each. Tissue sections were then rinsed once in pure water for 5 minutes before being 

immersed in Haris Modified Haematoxylin stain (Fischer Scientific) for 10 seconds.  Stain was 

differentiated in 1% acid ethanol (2 mL HCl in 198 mL 70% ethanol) for approximately 1 

second, and then flushed under running water for 1 minute. Next, sections were stained with 

eosin (1% eosin Y in 95% ethanol and 0.5% glacial acetic acid, Fischer Scientific) for 

approximately 1 second.  Tissue sections were then dehydrated in a series of ethanol baths 

(70%, 70%, 90%, 100%, 100%) followed by 3 5-minute washes in xylene and finally cover-

slipped using Permount (Fischer Scientific).  

Mast cells within the cotyledon were identified by staining with toluidine blue.  Tissue sections 

were deparaffinized with three 5-minute washes in xylene, then rehydrated in a series of 

ethanol baths (100%, 100%, 90%, 90%, 70%) lasting 2 minutes each. Sections were then rinsed 

once in pure water for 5 minutes followed by two 5-minute washes in PBS, followed by 

immersion in toluidine blue solution (5 mg/mL toluidine blue in 0.1M HCl) for 10 minutes.  

Sections were rinsed under running water for 5 minutes before a quick (10 sec) dip in acid 

alcohol (0.5 mL of glacial acetic acid in 200 mL of 95% ethanol), then dehydrated in a series 

of alcohol baths (70%, 90%, 100%) for 30 seconds each, and finally cover-slipped using 

Permount (Fischer Scientific). 

Cotyledon sections were cut vertically through the centre such that each section contained 

tissue from the entire depth of the cotyledon (Figure 2.3).  For analysis, sections were divided 

into thirds depthwise, with the “fetal zone” consisting of the region most proximal to the fetus, 

the  “zona intima” consisting of the region most proximal to the mother, and the “intermediate 

zone” consisting of the region in between.  Image analysis was performed using a transmitted 

light microscope (Leica DMRB, Leica-Microsystems, Wetzler, Germany).  For each stain, four 

high-power field (HPF) photomicrographs (400x magnification) were taken per cotyledon 

region.  For the macrophage analysis, endocytosis and breakdown of red blood cells by 

chorionic epithelial cells was noted to result in nonspecific binding of the CD163 antibody, 

thus those areas were avoided when imaging.  Macrophages were identified by contiguous, 

dark cytoplasmic staining by DAB and were  
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Figure 2.3. Schematic diagram of a vertical section from an ovine cotyledon. Fetal zone 

images were taken in the chorionic plate above the hemophagous (hem) zone. Intermediate 

zone images were taken in the middle third of the cotyledon, below the hemophagous zone and 

above the zona intima. Zona intima images were taken within the zona intima. Figure from 

Burton et al 1976.29 CD indicates central depression of the cotyledon; ChA, chorioallantois; 

str, stroma; v, chorionic villi.  
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counted manually (Figure 2.4A). Neutrophils were identified from H&E stained sections by 

their round pink cytoplasm and multilobular nucleus (Figure 2.4B), while mast cells were 

identified by their metachromatic cytoplasmic granules, with these inflammatory cells again 

counted manually.  For all analysis, care was taken to avoid counting cells in areas of 

extravasated blood or within blood vessels.  All slides for each staining procedure were 

processed on the same day using the same solutions in order to minimize variation in staining.  

Tissue staining and scoring of cell counts was performed by a single experimenter in a blinded 

fashion to control and experimental groups. 

2.2.4 Enzyme-Linked Immunosorbent Assay Analysis 

Pro-inflammatory cytokines in plasma (IL-6) and amniotic Fluid (IL-6 and IL-1β) were 

analyzed by sheep-specific enzyme-linked immunosorbent assays (ELISA).  First, 96-high 

capacity microtitre well plates were precoated with the capture antibody, using either mouse 

anti-sheep IL-6 (MCA1659; AbD Serotec, Raleigh, North Carolina) or mouse anti-sheep IL-

1β (MCA1658 AbD Serotec) at a concentration of 4 μg/mL overnight at 4° C.  Plates were then 

washed 3 times with PBST (0.05% Tween 20 in PBS, pH 7.4), blocked by incubating with 

assay buffer (1% BSA in PBST) for 1 hour at room temperature, then washed again 3 times 

with PBST.  Protein standards were prepared by serial dilution of either recombinant ovine IL-

6 (Cat No. 968305, Lot No. IL6-911, Protein Express, Cincinnati, Ohio) or recombinant ovine 

IL-1β (Cat No. 968405, Lot No. IL1β-911, Protein Express) in assay buffer.  Amniotic fluid 

and plasma samples were loaded in duplicate and incubated for 2 hours at room temperature.  

If necessary, samples were centrifuged then diluted in assay buffer before being loaded, 

ranging from 1:2 to 1:500.  Unbound proteins were removed by washing 3 times with PBST.  

Plates were then incubated with detection antibody for 30 minutes at room temperature then 

washed 5 times with washing buffer.  Plates were then incubated with detection antibody with 

either rabbit antisheep IL-6 (1:250 dilution, AHP 424; AbD Serotec) or rabbit antisheep IL-1β 

(1:250 dilution, AHP 423; AbD Serotec) for 30 minutes at room temperature then washed 5 

times with washing buffer. Next, 50 µL of rabbit antisheep IgG-HRP (1:5000, Cat no 111-035-

144, Lot no 98733; Jackson ImmunoResearch, West Grove, Pennsylvania) diluted in assay 

buffer were added to each well, plates were incubated for 30 minutes at room temperature, and 

then washed 7 times with washing buffer (with 1 minute incubation between washes).  Finally, 

50 µL of 
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Figure 2.4. Representative photomicrographs (400X) of cotyledon sections from the zona 

intima, (A) stained with CD163 antibody and counterstained with hematoxylin, with 

macrophages exhibiting dark, contiguous cytoplasmic staining and (B) stained with 

hematoxylin and eosin, with neutrophils within the extravascular cotyledon tissue identified 

manually by their pink cytoplasm and multilobular nucleus (arrow). Scale bar = 20 µm.  
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3,30,5,50-tetramethylbenzidine (TMB) substrate solution (BD OptEIA TMB substrate Reagent 

Set, Cat No. 555214; BD Biosciences, Mississauga, Ontario, Canada) was added to each well 

and incubated for 10 to 15 minutes at room temperature. The reaction was stopped by adding 

25 µL of 2 N sulfuric acid to each well. Plates were then read on an ELISA plate reader at 450 

nm with 570 nm wavelength correction (EnVision 2104 Multilabel Reader; Perkin Elmer, 

Waltham, Massachusetts). The sensitivity of the IL-6 ELISA was 16 pg/mL, while the 

sensitivity of the IL-1β ELISA was 1.12 ng/mL. For all assays, the intraassay and interassay 

coefficients of variation were <5% and <10%, respectively. 

2.2.5 Data Analysis 

Differences in arterial blood gases, pH, and metabolites were analyzed using a nonparametric 

1-way analysis of variance test (Kruskal-Wallis) with Dunn posttest for comparisons across 

time points and unpaired T tests for comparisons between groups. Differences in macrophage 

and neutrophil counts among the 4 experimental groups were analyzed using a nonparametric 

1-way analysis of variance test (Kruskal-Wallis) with Dunn posttest for comparing each 

experimental group to the control group. Differences in plasma and amniotic fluid IL-6 and 

IL-1 across the various time points were analyzed using a nonparametric 1-way analysis of 

variance test (Kruskal-Wallis) with Dunn posttest for comparing each time point to baseline 

levels. All statistical analysis was done using Graphpad Prism (Graphpad Software, La Jolla, 

California). All values shown are expressed as means ± standard error of the mean. Statistical 

significance was assumed for P <.05. The ECOG, ECG, and arterial blood pressure findings 

have been reported separately.30-32  

2.3 Results 

2.3.1 Fetal Heart Rate Changes 

Normoxic-UCO animals had average FHR of 159 ± 5 bpm at baseline and showed FHR 

decelerations of 39 ± 8, 59 ± 4, and 99 ± 7 bpm as was intended during the targeted mild partial, 

moderate partial, and severe complete UCOs, respectively. Hypoxic-UCO animals had average 

FHR of 168 ± 5 bpm at baseline and showed FHR decelerations of 29 ± 13, 54 ± 17, and 77 ± 

15 bpm during the mild, moderate, and severe UCOs, respectively, which did not differ from 

that of the normoxic-UCO animals. Finally, LPS-UCO animals had average FHR of 160 ± 3 

bpm at baseline and showed FHR decelerations of 33 ± 9, 51 ± 10, and 91 ± 12 bpm during the 
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mild, moderate, and severe UCOs, respectively, which again did not differ from that of the 

normoxic-UCO animals.  

2.3.2 Fetal Arterial Blood Gas, pH, and Metabolites 

Oxygen saturation and PaO2 at baseline day 1 of study for the normoxic-UCO and LPS-UCO 

groups were within the normal physiologic range, averaging 59% ± 5% and 23.0 ± 0.6 mmHg 

and 57% ± 3% and 23.0 ± 0.6 mmHg, respectively, while that of the hypoxic-UCO group was 

lower, at 40% ± 7% and 16.1 ± 1.8 mmHg (all P < .05). All 3 experimental animal groups had 

normal PaCO2 and pHa values at baseline, which averaged 50.0 ± 1.1, 53.3 ± 1.7, and 51.4 ± 

1.0 mmHg and 7.35 ± 0.01, 7.34 ± 0.01, and 7.35 ± 0.01 for the normoxic-UCO, hypoxic-

UCO, and LPS-UCO groups, respectively. A transient decrease in PaO2 was observed during 

each moderate and severe UCO, at approximately 8 and 13 mmHg, 8 and 12 mmHg, and 8 and 

11 mmHg for the normoxic-UCO, hypoxic-UCO, and LPS-UCO animals, respectively (all P 

< .05; Figure 2.5). The LPS-UCO group also showed a transient decrease in PaO2 of 5 mmHg 

during each mild UCO (P < .05). PaO2 recovered rapidly after the release of the occluder cuff 

and there were no significant changes from respective baseline values as measured at the end 

of each of the UCO series for any of the 3 experimental groups. PaCO2 changed little during 

each mild and moderate UCO but increased during the severe UCOs by approximately 14, 17, 

and 13 mmHg in the normoxic-UCO, hypoxic-UCO, and LPS-UCO groups, respectively (all 

P < .05; Figure 2.5). The increase in PaCO2 values continued to be evident at the end of the 

severe UCO series for all 3 experimental groups but recovered to baseline by 1 hour of 

recovery. Fetal arterial pH likewise changed little during each mild and moderate UCO but 

decreased during the severe UCOs to 7.24 ± 0.01 and 7.10 ± 0.06 in the normoxic-UCO and 

hypoxic-UCO groups, respectively (both P < .05; Figure 2.5). Accordingly, there was a 

cumulative decrease in pHa with the repetitive UCOs, which became significant for the 

normoxic-UCO and hypoxic-UCO groups by the end of the moderate UCO series at 7.28 ± 

0.01 and 7.19 ± 0.05, respectively (both P < .05); and for all 3 experimental groups by the end 

of the severe UCO series at 7.00 ± 0.03, 7.01 ± 0.03, and 7.07 ± 0.06 for the normoxic-UCO, 

hypoxic-UCO, and LPS-UCO groups, respectively (all P < .05; Figure 2.5). Despite up to 2 

hours of severe UCOs, 1 normoxic-UCO animal only reached a nadir pH of 7.19, 1 hypoxic-

UCO animal only  
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Figure 2.5. Graph of fetal arterial PO2, PCO2, and pH (mean ± standard error of the mean 

[SEM]) throughout the UCO and recovery periods. “During” measurements were taken during 

the final 10 seconds of a UCO, while ‘‘end’’ measurements were taken at the end of each UCO 

series between UCOs. *P < .05 compared to respective baseline values. UCO indicates 

umbilical cord occlusion.  
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reached a nadir pH of 7.06, and 1 LPS-UCO animal only reached a nadir pH of 7.14. 

Additionally, in 2 of the LPS-UCO animals, there was difficulty attaining complete inflation 

of the occluder cuff throughout the severe UCO series as indicated by the pressure recording 

from the occluder, with these animals only reaching nadir pHs of 7.25 and 7.20. The average 

time between onset of UCOs and reaching the target nadir pH of 7.00 was shorter in the 

hypoxic-UCO animals at 151 ± 16 minutes compared to the normoxic-UCO animals at 203 ± 

14 minutes (P < .05). Although pHa values showed improvement when measured at 1 hour of 

recovery, they continued to be significantly decreased from respective baseline values for all 

3 experimental groups (all P < .05; Figure 2.5).  

Glucose values at baseline were similar for all 3 experimental groups averaging 1.1 ± 0.1 

mmol/L and showed no significant change until the end of the severe UCO series when 

increased to 2.0 ± 0.2, 2.1 ± 0.2, and 1.7 ± 0.2 mmol/L for the normoxic-UCO, hypoxic-UCO 

and LPS-UCO groups, respectively (all P < .05; Figure 2.6). Lactate values at baseline were 

also similar for the 3 experimental groups averaging 2.0 ± 0.4 mmol/L and again showed no 

significant changes until the end of the severe UCO series when increased to 10.3 ± 1.7, 10.0 

± 2.0, and 10.5 ± 1.6 mmol/L for the normoxic-UCO, hypoxic-UCO, and LPS-UCO groups, 

respectively (all P < .05; Figure 2.6). Although lactate values were somewhat decreased when 

again measured at 1 hour of recovery, they continued to be significantly increased from 

respective baseline values for all 3 experimental groups (all P < .05; Figure 2.6). Of note, one 

of the LPS-UCO animals whose blood gas, pH, and metabolite values appeared to be 

normalizing when measured at 1 hour of recovery, nonetheless had extremely acidotic values 

when measured at 24 hours of recovery, pH 6.86, and lactate 17.0 with this animal then 

immediately sacrificed. Accordingly, while this animal’s measurements up until 1 hour of 

recovery have been included in the LPS-UCO results, they have been excluded thereafter.  

Fetal arterial oxygen saturation, PO2, PCO2, pH, glucose, and lactate values for the control 

group animals, whose tissues were collected as controls for the experimental group animals 

and studied at the same gestational age, were also within the normal physiologic range 

averaging 56% ± 3%, 21.0 ± 0.9 mmHg, 52.3 ± 1.2 mmHg, and 7.35 ± 0.01, respectively.  
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Figure 2.6. Graph of fetal arterial glucose and lactate (mean ± standard error of the mean 

[SEM]) throughout the UCO and recovery periods. “During” measurements were taken during 

the final 10 seconds of a UCO, while “end” measurements were taken at the end of each UCO 

series between UCOs. *P < .05 compared to respective animal group baseline values. UCO 

indicates umbilical cord occlusion.  
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2.3.3 Placental Immunohistochemistry 

In the control group animals, macrophage cell counts were significantly higher within the fetal 

zone at 13.7 ± 2.0 cells/HPF than in the intermediate zone and zona intima at 7.9 ± 1.6 and 7.0 

± 0.9 cells/HPF, respectively (Figure 2.7; both P < .05). However, the 3 experimental UCO 

groups showed similar macrophage cell counts to that of the control group for each of the 

cotyledon zones examined with no significant differences noted (Figure 2.7). In the control 

group animals, neutrophils were found to be absent within the fetal zone, while significantly 

higher in the intermediate zone at 0.7 ± 0.3 cells/HPF and the zona intima at 0.6 ± 0.1 cells/HPF 

(Figure 2.8; both P < .05). In the 3 experimental groups, neutrophils were again found to be 

largely absent within the fetal zone, and cell counts within the intermediate zone were not 

significantly different from control animals (Figure 2.8). However, in the zona intima, 

neutrophil cell counts were approximately 2-fold higher than that of the control group at 1.2 ± 

0.2, 1.4 ± 0.2, and 1.4 ± 0.3 cells/HPF in the normoxic-UCO, hypoxic-UCO, and LPS-UCO 

groups, respectively (Figure 2.8; all P < .05), although these did not differ from one another. 

There was additionally no correlation between baseline oxygen status the day of UCO study 

or averaged postoperatively and zona intima neutrophil cell counts for any of the UCO study 

groups. There were no mast cells seen in any of the cotyledon zones for either the control or 

any of the UCO experimental groups of animals.  

2.3.4 Plasma and Amniotic Fluid Cytokines 

Fetal plasma and amniotic fluid cytokine levels as assessed at select time points throughout the 

study are shown in Table 1. IL-6 was undetectable (concentration <0.016 ng/mL) in fetal 

plasma on postop day 2 for all 3 experimental groups, indicating that any increase in this 

cytokine as a measure of systemic inflammation that might have occurred as a result of the 

surgical procedure was no longer evident. IL-6 was also undetectable in fetal plasma at baseline 

for all 3 experimental groups and continued to be undetectable throughout the UCO and 

recovery periods for the normoxic-UCO and hypoxic-UCO groups. However, plasma IL-6 

values began to increase in the LPS-UCO group animals by the end of the severe UCOs and 

significantly so after 1 hour recovery at 0.22 ± 0.11 ng/mL when compared to respective 

baseline values (P < .05). Of note, this increase in plasma IL-6 values in the LPS-UCO animals 

at 1 hour recovery was highly correlated with the fetal arterial pH nadir at the end of the UCOs 

and thereby the degree of fetal acidemia attained (Spearman r = -.97). Fetal plasma  
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Figure 2.7. Bar graph of CD163-positive macrophages (mean ± standard error of the mean 

[SEM]) within the cotyledon zones expressed as cells/high-power field (HPF). *P < .05 

compared to fetal zone control values. UCO indicates umbilical cord occlusion.  
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Figure 2.8. Bar graph of neutrophils (mean ± standard error of the mean [SEM]) within the 

cotyledon zones expressed as cells/high power field (HPF). *P < .05 compared to fetal zone 

control values; +P < .05 compared to respective control group values. UCO indicates umbilical 

cord occlusion.  
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IL-1β was also analyzed at these same time points in the 3 UCO experimental groups. 

However, results here were extremely variable with values often outside the reference range 

and possibly due to interference with the primary antibody from the assay buffer used in this 

analysis. Accordingly, these results have not been reported.  

Amniotic fluid IL-6 and IL-1β baseline values were similar for all 3 UCO experimental groups, 

averaging 0.08 ± 0.03 and 0.69 ± 0.14 ng/mL for IL-6 and IL-1β, respectively (Table 1). 

Although amniotic fluid IL-6 values in the normoxic-UCO and hypoxic-UCO groups remained 

consistent at 1 and 48 hours of recovery, LPS-UCO animals showed an ~16-fold increase at 

these time points, although this was not significant due to the high degree of variance in the 

response. Likewise, IL-1β values in the normoxic-UCO and hypoxic-UCO groups remained 

consisten at 1 and 48 hours of recovery, whereas the LPS-UCO animals showed an ~10-fold 

(nonsignificant) and 50-fold increase (P < .05) at these respective time points, although again 

with considerable variance in this response.  
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 Postop D2 Baseline End UCO 1 Hour Rec 48 Hours Rec 

Plasma IL-6      

Normoxic-UCO ND ND ND ND ND 

Hypoxic-UCO ND ND ND ND ND 

LPS-UCO ND ND 0.07 ± 0.04 0.22 ± 0.11b 0.03 ± 0.01 

Amniotic Fluid IL-6      

Normoxic-UCO − 0.14 ± 0.06 − 0.10 ± 0.09 0.17 ± 0.08 

Hypoxic-UCO − 0.03 ± 0.01 − 0.02 ± 0.01 0.05 ± 0.02 

LPS-UCO − 0.07 ± 0.03 − 1.13 ± 0.82 1.19 ± 0.97 

Amniotic Fluid IL-1β      

Normoxic-UCO − 0.91 ± 0.45 − 0.90 ± 0.48 0.35 ± 0.14 

Hypoxic-UCO − 0.73 ± 0.35 − 0.62 ± 0.49 0.18 ± 0.05 
LPS-UCO − 0.42 ± 0.19 − 4.41 ± 1.16 22.3 ± 12.7b 

Table 2.1. Plasma and Amniotic Fluid Cytokine Measurements (ng/mL).
a  

 

  

 

Abbreviations: IL, interleukin; LPS, lipopolysaccharide; ND, not detectable; Postop, 

postoperative; rec, recovery; SEM, standard error of the mean; UCO, umbilical cord 

occlusion. 
a
Data are presented as means ± SEMs. 

b
P < .05 compared to respective baseline values; not detectable (concentration <0.016 

ng/mL). 
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2.4 Discussion   

Variable FHR decelerations due to compression of the umbilical cord during contractions are 

the most common nonreassuring FHR pattern seen during human labour, and when frequent 

and/or severe can give rise to concerning fetal acidemia at birth.33 The relationship between 

the cardiovascular response and reductions in umbilical blood flow from compression of the 

umbilical cord has been characterized in the ovine fetus by Itskovitz et al26 who found that the 

magnitude of FHR decelerations was dependent on the degree of UCO, and that a blood flow 

reduction of at least 50% was required to elicit a cardiovascular response. In order to induce 

worsening fetal acidemia with repetitive UCOs, as might occur clinically during human labour, 

we used a UCO paradigm consisting of 60-second UCOs occurring every 2.5 minutes, with 1 

hour of mild-partial cord occlusions, followed by 1 hour of moderate-partial cord occlusions, 

then up to 2 hours of severe-complete cord occlusion. The degree of occluder cuff inflation for 

the mild-partial and moderate-partial occlusions was titrated to affect an FHR response 

associated with a 50% (~25 bpm decelerations) and 75% (~65 bpm decelerations) reduction in 

umbilical cord blood flow, respectively, whereas severe complete occlusions involved 

maximal inflation of the occluder cuff and a complete cessation in umbilical blood flow as 

determined by Itskovitz et al.26  We were able to attain FHR decelerations in the 3 UCO animal 

groups, similar to those seen by Itskovitz as intended, and thereby indicating ~50%, ~75%, and 

100% reductions in umbilical cord blood flow for the mild partial, moderate partial, and severe 

complete UCOs, respectively. However, since umbilical blood flow was not monitored in the 

present study, it is possible that the cardiovascular response to induced UCOs differed among 

the 3 UCO groups and thereby the umbilical blood flow reductions invoked for the mild partial 

and moderate partial UCO series.  

In the normoxic-UCO animals, the mild partial, moderate partial, and severe complete UCOs 

resulted in transitory fetal hypoxemia and hypercapnia of increasing severity the greater the 

reduction in umbilical blood flow. This response was overall similar to that reported by 

Itskovitz et al26 taking into account that their UCOs were of 40-second duration rather than 60 

seconds, and that they directly titrated to the decrease in umbilical blood flow. These repetitive 

UCOs resulted in a cumulative acidosis of a modest degree by the end of the moderate partial 

UCOs, fetal arterial pH to 7.28, and of a marked degree by the end of the severe complete 

UCOs, with pH on average to 7.00 and with 8 of the 9 animals reaching the targeted pH. This 
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worsening acidosis was both respiratory and metabolic in nature with the sustained increase in 

PCO2 and lactate values noted. The hypoxic-UCO animals displayed lower PaO2 values at each 

of the time points studied and not surprisingly took ~50 minutes less on average than the 

normoxic-UCO animals to reach the targeted pH with the repetitive UCOs as studied. Although 

the arterial PO2 and PCO2 changes for the LPS-UCO animals were similar to that of the 

normoxic-UCO animals, it is of note that only 3 of the 6 animals here attained the targeted pH 

of 7.00. This can be attributed in part to the difficulty in 2 of the animals with complete inflation 

of the occluder cuff during the severe UCO series as previously noted but may also relate to 

increased uterine blood flow in these animals with the LPS administration and thereby 

increased oxygen delivery as we have also speculated in the human fetus where oxygenation 

is increased with chorioamnionitis.34  

In all 3 UCO groups, fetal glucose levels increased with repetitive severe complete UCOs to 

1.9 mmol/L on average by the end of the UCOs, likely reflecting an increase in fetal 

glycogenolysis as previously reported in the ovine fetus with sustained hypoxemia and a rise 

in catecholamine levels.35 Fetal lactate levels were likewise similarly increased in all 3 UCO 

groups to 10.3 mmol/L on average by the end of the severe complete UCOs, thereby 

contributing to the marked acidemia at this time as the principal fixed acid leading to metabolic 

acidosis in the fetus.36 This increase in lactate levels presumably reflects the cumulative 

increase in lactate after each cord occlusion and more so for the severe complete UCOs as we 

have previously shown.37  

In the control group animals, no extravascular neutrophils were seen in the chorionic plate or 

fetal zone of the cotyledon while low levels were seen in the intermediate zone and zona intima 

encompassing interdigitating fetal and maternal cotyledon tissues. The presence of neutrophils 

in these areas without apparent inflammatory stimuli is likely due to their close proximity to 

the high volume flow of maternal blood here. In all 3 UCO groups, no differences in neutrophil 

counts were observed in the fetal and intermediate zones compared to that of the control 

animals. However, in the zona intima, neutrophil counts were similarly increased ~2-fold in 

all 3 UCO groups, with no additive effect from underlying hypoxia or LPS. This indicates that 

repetitive UCOs leading to severe fetal acidemia can induce a neutrophil inflammatory 

response within the placenta. Initiating stimuli likely involves placental hypoxia and/or 
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hypoperfusion resulting from the UCOs, which have been shown to increase inflammatory 

cytokines within placental tissues from leukocyte infiltration/activation, decidual stromal cells, 

and placental trophoblast and endothelial cells.15,16 The finding that this UCO-related increase 

in neutrophils was confined to the zona intima of the ovine fetal cotyledon would also suggest 

that this was largely maternal in origin, which is the source of most neutrophils within the 

placenta.38 Although it is somewhat surprising that LPS given intraamniotic did not have an 

apparent effect on neutrophil counts as studied, since infiltration of neutrophils in the fetal 

membranes is a hallmark of chorioamnionitis5. This may be due to the fact that the 

extraplacental fetal membranes were not examined but rather the fetal zone of the ovine 

cotyledon. Although this included the chorionic plate membranes overlying the cotyledon 

depression, the membranes here will be adjacent to fetal tissue and thereby less reflective of a 

maternal inflammatory response than might be expected in the extraplacental membranes that 

are adjacent to the maternal decidua. Although the cotyledon tissues were collected 48 hours 

after the UCOs and LPS administration, and some of the neutrophil inflammatory response 

from these stimuli might now be lessened or no longer evident, this seems unlikely since 

similar LPS administration results in persistence of an inflammatory cell infiltrate in the 

extraplacental membranes for several days.24,25  

Macrophages are normally present in the placenta and contain membrane receptors that 

recognize signaling molecules resulting from injury and/or infectious processes thereby 

triggering inflammatory responses through the release of cytokines including IL-6 and IL-1 

β.39 CD163 is a membrane bound receptor that is highly expressed on tissue macrophages 

including those within the placenta and is not found on other hematopoietic or 

nonhematopoietic tissue cell types.28,39-41 In the control group animals, extravascular CD163-

positive macrophages were seen throughout the cotyledon as studied but were ~2-fold higher 

in the fetal zone when compared to that of the intermediate zone and zona intima. The higher 

number of CD163+ cells within the fetal zone is consistent with the fact that these cells are 

primarily of fetal origin.42 CD163+ macrophage counts were not affected by UCOs and 

associated acidemia nor by underlying hypoxia and LPS. These findings indicate that no 

increased infiltration or proliferation of macrophages was evident as measured at 48 hours of 

recovery but do not rule out increased activation of macrophages already present in the placenta 
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nor of an earlier macrophage inflammatory response within the placenta to these stimuli, 

although this again seems unlikely.41,43  

Mast cells are widely recognized as mediators of inflammatory processes through the secretion 

of a variety of biological molecules including histamine, prostaglandins, and cytokines.44 To 

our knowledge, this is the first study of mast cells in the ovine placental cotyledons, which 

were absent under control conditions and in response to repetitive UCOs and underlying 

hypoxia and LPS exposure, although they can be found in the term human placenta.45 

Accordingly, mast cells may play little if any role in the placental inflammatory response to 

noxious stimuli, which could be protective since the placenta has a high potential for 

encountering triggering stimuli, and mast cell degranulation and histamine release can have a 

variety of effects on the fetus,46 including a trigger for preterm labor.47  

The proinflammatory cytokines IL-1β and IL-6 have been identified as measures of 

fetal/placental inflammation because these cytokines play a prominent regulatory role in the 

inflammatory response and have been shown to increase as part of the fetal/neonatal 

inflammatory response to infection and HIE.5,10-12 Fetal plasma IL-6 was undetectable in all 

animals on postop day 2 indicating that any increase in this cytokine as a result of the surgical 

procedure was no longer evident. This is to be expected given the short half-life of cytokines 

and need for repeated stimuli for continued production.5 Plasma IL-6 continued to be 

undetectable in the normoxic-UCO and hypoxic-UCO animals throughout the UCO and 

recovery periods, which is somewhat surprising since IL-6 has been shown to increase in the 

cord blood of newborn infants with perinatal asphyxia.10,11 Although this may relate to species-

specific differences, it is also likely that additional triggering stimuli are contributory in the 

human newborns including the impact of labor and in some instances placental infection.20 The 

present IL-6 findings are in fact similar to that we have previously reported in the ovine fetus 

subjected to repeated UCOs with severe acidemia whereby IL-6 levels remained unchanged, 

but IL-1β levels increased 2-fold at nadir pH.48 As such, a fetal systemic inflammatory 

response to the UCOs/severe acidemia is likely, but involving other cytokines than IL-6 or 

other substances suchas prostaglandins, at least for the time points herein studied. The LPS-

UCO animals received injections of LPS at 2 mg/h intraamniotic to simulate a low-grade 

bacterial infection as often observed in low-risk labouring patients at term with histologic 
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chorioamnionitis in the absence of clinical chorioamnionitis.20 This LPS dosing is similar to 

that of Kramer et al25 and approximately half of that used by Kallapur et al24 with both showing 

a rapid and sustained leukocytic infiltration in the extraplacental membranes lasting several 

days with associated increases in cytokine messenger RNA (mRNA) levels, although mainly 

for the first 24 hours. Plasma IL-6 began to increase in the LPS-UCO animals by the end of 

the severe UCOs and significantly so after 1 hour recovery and indicating a systemic 

inflammatory response in these animals. Although the effects of intraamniotic LPS alone were 

not studied which is a limitation, it is likely that the LPS-and UCO-induced fetal acidemia 

together contributed to this response since the increase in IL-6 was highly correlated with the 

degree of fetal acidemia at nadir pH in these animals. Additionally, another study in fetal sheep 

by Grigsby et al49 failed to show any increase in plasma or amniotic fluid IL-6 after intra-

amniotic LPS alone in a dosing similar to that used by Kallapur et al. However, in the study of 

Kramer et al25 with LPS dosing similar to the present study, cord plasma IL-6 levels at delivery 

were increased approximately 2-fold 5 hours post-LPS, although animals were 2 weeks 

younger and amniotic fluid IL-6 mRNA levels remained unchanged. This suggests interaction 

between the degree of fetal maturation and severity of endotoxin exposure in eliciting systemic 

inflammatory responses, which has been well described in the clinical literature relating to 

inflammation in preterm newborns.5 The additive effect of simulated low-grade infection is 

also consistent with our findings in labouring patients at term where umbilical cord levels for 

several cytokines including IL-6 are substantially increased in those patients with histologic 

chorioamnionitis.20 Although the cellular origin for the increase in plasma IL-6 seen remains 

unknown, it is likely that the extraplacental membranes are involved given the findings of 

Kramer et al25 and Kallapur et al,24 as well as the placental cotyledons given the greater impact 

here of UCO-induced changes in tissue perfusion and oxygenation.  

Amniotic fluid IL-1β and IL-6 in the normoxic-UCO and hypoxic-UCO animals were 

unchanged at 1 and 48 hours recovery from the UCOs/severe acidemia and indicating the 

absence of a placental and/or membrane inflammatory response for these cytokines or 

associated release into the amniotic cavity. As such, the neutrophil inflammatory response seen 

in the cotyledons of these animals was unlikely to involve secretion of cytokines to the amniotic 

cavity, which is not surprising since this response was confined to the zona intima away from 

the amniotic cavity. To the extent that plasma IL-1β was increased in these animals and 
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involved placental release as previously discussed, then cellular sources are again more likely 

to be away from the amniotic cavity. Of note, Nitsos et al50 also found amniotic fluid IL-6 as 

well as IL-8 to be unchanged in fetal sheep after intermittent UCOs over a 2-day period, 

although the degree of fetal acidemia was much less than in the present study, and cytokine 

levels were obtained at delivery 1 week after the UCOs. Amniotic fluid IL-1β and IL-6 in the 

LPS-UCO animals were increased at 1 and 48 hours recovery and markedly so for IL-1β at 48 

hours, albeit with considerable variance that related to the degree of UCO-induced acidemia. 

This finding indicates a placental and/or membrane inflammatory response in these animals, 

the likely synergistic effect of LPS together with UCO-induced fetal acidemia in triggering this 

response, and again supports the placenta and/or membranes as a major contributor to the fetal 

inflammatory response with the related increase in plasma IL-6 levels. It is also of note that 

the amniotic fluid cytokine response in these animals was much greater and longer lasting than 

the plasma cytokine response, which might impact developmental events for organ systems 

exposed to amniotic fluid as well studied for the lung.24,25,51 In the study of Kramer et al25 with 

similar LPS dosing to the present study, amniotic fluid IL-1β mRNA levels were also increased 

from 24 hours to 7 days and indicating a differential response to that of IL-6, which as noted 

remained unchanged with LPS alone. Of interest, they also found an increase in inflammatory 

cells within the amniotic fluid which related to the increase in cytokine mRNA levels post LPS, 

again supporting the amniotic fluid as an important source of inflammatory stimulus for the 

fetus.25  

In this study, we determined that repetitive UCOs with severe acidemia in the ovine fetus will 

result in increased neutrophil infiltration of the zona intima of the cotyledon placenta, and when 

combined with intra-amniotic LPS, increased IL-1β and IL-6 within the amniotic fluid and IL-

6 within the fetal plasma. As such, repetitive UCOs with severe acidemia can induce a placental 

and/or membrane inflammatory response and more so with simulated low-grade infection and 

likely involving multiple cellular sources with the potential for cytokine release to the 

umbilical circulation. Variable-type FHR decelerations due to umbilical cord compression are 

the most common nonreassuring FHR pattern observed intrapartum1 and when frequent and/or 

severe have been associated with increased incidence of neonatal acidosis and nuchal cord at 

delivery,2,4 and in turn neurologic sequelae.3,52 Additionally, there is now considerable 

evidence that fetal/neonatal inflammation in response to perinatal infection5-7 and hypoxic 



 47 

asphyxia at birth10-12 plays a causal role in brain injury of the newborn. The present findings 

in an animal model relevant to human labour with repetitive UCOs, leading to severe acidemia 

in the presence or absence of simulated infection, adds to this evidence confirming the potential 

for placental and/or membrane inflammation.    
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Chapter 3 

Repetitive Umbilical Cord Occlusions and Brain Inflammation-
Injury 

3.1 Introduction 

Fetal hypoxia with severe acidemia at birth, as indicated by arterial pH of < 7.001,2 is associated 

with an increased risk for hypoxic-ischemic encephalopathy (HIE) and longer term neurologic 

sequelae, including cerebral palsy (CP).3 Variable fetal heart rate (FHR) decelerations are the 

most common non-reassuring FHR pattern observed intrapartum4 and are indicative of acute 

fetal hypoxemia due to compression of the umbilical cord during contractions.4,5 When 

frequent and/or severe they have been associated with an increased incidence of neonatal 

acidosis, low Apgar scores, and nuchal cord at the time of delivery,6,7 and thereby risk for later 

adverse neurologic outcome. However, most infants with severe acidemia at birth will not have 

longer term sequelae, suggesting that an infant’s susceptibility to hypoxic-acidemic brain 

injury may be influenced by a variety of factors in addition to the degree of birth asphyxia.8  

Both epidemiological and clinical studies have suggested that elevated pro-inflammatory 

cytokines through the course of infection are associated with an increased risk for perinatal 

brain injury, whether antenatal with chorioamnionitis or postnatal in the neonate.9  Subsequent 

animal-based studies with induced perinatal infection/inflammation have further supported the 

contributory role of pro-inflammatory cytokines and inflammatory cells in perinatal brain 

injury,9-11 and have also suggested that hypoxia and inflammation may act synergistically in 

the pathogenesis of brain injury.9,12,13 Hypoxia alone can also trigger an inflammatory response 

in the fetus, as indicated in both clinical and experimental studies showing that newborns with 

HIE can have elevated pro-inflammatory cytokines in the absence of infection.9,14-16 

Furthermore, pro-inflammatory cytokines have also been implicated in the development of 

brain injury due to chronic intrauterine hypoxia leading to fetal growth restriction.17 These data 

together indicate that intrauterine infection, acute asphyxia intrapartum, and chronic hypoxia 

during the antenatal period can induce an inflammatory response in the fetus which can act 

concomitantly and contribute to perinatal brain injury. 

Microglia are the resident immune cells within the brain, which can become activated in 

response to injury or infection, and have been shown to increase in number with fetal/neonatal 
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hypoxia and inflammation.17-19 Mast cells are another immune cell normally found sparsely 

within the developing brain, but are able to cross the blood-brain-barrier and also increase in 

number in response to hypoxic-ischemic insults.20,21 We have previously shown in the near-

term ovine fetus that repetitive umbilical cord occlusions (UCOs) with worsening acidemia 

will lead to an inflammatory response within the brain as indicated by elevated numbers of 

microglia and mast cells at 24 hours of recovery.22 We therefore hypothesized that repetitive 

UCOs with severe fetal acidemia and leading to an inflammatory response within the brain, 

will consequently result in increased brain injury. In the present study we therefore examined 

brain inflammation as measured by changes in microglia and mast cell number, and brain injury 

as measured by the presence of cellular necrosis and apoptosis at 48 hours of recovery from 

repetitive UCOs with severe acidemia in the near-term ovine fetus. We also examined the 

additional impact on brain inflammation and injury of lower oxygenation and low-grade 

bacterial infection as might be seen clinically during labour with fetal growth restriction and 

placental chorioamnionitis.23-25  

3.2 Materials and Methods 

3.2.1 Surgical Preparation and Experimental Procedure 

The data obtained in this chapter were from the same animals used in chapter 2.  Thirty mixed 

breed ewes were surgically instrumented at 124-128 days gestation (term = 147 days), then 

subjected to the repetitive UCO protocol or served as tissue controls for histological 

examination of the fetal brains. Anesthesia, surgical preparation, post-operative care and 

experimental procedure have previously been described in detail.26,27 Briefly, under general 

anesthesia polyvinyl catheters were placed in the maternal femoral vein for administering 

fluids and antibiotics and for blood sampling, in the fetal left and right brachiocephalic arteries 

for blood sampling and pressure recordings, the right brachiocephalic vein for administering 

antibiotics, and the amniotic cavity for amniotic fluid sampling and pressure recordings. 

Stainless-steel electrodes were placed biparietally to monitor fetal electrocortical (ECOG) 

activity and on the chest to monitor fetal electrocardiographic (ECG) activity. In experimental 

animals an inflatable occluder cuff was placed around the proximal portion of the umbilical 

cord. Animals were allowed to recover for 4 days during which antibiotics were administered 

and maternal and fetal blood samples were taken for blood gases and pH each day. Animal 
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care followed the guidelines of the Canadian Council on Animal Care and was approved by 

the University of Western Ontario Council on Animal Care. 

Animals were divided retrospectively into 4 groups based upon post-surgical fetal blood 

oxygen status. This was determined by averaging the arterial O2 saturation of blood samples 

taken on each of the 4 post-op recovery days, as well as at baseline on the day of the UCO 

experimental study. Fetuses with average baseline arterial O2 saturation of < 55% comprised a 

low oxygen or hypoxic-UCO group (n=5), since this level of oxygenation has been used to 

denote decreased oxygenation/spontaneous hypoxemia in the near-term ovine fetus.28,29 The 

remaining fetuses with average baseline arterial O2 saturation ≥ 55% were divided into a 

normoxic-UCO group (n=9), lipopolysaccharide (LPS)-UCO group (n=6), and control group 

(n=10). LPS was administered via hourly intra-amniotic injections of 2 mg/hr beginning 1 hour 

prior to the first UCO and continuing through the period of repetitive UCOs to simulate a low-

grade bacterial infection in LPS-UCO animals.30,31 The control group consisted of normoxic 

fetuses that underwent surgical preparation but were not subjected to UCOs. These animals 

were used as tissue controls for histological examination of the fetal brains. 

UCOs were induced by inflating occluder cuffs with varying volumes of saline, targeting FHR 

decelerations of 30, 60, and 90 beats per minute (bpm) corresponding to umbilical blood flow 

reductions of approximately 50%, 75%, and 100%, and thereby “mild-partial”, “moderate-

partial”, and “severe-complete” UCOs, respectively.32 All UCOs were 1 minute in duration 

and occurred every 2.5 minutes. A data acquisition and analysis system was used to record 

fetal arterial blood pressure, heart rate and amniotic pressure, with FHR triggered and 

calculated online from arterial pressure systolic peaks. After a 1-2 hour baseline control period, 

experimental fetuses were subjected to repetitive UCO series consisting of 1 hour of mild-

partial, 1 hour of moderate-partial, and up to 2 hours of severe-complete UCOs. UCOs were 

discontinued if fetal arterial pH dropped below 7.00, or after 2 hours of severe-complete UCOs. 

Animals were then allowed to recover for 48 hours at which time they were euthanized. 

Fetal arterial blood samples (1 mL) were taken at baseline, at the end of a representative UCO 

from each UCO series, every 20 minutes between UCOs, and after 1, 24, and 48 hrs of 

recovery. These blood samples were analyzed for blood gases, pH, glucose and lactate using 

an automated blood gas analyzer.26 Additional blood samples (3 mL) were collected at baseline 
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prior to UCOs, immediately after the final UCO, and at 1 and 48 hours of recovery, and 

processed for later analysis of pro-inflammatory cytokines.26    

3.2.2 Tissue Histochemical Analysis                      

Fetal brains were perfusion fixed immediately after animals were euthanized. Briefly, the fetal 

carotid artery and jugular vein were cannulated and the brain was perfused with 500 mL of 

cold saline followed by 500 mL of 4% paraformaldehyde.  The brain was then removed and 

immersed in 4% paraformaldehyde for 24 hours, then in fresh phosphate-buffered saline (PBS) 

for 3 days, followed by 70% ethanol for at least 7 days, and subsequently blocked and 

embedded in paraffin for histological analysis.   

Microglia within the brain were visualized using rabbit anti-Iba1 (1:500, Wako Chemicals 

USA, Richmond, VA) (Cat No. 019-19741, Lot No. lac4357) as the primary antibody along 

with a Vectastain Elite Kit (Vector Laboratories, Burlingame, CA).  Tissue sections were 

deparaffinized with three 5-minute washes in xylene, then rehydrated in a series of ethanol 

baths (100%, 100%, 90%, 90%, 70%) lasting 2 minutes each.  Tissue sections were then rinsed 

once in pure water for 5 minutes followed by two 5-minute washes in PBS.  For antigen 

retrieval, tissues were boiled in 10 mM citrate buffer for 30 minutes, cooled to room 

temperature for 30 minutes, then rinsed with two 5-minute washes in PBS.  Endogenous 

peroxidase activity was quenched by incubating tissues in 3% H2O2 (Fischer Scientific, 

Ottawa, ON) for 10 minutes followed by two 5-minute washes in PBS.  Endogenous biotin 

was blocked by incubating tissues in avidin solution followed by biotin solution for 15 minutes 

each.  To reduce non-specific staining, slides were incubated in Background Sniper (Biocare 

Medical, Concord, CA) for 7 minutes at room temperature then rinsed in PBS.  Tissue sections 

were then incubated in diluted primary antibody overnight (~20 hours) at 4°C, rinsed with three 

5-minute washes in PBS, incubated with secondary antibody (biotinylated goat anti-rabbit IgG) 

for 30 minutes at room temperature, and again rinsed with three 5-minute washes in PBS.  

Tissue sections were then incubated with streptavidin-peroxidase solution for 45 minutes at 

room temperature, rinsed with three 5-minute washes in PBS, and finally incubated with 

diaminobenzidine (Biocare Medical) for exactly 2 minutes to develop the stain.  Tissue sections 

were then dehydrated in a series of ethanol baths (70%, 70%, 90%, 100%, 100%) followed by 

3 5-minute washes in xylene and finally cover-slipped using Permount (Fischer Scientific). 
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Mast cells within the brain were identified by staining with toluidine blue.  Tissue sections 

were deparaffinized as noted, rinsed once in pure water for 5 minutes followed by two 5-minute 

washes in PBS, then immersed in toluidine blue solution (5 mg/ml toluidine blue in 0.1M HCl) 

for 10 minutes.  Sections were rinsed under running water for 5 minutes before a quick (10 

sec) dip in acid alcohol (0.5 mL of glacial acetic acid in 200 mL of 95% ethanol), then 

dehydrated, and cover-slipped as noted. 

Necrotic cell injury in the brain was studied by staining with H&E.  Tissue sections were 

deparaffinized as noted, then rinsed once in pure water for 5 minutes before being immersed 

in Harris’s Modified Haematoxylin stain (Fisher Scientific) for 10 seconds.  Stain was 

differentiated in 1% acid ethanol (2 mL HCl in 198 mL 70% ethanol) for approximately 1 

second, and then flushed under running water for 1 minute. Next, sections were stained with 

eosin (1% eosin Y in 95% ethanol and 0.5% glacial acetic acid, Fisher Scientific) for 

approximately 1 second.  Tissue sections were then dehydrated and cover-slipped as noted.  

Apoptotic cell injury in the brain was visualized using rabbit anti-cleaved-caspase-3 (1:500, 

Cell Signaling Technology, Danvers, MA) as the primary antibody along with a Vectastain 

Elite Kit (Vector Laboratories, Burlingame, CA) and using the same protocol as with the 

staining of microglia. The presence of DNA fragmentation within cells was additionally 

determined using the TUNEL assay method as a second measure of apoptosis (Apoptag Red 

In Situ Apoptosis Detection Kit, Millipore, Billerica, MA).  Tissue sections were 

deparaffinized as noted. After equilibrating in PBS for 5 minutes, tissues were incubated with 

proteinase K (20 μg/mL) for 15 minutes at room temperature, and then rinsed twice in PBS for 

5 minutes each.  Tissue sections were then covered with the provided equilibration buffer for 

~2 minutes then incubated with terminal deoxynucleotidyl transferase enzyme (TdT enzyme) 

for 1 hour at 37° C.  Enzyme activity was stopped by incubating the slides with the provided 

stop/wash buffer for 10 minutes at room temperature.  Slides were rinsed 3 times in PBS, and 

then incubated with rhodamine-conjugated anti-digoxigenin antibody for 30 minutes at room 

temperature.  Excess antibody was removed by 4 2-minute washes in PBS.  Tissues were 

counterstained in 1 μL/mL HOECHST 33342 (Life Technologies, Carlsbad, CA) for 4 minutes, 

then rinsed twice in PBS for 5 minutes each.  Tissues were cover-slipped using Pro-Long Gold 

Anti-fade (Life Technologies)) and stored at 4°C.  
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All analysis was done on coronal brain sections taken at the level of the mammillary bodies.  

Brain regions analyzed included the parasagittal grey matter, periventricular white matter, 

thalamus, and hippocampus regions CA1, CA3, and dentate gyrus.  Grey matter regions were 

further divided into layers 1-3 and layers 4-6 for analysis, but results were combined for these 

sub-regions when no differences were found.  Images were captured using a Leica DMRB 

transmitted light microscope (Leica-Microsystems, Wetzler, Germany) at 400x magnification.  

Identical illumination settings were used for all brain regions to allow for comparisons between 

regions as well as within regions.  For all experiments, a minimum of 4 HPFs per brain region 

were captured.  Microglia were identified by their characteristic morphology and dark, 

contiguous cytoplasmic staining and counted manually (Figure 3.1). Mast cells were identified 

by the metachromatic staining of secretory granules within their cytoplasm and again counted 

manually with the choroid plexus and leptomeninge regions additionally assessed (Figure 3.1). 

For caspase-3 analysis, image analysis software (Image Pro Plus 6.0, Media Cybernetics, Silver 

Spring, MD) was used to automatically count positively stained cells (Figure 3.2). Thresholds 

were set manually to include all cells with DAB-stained cytoplasm while at the same time 

ensuring no signal was scored as positive within negative control slides. For TUNEL analysis, 

a Zeiss fluorescence microscope was used to capture images (Figure 3.2).  Image analysis 

software (Image Pro Plus 6.0, Media Cybernetics) was used to automatically count positively 

stained cells. Due to autofluorescence of red blood cells in nearly all wavelengths, cells were 

additionally filtered by size. Necrotic appearing cells were identified by their characteristic 

morphology with eosinophilic cytoplasm and pyknotic nuclei and again scored manually 

(Figure 3.2).  Each HPF was scored on a 5-point scale based on the estimated percentage of 

necrotic appearing cells; with 0 = 0% necrotic cells, 5 = 1%-10% necrotic cells, 30 = 11%-

50% necrotic cells, 70 = 51%-90% necrotic cells, 95 = 91%-100% necrotic cells as previously 

reported.33 All tissue slides were coded with the experimenter blinded to animal treatment 

group. 
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Figure 0.1. Representative photomicrographs (400X) of brain sections, A from the thalamus 

following anti-IBA1 immunohistochemistry showing microglia with dark contiguous staining 

(arrows); and B from the choroid plexus stained with toluidine blue showing mast cells 

characterized by their large metachromatic secretory granules within the cytoplasm. Scale bar 

= 20 μm.      
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Figure 3.1. Representative photomicrographs (400X) of brain sections, A from the 

periventricular white matter following anti-cleaved-caspase3 immunohistochemistry and 

counterstained with hematoxylin showing contiguous dark brown cytoplasmic staining 

indicating the presence of cleaved-caspase3 (arrows); B from the dentate gyrus stained 

using the TUNEL assay method (red) and counterstained using Hoechst (blue) with the red 

fluorescence indicating DNA fragmentation and the blue fluorescence indicating normal 

cell nuclei; and C from the grey matter stained with H&E showing necrotic appearing 

neurons identified by their eosinophilic cytoplasm and loss of nuclear detail (arrow). Scale 

bar = 20μm. 
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3.2.3 Data Analysis 

Differences in microglia, mast cell, cell necrosis, cleaved-caspase-3 positive, and TUNEL 

positive cell counts among the four experimental groups were analyzed using a one-way 

analysis of variance (ANOVA) test (Kruskal–Wallis) with Dunn’s posttest for comparing each 

experimental group to the control group.  Comparisons between brain regions were done using 

a one-way repeated measures ANOVA test (Friedman) with Dunn’s posttest.  All statistical 

analysis was done using Graphpad Prism (Graphpad Software, La Jolla, CA).  All values 

shown are expressed as means ± SEM.  Statistical significance was assumed for p < 0.05. The 

ECOG, ECG, FHR, blood metabolite and cytokine findings have been reported 

separately.26,34,35   

3.3 Results  

3.3.1 Fetal Arterial Oxygen Saturation, Blood Gases, pH and Lactate 

Arterial oxygen saturation, blood gas, pH and lactate findings have been reported in Chapter 

3, section 3.3.2.  Please refer to Figure 2.4 (oxygen saturation, blood gas, pH) and Figure 2.5 

(glucose and lactate) for these results.                  

3.3.2 Fetal Brain Inflammation 

Microglia cell counts were analyzed at 48 hours of recovery after the repetitive UCOs as a 

measure of the brain inflammatory response.  In the control group animals, regional differences 

were evident with the highest number of microglia in the white mater at 13.4 ± 1.4 cells/HPF, 

which was significantly higher than that of the grey matter, hippocampal CA1, and thalamus 

(all p < 0.05) (Figure 3.3).  While this distribution of microglia cells across regions was also 

seen in the three UCO experimental groups, there were no significant differences for each brain 

region between the UCO group values compared to respective control values (Figure 3.3). 

Mast cell distribution at 48 hours of recovery after the repetitive UCOs was additionally 

analyzed as a second marker of inflammation within the brain.  Of note, mast cells were only 

found within the thalamus, the choroid plexus, and the leptomeninges. In the control group 

animals, regional differences were again evident with the highest number of mast cells in the 

choroid plexus at 0.9 ± 0.2 cells/HPF, which was significantly higher than in the leptomeninges 

at 0.1 ± 0.06 (p < 0.05) but not the thalamus at 0.3 ± 0.04 (Figure 3.4). While this hierarchal 
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distribution of mast cells across brain regions was generally seen in the three UCO groups, 

there again were no significant differences between any of the UCO and respective control 

group values (Figure 3.4).  

3.3.3 Fetal Brain Injury 

The presence of necrotic appearing cells at 48 hours of recovery after the repetitive UCOs was 

analyzed as a measure of overt cell injury within the brain.  In the control group animals, low 

levels of necrotic-appearing cells were observed being somewhat higher and significantly 

different from zero in the parasagittal grey matter, dentate gyrus, and thalamus (Figure 3.5). In 

the three UCO groups, low levels of necrotic-appearing cells were again noted, but none of 

these experimental groups had values that were significantly changed compared to respective 

control values (Figure 3.5).  

The presence of cleaved caspase-3 positive cells and TUNEL positive cells were analyzed as 

markers of apoptosis within the brain and thereby further measures of overt brain injury.  In 

the control group animals, regional differences were evident with the number of cleaved 

caspase-3 positive cells in the dentate gyrus at 24.2 ± 5.0 cells/HPF, significantly higher than 

in the grey matter, CA1, CA3, and thalamus (all p < 0.05) (Figure 3.6).  While this increase in 

dentate gyrus cell counts was also evident for the three UCO groups, there were no significant 

differences within each brain region between UCO group values, compared to  
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Figure 3.2. Bar graph of IBA1 positive microglia cells/high-power field (HPF) within the 

different brain regions of the control (open bars) and umbilical cord occlusion (UCO) (shaded 

bars) animal groups. GM = parasagittal grey matter, WM = periventricular white matter, DG 

= dentate gyrus, Th = thalamus. Values are mean ± SEM. Control, n = 10; Normoxic-UCO, 

n = 9; Hypoxic-UCO, n = 5; LPS-UCO, n = 5. 
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Figure 3.3. Bar graph of mast cells/high-power field (HPF) within the different brain regions 

of the control (open bars) and umbilical cord occlusion (UCO) (shaded bars) animal groups. 

Th = thalamus, CP = choroid plexus, LM = leptomeninges. Values are mean ± SEM. Control, 

n = 10; Normoxic-UCO, n = 9; Hypoxic-UCO, n = 5; LPS-UCO, n = 5. 
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Figure 3.4. Bar graph of percent necrotic appearing cells/high-power field (HPF) within the 

different brain regions of the control (open bars) and umbilical cord occlusion (UCO) (shaded 

bars) animal groups. GM = parasagittal grey matter, WM = periventricular white matter, DG 

= dentate gyrus, Th = thalamus. Values are mean ± SEM. Control, n = 10; Normoxic-UCO, 

n = 9; Hypoxic-UCO, n = 5; LPS-UCO, n = 5. 
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Figure 3.5. Bar graph of cleaved-caspase3 positive cells/high-power field (HPF) within the 

different brain regions of the control (open bars) and umbilical cord occlusion (UCO) (shaded 

bars) animal groups. GM = parasagittal grey matter, WM = periventricular white matter, DG 

= dentate gyrus, Th = thalamus. Values are mean ± SEM. Control, n = 10; Normoxic-UCO, 

n = 9; Hypoxic-UCO, n = 5; LPS-UCO, n = 5. 
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respective control values (Figure 3.6).  The presence of TUNEL positive cells indicating DNA 

fragmentation as another measure of cell apoptosis was considerably less than that found for 

cleaved caspase-3.  In the control group animals, very few cells were scored TUNEL positive 

with all brain regions having fewer than 0.10 cells/HPF and showing no regional differences 

(Figure 3.7).  While the normoxic-UCO animals had TUNEL positive cell counts that were 

little changed from that of the control values, the LPS-UCO animals had TUNEL positive cell 

counts that were significantly increased in the hippocampal CA1 and the dentate gyrus at 0.12 

± 0.05 and 0.15 ± 0.05 cells/HPF, respectively (both p < 0.05) (Figure 3.7).  Additionally, 

TUNEL positive cell counts in the CA1 region of the hypoxic-UCO group and the CA3 region 

of the LPS-UCO group were more than three-fold higher than respective control values, but 

these changes were not significant due to small animal numbers and population variance. 
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Figure 3.6. Bar graph of TUNEL positive cells/high-power field (HPF) within the different 

brain regions of the control (open bars) and umbilical cord occlusion (UCO) (shaded bars) 

animal groups. GM = parasagittal grey matter, WM = periventricular white matter, DG = 

dentate gyrus, Th = thalamus. * p < 0.05 compared to respective control value. Values are 

mean ± SEM. Control, n = 10; Normoxic-UCO, n = 9; Hypoxic-UCO, n = 5; LPS-UCO, n = 

5. 
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3.4 Discussion   

In the present study, near-term fetal sheep were subjected to repetitive UCOs of increasing 

severity leading to worsening acidemia as might be seen clinically during labour, with some of 

these animals also chronically hypoxic or subjected to low-grade inflammation as might be 

seen with fetal growth restriction and placental chorioamnionitis. We used a UCO paradigm 

consisting of 60-second UCOs occurring every 2.5 minutes, with 1 hour of mild-partial cord 

occlusions, followed by 1 hour of moderate-partial cord occlusions, then up to 2 hours of 

severe-complete cord occlusion. However, despite up to 4 hours of repetitive UCOs of 

worsening severity, 5 of the 20 UCO animals did not attain a severe degree of fetal acidemia 

with arterial pH < 7.00, although difficulty with complete occluder inflation was likely 

contributory in two of these animals. This differs from our previous study with 60-second 

UCOs of increasing frequency with 1 hour of complete UCOs every 5 minutes, followed by 1 

hour of complete UCOs every 3 minutes, and then up to 2 hours of complete UCOs every 2 

minutes with all 10 of the animals studied attaining an arterial pH < 7.00 within this time 

frame.22 Moreover, the nadir arterial pH reached in the present study with up to 4 hours of 

repetitive UCOs of increasing severity at ~ 7.02 was somewhat higher than that previously 

seen with up to 4 hours of repetitive UCOs of increasing frequency at 6.90.22 Accordingly, our 

4 hour UCO paradigm with increasing severity resulted in less acidemia than that with 

increasing frequency. The major difference here is likely the time for recovery between 

complete occlusions at 90 and 60 seconds, respectively, during the severe UCOs when much 

of the pH change was noted, and indicating the importance of this variable in the progression 

of fetal acidemia.36  

Microglia are the innate immune cells of the central nervous system and are involved in the 

phagocytosis of cellular debris, and induction of neuronal cell death during normal 

development.37 However, when exposed to noxious stimuli such as inflammation and ischemia, 

microglia become activated which can lead to exacerbation of brain injury through the 

secretion of inflammatory mediators including reactive oxygen species, nitrous oxide, and pro-

inflammatory cytokines.38-41 In this regard, elevated microglia counts have been found within 

the dentate gyrus of human infants exposed to perinatal hypoxic-ischemia,42 and in the white 

matter of the mid-term and near-term ovine fetus exposed to either hypoxic-ischemia or 

systemic endotoxemia,43 and variably relating to the degree of brain injury. Additionally, we 
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have shown microglia counts to be increased in the white matter and hippocampus of the near-

term ovine fetus at 24 hours recovery from repetitive UCOs with severe fetal acidemia and 

indicating a local inflammatory response within the brain to this insult.22 In the present study, 

we found a regional hierarchy with microglia more numerous within the white matter for all 

four study groups, which is consistent with our previous report.22 However, no change in 

microglia counts was seen for any of the brain regions at 48 hours recovery from the repetitive 

UCOs, either alone or in conjunction with pre-existing intrauterine hypoxia or low-grade 

inflammation, which differs from our previous findings.22 Since the brain tissues were 

collected at 48 hours after the UCOs/LPS administration, any microglia inflammatory response 

from these stimuli might now be lessened or no longer evident compared to that we previously 

noted at 24 hours recovery from repetitive UCOs.22 However, this seems unlikely since chronic 

endotoxin exposure in fetal sheep results in persistence of microgliosis within the subcortical 

white matter for several days after the LPS administration.44 More likely then is that the degree 

of fetal acidemia resulting from the repetitive UCOs with nadir pH at ~ 7.00, 7.01, and 7.07 

for the normoxic-UCO, hypoxic-UCO, and LPS-UCO groups, respectively, was not sufficient 

to evoke an  inflammatory response with increased microglia activation as in our previous 

study where nadir pH reached 6.90.22 This presumption is supported by the lack of a systemic 

inflammatory response in the normoxic- and hypoxic-UCO animals with arterial IL-6 levels 

also unchanged,26 which can increase blood-brain barrier permeability to monocytes and other 

cellular and molecular inflammatory mediators.9,11 While arterial IL-6 levels were increased at 

1 hour recovery in the LPS-UCO animals and correlated with the degree of acidemia attained,26 

there was still no increase in brain microglia as measured 2 days later, although cell counts in 

the subcortical white matter were the highest amongst the 4 animal groups.   

Mast cells are widely recognized as mediators of inflammatory processes through the secretion 

of a variety of biological molecules including histamine, prostaglandins, and cytokines, and 

have been implicated in the pathogenesis of inflammatory brain injury with increasing 

evidence for such with perinatal hypoxic-ischaemia.20,22,45,46  In the immature rat brain mast 

cells are initially concentrated in the leptomeninges and choroid plexus, and following 

hypoxic-ischaemic insult show increased migration into the thalamus as well as degranulation 

supporting the contention that mast cells mediate inflammatory brain injury20. We also found 

mast cells to be increased in the choroid plexus and thalamus of the near-term ovine fetus at 
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24 hours recovery from repetitive UCOs/severe acidemia22 further supporting a causal role for 

mast cells in newborn HIE. In the present study, mast cells were more numerous in the choroid 

plexus for all four study groups, which is consistent with our previous report.22 However, 

similar to the microglia findings, no change in mast cell counts was seen for any of the brain 

regions studied in the normoxic-UCO, hypoxic-UCO or LPS-UCO groups when compared to 

controls. The reasons for this differential mast cell response from that of our previous UCO 

study22 are likely to be the same as discussed for the differential microglia response, and 

implicate a coupling of both of these in the brain’s local inflammatory response to perinatal 

hypoxic-acidemia along with some degree of systemic inflammation. 

The current study showed low levels of necrotic-appearing cells in brain regions of the control 

group animals as identified using H&E morphology similar to that we33 and others47 have 

reported in studies of induced hypoxia in sheep. As such, it is possible that biologic low levels 

of necrosis exist in the developing brain, or alternatively, are the result of the inherent 

subjectivity of the scoring procedure. Additionally, the morphologic changes associated with 

standard H&E methods of identifying necrosis, including cell shrinkage and eosinophilia, can 

also occur as processing artifacts or nonlethal alterations in cellular morphology.48 Despite up 

to 4 hours of repetitive UCOs in the normoxic-, hypoxic-, and LPS-UCO group animals, and 

resulting in severe acidemia in most of these animals with nadir arterial pH at or below 7.00, 

there was no significant effect on measured levels of necrotic-appearing cells within the brain 

when compared to respective control group values. In adult studies of cerebral ischemia, there 

is a reproducible sequence of changes, with an upper ischemic flow threshold of synaptic 

transmission failure but the maintenance of energy levels and a lower ischemic flow threshold 

of membrane failure that indicates energy depletion and is associated closely with the 

development of structural cell damage.49 In studies of cerebral metabolism and ECOG activity 

in fetal sheep subjected to UCOs, we have shown the ability to rapidly enact mechanisms to 

protect energy levels for membrane integrity by increasing cerebral blood flow, substrate 

extraction, and anaerobic metabolism and decreasing non-essential energy usage when oxygen 

availability is acutely limited.50,51 Of note, the animals herein studied also showed ECOG 

amplitude suppression during the UCOs with worsening acidosis indicating a decrease in 

synaptic energy use and with no difference in the timing for this between the UCO groups.35 

Accordingly, the near-term ovine fetal brain appears able to tolerate repetitive UCOs with 
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severe acidemia and nadir pH ~ 7.00 with no increase in overt necrotic cell injury, presumably 

through adaptive metabolic mechanisms such that the lower ischemic flow threshold of 

membrane failure with energy depletion was likely not reached.     

Apoptosis, or programed cell death, is normally evident during the fetal/neonatal period of 

brain development in post-mitotic cells coincident with neuronal differentiation and 

synaptogenesis, which may relate to the establishment of axonal-target connectivity and 

competition for trophic factors produced by target cells.52 Apoptosis in the fetal/neonatal brain 

can also be activated pathologically by hypoxic-acidemia resulting in selective neuronal loss, 

which can be exacerbated by chronic hypoxia.53,54 The process of apoptosis involves the 

stimulation of intrinsic and/or extrinsic signaling pathways leading to the cleavage of caspase-

3 into its active form, which together with other effector caspases targets multiple proteins for 

proteolysis resulting in the fragmentation of the cell’s DNA and the dismantling of diverse cell 

structures.55,56 Accordingly, immunoreactivity for cleaved caspase-3 as the active form of this 

effector caspase, and using the TUNEL assay method to detect fragmented DNA strands have 

become established markers of cellular apoptosis as used in the present study. In the control 

group animals, low levels of cleaved caspase-3 positive cells were seen in the brain regions 

studied but were 3-fold higher in the dentate gyrus, and with all of these levels considerably 

higher than the respective levels for apoptotic activity as measured using TUNEL. This higher 

level of apoptotic activity in the near-term ovine fetal brain as measured using cleaved caspase-

3 has also been reported by others,57 and likely relates in part to cleaved caspase-3 being 

evident earlier and longer during apoptotic cell death than DNA fragmentation which is a 

terminal event. However, recent study shows that caspase-3 activation does not always lead to 

DNA fragmentation, especially in the developing brain where it can play a nonapoptotic role 

in cellular differentiation and remodeling or neuroplasticity through selective removal of 

existing synaptic connections.56 The present findings thereby suggest a substantial role for 

activated caspase-3 in regulating nonapoptotic processes in the developing brain and moreso 

in the dentate gyrus, consistent with the high level of neuroplasticity seen here into adulthood 

with a constant state of competing neurodegeneration and neurogenesis.58   

Despite up to 4 hours of repetitive UCOs in the normoxic- and hypoxic-UCO groups and severe 

acidemia in most of these animals, there again was no significant effect on measured levels of 

either cleaved caspase-3 or TUNEL positive cells although the latter is likely to better reflect 
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apoptotic cell death within the developing brain as noted. While it has been held that brain 

injury in response to hypoxia is more likely to be apoptotic with milder insult and necrotic with 

severe insult, it is becoming evident that both occur as a continuum of cell death in proportion 

to the severity of hypoxic insult.55 As such, the adaptive metabolic mechanisms enacted to 

protect against necrotic cell death are also likely to protect against apoptotic cell death in the 

normoxic- and hypoxic-UCO groups as studied. Moreover, the balance in the expression of 

anti- and pro-apoptotic genes determines apoptotic triggering in response to hypoxia, and it is 

possible that the mild- and moderate-partial UCOs have altered this in favour of anti-apoptotic 

gene expression by hypoxic conditioning, thereby increasing tolerance to the severe-complete 

UCOs.55 However, the number of TUNEL positive cells was increased in the hippocampal 

CA1 and dentate gyrus regions for the LPS-UCO group animals compared to respective control 

values. While these animals did not show any evidence of a brain inflammatory response as 

studied, they did show an increase in plasma and amniotic fluid inflammatory cytokines that 

related to the degree of UCO-induced acidemia and indicating a fetal/placental inflammatory 

response.26 Accordingly, it is likely that the LPS- and UCO-induced systemic inflammation 

together with the fetal hypoxic-acidemia contributed to the increased brain apoptosis with the 

relative expression of anti- and pro- apoptotic genes accounting for the regional differences in 

vulnerability.55 This conjecture is also consistent with the synergistic interaction between 

inflammation and hypoxia in the pathogenesis of perinatal brain injury reported by others.9,12,13 

However, intra-amniotic LPS dosing alone similar to the present study has shown apoptotic 

cell counts in the ovine fetal brain to be selectively increased at 48 hours,59 although a second 

study with lower LPS dosing but over 28 days showed no impact here.60 Since the effects of 

intra-amniotic LPS alone were not studied which is a limitation, it is possible the apoptotic 

changes seen were primarily the result of the LPS, although it seems likely that the repetitive 

UCOs were also contributory given the relationship to the degree of resultant acidemia as 

noted.     

In the present study, we have used an animal model relevant to human labour with repetitive 

UCOs leading to worsening fetal acidemia in the presence or absence of chronic hypoxia or 

simulated infection. Despite up to 4 hours of repetitive UCOs and severe acidemia in most of 

these animals with arterial pH to 7.00, there was no significant effect on measures of brain 

injury or inflammation, except in the LPS-UCO animals where TUNEL positive cells were 
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increased in the hippocampus. As such, the near-term ovine fetal brain shows remarkable 

tolerance for these cord occlusion insults and likely involving adaptive metabolic mechanisms, 

despite the severe acidemia noted.50,51 This is consistent with the clinical literature whereby 

most infants with severe acidemia and arterial pH to 7.00 at birth will still be without 

neurologic complications.1-3 However, in similar studies of repetitive UCOs but leading to 

more severe fetal acidemia with nadir pH to ~ 6.90, we found increased brain inflammation at 

24 hours,22 while de Haan et al61 found increased infarction and selective neuronal loss at 72 

hours. Accordingly, there is probably a narrow threshold between a degree of hypoxic-

acidemia associated with no sequellae, and an insult causing cerebral impairment or even 

death, with the critical issue likely the maintenance of blood pressure and thereby tissue 

perfusion including that to the brain.51,61 Moreover, this threshold in relation to worsening 

acidemia may be lowered in conjunction with fetal inflammation as previously proposed9,12,13 

and further supported by the present findings. 
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Chapter 4 

4.1 Summary 

In this thesis we have used an animal model relevant to human labour with repetitive UCOs 

leading to worsening fetal acidemia in the presence or absence of chronic hypoxia or simulated 

infection.  To our knowledge this is the first study to look at the inflammatory response in the 

placenta in response to UCOs in fetal sheep. Despite up to 4 hours of repetitive UCOs and 

severe acidemia in most of these animals with arterial pH to 7.00, there was no significant 

effect on measures of brain injury or inflammation. However, the hypoxic insult did result in 

infiltration of neutrophils into the maternal zone of the cotyledons.  The link between UCO 

and neutrophil infiltration in the placenta was not elucidated, but may involve cytokines not 

studied in this thesis, or other biological molecules such as prostaglandins.  The placenta is a 

possible source of the pro-inflammatory cytokines IL-6 and IL-1β seen in the fetal circulation 

and amniotic fluid respectively in our study.  Further studies of the events occurring between 

the hypoxic insult and the infiltration of neutrophils in the placenta may identify new 

therapeutic targets or early markers of hypoxic brain injury. 

4.2 Limitations and Future Directions 

A limitation of this study is that it did not include an experimental group that was exposed to 

LPS alone, without UCOs and resulting acidemia. The effect of intraamniotic LPS on near-

term ovine fetuses have been previously studied by Gavilanes et al.1  Using a comparable 

dosage of 10 mg given at 123 days gestation, Gavilanes et al. found increased rates of apoptosis 

in the grey mater and hippocampus, as well as increased activated microglia in the 

hippocampus and caudate putamen after 48 hours1, showing that that intraamniotic LPS alone 

can have  significant and region dependent effects on brain injury and inflammation.    Thus, 

the inclusion of this additional study group may have given us valuable insight on the LPS-

UCO group.  Additionally, Gavilanes et al. used flow cytometry for analysis of brain tissues, 

which is a far more sensitive method compared to those use in the present study.  This may 

account for why they saw changes in apoptosis and activated microglia where we did not.  

In the present study, repetitive UCOs with severe acidemia resulted in elevated neutrophil 

numbers in the zona intima of the placenta, but additional exposure to intraamniotic LPS did 

not have an additive effect.  Since neutrophil infiltration into the fetal membranes is the 
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hallmark of chorioamnionitis, it is surprising that intraamniotic LPS exposure did not result in 

increased neutrophil numbers.  This may be due to the fact that the extraplacental fetal 

membranes themselves were not analyzed but rather the fetal tissues adjacent to the cotyledons.  

Intraamniotic LPS exposure has been shown to cause increased cellular infiltration in the 

extraplacental fetal membranes2,3, so analysis of those tissues may yield useful data on the 

placental inflammatory response in the context of repetitive UCOs.    

An interesting finding in this study was the high levels of apoptosis in the near-term ovine fetal 

brain as measured using cleaved caspase-3, even in control animals.  This finding was not 

corroborated by the TUNEL analysis of the same specimens, possibly due the fact that cleaved 

caspase-3 is evident earlier and longer throughout apoptosis compared to DNA fragmentation, 

which is a terminal event. However, it is more likely that not all these cells positive for cleaved 

caspase-3 will proceed to complete apoptosis.  Studies have shown that in the developing brain, 

cleavage of caspase-3 can have nonapoptotic functions such as remodeling or pruning of 

existing neuronal connections with significance in early neuroplasticity, or may even have 

neuroprotective effects against ischemic insults .4-6  Indeed, high levels of cleaved caspase-3 

has been seen in the ovine fetus by other groups.7  While the function of cleaved of caspase-3 

in the near term ovine brain in unclear, the high levels present, especially in the dentate gyrus, 

suggests it has an important role in brain development, and may warrant further study. 
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4.3 Conclusions 

In this thesis, an ovine model of repetitive UCOs was used to investigate the effects of severe 

fetal acidemia as might be seen clinically during labour on the placental inflammatory response 

and subsequent brain injury in the ovine fetus.  Additionally, the effects of pre-existing chronic 

hypoxia or low-grade inflammation as might be seen with fetal growth restriction or histologic 

chorioamnionitis, were also examined. 

Repetitive UCOs in the ovine fetus leading to severe fetal acidemia results in a placental 

inflammatory response as shown by increased neutrophils in the placental zona intima and 

elevated IL-1B in the amniotic fluid.  When additionally exposed to intraamniotic LPS, a 

systemic fetal inflammatory response is seen as shown by elevated IL-6 in the fetal plasma.  

Repetitive UCOs in the ovine fetus leading to severe fetal acidemia did not result in overt brain 

injury or inflammation, but when additionally exposed to intraamniotic LPS, an increased in 

apoptotic cell death was observed in the hippocampus.   

This thesis provides an understanding of the fetal and placental inflammatory responses that 

occur in the near-term ovine fetus when exposed to repetitive UCOs with severe acidemia, and 

highlights the effect of underlying inflammation near the time of birth on the risk for 

subsequent brain injury.   
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