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Abstract 

Maternal-fetal infection and fetal neuroinflammation are highly associated with white matter 

injury (WMI) and neurodevelopment impairment in preterm infants. At least half of the 

infants that survive preterm birth experience adverse neurodevelopmental outcomes, and a 

further 15% develop severe problems such as cerebral palsy. The developing oligodendrocyte 

(OL) is intrinsically vulnerable to injury and the periventricular white matter is marred by its 

loss. Increasing evidence suggests inflammatory mediators, produced within the fetal brain in 

response to infection, contribute to the demise of OLs, the myelinating cells of the central 

nervous system; however the precise mechanisms involved are poorly understood.  

The broad objectives of this thesis are to: i) develop a primary culture model of inflammatory 

WMI derived from a developmentally similar population of fetal ovine glia; ii) confirm that 

infection and inflammation contribute to glial pathology; and iii) utilise our in vitro model to 

further our knowledge of the mechanisms downstream of inflammation through novel 

studies. 

Cultures of isolated glial cells have been employed in research previously, however mixed 

glial cultures have not been utilised to the same extent, despite the observation that all glia 

contribute to the pathology of neuroinflammation. Hence, the first aim was to characterise an 

in vitro primary culture model of infection/inflammation-mediated preterm WMI. 

To achieve this we systematically generated a method for isolating glial cells from the 

forebrains of the day 90-95 (0.65 gestation, term is 145) fetal sheep; primary cultures were 

exposed to tumour necrosis factor alpha (TNF-α, 50 and 100 ng/mL) and lipopolysaccharide 

(LPS, 1 µg/mL). In control cultures astrocytes, microglia and a developmental range of OLs 

were present. Following induced inflammation we identified a lack of astrogliosis and a 

marked increase in OL apoptosis with all treatments (p < 0.001). Moreover, TNF-α 
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production in LPS treated cultures was markedly increased (p < 0.001 and p < 0.01 at 24 and 

48 hours). 

We utilised primary mixed glial cultures to investigate whether matrix metalloproteinases 

(MMPs) were influenced by TNF-α and LPS or contributed to inflammation-induced glial 

injury. We demonstrated that TNF-α and LPS regulate MMP expression in glia, however 

their inhibition provided no protection to OLs in cultures exposed to TNF-α and only 

transiently improved OL survival during LPS exposure (p < 0.01 after 72 hours). We also 

identified a potential advantageous role for MMPs in regulating activated microglia survival 

after chronic TNF-α or LPS exposure.  

In an in vitro model of inflammatory OL injury, the effect of TNF-α and LPS on TNF-α/ 

cyclooxygenase 2 (COX2) dependent glutamate release and glutamate receptor-mediated OL 

toxicity was investigated. This study confirmed the expression of alpha-amino-3-hydroxy-5-

methyl-4-isoxazole-propionate (AMPA) and N-methyl-D-aspartate (NMDA) receptors on 

developing OLs, and verified that AMPA receptor subunit conformation was altered by TNF-

α and LPS resulting in a cellular phenotype more permeable to Ca2+. However, glutamate 

receptor inhibition following TNF-α or LPS exposure was ineffective in preventing OL loss. 

Alternatively, developing OLs were protected, and glutamate concentrations effectively 

reduced, by the inhibition of TNF-α and COX2, suggesting that glutamate may contribute to 

inflammatory OL injury via non-receptor mediated mechanisms. 

Translating practical results at the cellular level to therapeutic interventions has many 

obstacles. Nevertheless, data from our studies provide an important mechanistic insight into 

the underlying pathophysiology of white matter inflammation and subsequent OL demise. 

These results and the in vitro model provide a useful tool for future advances in our 

understanding of the mechanisms of infection/inflammation-mediated preterm brain injury.  
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Chapter 1: Introduction 

1. Chapter 1: Introduction 

 

1.1 Overview 

Intrauterine infection is recognised as an important factor in the aetiology of spontaneous 

preterm birth (Goldenberg et al., 2008, Gonçalves et al., 2002). However, there is a growing 

body of clinical and epidemiologic evidence which support the contention that the same 

infection is also a major antecedent of cerebral white matter injury (WMI) in the preterm 

infant (Volpe, 2009, Lyon et al., 2010). In periventricular leukomalacia (PVL) the major 

cellular target of injury is the developing immature oligodendrocyte (OL), precursor of the 

mature myelin-forming OL (Volpe et al., 2011, Hüppi et al., 2001). Damage to these cells can 

lead to long-term disturbances in myelination, resulting in permanent areas of 

hypomyelination that later manifest as cerebral palsy, or varying degrees of cognitive 

dysfunction (Aarnoudse-Moens et al., 2009, Msall, 2010, Shatrov et al., 2010). Despite 

considerable evidence of a link between infection and WMI and later neurological 

impairment in the preterm infant, the mechanism(s) underlying WMI remain poorly 

understood.  

Increasing evidence suggests that inflammatory mediators such as cytokines, in particular 

tumour necrosis factor-alpha (TNF-α), produced by cells such as microglia and astrocytes in 

response to infection, can stimulate the production of other inflammatory mediators, and 

initiate cell death signalling cascades resulting in apoptosis and death of OLs (Wang et al., 

2012). Indeed, the presence of TNF-α within the uterus, fetal brain and fetal circulation has 

been associated with WMI (Girard et al., 2009, Yoon et al., 1997b) and considerable 
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evidence suggests that developing OLs are more vulnerable to cytokine-induced injury than 

mature OLs (Agresti et al., 1996, Back et al., 1998, Buntinx et al., 2004). Furthermore, 

studies in neonatal rats show that intracerebral injection or maternal administration of the 

endotoxin lipopolysaccharide (LPS) induces an increase in cytokine concentrations (Lehnardt 

et al., 2002, Pang et al., 2003). While these associations are clear, our understanding of the 

pathogenic mechanisms linking TNF-α to WMI is limited. 

In addition to TNF-α, glia are also a major source of matrix metalloproteinases (MMPs) 

during neuroinflammation (Rosenberg, 2002, Rosenberg et al., 2001). MMPs are a group of 

proteases thought to play critical roles during brain development, including promoting 

migration of OL processes within the brain matrix, myelination and axonal growth (Oh et al., 

1999, Vaillant et al., 2003). Nonetheless, dysregulation of MMPs results in detrimental 

effects within the brain, as evidenced by their destructive effects on the extracellular matrix 

and ability to promote the release of proinflammatory cytokines (Rosenberg and Mun-Bryce, 

2004, Rosenberg, 2009). Furthermore, they have been shown to play a central role in 

mechanisms of central nervous system (CNS) injury during the course of inflammation and 

have been shown to contribute to the neuroinflammatory response of several adult 

demyelinating disorders such as multiple sclerosis (MS) - a disease characterised by multiple 

lesions within the white matter (Barnett et al., 2006, Liuzzi et al., 2002, Shiryaev et al., 

2009). Importantly, proinflammatory cytokines, such as TNF-α, are important regulators of 

MMPs suggesting an underlying mechanistic link. 

Recent evidence has highlighted that infectious pathogens trigger the α-chemokine stromal 

cell-derived factor signalling system resulting in metalloproteinase dependent release of 

TNF-α and subsequent activation of a prostaglandin-E2 (PGE2)-dependent release of 

glutamate from astrocytes(Allen and Attwell, 2001, Bezzi et al., 2001). Infection is also 
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directly associated with mitochondrial dysfunction (Bozza et al.), which dramatically 

increases the vulnerability of white matter cells and neurons to excitotoxicity and other 

insults (Deng et al., 2006, Voloboueva et al., 2007). Consistent with this is the extensive in 

vitro evidence that immature OLs are relatively vulnerable to exposure to excess glutamate 

(Deng et al., 2006, Deng et al., 2003, Fern and Moller, 2000). Currently, it is unknown 

whether levels of glutamate reach toxic levels in the intact brain exposed to infection at any 

age, and the role of inflammation-dependent glutamate release has not been evaluated in 

gestational-age appropriate cell models. 

Though N-methyl-D-aspartate (NMDA) glutamate receptors (NMDAR) are present on the 

processes of pre-OLs, the predominant subtype of glutamate receptor on immature white 

matter cells, is the alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionate (AMPA) 

glutamate receptor (AMPAR), consisting of four subunits (GluR1-4). While NMDARs are 

always Ca2+ permeable, the presence or absence of the GluR2 subunit dictates the AMPARs 

Ca2+ permeability. In pre-myelinating OLs GluR2 expression is relatively low (Deng et al., 

2003, Itoh et al., 2002), thus permitting relatively high Ca2+ permeability. Recent evidence 

suggests there are developmental differences in the expression of GluR2-lacking AMPARs 

within the fetal white matter and on pre-OLs during the gestation period of peak vulnerability 

to WMI (Dean et al., 2005, Talos et al., 2006). Furthermore, there is compelling evidence to 

suggest that exposure to adverse variables results in conformational changes of AMPARs; for 

example there is a marked increase in the Ca2+ permeable subunit, GluR4, compared to that 

of the Ca2+ impermeable subunit, GluR2, in fetal white matter following hypoxia which 

renders cells more vulnerable to injury (Dean et al., 2005). Additionally, hypoxia-ischaemia 

downregulates GluR2 subunit expression on neurons which results in an increased 

susceptibility to excitotoxicity (Sanchez et al., 2001), and others have shown that TNF-α 
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preferentially increases synaptic expression of GluR2-lacking AMPARs in mature 

hippocampal pyramidal cells in vitro (Stellwagen et al., 2005). It is not known whether this 

occurs in the immature brain and in response to infection.  

Advancement of our understanding of the cellular mechanisms and biological pathways that 

link infection and WMI in the preterm infant and later neurological impairment is critical for 

development of novel therapeutic strategies. The purpose of this thesis was to examine the 

effects of inflammatory agents on primary mixed glial cultures derived from the immature 

ovine fetal brain, in order to explore the molecular and cellular mechanisms of 

infection/inflammation-related preterm brain injury. Based on evidence in the literature 

supporting a central role for MMPs in the pathogenesis of CNS injury during the course of 

inflammation (Rosenberg et al., 2007, Ranasinghe et al., 2009), studies were undertaken to 

compare the effects of TNF-α and lipopolysaccharide (LPS) on MMP-2 and MMP-9 gene 

expression and protein enzymatic activity in order to determine whether these gelatinases are 

involved in infection/inflammation-induced preterm OL injury. Since, immature OLs are 

highly vulnerable to glutamate and recent data demonstrates that infectious agents trigger a 

MMP dependent release of TNF-α and glutamate from astrocytes, studies were also 

undertaken to examine whether TNF-α-PGE2-mediated glutamate release is a causal 

mechanism in the development of WMI in addition to regulation of AMPA subunits that 

dictate Ca2+ influx and subsequent cell death. 

1.2 Modelling premature brain injury 

Animal models are a critical component in the investigation and treatment of human diseases. 

They provide a means by which relatively conserved physiological and pathological 

processes can be translated from seemingly diverse organisms.  
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The instrumented fetal sheep preparation is the most extensively studied given its similarity 

to the unique physiology of the preterm (< 37 weeks) human brain and the ability to replicate 

the neuropathological sequelae of human injury. The development of ovine preparations is 

largely a result of reverse modelling, which makes the assumption that a mechanism of injury 

is more likely operating in the preterm human if the animal model replicates specific 

pathological features observed in human infants presenting with WMI. 

1.2.1 The instrumented fetal sheep 

For an animal species to be relevant in terms of modelling human fetal brain injury it must 

meet the following criteria: i) have a similar proportion of white to gray matter and be 

comparable to humans in terms of brain development; ii) enable delivery of an insult at the 

age which it occurs developmentally in humans; iii) accurately reflect the neuropathology of 

a specific injury; iv) have similar immunological maturity; v) have the ability to conduct in 

utero monitoring of metabolic (pH, blood gases, haemoglobin, haematocrit, glucose, lactate, 

electrolytes) biophysical parameters (EEG, ECG, blood pressure), and; vi) have the same 

functional outcomes as observed in human electrophysiological and neuropathological 

evaluations.  

The immature sheep fetus has several key features that make it an excellent research model. 

At 0.65 gestation (95 days, term ~ 145 days) the cerebral white matter is similar to that of the 

preterm human between approximately 24 and 28 weeks in terms of neurogenesis (McIntosh 

et al., 1979) and the onset of cerebral sulcation (Barlow, 1969). Additionally, the abundance 

of white matter and presence of a developmentally similar population of OLs, cells known to 

be targeted in WMI, make the fetal sheep ideal for correlation with the human (Back et al., 

2006b). The sheep’s relatively long gestation and physical size allow for chronic fetal 
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instrumentation within a wide range of developmental stages equivalent to that of the human 

for monitoring of metabolic and biophysical responses and neurological activity.  

1.2.1.1 Infection 

The high association between preterm birth, intrauterine infection and subsequent white 

matter destruction has led to the development of a number of models of infection-induced 

WMI.  

Infection related WMI was first described more than 30 years ago by Gilles and Leviton and 

colleagues (Gilles et al., 1976). They suggested that the neuropathology of human infants 

with bacteraemia was indicative of the adverse effects of bacteria, and that their toxins 

influenced a maturational process unique to developing white matter. Fundamentally, their 

experimental studies assessed brains of neonatal kittens following intraperitoneal 

administration of lipopolysaccharides (LPS) and revealed the same neuropathology observed 

in human infants with infective WMI including astrogliosis and necrosis (Gilles et al., 1976). 

Numerous studies have since followed involving the administration of LPS either 

intracervically, intraperitoneally, or directly to the amniotic fluid in several species and all 

show evidence of injury or disruption of white matter (Mallard et al., 2003, Bell and 

Hallenbeck, 2002, Cai et al., 2000, Duncan et al., 2002). 

LPS, a structural component of gram-negative bacteria, is a strong inducer of innate 

immunity and is biologically active at picomolar concentrations. Its effects are mediated 

through interaction with toll-like receptor 4 (TLR-4) (Lehnardt et al., 2002) which plays a 

central role in the recognition of infectious pathogens by immune cells, such as macrophages 

and microglia. Briefly, circulating LPS is bound to the LPS-binding protein which directs 

LPS to its receptor complex; composed of CD14, TLR-4 and the extracellular adapter 
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protein, MD-2. TLR-4 binding results in the nuclear translocation of NF-κB and transcription 

of inflammatory genes such as TNF-α (Fraser et al., 2008). 

Since then, the fetal ovine preparation, a model more relevant to the preterm infant, has 

become the model of choice. In vivo representations of infection-related WMI have used 

maternal and fetal LPS exposure (intravenous, amniotic and fetal cerebroventricular routes) 

to study causal links with maternal infection. These models support the concept that 

intrauterine bacterial infections occur and then proceed from maternal to fetal tissues and 

subsequently lead to the passage of cytokines across the blood-brain barrier (BBB). In vivo 

preparations have resulted in several key observations associated with infection including 

hypotension, neural injury, microglial activation upregulation of cytokines and OL demise 

(Duncan et al., 2002, Mathai et al., 2013, Mallard et al., 2003, Bennet et al., 2010). 

1.2.2 Cell culture models 

Numerous animal models have been developed that reproduce a range of the 

neuropathological features of infection/inflammation-related WMI. Since the principle 

feature of such injury involves the induction of a fetal inflammatory response and the 

resultant destruction of white matter, both in vivo and in vitro models are essential in studying 

this multi-system disorder. While in vivo models are crucial for assessing effects of 

infection/inflammation on a holistic level, in vitro models are indispensable methods for 

examining in depth the underlying time-course of cellular and molecular responses of fetal 

brain glia. Despite wide use of the chronically instrumented fetal sheep preparation, an in 

vitro model utilising sheep-derived glial cultures has not yet been established. While this 

model would complement its in vivo counterpart the majority of culture models currently 

used are of rat origin – though rodents have a paucity of cerebral white matter that differs 
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markedly from humans. The ovine white matter is similar to the human in that it displays a 

relative selectivity towards injury at a time when the immature oligodendrocyte dominates 

the population (Riddle et al., 2006). In comparison, the rodent has a propensity for mixed 

white and gray matter injury (Olivier et al., 2005). Of particular importance to the current 

thesis is the timing of expression of the AMPARs that appears to differ in rodents in 

comparison to the human and sheep (Talos et al., 2006, Dean et al., 2005), interestingly this 

may underpin the mixed injury observed in the rodent as well as the robust effect of 

glutamate on neuronal toxicity in the rat (Johnston, 2001). In addition, in vitro preparations 

allow accessible monitoring of extracellular conditions, which is technically challenging to 

achieve using in vivo models (Fraser et al., 2008), and ease of assessment of the temporal 

extent of inflammation, or other cellular experimental parameters of interest.  

As such, a number of mechanisms which lead to OL death have been highlighted including 

the necessity of the presence of other glia to confer TNF-α mediated toxicity to OLs, and the 

key role of TNF-α in LPS mediated WMI (Li et al., 2005a). Other studies using cultures of 

OLs derived from rats have shown that early differentiating OLs, but not mature OLs, are 

highly sensitive to free radicals most likely triggered by exposure to glutamate (Oka et al., 

1993, Back et al., 1998) or by exposure to inflammatory cytokines (Takahashi et al., 2003).  

In the 0.65 (d95; term gestation ~145 days) gestation ovine fetus and the human premature 

infant, the O4-positive pre-OL, the most vulnerable to injury, dominates the cerebral white 

matter (Back et al., 2001). From 24-28 weeks the O4-positive OL comprises approximately 

90% of the total OL population, and accounts for up to 50% in the term infant, which is 

comparable to the late gestation (0.9 gestation) ovine fetus (Volpe et al., 2011). Thus OL 

development is similar between the immature ovine and human brains and the relatively long 

8 

 



Chapter 1: Introduction 

gestation of the sheep allows for selection of a range of developmental epochs for onset of an 

insult and evaluation in an in vitro setting. 

When compared with in vivo models, the smaller space requirements and large number of 

cells obtainable from fetal ovine forebrains for in vitro use lend it to perform large-scale, 

treatment-array experiments. Examples of where culture based models have excelled as 

experimental platforms are in gene expression studies and screening of extracellular factors 

secreted in response to exposure to exogenous compounds.  

1.2.2.1 Cells in mixed glial cultures 

In this thesis we are primarily interested in the effects on neuroglia; the non-neuronal cells of 

the CNS. These cells constitute a large proportion of cells within the CNS, yet their function 

in the physiology and pathology of the CNS has only been highlighted in recent years. As 

will be discussed, glia can be influential, vulnerable or indeed both with regards to 

inflammation, excitotoxicity and brain injury. 

Astrocytes 

Astrocytes are the most numerous of the glial cells in the mammalian brain, accounting for up 

to 50% of human brain volume (Chen and Swanson, 2003). Astrocytes are multifunctional 

and responsible for the homeostatic regulation of the extracellular space in the CNS. They 

have a complex morphology with numerous, often highly ramified, cell processes that form 

functional connections around the node of Ranvier, peri-synaptic space, peri-vascular space, 

other glia and neurons (Butt and Ransom, 1993, Grosche et al., 1999, Skoff, 1990, Vaughn, 

1969). Cells with astrocyte morphology are evident at approximately 15 weeks of gestation in 

the human and function to support normal neuronal activity by regulating glutamate transport 

(Anderson and Swanson, 2000) and scavenging of oxygen free radicals (Wilson, 1997). 
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Additionally, astrocytes are a constitutive component of the BBB where their direct contact 

with cerebrovascular endothelial cells and secretion of certain molecules is essential for 

formation and maturation of the barrier (Ballabh et al., 2004, Rubin et al., 1991).  

Microglia 

Microglia are the resident phagocytic immune cells of the CNS (Alvarez-Díaz et al., 2007) 

and arise in the fetal brain as immigrants from the haematopoietic system during early 

development (de Graaf-Peters and Hadders-Algra, 2006). These cells account for almost 10% 

of the overall cell number during development and are present within all brain regions 

including both gray and white matter. During the resting state microglia maintain a ramified 

shape with a small cell body and numerous processes. Although there is a slow turn-over of 

microglia via recruitment and proliferation (del Zoppo et al., 2007), their function during 

quiescence is not fully understood, but may serve a role in removal of debris generated from 

synaptic pruning and remodelling (Harry et al., 2006). Since the immature brain is 

undergoing an active process of synaptic remodelling and maintains high levels of growth 

factors required for neuronal maturation (Nakajima and Kohsaka, 2004), defining the basal 

microglial function in the fetal brain is difficult. Despite their ability to act on a diverse range 

of stimuli, the microglial response is relatively consistent, resulting in activation and two 

main functions: propagation of the immune response, through cytokine expression and 

phagocytosis of cellular debris (Chew et al., 2006). Activated microglia are present in many 

neurodegenerative diseases, and display both injurious and protective properties, therefore 

defining whether microglia are simply helpful or harmful in these conditions is difficult and 

still a matter of debate (Nakajima and Kohsaka, 2004).Cytokine expression by microglia has 

been well defined and includes both anti-inflammatory and pro-inflammatory cytokines 

including interleukin (IL)-10, IL-1, IL-6 and in particular TNF-α (Rezaie and Dean, 2002).  
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Oligodendrocytes 

OLs are myelin forming glial cells that function to insulate the axons of the CNS (Baumann 

and Pham-Dinh, 2001). The entire process of myelination can be considered to include 

proliferation and differentiation of the OL population followed by deposition of myelin 

around axons. Myelination in the human is a prolonged process that occurs rostro-caudally in 

the spinal cord from 12 weeks gestation (Weidenheim et al., 1996) and caudo-rostrally in the 

brain (Miller, 1996) from approximately week 16 (van der Knaap and Valk, 2005). During 

the infants first year, from roughly one month postnatal age, myelination is vigorously active 

(Volpe, 2001a), however, several imaging studies have proposed that it could take up to four 

decades before myelination is completed, with the intracortical connections and the reticular 

formation being amongst the last areas to become myelinated (Paus et al., 1999, Bartzokis et 

al., 2001). Myelination has been shown to solely occur on axons; in vitro the formation of 

myelin-like membranes does take place in the absence of axons (Lubetzki et al., 1993), but 

the specific signals that regulate this are unclear. Non-myelinating OL precursors are 

plentiful within fetal white matter until approximately 27 weeks gestation, at which time they 

progress to mature myelinating glial cells and increase brain-myelin content. 

Numerous morphological features of OLs allow us to distinguish them from other glia, most 

notably a smaller soma size and a large number of microtubules in their processes (LoPresti 

et al., 1995). OLs develop in a well-established lineage indicated by several antibodies 

specific for epitopes of OL maturation, namely, A2B5, NG2-chondroitin sulfate proteoglycan 

(NG2), O1, O4, and CNPase. Furthermore, a progressively increasing complexity allows the 

successive stages of OL development to be mapped based on morphology (Figure 1-1). 
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OL progenitors can be identified by immunodetection of NG2 and exclusion of the O4 

antigen. NG2+/O4- immunoreactive OLs appear bipolar in morphology with elongated cell 

bodies and long process (Duncan et al., 2002). Pre-OLs (often termed late progenitors) are 

multipolar in shape, mitotically active (Baumann and Pham-Dinh, 2001) and are identified 

with the O4+/NG2+ phenotype (Back et al., 2001). With maturation, these pre-OLs develop 

into the immature OL with O4+/O1+ or O4+/CNPase+ immunoreactivity (Duncan et al., 

2002, Zhang, 2001) and are physically characterised by post-mitotic behaviour and a complex 

multipolar profile (Back et al., 2007). Maturation of OLs results in upregulation of expression 

of major myelin components including MBP and proteolipid protein which are used as 

primary markers of mature OLs. 
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Figure 1-1: OL lineage, phenotypic markers and temporal patterns. Early OL progenitors are present from 8 weeks 

and appear throughout gestation and postnatal life. Pre-OLs (late OL progenitors) are the prominent cell type in 

white matter during a window of high-risk for WMI. A marked increase in the immature OL population is seen after 

approximately 27 weeks. This is accompanied by a synchronised increase in the appearance of mature OLs, and a 

decline in the incidence of WMI corresponding with OL maturation. Adapted with permission from S. A Back et al., 

2007. 
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1.3 Pathology of white matter injury 

Cerebral WMI is the neuropathological sequelae of diminished white matter and myelin 

deficiency affecting white matter fibre tracts around the cerebral ventricles, and is the 

collective term used in this thesis to describe the full spectrum of PVL. 

The number of infants surviving birth prior to 27 weeks is increasing, most likely due to the 

ability of clinicians to effectively anticipate complications in preterm infants (Moore et al., 

2012); providing interventions such as antenatal steroids and earlier, more frequent, 

surfactant treatment (Roberts and Dalziel, 2006, Rojas-Reyes et al., 2012). However, these 

improvements are only observed in the short-term and the proportion of preterm babies who 

experience adverse health outcomes later in life has remained largely unchanged. While only 

approximately 30% of infants that survive birth at 24 weeks experience significant 

disabilities, among those who survive birth prior to 24 weeks 75% will experience severe 

disabilities (Moore et al., 2012). In these preterm babies, cerebral palsy is one of the most 

well-known neurological injuries, and despite the improvements in neonatal care over the last 

few decades, the incidence of WMI and cerebral palsy in preterm neonates remains 

unchanged, and the precise aetiology of cerebral palsy remains elusive (Longo and Hankins, 

2009). 

The two primary components of WMI neuropathology are focal cystic necrosis and diffuse 

lesions (Figure 1-2). The cystic component located deep in the cerebral white matter is 

identified by localised necrosis of all cellular elements with subsequent cyst formation. The 

diffuse component, often considered less severe in the spectrum of the disease, is 

characterised by the loss of pre-myelinating OLs, astrogliosis and infiltration of microglia 

(Volpe, 2003).  
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WMI is regarded as the predominant brain lesion in preterm infants with a period of risk for 

neurologic handicap seen in those born between 24 to 35 weeks of gestation. The pattern of 

injury, namely damage to the white matter fibre tracts of the periventricular region and 

minimal apparent cortical cell loss (Volpe, 2003, Volpe, 2012, Inder et al., 1999, Towbin, 

1998), differs greatly from that of the near-term infant in which injury frequently occurs as 

selective neuronal damage within the cerebral cortex, hippocampus and cerebellum (Berger 

and Garnier, 2000), which can lead to motor deficits, epilepsy and cerebral palsy (Carlsson et 

al., 2003, Dammann and Leviton, 1998). In the preterm brain, however, injury to the 

underlying white matter has the potential to interrupt afferent and efferent cortical 

connections and in doing so impact on the developing gray matter (Rees et al., 2011). Thus, it 

is not surprising that recent MRI studies (Mathur et al., 2010) (Mathur and Inder, 2009) 

report a secondary disruption of preterm cerebral development involving a cortical and 

subcortical gray matter component of injury (Inder et al., 1999, Peterson et al., 2000). 
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Figure 1-2: Cystic and non-cystic periventricular white matter injury. Focal necrotic lesions in cystic WMI (black 

circles) are macroscopic in size and evolve to cysts whereas focal lesions in non-cystic WMI (black dots) are 

microscopic in size and evolve to glial scars. The diffuse components of cystic and non-cystic WMI (pink) are 

personified by characteristic cellular changes seen in WMI. Adapted with permission from Joseph J Volpe, 2009. 

There are two critical and frequently mutual upstream pathological mechanisms proposed for 

preterm WMI: cerebral ischaemia and inflammation (arising from maternal or fetal infection) 

(Khwaja and Volpe, 2008). It is fair to say that at the centre of both of these mechanisms is 

the upregulation of central and systemic inflammatory mediators. Because of overlap of 

downstream pathologies related to ischaemia and infection/inflammation, including 

glutamate toxicity, generation of reactive oxygen species, microglial activation and 

production of inflammatory cytokines (Rock et al., 2004), it is important to appreciate that 

ischaemia and inflammatory mechanisms can coexist and may potentiate each other. 
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1.3.1 Asphyxia and hypoxic-ischaemia 

Of the infants that survive very preterm birth (<32 weeks), up to 10% will develop spastic 

motor deficits such as cerebral palsy (Platt et al., 2007). Considerable evidence suggests that 

perinatal hypoxaemia contributes to brain injury in the preterm infant and this pattern of 

injury is directed towards developing cerebral white matter (Volpe, 2009, Rees et al., 2008, 

Fraser et al., 2008, Gunn and Bennet, 2009). 

Asphyxia is defined as hypoxia and hypercapnia with metabolic acidosis and can be 

duplicated in animals by uterine artery or umbilical cord occlusion which results, depending 

on the timing and duration of occlusion (Gunn and Bennet, 2009), in localised cerebral or 

global reductions in oxygen content (hypoxia), respectively, and reduced tissue perfusion 

(ischaemia). It is estimated that about 7-9% of premature births experience a period of 

asphyxia, however it is likely higher as there is no way to determine this in utero (Low, 2004, 

Legido et al., 2000). Indeed, single low-grade insults, which may be undetectable regardless 

and result in little cell injury, may sensitise the fetus to subsequent insults. 

Importantly, hypoxaemic injuries, regardless of origin, are evolving insults comprised of 

discrete phases; where cell death does not only occur during the hypoxic or asphyxial period 

(termed the primary phase of injury) following an initial depletion of energy reserves as a 

consequence of a reduction in blood flow, but rather continues as a delayed cell death, 

occurring over the hours and days following the initial insult (Bennet et al., 2006, Gunn and 

Bennet, 2009). Experimental studies confirm that there is an initial phase of energy failure 

and a latent phase, following reperfusion and restoration of cellular energy metabolism, 

where the inflammatory cascade and activation of cytokine signalling occurs. This is 

followed by a secondary phase characterised by fetal seizures, cytotoxic oedema coupled 
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with the failure of oxidative metabolism – severity of which is closely correlated with 

neurodevelopmental outcome (Bennet et al., 2006, Gunn et al., 1992, Tan et al., 1996, 

Williams et al., 1991). 

Magnetic resonance imaging studies have clearly defined the pattern of injury arising in the 

asphyxiated preterm neonate. Injury to the basal ganglia, thalamus, hippocampus, 

corticospinal tracts, corpus callosum and brain stem, are all evident, as too is ventricular 

enlargement and haemorrhage, and periventricular WMI (Huang and Castillo, 2008, Inder et 

al., 2011, Huppi and Inder, 2001). 

1.3.2 Infection and inflammation 

The characteristic pattern of necrosis in WMI was first described over a century ago 

(Virchow, 1867) and placed great emphasis on the presence of inflammatory cells within the 

foci of degeneration. Much later, magnetic resonance imaging studies demonstrating the 

presence of diffuse lesions in white matter (Leviton and Gilles, 1984, Gilles, 1976) and 

following pathological studies (Yoon et al., 1997a, Gilles et al., 1977), provided evidence to 

suggest maternal infection was of critical importance to the genesis of white matter injury in 

the preterm infant brain. 

Intrauterine infection can result from bacterial invasion from the abdominal cavity via the 

fallopian tubes, by passage through the placenta or more commonly, passage of a pathogen 

through the cervix from the vagina (Goldenberg et al., 2008). Infection may occur within the 

choriodecidual space between maternal tissue and fetal membranes (Wu, 2002), within the 

fetal membranes, placenta or amniotic fluid (Goldenberg et al., 2008) and collectively can be 

termed chorioamnionitis. Chorioamnionitis induces a fetal inflammatory response which is an 
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important antecedent of brain injury and subsequent cerebral palsy (Chew et al., 2006, 

Hagberg and Mallard, 2005, Leviton et al., 2010, Dammann and O'Shea, 2008). 

Evidence from epidemiological, clinical and experimental studies suggests that inflammatory 

mechanisms within the fetal brain can also be triggered through an initial infection 

originating within the uterus, placenta and/or fetal membranes (Dammann and Leviton, 

1998). In this setting, the subsequent inflammatory response within the fetal brain is typically 

characterised by reactive gliosis, activation of microglia and upregulation of cytokines (Chew 

et al., 2006, Dammann and O'Shea, 2008). Intracranial application of LPS into the brains of 

5-day-old rats also shows a resulting increase in TNF-α and IL-1β followed by white matter 

destruction after several days (Cai et al., 2003). Augmented pro-inflammatory cytokine levels 

together with activation of microglia within the two potential initiating insults – hypoxia-

ischaemia and intrauterine infection – suggests that inflammatory cascades may be an 

underlying cause of preterm brain injury.  

Potentially, inflammatory cytokines arising within the maternal and fetal compartments could 

contribute to preterm brain injury. This is supported by observations that microbial invasion 

of the amniotic cavity, which occurs in 25% of preterm births (Yoon et al., 2003), results in 

congenital fetal infection and inflammation, stimulating fetal production of IL-1β and TNF-α 

(Elovitz et al., 2006). These cytokines increase permeability of the fetal BBB thus facilitating 

passage of microbial products and cytokines to the fetal brain. Further production of IL-1β 

and TNF-α by activated microglia and proliferating astrocytes is stimulated by invading 

microbial products and cytokines (Yoon et al., 2003).  

Systemic inflammation has been shown to induce profound changes in endothelial function 

and intrauterine infection can affect fetal pulmonary function and cardiovascular control. 
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Additionally, enhanced nitric oxide formation following endotoxemia contributes to aberrant 

peripheral vasodilation. Consequently, intrauterine infection and the fetal inflammatory 

response can alter fetal cardiovascular function, leading to dysregulation of cerebral blood 

flow and hypoxic brain injury. Furthermore, cytokine presence in plasma, cerebrospinal fluid 

or within the lesion itself (Buttram et al., 2007, Ellison et al., 2005b) may arise after 

ischaemia and contribute to disruption of neuronal and glial cells by the activation of the 

inflammatory cascade. In either case, the preterm brain responds with the characteristic 

development of WMI. 

Neuronal injury is beyond the scope of this thesis, however, numerous studies allude to the 

association between preterm birth, WMI and cognition (Melhem et al., 2000, Peterson et al., 

2000). Indeed, the association of neuronal and axonal injury with infection and inflammation 

has been observed in the immature brain (Pierson et al., 2007, Haynes et al., 2008). 

Additionally some infants exposed to antenatal infection may develop immaturity-related 

neuronal damage, neuronal disorganisation, abnormalities in synaptogenesis, and 

abnormalities in neurotransmitters and neurotrophins (Toti and De Felice, 2001, Moalem et 

al., 2000). 

To some extent it appears that WMI involves both axonal degeneration and OLs demise. 

While axonal degeneration occurs in necrotic lesions, surprisingly, the major form of WMI, 

comprised of non-necrotic lesions and diffuse gliosis, lacks significant injury to or loss of the 

axons present (Riddle et al., 2012). 
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1.3.2.1 Glial inflammation 

Astrocytes 

Under physiological conditions, astroglia function to maintain BBB integrity, provide trophic 

support for neurons, and mediate neurotransmitter and extracellular ion homeostasis. Despite 

this, astrogliosis (where astrocytes become reactive in response to local tissue damage) is a 

central component involved in initiating deleterious neuropathological events in the immature 

brain in response to infection, inflammation and hypoxic-ischaemia. The homeostatic 

functions of astrocytes include regulation of extracellular glutamate levels. However, 

compromised glutamate transport by astrocytes, via glial cytokine production, (Cai et al., 

2004, Auger and Attwell, 2000, Tanaka, 2000) results in the accumulation of extracellular 

glutamate and subsequent excitotoxicity. Furthermore, astrocytes are an important energy 

store for the brain and glucose deprivation is a well-known and formidable insult to white 

matter and white matter axons (Fern and Möller, 2000, Alix and Fern, 2009). When brain 

glucose levels are reduced, astrocyte glycogen stores are converted to lactate. This lactate is 

taken up by neighbouring neurons and used for oxidative energy production to retain axonal 

function (Wender et al., 2000). In addition, astrocytes have been shown to promote 

myelination (Ishibashi et al., 2006) (Watkins et al., 2008), but this seems to be highly 

dependent on the astrocytes activation state as to whether their actions are favourable or 

adverse (Nash et al., 2011). In support of these observations, recent studies show that TNF-α 

secreted by reactive astrocytes inhibits survival and differentiation of OL precursors (Su et 

al., 2011, Watkins et al., 2008). Therefore, astrocyte homeostatic functions are influenced by 

cytokines; subsequent impairment leads to glutamate and energy maintenance dysfunction 

and, in addition to direct effects of astrocytic cytokines, which can initiate deleterious events 

in the developing brain. 
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Microglia 

Microglia are the resident immune cells of the CNS and are abundant in uninjured white 

matter (Mallard et al., 2003), even in the activated form, from early in gestation (Billiards et 

al., 2006). Thus, an activated population of microglial cells are concentrated in the 

developing white matter at a time of vulnerability to injury. Importantly microglial activation 

is a prominent feature of preterm WMI (Billiards et al., 2006) and during the 

neuroinflammation can inflict deleterious effects on surrounding glia and axons via glutamate 

and inflammatory cytokines (McLean and Ferriero, 2004, Khwaja and Volpe, 2008). Despite 

the recognised involvement of activated microglial in injury, a comprehensive understanding 

of the causative mechanisms remains to be established. However, acute activation of 

microglia may promote white matter repair, while persistent activation and cellular injury 

may promote uncontrolled cell death via activation of cytotoxic pathways (Butovsky et al., 

2006). The cytotoxic effect of microglia-derived proinflammatory cytokines on OLs has 

previously been highlighted (Kim et al., 2004a) and maturation-dependent susceptibility is 

also apparent (Miller et al., 2007). Other studies have also evaluated the effects of cytokines 

on glial susceptibility to glutamate excitotoxicity, and indicate the vulnerability of OLs is 

potentiated by TNF-α produced by microglia (Pitt et al., 2003). 

Oligodendrocytes 

As previously discussed, the concept of infection/inflammatory-mediated OL death was 

suggested by Gilles et al, who demonstrated the vulnerability of white matter to LPS 

administration in the neonatal kitten (Gilles et al., 1976). This is further supported by in vitro 

application of cytokines which are directly toxic to pre-OLs and inhibits their developmental 

progression. (Kahn and De Vellis, 1994, Cai et al., 2004, Miller et al., 2007, Takahashi et al., 
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2003). Subsequent studies have acknowledged the increased incidence of cerebral palsy and 

WMI in concurrence with maternal and fetal infection (Dammann and Leviton, 1999, Wu et 

al., 2003) and others have made similar correlations with elevated proinflammatory cytokines 

in neonatal blood and amniotic fluid (Cai et al., 2000, Lyon et al., 2010, Tam Tam et al., 

2011). 

The effect of cytokines on pre-OL differentiation has been well studied (Cammer and Zhang, 

1999, Feldhaus et al., 2004, Pang et al., 2010). The pro-inflammatory cytokine TNF-α has 

been shown to inhibit the differentiation of pre-OLs and similar findings have been observed 

following IFN-γ exposure (Feldhaus et al., 2004, Andrews et al., 1998). Interestingly 

production of IL-10, an anti-inflammatory cytokine produced by glia and T-cells, can 

suppress TNF-α and IFN-γ production in the brain (Liesz et al., 2009). Thus, while glial-

derived cytokines may adversely affect OLs a delicate balance exists with their endogenous 

counterparts. In addition, a recent report suggests that TNF-α secreted by reactive astrocytes 

inhibits survival as well as differentiation of pre-OLs (Su et al., 2011). Other studies support 

the role for astrocyte derived cytokines in OL demise, however, they also suggest an essential 

role for microglia in this mechanism (Watkins et al., 2008).  

To date, exactly how TNF-α mediates toxicity towards developing OLs remains unresolved. 

This can be attributed to the divergent observations of TNF-α effects on OLs. While there are 

reports of toxic effects on cultured OLs and some observations of developmental-dependent 

toxicity, others have reported increased proliferation rates and absence of OL apoptosis 

following TNF-α exposure (Andrews et al., 1998, Cammer, 2000, Pang et al., 2005a, Taylor 

et al., 2010, Arnett et al., 2001). In part, this can be attributed to the pleiotropic nature of 

TNF-α, wherein TNFR1 signalling is predominately pro-inflammatory and apoptotic while 

TNFR2 leads to anti-inflammatory and anti-apoptotic effects. Pre-OLs express both TNF 
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receptor types (Dopp et al., 1997, Kim et al., 2011) and as such TNF-α can act via either 

signalling path. It is therefore also possible that the detrimental effects of TNF-α on pre-OLs 

are mediated secondary to the effects of cytokines on other glia. Indeed, this has been 

suggested in a recent study where astrocytes may respond to TNF-α via TNFR1 independent 

mechanisms then express factors that can enhance TNFR1 death signalling or suppress 

survival signals in pre-OLs (Kim et al., 2011). 

Moreover, in the developing brain the role of TNF-α appears to be more complex. Several 

studies have described the importance of endotoxin mediated sensitisation to subsequent 

insults (Hagberg et al., 2004, Wang et al., 2010, Ådén et al., 2010). In a recent study, TNF-α 

inhibition prior to combined systemic inflammation, induced by IL-1β, and excitotoxic insult 

did not affect injury, however, when given subsequent to the insult, substantially ameliorated 

brain lesion size (Ådén et al., 2010) suggesting TNF-α may inflict its detrimental effects by 

causing an imbalance in pro- and anti-inflammatory cytokine levels.  
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1.3.3 Matrix metalloproteinases and their tissue inhibitors 

1.3.3.1 Overview 

Extracellular matrix (ECM) surrounds brain cells and the cerebral vasculature providing 

structural support and is important in regulating cellular environments and maintaining 

physiological conditions essential for normal function. MMPs are zinc-dependent 

endopeptidases that are secreted into the extracellular space by a variety of cell types as latent 

pro-enzymes which then participate in ECM degradation (Rosenberg, 2009). Activation of 

the immediate early genes, along with other inflammatory mediators, can all stimulate MMP 

production (Mancini and Di Battista, 2006). MMPs have multiple functions in both the 

developing and adult brains where, for example, they play roles in maturation and migration 

of OLs as well as contributing to deleterious actions in pathological conditions (Oh et al., 

1999, Vaillant et al., 2003, Yong, 2005).  

Dysregulation of MMPs results in disease states and this has been shown to be associated 

with several conditions. MMP-2 and MMP-9 (the gelatinases) have been implicated in 

various neurological diseases states including multiple sclerosis (MS), bacterial meningitis, 

and hypoxia-ischaemia (Rosenberg, 2002, Cunningham et al., 2005) along with non-

neurological related diseases such as atherosclerosis and arthritis (Woessner and Nagase, 

2000). Additionally, increased concentrations of MMPs in amniotic fluid are associated with 

the subsequent development of cerebral palsy (Moon et al., 2002).  

Despite their detrimental roles, matrix-degrading proteases are essential in many normal 

processes including motility of developing cells, inflammatory responses, and tissue repair 

after injury (Nagase et al., 2006) dependent on the balance between the proteases and 

inhibition/regulation. Tissue inhibitors of metalloproteinases (TIMPs), which regulate the 
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activation and action of the MMPs, affect the extent and duration of proteolytic action which 

is critical for normal ECM turnover. Thus, shifting the balance to the activated forms of the 

enzymes results in excessive proteolytic activity. On the contrary, when inhibitory forces 

predominate, ECM build-up can result in fibrosis.  

The BBB is able to limit exchange of substances between the systemic vasculature and the 

CNS; acting to prevent systemic blood components, most notably inflammatory mediators 

and immune-mediating cells, directly engaging brain cells. This barrier is formed by 

endothelial cells coupled by tight junctions with further support by the close proximity of 

astrocytic processes and microglia (Risau and Wolburg, 1990).  

MMPs play a significant role in the underlying pathology of brain injury by mediating 

disruption of the BBB, where increased permeability resulting from systemic inflammation is 

known as an important mechanism of perinatal brain injury (Hagberg et al., 2002). 

Dysregulated proteases can degrade the basal lamina around cerebral capillaries and disrupt 

the BBB, resulting in vasogenic oedema and neuronal destruction (Bradbury, 1993). The 

cerebrovascular basal lamina is largely composed of type IV collagen, laminin and 

fibronectin (Wang and Shuaib, 2007), all of which are receptive to proteolysis by MMP-2 and 

MMP-9 (the gelatinases). 

MMP-9 has been reported to play an essential role in the breakdown of the BBB in MS and 

bacterial meningitis patients (Lindberg et al., 2006, Liuzzi et al., 2002), and its involvement 

has been shown experimentally in a mouse model of LPS-induced brain injury (Lo et al., 

2002). Furthermore, in rats TNF-α increases MMP-9 levels at a time that correlates with 

increased BBB permeability, and inhibition of MMPs reduces capillary injury (Rosenberg et 

al., 1995). MMP-2 can also influence BBB rupture and its endogenous inhibitor, TIMP-2, is 
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capable of preventing MMP-2 induced rupture (Rosenberg et al., 1992). This supports the 

numerous studies of neuroinflammation which have suggested that MMP inhibitors may 

provide therapeutic potential (Lukes et al., 1999, Mun-Bryce and Rosenberg, 1998, 

Rosenberg, 2002). 

Studies using SB-3CT, a highly specific mechanism-based inhibitor of the gelatinases (Lee et 

al., 2012), also suggest a potential role for MMP-2 and -9 across several mechanisms of 

neurological diseases. SB-3CT has been shown to reduce the degradation of laminin, an 

important component of the blood-brain barrier and prevent neuronal apoptosis after cerebral 

ischemia (Gu et al., 2005). Furthermore, SB-3CT can reduce monocyte infiltration into the 

injured spinal cord (Zhang et al., 2011). Both of these observations support a role for the 

gelatinases in the pathology of blood-brain barrier rupture, and indeed SB-3CT treatment 

after cerebral ischemia is associated with reduced barrier permeability (Liu et al., 2012).  

1.3.3.2 The gelatinases and glial pathology 

The gelatinases, MMP-2 and MMP-9, are a subset of the MMPs, named based on their 

preference for gelatin as a substrate. Astrocytes, microglia and OLs all produce gelatinases 

under resting and cytokine-stimulated conditions in culture (Muir et al., 2002, del Zoppo et 

al., 2012, Seo et al., 2013, Oh et al., 1999, Zhang et al., 2010). Astrocytes constitutively 

produce latent MMP-2 (Verslegers et al., 2013) whereas microglia and 

OLs produce MMP-9 (Oh et al., 1999, Gottschall and Yu, 1995). Additionally, neutrophils 

produce gelatinases which may contribute to rupture of the BBB or as a source of gelatinases, 

in vivo, following infiltration into the brain. 

Potentially the gelatinases may directly participate in the pathogenesis of white matter given 

their ability to degrade myelin. While MMP-2 is the most proteolytically active on myelin 
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basic protein (Chandler et al., 1995), its inhibition results in aberrant and incomplete 

myelination suggesting it contributes to both normal development and the pathogenesis of 

myelin destruction (Lehmann et al., 2008, Walker and Rosenberg, 2010). 

1.3.3.3 Regulation and activation of MMPs  

MMPs have overlapping substrate specificities, therefore functions of individual MMPs are 

largely dictated by their pattern of expression. Differences in the temporal, spatial, and 

inducible expression of the MMPs are often indicative of their unique roles. Because of this, 

MMP activity is strictly regulated at the level of transcription, activation of precursor 

zymogens and by endogenous inhibition (Crawford and Matrisian, 1996, Overall et al., 1991, 

Shapiro et al., 1993, Woessner and Nagase, 2000). MMPs are formed as latent pro-enzymes 

that require activation by other proteases or other molecules, such as cytokines (Rosenberg, 

2009). 

Transcriptional regulation of MMPs 

Transcriptional regulation is the principal mechanism whereby MMP expression is 

modulated. The exception is MMP-2, which is constitutively expressed (Strongin et al., 1995, 

Overall et al., 1991), while cytokines and immediate-early genes can regulate MMP 

expression directly in the majority of the remaining inducible MMPs (Mancini and Di 

Battista, 2006). 

Tissue inhibitors of metalloproteinases (TIMPs) 

Activation of MMPs results in degradation of the surrounding ECM unless their activity is 

quenched. Because of the potential for unfavourable effects there is a tightly regulated regime 

that leads to the secretion of MMPs which remain in the proximity of the cell, binding to 

matrix components or cell membranes. An important method of control is the TIMPs which 
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are often secreted by the same cell type secreting MMPs, thus allowing a direct titrating of 

activity.  

TIMPs 1-4 have been identified in all vertebrates as specific inhibitors of MMPs that bind in 

a 1:1 stoichiometry and directly affect the activity of MMPs. TIMPs have various roles in 

pathological conditions and some underlying mechanisms still remain unclear. As such, the 

levels of TIMPs must be considered important when MMPs are concerned. Similar to the 

variety of MMP substrates, there also exists a diversity of MMPs that the TIMPs can inhibit. 

The prevailing view regarding MMP involvement in neuroinflammatory disease is that an 

overall increase in MMP activity overwhelms endogenous inhibition by TIMPs, the net 

outcome of which is cell and tissue destruction. Consequently, it is generally accepted that 

TIMP-1 is neuroprotective and that it primarily inhibits MMP-9 (Tejima et al., 2009). When 

delivered in a vector, TIMP-1 inhibits excitotoxic cell death in cultured neurons (Tan et al., 

2003). TIMP-1 has also been shown to be anti-necrotic rather than anti-apoptotic, responding 

within 1 hour to glutamate-evoked neuronal loss.  

TIMP-2 is the most abundantly expressed TIMP in the brain and, in addition to inhibiting 

MMPs, is an essential mediator in the activation of MMP-2. TIMP-2 acts as chaperone 

protein for pro-MMP-2 that selectively interacts with an MT1-MMP dimer, thus facilitating 

the cell-surface activation of pro-MMP-2 (Stetler-Stevenson, 2008). Investigation of the 

treatment of intracerebral haemorrhage following proteolytic induced opening of the BBB 

using in vivo application of high concentrations of TIMP-2 resulted in a reduction of MMP-2-

mediated BBB opening (Rosenberg et al., 1992). 
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Activation of the gelatinases 

Gelatinases are initially synthesised and secreted as inactive zymogens then activated via 

cleavage by other MMPs or proteases (Chakraborti et al., 2003). However, latent-MMP-2 is 

not readily activated by general proteolytic cleavage; instead activation is achieved at the cell 

surface, mediated by MT1-MMP with the assistance of TIMP-2 (Llano et al., 1999, Pei, 

1999, Velasco et al., 2000). A latent-MMP-2/TIMP-2 complex is formed via the C-terminal 

of both proteins thus the inhibitory N-terminal region is free to bind MT-1MMP. This renders 

the latent-MMP-2/TIMP-2 complex to the surface of the cell and is then activated by a 

second MT1-MMP which is free of TIMPs. Alternatively, TIMP-2 may already be inhibiting 

MT1-MMP, in which case this complex may act as a receptor for latent-MMP-2. The 

inclusion of multiple MT1-MMPs is facilitated by interaction of the hemopexin-like domains 

(Strongin et al., 1995). Thus, an excess of TIMP-2 will prevent this activation process by 

saturating MT1-MMP while a TIMP-2:MT1-MMP ratio of 0.05 maximally activates latent-

MMP-2 (Jo et al., 2000). 

The activation of MMP-9 is also mediated by proteolytic cleavage of a 92 kDa form to an 

active 82 kDa enzyme. The specific pathway to full activation is dependent upon whether 

MMP-9 is bound in a complex with TIMP-1 or in a free state (Woessner and Nagase, 2000). 

If latent-MMP-9 is released into the ECM bound to TIMP-1, which is the case in most cell 

types, it is unable to be cleaved by MMP-3. Only when the relative concentration of MMP-3 

to local TIMP-1 is increased can latent-MMP-9 be activated (Ogata et al., 1995). In the 

absence of TIMP-1 being bound to latent-MMP-9, proteolytic cleavage by MMP-3 is readily 

achieved forming the active MMP-9 species (67 kDa) (Woessner and Nagase, 2000). 
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1.3.3.4 Tumour necrosis factor-α converting enzyme 

TNF-α converting enzyme (TACE), a member of the ADAM protein family of disintegrins, 

interacts with the 26kDa membrane-bound TNF-α (Rosenberg, 2002). TACE cleaves the 

membrane associated TNF-α to an active soluble form (17kDa) and has also been implicated 

in the proteolytic release of several other cell-surface proteins including p75 TNF-receptor, 

IL-1 receptor type-II, p55 TNF-receptor, and indicated in the activation of the Notch pathway 

(Reddy et al., 2000, Bray, 2006). Membrane-bound and soluble forms of TNF-α are 

biologically active. Although specific functions remain debated it appears that both forms 

have overlapping biological activities (Palladino et al., 2003). While it has been shown that 

animals lacking soluble-TNF-α (expressing only the membrane-associated form) are able to 

develop inflammatory diseases, such as rheumatoid arthritis (Alexopoulou et al., 1997), 

animals expressing only the membrane-associated form are resistant to endotoxin-induced 

lethality (Josephs et al., 2000), suggesting that cleavage by TACE and the function of soluble 

TNF-α are responsible for shock properties of TNF-α. 

TACE is highly expressed in the fetal brain (Pruessmeyer and Ludwig, 2009), and mice 

deficient in this enzyme are developmentally lethal, as opposed to mice without TNF-α or 

either of its receptors who survive (Peschon et al., 1998). In experimental encephalomyelitis, 

membrane-bound TNF-α has anti-inflammatory properties (Steinman, 2007), supporting the 

previous notion that cleavage by TACE is a prerequisite for pro-inflammatory TNF-α 

activity. Unfortunately, anti-TNF-α agents result in worsening of known MS, further 

supporting an anti-inflammatory role for membrane-bound TNF-α. The immunoregulatory 

function of TACE appears to play an essential role in the pathogenic TNF-α cascade, and 

may provide a valid therapeutic candidate for infection-mediated injury. In the same way that 

TNF-α can be cleaved by TACE so too can its death receptor, TNFR1. TIMP-3 is able to 
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indirectly manipulate death receptor activity via inhibition of TACE. Thus, upon inhibition of 

TACE by TIMP-3, TNFR1 is stabilised and TIMP-3 may then become a sensitising agent to 

cells expressing the death receptor, including all glial cells (Hisahara et al., 2003)with regards 

to TNF-α-induced cell death. 
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1.3.4 Glutamate excitotoxicity 

Glutamate is the main excitatory neurotransmitter in the brain, but its accumulation in the 

extracellular space and sustained activation of its receptors is known to cause glutamate 

toxicity (excitotoxicity). Unregulated or excess receptor activation triggers the demise of 

neurons and glia (Matute, 2011) via two main types of glutamate receptors, ionotropic and 

metabotropic receptors, the latter of which lie beyond the focus of this review. Three 

subclasses of ionotropic glutamate receptors exist named according to their binding 

preference for agonists: i) alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionate (AMPA) 

ii) N-methyl-D-aspartate (NMDA) and iii) kainate receptors (Matute, 2010). 

Excitotoxicity can also contribute to the pathogenesis of neuronal and glial damage through 

diminished reuptake by glutamate transporters (Auger and Attwell, 2000, Tanaka, 2000), 

which physiologically function to shape postsynaptic currents and preclude extracellular 

glutamate levels above 1-2µM (Matute, 2011). Four glutamate transporters are expressed in 

the brain; EAAT1 - 3 are found in all glia and endothelial cells, whereas EAAT4 is localised 

to neurons (Anderson and Swanson, 2000). Of these transporters, EAAT2 is predominantly 

expressed on astrocytes (Conti and Weinberg, 1999) and is responsible for regulating 90% of 

the extracellular glutamate concentration (Shachnai et al., 2005). Moreover, the accumulation 

of glutamate has been attributed to failure of reuptake by astrocytes during the primary phase 

of injury (Tan et al., 1996) and this can be further exacerbated by the reversal of glutamate 

transporter function in both astrocytes and OLs and necrosis of microglia and astrocytes (du 

Plessis and Volpe, 2002). 

Axons can contribute to white matter glutamate levels since they form functional synapses 

with glial progenitors – with neuronal action potentials resulting in vesicular glutamate 
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release into white matter (Kukley et al., 2007). Furthermore, axons are often disrupted in 

WMI (Volpe, 2005) and since neurons contain millimolar concentrations of glutamate 

(Okumoto et al., 2005) it is likely that glutamate levels will be elevated in close proximity to 

developing white matter. 

Ca2+ influx after excessive activation of AMPARs and NMDARs is central to the mechanism 

of glutamate mediated OL injury. Elevated Ca2+ results in mitochondrial dysfunction, free 

radical generation and activation of caspases (Matute et al., 2006, Ruiz et al., 2010, Liu et al., 

2002). Overall, glutamate receptors expressed by glia have the same general properties as 

their neuronal counterparts. However, specific features of the OL’s AMPAR may contribute 

to its vulnerability to excitotoxicity. First, the degree of Ca2+ entry is determined by the 

subunit composition, where GluR2-lacking channels exhibit high Ca2+ permeability 

(Pellegrini-Giampietro et al., 1997). Importantly, AMPARs on OLs are formed by the GluR3 

and GluR4 subunits without GluR2 (Matute et al., 2002), a configuration that permits Ca2+ 

entry - there is a predominance of this type of AMPAR on developing OLs (Matute et al., 

2007) and as such, these cells are more permeable to Ca2+ (Matute et al., 2006). Finally, OLs 

do not express the major Ca2+-binding proteins, present in neurons that contribute to 

preventing excess cytosolic Ca2+ levels (Baimbridge et al., 1992).  

1.3.4.1 The AMPA receptor 

The presence of a glutamate sensitive receptor on glia was first observed in 1984, where 

electrophysiological recordings demonstrated that cultured astrocytes and OLs depolarised in 

response to externally applied glutamate and aspartate (Bowman and Kimelberg, 1984, 

Kettenmann et al., 1984). Since then glutamate receptors have been identified in glial cells in 

culture, in situ, and in brain slices, and AMPARs were identified as a dominant subtype 
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(Verkhratsky and Steinhauser, 2000). Generally it is accepted that all AMPAR subunits, 

GluR1 to GluR4, are present in glial cells. 

AMPARs mediate rapid post-synaptic glutamergic neurotransmission and consist of any 

combination of the four subunits, GluR1 to GluR4, and are widely distributed throughout the 

CNS. These transmembrane ion channels are permeable to sodium and potassium, and the 

Ca2+ permeability of the native AMPAR critically depends on subunit composition. Structural 

and ectopic expression studies have revealed that GluR2 is Ca2+-impermeable due to RNA 

editing, resulting in an arginine in the Q/R site of the re-entrant segment (Burnashev et al., 

1992, Verdoorn et al., 1991). The other three AMPA subunits, however, carry a glutamine in 

the Q/R site and thus display reasonable Ca2+ permeability. Hence, the relative abundance of 

GluR2 determines the Ca2+ permeability of the native AMPAR channels. 

Generally the GluR2 subunit is poorly expressed in many types of glia, thus rendering the 

glial AMPAR moderately-Ca2+ permeable. As a result, activation of AMPARs produces 

substantial Ca2+ influx and Ca2+-mediated signalling in several types of astrocytes and OLs 

both in culture and in brain slices (Verkhratsky and Kettenmann, 1996) (Porter and 

McCarthy, 1995). The second type of ionotropic glutamate receptor, the kainate receptor, has 

also been identified in OLs (Alberdi et al., 2006), which is outside the scope of this thesis. 

AMPA activation causes cellular depolarisation and NMDA channel opening with Ca2+ 

influx and is critical for normal brain function. This is clear since neural excitation can be 

completely inhibited by direct cerebral infusion of a selective AMPAR antagonist (Day et al., 

2003). AMPARs are also required for adaptive changes in the brain essential for mediating 

short-term and long-term synaptic plasticity – mechanisms believed to underlie learning and 

memory, development and several neurological diseases (Malenka and Bear, 2004). 
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1.3.4.2 The NMDA receptor 

The NMDAR is a hetero-oligomer consisting of an NR1 subunit combined with one or more 

NR2 subunits or sometimes during development an NR3A subunit. NMDARs are highly 

permeable to Ca2+ and recent studies have demonstrated that myelinating OLs express the 

NMDAR subunits NR1, NR2, and NR3 in vivo, with preferential expression in the myelin 

sheath (Karadottir et al., 2005; Micu et al., 2006; Salter and Fern, 2005).  

Several studies have implicated NMDARs in various CNS pathologies. Inhibition of 

NMDAR stimulation was suggested as a treatment for a wide variety of CNS pathologies 

ranging from neurodegenerative diseases such as Parkinson’s disease (Steece-Collier et al., 

2000) to perinatal brain ischaemia (Williams et al., 2000) and subsequent epileptiform 

activity (Tan et al., 1992).  

In spite of the purported absence of NMDARs on OLs, studies emerged to implicate 

NMDARs in white matter inflammatory demyelinating conditions, including MS and 

cerebral palsy (Lipton, 2006). NMDA, when injected directly into the brain, will cause a 

rapidly developing demyelination that precedes any immune reaction (Arvanitogiannis and 

Shizgal, 1999). This is supportive of the NMDAR-mediated mechanism of excitotoxicity 

being an intrinsic demyelinating mechanism, similar to that observed following acute 

stimulation of AMPA and kainate receptors in the optic nerve. Furthermore, NMDAR 

antagonists have been shown to be protective towards both myelin and axons following 

ischaemia (Schabitz et al., 2000). 

1.3.4.3 Developmental changes in glutamate receptors 

AMPARs are developmentally regulated and likely contribute to enhanced excitation in the 

immature brain. In rats, there is a higher prevalence of GluR2-lacking receptors in the 
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immature brain compared to that of the adult, which enhances epileptogenesis following 

ischaemia (Sanchez and Jensen, 2001). Upregulation of the flip isoform of the GluR1 subunit 

in early life also predisposes to reduced desensitisation of AMPARs and extended Ca2+ 

current durations (Sanchez and Jensen, 2001). Importantly, this relative deficiency in GluR2 

is also observed in the developing human brain (Jensen, 2006). 

The ontogeny of both the AMPA subunits and the NMDA, NR1 subunit, has been 

characterised at 0.5, 0.65, 0.85, and term gestation in the ovine fetal white matter (Dean et al., 

2005); these ages correlate to the brain development in a human equivalent to 23- to 24-

weeks, 28-weeks, term and the highly myelinated 1-2 year old infant brain. Data were 

consistent with previous observations that there is a low expression of the critical Ca2+-

impermeable GluR2 subunit in subcortical white matter relative to other AMPA subunits 

throughout gestation. In contrast, GluR2 subunit protein expression increased in the cerebral 

cortex with increasing gestation. These findings suggest a vulnerability of subcortical white 

matter to AMPAR-mediated Ca2+ toxicity throughout the second half of gestation. 

1.3.4.4 OL glutamate receptors  

Cells of the OL lineage express functional AMPA and kainate receptors throughout their 

developmental stages. Additionally, NMDARs appear to be localised to the processes of both 

immature and mature OLs, and OLs also contain receptors of all three groups of metabotropic 

glutamate receptors, all of which are developmentally regulated and expressed in very low 

levels in the mature cell (Deng et al., 2004). Importantly, OLs express the glutamate 

transporter, EAAT1 (Domercq et al., 1999), which may contribute to glutamate homeostasis 

within the white matter. Collectively, these findings suggest that OLs respond to glutamate 

signalling and may potentially contribute to the regulation of extracellular glutamate 
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concentrations. Little is known about the functional significance of glutamate signalling in 

OLs , however, in vivo, axons release glutamate in close proximity to OLs and one possible 

physiological role may include signalling related to pre-OL development, proliferation, 

migration or myelination (Bakiri et al., 2009). This raises the likelihood that glutamate 

receptor-mediated excitotoxicity of white matter could be the result of glutamate released 

from axons. If that is the case, this suggests beneficial effects of AMPAR or NMDAR 

inhibition in vivo may be due to effects via neuronal glutamate receptors. 

The mechanism of the AMPAR-mediated toxicity appears to involve Ca2+ influx and 

subsequent generation of reactive oxygen species (Deng et al., 2003, Deng et al., 2006, 

Matute, 2010, Matute et al., 2007). This is supported by studies showing that exogenously 

administered glutamate induces large Ca2+ signals in OLs, predominantly via AMPA 

glutamate receptors (Matute et al., 2006). This is consistent with immunohistochemical 

evidence that OLs express the GluR4 subunit (Salter and Fern, 2005) and a lack of the GluR2 

subunit, rendering the AMPAR as highly Ca2+ permeable (Follett et al., 2004, Matute, 2011). 

During the period of greatest risk of developing WMI, pre-OLs dominate the cerebral white 

matter; account for 90% of the total OL population (Back et al., 2001). Due to the relatively 

high expression of Ca2+-permeable glutamate receptors and expression of EAAT1, these pre-

OLs maintain an enhanced vulnerability to excitotoxicity.  

In addition to over expression of GluR2-lacking AMPARs on their cell bodies, pre-OLs 

preferentially express NMDARs on their processes (Salter and Fern, 2005); similarly 

NMDARs are abundant in white matter during the period of increased risk of WMI (Dean et 

al., 2005). NMDAR-mediated currents have been detected in both immature and mature OLs 

(Káradóttir and Attwell, 2007) and intracerebral injection of ibotenate, a metabotropic Glu1 

and 5 receptor agonist that increases NMDA activity, induces significant WMI in the 
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developing brain (Sfaello et al., 2005). Excessive glutamate signalling during ischaemic and 

glucose-deprived conditions results in the targeted loss of processes mediated by NMDARs 

(Yoshioka et al., 2000) and due to the Ca2+ permeability of NMDARs, mechanisms similar to 

that of GluR2-lacking AMPAR are likely involved in pre-OL injury via Ca2+ influx and 

generation of reactive oxygen species. 
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1.3.5 Treating preterm encephalomyelitis 

Advances in neonatal intensive care treatment of common preterm associated disorders, such 

as haemodynamic instability and respiratory insufficiency, have seen a decreased incidence 

of cystic WMI (Hamrick et al., 2004, van Haastert et al., 2011). Despite these advances, the 

association between prematurity, infection and cerebral palsy still remains (Sukhov et al., 

2012, Shatrov et al., 2010), enforcing the importance of WMI in the causation of long-term 

disabilities. 

The cytokine hypothesis suggests that the fetal inflammatory response to intrauterine 

infection results in production of cytokines; these have variable effects on the OL population 

(Weaver-Mikaere et al., 2012, Austin and Moalem-Taylor, 2010, Buntinx et al., 2004, 

Dammann and Leviton, 1997), and several well-defined correlations suggest a likely 

contribution of cytokines to WMI (Procianoy and Silveira, 2012, Ellison et al., 2005a, Lyon 

et al., 2010). 

Microglial production of factors contributing to down-stream injury, including glutamate and 

free radicals, is also important. Indeed, ischaemia itself results in production of pro-

inflammatory cytokines and activation of microglia, thus, investigation of hypoxic-ischaemic 

encephalopathy therapeutic options may prove useful in, or be translated to, treatment of 

inflammatory WMI. 

Currently the treatment of maternal-fetal infection/inflammation and consequences is very 

much a theoretical proposition in the context of preterm brain injury. Considerable 

information is available, however, we lack knowledge of the precise pathogenic 

mechanism(s) to establish appropriate timing of intervention, whether to combine these with 

hypothermia or other treatment candidates, to maximise therapy while minimising adverse 
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effects (Cilio and Ferriero, 2010). Furthermore, knowledge of the optimal route of treatment, 

whether via maternal or fetal, also needs to be determined. 

Antenatal glucocorticoids are regarded as a potential neuroprotective agent, but there is some 

evidence – both animal and human – that suggests the potential for long-term adverse effects 

following antenatal administration. In animal models; delayed myelination (Huang et al., 

2001), perturbed proliferation (Scheepens et al., 2003) and altered neuronal activity (Schwab 

et al., 2001) have all been identified. In humans, antenatal glucocorticoids are associated with 

an increased risk of disorders in aggressive destructive behaviour, hyperactivity, and 

distractibility (French et al., 2004), however these alarming findings are not consistent 

between studies (Dalziel et al., 2005, MacArthur et al., 1982, Smolders-de Haas et al., 1990).  

Surprisingly, effects vary between the two major glucocorticoids used for antenatal treatment, 

betamethasone and dexamethasone, despite only an orientation difference in a single methyl 

group. For example, betamethasone, but not dexamethasone reduces the risk of WMI in very 

premature infants (Baud et al., 1999) and betamethasone is associated with better 

neurodevelopment and survival and a reduced risk of adverse outcomes (Lee et al., 2006). 

Although administration of antenatal glucocorticoids has been suggested as the most 

important treatment to increase survival in those at risk of preterm delivery (Hagberg and 

Jacobsson, 2005), the over-riding benefits for the use of postnatal glucocorticoids in preterm 

infants remain to be established and postnatal glucocorticoid treatment in this group must be 

viewed with caution.  

Mechanisms of injury following infection include, fetal cytokine storm, microglial activation 

resulting in oxidative stress and excitotoxicity, as well as mitochondrial dysfunction. In light 

of these observations several therapeutic targets display potential. 
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1.3.5.1 Therapeutic candidates 

Given the role that overstimulation by glutamate plays in brain pathology, the use of 

glutamate receptor inhibitors or modulators of inhibitory channels may prove beneficial in the 

endeavour for therapeutic candidates. Whether extracellular glutamate levels are perturbed in 

the fetal brain following inflammation is unknown, however, others have noted the capacity 

of chemokines to increase astrocytic glutamate release and pro-inflammatory cytokines to 

decrease the expression of glutamate transporters, thereby decreasing glutamate reuptake.  

Topiramate is an anticonvulsant used and tolerated well in children (Kim et al., 2009). It acts 

via modulation of AMPA/kainate receptors, to prevent excessive glutamate stimulation, and 

enhances GABA-A chloride channels which increases seizure threshold (White et al., 1997). 

Although in vivo effects of glutamate following maternal-fetal infection are lacking, 

glutamate has been shown to accumulate in developing white matter following ischaemic 

injury (Fraser et al., 2008, Loeliger et al., 2003) and contribute to OL demise (Kukley et al., 

2007). Human and animal observations have shown the presence of AMPA as well as 

NMDARs present on OL soma and processes, in particular on pre-OLs, during the peak 

period of vulnerability to WMI; indeed these cells also highly express the GluR2 lacking, and 

Ca2+ permeable, receptor subtype. Studies in the newborn piglet have shown that topiramate 

is protective against WMI when administered from 1 hour until three days after hypoxia-

ischaemia (Schubert et al., 2005), However, recent evidence in the near-term fetal sheep of 

delayed treatment with topiramate (commencing five hours after reperfusion), using a 

strategy broadly consistent with clinical anticonvulsant use, does not have a strong 

neuroprotective or white matter protective effect (Gressens et al., 2011). Furthermore, at high 

dosages topiramate is associated with increased neuronal (Kim et al., 2007) and white matter 

(Schubert et al., 2005) apoptosis so while it may be an attractive therapeutic candidate for 
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trials concerning the amelioration of WMI, further investigation is needed to assess its 

efficacy. 

Memantine, a non-competitive NMDAR antagonist, has also been investigated as a possible 

treatment for excitotoxic injury. When administered to the P6 rat (from 1 hour after until two 

days after hypoxia-ischaemia) memantine reduced white matter loss seen three days post 

insult (Manning et al., 2008). Importantly, this did not affect normal myelination or cortical 

growth and suggests that glutamatergic signalling via the NMDA channel likely contributes 

to WMI in the premature infant. 

Magnesium bound within the NMDAR channel can act as an antagonist, by blocking Ca2+ 

influx. Magnesium sulphate is an appealing agent given its use as a tocolytic and in 

prevention of seizures in pregnant mothers with gestational hypertension. Additionally, trials 

have assessed infant outcome (24-31 weeks) from mothers treated with magnesium sulphate 

and shown that severe cerebral palsy occurred less in the treated group (1.9% vs. 3.5%) 

(Rouse et al., 2008). While the mechanism of perinatal hypoxic-ischaemic injury is distinct 

from that conferred by infection/inflammation, magnesium may serve as an agent to reduce 

inflammation mediated injury via its interaction with the NMDAR. Magnesium deficiency 

has been associated with infection and inflammation (Cristea and Crisan, 2003, Wayock et 

al., 2013, Muroi et al., 2012), and inflammatory-mediated increases in BBB permeability 

(Esen et al., 2005). Indeed, recent studies in a mouse model of intrauterine inflammation have 

demonstrated that in the fetal mouse brain, neuronal injury can be attenuated by the antenatal 

administration of magnesium (Burd et al., 2010). In addition, antenatal treatment with 

magnesium can ameliorate maternal and fetal inflammatory responses in a rat model of 

infection (Tam Tam et al., 2011).  
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Xenon is an anaesthetic gas that has poor blood solubility but is readily able to pass the BBB; 

here it can act as a non-competitive antagonist of the NMDAR (Franks et al., 1998). Xenon 

also has antiapoptotic properties through its abilities to decrease Bax, a proapoptotic factor, 

and increasing Bcl-xL, which counteracts Bax (Ma et al., 2007). Additive neuroprotective 

effects of xenon with hypothermia have been identified in the neonatal piglet following 

hypoxia-ischaemia. Following 45 minutes of hypoxia, newborn piglets were given 18 hours 

of 50% xenon combined with 24 hours of hypothermia. All brain areas studied displayed 

neuroprotection, with the most prominent protection observed in the area of the basal ganglia 

and thalamus. 

Melatonin appears to be a remarkable endogenously-produced neuroprotectant that is safe in 

human neonates when given after birth asphyxia (Fulia et al., 2001). It has been shown to 

have free radical scavenging, immune modulating properties and can freely cross the BBB so 

could potentially play a protective role in the setting of infection/inflammation induced 

injury. Although only applied in the immediate period following onset of injury, the use of 

melatonin has produced interesting results. Maternally administered melatonin, prior to and 

following LPS, alleviated LPS-induced placental stress, and protects against LPS-induced 

fetal death in the rodent (Wang et al., 2011).  

Additionally, melatonin has a direct immunomodulatory effect on cytokine production 

(Carrillo-Vico et al., 2005), with concurrent maternal LPS and melatonin treatment in a rat 

model resulting in reduced TNF-α, IL-6 and IL-10 concentrations in the fetal brain (Xu et al., 

2007). Moreover, melatonin was shown to promote repair of lesions with axonal regrowth in 

a murine model of neonatal excitotoxic WMI, and in the fetal sheep model, melatonin given 

10 minutes following a hypoxic insult reduced white matter cell death as well as the number 

of activated microglia (Welin et al., 2007).  
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The antibiotic minocycline (MN) is a potent inhibitor of microglia which exerts anti-

inflammatory effects independent of its antimicrobial activity and is used to treat numerous 

infectious diseases in humans without any adverse effects (Leyden et al., 1996, Zemke and 

Majid, 2004). Minocycline easily crosses the BBB and is rapidly absorbed (Fleischer Jr et al., 

2006); combined with its anti-inflammatory effects (downregulation of NO, COX-2, MMPs, 

and formation of superoxides), and protection of OL progenitors from neonatal hypoxic-

ischaemic injury (Fan et al., 2005, Krady et al., 2005, Buller et al., 2009), it makes a 

promising candidate drug for treatment of inflammatory/degenerative diseases (Wasserman 

and Schlichter, 2007, Yrjänheikki et al., 1999). Furthermore, MN at a dose of 3-10 mg/kg IV 

is effective at reducing infarct size with a 5 hour therapeutic time window after ischaemia in 

an adult rodent model (Xu et al., 2004). 

Importantly, MN has been demonstrated to have neuroprotective properties in rodent neonatal 

models of LPS-induced brain injury (Fan et al., 2005). In an adult rodent ischaemic model, 

MN reduces infarct size and neuronal death by decreasing ischaemia-induced microglial 

activation and the subsequent expression of pro-inflammatory mediators such as iNOS, IL-

1β-converting enzyme and caspase-1 (Yrjänheikki et al., 1999); the former effect is of 

significance, since in the immature brain the inflammatory cell response is characterised by 

microglial activation. With respect to a potential therapeutic strategy for WMI, MN has been 

shown to ameliorate experimental autoimmune encephalomyelitis, in an adult rodent animal 

model of MS (Popovic et al., 2002) and has also been shown to attenuate WMI induced by 

cerebral hypoperfusion (Cho et al., 2006). Interestingly, in the latter, MN reduced injury in 

the corpus callosum and attenuated MMP2 activation in addition to inhibiting microglial 

activation. While MN has shown great promise as a therapeutic agent for the treatment of 

neonatal hypoxia-ischaemia many neonatal studies have used amounts that exceed adult 
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doses, and may cause adverse effects in the neonate. Indeed, studies have identified toxic 

effects in the newborn mouse exposed to MN following hypoxic-ischaemia (Tsuji et al., 

2004). Furthermore, in a myelinotoxic model MN inhibits regeneration of OL from 

progenitors (Li et al., 2005b).  

Rather than inhibit microglial activation which may have adverse effects, in particular those 

involving OL progenitors, agents that have the capacity to exert protection through resistance 

to oxidative and excitotoxic stress in inflammatory-mediated injury may be more effective. 

Erythropoietin (Epo), a cytokine hormone that controls erythropoiesis is a potential candidate 

and has already been shown to be clinically safe in treating anaemia of prematurity (Ohls et 

al., 2004). In early in vitro and later in vivo studies, Epo appears to be neuroprotective via 

several different mechanisms and is upregulated in infants who have suffered birth asphyxia 

(Ruth et al., 1990), suggesting it may be an endogenous repair mechanism. Epo’s various 

mechanisms of protection include, decreasing susceptibility to glutamate toxicity, induction 

of anti-apoptotic factors, reduced inflammation and direct antioxidant effects which, 

interestingly, is enhanced by utilising the accumulated free-iron following hypoxia-ischaemia 

(Palmer et al., 1999). Epo administered 24 hours following a hypoxic insult in P7 rodents 

prevented a secondary rise in IL-1β and reduced leukocyte infiltration (Sun et al., 2005). In 

term infants, administration of Epo every other day for 2 weeks, commencing before 48 hours 

after birth was without adverse effects and improved long-term outcomes in moderate 

hypoxic-ischaemic encephalopathy (Zhu et al., 2009) Importantly, recent evidence suggests 

that EPO attenuates LPS-induced WMI and NMDA mediated excitotoxic brain injury in 

neonatal mice and rats (Keller et al., 2006, Kumral et al., 2007) providing support for its use 

in the setting of infection and excitotoxic-related perinatal brain injury.  
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Inflammatory conditions including rheumatoid arthritis, Crohn’s disease and juvenile chronic 

polyarthritis already utilise anti-cytokine treatment and results are promising (Feldmann, 

2002). A number of approved cytokine inhibitors are currently available (Giles and Bathon, 

2004) and experimental data support a neuroprotective role for these, such as IL-1Ra, a 

biologically occurring IL-1 antagonist (Evans et al., 2006, Pinteaux et al., 2006). 

Additionally, the IL-8 receptor inhibitor, Reparixin, was shown to improve neurologic 

outcome and reduce long-term inflammation in permanent and transient cerebral ischaemia in 

rats. Inhibition of TNF-α has also proven to be an effective neuroprotectant in experimental 

head injury (Shohami et al., 1997). Human trials have highlighted the potential usefulness of 

anti-cytokine treatments in human neuroinflammatory conditions. In adult brains, suppression 

of inflammatory cytokine upregulation with use of IL-1Ra resulted in improved MRI 

assessment of cochlear and leptomeningeal lesions compared to baseline in patients with 

neonatal-onset multisystem inflammatory disease (Goldbach-Mansky et al., 2006). 

Additionally, stroke patients treated within 6 hours of insult displayed improved clinical 

assessment at three months post injury (Emsley et al., 2005). In the immature brain the 

therapeutic potential of in utero use of such inhibitors is uncertain since it is known whether 

the development of glial and neuronal progenitors is dependent on the action of cytokines. 

For instance, interleukins promote the proliferation of OL progenitors and neuronal 

precursors (Mehler and Kessler, 1997). Further investigation in the fetus is warranted to 

determine whether cytokines may be likely therapeutic targets for treatment of perinatal brain 

injury. 

Clinically there is no approved treatment for infectious or inflammatory injuries in preterm 

infants. Currently hypothermia is the only effective treatment, albeit for hypoxic-ischaemic 

encephalopathy, available to neonates (Reviewed by (Drury et al., 2010)). The precise 
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mechanism by which hypothermia exerts its protective effects is not clear. However, results 

suggest that hypothermia suppresses apoptotic cell death as well as multiple aspects of the 

inflammatory reaction, including microglial activation and proliferation (Roelfsema et al., 

2004), and protects against excitotoxicity (Gunn and Thoresen, 2006). Further, hypothermic 

neuroprotection likely involves modulation of inflammation, given that hypothermia is 

optimal within early recovery, a time at which inflammation, cytokine and apoptotic 

signalling begins. 

Therapeutic hypothermia is one of the most investigated means to treat neonates with 

ischaemic brain injury. The potential to intensify the benefits of hypothermia by collective 

efforts with other therapeutic candidates has recently come to the forefront of neuroprotective 

research. There is good evidence that the interaction of some of these candidates with 

hypothermia are additive in their protective effects, however it remains to be seen if drugs 

used in parallel with hypothermia may also extend the therapeutic window. Importantly, the 

parameters of use of hypothermia in babies born prior to 34 weeks remains to be determined, 

indeed there is some indication for potential adverse effects following cooling in the preterm 

(Gunn and Bennet, 2008). 

1.4 Thesis overview 

This project addresses the hypothesis that the mechanism whereby intrauterine infection 

induces OL death and subsequent WMI occurs via concerted action of cytokines produced by 

activated astrocytes and microglia, MMPs and downstream release of glutamate (illustrated in 

Figure 1-3). The scheme proposed is a complex one which draws on several mechanisms into 

one common pathway. It encompasses inflammatory or infectious stimuli acting on glia and 

inducing activation of MMPs and TACE-dependent release of TNF-α from the cell surface to 
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its soluble form. It also addresses the intriguing possibility that TNF-α signalling can induce 

synthesis of PGE2 via COX-2, resulting in the release of glutamate.  

To evaluate this hypothesis we used mixed glial cultures derived from preterm fetal ovine 

forebrains, and characterised the gene expression and enzymatic activity patterns of the 

gelatinases, MMP-2 and MMP-9 during exposure to TNF-α or LPS, and tested whether pre-

treatment with the specific gelatinase inhibitor, SB-3CT could reduce death of immature OLs. 

Using the same culture model we then went on to examine whether OL death is mediated via 

activation of a TNF-α-glutamate-pathway, which contributes to cell injury not only by an 

increase in local glutamate concentrations but also by a subunit phenotype alteration 

favourable of Ca2+ permeability, i.e. upregulation of the Ca2+ permeability subunits (GluR1, 3 

and 4) and/or downregulation of GluR2, resulting in a toxic influx of Ca2+ and subsequent 

cell death. First, we evaluated the expression of AMPA and NMDA receptors in cultures of 

mixed glia and assessed whether expression levels were responsive to TNF-α or LPS 

exposure leading to an unfavourable glutamate receptor phenotype. To establish whether this 

injury involved glutamate receptor activation, we sought to confirm the presence of AMPA 

and NMDA receptors on pre-OLs and assessed their role by treating with AMPA or NMDA 

antagonists, either alone or in combination. Finally, we tested the potential for glia to release 

glutamate following TNF-α or LPS treatments and whether this was via a TNF-α-COX-2 

PGE2-mediated mechanism.  
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Figure 1-3: Proposed mechanism of pre-OL death. Infection and inflammatory stimuli activate TACE, MMPs and 

TNF-α production. TNF-α via PGE2 results in glutamate (Glu) release. Glutamate then has the potential to act on 

pre-OL AMPARs and NMDARs. The pathway is likely potentiated by microglial TNF-α release, inhibition of 

glutamate transporters and alterations of AMPA-type glutamate receptor subunits. Glutamate levels and cell injury 

are likely increased independent of this mechanism also; potentially via astrocyte dysfunction, microglial activation 

and glial necrosis, or other intermediary steps following infectious and inflammatory stimuli, such as MMP/TIMP 

dysregulation or activation of TACE. 

1.5 Thesis aims 

The specific aims of this project were to: 

• Characterise an in vitro model of infection/inflammation-mediated preterm WMI, 

capable of high throughput analysis of treatment regimes. 

• Utilise this in vitro model to determine the glial response to inflammation, induced by 

TNF-α and LPS. 

• Characterise the gene expression and enzymatic activity patterns of the gelatinases, 

MMP-2 and MMP-9 during exposure to TNF-α or LPS. 

• Characterise the gene expression and inhibitory activity of TIMP-1 and TIMP-2 

during exposure to TNF-α or LPS. 
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• Determine whether specific gelatinase inhibition can reduce death of pre-OLs. 

• Characterise alterations to astrocyte and microglia response to TNF-α and LPS 

following gelatinase inhibition. 

• Determine if inflammation results in elevated glial-derived extracellular glutamate 

levels. 

• Ascertain whether inflammation will result in pathogenic changes in AMPA or 

NMDA glutamate receptors in glia. 

• Evaluate the functional significance of TNF-α signalling via PGE2-glutamate 

pathway in OL demise. 

• Determine if inflammation can result in excessive glutamate signalling that leads to 

OL loss.  

1.6 Thesis structure 

This thesis has been formatted in agreement with the 2011 University of Auckland statute and 

guidelines for the degree of doctor of philosophy. Chapter one is an introduction, providing a 

contextual framework for the subsequent chapters, and highlighting the current state of 

knowledge regarding infection/inflammation and preterm WMI. Chapter two is a detailed 

methodology of the materials and protocols utilised in this thesis.  

Subsequent chapters contain: an overview and introduction to the chapter; results in the form 

of a peer-reviewed published article or a manuscript prepared for submission; unpublished 

results and supplementary figures; a discussion evaluating the chapter’s results, limitations 

and potential implications. The final chapters are comprised of a summary, concluding 

discussion and list of references. 
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2. Chapter 2: Materials and methods 
 

2.1 Introduction 

This chapter outlines the general protocols used in the subsequent chapters while specific 

methods are described within each chapter. All experimental protocols and animal procedures 

were approved by the Animal Ethics Committee, University of Auckland, New Zealand. 

2.2 Materials and reagents 

2.2.1 Primers 

The sequences of primers used in this thesis are listed in Table 2-1. 

Gene Sequence (5`-3`) Amplicon size 
(bp) 

18s 4352930E 
Accession number: X03205 

187 

GAPDH TGCCGCCTGGAGAAACC 
CCTCTGACGCCTGCTTCAC 
CCAAGTATGATGAGATCAAGA 

122 

iGluR1 GGAGGTGATTCCAAGGACAAGA 
AACACGCCCGCCACATT 
AGTGCTCTCAGCCTCA  

58 

iGluR2 Bt03249149_m1 
Accession number: NM_001185116 

67 

iGluR3 TCGTCTATGGGAGGGCTGAT 
ACTTCTTCACGGACCAGCGTTA  
TAGCTGTTGCTCCACTCA  

63 

iGluR4 Bt03253577_m1 
Accession number: BC126549 

97 

MMP-2 ATGTCGCCCCCAAAACG 
GCAGCCGTAGAAGGTGTTTAGG 
ATTGCACAGCCAACTCCT 

62 

MMP-9 CGAAGCTGACATTGTCATCCA 
CCCGTTCTTCCCATCGAA 
TCCGTGCTCTCTAACACC 

74 
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Gene Sequence (5`-3`) Amplicon size 
(bp) 

NR1 CATCACCGGCATCAACGA  
CCGTCGCGTAGATGAACTTGT 
TGCGGAATCCCTCG  

61 

TACE TCATTGACAAGCTGAGCATCAA 
CGGAACCGACGATGTTGTCT 
ACTTTCGGGAAGTTTCTA  

62 

TIMP-1 CCAGAATCGCAGTGAGGAGTT 
TGATGTGCAGGTGCCCATT 
ACAATTGTCCAGCTATGA 

62 

TIMP-2 AGGTACCAGATGGGCTGTGAGT 
ATGATCCCATGCTACATCTCCTC 
CAAGATCACTCGATGCC 

65 

Table 2-1: Forward and reverse primer and probe sequences used in this thesis. Quantitative real-time PCR (qRT-

PCR) primers were designed in Primer Express (Applied Biosystems) or ordered as in-house designed primers 

(sequence unavailable, catalogue and accession numbers supplied) from Invitrogen. Primers and MGB probes (with a 

6-FAM reporter dye) were supplied as 20x liquids in Tris-EDTA buffer. 
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2.2.2 Primary culture solutions 

The composition of solutions and media used for the isolation and generation of ovine 

derived primary mixed glial cultures are described in Table 2-2 

Name Composition 
Enzyme Dissociation Solution 
(EDS) 

HBSS isolation solution 
0.15% Trypsin 
20 µg/mL Type I Deoxyribonuclease (DNAase I) 

Full Culture Media DMEM/F12 
100 U/mL, 100 µg/mL Penicillin-Streptomycin  
10% Heat inactivated horse serum (v/v) 

HBSS Isolation Solution HBSS (phenol red-free) 
20 mM HEPES 
35 mM Glucose (v/v) 

HBSS wash solution 1 HBSS isolation solution 
10 µg/mL DNase I 
100 U/mL, 100 µg/mL Penicillin-Streptomycin 

HBSS wash solution 2 HBSS isolation solution 
100 U/mL, 100 µg/mL Penicillin-Streptomycin 

MEM Tissue Collection 
Solution (MEM-CS) 
 

Minimal essential medium 
20 mM HEPES buffer solution (HEPES) 
0.5% Glucose (v/v) 
100 U/mL, 100 µg/mL Penicillin-Streptomycin 

Plating Culture Media Dulbecco’s modified Eagle’s/F12 medium (DMEM/F12) 
100 U/mL, 100 µg/mL Penicillin-Streptomycin  
20% Heat inactivated horse serum (v/v) 

Poly-L-Lysine (PLL) 10 µg/mL PLL  
Serum Free Culture Media DMEM/F12 

100 U/mL, 100 µg/mL Penicillin-Streptomycin  
Table 2-2: Composition of media and solutions used in the primary culture of fetal ovine mixed glia. 
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2.2.3 Antibodies, lectins and stains 

The antibodies used in this thesis are described in Table 2-3. Further information on the 

characteristics and use of these antibodies is available in sections 2.6, 2.8, 2.9, 2.10 and in the 

methods section of the specific chapters in which the antibody was used. 

Name Dilution Source 
Anti-cleaved-caspase 3 1:200 in PBS Cell Signalling 

Technologies, 9661 
Anti-CNPase 1:200 in PBS-Tx Sigma, C5922 
Anti-glial fibrillary acidic protein 1:500 in PBS-Tx Sigma, G3893 
Anti-GluR2 1:500 (WB,1:1000) Chemicon, MAB397 
Anti-GluR4 1:500 Upstate, 06-308 
Anti-Ki67 1:200 in PBS Dako, M724029 
Anti-MMP-2 1:100 in PBS Torrey Pines Biolabs, 

TP220 
Anti-MMP-9 1:100 in PBS Torrey Pines Biolabs, 

TP221 
Anti-NG2 1:200 in PBS Chemicon, MAB5384 
Anti-NR1 1:200 (WB, 1:2000) Sigma, G8913 
Anti-O4 1:100 in PBS Chemicon, MAB345 
Anti-PGE2 32 µg/mL (RIA) Perceptive Diagnostics, 

613551 
Anti-TNF-α converting enzyme 1:1000 (WB) Triple Point Biologics, 

RP5-ADAM17 
Anti-TNF-α monoclonal 1:250 in coating buffer  Epitope, 1141 
Hoechst 33342 1:500 (20 µM) in TNE buffer Sigma, B2261 
Lycopersicon esculentum lectin 1:200 in PBS-Tx Sigma, L0651 
Peroxidase donkey anti-rabbit 
IgG 

1:5000 in diluting buffer Jackson ImmunoResearch, 
711-035-152 

Table 2-3: Antibodies used in this thesis. Note: HRP-conjugated antibodies (rabbit and mouse) were diluted 1:2000. 

Secondary Alexafluor-488 and -568 antibodies were diluted 1:800, and Cy3 diluted 1:1000 (all from Invitrogen). 
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2.2.4 Drugs and treatments 

The drugs and treatments used in this thesis, and their details, are described in Table 2-4. 

Name Concentration Source 
Anti-bovine-TNF-α antibody 2500 ng/mL (1:200) Serotec, MCA2334 
Lipopolysaccharide (055:B5) 1 µg/mL Sigma, L2880 
MK-801 10 µM Sigma, M107 
NBQX 20 µM Sigma, N183 
NS-398† 10 µM Cayman, 70590 
Ovine recombinant TNF-α 50 or 100 ng/mL Protein Express, 968-120 
SB-3CT† 1 µM Biomol international, EI-325 

Table 2-4: Drugs and treatments used in this thesis. †Solvent was DMSO (0.01%, v/v) & PBS, all others diluted in 

sterile milli-Q purified water. 

2.2.5 Reverse transcription 

The reagents and their compositions used for cDNA synthesis are described in Table 2-5. 

Reaction Composition 
Primer annealing 
 

5 µg total RNA 
50 ng random hexamers 
Annealing buffer 

Reverse transcription Reaction buffer: 
10 mM MgCl2 
1 mM dNTP mix 
1 U SuperScript III 
1 U RNaseOUT 

Table 2-5: Components used for cDNA synthesis in this thesis. 
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2.2.6 Quantitative real-time PCR 

The sample and standard curve dilutions used for genes assessed in this thesis are described 

in Table 2-6. 

Gene Sample 
dilution 

Standard curve dilution 

18s 1:50 1:5 
GAPDH 1:100 1:5 
GluR3 1:50 1:3 
iGluR1 1:50 1:5 
iGluR2 1:50 1:5 
iGluR4 1:50 1:5 
MMP-2 1:50 1:5 
MMP-9 1:10 1:2 
NR1 1:50 1:3 
TACE 1:50 1:3 
TIMP-1 1:50 1:5 
TIMP-2 1:50 1:5 

Table 2-6: Sample and standard curve dilutions used for qRT-PCR in this thesis. Note: Mixed prefrontal cortex and 

cerebellum sections from LPS treated fetal sheep were used for all standard curves excluding MMP-9 where a 

placental cotyledon from an LPS treated sheep was used. 
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2.2.7 Reverse zymography gels 

The composition of reverse zymography gels used in this thesis is described in Table 2-7. 

Name Composition 
Resolving gel 12% Bis-acrylamide 

0.375 M Tris-HCL, pH6.8 
1 mg/mL gelatin 
0.4 µg recombinant pro-MMP-2 
0.2% (w/v) SDS 
0.05% (w/v) APS 
0.07% (v/v) TEMED 

Stacking gel 
 

5% Bis-acrylamide 
0.375 M Tris-HCl pH6.8 
0.1% (w/v) SDS (10%) 
0.05% (w/v) APS (10%) 
0.07% (v/v) TEMED 

Table 2-7: Composition of reverse zymography gels used in this thesis. 

2.2.8 Buffers and solutions 

The buffers and solutions used in this thesis are described in Table 2-8. 

Name Composition 
Blocking buffer (ELISA) 2% non-fat milk powder in PBS 
Blocking buffer (immunocytochemistry) 1% (w/v) BSA + 2% 2°-host serum in PBS 
Blocking buffer (western blotting) 5% (w/v) non-fat milk powder in TBS-T 
Charcoal reagent 0.625% (w/v) charcoal 

0.0625% (w/v) dextran 
Coating buffer 0.1 M Sodium Carbonate, pH9.5  

85 mM sodium hydrogen carbonate, pH 9.5 
15 mM disodium carbonate, pH 9.5 

Diluting buffer 2% non-fat milk powder in PBS-T 
Dilution buffer (western blotting) 5% (w/v) BSA in TBS-T 
Fixing/Destaining (FD) Solution 45% methanol 

10% acetic acid 
Immunobuffer 0.01% (v/v) goat serum in PBS 
Paraformaldehyde (PFA)  4% (w/v) PFA in PBS 
PBS-Merthiolate 0.04% (w/v) merthiolate in PBS 
PBS-T 0.1% (v/v) Tween-20 in PBS 

58 

 



Chapter 2: Materials and methods 

Name Composition 
PBS-Tx 0.2% (v/v) Triton-x 100 
Phosphate buffered saline (PBS)  
 

150 mM sodium chloride 
3 mM disodium hydrogen orthophosphate 
1 mM potassium dihydrogen orthophosphate 
pH 7.4 

Prostaglandin (PG) buffer 0.1% (w/v) Bovine gamma-globulin 
0.01% (w/v) Thimerosal PBS 

RIPA lysis buffer 50 mM Tris-HCl, pH 7.4  
150 mM NaCl 
1% Nonidet P40 (v/v) 
0.1% SDS (w/v) 
0.1% deoxycholic acid (v/v) 
EDTA-free protease tablet (1 tablet/10mL) 

SDS lysis buffer 2% SDS 
20% glycerol 
60 mM Tris-HCl, pH 6.8 
EDTA-free protease tablet (1 tablet/10mL) 

Staining Solution 0.3% (w/v) Coomasie blue in FD solution 
Stripping buffer 1 0.5 M NaOH 
Stripping buffer 2 625mM Tris-HCl pH, 6.8 

2% (w/v) SDS 
100mM Beta-mercaptoethanol 

Tris-buffered saline-Tween (TBS-T)  20 mM Tris–HCl pH 7.6 
132.5 mM sodium chloride 
0.05% (v/v) Tween-20 

Tris-sodium EDTA (TNE) buffer 1 mM trizma base 
20 mM sodium chloride 
0.1 mM disodium EDTA 

Washing buffer 0.05% Tween-20 in PBS 

Table 2-8: Buffers and solutions used in this thesis. Where needed buffers and solutions were autoclaved or filter 

sterilised or frozen until required. 

2.2.9 Chemicals 

Chemicals used in this thesis were obtained from Bio-Rad, Gibco or Sigma-Aldrich. Water 

was purified by filtering through ion exchange columns and a 0.22 µm filter (Milli-Q 

purification system, Millipore Corporation).  
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2.3 Primary mixed glial cultures 

2.3.1 The preterm fetal sheep 

Neurogenesis and cerebral sulcation, in the preterm ovine fetus (0.65-0.7 gestation) is similar 

to that of the preterm human between approximately 24 and 28 weeks (Barlow, 1969). In 

addition, white matter maturation in the ovine fetus is comparable to the human with regard 

to progression of the oligodendrocyte (OL) lineage; accordingly in the 0.65-0.7 gestation 

sheep fetus, a developmentally similar population of OLs are present compared to the 24-28 

week human (Back et al., 2001). Sheep are precocial, and so, while myelination begins 

prenatally in both species, in the sheep myelination is more rapid (Riddle et al., 2006, Back et 

al., 2002). The preterm ovine fetus shares a similar susceptibility to white matter injury as 

that observed in the human preterm infant and as such is an ideal model for investigating the 

mechanisms of preterm brain injury (Back et al., 2006b). 

2.3.2 Culture preparation 

Prior to establishing primary cultures, under strict aseptic conditions within a laminar flow 

hood, culture plates were coated with enough poly-L-Lysine (PLL) solution (10μg/mL) to 

cover the bottom of the plate surface. Plates were then left at room temperature for one hour, 

the solution was aspirated and the plates were left to dry for two hours. Prior to plating 

cultures, plates were left to reach room temperature to prevent cold shock. 

2.3.3 Animals and tissue collection 

Romney ewes were time-mated with Suffolk rams and pregnancies confirmed by ultrasound 

at 48-55 days of gestation (term gestation ~145 days) and again at 77 days. Pregnant ewes 

were acclimatised to feed in a feedlot area prior to being brought to the University of 
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Auckland large animal unit at 82 days. Ewes were housed together in individual metabolic 

cages with ad-libitum food and water. Housing rooms were kept at a constant temperature (16 

± 1°C) and humidity (50 ± 10%) with 12 hour light/dark cycle (0700-1900).  

At day 89-90 of gestation ewes and fetuses were euthanised by an intravenous overdose of 

sodium pentobarbital (Pentobarb300, Chemstock International). Fetal cortices were 

aseptically removed by cutting equatorially from the occipital bone to remove the calvarium, 

and placed in ice cold minimal essential media (MEM) tissue collection solution (MEM-CS). 

Preparation of fetal cortices for cell culture was performed immediately after collection to 

ensure optimal survival of cells; if not possible then within 1-2 hours.  

2.3.4 Primary cell culture 

Cortices were cleared of meninges along with any blood clots or vasculature from within the 

ventricles. The cerebellum and brain stem were removed and discarded and the remaining 

tissue, approximately 12g, was mechanically dissociated by crossed scalpel cutting, in 20 mL 

of cold MEM-CS, into cubes of less than 3mm3. 

Minced tissue was divided among 50 mL tubes and topped with MEM-CS, inverted and then 

left to settle for 5-10 minutes. The supernatant was carefully aspirated and the tissue placed 

into a 100 mL baffled culture flask containing 40 mL of warm (37°C) enzyme dissociation 

solution (EDS). 

Tissue in EDS was incubated in a shaking water bath at a speed of 130 strokes/minute at 

37°C for 1 hour: Every 10 minutes tissue was triturated using gradually smaller serological 

pipettes (25mL, 25mL, 10mL, 10mL, 18 gauge needle). At 30, 40 and 50 minutes, the 

supernatant was collected and combined with 10 mL of heat inactivated horse serum. The 

61 

 



Chapter 2: Materials and methods 

supernatant-serum solution was stored at 37°C between collection points. Fresh pre-warmed 

EDS was added to the tissue each time supernatant was removed.  

At one hour, both the incubated cell suspension and trypsin inactivated suspension were 

pooled, inverted and divided among two 50 mL tubes then centrifuged at 500 x g for 10 

minutes. Supernatant was removed and discarded, the pellet resuspended in 20 mL HBSS 

wash solution 1 and washed twice by centrifugation at 200 x g for 10 minutes. The pellet was 

resuspended in 20 mL HBSS wash solution 2 and passed through 100μm nylon cell strainers 

(BD Biosciences). For every 20 mL HBSS wash solution 2 in the filtrate, 9 mL of Percoll 

(Amersham) and 1 mL of 10x HBSS was added, followed by centrifugation at 200 x g for 20 

minutes without centrifuge braking.  

The upper layer (containing myelin, debris and trapped viable cells) was transferred to a new 

tube and resuspended in HBSS isolation solution and washed twice (first in 50mL, then 

10mL) at 500 x g for 10 and 4 minutes, respectively. The middle layer of the Percoll gradient 

containing viable cells was collected and transferred to a new tube and resuspended in HBSS 

isolation solution (50mL) and washed twice by centrifugation at 500 x g for 10 minutes. All 

pellets were pooled and centrifuged at resuspended in 20 mL HBSS isolation solution and 

washed once by centrifuging at 500 x g for 10 minutes. The final cell suspension was then 

resuspended in 10 mL of plating culture media.  

Cell number and viability was assessed by trypan blue dye exclusion. Dissociated cells were 

plated onto poly-L-lysine-coated 6-well plates at a seeding density of 250,000 cells per well 

or 24-well plates at a seeding density of 50,000 cells per well in plating culture media.  
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2.3.5 Experimental design 

Cultures were maintained at 37°C in a humidified 5% CO2 incubator. At 3 days in vitro 

(DIV), half of the media per well was carefully aspirated, and replaced with full culture 

media. At 4 DIV culture media was changed to serum free media. At 5 DIV cells had reached 

confluence and infection/inflammation was induced. 

Plate numbers were determined by number of time-points, treatments, internal replicates and 

biological replicates (cells derived from twins were combined and considered a single sample 

(n). A 6-well plate contained duplicates of untreated, TNF-α-treated (single concentration) 

and LPS-treated cells: collectively a ‘treatment’. An experiment (n=1) required samples of 

media, whole cell protein, RNA and fixed cells; this would be carried out in eight 6-well and 

eight 24-well plates per four days per treatment. For a single time-point, two 6-well and two 

24-well plates would be removed per treatment; media was collected from each duplicate in 

each of the two 6-well plates and the remaining cell layers used for RNA and protein lysates. 

The two 24-well plates comprised the immunocytochemistry samples for a single time-point 

and single treatment. 
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2.3.6 Induction of chronic-inflammation 

Based on previously reported literature, our studies (Figure 2-1) were conducted using 50 

ng/mL and 100 ng/mL TNF-α (Protein Express, Inc. Cincinnati, OH, USA) and 1 µg/mL LPS 

(055:B5; Sigma) (Watkins et al., 2008, Cammer, 2000, Qi and Dal Canto, 1996, Ladiwala et 

al., 1999, Ye and D’ercole, 1999, Demerle-Pallardy et al., 1993) in serum-free culture media. 

2.3.7 Drug treatments 

Drugs were spiked directly into culture media (at a 10x concentration) 30 minutes before 

exposure to either TNF-α or LPS, and maintained by supplementing stock media with the 

drug to be added when changing media.  

Sister cultures were pre-treated with one of several treatment regimens: 20µM of the AMPA 

receptor antagonist, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione 

(NBQX); 10µM of the NMDA receptor antagonist, dizocilpine (MK-801); Combined 10 µM 

NBQX and 20µM MK-801; 10µM of the COX-2 inhibitor, N-[2-(Cyclohexyloxy)-4-

nitrophenyl] methanesulfonamide (NS398); 1µM of the specific gelatinase inhibitor, SB-3CT 

(Biomol International) or ; the anti-TNF-α antibody (1:200). 

Drug treatments were carried out alone and in combination with TNF-α or LPS, resulting in 

six treatments per treatment set; untreated, drug only, TNF-α alone, TNF-α + drug, LPS alone 

or LPS + drug. 
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2.3.8 Sample collection 

At 24 hour intervals over four days media samples were collected, cells were fixed for 

immunocytochemistry or lysed for RNA and protein analysis. Alamar Blue and LDH assays 

were carried out in parallel with the experiment. Control media or media supplemented with 

TNF-α or LPS with or without drug treatments were replaced daily. 

 

Figure 2-1: Time line of the complete mixed glial cell protocol. Glial cell isolation took approximately 6-8 hours to 

complete before cells were plated (1st blue arrow) followed by a resting phase to permit cell adhesion over three days. 

Cells then received a half media change with full culture media (2nd blue arrow from LHS) and a complete media 

change to serum free media at day four (3rd blue arrow from LHS) of the pre-incubation period. At time zero (red 

arrow) TNF-α- or LPS-conditioned media was applied and every 24 hours samples were acquired and conditioned 

media replenished (black arrows). According to treatments outlined above, some drugs were applied to cultures 30 

minutes prior to time zero. 
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2.4 Measurement of total cell viability 

The Alamar Blue assay (Invitrogen) is used as a rapid and reliable method for quantifying in 

vitro cell viability (Vega et al., 2006). It is incorporated into and directly metabolised by cells 

to a fluorescent by-product, thereby providing a representation of the cell growth or the rate 

of metabolic energy consumption. Measurement of total cell viability was carried out as per 

the manufacturer’s instructions. 

At daily intervals cells under all treatments were incubated with Alamar Blue (10% v/v) for 2 

hours at 37°C. Following this, the assay solution was removed and re-plated into a new 96-

well plate and media was replaced in the plate containing cells. Fluorescence of the assay 

solution was measured at an excitation and emission wavelength of 544nm and 590nm, 

respectively, with a BioTek Synergy 2 multi-mode plate reader and data standardised as a 

percentage of control. 

2.5 Measurement of cytotoxicity 

Injured, necrotic and apoptotic cells all release lactate dehydrogenase (LDH), a stable 

cytoplasmic enzyme, due to membrane compromise thus allowing an indirect measurement 

of cell death. To assess the effect of treatments on total cytotoxicity within mixed glial 

cultures, LDH levels in culture medium was measured with a commercially available kit 

(Roche Applied Science).  

Following treatment, media was collected and centrifuged at 250 x g for 10 minutes. 

Supernatant was combined 1:1 with the LDH assay working solution and incubated for 30 

minutes at room temperature. Absorbance was read at a wavelength of 490nm and data 

standardised as a percentage of high control (LDH released from 100% lysed cells) and 

corrected for total protein content.  
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2.6 Immunocytochemistry 

Cell types were identified by immunocytochemistry. OLs develop in a well-established 

lineage; indicated by several antibodies specific for epitopes of OL maturation - we used 

NG2, O4, and CNPase (Detailed in Figure 1-1). These have been described previously for 

identification of OL progenitors (NG2+/O4- phenotype) pre-OLs (late progenitors: 

O4+/NG2+) and immature OLs (O4+/CNPase+) in sheep (Duncan et al., 2002, Zhang, 

2001:Back, 2001 #30, Baumann and Pham-Dinh, 2001, Back et al., 2002, Mallard et al., 

2003). Astrocytes were identified with a mouse monoclonal GFAP antiserum and microglia 

were identified by lectin stain as previously described in fetal sheep (Fraser et al., 2005, Cao 

et al., 2003). Apoptotic cell death was assessed by cleaved-caspase 3 p17 and proliferation by 

Ki-67 immunoreactivity. 

At 24 hour intervals over 5 days, mixed glial cultures were washed with cold PBS and fixed 

with cold 4% PFA at room temperature for 15 minutes, washed twice with PBS for 10 

minutes and stored in PBS-merthiolate. Non-specific antibody binding was blocked by 

incubating in blocking buffer supplemented with 2% serum. Antibodies were diluted 1:100-

1:500 in serum-supplemented PBS or PBS-T and incubated overnight at 4°C. Unbound 

antibody was removed by two or more PBS washes of at least 10 minutes each. Fluorescent 

conjugates were diluted 1:800-1:1000 in PBS then incubated for 3 hours at room temperature 

followed by two 10 minute PBS washes prior to Hoechst staining.  

2.6.1 Hoechst 33342 staining 

Cells were incubated in 20 μM of Hoechst 33342 (bisBenzimide trihydrochloride) for 30 

minutes at room temperature. This was followed by two 10 minute washes and acquisition of 

images in TNE buffer.  
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2.6.2 Imaging 

Cells were imaged and counted at a 20 x magnification in at least 4 random microscopic 

fields of view across two wells over four independent cultures. In all immunostaining 

experiments, a negative control was performed by replacing the primary antibody with 

normal host serum and uniformly resulted in negligible background levels of 

immunoreactivity. 

Fluorescence microscopy was carried out on an Olympus-IX71 inverted microscope. Images 

were acquired on a 12 bit RGB colour CCD camera with Image Pro Plus software (Media 

Cybernetics), analysed using ImageJ (National Institutes of Health, USA) and merged with 

Photoshop CS v5.1 (Adobe). 
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2.7 Molecular methods: Nucleic acids 

2.7.1 RNA extraction 

Cell populations in each well were washed twice with warm PBS and directly lysed in TRIzol 

(Invitrogen). Samples were shaken vigorously for 1 minute, sonicated for 15 minutes on ice 

water and incubated at room temperature for 5 minutes before being stored at -80°C for at 

least 48 hours.  

Total RNA was extracted from the cell lysates by chloroform-ethanol precipitation followed 

by isolation and purification with the RNeasy Mini Kit (Qiagen). Phase separation was 

carried out by addition of 200µL chloroform per mL of Trizol, vigorous shaking, incubation 

for 3 minutes at room temperature and centrifugation at 14,000 x g for 15 minutes at 4 °C. 

The upper aqueous phase (approximately 200-300µL) was transferred to a fresh tube and 

RNA precipitated by adding an equal volume of 70% ethanol.  

Isolation and precipitation of total RNA was carried out using the RNeasy Mini Kit, as per 

the manufacturer’s instructions. Up to 700μL of the precipitate mixture was transferred to an 

RNeasy mini column and centrifuged for 15 seconds at 8,000 x g. The column was washed 

by centrifugation and sample treated with DNase I (Qiagen) for 15 minutes at room 

temperature to remove genomic DNA. Further washes (8,000 x g) with supplied buffers were 

carried out to remove carbohydrates, protein, fatty acids and salts. A dry spin at 8,000 x g for 

2 minutes was performed to remove residual liquids. RNA was eluted from the column with 

60µL of RNase-free water for reverse transcription and stored at -80°C. 
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2.7.2 Quantification of RNA 

RNA concentrations were quantified using a Nanodrop-1000 spectrophotometer (Thermo 

Scientific) to measure the absorbance at 260 nm. Absorbance ratios at 260/280nm and 

260/230nm were considered satisfactory if greater than 2.0 or 1.8-2.5, respectively. 

2.7.3 Reverse transcription 

Total RNA was reverse transcribed to cDNA with a SuperScript III cDNA kit (Invitrogen) 

using a two-step protocol. 

Up to 5μg of total RNA was incubated with random hexamers and annealing buffer then 

incubated at 65°C for 7 minutes and chilled on ice. The sample was then reverse-transcribed 

in superscript III and reaction buffer containing 10mM MgCl2, 1mM each dNTP, RNaseOut 

and DTT. The reaction mixture was incubated at 25°C for 10 minutes, 50°C for 50 minutes 

and 85°C for 5 minutes. Resultant cDNA was kept at 4°C for up to one week or at -20°C for 

long-term storage. 

2.7.4 Quantitative real-time PCR 

Transcript abundance was quantified by quantitative real-time PCR (qRT-PCR) using a 

probe-based TaqMan gene expression assay (Invitrogen) in an ABI PRISM 7900HT 

Sequence Detector (Applied Biosystems). Sample cDNA was diluted 1:10-1:100 for use in 

qRT-PCR. A 384-well (Applied Biosystems) platform was utilised for singleplex 

amplification containing a total reaction volume of 10µL consisting of TaqMan Universal 

PCR Master Mix (Applied Biosystems), diluted cDNA template and TaqMan primer/probe 

sets (250nM/900nM). Reaction mixtures were distributed by an epMotion 5070 liquid 
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handler (Eppendorf), the plate sealed with transparent adhesive cover (Applied Biosystems) 

and centrifuged at 170 x g for 2 minutes at 4°C.  

Samples were cycled in triplicate using standard conditions: 50°C for 2 minutes, 95°C for 10 

minutes followed by 40 cycles; melt 95°C for 15 seconds, anneal/extend 60°C for 1 minute. 

Data were processed using SDS v2.1 software (Applied Biosystems). Analysis was 

performed using the relative standard curve or comparative Ct methods with either GAPDH 

or 18s as the endogenous control. 

The relative standard curve method uses a set of seven-fold serial dilutions (obtained from 

LPS-treated pre-frontal cortex sections or cotyledon, diluted 1:2, 1:3 or 1:5) from which the 

unknown samples are quantified. In this method, the average quantity of the control sample is 

normalised to the average quantity of the endogenous control in the same sample. Treated 

samples, also adjusted to the endogenous control, are then expressed relative to normalised 

time-matched controls, resulting in expression relative to the template abundance (fold-

change). 

The comparative Ct method for relative quantitation is simply the ratio of the amount of 

target genes between two different samples. The ΔCt value is calculated from the average Ct 

value of the endogenous control less the Ct value of the target gene. The ΔΔCt value is 

calculated from the ΔCt value of the treated sample less the ΔCt value of the time-matched 

control. The amplification efficiencies of target and housekeeping genes were determined to 

be equal when using this method. Expression relative to the template abundance (fold-

change) is calculated as 2- ΔΔCt. 
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2.8 Molecular methods: Protein 

2.8.1 Protein extraction 

Cells were washed three times in cold PBS and lysed by scraping in the presence of RIPA or 

SDS lysis buffer. Lysates were sonicated with 1Hz bursts for 8-10 seconds at ~30% power 

(Sonopuls ultrasonic homogenizer and titanium microtip; Bandelin) then incubated on ice for 

1 hour followed by centrifugation at 12,000 x g for 15 minutes at 4°C. The supernatants were 

stored at -80°C and total protein concentration determined by bicinchoninic acid assay, 

according to the manufacturer’s instructions (Thermo Scientific). 

2.8.2 Western blotting 

Protein lysates (10-30µg) were diluted in LDS sample-buffer (Invitrogen) and 

electrophoretically separated on 4-12% bis-tris precast gels (Invitrogen) at 150V for 90 

minutes in MOPS SDS running buffer (Invitrogen). 

Protein bands were electrically transferred to polyvinylidene difluoride membranes 

(Amersham) at 50V for 60 minutes in transfer buffer supplemented with 10% methanol 

(Invitrogen). Membranes were blocked for 1 hour at room temperature in blocking buffer, 

then incubated overnight with agitation at 4°C with antibodies, diluted 1:1000-1:2000 in 

dilution buffer. Unbound antibody was removed by four TBS-T washes of at least 7 minutes 

at room temperature with agitation. Membranes were incubated with agitation for 1 hour at 

room temperature with horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibody 

(Thermo Scientific) diluted in blocking buffer. Membranes were washed four times for 7 

minutes in TBS-T at room temperature, and protein bands detected by incubating with 

enhanced chemiluminescent substrate (Thermo Scientific) in accordance with the 
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manufacturer’s instructions. Protein was visualised on X-ray films developed on an AGFA 

CP1000 developer. 

To strip and reprobe, membranes were washed two times in TBS-T then incubated with 

stripping buffer 1 or 2 with agitation at room temperature for 5 minutes or at 60°C for 30 

minutes, respectively. This was followed by four 5 minute washes in TBS-T with agitation at 

room temperature. Membranes could then be incubated in blocking buffer and antibody 

detection carried out as described previously. 

2.8.3 Gelatin zymography 

Active and latent forms of MMP-2 and MMP-9 were measured in samples of conditioned 

media by gelatin zymography. Conditioned media (7μL) was diluted (1:1) in non-reducing 

sample loading buffer (Invitrogen) before being separated by electrophoresis (125V for 90 

min) on Novex® 10% gelatin zymogram gels (Invitrogen) in tris-glycine running buffer 

(Invitrogen). Gels were washed in 2.7% Triton X-100 for 30 minutes at room temperature to 

remove SDS and re-nature the gelatinases. Gelatinases were activated by incubating the gel 

zymogram developing buffer (Invitrogen) for 30 minutes at room temperature followed by 18 

hours incubation at 37°C with gentle shaking.  

Gels were fixed in fixing/destaining (FD) solution for 15 minutes, incubated in staining 

solution for 20 minutes and then destained in FD solution for 20 min. Proteolytic activity of 

latent and active gelatinases was detected by densitometric quantitation around clear bands at 

72 and 67 (MMP-2) and 92 and 84 (MMP-9) kDa, respectively.  

Gels were scanned with a GS-800 Calibrated Densitometer (Bio-Rad) and analysed with 

Quantity One 1-D Analysis Software (Bio-Rad). The optical density (OD) of each 

gelatinolytic band was determined by subtracting the background of the corresponding lane 
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then standardised to the band intensity of an MMP-2/MMP-9 standard (BIOMOL 

international) in each gel. The final optical density values were presented as a percentage of 

time-matched controls, which were arbitrarily set to 100%, and adjusted to total secreted 

protein content (BCA assay; Thermo Scientific Pierce).  

Negative control gels were incubated in the presence of 20 mM EDTA, a known inhibitor of 

MMPs, to ensure the MMP specificity of the observed gelatinolytic bands.  

2.8.4 Reverse gelatin zymography 

The activity of TIMPs (endogenous MMP inhibitors) was assayed by reverse gelatin 

zymography. Conditioned media (15µL) was diluted (1:1) in non-reducing sample loading 

buffer before TIMPs were separated by electrophoresis (165V for 90 min) using in-house 

prepared reverse zymography gels. 

Gels were then incubated in renaturing buffer for 60 minutes followed by overnight 

incubation in developing buffer at 37°C with gentle shaking. Gels were stained for 4 hours 

then destained until dark bands of TIMP inhibitory activity appeared against a clear 

background (<30 minutes).  

Bands were analysed by densitometry and data expressed, as described for gelatin 

zymography. To ensure the specificity of the reverse zymography for TIMP activity 

detection, samples were electrophoresed on 12% polyacrylamide SDS gels without substrate 

with no bands observed. HT-29 cell conditioned media, which constitutively expresses 

TIMP-1 and TIMP-2, and Seeblue Plus2 (Invitrogen) protein standard were run to identify 

molecular weights of TIMPS.  

74 

 



Chapter 2: Materials and methods 

2.9 Enzyme-linked immunosorbent assay 

Soluble TNF-α concentrations in conditioned media were measured using an in-house 

enzyme-linked immunosorbent assay (ELISA). TNF-α was detected in a 96-well ELISA plate 

(Nunc) coated with the diluted capture antibody, purified mouse anti-ovine TNF-α and 

incubated over-night at 4°C. Plates were washed three times in wash buffer then blocked in 

blocking buffer for 1 hour at room temperature. The plates were washed then samples and 

standards (ovine recombinant TNF-α, 0 to 10 ng/mL; detection sensitivity: 0.354 ng/mL) 

were added in duplicate and incubated for 2 hours at room temperature. Wells were washed 

then incubated with rabbit anti-TNF-α antisera (in diluting buffer) for 1 hour at room 

temperature. The plates were washed then incubated with a Peroxidase–conjugated donkey 

anti-rabbit antibody for 30 minutes at room temperature. The plates were washed and 

incubated with TMB in the dark at room temperature and the reaction was stopped with 1M 

H2SO4 after 30 minutes. Absorbance was read at 450nm on a BioTek Synergy 2 multi-mode 

plate reader, a 4-parameter regression was used for curve fitting and data corrected for total 

secreted protein content of each sample (determined by BCA assay). 

2.10 Radioimmunoassay 

Prostaglandin E2 (PGE2) release into culture media was assessed using competitive 

radioimmunoassay (RIA) as described previously (Sato et al., 2002). Conditioned media and 

standards (0-5000pg/mL, Caymen Chemicals) were diluted in culture media. 100µL of 

sample (diluted 1:50) and standard was incubated with 100µL of PGE2 tritiated tracer 

(∼5,000 cpm/100µL in PG buffer; Perkin Elmer) and PGE2 antibody (Perceptive 

Diagnostics) at 4°C over-night. 750µL of charcoal reagent was added to the samples and 

incubated for 15 minutes at 4°C. Samples were centrifuged at 2500 x g for 15 minutes at 4°C. 
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The supernatant was decanted and mixed with scintillation fluid (StarScint) in new vials and 

counted with a QuantaSmart Beta Counter. The sensitivity of the PGE2 radioimmunoassay 

ranged from 1 to 7 pg/mL, with an intra- and inter-assay coefficient of variation of less than 

10%. Sample concentrations were corrected for non-specific binding and non-linear 

regression was used for curve fitting and data extrapolation.  

2.11 Glutamate measurement 

Glutamate released from cells into culture medium was determined using the Amplex-red 

glutamic acid assay kit (Invitrogen). Conditioned media samples (diluted 1:2, in media) and 

glutamate standards were added (1:1) to Amplex red reaction buffer (consisting of Amplex 

red reagent, L-alanine, glutamic acid oxidase and glutamate-pyruvate transaminase) and 

incubated in the dark for 30 minutes at 37°C. Fluorescence was measured at an excitation and 

emission wavelength of 544nm and 590nm, respectively, with a BioTek Synergy 2 multi-

mode plate reader. Relative fluorescent units were converted based on the known standard 

concentrations and adjusted for total secreted protein content (determined by BCA assay). 

Samples were assessed in duplicate and the final concentration represented as mM of 

glutamate per mg of total protein. 

2.12 Statistical methods 

All statistical analysis and graphs were generated using GraphPad Prism v6 for Windows 

(GraphPad Software). Further details pertaining to each specific chapter can be found within 

the accompanying methods section. 
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3. Chapter 3: Primary mixed glial cultures from fetal ovine forebrain 

are a valid model of inflammation-mediated white matter injury 

 

3.1 Preface 

Prior to this study, culture based assays for investigating glial injury were largely restricted to 

those of rodent origin (Rubio et al., 2011). The animal model most ideally suited for 

investigating preterm brain injury is the chronically instrumented preterm fetal sheep as it has 

a sufficiently large volume of cerebral white matter comparable to the human brain at 24-32 

weeks of gestation and can be studied over an extended period. Although the primary 

advantage of in vivo preparations is the ability to study responses in their entirety and the 

influences of biological integration, culture assays play a critical role as a research technique 

to complement in vivo studies as an initial screening method. 

While cultures have been used to assess proinflammatory effects, in early studies the 

cytokines’ species of origin were often mismatched to the culture source (Merrill, 1991, 

Selmaj and Raine, 1988). Our study was the first to utilise ovine TNF-α to stimulate ovine 

derived cultures. Furthermore, it is known that oligodendrocyte (OL) injury to a certain 

extent requires the presence of other glia (Watkins et al., 2008). Indeed, several studies have 

suggested glial cell to cell contact as a requisite to injury, yet few studies have utilised mixed 

glial cultures, rather employing isolated OL progenitors (Sloane et al., 2010, Watkins et al., 

2008).  

The following section contains our research paper “Primary mixed glial cultures from fetal 

ovine forebrain are a valid model of inflammation-mediated white matter injury” published in 
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Developmental Neuroscience, Volume 34, Issue 1, Pages 30-42. Developmental 

Neuroscience is a multidisciplinary journal publishing neuroscience papers covering all 

stages of human development, with a key focus on experimental studies. The journal has an 

impact factor of 3.41. 
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3.2 Primary mixed glial cultures from fetal ovine forebrain are a valid model of 

inflammation-mediated white matter injury 

3.2.1 Abstract 

Astrocytes, microglia and OLs have been employed separately in vitro to assess cellular 

pathways following a variety of stimuli. Mixed glial cell cultures however have not been 

utilised to the same extent, despite the observed discrepancy in outcomes resulting from cell-

to-cell contact of different glia in culture.  

Our objective was to standardise and morphologically characterise a primary culture of 

preterm ovine glial cells in order to attain a relevant in vitro model to assess the intracellular 

effects of infection and inflammation. This would provide a high throughput model necessary 

for in-depth studies on the various pathophysiological mechanisms of WMI, which may 

occur in the preterm infant as a consequence of maternal infection or the fetal inflammatory 

response. 

Glia from the forebrains of 0.65 gestation ovine fetuses (comparable to 24-26 week human 

fetal brain development) were mechanically and enzymatically isolated and plated at a final 

density of 250,000 cells per well. When reaching confluence at 5 days after plating, the 

cultures contained astrocytes, microglia, as well as progenitor, precursor and immature OLs. 

Glial cell morphology and phenotypic immunoreactivity was characteristic of and consistent 

with previous observations of separately-cultured cell types. To determine the effects of 

infection or inflammation in our in vitro model we then treated mixed glial cultures with 

tumour necrosis factor-α (TNF-α; 50 or 100 ng/mL) or lipopolysaccharide (LPS; 1ug/mL) for 

a period of 48 hours. Cytokine levels were measured by ELISA and cell numbers for specific 
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glial cell-types were determined along with OL proliferation and apoptosis by Ki67 and 

caspase-3 immunocytochemistry, respectively.  

Our results showed that exposure to TNF-α or LPS resulted in a characteristic inflammatory 

response entailed by a lack of astrogliosis and a marked reduction in OL cells attributable to 

increased apoptosis. In LPS-treated cultures, there was a marked increase in the 

proinflammatory cytokine, tumour necrosis factor-α (TNF-α) at both 24 and 48 hours. 

In conclusion, this is the first report of the immunocytochemical description and 

characterisation of fetal ovine-derived mixed glial cell primary cultures. This in vitro model 

provides a novel and efficient system to explore the mechanisms of infection/inflammation 

mediated WMI at the cellular level and for screening candidate therapeutic strategies.  
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3.2.2 Introduction 

Previously, the brain was thought to be relatively protected from inflammatory processes 

initiated within the rest of the body in response to infection. However, it is now recognised 

that inflammation within the brain may lead to significant injury (Malaeb and Dammann, 

2009, Rees et al., 2008). This is particularly important to those babies born prematurely who 

have been exposed to infection since the same infection that precipitated the onset of birth 

can potentially result in the induction of an inflammatory response within the brain and lead 

to death of OLs (OLs), the myelinating cells of the central nervous system. Damage to these 

cells can lead to long-term disturbances in myelination, resulting in permanent areas of 

hypomyelination which can manifest later as cerebral palsy, or varying degrees of cognitive 

dysfunction.  

Cytokines have been traditionally viewed in terms of their involvement in inflammatory 

responses to peripheral infection. However, it is now apparent that they may well have much 

broader roles in the brain, since microglia, the resident macrophage of the brain, is a major 

source of cytokine production. It has been proposed that during the course of infection, 

cytokines, in particular TNF-α, produced by microglial cells within the brain, activate 

proliferation of astrocytes and production of TNF-α which can stimulate the production of 

other inflammatory mediators and initiate programmed cell death signalling cascades 

resulting in apoptosis and death of OLs (Dammann and O'Shea, 2008) Indeed, the presence 

of TNF-α within the uterus, fetal brain and fetal circulation has been associated with WMI 

and experimental evidence suggests that developing OLs are more vulnerable to cytokine-

induced injury than mature OLs (Feldhaus et al., 2004). Furthermore, studies in neonatal rats 

show that intracerebral injection or maternal administration of the endotoxin LPS, induces an 
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increase in cerebral concentrations of TNF-α in association with WMI (Pang et al., 2003, Cai 

et al., 2000). 

In human infants, immature OLs are most vulnerable at a gestational age of 24-32 weeks 

(Back et al., 2001) correlating approximately to 90 days of gestation in the ovine species 

(term gestation is 147 days). Accordingly the incidence of WMI is inversely related to 

gestational age (Inder et al., 2003) and despite the strong association with 

infection/inflammation and neurological impairment, the nature of the mechanisms that 

mediate these responses remain elusive. Thus, a critical question is how do inflammatory 

cytokines induce WMI? Currently the chronically instrumented fetal ovine model is widely 

used to observe fetal neurological outcome under a range of stimuli (Fraser et al., 2007, 

Davidson et al., 2008, Mallard and Hagberg, 2007), while the majority of research is 

supported with in vitro data from fetal and neonatal rat derived glial cultures (Feldhaus et al., 

2004, Wang et al., 1998). With the establishment of well-defined in vivo ovine models, it is 

clearly advantageous to utilise the same species when correlating whole animal data with that 

from in vitro studies. Primary cultures have already proven useful in the assessment of 

differentiation, proliferation, and mechanisms of cell death in an environment which can be 

controlled to represent either physiological or pathological conditions. However, primary 

mixed cultures of fetal ovine glia have not been considered in the current research field of 

perinatal brain injury. The present work describes an original protocol for isolation and 

subsequent characterisation of mixed glial cell cultures from the preterm fetal ovine forebrain 

and their potential to provide a high-throughput, robust and reproducible model for observing 

effects as a result of infection/inflammation related WMI. 
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3.2.3 Materials and Methods 

3.2.3.1 Animals and Tissue Dissection 

All animal procedures were approved by the Animal Ethics Committee of The University of 

Auckland, New Zealand. At day 89 of gestation Romney-Suffolk cross ewes and their 

singleton or twin fetuses were euthanised by an intravenous overdose of sodium 

pentobarbital. Fetal cortices were aseptically removed by cutting equatorially from the 

occipital bone to remove the calvarium, and placed in ice cold minimal essential media 

(MEM) supplemented 20mM HEPES, 0.5% glucose, 100U/mL penicillin and 100 µg/mL 

streptomycin (All from Invitrogen) before being weighed. Preparation of fetal cortices for 

cell culture was performed immediately after collection to ensure optimal survival of cells; if 

not possible then within 1-2 hours.  

3.2.3.2 Primary cell cultures 

After collection, cortices were divested of all meninges, blood clots and vasculature from 

within the lateral ventricles. The cerebellum and brain stem were removed and discarded and 

the remaining tissue (approximately 12g/fetus), was transferred to a petri dish containing 20 

mL of cold MEM solution and finely minced by the crossed scalpel method into cubes of less 

than 3mm3. Minced tissue from each twin fetus was pooled prior to tissue digestion.  

Minced tissue was transferred into a 50 mL conical tube and topped to 50 mL with MEM, 

inverted and then left to settle for 5 minutes at room temperature. The supernatant was 

carefully aspirated and the tissue placed into a 100 mL cell culture flask containing 40 mL of 

pre-warmed (37°C) enzyme dissociation solution containing phenol red free Hank’s balanced 

salt solution (PRF-HBSS), 0.15% trypsin (Invitrogen) and 20 µg/mL DNase (Roche).  

83 

 



Chapter 3: Primary mixed glial cultures from fetal ovine forebrain are a valid model of inflammation-mediated 
white matter injury 

The tissue was incubated at 37°C in a shaking water bath at a speed of 130 strokes/minute for 

1 hour during which time the tissue was triturated every 10 minutes using serological pipettes 

of decreasing diameters (25mL, 25mL, 10mL, and 10mL) and finally using an 18 gauge 

needle. Following triturated at the 30, 40 and 50 minute time-points, the supernatant was 

transferred to a 50 mL conical tube containing 10 mL of heat-inactivated horse serum 

(Invitrogen). The supernatant-serum mixture was stored at 37°C between collection time-

points. Fresh pre-warmed enzyme dissociation solution was added to the tissue each time the 

supernatant was removed thus maintaining an original volume of 40mL.  

At one hour, both the incubated suspension and enzyme inactivated suspension were pooled 

and the resultant suspension, referred to as cell suspension, was divided equally into two 50 

mL conical tubes and centrifuged at 500xg for 10 minutes. Supernatant was removed and 

discarded and the pellet resuspended in 20 mL of PRF-HBSS containing 10 µg/mL DNase, 

100 U/mL penicillin and 100 µg/mL streptomycin and washed twice by centrifugation at 

200xg for 10 minutes. The resulting pellet was resuspended in 20 mL PRF-HBSS containing 

100 U/mL penicillin and 100 µg/mL streptomycin (PRF-HBSS wash solution 2) and then 

passed through a 100μm nylon cell strainer into a new 50 mL conical tube.  

A gradient density centrifugation step using Percoll (Amersham) was then performed; for 

every 20 mL PRF-HBSS wash solution 2 in the filtrate, 9 mL of Percoll and 1 mL of 10x 

PRF-HBSS (Invitrogen) was added, followed by centrifugation at 200xg for 20 minutes with 

no deceleration braking. The upper interface of the gradient (containing myelin and cell 

debris) was collected and resuspended in PRF-HBSS containing 20mM HEPES and 35mM 

glucose (HBSS isolation solution) to a final volume of 50 mL and centrifuged at 500xg for 10 

minutes. Thereafter, the supernatant was removed, the pellet resuspended in 10 mL HBSS 

isolation solution and centrifuged at 500xg for 4 minutes. Simultaneously, the middle layer of 
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the Percoll gradient containing viable cells was collected, resuspended in HBSS isolation 

solution to a final volume of 50 mL and then centrifuged at 500xg for 10 minutes. All cells 

were pooled and centrifuged at 500xg for 10 minutes. The resulting pellet was then 

resuspended in 20 mL HBSS isolation solution and washed once by centrifuging at 500xg for 

10 minutes. Finally, the cell suspension was then resuspended in 10 mL of Dulbecco’s 

modified Eagle’s/F12 medium with glutamine (DMEM/F12) supplemented with 100U/mL 

penicillin, 100 µg/mL streptomycin and 20% horse serum (Full culture media; All from 

Invitrogen) resulting in a final volume of 15-20mL. Neuronal cells do not survive in this 

medium. 

Cell number and viability was assessed by trypan dye exclusion; pooled tissue from twin 

fetuses yielded approximately 7.5 x 106 viable cells per gram of tissue (unpublished 

observation). Dissociated cells were plated onto poly-L-lysine-coated 6-well plates at a 

seeding density of 250,000 cells per well in plating culture media.  

Cultures were maintained at 37°C in a humidified 5% CO2 incubator. At 3 days in vitro 

(DIV), half of the media per well was carefully aspirated, and replaced with full culture 

media. At 4 DIV culture media was changed to serum free media. At 5 DIV cells had reached 

confluence and infection/inflammation was induced. 

3.2.3.3 Induction of experimental infection and inflammation 

Based on previously reported literature, studies were conducted using concentrations of 25 

ng/mL and 100 ng/mL TNF-α and 1 µg/mL LPS (Cammer, 2000, Qi and Dal Canto, 1996, 

Ladiwala et al., 1999, Ye and D’ercole, 1999, Demerle-Pallardy et al., 1993). From time zero 

cultures were chronically exposed to serum-free media (control), ovine-recombinant TNF-α-

supplemented (Protein Express, Inc. Cincinnati, OH, USA) or LPS (055:B4; Sigma)-

85 

 



Chapter 3: Primary mixed glial cultures from fetal ovine forebrain are a valid model of inflammation-mediated 
white matter injury 

supplemented serum-free media. At 24 and 48 hours samples of cells and media were 

collected for immunocytochemistry and analysis of total protein and TNF-α concentrations, 

respectively. Cell culture medium was stored at -20°C or -80°C if required. Control media or 

media supplemented with TNF-α or LPS was replaced daily. 

3.2.3.4 Immunohistochemistry  

At 24 and 48 hours of chronic exposure to TNF-α or LPS, mixed glial cell cultures were 

washed with PBS and fixed with PFA (4% w/v in PBS) at room temperature for 15 minutes 

then washed with cold PBS (for those samples to be immunolabelled with O4) or PBS-T (for 

NG2, CNPase, Glial fibrillary acidic protein (GFAP) or Isolectin-B4 labelling) for 10 

minutes. Cells were incubated with primary antibodies overnight at 4°C. The primary 

antibody details are as follows: 1) mouse monoclonal antisera to NG2 (anti-NG2,1:200, 

Chemicon) for the staining of non-myelinating OL progenitor cells, identified with the 

NG2+/O4- phenotype (Duncan et al., 2002, Igor Jakovcevski, 2005), 2) mouse monoclonal 

antisera to O4 (anti-O4, 1:100, Chemicon) for staining of precursor OLs – often termed late 

progenitors – identified with the O4+/NG2+ phenotype (Back et al., 2001, Baumann and 

Pham-Dinh, 2001), 3) mouse monoclonal antisera to CNPase (anti-CNPase, 1:200, Sigma) to 

identify immature OLs with O4+/CNPase+ immunoreactivity (Duncan et al., 2002, Zhang, 

2001), or CNPase immunoreactivity alone for the total OL spectrum 4) mouse monoclonal 

anti-glial fibrillary acidic protein antiserum (anti-GFAP, 1:500, Sigma) for the staining of 

astrocytes, and 5) biotinylated isolectin-B4 (1:200, Vector) for detection of microglia. 

OLs develop in a well-established lineage indicated by several antibodies specific for 

epitopes of OL maturation, in this instance namely, NG2, O4, and CNPase. Furthermore, the 

progressive increase in the morphological complexity allows the successive stages of OL 
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development to be mapped. The origin, specificity, and use of these antisera have been 

described previously for NG2 (Duncan et al., 2002), O4 (Back et al., 2002), CNPase (Mallard 

et al., 2003) (Back et al., 2006b), isolectin-B4 (Pennell et al., 1994) and GFAP (Cao et al., 

2003) in sheep for the identification of OLs at differing lineage points. 

Apoptosis and proliferation were assessed by immunofluorescent detection with a polyclonal 

rabbit anti-caspase-3 p17 antibody (1:200, Cell Signalling Technology) and monoclonal 

mouse anti-Ki-67 antibody (1:200, Dako), respectively. 

After the primary antibody was removed, cells were washed twice for 10 minutes in PBS. For 

single or double-labelled immunofluorescence, AlexaFluor® 488 conjugated donkey anti-

mouse IgG (1:800), streptavidin-conjugated AlexaFluor® 568 (1:800) or Cy3 labelled goat 

anti-mouse IgG (1:1000) were then incubated for 3 hours at room temperature followed by 

two 10 minute PBS washes. 

All samples were stained with the DNA-specific dye Hoechst 33342 for determination of 

total cell counts. Cells were incubated in 20 μM of bisBenzimide trihydrochloride diluted in 

tris-sodium EDTA (TNE) buffer for 30 minutes at room temperature. This was followed by 

two 10 minute washes and acquisition of images in TNE buffer. Cells were counted at a 20 x 

magnification in at least 4 random microscopic fields of view across two wells over four 

independent cultures. In all immunostaining experiments, a negative control was performed 

by replacing the primary antibody with normal mouse serum and uniformly resulted in 

negligible background levels of immunoreactivity. 

Fluorescence microscopy was conducted using an Olympus-IX71 inverted microscope and 

epifluorescence observations made with UV, B and G filter sets. Images were acquired with 
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Image Pro Plus (Media Cybernetics) at 20x (for cell counts) or 40x magnification and 

subsequently merged and analysed using ImageJ (National Institutes of Health, USA).  

3.2.3.5 Quantitative analysis of cell viability: Alamar Blue assay  

Cell viability was determined using an Alamar Blue viability assay. Cells were treated as per 

the regime outlined above. Alamar Blue dye was added (Final concentration of 10% v/v) 2 

hours prior to the experimental time-point and returned to the incubator at 37°C. The assay 

solution was then removed and re-plated into a new 96-well plate and media replaced in the 

plate containing cells. The fluorescence of the assay solution was measured at an excitation 

wavelength of 544nm and emission wavelength of 590nm with a BioTek Synergy 2 multi-

mode plate reader and data standardised as a percentage of high control. 

3.2.3.6 Quantitative analysis of cell cytotoxicity: Lactate dehydrogenase assay 

Glial cell death was assessed using a commercially available LDH cytotoxicity detection kit 

(Roche Applied Science). Briefly, following exposure to TNF-α or LPS, media was collected 

and re-plated into a new 96-well plate and media replaced in the plate containing cells. 

Sample media was centrifuged at 250xg for 10 minutes. 50µL of the supernatant was 

combined with 50µL of the LDH assay working solution and incubated for 30 minutes at 

room temperature. Absorbance was read at a wavelength of 490nm and data standardised as a 

percentage of high control. Controls included Background control - culture medium only, 

Low LDH control - media from untreated cells, High LDH control - media from wells treated 

with 1% Triton X-100 in conditioned media. 

88 

 



Chapter 3: Primary mixed glial cultures from fetal ovine forebrain are a valid model of inflammation-mediated 
white matter injury 

3.2.3.7 Enzyme-linked immunosorbent assay  

TNF-α concentrations in media were measured using an in-house enzyme-linked 

immunosorbent assay (ELISA). TNF-α was detected using antibodies specific to the ovine 

species (Epitope Technologies, Melbourne, Australia; Centre for Animal Biotechnology, 

University of Melbourne). Standards were ovine recombinant TNF-α and ranged from 0 to 10 

ng/mL with a detection sensitivity of 0.354 ng/mL. Internal quality controls were included in 

each assay. Results were corrected for total secreted protein content of each well by a BCA 

protein assay kit (Sigma).  

3.2.3.8 Statistical analysis 

Analysis for statistical significance was performed by repeated measures one-way ANOVA 

(SigmaStat, Systat Software) followed by Bonferroni post hoc analysis. All data are 

expressed as mean values + standard error of the mean (SEM) and an alpha value set at 0.05 

with a sample size of at least four. 
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3.2.4 Results 

3.2.4.1 Detection of glial markers by immunocytochemistry 

Immunocytochemical data (Figure 3-1a) show that the absolute number of astrocytes 

(labelled with GFAP) increased from approximately 50 to 140 cells per field of view from 24 

to 48 hours under control conditions (p < 0.001). Similarly absolute microglia content 

(Isolectin B4 labelled) grew from approximately 6 to 30 cells per field of view, but this 

change was not significant. Total OL number from 24 to 48 hours presented with a non-

significant decrease. In contrast, progenitor, precursor, immature OL number declined from 

24 to 48 hours in control cultures (p < 0.01, p < 0.001, p < 0.001, respectively; Figure 3-1b). 

 

Figure 3-1: Mixed glial cell cultures consist of astrocytes, microglia, and developing OLs. Number of astrocytes, 

microglia and OLs (a) and cells of the OL lineage (b) in control cultures at 24 and 48 hours. Following incubation 

under control conditions, total astrocyte, microglia and OL number was determined through GFAP, isolectin B4 or 

CNPase labelling, respectively. Cells of the OL lineage were identified by immuophenotyping through the antigens 

NG2+/O4-, NG2+/O4+, and CNPase+/O4+. Data are presented as mean number of cells + SEM. 
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3.2.4.2 Morphological characterisation 

In order to determine whether the isolated cells in primary cultures expressed glial cell 

morphology, we detected specific cellular immunoreactivity for typical cell markers of OLs, 

astrocytes and microglia (Figure 3-2). 

The remaining glial cells were predominantly comprised of astrocytes displaying two distinct 

morphologies. The first composed of polygonal and non-process bearing morphology and the 

other appeared with long thin ramified projections usually no more than 50μm long from 

cells characterised by small somata. Microglia appeared as enlarged cells with short 

processes and a diameter of approximately 10μm. 

Although not abundant, cells of the OL lineage were present. Antibodies specific for the 

NG2, O4 and CNPase antigens were used to identify the stage of OL development (Figure 

3-2), with cells expressing NG2 representing a progenitor phenotype, which lacked abundant 

cell processes. In accordance with others (Back et al., 2001) NG2-positive cells were mostly 

bipolar in morphology with small elongated somata, however some NG2-positive cells 

presented with 3-4 processes and pyramidal-shaped soma. These were distinct from the 

immature OLs that expressed O4 and CNPase and had a more mature physical phenotype 

with rounded cell bodies and extensive processes often with large sheets of positive stained 

(CNPase) regions. This is in contrast to their intermediaries, termed precursor OLs which 

expressed both NG2 and O4 which appeared with either small rounded cell body with a 

multipolar morphology (seen as beaded processes) or elongated cell bodies and less complex 

processes. 
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Figure 3-2: Generation of mixed glial cell cultures. Representative photomicrographs (A; 20x magnification, B-F; 10x magnification) of immunolabelled microglia (a), astrocytes (b), 

CNPase-immunoreactive OLs (c) and double-labelled progenitor OLs (d; NG2+/O4-), precursor OLs (e; NG2+/O4+) and immature OLs (f; CNPase+/O4+) following 5 days of pre-

incubation. Microglia were labelled with isolectin B4; astrocytes were labelled with antibodies against GFAP and total OLs with CNPase. OL lineage cells were identified by their 

NG2, O4 and CNPase immunoreactivity. All cells were Hoechst co-stained and visualised with Alexa488, Alexa568 or Cy3 fluorophores. Scale bar = 100µm.  
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3.2.4.3 Total glial cell death and cell viability 

Others have shown that LPS activation of microglia in OL co-cultures mediates cell death of 

OLs in part by the activation of caspase-3 (Pang et al., 2010). The number of microglia 

(Figure 3-3a) increased at 24 hours in cultures exposed to high concentration TNF-α (p < 

0.01), and were lower in cultures exposed to low concentration TNF-α at 48 hours (p < 0.05), 

while in high concentration TNF-α and LPS exposed cultures, microglia number remained 

unchanged compared to time-matched controls. To determine the survival effects of TNF-α 

and LPS on primary glial cultures we exposed cells to two differing concentrations of TNF-α 

and a single concentration of LPS and assessed total glial cell death and cell viability (Figure 

3-4a and b) indicated by LDH and Alamar Blue assays, respectively. Total glial cell death 

and viability presented no significant change in either of the treatment groups at 24 hours. 

However, by 48 hours high dose TNF-α and LPS had significantly increased glial cell death 

compared to time-matched controls (p < 0.001; n = 6) accompanied by a reduction in cell 

viability in LPS exposed cultures only (p < 0.05; n = 6). To confirm that this reduction in 

viability and increase in cell death was due to caspase-3 mediated apoptosis we assessed OL 

and cleaved caspase-3 colocalisation in cultures exposed to TNF-α and LPS. 
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3.2.4.4 TNF-α and LPS increase the number of apoptotic oligodendrocytes in vitro 

Previously it has been shown that OL caspase-3 activation is a robust indication of apoptosis 

(Cao et al., 2003). Both low and high concentrations of TNF-α and LPS greatly increased the 

proportion of apoptotic OLs compared to controls at 24 and 48 hours (Figure 3-4c). 

Approximately 14 and 25% of OLs in cultures exposed to control conditions were apoptotic, 

at 24 and 48 hours respectively. All treatments (Low and high TNF-α as well as LPS) 

resulted in a stepwise significant increase in OL apoptosis at both 24 and 48 hours (p < 

0.001).  

3.2.4.5 LPS increases TNF-α levels in mixed glial cultures 

The neuroinflammatory response initiated following infectious stimuli in vivo has been noted, 

with upregulation of TNF-α levels seen after maternal systemic (Paintlia et al., 2004) and 

fetal brain LPS exposure (Cai et al., 2003). To investigate whether a similar inflammatory 

response was evident in vitro we assessed TNF-α concentrations in cell supernatant following 

exposure to LPS (Figure 3-4d). At both 24 and 48 hours TNF-α concentrations were 

markedly increased compared to time-matched controls (p < 0.001, p < 0.01, respectively). 
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Figure 3-3: Low and high concentrations of TNF-α and LPS increase microglia number in mixed glial cultures. Cultures were incubated under control conditions or with TNF-α (50 

or 100 ng/mL) or LPS (1ug/mL) for 24 and 48 hours, after which isolectin B4 labelling and Hoechst staining were used to detect microglia (a). Scale bar = 50 µm (40x magnification). 
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Figure 3-4: Low and high concentrations of TNF-α and LPS induce OL apoptosis. Overall cell death (a) and cell viability (b) were assessed using LDH and Alamar Blue assays, 

respectively. OL apoptosis (c) was investigated using cleaved caspase-3 labelling colocalised with CNPase positive cells and secreted TNF-α levels (d) were detected in culture media 

(LPS treated cultures only). Results for TNF-α were corrected for total protein content. Data are presented as mean + SEM. *p < 0.05 **p < 0.01 and ***p < 0.001 compared to time-

matched controls.  
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3.2.4.6 Culture composition following TNF-α and LPS treatment 

Previously in vivo loss of astrocytes within focal lesions has been noted in the ovine fetus 

following LPS treatment over a similar insult duration (short-term) and age (Mallard et al., 

2003). To investigate whether a similar response was evident in ovine derived mixed glial 

cultures we assessed astrocyte number in TNF-α and LPS exposed cultures as well as the 

presence of astrocytes proliferating in response to infectious or inflammatory stimuli (Figure 

3-5a and b). At 24 hours the astrocyte response to chronic exposure to low concentration 

TNF-α was an increase in absolute number (p < 0.001), however both high concentration 

TNF-α and LPS exposures resulted in no change in astrocyte number. While high 

concentration TNF-α had no effect on the proportion of proliferating astrocytes, low 

concentration TNF-α reduced (p < 0.001) and LPS increased (p < 0.01) this proportion 

compared to control. By 48 hours, all treatments had reduced absolute astrocyte content 

compared to the time-matched control (p < 0.001) and no change in the proportion of 

proliferating astrocytes. 

Microglia are known to be found in both diffuse and focal white matter lesions and are 

capable of producing a range of molecules known to damage both OLs and other glia (Volpe 

et al., 2011). The adverse effects of microglia on OLs are well documented, however absolute 

numbers in response to infection or inflammation are rarely reported. Therefore we 

investigated microglia number and proliferation in TNF-α and LPS exposed cultures (Figure 

3-5c and d). At 24 hours microglia content at was increased only in cultures exposed to high 

concentration TNF-α (p < 0.01), yet only cultures exposed to LPS displayed an increase in 

the proportion of proliferating microglia. By 48 hours, although absolute microglia content 

appeared perturbed, only cultures exposed to low concentration TNF-α contained less 

microglia (p < 0.05), while absolute microglial content in high concentration TNF-α and LPS 
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exposed cultures remained unchanged compared to time-matched controls. No change in 

microglia proliferation was observed at 48 hours.  

It has been well reported that OL injury occurs both in vitro and in vivo following exposure to 

infection and inflammation. Given the paucity of data relating to OL survival under these 

situations in mixed glial cultures, another of our objectives was to assess OL number and 

proliferation after exposure to TNF-α or LPS (Figure 3-5e and f). Total OL content was 

reduced following all treatments; low concentration TNF-α, high concentration TNF-α and 

LPS at both 24hours (p < 0.001) and 48 hours (p < 0.001, p < 0.01, p < 0.001, respectively) 

of exposure, however the higher concentration TNF-α seemed to have less effect on OL loss. 

In contrast, the proportion of proliferating OLs was initially increased at 24 hours for all 

treatments (p < 0.001), while by 48 hours of exposure low and high TNF-α had a decreased 

proportion of proliferating OLs (p < 0.05) and LPS did not alter proliferation compared to 

control. 
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Figure 3-5: Total astrocyte, microglia and OL cell number and proliferation. Following incubation under control 

conditions, TNF-α (50 or 100 ng/mL) or LPS (1ug/mL) for 24 and 48 hours, total astrocyte (a), microglia (c) and OL 

(e) number was determined through GFAP, isolectin B4 or CNPase labelling. Data are presented as absolute mean 

number + SEM. The proportion of these cells that were proliferating was assessed by Ki-67 labelling colocalised with 

astrocytes (b), microglia (d) and OLs (f). Data are presented as the mean percentage of the total specific cell type + 

SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 compared to time-matched controls. 
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3.2.4.7 Oligodendrocyte lineage response to TNF-α and LPS 

Based on the findings in Figure 3-4a showing increased OL apoptosis, we examined how the 

progenitor, precursor and immature OL absolute numbers were altered following TNF-α or 

LPS treatment (Figure 3-6a-c). Progenitor OLs were only affected at 24 hours by exposure to 

high concentration TNF-α, whereby numbers were significantly reduced (p < 0.001; n =4), 

and no changes observed compared to control for any other groups nor exposure times. 

Precursor OL number was reduced following low and high TNF-α and LPS (p < 0.01, p < 

0.001, p < 0.001; n =4) at 24 hours while by 48 hours only low concentration TNF-α and LPS 

exposure groups were reduced compared to time-matched controls (p < 0.01, p < 0.001; n 

=4). Absolute immature OL content was significantly reduced at both 24 and 48 hours in all 

treatment groups compared to control (p < 0.001; n =4). 

 

Figure 3-6: Total progenitor, precursor and immature OL cell number. Absolute numbers of progenitor, precursor 

and immature OLs following exposure to control conditions, TNF-α (50 or 100 ng/mL) or LPS (1ug/mL) for 24 and 

48 hours were determined by immuophenotyping through the antigens NG2+/O4- (A) NG2+/O4+ (B)and CNPase+/O4+ 

(C), respectively. Data are presented as absolute mean number + SEM. **p < 0.01 and ***p < 0.001 compared to 

time-matched controls. 
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3.2.5 Discussion 

To characterise the various underlying pathophysiological mechanisms of 

infection/inflammation related WMI of the developing brain, it is imperative to develop in 

vitro experimental conditions that mimic the condition at a cellular level, alongside validated 

in vivo models of injury. In this study, we have derived a primary mixed glial cell culture 

from preterm ovine fetuses which can be a valuable tool in assessing inflammation-mediated 

or infectious WMI. This is the first such description of fetal ovine mixed glial culture 

characterisation in response to TNF-α and LPS. Importantly, we have demonstrated this in 

vitro model can be a useful tool to investigate many aspects of infection/inflammation related 

injury of the immature white matter.  

The primary cultures described were prepared by a modification of a previously described 

method where glial sub-populations were isolated more than 24 hours after death (Elder et al., 

1988). We prepared fetal ovine glial cultures without delay following euthanasia in order to 

maximally preserve cell viability. A longer enzymatic digestion was also conducted and the 

tissue triturated to facilitate a well digested cell suspension. Additionally, both upper percoll 

layers were resuspended and washed with the intent of isolating viable cells trapped within 

the myelin/debris layer. We characterised and quantified viable cells via immunophenotypic 

markers in mixed glial cultures and this protocol has proved effective in the establishment of 

a primary mixed glial cell culture over as many as 10 days (data not shown).  

Examination of the morphological characteristics revealed the presence of astrocytes, 

microglia and the presence of the three distinct populations of developing OLs. Astrocytes 

made up the majority of cells in culture which is consistent with previous observations of 

astrocyte composition in cultures derived from fetal human brains (Koka, 1995). Astrocytes 

appeared with two differing morphologies one composed of non-process-baring astrocytes 

with larger somata and polygonal in shape. A second population of stellate-shaped astrocytes 
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was also present characterised by small somata and long branched processes. Both of these 

observations are consistent with type 1 (protoplasmic astrocytes) and type 2 (fibrous 

astrocytes), respectively (Levison and Goldman, 1993, Rezaie et al., 2003).  

Microglia appeared with morphology atypical of the resting phenotype that would be 

expected in vivo, rather these cells were of rounded cell shape or present with small cell 

bodies and broad processed, resembling semi-activated microglia in untreated cultures. This 

is not unexpected as microglia are known to show a partially activated phenotype in vitro, 

most likely as a consequence of serum factors or the culturing technique itself. Relative 

microglia content was between 6 and 13%; similar to values proposed to exist in vivo (van 

Rossum and Hanisch, 2004). 

OL progenitors appeared in culture with small elongated somata and bipolar processes while 

we also observed progenitors with 3-4 processes and pyramidal-shaped soma. Progenitor 

content was low throughout the protocol with cultures consisting of approximately 1-5 cells 

per field of view, which is consistent with observations by others (Satoh and Kim, 1994) 

where approximately 1% of cells in cultures of human fetal OLs were of this lineage. OL 

precursor cells in baseline cultures comprised around 10% of total cells. These cells generally 

exhibited either small rounded cell body with a multipolar morphology and beaded in 

appearance or elongated cell bodies and less complex processes. Immature OLs were also 

identified in culture and made up around 10% of total cells. In vivo, periventricular white 

matter contains few immature OLs and relatively more preOLs, reportedly 16% and 84% 

respectively (Riddle et al., 2006). The relatively low number of OLs observed in this study 

may arise due to OLs growing with loose adherence in culture. This would result in some 

cells being lost during media changes or rather, lower than expected cell numbers may arise 

due to the innate vulnerability of the OLs being studied and may simply die during the 

culturing process. We noted that there were often loosely adherent cells even in control 
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cultures. Indeed, it has been observed that OLs possess weak adherence properties to the 

point where this has even been exploited to derive almost pure OL cultures (Chen et al., 

2007). The disparity between total OL number (1A) and OL lineage numbers (1B) support 

these observations and could have been further exaggerated by the increased incubations 

during multiple antigen staining of the OL lineage cells. Nevertheless, a primary mixed 

culture still remains applicable given the relevant observations of differences in OL content 

in response to TNF-α or LPS and the importance of the interplay between glia ultimately 

leading to OL demise. 

To investigate cellular responses to proinflammatory stimuli, cultures were treated with either 

TNF-α or LPS. Variations exist in overall cell death and cell viability between cultures 

exposed to low and high doses of TNF-α and LPS. Interestingly, high concentration TNF-α 

and LPS produced significant cell death at 48 hours, indicative of a delayed cell death process 

most likely associated with the reduction in astrocyte number and no change in proliferation 

that was observed at the same time in addition to reduced OL numbers. The reduction in cell 

viability following LPS was also coupled to these cell specific events. Importantly, it appears 

that OL death is beyond the detection sensitivity of LDH, given the divergence between LDH 

results and immunocytochemical assessment of OL apoptosis at the start of TNF and LPS 

exposure. This is potentially due to the significant amounts of LDH released from astrocytes 

following primary culturing (Lyons and Kettenmann, 1998) and indeed in their injured state 

or amounts release by microglia in their activated state in culture (Pang et al., 2010). 

Alternatively, if attributing LDH levels to OL death, the diminished number of OLs relative 

to other cell types in culture may also contribute to the loss of detection by LDH. 

Despite an increase in microglial proliferation following LPS at 24 hours there was no 

notable increase in their numbers (except in cultures exposed to high concentration TNF-α). 

Other in vivo observations of systemic LPS-mediated neurotoxicity show an abundance of 
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activated microglia within areas of diffuse brain injury and surrounding focal injury (Haynes 

et al., 2003). Despite the small increase in proliferation and number, microglial morphology 

was consistent with an active phenotype, becoming larger and exhibiting short processes in 

addition to more dense lectin staining (van Rossum and Hanisch, 2004). Sustained microglial 

activation is an essential component in the pathology of WMI (Malaeb and Dammann, 2009) 

given their propensity to produce proinflammatory cytokines, including TNF-α. Although 

low levels are key for maturation and differentiation of OLs, high levels of secreted TNF-α in 

response to LPS exposure were observed in the current study and have also been seen in 

inflamed fetal brains and correlate well with injury (Feldhaus et al., 2004). 

In cultures exposed to low concentration TNF-α astrocytes exhibit an initial increase in cell 

number but proliferation is downregulated. The increase in astrocyte number is an interesting 

finding given it is widely accepted that within the acute period, astrogliosis is minimal. 

Indeed, reduced proliferation is maintained and thus it is likely that the increased number of 

astrocytes is due to increased survival. It has been noted that TNFR1, the TNF-α receptor 

believed to mediate cytotoxicity, is cleaved from the membrane to its soluble form following 

cellular activation by TNF-α. These soluble receptors bind TNF-α with a high affinity (Van 

Zee et al., 1992) and thus may function as a potent inhibitor of its function. Conversely, we 

noted that in treated cultures astrocytes appeared injured with limited projections if any and 

indeed, it has been shown previously that areas adjacent to inflammatory foci in vivo contain 

astrocytes which appear damaged (Mallard et al., 2003). So rather than as a direct result of 

receptor-mediated injury by cytokines this may be a secondary response to a deleterious 

environment. 

OL apoptosis is markedly increased and total numbers reduced in cultures exposed to TNF-α 

and LPS. This is supported by several lines of evidence which have used intracerebral LPS 

exposure in post-natal day 5 rats (Pang et al., 2003) and both intravenously and 

104 



Chapter 3: Primary mixed glial cultures from fetal ovine forebrain are a valid model of inflammation-mediated 
white matter injury 

intramniotically administered LPS in the preterm ovine fetus (Mallard et al., 2003, Kramer et 

al., 2001). Other studies have acknowledged the increased incidence of cerebral palsy and OL 

damage in concurrence with maternal, fetal and placental infection (Dammann and Leviton, 

1999, Wu et al., 2003) and several lines of research have illustrated mechanisms where 

inflammatory cytokines may cause brain injury. For instance, TNF-α has been demonstrated 

to have a direct effect on neurotoxicity by inhibiting the differentiation of OLs, stimulating 

OL apoptosis and causing demyelination (Cammer and Zhang, 1999, Miller et al., 2007, 

Probert et al., 2000). Our observations of increased TNF-α concentration in the supernatant of 

mixed glial cultures support these findings and further support a role for TNF-α in the 

pathology of the OL in neuroinflammatory insults. 

While variation exists within the OL lineage with regard to alterations in their cell numbers 

following TNF-α or LPS exposure, this may be attributed to the different concentrations of 

TNF-α used leading to differential binding preference for, or shedding of, the TNF receptors. 

In particular, we observed fewer progenitors in cultures exposed to high TNF-α which 

correlated with a higher number microglia, a non-significant increase in total (CNPase+) OLs 

and a significant increase in total OL proliferation. Previous data showing TNF-α, via 

TNFR2, mediates the proliferation of progenitors which then go on to remyelinate affected 

areas (Arnett et al., 2001) supports our findings. Furthermore, our demonstration that TNF-α 

induces both apoptosis and proliferation of OLs support the well-known pleiotropic nature of 

this cytokine. 

The effects of TNF-α at various concentrations and exposure durations and between-species 

effects have been noted previously; bovine cultures of enriched OLs exposed to 20 ng/mL 

TNF-α show only morphological changes and no cell death by 48 hours (Selmaj et al., 1991), 

while similar human cultures contained injured cells by 96 hours (D'Souza et al., 1995). 

Others have suggested that cytotoxic effects overwhelm any impact on maturation at 
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concentrations over 100 ng/mL (Cammer, 2000). Additionally, human clinical data have 

shown TNF-α concentrations in infants with WMI largely vary (Ellison et al., 2005a, Sävman 

et al., 2002). These observed variations in proliferation, survival and differentiation highlight 

the need for further investigation into the role that TNF-α may play in both the pathogenic 

and physiological settings of the OL. 

In summary, our in vitro findings correlate well with glial cell responses observed in the in 

vivo instrumented fetal sheep preparation following endotoxin exposure, as reported by 

several other studies. The fetal inflammatory response, whether it be remote or local, is 

crucial in the pathogenesis of WMI and while the chronically instrumented fetal sheep 

experimental paradigms remain vital, our in vitro model offers the potential advantage of 

examining the underlying responses of fetal brain glia to infection/inflammation at a level 

that would not be accessible in vivo. Currently, we are the first to utilise this in vitro model 

and make observations detailing the astroglial and microglial responses and pattern of OL 

injury. These outcomes reproduce several key aspects of glial responses seen in vivo and 

therefore provide a robust method for investigating the pathogenesis of WMI. 
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3.3 Additional data 

LDH, a cytosolic enzyme, is released by dying cells as a result of membrane destabilisation; 

accordingly LDH levels can be used as a proxy for measuring cell death. The most profound 

limitation of this type of model is the innate cell death that occurs, as with all cultures of 

primary cells (Yoshioka et al., 1995), presumably as a result of the culturing process. We 

assessed LDH levels in untreated controls to evaluate baseline cytotoxicity.  

3.3.1 LDH release decreases in untreated cultures, and viability is moderately 

increased. 

 

Figure 3-7: LDH release in untreated cultures. At 24 hour intervals over 4 days secreted LDH levels (a) or Alamar 

Blue fluorescence (b) were assessed in untreated mixed glial cultures. The data are presented as mean percentage of 

high control or fluorescence + SEM of six independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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During the pre-incubation period (refer to Figure 2-1) LDH levels were relatively high; 21.2 

± 4.4 and 12.6 ± 1.5 at 4 and 5 DIV, respectively (data not shown). However, assessment of 

untreated controls revealed that LDH was substantially reduced in days subsequent to the first 

serum-free media change (Figure 3-7a). LDH levels in our model are considerably lower than 

others have reported; no more than 6.5% of total LDH compared to almost 50% of total 

reported previously (Yoshioka et al., 1995).  

Alamar Blue can be taken up by cells and metabolised to a fluorescent product. Therefore, as 

the cells grow metabolic activity results in more fluorescence emission. Surprisingly, our 

results show that over four days, minimal change is seen in cell viability; which is unchanged 

in control cultures until a slight increase at day four (Figure 3-7b). These results indicate that 

the five day pre-incubation period we utilise in our model seems essential in reducing innate 

cell death and stabilising cell viability in primary cultures. 

3.3.2 TNF-α and LPS increase LDH release from cultured glial cells. 

 

Figure 3-8: LDH release from TNF-α and LPS treated cultures. TNF-α increased LDH concentrations in a dose 

dependent manner and 1 µg/mL LPS increases LDH to a level comparable to 50 ng/mL TNF-α. LDH released into 

media was assessed in untreated mixed glial cultures over five days. The data are presented as mean percentage of 

high control + SEM of six independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3-8 shows that LDH release increased in a dose-dependent manner in cultures treated 

with TNF-α (0.1-100 ng/mL). Others have shown that the death of pre-OLs co-cultured with 

astrocytes, is also dose-dependent with TNF-α treatment. Few correlations have been made 

between both LPS and TNF-α treatments and cell death. Intriguingly, we have demonstrated 

that 100 ng/mL TNF-α, a concentration eliciting an LDH response higher than 1 µg/mL LPS, 

results in a lower OL apoptosis compared to LPS. This could be due to any of several factors: 

i) it may indicate that the different cells present in mixed glial cultures are injured or die 

distinctly from one other - indeed, we and others have observed injured astrocytes, and 

apoptotic microglia, present in cultures exposed to inflammatory stimuli; ii) since TNF-α is 

pleiotropic, less OL apoptosis may be observed as a result of increased number due to 

proliferation (Arnett et al., 2001) - in support, our findings show increased OL proliferation 

after exposure to TNF-α or LPS; iii) LPS may promote conditions that are competitively 

protective to OLs, for example via production of anti-inflammatory cytokines. 
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3.3.3 IL-6 is acutely upregulated during LPS treatment of cultured glia. 

 

Figure 3-9: Secreted IL-6 and IL-10 from cultures of mixed glia. Primary cultures of mixed glia were chronically 

incubated with TNF-α or LPS and concentrations of secreted IL-6 (a) and IL-10 (b) after 12 to 96 hours of treatment 

measured by ELISA. In untreated cultures IL-6 was undetectable. Low levels were detected following TNF-α 

treatment whereas, LPS transiently increased secreted IL-6 concentrations at 24 hours. IL-10 was detected in 

untreated cultures, but remained unchanged following TNF-α and LPS treatments. The data are presented as mean 

concentration standardised to total protein content + SEM of six independent experiments. * p < 0.05. 

Previous studies highlight the induction of pro- and anti-inflammatory cytokines in response 

to LPS (Welser-Alves and Milner, 2013, Kannan et al., 2013). To further address whether 

glia produce anti-inflammatory cytokines in response to immune-stimulation, glial cultures 

were treated with TNF-α and LPS and media assessed for concentrations of IL-6 and IL-10 

(Figure 3-9). Secreted IL-6, a pro- and anti-inflammatory cytokine, was undetected in media 

from untreated cultures (until 96 hours; albeit a very low concentration) and was not 

significantly increased by TNF-α. While IL-6 was detected over the first 48 hours of LPS 
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treatment, it was only significantly elevated after 24 hours. The anti-inflammatory cytokine, 

IL-10, was detected in control and treated cultures of mixed glia and appeared to increase in a 

time dependent manner in both TNF-α and LPS treated cultures, however concentrations 

failed to reach statistical significance. These results suggest glial derived IL-6 and IL-10 may 

contribute as regulators of chronic infectious injury. 

IL-10 is a well-known anti-inflammatory cytokine with neuroprotective effects (Qian et al., 

2006). It has been shown that IL-10 can protect against WMI caused by maternal Escherichia 

coli infection and that this protection is associated with suppressed microglial activation and 

astrogliosis (Pang et al., 2005b). Importantly, IL-10 is a potent inhibitor of IL-6 production in 

activated microglia (Miller et al., 2009), suggesting that the reduction of IL-6 observed in our 

study may be a consequence of increased IL-10 levels. 

Additionally, recent evidence suggests microglial responses are diverse, depending on their 

degree of activation, resulting in either protective or toxic effects (Hanisch and Kettenmann, 

2007). It is possible that our observation of divergent interleukin responses are mediated by 

the class of predominating microglia, where amoeboid microglia may be responsible for 

production of cytotoxins as opposed to less-activated microglia secreting trophic factors and 

anti-inflammatory cytokines. 
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3.4 Discussion 

3.4.1 Significance 

This publication was an important proof of principle study that demonstrated preterm fetal 

ovine-derived cultures of mixed glia are a valid model for studying inflammatory-mediated 

OL injury. Proliferative effects on astrocytes, microglia and OLs, and apoptotic effects on 

OLs, were assessed following treatment with TNF-α or LPS, to correlate in vitro findings 

with previously reported in vivo responses. The presence of OLs at all stages of development 

was an important finding given the perturbed maturation of these cells is hypothesised as the 

major antecedent to preterm WMI.  

The generation of these cultures adds to the limited number of suitable and practical in vitro 

models available to assess infectious WMI. Clearly, use of human fetal glia would be 

optimal, and treatment with recombinant human proteins simple, given their availability. 

However, accessibility to human primary tissues is limited and difficult to obtain. Since our 

cultures are derived from the ovine forebrain and treated with ovine-TNF-α, this overcomes 

any issues associated with availability and treatment with the correct protein isoform.  

We also show a robust upregulation of TNF-α after LPS stimulation, a finding that supports 

others’ observations that LPS modulates TNF-α. Importantly, we show this in isolated glia, 

consequently demonstrating the potential for direct interaction of bacterial endotoxins within 

white matter, and directly implicate TNF-α in the demise of OLs.  

Our study showed that the reduction in OL number is largely mediated by loss of late rather 

than early progenitor OLs, despite a robust transient increase in OL proliferation. 

Furthermore, we show a significant association of OLs exposed to both TNF-α and LPS with 

caspase-3 expression. 
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To date, the specific mechanism by which TNF-α causes OL toxicity remains elusive. 

Conflicting data exist on the effect that TNF-α has on cells of the OL lineage; some report 

toxicity (Buntinx et al., 2004), others show a proliferative effect (Arnett et al., 2001) and 

many describe a maturation-dependent toxicity towards pre-OLs (Miller et al., 2007). The 

discrepancy among literature is likely a result of inconsistencies in cell origins and 

recombinant proteins used to treat them, time between establishing cultures and treating 

them, as well as the dosage and time-frame of treatments and stage of development of the 

OL. We endeavoured to avoid this by treating the ovine derived cells with recombinant ovine 

TNF-α as well as evaluating the range of OL lineage cells present in the cultures over a long-

term period. 

3.4.2 Limitations 

The most profound limitation of this model is the innate cell death that occurs, as experienced 

with all cultures of primary cells, presumably as a result of the culturing process and 

exposure to serum components. 

The routine use of primary cell cultures is generally not as feasible as established cell line 

cultures given the technical difficulty in obtaining, or the general availability of, fetal brain 

tissue. The demanding methodology and potential for low cell yield also makes primary cell 

culture challenging. Furthermore, passaging of cell lines can result in the loss of specific cell 

characteristics or proteins whereas primary cells better retain morphology and function.  

The loss of loosely adherent cells is an inherent problem with primary fetal cells, given their 

propensity to rapidly proliferate and in this case the presence of microglia which tend to grow 

above the astrocyte monolayer. Under phase-contrast microscopy we noted loosely adherent 

and easily detachable, small bright cells, most likely OLs and larger cells of a similar 

appearance to microglia. This can be partially resolved through gentle handling of cultures. 
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3.4.3 Future directions 

Overall our results show a clear difference among glia in response to different concentrations 

of TNF-α. It would be of interest to assess mechanisms of autoregulation observed in 

activated microglia, particularly those associated with altered cytokine profiles, which could 

be correlated to the degree of brain injury. This is relevant to preterm neonates with WMI, 

who often present with highly variable plasma cytokine concentrations.  

Since these mixed glial cultures reproduce cell injury in response to inflammatory stimuli, 

this implies that the model could serve as a screening protocol for potential therapeutics. The 

reduced nature of the in vitro culture model means that a targeted approach, specific for 

blockade of deleterious events only, could be identified and investigated. If certain drugs or 

inhibitors are deemed more effective at the cellular level than others then this would lend 

them to investigation in a preclinical model. 

Additionally, this platform could be used for biomarker discovery. Identification of small 

molecules likely to pass the blood-brain barrier or maternal-fetal interface could be screened. 

Certainly, preterm brain injury is a multi-system pathology often comprised of peripheral 

inflammation and frequently hypoxia. If utilising an in vitro model, screening multiple cell-

based models in parallel will be more effective than relying on observations from a single 

reduced model of glial inflammation. 

This culture system is not limited to investigation of inflammation. Potentially this could be 

used to investigate other mechanisms of injury, such as hypoxia via reduction of incubator 

oxygen concentrations and in combination with hypothermia and various drug treatments; 

indeed we have since used this model to evaluate cell death in combined IGF-1 and 

hypothermia treatments (George et al., 2011).  
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4. Chapter 4: Inhibition of matrix metalloproteinases-2/-9 transiently 

reduces pre-oligodendrocyte loss during LPS but not TNF-α 

induced inflammation in fetal ovine glial culture 

 

4.1 Preface 

Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) are 

implicated in both physiological and pathological processes. During development and 

adulthood this can include wound-healing, angiogenesis, neuroinflammation, blood-brain 

barrier (BBB) rupture and white matter injury (Dzwonek et al., 2004, Ranasinghe et al., 2009, 

Asahi et al., 2001, Rosenberg et al., 2001, Yong, 2005); as a result of disruptions of the 

MMP:TIMP milieu that sway the balance towards matrix disruption, resulting in tissue 

injury.  

Previous studies had focused on MMPs as mediators of injury, most observing increased 

MMP-9 in fetal serum and brain in an acute period (Ichiyama et al., 2006, Nagel et al., 2008). 

However, they have recently been explored as predictors of severity of neonatal 

encephalopathy; with increases sooner than 6 hours after birth correlating well with those at 

high risk for neurological damage and those most likely to benefit from neuroprotection 

(Bednarek et al., 2011).  

Previous work by our group had assessed the production of MMPs in vivo (Ranasinghe et al., 

2012, Ranasinghe et al., 2009), and together with our in vitro system it seemed logical to 

disseminate the potential of glial-derived MMPs in glial injury. The current study was the 

first to systematically examine glial cell-specific production of MMP-2 and MMP-9 (the 

gelatinases) and their endogenous inhibitors, TIMP-1 and TIMP-2 in response to immune 
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stimulation by TNF-α and LPS in an ovine fetal mixed glial culture model, including the 

consequences of specific inhibition of the gelatinases on glial cell injury.  

The following section contains our research paper “Inhibition of matrix metalloproteinases-

2/-9 transiently reduces pre-oligodendrocyte loss during lipopolysaccharide- but not tumour 

necrosis factor-alpha-induced inflammation in fetal ovine glial culture” published in 

Developmental Neuroscience, Volume 35, Issue 6, Pages 461-473. Developmental 

Neuroscience is a multidisciplinary journal publishing neuroscience papers covering all 

stages of human development, with a key focus on biomedical research studies and has an 

impact factor of 3.41.  
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4.2 Inhibition of matrix metalloproteinases-2/-9 transiently reduces pre-

oligodendrocyte loss during LPS but not TNF-α induced inflammation in fetal 

ovine glial culture 

4.2.1 Abstract 

To determine whether increased matrix metalloproteinase (MMP) proteolytic activity plays a 

pathological role in infection/inflammation-induced preterm brain injury, primary cultures of 

preterm (day 90 of gestation; term 145 days) fetal ovine mixed glia were exposed to 24-96 

hours of LPS (1 ug/mL) or TNF-α (100 ng/mL). MMP-2 mRNA levels were significantly 

increased after TNF-α and LPS exposure (96 hours and 48 & 96 hours respectively), and 

MMP-9 mRNA levels were significantly increased at 48 and 96 hours after TNF-α. On 

zymography, the active form of secreted MMP-2 was significantly increased 24 hours after 

LPS, but not TNF-α. Both active and latent forms of MMP-9 gelatinolytic activity were 

significantly increased by TNF-α and LPS (96 hours and 72 & 96 h, respectively). On reverse 

zymography, inhibitory activity of TIMP-1 but not TIMP-2 was significantly increased by 

TNF-α and LPS. SB-3CT–mediated MMP-2 and MMP-9 inhibition transiently reduced LPS-

induced OL cell death but had no effect during TNF-α exposure. Collectively, these 

observations suggest a limited, transient effect of MMPs on immature white matter damage 

associated with infection but not TNF-α mediated inflammation. 
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4.2.2 Introduction 

It has been suggested that prenatal exposure to maternal infection, such as chorioamnionitis, 

can lead to fetal brain injury and that this injury may result from the fetal inflammatory 

cascade (Malaeb and Dammann, 2009). This is supported by epidemiological evidence 

linking materno-fetal infection and inflammation with brain injury and neonatal 

encephalopathy at birth (Blume et al., 2008, Badawi et al., 1998) and elevated 

proinflammatory cytokines in fetal blood and amniotic fluid in neonates with brain damage 

(Yoon et al., 2000, Duggan et al., 2001, Dammann and O'Shea, 2008). Moreover, endotoxin 

infusion in animal models is associated with increased circulating proinflammatory cytokine 

concentrations and white matter injury (WMI) (Keogh et al., 2012, Mallard et al., 2003, 

Duncan et al., 2002).  

The presence of LPS or TNF-α along with other inflammatory mediators can stimulate matrix 

metalloproteinase (MMP) production (Mancini and Di Battista, 2006). Furthermore, genetic 

knockout of MMP-9 results in resistance to inflammatory damage (Dubois et al., 1999) and 

protects the immature brain from BBB rupture and inflammation after hypoxic-ischaemia 

(Svedin et al., 2007). This suggests the hypothesis that the increase in MMP activity during 

neuroinflammation overwhelms the endogenous tissue inhibitors of metalloproteinases 

(TIMPs) activity leading to WMI in immature infants. 

In this study, using primary mixed glial cultures derived from preterm ovine fetal forebrains, 

which in terms of OL development is similar to that of the preterm human between 24-28 

weeks (Back, 2006), we characterised the gene expression and enzymatic activity patterns of 

the gelatinases, MMP-2 and MMP-9 during exposure to TNF-α or LPS, and tested whether 

pre-treatment with the specific gelatinase inhibitor, SB-3CT could reduce death of immature 

OLs. 
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4.2.3 Materials and methods 

4.2.3.1 Primary glial cultures and treatments 

Glial cells were isolated from fetal (day 90; term gestation = 145 days) ovine forebrains using 

a method we have recently described (Weaver-Mikaere et al., 2012). Briefly, cerebral cortices 

with meninges removed were extracted and mechanically dissociated in minimal essential 

media, then digested in HBSS containing trypsin and DNase I and incubated for 60 minutes 

at 37˚C. The cell suspension was strained through 100 μm cell strainers and separated by a 

10% percoll gradient. Cells were washed and resuspended in DMEM/F12 containing 20% 

horse serum and penicillin. Cells were then plated on poly-L-lysine coated 6- and 24-well 

plates.  

Glia were initially maintained in DMEM/F12 supplemented with 10% horse serum for 5 days 

then changed to serum free DMEM/F12 medium for 24 hours. Cells were then chronically 

exposed to either 100 ng/mL TNF-α (Protein Express Inc.) or 1ug/mL LPS (055:B5; Sigma-

Aldrich) for four days. The dose for TNF-α was chosen based on previously reported data 

(Cammer, 2000, Ladiwala et al., 1999, Weaver-Mikaere et al., 2012). The LPS dosage was 

selected because in vitro (Weaver-Mikaere et al., 2012, Alberdi et al., 2005) and in vivo 

(Duncan et al., 2002, Dalitz et al., 2003) it is associated with significant toxicity to OLs . 

Sister cultures were pre-treated with 1µM of the specific gelatinase inhibitor, SB-3CT 

(Biomol International), a dose greater than that reported to inhibit MMP-2 and MMP-9 (Ki ~ 

13.9 nM for MMP-2;Ki ~ 600 nM for MMP-9) (Lee et al., 2012), 30 minutes before exposure 

to either TNF-α or LPS.  

4.2.3.2 Immunocytochemistry 

Following treatment, cells were fixed in 4% paraformaldehyde, rinsed with PBS, and 

incubated with primary antibodies overnight at 4°C. They were rinsed and incubated with 
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secondary antibodies conjugated with Alexa488, Alexa568 or Cy3 (Invitrogen; 1:800) for 3 

hours at room temperature, washed and Hoechst stained before being visualised in TNE 

buffer. 

Primary antibodies used were rabbit anti-rMMP-2 and rMMP-9 (Torrey Pines Biolabs; 

1:100). Mouse monoclonal anti-GFAP (Sigma-Aldrich; 1:500 dilution) was used to identify 

astrocytes and microglial cells were identified using lectin (Vector Laboratories; 1:200) 

staining. Pre-OLs were identified using the monoclonal mouse anti-O4 OL antibody 

(Chemicon; 1:100). Hoechst 33342 was used as a fluorescent nucleic marker and identified 

chromatin condensation and DNA fragmentation to determine cell death. Cell images were 

captured on an inverted fluorescent microscope and composite images generated with Adobe 

Photoshop. Cell counts were determined from six random fields of view over two culture 

wells in each of five independent experiments. 

4.2.3.3 Quantitative real-time PCR 

Total RNA was isolated by washing cells in ice-cold PBS, followed by suspension in TRIzol 

(Invitrogen) and then stored at -80°C until RNA isolation. mRNA was extracted using the 

RNeasy Mini Kit (Qiagen), according to the manufacturer’s instructions. Total RNA (final 

concentration 5–10 ng/μL) was incubated with random primers and deoxynucleotide mix and 

incubated at 65°C for 7 minutes then reverse-transcribed in superscript III (Invitrogen) 

according to the manufacturer’s protocol. 

MMP and TIMP transcript abundance were determined by real-time PCR using TaqMan 

Gene Expression Assays (Applied Biosystems). The PCR amplifications of MMP-9, MMP-2, 

TIMP-1 and TIMP-2 gene transcripts were performed in triplicate on an ABI PRISM 

7900HT Sequence Detector (Applied Biosystems) using standard cycling conditions 

recommended by the manufacturer (Melt; 15 s, 95°C, anneal/extend; 1 minute 60°C for 40 
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cycles). Singleplex amplification was performed with a total reaction volume of 10 µL, 

containing 5 µL TaqMan Universal PCR Master Mix (Applied Biosystems), 1 µL cDNA 

template, 250 nM probe, 900 nM forward and reverse primers and 2.75 µL 

diethylpyrocarbonate (DEPC)-treated water. Standard curves of the target genes and the 

house-keeping gene, 18S, were included in each plate, consisting of five-fold serial dilutions 

of cDNA synthesized from a LPS-treated ovine fetal brain sample. Primer and probes sets for 

all target genes were designed using the Primer Express software (Applied Biosystems). All 

reactions were performed with three internal replicates and repeated over four independent 

samples. Analysis was performed using the relative standard curve method and results were 

expressed as fold change expression relative to time-matched controls corrected to the house-

keeping gene 18S. 

4.2.3.4 Zymography for detection of secreted gelatinases 

Active and latent forms of the gelatinases, MMP-2 and MMP-9, were measured in samples of 

conditioned media by zymography. In brief, conditioned media (7 μL) was diluted in non-

reducing sample loading buffer (1:1) before being separated by electrophoresis (125V for 90 

min) on Novex® 10% gelatin zymogram gels (Invitrogen). Gels were washed in 2.7% Triton 

X-100 for 30 minutes at room temperature to remove SDS and to re-nature the gelatinases. 

To activate the gelatinases, the gel was incubated in zymogram developing buffer 

(Invitrogen) for 30 minutes at room temperature followed by 18 hours incubation at 37°C 

with gentle shaking. In order to visualize the areas of protease activity gels were first fixed in 

destaining/fixing solution (45% methanol, 10% acetic acid, 45% H2O) for 15 min, stained 

with 0.3% (w/v) Coomassie Blue R-250 (in destaining/fixing solution) for 20 minutes and 

then destained for 20 min. The proteolytic activity of latent and active gelatinases was 

detected by densitometric quantitation around clear bands at 72 and 67 (MMP-2) and 92 and 

84 (MMP-9) kDa, respectively, indicating the lysis of the substrate. Gels were scanned with a 
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GS-800 Calibrated Densitometer (Bio-Rad) and analysed with the appropriate Quantity One 

1-D Analysis Software (Bio-Rad). Optical density (OD) of each gelatinolytic band was 

measured and adjusted by subtracting the background OD of the corresponding lane. To 

enable comparisons to be made between different gels, the gelatinolytic band OD values of 

the samples were calculated as a percentage of the band OD of a MMP-2/9 standard 

(BIOMOL) in each gel. The final optical density values were presented as a measure of 

relative MMP activity and expressed as a percentage of time-matched controls, which were 

arbitrarily set to 100%, and adjusted to total secreted protein content (BCA assay; Thermo 

Scientific Pierce). Negative control gels were incubated in the presence of 20 mM EDTA, a 

known inhibitor of MMPs, to ensure the MMP specificity of the observed gelatinolytic bands 

(data not shown).  

4.2.3.5 Reverse zymography for detection of TIMPS 

The activity of the endogenous inhibitors of MMPs was assayed by electrophoresis in 

polyacrylamide gels containing the MMP substrate gelatin and recombinant pro-MMP-2. 

Briefly, 12% polyacrylamide gels were prepared with Tris-HCl containing 0.2% SDS, 1 

mg/mL gelatin, and recombinant pro-MMP-2. Aliquots of conditioned media (15 μL) were 

suspended in sample loading buffer and protein separated by electrophoresis at 165 V for 90 

min. HT-29 cell line media, which constitutively expresses TIMP-1 and TIMP-2, and Seeblue 

Plus2 (Invitrogen) protein standard were run to identify molecular weights of TIMPS. Gels 

were then incubated in renaturing buffer for 60 minutes followed by overnight incubation in 

developing buffer at 37°C with gentle shaking. Gels were stained for 4 hours then de-stained 

until dark bands of TIMP inhibitory activity appeared against a clear background. Bands were 

analysed by densitometry and data expressed, as already described for gelatin zymography. 

To ensure the specificity of the reverse zymography for TIMP activity detection, samples 

were electrophoresed on 12% polyacrylamide gels without substrate. 
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4.2.3.6 Statistical Analysis 

Data are reported as the mean ± SEM. Statistical comparisons between groups were 

performed using 2-way ANOVA. Where significant differences were observed, Bonferroni’s 

post-hoc analysis was used for comparisons of the means. Statistical significance was taken 

as p < 0.05. 
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4.2.4 Results 

4.2.4.1 Induction of MMP gene expression by TNF-α and LPS 

A probe based real-time PCR method was used to assess gene expression of MMP-2 and 

MMP-9 over 96 hours after TNF-α or LPS exposure. Figure 4-1 summarises the relative 

expression of these genes to time-matched controls. In untreated cultures, MMP-2 gene 

expression was constitutive; however, MMP-9 gene expression was low-to-undetectable. 

After 96 hours of exposure to TNF-α MMP-2 gene expression significantly increased more 

than six-fold (p < 0.001), whereas LPS induced a significant increase in expression after 48 

and 96 hours of treatment (p < 0.01). TNF-α treatment significantly increased MMP-9 mRNA 

expression at 48 (p < 0.01) and 96 hours (p < 0.001) in culture. In contrast, no significant 

effect of LPS on MMP-9 expression was shown.  

4.2.4.2 Modulation of TIMP gene expression by TNF-α and LPS  

In view of the role of TIMPs as endogenous regulators of MMP activities, we sought to 

evaluate in parallel with the MMP genes, the pattern and regulation of TIMP-1 and TIMP-2 

gene expression by cultured glial cells. Analysis of untreated cultures revealed constitutive 

expression of both TIMPs mRNA transcripts. As shown in Figure 4-1, while treatment with 

TNF-α and LPS appeared to increase TIMP-1 mRNA expression more than four-fold, this 

was not significant. In contrast, 48 hours of exposure to LPS induced an increase (p < 0.05) 

in the level of TIMP-2 mRNA transcript. Longer exposure, however, resulted in a reduced 

level of expression. There was no effect of TNF-α on TIMP-2 mRNA expression.  
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Figure 4-1: MMP and TIMP mRNA expression in activated mixed glial cultures. Quantitative real-time PCR was 

performed to detect MMPs and TIMPs expressed in mixed glial cultures in the absence and presence of TNF-α (100 

ng/mL) or LPS (1ug/mL). Expression of MMP-2 and MMP-9 mRNA was induced by both TNF-α (light bars) and 

LPS (dark bars); TNF-α increased MMP-2 at 96 hours only while LPS increased MMP-2 at 48 and 96 h; MMP-9 was 

only upregulated by TNF-α at 48 and 96 hours. TIMP-1 remained unchanged compared to controls while TIMP-2 

was temporarily increased at 48 hours of LPS treatment. The data are presented as fold change in gene expression 

relative to time-matched controls and standardised to 18S + SEM of four independent experiments. *p < 0.05, **p < 

0.01, ***p < 0.001 compared to time-matched controls. 
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4.2.4.3 Immunocytochemical MMP-2 and MMP-9 localisation in response to TNF-α and 

LPS  

TNF-α and LPS may modulate the production of MMP-2 and MMP-9 by specific glia, so to 

identify which cells produce the gelatinases following TNF-α or LPS exposure we carried out 

immunocytochemical analysis of treated and untreated cultures to localise expression of 

MMP-2 and MMP-9 at the protein level. As shown in Figure 4-2, both MMP-2 (a) and 

MMP-9 (b) were produced by astrocytes in untreated primary mixed glial cultures. MMP-9 

expression in astrocytes was not significantly affected by TNF-α or LPS, whereas MMP-2 

expression was increased by both agents. Microglia expressed MMP-2, but no MMP-9 in 

untreated cultures. Little MMP-2 or MMP-9 expression was observed in microglia in 

response to TNF-α, however, in LPS activated microglia, both gelatinases were strongly 

expressed. MMP-2 was not identified in untreated OLs, but was induced by TNF-α and LPS 

treatments. MMP-9 was weakly expressed in untreated and TNF-α treated pre-OLs, whereas 

expression was noticeably increased by LPS.  
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4.2.4.4 MMP-2 and MMP-9 secretion in response to TNF-α and LPS 

Gelatin zymography was used to determine whether mixed glia secreted gelatin-degrading 

MMPs (Figure 4-2c, d). Under basal conditions, gelatinase activities were detected as a 72-

kDa and 92-kDa band corresponding to the latent form of MMP-2 and MMP-9, respectively. 

Active forms were detected as bands of 84 and 62 kDa, respectively. Densitometric data 

revealed that the active form of MMP-2 was significantly upregulated (p < 0.01) after 24 

hours of treatment with LPS, without any change in latent activity, and occurred prior to 

changes described for MMP-2 mRNA. The increase, however, was not maintained following 

longer exposure and decreased to levels of controls over the 96 hours period. Treatment with 

TNF-α did not affect activity of either forms of MMP-2. Secreted latent and active MMP-9 

levels in cultures exposed to TNF-α were significantly increased by 96 hours (p < 0.05) and 

by 72 (latent: p < 0.05, active: p < 0.01) and 96 hours (p < 0.05) with LPS.  
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Figure 4-2: MMP-2 and MMP-9 expression in mixed glial cultures. Primary cultures of mixed astrocytes, microglia and OLs were chronically incubated with or without TNF-α or 

LPS for 48 hours. Cells were then assessed immunocytochemically with markers against specific cell types - GFAP (astrocytes), isolectin-B4 (microglia) and O4 (OLs) and both 

MMP-2 (a) and MMP-9 (b). The nucleus was stained with Hoechst fluorescent dye (20 x magnification).Gelatin zymography was utilised to assess the proteolytic activity of latent and 

active MMP-2 (c) or MMP-9 (d) secreted into the media in response to TNF-α or LPS. Secreted MMP-2 was unaffected by TNF-α, but an acute transient increase was seen at 24 

hours with LPS treatment. Secreted active-MMP-9 gradually increased to significance by 96 hours of TNF-α and 72 and 96 hours of LPS exposure. Levels of the secreted MMPs were 

normalised with respect to the total protein content and expressed as a percentage of time-matched controls +SEM over four independent experiments. *p < 0.05, **p < 0.01. 
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4.2.4.5 Upregulation of TIMP-1 activity by TNF-α and LPS  

To determine whether glia contribute to the production of TIMPs following inflammation, 

mixed glial cultures were exposed to TNF-α or LPS and reverse gelatin zymography was 

performed to detect secreted TIMPs in media samples over 96 hours. Reverse zymography 

demonstrated the presence of functional TIMP-1 and TIMP-2 in all media samples. Single 

dark bands of molecular weight 28 kDA and 21 kDA were detected corresponding to the 

positive control (HT-29 cell line media; Figure 4-3). Functional TIMP-1 activity showed a 

marked increase at 24 hours for both TNF-α and LPS (p < 0.001, p < 0.01, respectively), that 

resolved to control values. In contrast, secreted TIMP-2 activity remained unchanged in 

response to TNF and LPS throughout the treatment period.  

 

Figure 4-3: Effects of TNF-α and LPS treatment on secreted TIMP-1 and TIMP-2 activity in mixed glial cultures. 

Reverse gelatin zymography was performed to detect and asses the inhibitory activity of secreted TIMP-1 and TIMP-

2 from mixed glial cultures exposed to TNF-α (light bars) or LPS (dark bars). TIMP-1 activity was highest after 24 

hours for both TNF-α and LPS exposed cultures, while TIMP-2 failed to reach significantly increased levels within 
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the time period observed. The data are presented as a percentage of time-matched controls + SEM of four 

independent experiments. **p < 0.01, ***p < 0.001. 

4.2.4.6 Gelatinase inhibition transiently attenuated LPS but not TNF-α-induced pre-

oligodendrocyte death 

Since previous studies have demonstrated that pre-OLs are sensitive to TNF-α and LPS 

induced inflammation when other glial cells are present (Watkins et al., 2008), and we have 

shown that immune stimulation upregulates the gelatinases, we next assessed whether 

gelatinase blockade would attenuate TNF-α or LPS induced pre-OL death. 

The addition of the specific gelatinase inhibitor SB-3CT markedly suppressed gelatinase 

activities in control, TNF-α or LPS treated mixed glial cultures, with small amounts, 

markedly lower than those of controls without the inhibitor, seen at 24 hours (Figure 4-4).  

 

 

Figure 4-4: Secreted gelatinase inhibition by SB-3CT. Cultures of mixed glia were incubated with and without TNF-α 

and LPS in the presence and absence of SB-3CT. At 24 hour intervals over 4 days, secreted gelatinase activities were 

assessed by gelatin zymography. Complete inhibition of the gelatinases was confirmed via gelatin zymography by 48 

hours of SB-3CT co-treatment. 
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TNF-α reduced pre-OL survival at 24, 48 and 96 hours of exposure (p < 0.001, p < 0.01, p < 

0.001; Figure 4-5a) and LPS profoundly reduced pre-OL survival at all time-points 

investigated (p < 0.001, p < 0.001, p < 0.01, p < 0.01; Figure 4-5b). Although SB-3CT 

completely blocked gelatinase activity, no significant effect was found in TNF-α co-treated 

cultures. Cultures treated with LPS and SB-3CT exhibited significant improvement in pre-OL 

survival at 24 and 72 hours (p < 0.05, p < 0.01), but at 96 hours survival was reduced further 

than LPS treatment alone. 

SB-3CT alone was not associated with any effect on OL morphology (Figure 4-5c). In 

untreated cultures, O4-OLs were multipolar in appearance with extensive process systems 

and rounded somata. TNF-α treated cultures also contained multipolar OLs, however, 

processes were less organised and often observed with degraded process segments in those 

not co-treated with SB-3CT. LPS exposure caused a substantial loss of pre-OL processes 

resulting in bipolar morphologies; this loss of processes was less apparent in SB-3CT co-

treated cultures. 
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Figure 4-5: Effect of gelatinase inhibition on OL survival. Mixed cultures of glial cells were incubated with and 

without TNF-α and LPS in the presence and absence of SB-3CT. At 24 hour intervals over 4 days survival of 

immature (O4-labelled) OLs was assessed immunocytochemically. Pre-OL survival was assessed in TNF-α (a) and 

LPS (b) treated cultures alone or in combination with SB-3CT and quantified by counting O4-positive cells. TNF-α 

reduced OL survival at 24, 48 and 96 h, and LPS reduced survival at all time-points assessed. SB-3CT treatment was 

not associated with OL protection in TNF-α treated cultures. SB-3CT co-treatment in LPS exposed cultures resulted 

in a partial increase in OL survival at 24 hours and substantial increase in survival at 72 hours. Representative 

images of O4-OLs for all treatment groups are shown (c), scale bar = 5µm. Data are presented as the number of O4-

positive cells with non-condensed nuclei as a proportion of total O4-OLs + SEM of four independent experiments. * 

indicate a significant difference between treated means compared to control and # indicate a significant difference 

compared to TNF-α or LPS treated means, */# p < 0.05, **/## p < 0.01, ***/### p < 0.001.  
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4.2.4.7 Gelatinase inhibition reduced TNF-α-induced microglial death and transiently 

reduced microglial loss during LPS 

To determine gelatinase effects on microglia we assessed their survival in mixed glial 

cultures exposed to TNF-α or LPS alone or in combination with SB-3CT. As shown in Figure 

4-6, in control cultures, levels of microglial loss were negligible and cells appeared smaller, 

with short processes, both thick and thin, and diffuse even staining. TNF-α exposure resulted 

in decreased microglial survival from 48 to 96 hours (p < 0.001, p < 0.05, p < 0.001; Figure 

4-6a) while LPS significantly reduced microglial survival at all time-points (p < 0.001; 

Figure 4-6b). In TNF-α and LPS-treated cultures, microglia were large, often amoeboid in 

appearance with few processes and more densely stained. Co-treatment with SB-3CT in 

TNF-α treated cultures was associated with increased microglial survival compared to TNF-α 

treated (p < 0.001). Similarly in LPS treated cultures, microglial survival was increased by 

combined treatment with gelatinase inhibition at 24 and 48 hours (p < 0.05). After 72 hours 

protection was lost and microglial survival remained reduced to levels of LPS treated (p < 

0.001). SB-3CT alone had no apparent effect on microglial morphology and in combination 

with TNF-α or LPS, microglia were large and amoeboid in shape as observed with treatments 

alone.  
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Figure 4-6: Effect of gelatinase inhibition on microglial survival. Cultures of mixed glia were incubated with TNF-α 

or LPS in the presence and absence of the gelatinase inhibitor, SB-3CT. At 24 hour intervals over 4 days microglial 

(lectin-positive) survival was assessed immunocytochemically. TNF-α (a) reduced microglial survival from 48 to 96 

hours and this effect was abolished by co-treatment with SB-3CT. LPS (b) persistently reduced microglial survival, 

which was partially and acutely ameliorated by SB-3CT co-treatment. Representative photomicrographs of microglia 

for all treatment groups are shown (c), scale bar = 5µm. Data are presented as the mean number of lectin-positive 

microglia with non-condensed nuclei as a proportion of total microglia + SEM of four independent experiments. * 

indicate a significant difference between treated means compared to control and # indicate a significant difference 

compared to TNF-α or LPS treated means, */# p < 0.05, **/## p < 0.01, ***/### p < 0.001.  
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4.2.4.8 Gelatinase inhibition did not reduce TNF-α and LPS-induced astrocyte loss 

The activation-induced death of microglia prompted us to then investigate whether astrocytes 

were also vulnerable to TNF-α or LPS. Astrocytes in untreated cultures remained viable with 

levels of survival exceeding 97%. In contrast to microglia, there was minimal but significant 

loss of astrocytes following TNF-α (Figure 4-7a) and LPS (Figure 4-7b) treatments, with a 

survival of no less than 95% and 93%, respectively. SB-3CT co-treatment provided no 

protection against this cell loss. In untreated cultures, astrocyte populations (Figure 4-7c) 

were comprised of cells with either polygonal or round bodies as well as both thick and thin 

projections. Few of these astrocytes were multipolar, with most astrocytes having bipolar 

morphology and densely fluorescent primary processes. TNF-α and LPS treated cultures 

contained mostly ramified astrocytes with densely stained processes and small somata, 

however some thick projections were also present. SB-3CT treatment alone or in combination 

with TNF-α or LPS resulted in clumps of astrocytes with sparse distribution within cultures. 

These cells often presented with thin projections containing irregular GFAP fluorescence. 
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Figure 4-7: Effect of gelatinase inhibition on astrocyte survival. Cultures of mixed glia were incubated with TNF-α or 

LPS in the presence and absence of the gelatinase inhibitor, SB-3CT. At 24 hour intervals over 4 days astrocyte 

(GFAP) survival was assessed immunocytochemically. TNF-α reduced astrocyte survival at 48 and 72 hours (a) while 

LPS reduced survival from 48 to 96 hours (b). Astrocyte survival with SB-3CT co-treatment was no different from 

TNF-α or LPS treated. Representative photomicrographs of astrocytes for all treatment groups are shown (c), scale 

bar = 5µm. Data are presented as the mean number of GFAP-positive astrocytes with non-condensed nuclei as a 

proportion of total astrocytes + SEM of four independent experiments. * indicate a significant difference between 

treated means compared to control and # indicate a significant difference compared to TNF-α or LPS treated means, 

*/# p < 0.05, **/## p < 0.01, ***/### p < 0.001. 
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Discussion 

In the current study, we provide the first evidence that in isolated preterm ovine glial cells, 

untreated astrocytes constitutively express MMP-2 and MMP-9 protein, whereas microglia 

express only low amounts of MMP-2 and O4-positive OLs constitutively express low levels 

of MMP-9. Similar findings have been reported in studies of multiple sclerosis and vascular 

dementia adult patients in which various MMP expression patterns have been observed in 

astrocytes and microglia, and it is generally reported that they express both MMP-2 and 

MMP-9 (Cuzner et al., 1996, Rosenberg et al., 2001). In the developing brain, constitutive 

expression of MMP-2 allows controlled remodeling of the extracellular matrix, (Yong et al., 

2001) as well as astrocyte pruning and motility. Furthermore, a prerequisite to myelination of 

the developing brain is the outgrowth of OL processes, an event which may be regulated by 

MMP-9 (Oh et al., 1999, Uhm et al., 1998). In this study, we show that ovine pre-OLs 

express MMP-9, which is compatible with previous observations made in the other species 

(Dzwonek et al., 2004, Oh et al., 1999). 

In mixed glial cultures, exposure to the potent immune activators TNF-α and LPS, induced 

variable MMP-2 and MMP-9 expression. Previous studies have reported expression in 

developing astrocytes, microglia (Crocker et al., 2006) and OLs (Oh et al., 1999). The current 

study presents findings from cultures in which all glial cell-types were present. Several in 

vitro studies have shown that mixed astrocyte and microglia cultures produce both gelatinases 

following LPS exposure, but the expression of active MMP-9 is dependent on the presence of 

microglia (Lee et al., 2002, Liu et al., 2006, Shin et al., 2007) and that TNF-α stimulates 

MMP-2 in cultured astrocytes (Arai et al., 2003, Gottschall and Yu, 1995). In vivo, this may 

result in degradation of the neurovascular matrix given the association of MMP-9 with 

blood–brain barrier rupture. Such disruption of cell–matrix signaling can then trigger glial 
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cell death (Lee et al., 2004). Furthermore, astrocytic MMP-2 may play an important role 

given the astrocytes proximity to and role in stabilization of the BBB and constitutive 

expression of MMP-2 (Asahi et al., 2001, Shigemori et al., 2006). 

In the present study, MMP-2 and MMP-9 were expressed at low levels in O4-positive pre-

OLs in response to TNF-α and LPS. In addition to their roles in blood–brain barrier rupture, 

over-expression of MMP-2 and MMP-9 is associated with demyelination, which is related to 

the progression of neurodegeneration (D’Souza and Moscarello, 2006, Shiryaev et al., 2009). 

Our findings, suggest only a moderate increase in gelatinase expression in pre-OLs and thus, 

it is possible that astrocyte- and microglia-derived gelatinase production were the major 

mediators of damage to the developing OL. 

The paradoxical finding that TNF-α and LPS evoke increases in both latent and active MMP-

9 activity, whereas MMP-9 gene expression is only affected by TNF-α is somewhat difficult 

to explain. While evidence demonstrating that astrocytes in culture produce pro-MMP-9 in 

response to TNF-α or LPS (Arai et al., 2003) is supportive of our findings, the lack of 

response with LPS shown in our present study may arise by the complex milieu of LPS-

induced immunomodulators provoking an intricate gene response. TNF-α regulates cytokine 

production (Wajant et al., 2003), but LPS is known to robustly modulate both pro- and anti-

inflammatory cytokines, thus the potential for convergence of repressors, via IL-10 (Quiding-

Järbrink et al., 2001), and activators on promoter regions of MMP-9 could influence its gene 

expression. Our results suggest that in cultures of mixed glia, TNF-α and LPS 

transcriptionally induces MMP-2 gene expression, but MMP-9 expression appears to be more 

dependent on TNF-α signaling. 
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The present study also shows that TNF-α gradually increased the activity of MMP-9 but did 

not affect MMP-2. This finding supports previous research demonstrating that MMP-9, but 

not MMP-2, is induced by TNF-α exposure over 2 days in postnatal brain-derived mouse 

mixed microglial/astrocyte cultures (Crocker et al., 2008). However, with TNF-α treatment, 

we also observed a delayed rise in MMP-2 mRNA expression after 96 hours of treatment, so 

chronic exposure to TNF-α could result in long-term upregulation of MMP-2 enzyme 

production. Furthermore, in LPS treated cultures, secreted active-MMP-2 was transiently 

increased early following treatment. This is the first demonstration that in mixed glial 

cultures MMP-2 activity is altered by LPS but not TNF-α and suggests that while cytokines 

produced by LPS exposure are likely to play a role in MMP-2 activation in the short-term, it 

is unlikely to be facilitated by TNF-α alone. With regard to MMP-9, in vivo studies have 

shown an upregulation within the acute period after injury (Austin and Moalem-Taylor, 2010, 

Ranasinghe et al., 2009), however, our results show an increase over the long-term only, 

suggesting that in vivo it is not glia producing MMP-9 immediately following injury but 

likely a neuronal or peripheral CNS-invading source. 

We found a transient increase in TIMP-1 and moderate increase in TIMP-2 expression after 

24 hours exposure to TNF-α or LPS. It is generally accepted that TIMP-1 is neuroprotective 

and that it primarily inhibits MMP-9 (Tejima et al., 2009). Combined with our observation of 

a delayed increase in both latent and active forms of MMP-9, our results support a potential 

period of acute protection by TIMP-1 by inhibition of MMP-9. The impending loss of TIMP-

1 however, means it is insufficient to prevent the subsequent rise of glial MMP-9 over a 

chronic period.  

Despite the marked upregulation of gelatinases in the present study, and that continuous 

treatment with the gelatinase inhibitor, SB-3CT, completely suppressed MMP-2 and MMP-9, 
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SB-3CT was associated only with transient attenuation of LPS-induced pre-OL death and had 

no effect during TNF-α exposure. Even in LPS treated cultures, SB-3CT only increased 

survival at 24 and 72 h, with markedly reduced survival by 96 hours compared to LPS alone. 

Under physiological conditions OL maturation and process development is facilitated by 

MMP-9 (Larsen et al., 2006, Oh et al., 1999) and while it is known that inhibition of 

gelatinases acutely following an insult can prevent BBB rupture, it appears that MMP-2 and 

MMP-9 are essential in the long-term for ECM remodeling (Hsu et al., 2006) and myelin 

formation (Larsen et al., 2003).  

Thus, potentially, it may be that a shorter period of inhibition of gelatinases of no more than 

48 hours may have been beneficial, and should be tested in future studies. Alternatively, the 

lack of effect of gelatinase inhibition on OL death during TNF-α exposure may reflect 

additional mechanisms of OL death, such as oxidative stress, glutamate toxicity or microglial 

activation (Barnett et al., 2006, Goldberg and Ransom, 2003, Scott et al., 2002). Further, cell 

culture studies may not fully reflect in vivo tissue organization. It is possible for example that 

detrimental effects of MMPs such as myelin disruption, processing of other death pathway 

molecules and alteration of the extracellular matrix (Milward et al., 2008, Wetzel et al., 2003) 

may not be observed in vitro. Nevertheless, we have previously reported that SB-3CT was 

not neuroprotective after hypoxic-ischaemia in postnatal day 21 rats, consistent with a limited 

role of gelatinases in secondary inflammatory damage of the developing brain (Ranasinghe et 

al., 2012). 

Additionally, we demonstrated that TNF-α and LPS were associated with significant loss of 

microglia in mixed culture. The mechanisms of LPS-induced microglial cell death remain 

unclear, but our findings suggest that one possibility is that it involves the gelatinases, since 

inhibition by SB-3CT protected microglia from TNF-α and LPS-induced death. Others have 
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shown a role for TGF-β and nitric oxide (NO) in LPS-induced microglial death (Kim et al., 

2004b). Interestingly NO, which is produced by immune stimulated microglia (Degos et al., 

2010), can activate latent MMP-9 (Candelario-Jalil et al., 2008), hence inhibition of NO may 

indirectly prevent microglial death by averting gelatinase activation. Therefore, inhibition of 

the gelatinases may have allowed greater activation of microglia, and thus indirectly impaired 

OL survival. 

In contrast to the marked vulnerability of both microglia and pre-OLs, our results suggest that 

astrocytes are relatively resistant to TNF-α and LPS induced toxicity. Normally astrocytes 

play an essential role in brain homeostasis, releasing trophic factors and buffering 

neurotransmitters. In vivo during neuroinflammation, astrocytes also become activated, 

produce cytokines and contribute to the diffuse component of WMI (Volpe et al., 2011). 

Despite the lack of effect of immune stimulation or gelatinase inhibition on astrocyte 

viability, why TNF-α and LPS are unable to kill astrocytes and whether the minor but 

significant changes in their viability are physiologically relevant certainly warrants further 

assessment. 

In conclusion, the present study strongly supports the hypothesis that MMPs are regulated by 

infection and inflammation, and can transiently modulate microglial and OL survival. 

However, prolonged gelatinase inhibition only transiently improved survival of immature 

OLs during LPS exposure and had no effect during TNF-α exposure. These studies raise the 

intriguing possibility that improved microglial survival during gelatinase inhibition may have 

exacerbated long-term loss of the immature OLs after LPS exposure. Further studies are 

essential to determine if these limited effects represent a transient or no window for benefit, 
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and suggest that inhibition of glial derived gelatinases is unlikely to be a viable therapeutic 

strategy during neuroinflammation. 

4.3 Additional data 

4.3.1 TNF-α converting enzyme (TACE) gene expression is upregulated but protein 

expression is only transiently upregulated by LPS  

TACE cleaves the membrane associated TNF-α to an active soluble form and is involved in 

the proteolytic release of other cell-surface proteins including TNF-receptors (Reddy et al., 

2000). It is thought that membrane bound TNF-α exhibits anti-inflammatory properties while 

its soluble form acts as a pro-inflammatory cytokine (Alexopoulou et al., 2006). Intriguingly, 

our results show that TACE gene expression is upregulated by inflammatory stimuli at all 

time-points investigated (Figure 4-8a and b), whereas protein expression was only 

significantly increased 48 hours following LPS exposure (Figure 4-8c). 

143 

 



Chapter 4: Inhibition of matrix metalloproteinases-2/-9 transiently reduces pre-oligodendrocyte loss during LPS 
but not TNF-α induced inflammation in fetal ovine glial culture 

 
Figure 4-8: TACE mRNA and protein expression in activated mixed glial cultures. Quantitative real-time PCR was 

performed to detect TACE expressed in mixed glial cultures in the absence and presence of TNF-α (a) or LPS (b). 

TNF-α (light bars) and LPS (dark bars) induced a robust upregulation of TACE gene expression at all time-points 

investigated. In contrast, TACE protein expression was only significantly upregulated after 48 hours of LPS 

exposure, whereas TNF-α exposure was without effect. Data are presented as fold change in gene expression relative 

to time-matched controls and standardised to 18s or protein expression relative to β-actin + SEM of four independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to time-matched controls.  
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4.4 Discussion 

4.4.1 Significance 

The major finding of this paper is that inhibition of the gelatinases seemingly conveys little 

protection to pre-OLs. We demonstrated that while TNF-α and LPS can regulate the 

gelatinases, prolonged gelatinase inhibition only transiently improves survival of immature 

OLs during LPS exposure and has no effect during TNF-α exposure. Similarly, following 

hypoxic injury in 21 day old rats, no significant neuroprotection is observed after delayed 

gelatinase inhibition (Ranasinghe et al., 2012). The similarity between this and our results is 

surprising given the different course of therapy (we pre-treated with SB3-CT, while 

Ranasinghe et al treated post-insult); this was necessary as the nature of our study was to 

assess any mechanistic role for the gelatinases as opposed to investigating therapeutic 

options. However, these studies raise the intriguing possibility that improved microglial 

survival during gelatinase inhibition may have exacerbated long-term loss of the immature 

OLs after LPS exposure. 

Prior to our study of the gelatinases, in vitro evidence only existed within the scope of single-

cell glial cultures. We have clarified the temporal response of gelatinase secretion while also 

presenting robust evidence of MMP responses to TNF-α and LPS-modified expression in 

specific glia, summarised in Figure 4-9. This is vital in defining targeted therapy since MMPs 

are as essential to development as they are to pathogenesis. It is of no surprise then, that 

complete inhibition in our study did not result in OL protection at all time-points assessed. 
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Figure 4-9: Summary of glial-gelatinase responses with and without immune-stimulation with TNF-α or LPS.  

4.4.2 TACE is upregulated by TNF-α and LPS 

Membrane-bound TNF-α is suggested to have anti-inflammatory properties and other 

research supports soluble TNF-α as a pro-inflammatory cytokine (Alexopoulou et al., 2006). 

Since TACE cleaves membrane associated TNF-α to its soluble form this suggests a role for 

TACE in the divergent responses of TNF-α. Our results show that while TACE gene 

expression is consistently increased during TNF-α and LPS exposure, protein expression is 

only transiently elevated after 48 hours of LPS. This implies that chronic inflammation may 

be propagated further via upregulation of TACE following exposure to LPS, thus implicating 

this convertase in the pathology of neuroinflammation. TACE may therefore be a favourable 

therapeutic target since its inhibition could result in preservation of the supposed anti-

inflammatory membrane associated form of TNF-α. 

4.4.3 Limitations of extrapolating MMP observations  

It should be considered that we have assessed only what is occurring within glia; in vivo the 

response is much different, and peripheral sources of gelatinases do play central roles in 

inflammatory brain injury. Specifically, systemic leukocyte infiltrates and the presence of 

serum components is a major source of exogenous MMPs following BBB permeation. In 
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vitro methods are valuable because they exclude external influences, for that reason the use 

of our model of isolated ovine fetal mixed glia is valuable in that the precise cellular source 

and degree of production of MMPs can be ascertained. 

4.4.4 Central versus peripheral source MMPs 

Several publications identify an acute increase in brain MMP-9 following injury, which is in 

contrast to the gradual increase in MMP-9 we observed which occurred in association with 

early increase in MMP-2 that declined thereafter. The mechanisms are clearly complex and 

the relationship between central and peripheral sources of MMPs only complicates this 

further, given their ability to induce inflammatory cytokines as well as other MMPs 

(including auto-activation). Multiple conclusions can be drawn from this: First, increased 

brain MMP-9 is most likely from a peripheral source as a consequence of BBB rupture, 

which is supported by findings showing that inhibition of peripheral MMP-9 prevents this 

(Lee et al., 2007, Rosenberg and Yang, 2007). Second, neuroinflammation is exacerbated by 

peripherally sourced MMPs, since invading gelatinases can activate local cytokines and 

proteases (Cauwe et al., 2007). 
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4.4.5 Future directions 

This study raises the question of what role MMP inhibition should have in therapeutic 

intervention. While peripheral gelatinase inhibition has been shown to stabilise the BBB, our 

findings suggest that neuroinflammation in the absence of barrier rupture would likely not 

benefit from gelatinase inhibition. Our data raise the potential for further injury to develop as 

a result of preserved microglial survival during gelatinase inhibition that may function to 

exacerbate long-term loss of the immature OLs. Further studies are essential to determine if 

these limited effects represent a transient or no window for benefit, and suggest that 

inhibition of glial derived gelatinases is unlikely to be a viable therapeutic strategy during 

neuroinflammation. 
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5. Chapter 5: LPS and TNF alpha modulate AMPA/NMDA receptor 

subunit expression and induce PGE2 and glutamate release in 

preterm fetal ovine mixed glial cultures 

 

5.1 Preface 

In the previous chapter we described the effect of TNF-α and LPS induced glial inflammation 

on the production of matrix metalloproteinases (MMPs). Our finding that prolonged 

gelatinase inhibition only transiently improved survival of immature oligodendrocytes (OLs) 

during LPS exposure and had no effect during TNF-α exposure suggests additional 

mechanisms are involved in OL injury. The considerable in vitro evidence that immature OL 

are vulnerable to excess glutamate (Deng et al., 2003, Fern and Moller, 2000) and that 

glutamate can also kill OLs via immune-system-related pathways (Bezzi et al., 2001) raises 

the possibility that glutamate toxicity may be a critical mechanism to post-infectious injury in 

the developing brain.  

The following section contains our research paper “LPS and TNF alpha modulate 

AMPA/NMDA receptor subunit expression and induce PGE2 and glutamate release in 

preterm fetal ovine mixed glial cultures” published in the Journal of Neuroinflammation, 

Volume 10, Issue 1, Pages 153-166. The Journal of Neuroinflammation focuses on the innate 

immunological responses of the central nervous system and has an impact factor of 4.35.  
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5.2 LPS and TNF alpha modulate AMPA/NMDA receptor subunit expression and 

induce PGE2 and glutamate release in preterm fetal ovine mixed glial cultures 

5.2.1 Abstract 

White matter injury (WMI) is the major antecedent of cerebral palsy in premature infants, 

and is often associated with maternal infection and the fetal inflammatory response. The 

current study explores the therapeutic potential of glutamate receptor blockade or 

cyclooxygenase-2 (COX-2) inhibition for inflammatory WMI. 

Using fetal ovine derived mixed glia cultures exposed to tumour necrosis factor-α (TNF-α) or 

lipopolysaccharide (LPS), the expression of alpha-amino-3-hydroxy-5-methyl-4-isoxazole-

propionate (AMPA) and N-methyl D-aspartate (NMDA) glutamate receptors and their 

contribution to inflammation mediated pre-oligodendrocyte (OL) death was evaluated. The 

functional significance of TNF-α and COX-2 signalling in glutamate release in association 

with TNF-α and LPS exposure was also assessed. 

AMPA and NMDA receptors were expressed in primary mixed glial cultures on developing 

OLs, the main cell-type present in fetal white matter at a period of high risk for WMI. We 

show that glutamate receptor expression and configuration are regulated by TNF-α and LPS 

exposure, but AMPA and NMDA blockade, either alone or in combination, did not reduce 

pre-OL death. Furthermore, we demonstrate that glutamate and prostaglandin E2 (PGE2) 

release following TNF-α or LPS are mediated by a TNF-α-COX-2 dependent mechanism. 

Overall, these findings suggest that glial-localised glutamate receptors likely play a limited 

role in OL demise associated with chronic inflammation, but supports the COX-2 pathway as 

a potential therapeutic target for infection/inflammatory-mediated WMI. 
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5.2.2 Introduction 

 Maternal infection or infection of the placenta is recognised as one of the most important 

causes of preterm birth, and of cerebral white matter injury (WMI) in the prematurely born 

baby (Goldenberg et al., 2008, Leviton et al., 2010, Gonçalves et al., 2002, Leviton et al., 

2012). Consistent with this, histological chorioamnionitis or raised fetal proinflammatory 

cytokine levels, including TNF-α, are present in the majority of preterm births (Malaeb and 

Dammann, 2009, Leviton et al., 2010). At present, the specific mechanisms are incompletely 

understood, and no effective treatment is available. 

Animal models of hypoxic-ischemic WMI have demonstrated that activation of microglia, 

disturbances in pro-inflammatory cytokine production and release of glutamate are associated 

with injury via receptor-mediated excitotoxicity (Follett et al., 2004, Johnston, 2005, Volpe, 

2001b). In white matter, glutamate release can occur from axons, astrocytes, microglia or 

from oligodendrocytes (OLs), through the reversal of glutamate transporters (Matute, 2010, 

Domercq et al., 1999, Back et al., 2006a, Ziskin et al., 2007, Domercq et al., 2006, Werner et 

al., 2001, Barger et al., 2007). OL cell death has been correlated with the expression of Ca2+-

permeable GluR4-subunit containing AMPA receptors on developing OLs (Deng et al., 2003, 

Jensen, 2005, Johnston, 2005) and blockade attenuates AMPA-mediated cell death (Follett et 

al., 2000). In contrast, because GluR2 regulates the Ca2+-permeability of the AMPA receptor, 

greater GluR2 expression could be protective against glutamate excitotoxicity. 

The developing ovine brain at day 90 of gestation shares a similar susceptibility to WMI to 

the 24 to 32 week human brain – a period when subcortical white matter is populated 

predominantly by pre-myelinating OLs (Riddle et al., 2012). Immature OLs are known to 

express both AMPA and NMDA-type glutamate receptors (Deng et al., 2003, Salter and 
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Fern, 2005). In white matter, AMPA-GluR2 subunit mRNA expression is low throughout 

gestation (Dean et al., 2005), thus promoting a Ca2+-permeable phenotype, and there is an 

overall increase in Ca2+-permeable AMPA-GluR subunits in pre-OLs compared to mature 

OLs correlating with greater vulnerability, both in vitro (Itoh et al., 2002, Rosenberg et al., 

2003) and in vivo (Ong et al., 1996, Follett et al., 2000). 

Although excitotoxic injury after oxygen-glucose deprivation is well documented (Deng et 

al., 2003, Deng et al., 2006), it is still unknown whether glutamate reaches toxic levels in the 

intact immature brain exposed to infection. Inflammation activates COX-2 activity (Toti and 

De Felice, 2001, Yang et al., 2005, Carty et al., 2011), and there is evidence that 

prostaglandin E2 (PGE2) stimulates glutamate release from astrocytes (Bezzi et al., 1998). 

This suggested the hypothesis that inflammation-mediated COX-2 activation would promote 

release of glutamate in white matter. 

The purpose of this study was therefore to examine the contribution of glutamate and its 

receptor-mediated toxicity to the selective loss of immature pre-OLs in TNF-α or LPS 

induced injury in cultures of preterm fetal ovine primary mixed glia. First, we evaluated glial 

expression of AMPA and NMDA receptors and determined whether expression levels were 

responsive to TNF-α or LPS exposure leading to an unfavourable glutamate receptor 

phenotype. To establish whether this injury involved glutamate receptor activation, we 

confirmed the presence of AMPA and NMDA receptors on pre-OLs and assessed their role 

by treating with AMPA or NMDA antagonists, either alone or in combination. We further 

tested the potential for glia to release glutamate following TNF-α or LPS treatments and 

whether this was via a TNF-α-COX-2 prostaglandin-mediated mechanism. 
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5.2.3 Materials and methods 

5.2.3.1 Primary mixed glial cultures 

Glial cells were isolated from fetal (day 90; term gestation = 145 days) ovine forebrains, 

characterised by immunocytochemistry detection of cell-specific markers, and maintained in 

a chemically defined medium, as previously described (Weaver-Mikaere et al., 2012). 

Briefly, cerebral cortices with meninges removed were extracted and mechanically 

dissociated in minimal essential media then digested in Hank’s Balanced Salt Solution 

(HBSS; Invitrogen Life Technologies, Auckland, NZ) containing trypsin and DNase I and 

incubated for 60 min at 37°C. The cell suspension was strained through 100 μm cell strainers 

and separated by a 10% percoll gradient. Cells were washed and resuspended in Dulbecco’s 

Modified Eagle Medium (DMEM)/F12; Invitrogen Life Technologies) containing 20% horse 

serum and penicillin and then plated on poly-L-lysine coated 6- and 24-well plates. Glia were 

initially maintained in DMEM/F12 supplemented with 10% horse serum for 5 days then 

changed to serum-free DMEM/F12 medium for 24 h before treatment (vehicle, inflammatory 

agents, inhibitors or antibody). In untreated control cultures O4-oligodendrocytes comprised 

approximately 7% of total cells in culture while lectin-positive microglia and GFAP-positive 

astrocytes made up approximately 15% and 78% of total cells, respectively.  

5.2.3.2 Drug treatment of mixed glial cultures 

Prior to treatment with TNF-α (100 ng/mL, Protein Express Inc., Cincinnati, OH, USA) or 

LPS (1 μg/mL, 055:B5; Sigma-Aldrich) cultures were pre-incubated (30 min at 37°C) with 

one of five treatments: the AMPA antagonist, NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-

benzo(F)quinoxaline) which blocks AMPA receptors and to a minor degree kainic acid (KA) 

receptors (Honore et al., 1988, Kristensen et al., 2001) (20 μM in water and media, Sigma-
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Aldrich Pty. Ltd., Sydney, Australia); MK-801, ((5R,10S)-(+)-5-methyl-10,11-dihydro-5H-

dibenzo[a,d]cyclo-hepten-5,10-imine), a highly selective non-competitive antagonist 

(Woodruff et al., 1987) (10 μM in water and media, Sigma-Aldrich Pty. Ltd); NBQX and 

MK801; the COX-2 inhibitor, NS398 (N-[2-(cyclohexyloxy)-4-nitrophenyl]-methane 

sulphonamide; 10 μM in 0.013% DMSO and media, Cayman Chemical Co., Ann Arbor, MI, 

USA) (Futaki et al., 1993, DeWitt, 1999); or anti-bovine-TNF-α antibody (1:200 in media, 

Serotec, Oxford, UK). The concentration chosen for each inhibitor was based on previous 

published studies of cell cultures demonstrating effective inhibition of AMPA and NMDA 

glutamate receptors (Rush et al., 2010, Hogberg and Bal-Price, 2011, Alix and Fern, 2009) 

and COX-2 (Araki et al., 2001). Cultures were chronically exposed to TNF-α or LPS alone or 

in combination with the inhibitors, or the inhibitors alone, for 4 days and assessed at 24-h 

intervals. Treatments were performed in triplicate across four independent experiments. 

5.2.3.3 Immunocytochemistry 

Following treatment, cells were fixed in 4% paraformaldehyde, rinsed with phosphate-

buffered saline (PBS), and incubated with primary antibodies overnight at 4°C. GluR2, 

GluR4 (Millipore, Temecula, CA, USA; 1:200, 1:500) or NR1 (Sigma-Aldrich Pty. Ltd; 

1:200) subunits were localised to O4-positive pre-OLs (Chemicon Int. Inc., CA, USA; 

1:100). Secondary Alexa488 conjugates (Invitrogen Life Technologies; 1:800) were 

incubated for 3 h at room temperature, washed and Hoechst stained before being visualised in 

TNE buffer. Hoechst 33342 was used as a fluorescent nucleic marker; pre-OL death 

evaluated by co-localisation of condensed and fragmented nuclei with O4 on 

immunohistochemistry. Cells were imaged with an inverted fluorescent microscope and 

composite images generated with Adobe Photoshop (Adobe Systems Incorporated, San Jose, 
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CA). Quantification was performed by counting positively stained cells on four random fields 

of view, over two wells per experimental replicate. 

5.2.3.4 Western blotting 

Protein lysates were prepared using sodium dodecyl sulfate (SDS) lysis buffer and 

resuspended in lithium dodecyl sulfate (LDS) sample-buffer (Invitrogen Life Technologies). 

Samples were electrophoretically separated on 4% to 12% bis-tris precast gels (Invitrogen 

Life Technologies) and protein bands were electrically transferred to polyvinylidene 

difluoride membranes (Amersham Biosciences, GE Healthcare, Rydalmere, NSW, Australia). 

Membranes were blocked for 1 h at room temperature in Tris-buffered saline-Tween (TBS-T; 

20 mmol/L Tris–HCl pH 7.6, 132.5 mmol/L NaCl, 0.05 % (vol/vol) Tween-20) containing 

5% (w/v) non-fat milk powder, then incubated overnight at 4°C with antibodies against 

GluR2 (Millipore; 1:1,000), GluR4 (Millipore; 1:100) or NR1 (Sigma-Aldrich Pty. Ltd., 

Sydney, Australia; 1:2,000) in TBS-T supplemented with 5% BSA. Membranes were 

incubated for 2 h at room temperature with horseradish peroxidase-conjugated anti-rabbit or 

anti-mouse antibodies (Thermo Scientific, Rockford, IL, USA; 1:2,000) in TBS-T 

supplemented with 5% non-fat milk powder. Bands were visualised on X-ray films using 

ECL-plus substrate (Thermo Scientific) as per the suppliers’ instructions. Between all 

incubation steps, membranes were washed extensively with TBS-T. 

5.2.3.5 Quantitative real-time PCR 

Total RNA was isolated by washing cells in ice-cold PBS, followed by suspension in TRIzol 

(Invitrogen, Rockford, IL, USA) and then stored at -80°C. mRNA was extracted using the 

RNeasy Mini Kit (Qiagen, Valencia, CA, USA), according to the manufacturer’s instructions. 

Total RNA (final concentration 5 to 10 ng/μL) was incubated with random primers and 
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deoxynucleotide mix and incubated at 65°C for 7 min then reverse-transcribed in superscript 

III (Invitrogen Life Technologies) according to the manufacturer’s protocol. GluR1-4 and 

NR1 transcript abundance was determined by real-time PCR using TaqMan Gene Expression 

Assays (Applied Biosystems, Foster City, CA, USA). Amplification of GluR1, R2, R3 R4 

and NR1 gene transcripts were performed in triplicate on an ABI PRISM 7900HT Sequence 

Detector (Applied Biosystems) using standard cycling conditions recommended by the 

manufacturer (Melt; 15 s, 95°C, anneal/extend; 1 min 60°C for 40 cycles). Singleplex 

amplification was performed with a total reaction volume of 10 μL, containing 5 μL TaqMan 

Universal PCR Master Mix (Applied Biosystems), 1 μL cDNA template, 250 nM probe, 900 

nM forward and reverse primers and 2.75 μL diethylpyrocarbonate (DEPC)-treated water. 

Standard curves of the target gene and the house-keeping gene, 18S, were included in each 

plate, consisting of five-fold serial dilutions of cDNA synthesised from an LPS-treated fetal 

ovine cerebellum. Primer and probes sets for all target genes were designed using the Primer 

Express software (Applied Biosystems). Analysis was performed using the relative standard 

curve method and expressed as fold change expression relative to time-matched controls. 

GluR2 was also expressed relative to time-matched controls, normalised to the expression of 

all other AMPA subunits. 

5.2.3.6 Glutamate measurement 

Glutamate concentrations in media before and after treatment with TNF-α or LPS and with or 

without NS398 or the TNF-α antibody, were determined using the Amplex®Red glutamic 

acid/glutamate oxidase assay kit (Invitrogen Life Technologies) according to the 

manufacturer’s instructions. Briefly, the reaction buffer (consisting of Amplex red reagent, L-

alanine, glutamic acid oxidase and glutamate-pyruvate transaminase) was added to samples 
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of culture media and glutamate standards and incubated in the dark for 30 min at 37°C. 

Fluorescence was measured at an excitation wavelength of 544 nm and an emission 

wavelength of 590 nm with a multi-mode plate reader (BioTek Synergy 2, Winooski, VT, 

USA). Relative fluorescent units (RFU) were converted based on the RFU measurement of 

the known standard concentrations and adjusted for total protein content in the media sample 

(determined by bicinchoninic acid (BCA) assay; Thermo Scientific). Samples were assessed 

in duplicate and the final concentration represented as mM of glutamate per mg of total 

protein. 

5.2.3.7 Prostaglandin E2 immunoassay 

PGE2 concentrations in media were determined by direct radioimmunoassay, similar to that 

described previously (Simpson et al., 1998). Conditioned media samples (1:50) and standards 

(0-5,000 pg/mL, Caymen Chemical Co.) were dissolved in serum-free DMEM/F-12 medium 

and incubated in PGE2 tritiated tracer (approximately 5,000 cpm/100 μL; Perkin Elmer, 

Waltham, MA, USA) and antisera (raised in-house in rabbits against PGE2-BSA and PGE2-

thyroglobulin conjugates) overnight at 4°C. Unbound PGE2 and tracer were removed with 

cold dextran-coated charcoal, the supernatant mixed with scintillation fluid (Ultima Gold, 

Perkin Elmer) and counted with a Tri-Carb 2910TR Liquid Scintillation Analyzer 

(PerkinElmer, Inc., Downers Grove, IL, USA). Curve fitting and data extrapolation were 

performed using QuantaSmart software (PerkinElmer, Inc.). Media containing TNF-α or 

LPS, with and without the COX-2 inhibitor, were included as no treatment controls. The 

sensitivity of the PGE2 radioimmunoassay ranged from 1 to 7 pg/mL, with an intra-assay 

precision of 5.6% and an interassay precision of 17.8%. 
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5.2.3.8 Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM). Statistical comparisons 

between groups were performed using two-way analysis of variance (ANOVA). Where 

significant differences were observed, Tukey’s post-hoc analysis was used for comparisons of 

the means unless otherwise stated. The significance level was set at P <0.05. 
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5.2.4 Results 

5.2.4.1 Oligodendrocyte survival is not effectively preserved by glutamate receptor 

inhibition in activated mixed glial cultures 

TNF-α significantly reduced pre-OL survival after 24, 48 and 96 h (P <0.05, P <0.01, P 

<0.05; Figure 5-1a) while LPS induced a marked reduction in survival from 24 to 72 h (P 

<0.001, P <0.001, P <0.05; Figure 5-1b). NBQX, an antagonist of the AMPA-kainate 

subtype, and MK-801, an antagonist of the NMDA subtype of glutamate receptors, did not 

increase pre-OL survival either separately or in combination following TNF-α treatment. 

However, in LPS-treated cultures at 48 h, NMDA inhibition transiently improved pre-OL 

survival compared to LPS treatment alone, and combined AMPA/NMDA inhibition 

improved pre-OL survival to a level comparable to untreated cells (P <0.001; Figure 5-1b). 

Pre-OL survival was also evaluated in cultures treated with inhibitors alone to assess 

potential toxic effects of glutamate receptor inhibition (Figure 5-2). NBQX alone was 

associated with a gradual reduction of pre-OL survival with significant reductions seen after 

72 and 96 h of treatment (P <0.05), while MK-801 was associated with a significant decline 

in pre-OL survival at all time-points assessed (P <0.05). Combined NBQX/MK-801 

substantially reduced pre-OL survival at 24 and 72 h (P <0.05), however despite a decrease, 

no significant change in survival compared to controls was observed at 48 and 96 h. 

These results suggest that AMPA and NMDA receptor activation may not be primary 

contributors to inflammation-induced pre-OL injury and raise the possibility that a lack of 

improved survival after exposure to NBQX and/or MK-801 may be due in part at least to a 

general adverse effect on survival in cultures of mixed glia. 
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Figure 5-1: Pre-OL survival in activated mixed glial cultures exposed to AMPA or NMDA receptor antagonists. Immunocytochemistry was used to assess pre-OL survival in mixed 

glial cultures exposed to TNF-α (a) or LPS (b) alone or without. Data are presented as mean pre-OL survival as a percentage of total pre-OL + SEM of four independent experiments. 

* indicate a significant difference (P <0.05) between treated means compared to time-matched control and # indicate a significant difference (P <0.05) compared to TNF-α or LPS 

treated means. 
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Figure 5-2: Pre-OL survival in mixed glial cultures treated with AMPA, NMDA, or combined NBQX/MK-801 

receptor antagonists. Immunocytochemistry was used to assess pre-OL survival in mixed glial cultures exposed 

NBQX, MK-801, or combined NBQX/MK801. Data are presented as mean pre-OL survival as a percentage of total 

pre-OLs + SEM of four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to time-matched 

controls. 

5.2.4.2 TNF-α and LPS alter GluR2 subunit expression 

GluR2 mRNA expression was significantly reduced at 24 h (P <0.05; Figure 5-3a) following 

TNF-α exposure, and was significantly reduced during 24 to 72 h of LPS exposure (P <0.05; 

Figure 5-3b). There was a marked decline in GluR2 protein expression at all time-points 

following TNF-α and LPS exposure as determined by western blot (Figure 5-3c). 

Immunocytochemistry showed modest numbers of pre-OLs in untreated and TNF-α and LPS 

treated cultures co-localised with GluR2 (Figure 5-4).  
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Figure 5-3: GluR2 mRNA and protein expression in activated mixed glial cultures. Quantitative real-time PCR (a,b) 

and western blotting (c) were performed to detect the AMPA subunit GluR2 expressed in mixed glial cultures in the 

absence and presence of TNF-α (a) or LPS (b). Data are presented as fold change in gene expression relative to time 

matched controls and standardised to 18s or protein expression relative to β-actin + SEM of four independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to time matched controls. 
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Figure 5-4: GluR2 expression on pre-OLs. Untreated controls (a-c) or cultures chronically incubated with TNF-α (d-

f) or LPS (g-i) were assessed immunocytochemically for GluR2 subunit expression (red) colocalised with pre-OLs 

(green). The nucleus was stained with Hoechst fluorescent dye (20 x magnification), scale bar = 10 µm. 
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Figure 5-5: GluR2 mRNA expression in activated mixed glial cultures. Quantitative real-time PCR was performed to 

detect the AMPA subunit GluR2 expressed in mixed glial cultures in the absence and presence of TNF-α (a) or LPS 

(b). Data are presented as fold change in gene expression relative to time matched controls and standardised to 18s or 

protein expression relative to β-actin + SEM of four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 

compared to time matched controls. 

Importantly, it is the relative expression of the GluR2 subunit to the other AMPA subunits 

that regulates Ca2+-permeability. Analysis of GluR2 expression normalised to the expression 

of all other AMPA subunits (GluR1, GluR3 and GluR4) revealed a significant reduction at 48 

and 72 h following TNF-α exposure (P <0.05; Figure 5-5a), and was significantly reduced at 

all time-points following LPS exposure (P <0.05; Figure 5-5b). 
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5.2.4.3 TNF-α and LPS alter GluR4 subunit expression 

Cells that express the GluR4 subunit are particularly sensitive to excitotoxicity; it has been 

noted in several pathogenic mechanisms mediated by Ca2+-permeable AMPA receptors that 

GluR4 is abundantly expressed in the receptors present (Vandenberghe et al., 2001, Carvalho 

et al., 2002).  

TNF-α induced a transient reduction of GluR4 mRNA expression after 24 h (P <0.05; Figure 

5-6a) while LPS treatment resulted in a marked sustained reduction from 24 to 72 h (P <0.05; 

Figure 5-6b) and a delayed increase after 96 h (P <0.05). 

LPS exposure resulted in a robust increase in GluR4 protein expression at all time-points (P 

<0.05; Figure 5-6c) as determined by western blot. 

In untreated control cultures, GluR4 immunoreactivity was strong at the cell body with 

patches of staining on pre-OL processes, and pre-OLs in immune stimulated cultures also 

exhibited a strong immunoreactivity to GluR4 (Figure 5-7). 
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Figure 5-6: GluR4 mRNA and protein expression in activated mixed glial cultures. Quantitative real-time PCR (a,b) 

and western blotting (c) were performed to detect the AMPA subunit GluR2 expressed in mixed glial cultures in the 

absence and presence of TNF-α (a) or LPS (b). Data are presented as fold change in gene expression relative to time 

matched controls and standardised to 18s or protein expression relative to β-actin + SEM of four independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to time matched controls. 
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Figure 5-7: GluR4 expression on pre-OLs. Untreated controls (a-c) or cultures chronically incubated with TNF-α (d-

f) or LPS (g-i) were assessed immunocytochemically for GluR4 subunit expression (red) colocalised with pre-OLs 

(green). The nucleus was stained with Hoechst fluorescent dye (20 x magnification), scale bar = 10 µm. 
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5.2.4.4 TNF-α and LPS alter NMDA glutamate receptors 

A marked transient increase in mRNA expression of the obligatory NMDA subunit, NR1, 

was induced by TNF-α after 48 h (P <0.05; Figure 5-8a), while LPS treatment resulted in a 

delayed increase after 96 h (P <0.05; Figure 5-8b). Likewise, TNF-α and LPS increased 

protein expression of NR1 after 24 h (Figure 5-8c) and 72 h (P <0.05), respectively, by 

western blot. 

NR1 staining was seen on pre-OLs, with moderate staining occurring across most of the cell 

body and processes in untreated cultures. Pre-OLs in immune stimulated cultures exhibited a 

strong immunoreactivity to the NR1 subunit (Figure 5-9). 
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Figure 5-8: NR1 and AMPA mRNA and protein expression in activated mixed glial cultures. Quantitative real-time 

PCR and western blotting were performed to detect the NMDA subunit NR1 and AMPA subunit GluR2 expressed in 

mixed glial cultures in the absence and presence of TNF-α (a) or LPS (b). Data are presented as fold change in gene 

expression relative to time matched controls and standardised to 18s + SEM of four independent experiments. 

*p < 0.05, **p < 0.01, ***p < 0.001 compared to time matched controls.  

  

169 

 



Chapter 5: LPS and TNF alpha modulate AMPA/NMDA receptor subunit expression and induce PGE2 and 
glutamate release in preterm fetal ovine mixed glial cultures 

 

Figure 5-9: NR1 expression on pre-OLs. Untreated controls (a-c) or cultures chronically incubated with TNF-α (d-f) 

or LPS (g-i) were assessed immunocytochemically for NR1 subunit expression (red) colocalised with pre-OLs (green). 

The nucleus was stained with Hoechst fluorescent dye (20 x magnification), scale bar = 10 µm. 
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5.2.4.5 TNF-α and LPS mediate increased extracellular glutamate levels via a TNF-α and 

COX2-dependent mechanism 

It has been previously shown that PGE2 stimulates glutamate release from astrocytes (Bezzi 

et al., 1998). While information is available on the inflammation-mediated release of 

glutamate from glia (McNaught and Jenner, 2000, Takeuchi et al., 2006) and the intact adult 

brain (Lin et al., 1999, Huang and Castillo, 2008) there is a paucity of data with respect to the 

immature brain. To evaluate whether TNF-α and LPS act via PGE2 to influence glutamate 

release in white matter, PGE2 and glutamate concentrations were assessed in cultures of 

mixed glia exposed to TNF-α and LPS. 

TNF-α exposure resulted in a gradual increase in the PGE2 concentration in culture media, 

with a significant increase observed only after 72 h of treatment (P <0.05; Figure 5-10a), 

whereas LPS exposure increased PGE2 concentrations from 24 to 72 h (P <0.05; Figure 

5-10b). COX-2 inhibition completely abolished the increase in PGE2 in both treatment 

groups and TNF-α antibody treatment resulted in a similar reduction indicating that activation 

of the TNFR1 likely activates COX-2-mediated PGE2 release. 

Interestingly, TNF-α significantly increased the amount of glutamate in the culture media at 

all time-points (P <0.05; Figure 5-11a) whereas glutamate concentrations were only 

significantly increased at 24 and 72 h following LPS treatment (P <0.05; Figure 5-11b). TNF-

α antibody and NS398 treatments substantially inhibited the induced increase in extracellular 

glutamate compared to TNF-α and LPS treatment alone, resulting in levels comparable to 

those detected in untreated controls. Hence, stimulation with TNF-α or LPS greatly 

contributes to glutamate release and appears to be directly dependent on a TNF-α-COX-2 

pathway. 
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Figure 5-10: Prostaglandin E2 (PGE2) concentrations in conditioned media from activated mixed glial cultures. 

Concentrations were measured by a radioimmunoassay to detect secreted PGE2 from cultures of mixed glial cells in 

the absence and presence of TNF-α (a) or LPS (b). Data are presented as mean PGE2 concentration (pg/mg of total 

protein) + SEM of four independent experiments. *p < 0.05, **p < 0.01 compared to time matched controls. 

172 

 



Chapter 5: LPS and TNF alpha modulate AMPA/NMDA receptor subunit expression and induce PGE2 and 
glutamate release in preterm fetal ovine mixed glial cultures 

  
 

   

  

  
 

   

  

 

Figure 5-11: Glutamate concentrations in conditioned media from activated mixed glial cultures. Glutamate release 

was determined in cultures of mixed glial cells in the absence and presence of TNF-α (a) or LPS (b) with or without 

TNF-α or COX2 inhibition. Data are presented as mean glutamate concentration (mM/mg of total protein) + SEM of 

four independent experiments. *p < 0.05, ***p < 0.001 compared to time matched controls. 
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5.2.4.6 Pre-oligodendrocyte survival is preserved by TNF-α and COX2 inhibition in 

activated mixed glial cultures 

We evaluated the consequences of TNF-α and COX-2 blockade to determine if effectors 

downstream of TNF-α or PGE2 signalling contribute to inflammation-mediated OL death. 

TNF-α significantly reduced pre-OL survival after 24, 48 and 96 h (P <0.05; Figure 5-12a) 

and LPS reduced survival from 24 to 72 h (P <0.05; Figure 5-12b), whereas TNF-α induced 

pre-OL loss was delayed by treatment with a TNF-α antibody until 48 h. However, in 

combination with LPS, TNF-α antibody treatment significantly improved pre-OL survival at 

24 and 48 h compared to LPS treatment alone (P <0.05) but did not significantly protect after 

96 h of LPS treatment. 

NS398 co-treatment in TNF-α exposed cultures resulted in pre-OL levels comparable to those 

after TNF-α alone in the first 48 h (P <0.05). After 72 h, pre-OL survival in TNF-α and 

NS398 co-treated cultures was comparable to those in untreated controls. In LPS-exposed 

cultures co-treated with NS398 pre-OL survival was significantly improved at 24 and 48 h 

compared to LPS treatment alone (P <0.05). 

Overall, in TNF-α treated cultures, pre-OL survival was maintained at levels of controls at 

the later time-points with TNF-α antibody and NS398 co-treatments. However, TNF-α 

antibody and NS398 treatments noticeably improved pre-OL survival in the immediate 48 h 

after LPS exposure. These results suggest that TNF-α and COX-2 may contribute to 

inflammation-induced pre-OL injury either directly or via downstream effectors.
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Figure 5-12: Pre-OL survival in activated mixed glial cultures exposed after COX-2 and TNF-α inhibition. Immunocytochemistry was used to assess pre-OL survival in mixed glial 

cultures exposed to TNF-α (a) or LPS (b) alone or in combination with the COX-2 inhibitor, NS398, or TNF-α antibody treatment. Data are presented as mean pre-OL survival as a 

percentage of total pre-OLs + SEM of four independent experiments. * indicate a significant difference (P <0.05) between treated means compared to time-matched control and # 

indicate a significant difference (P <0.05) compared to TNF-α or LPS treated means. 
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5.2.5 Discussion 

There is currently no available treatment for infection-related WMI in preterm infants. The 

present study confirms the presence of AMPA and NMDA receptors on pre-OLs in cultures 

of mixed glial cells derived from the preterm ovine fetus at a gestational age when white 

matter maturity is most similar to preterm human infants (Riddle et al., 2012). Furthermore, it 

demonstrates that AMPA/NMDA blockade does not protect against pre-OL injury and that 

PGE2 release plays a key role in inflammation-mediated increases in glutamate levels and 

loss of pre-OLs. These findings suggest that TNFα-COX-2-related pathways may be an 

important therapeutic target for inflammation-induced brain injury. 

This is the first observation in ovine derived fetal glia that GluR2 subunit mRNA and protein 

expression (both absolute and relative to GluR1, 3 and 4 subunits) are transiently reduced 

after TNF-α exposure and persistently after LPS. Furthermore, pre-OLs expressed the Ca2+-

permeable AMPA subunit GluR4, and although mRNA expression was only increased in 

LPS-treated cultures after 96 h, GluR4 protein was persistently increased. Reduced 

expression of GluR2 compared to GluR4 (and other GluR subunits) in association with a 

delayed rise in extracellular glutamate concentrations suggests increased potential for 

formation of more Ca2+-permeable AMPA receptors in ovine glia, including pre-OLs and 

thus potentially more vulnerable to excitotoxicity (Page and Everitt, 1995, Weiss et al., 

1994). 

We confirmed that ovine pre-OLs express the NR1 subunit in primary mixed glial cultures. 

NR1 protein expression, however, was differentially expressed by TNF-α and LPS with an 

acute, transient increase after LPS exposure and a gradual increase by 96 h after TNF-α 

exposure. Others have shown that NMDA receptors are expressed by OLs and contribute to 
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white matter pathology after hypoxia-ischemia, by triggering loss of processes and increasing 

apoptosis and generation of reactive species (Káradóttir et al., 2005, Manning et al., 2008, 

Salter and Fern, 2005). We speculate that the initial increase in NR1 expression after LPS 

may increase loss of pre-OL processes. While these data suggest that pre-OL process-

localised NMDA receptors may contribute to acute phase white matter damage in 

inflammation, further analysis of simultaneous localisation of GluR2 and GluR4 and O4 are 

needed to confirm this. The differential pre-OL survival after TNF-α compared to LPS may 

reflect the more complex inflammatory environment induced by LPS. While TNF-α is an 

inflammatory cytokine, the LPS epitope (Escherichia coli O55:B5) used in the present study 

is known to robustly modulate both pro- and anti-inflammatory cytokines through toll-like 

receptor 4 and 2 stimulation (Hirata et al., 2008). In neonatal-derived glial cultures, LPS 

stimulates an increase in endogenous levels of the pro-inflammatory cytokine, interleukin-1β 

(IL-1β), which mediates the inflammatory actions of LPS by NO (Molina-Holgado et al., 

2000) and an increase in the anti-inflammatory cytokine, IL-10 (Mizuno et al., 1994), which 

can confer protection against oligodendroglial death (Molina‐Holgado et al., 2001). Thus, 

LPS produces a much more intricate gene response than TNF-α alone. Further, astrocytes 

have key homeostatic and glio-transmission functions and it is unknown whether astrocytic 

GluR subunit expression is differentially affected by TNF-α or LPS exposure. 

Data from the current study show that glial derived extracellular glutamate levels are 

substantially increased in response to both TNF-α and LPS. To the best of our knowledge this 

is the first report in mixed glial cultures and is potentially important given that as discussed 

above, there is the potential for excitotoxic injury via the activation of more Ca2+-permeable 

glutamate receptors. Others suggest the major source of glutamate in white matter lesions is 

by reversal of sodium glutamate transporters (Matute et al., 2006) from pre-OLs and axons 
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(Back et al., 2006a), however, it is also likely that astrocytes, directly, and microglia, 

indirectly, contribute to this. Indeed, we have previously shown that TNF-α is increased in 

LPS-exposed preterm fetal ovine mixed glial cultures (Weaver-Mikaere et al., 2012), likely 

released by microglia that could potentially inhibit the regulatory glutamate uptake by 

astrocytes (Zou and Crews, 2005). 

The present studies show that the TNF-α and LPS-induced increase in glutamate 

concentrations are mediated via a TNF-α and COX-2 dependent mechanism. Our findings are 

consistent with TNF-α signalling via TNFR1 initiating production of PGE2, and TNF-α and 

COX-2 inhibition improved pre-OL survival 48 hours after LPS exposure. A role for COX-2 

has already been established in neuronal LPS-induced injury (Araki et al., 2001) and COX-2 

inhibition limited OL death in encephalomyelitis and an in vitro excitotoxic model. (Carlson 

et al., 2010) Thus, the TNF-α-COX-2 pathway represents a potential therapeutic target for 

OL protection during neuroinflammation which requires further confirmation using other 

models of injury such as the chronically catheterised preterm fetal sheep model.  

Other cytokines may also activate COX-2. For example, exogenous (IL-1β) induced the 

release of PGE2 via activation of nuclear factor-kappa B (NFκB) and mitogen-activated 

protein kinase (MAPK) cascades (Pinteaux et al., 2002). However, in neonatal-derived mixed 

glial cultures endogenous IL-1β was much less potent than LPS in inducing PGE2 

production, suggesting that it is not a major mediator (Molina-Holgado et al., 2000). Overall 

our results suggest that TNF-α and COX-2 may contribute to inflammation-induced pre-OL 

injury either directly or via downstream effectors. 

In contrast, our data show that treatment with NBQX and/or MK-801 following TNF-α or 

LPS exposure was not protective against pre-OL death, suggesting that AMPA and NMDA 
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receptor activation do not make a major contribution to inflammation-induced pre-OL injury. 

Consistent with this, in near-term fetal sheep treatment with topiramate, an AMPA receptor 

antagonist, 5 h after severe cerebral ischemia did not protect white matter or gray matter 

(Gressens et al., 2011). Indeed, high doses of topiramate are associated with increased 

neuronal and white matter apoptosis in the normal developing brain (Kim et al., 2007, 

Schubert et al., 2005). We confirmed that the lack of improved pre-OL survival may be due 

to toxic effects of NMDA and combined AMPA/NMDA inhibition. Nevertheless, there were 

no apparent adverse effects of chronic AMPA inhibition alone within the first 48 h. These 

findings support that TNF-α and LPS-induced loss of pre-OLs at early time-points in our 

study (24 and 48 h) is likely independent of both glutamate receptor inhibition and any 

potential toxic effects of NBQX. Furthermore, our findings and previous reports of adverse 

effects of glutamate blockade (Anand and Scalzo, 2000, Ikonomidou and Turski, 2010) 

suggest that modulating glutamate receptor signalling risks modifying brain development and 

may have deleterious consequences for pre-OLs. 

In summary, this study suggests that AMPA and NMDA glutamate receptor inhibition does 

not seem to be an effective therapy for inflammation-mediated pre-OL death. Glutamate 

levels and glutamate receptor conformation were altered by inflammatory stimuli, leading to 

a delayed rise in extracellular glutamate concentrations combined with a receptor phenotype 

that is favourable to Ca2+-permeability over 4 days after exposure. Critically, we observed 

that the increase in extracellular glutamate concentrations occurred after the onset of loss of 

pre-OL cells. This strongly suggests that the increase in glutamate may have been a 

consequence of cell death, perhaps due to impaired energy dependent reuptake or to release 

from lysing cells, rather than the cause of injury. 
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We conclude that our hypothesis that glutamate receptor-mediated toxicity contributes to 

WMI requires refinement to address the overall lack of effect of receptor inhibition. In 

contrast, the TNF-α-Cox-2 pathway should be further explored as a potentially viable 

therapeutic target, to protect pre-OLs from neuroinflammatory damage of the immature brain. 
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5.3 Additional data 

5.3.1 GluR2 and NR1 mRNA ontogeny in mixed glial cultures 

The gestational age of maximum risk for WMI precedes the onset of axonal myelination and 

has been related to the innate vulnerability of the immature OL to excessive glutamate 

signalling (Back et al., 2007, Matute et al., 2007). In addition, several studies have suggested 

an overexpression of glutamate receptors during this window of susceptibility (Follett et al., 

2004). To better understand the age related changes in Ca2+-permeable glutamate receptors 

that may modulate the vulnerability of white matter to glutamate toxicity, we evaluated the 

ontogenic gene expression profiles of AMPA subunits, GluR1-GluR4, and the NMDA 

subunit, NR1, in cultures of mixed glia, derived from ovine fetuses across gestation, using 

real-time PCR. 

All AMPA subunits were detectable (Figure 5-13) and a general increasing trend in their 

expression occurred, peaking at day 110 of gestation for all subunits. With the exception of 

GluR3, all subunits were expressed at relatively low levels compared to 18s, in particular 

GluR1. 

Interestingly, the change in relative expression of GluR2 (normalised to all other AMPA 

subunits; GluR1, 3 and 4) was primarily facilitated by a large increase in GluR3 expression, 

resulting in a marked reduction of relative GluR2 expression at gestational day 110 (Figure 

5-14). Correspondingly, NR1 expression was substantially increased at gestational days 110 

and 125 (Figure 5-15). 
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Figure 5-13: AMPA subunit mRNA ontogeny in cultures of mixed glia. Quantitative real-time PCR was performed to 

detect the AMPA subunit expression in mixed glial cultures. Data are presented as fold change in gene expression 

standardised to 18s + SEM of three independent experiments. 
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Figure 5-14: GluR2 subunit mRNA ontogeny in cultures of mixed glia. Quantitative real-time PCR was performed to 

detect the AMPA subunit expression in mixed glial cultures. Data are presented as fold change in gene expression 

normalised to all other GluR subunits + SEM of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 

indicates a significant difference between means compared to D57 (one-way ANOVA). 

 

 

Figure 5-15: NR1 subunit mRNA ontogeny in cultures of mixed glia. Quantitative real-time PCR was performed to 

detect the AMPA subunit expression in mixed glial cultures. Data are presented as fold change in gene expression 

standardised to 18s + SEM of three independent experiments. * p < 0.05; indicates a significant difference between 

means compared to D57 (one-way ANOVA). 
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5.3.2 Hypothermia and glutamate 

Preliminary investigations were also undertaken to assess whether glutamate levels are 

modulated by IGF-1 or hypothermia. Mixed glial cultures were prepared from the forebrains 

of d120 gestation ovine fetuses. Cultures were exposed to either control (artificial 

cerebrospinal fluid) or IGF-1 (100 ng/mL) for 24 hours, and maintained either under 

normothermia (39°C) or hypothermia (32°C) from 60 minutes after commencement of the 

experiment until 72 hours. 

Glial cell death has been related to elevated extracellular periventricular white matter levels 

of glutamate following hypoxia-ischaemia (Fraser et al., 2008) in the preterm ovine fetus. 

Likewise, chronic hypoxia results in an increase in extracellular glutamate levels in the 

parietal cortex, but not white matter in near-term fetal sheep (Henderson et al., 1998). In 

contrast, others have shown that the protective effect of glutamate receptor inhibition (via 

NBQX) is mediated by the endogenous hypothermic effect of AMPA receptor inhibition, 

which can be reversed by warming (Nurse and Corbett, 1996). 

Our findings reveal that glutamate concentrations in uninjured cultures of mixed glia are 

substantially reduced after IGF-1 treatment and hypothermia, both alone and in combination 

(Figure 5-16). In contrast to the studies mentioned previously, our results suggest that 

hypothermia and IGF may modulate glutamate levels in glia. This confirms the potential for 

white matter cells to release glutamate and suggests that therapeutic effects of hypothermia, 

by cooling or reduced AMPA activation, may operate via the reduction of glutamate. 
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Figure 5-16: Glutamate concentrations in conditioned media from normothermic and hypothermic mixed glial 

cultures with and without IGF-1. Glutamate release was determined in cultures of mixed glial cells with and without 

IGF-1 and hypothermia. Data are presented as mean glutamate concentration (mM/mg of total protein) + SEM of 

three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 indicates a significant difference between means 

compared to normothermia (one-way ANOVA). 
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5.4 Discussion 

5.4.1 Significance 

Several studies have reported excitotoxic injury to OLs; however, the present study is novel 

in that we have shown the potential for excitotoxic injury regardless of local glutamate 

concentrations. These data raise the intriguing possibility that an over expression of Ca2+-

permeable AMPA and NMDA receptors may contribute to the vulnerability of white matter 

following fetal neuroinflammation, in particular mediating a transformation to a cell type 

more vulnerable to excitotoxic injury following an inflammatory insult regardless of local 

glutamate concentration.  

Surprisingly, while we did show that TNF-α and LPS induced a rise in extracellular 

glutamate, the lack of effect of glutamate receptor inhibition suggests these receptors are not 

viable therapeutic targets for infection/inflammation-mediated injury. That is not to say that 

non-receptor mediated mechanisms or overstimulation of axonal glutamate receptors may be 

important and contribute to this pathology in vivo. However, we found that inhibition of 

TNF-α and COX2 did resolve TNF-α and LPS-mediated injury. This suggests that while 

PGE2 regulates extracellular glutamate concentration after inflammation, glutamate, PGE2 

and/or TNF-α are acting via an alternative mechanism(s) downstream from TNF-α signalling, 

and may contribute to pre-OL death in mixed glial cultures. 

Our study also supports previous notions that pre-OLs express NMDA receptors, and that 

these are concentrated on the cell’s processes, distinct from AMPA receptors which are 

primarily on the cell soma (Káradóttir et al., 2005). 
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5.4.2 TNF-α-COX2-glutamate mediated white matter injury 

Our data has highlighted infectious and inflammatory activation of a TNF-α-COX2 pathway 

in the modulation of glutamate release. We have shown that TNF-α and LPS evoked an 

increase in extracellular glutamate concentrations and that this was partially mediated via 

TNF-α and COX2. Moreover, we identified that TNF-α and COX2 inhibition effectively 

improved pre-OL survival after LPS exposure and reduced extracellular release of glutamate. 

While our findings support a role for COX2 in glutamate excitotoxicity other research has 

shown that PGE2 enhances cytokine release in different culture systems via modulation at the 

transcription level (Kalinski, 2012, Hamby and Sofroniew, 2010). Reactive oxygen species 

are also generated by the processing of arachidonic acid by COX2 (Morgan and Liu, 2010), 

and NMDA activation modulates COX-dependent reactive oxygen species generation (Lau 

and Tymianski, 2010). Alternatively, it is important to note that the mechanisms by which 

PGE2 regulate glutamate release are largely unknown. Potentially this could involve 

extracellular release of prostaglandins and interaction with one of their four E-prostanoid 

receptors. Thus, inhibition of PGE2 production might prevent any deleterious effects of LPS 

via inhibition of free radical and glutamate formation but its precise mechanisms are not 

clear. 
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5.4.3 Glutamate receptor ontogeny and vulnerability of white matter 

By culturing ovine glia across a wide range of gestational ages we have demonstrated 

ontogenic differences in the expression of AMPA receptor subunits, comparable to that 

reported previously (Dean et al., 2005).  

The gestational age of maximum risk for WMI precedes the onset of axonal myelination and 

has been related to the innate vulnerability of the immature OL to excessive glutamate 

signalling (Back et al., 2007, Matute et al., 2007). Importantly, other studies have suggested 

an overexpression of glutamate receptors during this window of susceptibility (DeSilva et al., 

2009, DeSilva et al., 2007).  

We show that at 110 days of gestation, a point at which cortical myelination is on-going and 

brain maturation is broadly equivalent to that of the 32-34 week human, that NMDA 

expression and AMPA subunit expression suggests a receptor make-up favourable of Ca2+-

permeability. Our findings are interesting as they offer an insight to the potential mechanisms 

involved in age dependent cell injury outside of the typical window of white matter 

vulnerability. The data suggest that, if receptor alterations act consistently across gestation to 

inflammatory insults (specifically, that GluR2 expression is reduced compared to other 

GluRs), then the near-term fetus may be more vulnerable to infectious or inflammatory 

induced excitotoxicity; indeed a critical role for glutamate mediated injury in the near-term 

fetal sheep has been identified (Loeliger et al., 2003). 
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5.4.4 Hypothermia and glutamate 

Although our findings of cellular death following glutamate inhibition serves as a cautionary 

note, our demonstration that glial production of glutamate is substantially reduced with IGF-1 

and hypothermia treatments suggest that neuroprotective strategies incorporating these may 

be a safer, more effective and broader approach of preventing injury than targeting glutamate 

receptors alone. The extent to which hypothermia is protective via this route is yet to be 

established; a better understanding of this will assist in the development of combination 

therapies that provide long-lasting additive or synergistic protection.  

Overall, our data confirm the potential for white matter cells to release glutamate and 

suggests that therapeutic effects of hypothermia may operate to some extent via the reduction 

of glutamate.  

5.4.5 Limitations  

The function of pre-OL glutamate receptors is not clear. In vivo, axons release glutamate in 

close proximity to OLs and one possible physiological role may include signalling related to 

pre-OL development, proliferation, migration or myelination (Bakiri et al., 2009). This raises 

the likelihood that excitotoxicity of white matter localised glutamate receptors could be a 

result of glutamate released from axons in pathological conditions. If indeed the case, this 

suggests beneficial effects of AMPA or NMDA receptor inhibition in vivo may be due to 

effects via neuronal glutamate receptors. 

5.4.6 Future directions 

Our findings suggest that TNF-α and LPS induce excessive glutamate release from glia, but 

targeting glial-localised glutamate receptors appear ineffective as a therapeutic strategy for 
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inflammatory forms of WMI. In the current studies, non-receptor-mediated mechanisms have 

not been investigated and should not be excluded in addition to other downstream events. In 

particular, TNF-α facilitated PGE2 production and signalling may contribute and overlap 

alternative mechanisms of inflammation induced pre-OL injury. In addition, the contribution 

of metabotropic glutamate receptors in the context of inflammatory injury has not been 

investigated here. These receptors likely represent another glutamate-mediated mechanism 

that influences not only ionotropic channel function but also cell injury and survival. 

Currently, the role of AMPA and NMDA receptors in inflammatory WMI lacks detail. The 

various insults, including oxygen-glucose deprivation, excitotoxic agents, immune 

stimulation and hypoxic-ischaemia have demonstrated a clear disparity between outcomes, 

likely a result of the complicated pathologies and combined aetiologies. It is clear that there is 

a potential role for glutamate and its receptors in the pathogenesis of neonatal WMI, yet the 

use of glutamate receptor antagonists has yielded conflicting data and often adverse effects. 

This casts doubt on what role glutamate receptor inhibition should have in therapeutic 

intervention. While in vivo the inhibition of AMPA and NMDA receptors has both positive 

and negative effects, our in vitro model of glial inflammation suggests limited benefit. It is 

apparent, as with many other interventions, efficacy is dependent on both the timing, type of 

insult and animal model used. Thus, glial and neuronal glutamate receptor inhibition demands 

further investigation to determine the parameters for a successful outcome. 

In particular, our preliminary assessment of glutamate concentrations following IGF-1 and 

hypothermia treatments advocates an interesting concept; that previously identified in vivo 

benefits of cortical cooling might arise as a result of glutamate modulation. This supports the 

future examination of not only combined therapies, but also hypothermia alone and benefits 

associated with preventing glutamate release in white matter. 
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The clinical need to elucidate the aetiology of white matter injury (WMI) and develop 

interventions for infants with this type of injury is the driving force behind investigating glial 

responses to infection/inflammation. The objective of this thesis was to develop and employ 

the use of cultured ovine fetal primary glial cells and, via novel investigations, add to the 

current understanding of the mechanisms through which infection and inflammation can 

cause WMI in the developing brain.  

The broad upstream pathogenic processes that lead to WMI are well established. To add to 

this field, we sought to incorporate a cell based model for investigating reduced aspects of 

injury, which is required in this area of research. Hence, this thesis first described the 

application of mixed glial cell cultures in the investigation of inflammatory mediated glial 

injury, in particular that of the pre-oligodendrocyte (OL), and correlated this with the adverse 

glial effects that are recognised in vivo. The study showed that cell cultures derived from the 

fetal ovine forebrain contained astrocytes, microglia and importantly, a developmental range 

of OLs, containing pre-OLs that were sensitive to TNF-α and LPS. 

Investigation into the role of the gelatinases and their endogenous inhibitors, the TIMPs, in 

inflammation-mediated OL injury was subsequently conducted. Here we demonstrated that 

TNF-α and LPS regulated active gelatinase expression in glia, however prolonged inhibition 

of the gelatinases only transiently improved pre-OL survival during LPS exposure and had no 

effect during TNF-α exposure. Intriguingly, our data showed improved microglial survival 

during gelatinase inhibition which indicates a potential mechanism that exacerbates long-term 

loss of the pre-OL after LPS exposure. 
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Given the lack of OL protection observed with gelatinase inhibition and the recognised role 

of excitotoxic injury in OL death, we followed-up this study with an examination of 

glutamate and glutamate receptors, where we assessed an inflammatory dependent pathway 

that favours glutamate toxicity. We demonstrated that TNF-α and LPS alter the AMPAR 

subunit conformation, resulting in AMPARs that are more calcium permeable. Indeed, we 

showed a similar observation with TNF-α and LPS increasing NMDAR expression in glia. 

Surprisingly, prolonged inhibition of both receptor types failed to provide significant OL 

protection. Importantly, our studies revealed that TNF-α and LPS modulate glutamate release 

from glial cells, while confirming glia as a source of glutamate following 

infection/inflammation. In addition, our findings clarify how glutamate release in the intact 

brain may cause axonopathy with subsequent OL injury and thus why glutamate receptor 

inhibition in vivo is more successful.  

These studies provided a robust methodology to assess the contribution of infection and 

inflammation to the pathology of white matter. Currently the morbidity associated with 

infection/inflammation-mediated preterm birth, is remarkably costly and there are limited 

therapeutic options due to gaps in our current knowledge regarding the mechanisms of brain 

injury. Processes downstream of infection/inflammation play a critical role in perinatal brain 

damage, and determining these processes is paramount for the detection, prevention and 

treatment of neonatal morbidity. 
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