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Abstract 
 

Hypoxic-ischaemic encephalopathy is a leading cause of child mortality and morbidity. 

Hypoxia-ischaemia (HI) strongly up-regulates Signal Transducer and Activator of 

Transcription 3 (STAT3) in the immature brain. There is need for development of 

alternative therapies for neonatal HI brain damage since the only available treatment 

therapeutic hypothermia (TH) has rather limited effectiveness and application, 

especially for infection-sensitised HI cases. We, as well as others, have shown that HI 

strongly upregulates STAT3 transcription factor in the immature brain and that 

systemic pharmacological STAT3 inhibition with WP1066 provides short-term 

neuroprotection. We hypothesised that STAT3 is involved in HI and that two 

compounds would have therapeutic activity in HI injury: WP1066: a pharmacological 

Janus Kinase 2 (JAK2) inhibitor of STAT3 and curcumin, a plant-derived compound 

with anti-inflammatory, antioxidative properties. Furthermore, we hypothesised that 

microglia-specific TGβR1 deletion, would provide neuroprotection, as it has been 

described that TGFβ, a pleiotropic cytokine, increases STAT3 phosphorylation. 

WP1066 potential neuroprotective role was evaluated through intraperitoneal 

application on a postnatal day 9 neonatal C57Bl/6 HI mouse model, in different doses 

and time points and demonstrated short- and long-term neuroprotective effects at an 

optimal dose of 80μg/g body weight. 

The intraperitoneal administration of curcumin in DMSO solution to postnatal day 9 HI 

animals showed clear neuroprotection. However, curcumin’s poor bioavailability 

necessitated further optimisation to make the product suitable for clinical use. Thus, 

we synthesised curcumin-loaded microspheres P(3HB) and the results showed that 

intranasal administration after HI is neuroprotective. 
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Additionally, microglial-specific TGFβR-1 deletion provides neuroprotective effect, by 

increasing the anti-inflammatory microglial levels as assessed with 

immunofluorescence analysis, thus inducing repair after HI insult. Finally, we 

established a new infection-sensitised HI model, based on E.coli intravaginal maternal 

injection.  

We conclude that both WP1066 and curcumin treatments reduce brain damage after 

HI insult and could be considered as potential treatment for the condition. Overall, all 

treatments have an effect on STAT3 phosphorylation, which points towards a 

detrimental role of STAT3 in HI. 
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Impact Statement  
 

This study is based on a well-established mouse model of neonatal hypoxic-ischaemic 

(HI) brain damage, and specifically focuses on exploring the neuropathological role of 

STAT3 in this condition and the development of new treatments for neonatal HI. 

Neonatal HI brain injury evolves following deprivation of blood and oxygen flow to the 

brain of the infant, either around, at the time of birth affecting 1 to 3 per 1000 live births 

yearly1. It is the cause of about 1 million neonatal deaths per annum and 40% of the 

surviving affected children are likely to develop severe disabilities, such as epilepsy, 

cerebral palsy, and mental retardation. The only available treatment for HI is 

therapeutic hypothermia, but its efficacy is rather limited, with beneficial effects in only 

1 per 7-8 treated children. Moreover, in cases of pre-exposure to bacterial infection, 

TH is not applicable2–4, as suggested by an in vivo study5, due to the inter-individual 

variability. This makes neonatal HI one of the top 20 leading causes of burden of 

disease, especially in terms of disability-adjusted life years. Therefore, further 

research into drug development for HI is vital for improvement of public health care. 

The successful outcome of our research will elucidate new evidence for the 

pathological mechanism of HI brain damage. Additionally, novel drug-directed 

strategies in neonatal HIE will be developed as an alternative to therapeutic 

hypothermia. We focused on two widely available and well-studied compounds: 

WP1066, an inhibitor of STAT3, a transcription factor strongly upregulated after 

neonatal HI, and curcumin, a dietary molecule, anti-inflammatory, anti-oxidant known 

for its remarkable health advantages. At the same time, we assessed the role of 

microglia-specific TGFβR-1 deletion on HI damage as TGFβ1 cytokine increased 
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STAT3 phosphorylation on an HI rodent model, and established a new infection-

sensitised HI model based on intravaginal maternal infection with E.coli K12 strain. 

The two molecules were tested in a mouse model of neonatal HI and each 

demonstrated a satisfactory level of neuroprotection. Specifically, this research 

demonstrates the beneficial effects of WP1066 in an optimal dose of 80μg/g body 

weight, applied immediately, 1 or 2h post-HI in a postnatal day 9 mouse model. 

Additionally, this current study showed the neuroprotective effect of curcumin 

treatment dissolved in DMSO, but due to its toxic effects in humans we tested the 

application of curcumin encapsulated in P(3HB) microspheres, resulting in 

neuroprotective effects in different formulations. 

Our results open the door to future research that should focus on establishing a new 

translational formulation for WP1066 application and combining it with therapeutic 

hypothermia, which will allow us to investigate the effect of combined treatments after 

HI brain damage in term infants. 

The neuroprotective effect of curcumin and drug development is challenging due to its 

unknown target molecule. This current study aimed to overcome this challenge by 

assessing whether WP1066 and curcumin provide neuroprotective effect via the 

STAT3 pathway. Therefore, we can assume that one of curcumin’s targets is possibly 

STAT3. The possibility to have, in the future, two potential new pharmacological 

compounds available for the treatment of neonatal normal and infection-sensitised HI 

could reduce the suffering of millions of children and their families and will reduce costs 

on the healthcare system making this research of great value to the society worldwide.  
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Chapter 1: Introduction 
 

1.1 Neonatal Encephalopathy and Hypoxia Ischaemia  
 

Neonatal encephalopathy (NE) is a clinical constellation of abnormal neurological 

function that has multifactorial aetiology, including hypoxia-ischaemia (HI). This 

condition affects 1 to 3 per 1000 live births in developed countries, increasing to 26 

per 1000 in the developing world6, and is a major cause of brain damage and 

neurologic deficits in term and preterm infants. HI is a consequence of interrupted 

blood and oxygen supply to the fetal brain around and/or at the time of birth due to 

severe asphyxia. Despite the advantages in neonatal health care, a quarter of all 

neonatal deaths is a consequence of severe birth asphyxia6. About 40% of the affected 

infants die in the neonatal period and 30% of the surviving children develop long term 

neurological deficits7 including cerebral palsy, seizures, and cognitive and memory 

impairment6,8. 

A number of risk factors for neonatal HI have been suggested, including antepartum 

conditions, such as maternal diabetes, pre-eclampsia and cardiac disease, and the 

less common intrapartum events of breech presentation, viral and bacterial infections, 

maternal fever in labour8, instrumental delivery and cord prolapse9. Furthermore, 

socio-economic conditions, age and maternal BMI are studied risk factors for the 

disease8. Neonatal HI, causes brain damage with respective subregional vulnerability 

and is an important clinical challenge due to the substantial biopsychosocial burden it 

places on patients, families, and global healthcare systems. Hence, treatment and 

molecular targets for the condition are of pivotal importance. 
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1.2 Regional Vulnerability 
 

HI brain damage does not result in uniform brain injury. The mostly affected regions 

are cortex, pyriform cortex, external capsule, hippocampus, striatum, and thalamus 

due to their highest metabolic activity. Gestational age and duration of the HI event 

also affect the severity of the damage10. Specifically, at early gestational stages 

oxygen deprivation affects periventricular white matter, causing motor, cognitive, 

sensory and visual impairment6; whereas in term infants the most vulnerable regions 

appear to be the sensorimotor cortex, cerebellum, brainstem, thalamus, and basal 

ganglia, resulting in severe motor disabilities, including rigidity, speech difficulties and 

impairment of the upper limbs6. Additionally, longer periods of infarction and 

watershed are associated with increased levels of brain damage and prolonged HI6. It 

has been suggested that the highly dynamic nature of the cerebral blood vessels in 

the fetus, and the fluctuations of cerebral blood flow and metabolic demand that occur 

following HI could explain the regional vulnerability in the developing brain11. HI is not 

a single event, rather an ongoing process causing neuronal cell death over hours to 

days after the initial injury. 

 

1.3 Neonatal HI pathophysiology 
 

In more detail, the pathology of HI brain injury evolves over days via three consecutive 

phases (primary, secondary, and tertiary energy failure, Figure 1)10. Reduced fetal 

cardiac output and cerebral perfusion leading to lack of oxygen and glucose delivered 

to the brain trigger acute insult and primary energy failure12. Fetal brain requires a 

constant supply of energy in form of adenosine triphosphate (ATP) that obtains 
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metabolizing lactate, ketone bodies, and glucose. Comparing to adult, fetal brain has 

a greater ability to tolerate HI, due to its capacity to reserve energy when needed. 

However, in case of a critical depletion of ATP also, the fetal brain becomes 

susceptible to injury.  Subsequently, reduced mitochondrial phosphorylation and ATP 

availability cause a switch from aerobic to anaerobic respiration13,14. This change in 

metabolism results in reduced production of ATP and extracellular acidosis leading to 

dysfunction of Na+/K+ pump, thus increasing the intracellular calcium influx, and 

reducing the membrane potential from its normal values (-70mV)7. The cellular 

swelling linked to this process is known as cytotoxic oedema and leads to necrotic cell 

lysis. The depolarised neuronal membrane releases high concentrations of glutamate, 

which would typically be cleared via the glial reuptake pumps during aerobic 

respiration. N-methyl-D-aspartate (NMDA) and α-Amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) channels opening occurs also due to the high 

concentrations of glutamate. The presence of these 2 different receptors on distinct 

parts of the cell raises the possibility of a 2-stage process of excitotoxicity. NMDA 

receptors have a higher affinity for glutamate and flux Ca2+ more promptly. This could 

lead to loss of cell processes initially, with progression to cell death only with activation 

of the AMPA receptors located on the cell body15. The physiological activity of the 

NMDA receptor, a receptor of glutamate and the primary excitatory neurotransmitter 

in the human brain, is essential for normal neurological function, including synaptic 

plasticity, cognition, learning, and memory formation. However, the excessive release 

of glutamate under HI insult leads to the over-activation of NMDA receptors, resulting 

in excessive Ca2+ influx that activates downstream death signaling pathways and 

finally leads to cell necrosis or apoptosis, which is known as excitotoxicity10,16,17. 

NMDA receptors exist in neurons and glial cells of newborns18 and are composed of 
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four different subunits, including the structural subunit GluN1 and the regulatory 

subunits GluN2 and GluN319. AMPA receptors, mediate fast synaptic 

transmission and are tetrameric assemblies of the subunits GluR1–4 and are encoded 

by separate genes, which are differentially expressed throughout the central nervous 

system. AMPARs lacking the GluR2 subunit are permeable to Ca2+, a potential 

mechanism of action during HI brain damage20.  

Reduced intracellular pH, due to the accumulation of protons in the extracellular 

environment, during primary energy failure alters the binding of Fe3+ causing an 

increase in its catalytic activity in the Harber-Weiss reaction, which generates hydroxyl 

radicals from hydrogen peroxide and superoxide, thus initiating lipid breakdown or 

peroxidation21,22. In areas with high levels of Fe3+, such as striatum, brain lipids with 

increased levels of polyunsaturated fatty acids (PUFA’s) are highly susceptible to this 

form of lipid peroxidation and Deoxyribonucleic Acid (DNA) damage. Likewise, the 

high level of PUFA’s break down generates additional oxygen free radicals, thus 

further increasing oxidative stress and neuronal death23–25. 

After successful re-oxygenation, a latent-recovery phase takes place, where aerobic 

respiration and homeostasis are recovered12–14,26. Several studies highlight that during 

latent period no changes are observed with magnetic resonance imaging (MRI) and 

histological analysis10. Electroencephalogram (EEG) data is suppressed as well, and 

a delayed onset of hypoperfusion can be observed27. Normalised oxygen flow 

alongside with recovered ATP levels are also recorded on magnetic cellular 

spectroscopy analysis report28. However, as the initial insult might not be adequately 

compensated, the pathways involved in cell death are still active and lead to secondary 

energy failure within 6-12h following the primary HI event6.  
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Secondary energy failure starts as early as 6 to 12h after the initial injury and involves 

continued excitotoxicity, mitochondrial impairment, and inflammation. In particular, 

there is an increased expression of pro-inflammatory cytokines, such as interleukin-

1β (IL-1β), interleukin-6 (IL-6), tumour necrosis factor α (TNF-α), transforming growth 

factor beta (TGβ) and transcription factors, as signal transducer and activator of 

transcription 3 (STAT3)29–31. Increased pro-inflammatory cytokine expression 

enhances free radicals’ formation, which will act as cytotoxic mediators. Because of 

their high metabolic demand and their energy supply to myelinated axons32, 

oligodendrocyte progenitors are particularly sensitive to free radicals. Hence, in both 

animal models and human newborns, oligodendrocytes’ degeneration is enhanced 

after HI damage33, thus leading to hypomyelination32. Mitochondrial dysfunction 

causes a boost of oxidative stress by increasing catalase (CAT), superoxide 

dismutase (SOD), glutathione peroxidase (GPx) levels and glutathione 

peroxidase/creatinine ratio (GPx/cr)17,34, which ultimately increase reactive oxygen 

species (ROS). At this time, the majority of cell death occurs via necrosis, apoptosis 

(caspase 3 dependent pathway), autophagy and apoptosis-necrosis continuum 

leading to cellular atrophy35–38.  

Additionally, the production of pro-inflammatory cytokines results in the recruitment of 

white blood cells to the brain39. Lymphocytes play a crucial role in the protection of the 

brain after HI insult. Immune cell activation is correlated to poor outcome in HI brain 

injury and leads to inflammatory responses40. In HI, glial cells release a number of 

cytokines and chemokines including chemokine (C-X-C motif) ligand 1 (CXC12), 

macrophage inflammatory protein (MIP)-1α, MIP-1β, CCL5, CCL21 and CCR6, which 

stimulate natural killer (NK) cells, B cells, T cells and innate T cells to migrate to site 

of injury41. The accumulation of lymphocytes is linked to the chronic response resulting 
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in exacerbation of the brain damage days to months after the initial HI insult through 

the production of pro-inflammatory cytokines42. However, B cells and Tregs protect 

the brain by producing IL-10, which is a cytokine with potent anti-inflammatory 

properties that plays a central role in limiting host immune response to pathogens, 

thus maintaining normal tissue homeostasis43. 

During the secondary energy failure, decreased mitochondrial ATP production and 

excessive glutamate release lead to over-activation of NMDA receptors. 

Subsequently, excess Ca2+ enters and accumulates in neuronal cells in the basal 

ganglia and thalamus. Thus, NO is synthesised along with ROS and free radicals’ 

formation. Excess NO reacts with superoxide radicals and forms peroxynitrite, which 

is rapidly broken down to form hydroxyl radicals. The combination of excess Ca2+, NO, 

peroxynitrite and free radicals contribute to change in mitochondrial permeabilisation 

and subsequent dysfunction44,45. Consequently, mitochondrial oxidative 

phosphorylation dysfunction increases the toxic levels of ROS, peroxynitrite, and 

superoxides, leading to upregulated trafficking of cytochrome C and apoptosis-

inducing factor (AIF) into the cytoplasm. When in the cytoplasm, cytochrome C 

activates proteolytic enzymes caspase 3, 8 and 9, which in turn initiate apoptotic-

mediated DNA fragmentation and autophagy1. A cascading inflammatory response 

also causes cell death due to the release of cytokines, and excess increased levels 

microglia, and astrocytes28.  

Depending on the length and the severity of the HI insult, tertiary energy failure can 

occur and this persists for weeks and months after the initial injury, involving 

remodelling and repair, astrogliosis and late cell death6. Additionally, it leads to long-

term neurological damage and disabilities including motor and cognitive impairment46. 

Persistence of neuronal degeneration, in conjunction with synthesis of new synaptic 
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connections is also observed in this last tertiary phase47. Figure 1 summarises the 

pathological development of HI brain injury. The cell death mechanisms involved in 

the different stages of the pathophysiology can be apoptosis, necrosis and autophagy. 

 

Figure 1. Pathological development of neonatal HI brain injury. The HI insult consists of a 

reduction of blood flow and oxygen to the fetal brain, leading to a primary energy failure. The 

main events of this phase include the reduction of ATP and glucose, the increase of 

intracellular calcium, therefore increase of glutamate release in the extracellular space. This 

scenario leads to cell death mainly via necrosis. After the primary energy failure, a latent phase 

begins, where the brain goes back to a “normal” state. A secondary energy failure can occur 

after 6 to 12h post-HI, where a second and stronger wave of cell death hits the brain, and 

events of inflammation, oxidative stress and mitochondrial damage occur. A tertiary energy 

failure can persist for months after the initial HI insult and is characterised by events such as 

brain remodelling and repair as well as astrogliosis (adapted from Tetorou et al., 2021)48. 
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1.4 Cell death mechanisms during HI 
 

During primary and secondary energy failure, cell death occurs as previously 

mentioned. Neonatal HI includes three different cell death mechanisms: apoptosis, 

necrosis, and autophagy49. Apoptosis is an active process that is crucial in normal 

brain development by refining cell pathways50. Apoptosis is the main cell death 

mechanism during secondary energy failure50 and involves programmed cell death, 

characterised by cell shrinkage, chromatin condensation, nuclear pyknosis, plasma 

membrane blebbing, and DNA fragmentation38. The mechanisms resulting in 

chromatin processing during apoptosis are caspase-3 activation, and participation of 

AIF51. Both mechanisms have been recorded in animal models such as rodents, 

piglets, sheep and humans after HI injury causing significant damage and cell death50. 

Specifically, two main apoptotic pathways occur in the cell during HI brain damage: 

the extrinsic pathway mediated by death receptors and the intrinsic pathway mediated 

by the mitochondria52. The extrinsic pathway, is triggered by extracellular signals that 

oligomerize death receptors located on the plasma membrane53 and the intrinsic 

pathway by intracellular stimuli, such as an increase of ROS, NO and Ca2+ caused by 

glutamate increase in the brain54,55. The extrinsic pathway activates B-cell lymphoma 

2 (Bcl-2) and the Bcl-2 homologous antagonist killer (BAK1) proteins56, followed by 

the release from the mitochondria to the cytosol of pro-apoptotic proteins including 

AIF, second mitochondria-derived activator of caspases, and endonuclease G52, 

making this another way to classify apoptosis, depending on the final executor, and 

the involvement or not of caspases. Caspase-dependent apoptosis is initiated by 

cytochrome c followed by the apoptosome complex in the cytosol. This event will lead 

to the activation of caspase 3, resulting in DNA degradation, into pieces of about 200 
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to 1000 bp57. The caspase-independent pathway involves translocation of AIF to the 

nucleus mainly, leading to large-scale DNA fragmentation, into pieces of about 50,000 

bp, and chromatin condensation58,59. 

Necrosis, a cell death mechanism present in secondary energy failure, is a passive 

cell death process, including membrane integrity loss, inflammation, cell swelling with 

complete organelle disruption, and cell lysis60. Necrosis results from Ca2+ entering 

damaged neurons and bind to mitochondrial electron transport mechanisms to disrupt 

metabolism and generate free radicals. Intracellular calcium activity is normally very 

low (∼70 nM) and extracellular calcium is over 10,000 times higher (∼1.2 mM). At 

concentrations exceeding 1 μM, Ca2+ activate cytosolic enzymes, 

including phospholipase, phosphatases, and phosphokinases that break down cell 

components, causing necrosis. Necrotic cells tend to be swollen and have indistinct 

intracellular features61. Additionally, a hybrid type of cell death, known as the 

“apoptotic-necrotic continuum”, has been described after neonatal HI insult, which 

combines both necrotic and apoptotic characteristics6,62.  

Finally, during HI some neurons undergo autophagy63, an adaptive process of 

degradation and recycling of cells’ cytoplasm and organelles via a lysosomal 

mechanisms44,64. Autophagy is an essential process for the degradation and recycling 

of intracellular macromolecules. The most important autophagic mechanism, 

macroautophagy, involves the sequestration of long-lived proteins and damaged 

organelles in multimembrane vesicles, named autophagosomes, which then fuse with 

lysosomes to degrade their contents65. In neurons, autophagy has been demonstrated 

to be induced during development, starvation, neurodegeneration66, and also after 

different excitotoxic stimuli67–69. In a Rice-Vannucci HI model has been described an 

increase in autophagosome formation70,71 suggesting an enhancement of autophagy 

https://www.sciencedirect.com/topics/medicine-and-dentistry/electron-transport
https://www.sciencedirect.com/topics/medicine-and-dentistry/intracellular-calcium
https://www.sciencedirect.com/topics/nursing-and-health-professions/extracellular-calcium
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lysozyme
https://www.sciencedirect.com/topics/medicine-and-dentistry/phospholipase
https://www.sciencedirect.com/topics/medicine-and-dentistry/phosphatase
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after neonatal cerebral HI. Various animal models have investigated the cell death 

mechanisms described above but also the differences between preterm and term 

neonates affected by HI brain damage. 

 

1.5 Preterm and term differences of HI injury 
 

The severity of the brain damage developed after neonatal HI, is highly determined by 

the timing of the insult in respect to gestation as stated before. Therefore, both preterm 

and term animal models are used to investigate and mirror the different aspects of HI 

brain injury.  

In preterm infants (<32 weeks of gestation) HI generally has a more complex temporal 

profile, with chronic nature72,73 and is characterised by cognitive, and sensory 

deficits74. Overall, stimulation of the immature immune system may potentially result 

in an intense inflammatory response that is likely to be prolonged for some time75. 

At this stage, the periventricular white matter is particularly strongly hit by the insult, 

resulting in periventricular leukomalacia (PVL)37,76 which sees the block in 

development of oligodendrocytes at the pre-oligodendrocyte stage, leading to 

abnormal myelination patterns typically observed in MRI scans77,78. Pre-

oligodendrocytes susceptibility to inflammation and oxidative stress after HI results in 

increased cell death33,77–80. Preterm neurons are also vulnerable to the HI insult, as 

NMDA receptors are physiologically upregulated allowing Ca2+ to enter in higher 

concentrations81, making these cells susceptible to the excitotoxicity cascade.  

In term infants (>36 gestational age) HI insult causes selective damage to the 

sensorimotor cortex, basal ganglia, thalamus82 and brainstem83, resulting in severe 
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motor disability, including rigidity, impairment of mostly the upper limbs, and speech 

difficulties83,84. Cerebral white matter is also described as selectively sensitive to term 

HI injury, with abnormalities of watershed white matter and cortex present in 40–60% 

of patients85. 

The changes in NMDA receptor expression during neurodevelopment could explain 

the different patterns of injury seen in the preterm versus term infants. In a neonatal 

rat HI model using intracerebral injection of glutamate receptor agonist, selective white 

matter injury was observed at postnatal day 7(P7) (modelling preterm), while severe 

cortical infarction with no white matter selectivity was registered at P10 (modelling 

term)86. The same pattern was observed in a rabbit and piglet model87. Both preterm 

and term differences have been observed in HI alone and infection-sensitised HI 

models.  

 

1.6 Infection-sensitised HI 
 

Along with HI alone, infection-sensitised HI has been described. Specifically, bacterial 

intrauterine infection is among the factors contributing to HI brain damage. Maternal 

intrauterine infection during pregnancy leads to elevated fetal susceptibility to HI 

damage and increased risk of neonatal disability and mortality compared to HI alone88–

90. Bacterial infection is recorded in half of all preterm births91–93, including infections 

caused by chlamydia, syphilis, or gonorrhoea, and increases the risk of brain damage 

and intraventricular haemorrhage94. Preterm delivery occurs in approximately 11% of 

all births worldwide92, and is mostly due to chorioamnionitis, inflammation of the 

extraplacental membranes or amniotic fluid, leading to fetus infection94. Infection-

sensitised HI depends on the type of bacterial infection, differing between gram-
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negative and gram-positive bacteria. Gram-negative bacteria are surrounded by a thin 

peptidoglycan cell wall, which itself is surrounded by an outer membrane containing 

lipopolysaccharide (LPS). Gram-positive bacteria lack an outer membrane but are 

surrounded by layers of peptidoglycan many times thicker than is found in the gram-

negative. 

Bacterial LPS, a main component of the outer cell membrane of most gram-negative 

bacteria such as Escherichia coli (E.coli), sensitises the neonatal brain to HI95 due to 

its strong immune-stimulatory properties95 (Figure 2). It is therefore a commonly used 

agent to mimic brain infection in animal HI models. Following HI insult, LPS increases 

cerebral lesions and CNS damage, enhancing mortality rate due to tissue damage and 

exacerbated infraction volume in rodent and piglet models5,75,95,96. Studies suggest 

that the interaction between LPS and Toll-like receptors is critical for LPS-sensitised 

HI brain damage97. Specifically, a direct binding is established between LPS and 

myeloid differentiation primary response 88 (MyD88) adaptor protein or 

Toll/interleukin-1R domain-containing adaptor (TLR/IL-1R) before binding to TLR4. 

Following that, downstream activation of nuclear factor 'kappa-light-chain-enhancer' 

of activated B-cells (NF-kB) occurs by degrading IKB (enzyme complex) allowing the 

translocation from the cytoplasm to the nucleus98–100. Thus, NF-kB binds on the 

promoter region activating glial cells and inducing the upregulation of pro-inflammatory 

cytokines including TNF-α, IL-1β, IL-6, and IL-8101, and cell adhesion molecules 

including P-Selectin, E-Selectin, and Intercellular Adhesion Molecule 1 (ICAM1), as 

show in Figure 2. A reduction in the levels of brain injury after LPS-sensitised neonatal 

HI has been shown in several studies using a mouse model of MyD88 deficiency102, 

TNF cluster gene knock-out103, and after pharmacological inhibition of NF-kB98. NF-

kB translocates to the nucleus resulting in an increased pro-inflammatory response 
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involving activation of the inflammasome NOD-like receptor family pyrin domain 

containing 3 (NLRP3), caspase1, and IL-1b multi-protein complex99,100.  

Additionally, the activation of TLR4 and 3 increases glial activation, infiltration of 

peripheral immune cells and leads to blood brain barrier (BBB) impairments104, while 

decreasing myelination105. This activation prior to HI insult, supresses mitochondrial 

respiration resulting in earlier ATP depletion during HI. In vitro studies have 

demonstrated that pro-inflammatory cytokines, including IL-1β, induce Ca2+ influx in 

the myometrial smooth muscle and could potentially influence premature maternal 

muscle contraction106. In preterm infants, pre-oligodendrocyte maturation is halted, 

and MRI studies have shown that this is linked to abnormal myelination, thus 

exacerbating HI induced damage in the preterm brain107.  

In a study from Suff and colleagues (2018), vaginal injection of E.coli  K12 at 

embryonic day 16 in C57Bl/6 Tyrc-2J mice, resulted in bacterial ascension into the 

uterine cavity within 18h and caused preterm parturition and neonatal cerebral 

inflammation91. The exposure of the immature brain to an inflammatory stimulus such 

as bacterial infection with E.coli triggers an increase in the levels of pro-inflammatory 

cytokines and neuronal cell death, thus resulting in an abnormal development of the 

central nervous system (CNS)105. Increased levels of pro-inflammatory cytokines, 

including IL-6, IL-1a, IL-8 and TNF-α in the blood serum and cerebrospinal fluid (CSF) 

of HI affected neonates, have been positively linked to elevated pathological severity 

and risk of developing cerebral palsy and other motor and cognitive disabilities96,108,109. 

Thus, an antenatal pro-inflammatory stimulus makes the CNS more vulnerable to 

injuries, a phenomenon known as ‘’sensitisation’’105.  
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Alternatively, gram-positive bacterial infection is the cause of 90% of early-onset 

sepsis in neonates, exacerbating HI induced damage110. Peptidoglycans and 

lipoteichoic acid present on the gram-positive cell wall were shown to sensitise the 

brain in a P7 Wistar rat model via interaction with TLR2, resulting in increased 

microglial activation and tissue loss, at a level comparable to LPS sensitisation111. 

Further studies have shown that sensitisation with an artificial TLR2 agonist, 

exacerbates neural loss, suppresses mitochondrial respiration and increases myelin 

loss following HI insult in a P8 C57Bl/6 mouse model112. In the same study, TLR2 

knockout mice showed reduced brain damage in comparison to TLR2+/+ mice112.  

As described previously, microglial cells play an important role in the HI alone and also 

in LPS-sensitised HI, by displaying a pro-inflammatory microglial phenotype at 24h 

post-HI insult in an LPS sensitised neonatal HI rat model100. Simultaneously, an anti-

inflammatory microglial phenotype is also recorded, highlighting the dual role of 

microglial cells in HI alone and LPS-sensitised HI100. Specifically, pro- and anti- 

microglia subsets accumulate at the site of damage with Interferon γ (IFNγ) leading to 

the production of pro-inflammatory triggered cytokines96, while IL-4 stimulates anti-

inflammatory phagocytosis of cell debris and promotes anti-inflammatory cytokines to 

supress neuroinflammation.  

Further studies in a rodent model have shown that microglia tissue plasminogen 

activator (tPA) persistent stimulation during HI injury is a critical component of LPS-

sensitised HI113. Furthermore, treatment with a mutant form of plasminogen activator 

inhibitor (CPAI), successfully mitigated microglial activation after insult113, while 

decreasing LPS mediated NF-kB, and monocyte chemoattractant protein-1 (MCP-1) 

levels, and brain damage, thus highlighting the crucial role of microglia in the LPS-
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sensitised HI response113. Along with microglia, a variety of cells are involved in HI 

brain damage with a number of different roles. 

 

 

 

Figure 2. Mechanisms behind LPS-sensitised neonatal HI. A bacterial infection sensitises 

the brain to subsequent HI insult via the interaction of LPS with TLR4. This leads to MyD88-

mediated NF-kB internalization. NF-kB activates the transcription of genes for pro-

inflammatory cytokines expression. Simultaneously, the LPS interaction with TLR4 activates 

the NLRP3 inflammasome, which also promotes increased presence of pro-inflammatory 

cytokines and apoptosis. Figure created with Biorender and based on publications48,102,114,115. 
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1.7 Cells of the brain affected by HI insult 
 

HI impacts all of the brain’s cells, leading to inflammatory responses and cell death. 

Glial cells refer to a collection of abundant cells in the CNS, including astrocytes, 

microglia and oligodendrocytes. Glial cells provide structural and nutritional support 

and protect neurons, through myelin formation, debris removal and maintenance of 

homeostasis116. They are also involved in the development of the CNS under normal 

physiological conditions and are critical in neuropathogenesis and in pathological 

conditions, as they participate in innate and adaptive immune responses.  

Microglia represent 10-15% of glial cells in the brain and are the first line of immune 

response in the CNS117. More than 100 years ago, in 1913, Santiago Ramón y Cajal 

described microglia as the “third element” of the CNS118. Microglia arise from 

embryonic yolk sac precursors119, maintain their CNS population by self-renewal and 

are not replaced by bone marrow-derived myeloid cells118,119. Recent studies have 

constructed a mouse model of microglial knockout by using transgenic methods and 

demonstrated that microglial replacement is combined with local microglial 

proliferation and infiltration of bone marrow-derived precursors to repopulate the 

niche120. Their main role is to protect the homeostasis of the neuronal cells under 

normal conditions121. Microglia eliminate microbes, dead cells, redundant synapses, 

protein aggregates, and other particulate and soluble antigens that may endanger the 

CNS. Furthermore, microglia secrete various soluble factors that contribute to different 

aspects of the immune response and tissue repair122. Microglia remain static to 

prevent tissue disruption but have the ability to migrate and proliferate to the place of 

damage during a HI insult. Microglial activation results in ROS production, 
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phagocytosis, release of pro- and anti-inflammatory cytokines and production of 

metalloproteins (MMPs), leading to breakdown of the BBB116.  

Endothelial cells, astrocytic foot processes which in normal conditions, surround brain 

capillaries and, during development, induce endothelial cells to form tight junctions 

pericytes and basement membrane of BBB limit the permeability of immune cell 

infiltration through tight junctions to connect adjacent cells. Within 30-60 min following 

HI insult, BBB leakage is present, leading to early tight junction disruption and fibre 

formation thus altering endothelial cell distributions123. Neutrophil and macrophage 

infiltration is promoted, releasing proteases such as MMPs, proteinase 3 and elastase, 

ROS, cytokines and chemokines, which subsequently deteriorate the BBB integrity123. 

Neutrophil influx blockage has been proposed as a therapeutic target with prophylactic 

anti-Ly6G treatment for LPS-sensitised HI brain damage in a mouse model, as the 

production of pro-inflammatory cytokines and MMPs is diminished124.  

Astrocytes are part of BBB, account for approximately 80% of glial cells within the 

CNS125 and regulate glutamate uptake and oxidative stress levels, while maintaining 

homeostasis126,127. Astrocytes participate in synapse development, neuronal support, 

cerebral blood flow regulation, BBB formation and function, and control of 

neurotransmitters128. Furthermore, their morphological and functional characteristics 

are altered under pathological conditions, a process termed as “reactive astrogliosis,” 

and include their proliferation, the formation of a physical barrier to separate the injury 

site, the expression of intermediate filament proteins, cytokines, and chemokines, and 

regulation of the immune response129. During HI brain damage, microglial activation 

causes subsequent astrocyte activation, resulting in the astrocytic production of pro- 

and anti-inflammatory cytokines and chemokines. Therefore, hypertrophic changes 

are induced, characterised by glial fibrillary acidic protein (GFAP) and IL-33 
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upregulation130. On the other hand, astrocytic activation of NF-kB and hypoxia-

inducible factor 1-alpha (HIF-1α) increase the expression of MMP-9 and vascular 

endothelial growth factor (VEGF), leading to tight junction degradation in the BBB131. 

Another category of cells involved in HI insult is oligodendrocytes, which assemble 

myelin in the process of myelination to permit rapid saltatory conduction along the 

axons in CNS132,133. Oligodendrocytes derive from dorsal and ventral radial glia 

populations in the neuroepithelial zones, which produce oligodendrocyte progenitor 

cells (OPCs) between 7.5 and 20 gestational weeks in human cortex and at embryonic 

day 16 and postnatal day 10 in the mouse cortex132,134,135. Neuron-glial antigen 2 

(NG2) and platelet-derived growth factor receptor α (PDGFRα) are expressed from 

OPCs to mediate a response to PDGF and to promote OPCs proliferation prior to 

differentiation136. During differentiation (Figure 3), NG2 and PDGFRα are 

downregulated, and mature markers including proteolipid protein (PLP), myelin basic 

protein (MBP), cyclic nucleotide 3’-phosphohydrolase (CNP), and myelin 

oligodendrocyte protein (MOG) are expressed137. Oligodendrocytes continue to self-

renew until the age of 50 in humans, corresponding to 2 years in mice138. Furthermore, 

OPCs express gelatinases including MMP‐2 and MMP‐9, facilitating cell migration and 

elongation of OPCs processes for myelination. During HI brain damage MMP-9 

expression is decreased, as has been shown in mouse models139.  

OPCs are involved in the metabolic coupling pathway, with high metabolic demands. 

Due to lack of ATP during HI insult, OPCs cannot maintain the myelin and are more 

susceptible to the damage from ROS production and oxidative stress140. Olig1, an 

important transcription factor involved in OPC remyelination after HI brain damage, 

was shown to significantly decrease at 24h post-HI, whereafter it returned to normal 

levels between 72h and 28 days after the insult141. The same study showed that MBP 
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expression gradually diminished between 24h and 7 days, with a recovery phase 

between 14 and 28 days after HI insult141. Expressed by myelinating oligodendrocytes, 

MBP is the second most abundant protein in the CNS, interacting with lipids to 

maintain the structure of myelin and its adhesion to oligodendrocytes (Figure 3). 

Therefore, MBP is used as a biomarker to track the effect of HI on oligodendrocytes’ 

repair142–145. 

Finally, OPCs amplify proliferation rates and upregulate trophic factors, which in turn 

increase MMP-9 expression, to induce neuroprotective effects and long-term tissue 

repair following HI brain damage in a rat model146. 

 

Figure 3. The transcription factors and growth factors associated with oligodendrocyte 

precursor cells proliferation and differentiation into oligodendrocytes. OPC self-renewal 

is dependent on PDGFα- PDGFRα, Wingless-related integration site (Wnt) signalling, and 

Protein kinase C (PKC) activation(Akay et al., 2021). Bone morphogenetic proteins (BMP) and 

IFNγ can induce OPC differentiation into astrocytes, and Sox2 and paired box genes (Pax6) 

can induce neuronal differentiation(Akay et al., 2021). Abbreviations: Oligodendrocyte 
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transcription factor (Olig 1, 2) NK2 Homebox protein 1 (Nkx2.1, Nkx6.1, 6.2), Tetraoxygen 

(O4), Galactosylceramidase (GalC), Brahma‐related gene 1 (BRG1), chromodomain helicase 

DNA binding protein 7 (CHD7, 8), Histone deacetylase (HDAC1, 2), micro-RNA (miR-219, -

338), Myelin-associated Glycoprotein (MAG), Wingless-related integration site (Wnt). Figure 

created with BioRender and based on publications138,146,147.  

 

1.8 Oxidative Stress  
 

Oxidative stress involving free radicals plays a major role in HI. Molecules possessing 

a solitary electron in their outermost orbital shell are described as free radicals. O2 

maintains two unstable electrons, which are normally donated to nearby molecules in 

free radical transfers, as the mitochondrial electron transport chain, operated by 

eukaryotic cells for ATP production148. Disruption of aerobic respiration due to HI insult 

leads to oxidative stress, and therefore high metabolic brain regions are more 

susceptible to HI brain damage149. The neonatal cerebral tissue is especially 

vulnerable to the impact of oxidative stress due to elevated oxygen consumption and 

low antioxidant levels150. Primary energy failure leads to elevated Ca2+ and Na+ levels, 

with disruption of complex’s I function, resulting in a positive feedback loop of ROS 

production and mitochondrial disruption151. Oxidative stress occurs when the 

equilibrium of ROS production and elimination is disrupted, allowing for ROS 

accumulation in the cells, although the exact mechanism of oxidative stress induced 

damage requires further investigation151.  

Nitric oxide synthase (NOS) is another source of ROS. NOS acts as an enzyme to 

synthesise the production of NO from L-arginine and oxygen. Excessive glutamate 

release leads to NMDA receptor coupling and Ca2+ influx during HI insult, which 
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permits NOS activation to produce NO, which subsequently reacts with superoxide 

free radicals to form toxic peroxynitrate followed by NO2
+, nitrogen dioxide and 

hydroxyl radicals. There are three isoforms of NOS: endothelial NOS (e-NOS), 

neuronal NOS (n-NOS) and inducible NOS (iNOS). All three isoforms are upregulated 

during HI insult, with e-NOS and n-NOS upregulated immediately after reperfusion, 

and iNOS several hours later. e-NOS upregulation is protective, and maintains 

pulmonary blood flow, but n-NOS and iNOS are associated with initiation of pre-

apoptotic pathways. Expressed by macrophages, dendritic cells, T-cells and microglia, 

the deletion of iNOS and n-NOS has been proposed as a therapeutic target, however, 

this is yet to be investigated in an HI infection-sensitised model152,153. In conclusion, 

oxidative stress is a main result of HI brain damage along with inflammation. It has 

been also reported that complement inflammatory system plays a crucial role in HI154. 

 

1.9 Complement System and HI 
 

The complement system is the most potent inflammatory cascade in humans and 

plays a major role in innate immune defence as well as many inflammatory diseases, 

including HIE155,156. C1q is the first subcomponent of the classical complement 

pathway, with known functions in dendritic cell maturation, immune modulation, cell 

differentiation, cancer progression, which binds to antigen-antibody immune 

complexes on the cell surface, or to specific receptors expressed during apoptosis157. 

Then, C1q initiates the complement cascade characterised by a series of cleavages, 

leading to stepwise activation of a complex in the membrane activity (Figure 4). 

Experimental studies demonstrated that classical complement pathway activation via 

C1 generates pro-inflammatory mediators such as C3, C5a, which are associated with 
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HI brain injury158 and that C1q is highly expressed in the brain following ischaemia154. 

Deletion of C1q reduces brain infarction and neurofunctional deficit in a mouse model 

of neonatal HIE159,160, whereas failure to reduce excessive excitatory synapses during 

development results in epileptogenesis in C1q deficient mice161.  

C5a and C3b are intermediates in the cascade, with chemotactic and phagocytic 

functions, respectively162. C3a induces both pro- and anti-inflammatory effects that 

contribute to the disease phenotype. Specifically, the proinflammatory aspects of the 

molecule dominate the chronic phase of inflammation, whereas anti-inflammatory 

effects of C3a dominate the acute phase of inflammation163. C5aR antagonism in the 

acute phase improves recovery, in a mouse model of spinal cord injury. However, 

prolonged C5aR blockade interferes with formation of reparative scar tissue, leading 

to a decreased ability to confine pathology, increased spinal inflammation and reduced 

neurological recovery164. 
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Figure 4. The Complement Cascade in HIE. The Classical pathway is activated by 

antigen/antibody complexes presented on damaged or invading cells, recognised by C1q in 

complex with serine proteases C1r and C1s. C1r and C1s cleave C4 and C2 to generate the 

classical pathway C3 convertase C4b2a. C3b protein directly binds a microbe, foreign 

material, or damaged tissue. C3b opsonises targets for phagocytosis and B-cell activation. 

Anaphylatoxins C3a, C4a, and C5a are created through enzymatic cleavage of C3, C4, and 

C5; while C3b, C4b, and C5b are necessary for continued propagation of the complement 

system towards the terminal pathway. C3a, C4a, and C5a carry out secondary cleavage 

actions to activate other immune systems. The terminal pathway begins with C5 cleavage by 

C5 convertase and cleaves C5 into C5a and C5b. C3a and C5a can attract and activate 

inflammatory cells. C5b binds C6, C7, C8, and multiple copies of C9 forming the membrane 

attack complex (MAC) complex, resulting in targeted cytolysis. Figure created with Biorender 

and based on publications163.  

 

1.10 STAT3 Pathway in HI brain damage 
 

STAT3, is a member of the STAT family, and is a cytoplasmic transcription factor that 

regulates cell proliferation, differentiation, apoptosis, angiogenesis, inflammation, and 

immune response (Figure 5). STAT3 is strongly upregulated by HI in the immature 

brain31 and in addition has important roles in acute phase response, metabolism, and 

is furthermore implicated in cancer progression165.  

Phosphorylation of STAT proteins, including STAT3, leads to activation followed by 

dimerisation and translocation to the nucleus31. Once in the nucleus the activated 

STAT dimers can bind to consensus DNA-recognition motifs, called gamma-activated 

sites (GAS), in the promoters of cytokine-inducible genes, resulting in transcriptional 

activation. This triggers the expression of pro- and anti-inflammatory molecules that 
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might exacerbate or reduce the damage produced in the brain166. STAT3 is activated 

by some interleukins, including IL-6, IL-11, IL-10, IL-20 and IL-22167,168. Furthermore, 

its activation is involved in more astroglial maturation and in the inflammatory response 

after HI brain damage169. An increase in phosphorylated STAT3 (activated form) has 

also been shown in the nucleus of glial cells following HI, accompanied by induction 

of mRNA of selected cytokines, including IL-6, TNF-α and IL-10. This suggests the 

participation of STAT3 in neonatal brain inflammation170. Pharmacological inhibition of 

glycogen synthase kinase 3β (GSK3β), a constitutive activated serine/ threonine 

protein kinase which controls the release of IL-6 via activation of STAT3, was shown 

to reduce apoptosis and inflammatory responses by down-regulating STAT3 

activation, resulting in reduced brain injury after HI in a P9 mouse model170.  

Importantly, STAT3 is activated due to a Janus Kinase 2 (JAK2)-dependent 

phosphorylation of Tyr-705 Y705, and JAK2- independent phosphorylation of Ser-727 

residues171. Phosphorylation of STAT3 (pSTAT3) is associated with DNA 

degradation172 and post-HI events are linked with phosphorylation of both sites173. 

Tyr705 phosphorylation occurs in response to cytokine stimulation mediated by Janus 

kinases, specifically JAK2, leading to STAT3 homodimerization, nuclear translocation, 

DNA binding and transcription174. Tyr705 phosphorylation is followed by the 

phosphorylation at Ser727, which is caused by various activation signals including 

kinases, such as extracellular signal-regulated kinase (ERK)1/2, p38, Jun N-terminal 

kinase (Jnk) and mitogen-activated protein kinase (MAPK)174. Phosphorylation of 

STAT3 due to IL-6 activation results in increased levels of microglial activation and 

cell death172. 

Interestingly, a small pool of STAT3 has recently been discovered in mitochondria 

(mito-STAT3), and shown to regulate mitochondrial electron transport chain, affect 
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mitochondrial metabolism and cellular function174 (Figure 5). Ser727 phosphorylation 

mediates mito-STAT3 activation, and it has been linked to immunological function and 

associated to cancer progression. Mito-Stat3 suppresses ROS formation during 

cancer genesis, indicating that targeting Ser727 phosphorylation and mito-STAT3 may 

have strong potential in treating cancer175. In neonatal HI brain damage an excessive 

formation of ROS causes cell death during the secondary energy failure as described 

before, so the effect of mito-STAT3 on ROS formation would potentially be critical for 

the progression of the condition6.  

 

Figure 5. STAT3 pathway after phosphorylation. STAT3 is activated due to 

homodimerization of signal-transducing β-receptor (gp130), which occurs in response to 

cytokine stimulation mediated by JAK2. A JAK2-dependent phosphorylation of STAT3 Tyr-

705 happens leading to STAT3 homodimerization, nuclear translocation174 and a JAK2- 

independent phosphorylation of Ser-727 residues171. The phosphorylation at Ser727, which is 

caused by various activation signals including kinases, such as ERK1/2, p38, Jnk and 

MAPK174 and mediates mito-STAT3 activation. Figure created with Biorender and based on 

publications171,174,175. 
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In addition to being present in neurons in adult animal models of ischaemia, activated 

STAT3 is also present in blood vessel endothelia, astrocytes and microglia176,177. This 

potentially associates STAT3 activation with the inflammatory response within the 

brain, defined as neuroinflammation, and the related tissue repair178. STAT3 

upregulation post-HI is cell and time-specific, with detrimental effect in neurons and 

astroglia, as its deletion in those cell types has been shown to be neuroprotective31,179–

181. Our group recently demonstrated that global inhibition of STAT3 phosphorylation, 

via JAK2-blockade and brain cell type-specific deletion in neurons or astrocytes of the 

STAT3 gene, reduces inflammation and tissue loss in response to HI-insult181. This 

finding suggests that STAT3 is a crucial factor in neonatal HI-brain damage181.  

For the purpose of modulating STAT3 with pharmacological compounds, WP1066 is 

among the low-molecular-weight (368.385 g/mol) kinase inhibitors targeting JAKs. It 

was originally synthesised as an anti‐cancer compound by modifying the structure of 

AG490, one of the prototypic JAK2 inhibitors182,183. WP1066 crosses the BBB183 and 

is used for treatment of epilepsy184 and neuropathic pain185. Pharmacological 

interference with STAT3 Tyr-705 phosphorylation through the JAK2-inhibitor WP1066 

was shown to provide a protective effect similar to that seen in the neuron- and 

astroglia-specific STAT3 knock-out mice, but to a more moderate degree181. In a 

mouse model of HI, treatment with the inhibitor in a split dose of 80μg/g, 20 min prior 

and immediately after HI, significantly reduced pSTAT3 Tyr-705 phosphorylation in 

cortex and hippocampus at 1h post-HI, as well as astro- and microglial activation at 

48h post-HI181. This indicates that the Jak2/STAT3 pathway affects mechanisms that 

can provide additive neuroprotection after HI insult.  

WP1066 has low water solubility and in animal and in vitro studies is mostly commonly 

dissolved in Dimethyl Sulfoxide (DMSO) for oral or systemic administration. However, 
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as STAT3 is over-expressed in a number of malignancies, recent approaches have 

developed delivery systems where WP1066-loaded liposomes or nanoparticle 

formulations have been applied in clinical trials for glioblastoma186. WP1066-loaded 

liposomes or nanoparticles have also been developed to be applied orally or 

systemically for cancer treatment in Phase 1 Clinical trials 

(https://ivyfoundation.org/wp-content/uploads/2015/06/McRae-IvyFoundation-

CaseStudy-STAT3-HR.pdf). Additionally, WP1066 is already in on-going cancer 

Clinical trials (NCT04334863, NCT01904123) and was granted Orphan Drug Status 

by the FDA in 2019 for glioblastoma f148 (https://news.cancerconnect.com/brain-

cancer/food-drug-administration-grants-orphan-drug-status-for-wp1066-in 

glioblastoma) due to its ability to inhibit multiple key oncogenic transcription factors, 

including STAT3. The Investigational New Drug application for the study of WP1066 

in the treatment of recurrent malignant glioma was recently cleared by FDA with a next 

step of Phase 1 open label, single arm, dose escalation study for safety, 

pharmacokinetics and efficacy of oral WP1066 in adult patients with recurrent 

malignant glioma. WP1066 has also received Rare Paediatric Disease designation for 

three other paediatric indications, diffuse intrinsic pontine glioma, medulloblastoma, 

and atypical teratoid rhabdoid tumour.  

 

1.11 Transforming growth factor beta receptor 1 (TGFβR-1) 
 

We further explored the correlation between STAT3 and TGFβ pathway. TGFβ is a 

multi-isomeric, multi-functional, pleiotropic cytokine, involved in numerous biological 

processes and main functions such as proliferation and differentiation187,188. TGFβ 

initiates its signal through ligand-induced heterodimerization of its two receptors 

https://ivyfoundation.org/wp-content/uploads/2015/06/McRae-IvyFoundation-CaseStudy-STAT3-HR.pdf
https://ivyfoundation.org/wp-content/uploads/2015/06/McRae-IvyFoundation-CaseStudy-STAT3-HR.pdf
https://news.cancerconnect.com/brain-cancer/food-drug-administration-grants-orphan-drug-status-for-wp1066-in%20glioblastoma
https://news.cancerconnect.com/brain-cancer/food-drug-administration-grants-orphan-drug-status-for-wp1066-in%20glioblastoma
https://news.cancerconnect.com/brain-cancer/food-drug-administration-grants-orphan-drug-status-for-wp1066-in%20glioblastoma
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(TGFβR-1 and 2) on the cell surface. TGFβR-2 binds TGFβ and then interacts with 

TGFβR-1 forming complex. TGFβR-1 is phosphorylated by TGFβR-2, which leads to 

recruitment of signalling effectors of TGFβ, Suppressor of Mothers against 

Decapentaplegic (SMAD)2 or SMAD3 proteins. Then, the SMAD proteins are 

phosphorylated by TGFβR-1, and they form a complex with SMAD4. Subsequently, 

the SMAD proteins translocate to the nucleus, associating with transcription 

coactivators or corepressors188. Bain and colleagues have shown that TGFβ1-induced 

SMAD 2/3 phosphorylation and the combination of epidermal growth factor (EGF), a 

protein that stimulates cell growth and differentiation, leukemia inhibitory factor (LIF), 

an IL-6 class cytokine that affects cell growth by inhibiting differentiation, and TGFβ1 

synergistically increased STAT3 phosphorylation over single or double cytokine 

combinations179. TGFβ and STAT3 pathways are presented in Figure 6. 

TGFβ is normally present in low quantities in the brain and displays both pro- and anti-

inflammatory effects. Microglia display two different activation states, as mentioned 

before, pro-inflammatory and anti-inflammatory, which each generate and recruit pro- 

and anti-inflammatory mediators respectively, following HI insult. Early pro-

inflammatory microglia activation is induced following HI brain damage that triggers 

expression of pro-inflammatory cytokines, such as IL-1 and TNF- α, promoting 

inflammation and exacerbating damage. Contrary, anti-inflammatory microglia 

activated cells produce anti-inflammatory cytokines like IL-4 and IL-10, mediating anti-

inflammatory immune response in communication with other cells and promoting 

healing189.  

Following HI insult TGFβ is strongly upregulated in microglia190. TGFβ gene deletion 

in an adult mouse model of HI, increased the proliferation of microglia promoted 

inflammation, thus highlighting the role of TGFβ as a down-regulator of microglial 
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activation191. The neuroprotective role of TGFβ is supported also by other studies 

where TGFβ deletion resulted in increased cell death and microgliosis in a TGF 

knockout mouse model192. Furthermore, a study on chick embryo retina demonstrated 

that TGFβ plays a crucial role in programmed cell death during certain periods of 

retinal development193. Altogether, these studies reveal a neuroprotective role of 

TGFβ, which depends on the type of injury of CNS and the developmental stage.  

An altered signalling between pro- and anti-inflammatory cytokines, as a result of 

severe HI insult in a pre-term mouse model, causes subventricular zone (SVZ) pro-

oligodendroglia precursors to differentiate into astrocytes. Therefore, astrogliogenesis 

is increased and affects myelination179, since astrocytes play a stimulatory role in the 

survival, proliferation, maturation and function of oligodendrocytes and the migration 

of oligodendrocytes precursors into the lesioned areas of the CNS. Nevertheless, 

pharmacological inhibition of TGFβR-1 inhibits further abnormal astrogliogenesis in 

the post-injury recovery period, resulting in unbalanced signalling between the pro- 

and anti-inflammatory cytokines, following a HI insult, which influences other cellular 

signalling processes.  

Our group recently indicated that TGFβ1 also possesses a pro-inflammatory role in 

the neonatal HI mouse model (unpublished data Hristova Lab). Microglia-targeted 

gene deletion or global pharmacological inhibition of TGFβR-1 resulted in significant 

decrease in microglial activation after HI. Specifically, deletion of microglia specific 

TGFβR-1 using a Cre-Lox-mediated knock-out (KO) in a model of severe HI brain 

damage, decreases microglial and astroglial activation, and tissue loss, suggesting 

that microglial TGFβ1 adapts a pro-inflammatory fate during and in the first 48h post-

HI. In this current study, we attributed the neuroprotective mechanism of TGFβR-1 

deletion to the shift of pro- to anti- inflammatory and therefore we hypothesised that 
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there is a shift in the ratio between the pro- and anti- inflammatory microglia in the 

most vulnerable brain regions after the HI insult, with more activation of the anti-

inflammatory microglia to induce repair.  

 

 

Figure 6. TGFβ and STAT3 pathways. (A) The receptor-regulated SMAD (R-SMAD) require 

TGFβ induced phosphorylation. Both receptors have a serine/threonine protein kinase in the 

cytoplasm. GS region of TGFβR-1 is phosphorylated by TGFβ, which then catalyses the 

phosphorylation of R-SMAD. R-SMADs are tethered in the cytoplasm to a SARA scaffolding 

(SMAD anchor for receptor activation) making them accessible to the membrane receptors. 

Once activated, two R-SMAD and a partner SMAD (SMAD-4) form a trimeric complex that 

translocate to the nucleus, where they can associate with transcription coactivators or 

corepressors. Although R-SMAD can return to the cytoplasm, in the nucleus they can also be 

subject to ubiquitylation and proteasome-dependent degradation. Modified from Massague 

(2000), updated from Xu and colleagues (2012) (B) STAT3 is a transcription factor, which is 

encoded by STAT3 gene and resides in the cytoplasm unphosporylated194,195. STAT3 is 

activated in response to numerous cytokines like IL-6, TNF-α, IFN-γ. Ligand’s binding to the 
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receptor leads to the creation of docking sites that allow the recruitment of STAT3 through its 

SH2 domain. Subsequently, STAT3 is activated by the phosphorylation at Tyr-705 in the c-

terminal domain by JAK2 and then undergoes dimerization via the interaction between the 

phospho-Tyr-705 in one monomer with the SH2 domain of the other. Growth factor receptors, 

such as TGFβ can activate STAT3 as well, by activating Rac1 and then MEKK1. The later can 

influence the phosphorylation of both sites. It acts directly over Ser-727 and also activates 

JNK and ERK to act on MEKK1. Additionally, MEEK1 can influence the phosphorylation of 

Tyr-705 by its interaction with JAK2. Ser-727 phosphorylation is not necessary to form the 

dimer, as the phosphorylation by JAK2 is enough to allow it, but its presence significantly 

enhances the process. The dimer then translocates to the nucleus and modifies the 

transcription of genes involved in cell proliferation, differentiation and apoptosis196–198. 

 

 

 

1.12 Current Treatments and Complications 
 

Therapeutic hypothermia (TH) is the current standard treatment for neonatal HI brain 

damage and is recommended by the National Institute for Health and Care Excellence 

(NICE) guidelines. TH is a clinical procedure where the affected infants’ body 

temperature is lowered from 36oC to 33-35oC for 72h199, induced by whole-body or 

selective head cooling through circulation of cold fluid or air200. TH displayed 

satisfactory results in 11 clinical trials, with 40-50% effectiveness, reducing the 

possibility to develop cognitive impairments and disabilities201–203.  

Despite the promising results, TH also has limitations. TH has been found to only 

reduce the risk of infant disability and mortality by 11% and 40% of treated infants still 
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develop disabilities204–206. TH is often unavailable or ineffective in developing countries 

due to the use of low-technology cooling devices207. TH is effective if induced within a 

6h time window following the HI insult, which is a problem especially in low-income 

locations. In these countries, the optimum therapeutic time may be missed due to 

delayed hospital admissions or birth complications including higher occurrence of 

intrauterine growth restriction and sepsis207. Additional limitations of TH are associated 

with slow drug metabolism and clearance, immunosuppression, and the increase of 

energy expenditure through the physiological activation of thermoregulatory 

mechanisms208. 

The mechanism of TH entails decrease of cerebral metabolism following brain injury, 

which preserves glucose levels and inhibits lactate generation. Thus, normal pH and 

ATP levels are preserved in the brain209. TH significantly inhibits superoxides and lipid 

peroxidation thereby decreasing the generation of ROS and correlated neuronal 

damage and tissue loss. Further, TH modulates and reduces pro-inflammatory 

cytokine production, including TNF-α, IL-1 and IL-6, which are all usually increased 

during HI and exacerbate neuronal injury, and increases anti-inflammatory cytokine 

levels, such as IL-10210. Neuronal cell apoptosis is also inhibited by TH, through 

interfering with the caspase family of proteins which play an essential role in 

programmed cell death. Finally, TH also increases the regulatory protein Bcl-2 

reducing cytochrome c release from the mitochondria, inhibiting the expression of Bax 

and BAK1 affected by HI insult. Hence, TH decreases levels of caspase 3, 8 and 9211.  

In LPS-sensitised HI rat and piglet models mortality rate and brain tissue damage is 

upregulated even if the neonates underwent treatment with TH212,213. The same results 

have been demonstrated in clinical studies in neonates exposed to intrauterine 

infection, as TH does not provide neuroprotection214. These findings indicate that, TH 
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is not protective in LPS-sensitised HI cases although it is the standard current 

treatment for neonatal HI. Preclinical animal models of LPS-sensitisation even suggest 

that TH might be more damaging to the injured neonatal brain. Specifically, in a 

neonatal piglet model TH increased the mortality rate in LPS-sensitised HI animals 

compared to HI controls215.  

The mechanism by which LPS-sensitisation overcomes the neuroprotective effects of 

TH is still unknown. An in vivo murine study suggested inter-individual variability, at 

the damage caused by LPS-sensitised HI or HI alone in different mouse strains5. The 

results showed furthermore that genetic background might play a critical role in the 

individual response to both LPS-sensitised and HI injury alone5. Moreover, clinical 

results from neonates who underwent TH after HI alone in clinical studies indicated 

TH to be immunosuppressive216,217, through detection of decreased numbers of 

leukocytes and chemokines218. Thus, TH might be reducing the physiological attempt 

of the immune system in fighting the bacterial infection, which may be detrimental for 

the treatment of infants affected by HI.  

As gram-positive bacterial infections are shown to exacerbate HI induced 

damage110,111 and to activate a different inflammatory mechanism219, the efficacy of 

TH on gram-positive-sensitised HI might be different from what is described for gram-

negative. Falck and colleagues showed that TH induced recovery in 80% of the P7 

Wistar rats with gram-positive sensitisation111, suggesting that the neuroprotective 

effects of TH might be pathogen dependent. Similarly, a retrospective clinical study 

demonstrated positive outcomes with TH in neonates with gram-positive sensitised 

HI220. However, TH is only partially effective in HI, but unsuccessful in gram-negative 

sensitised HI cases, and hence there is a need for alternative therapeutic approaches 

for neonatal HI. Therefore, there is a clear demand and need to develop alternative 
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therapies for normal and infection-sensitised HI brain damage. A variety of potential 

treatments have been tested in animal models and in clinical trials. 

 

1.13 Other currently available treatments for neonatal HI 
 

HI insult triggers an inflammatory response, oxidative stress, and cell death. An 

alternative approach in treating neonatal HI could be to target cell death pathways, 

thus modulating their downstream effectors. Several compounds have been proposed 

as potential neuroprotective agents in neonatal HI injury, both alone and as adjuvant 

therapies to TH. Combined erythropoietin, a glycoprotein hormone which increases 

the systemic oxygen-carrying capacity in the brain, and TH treatment was proposed 

to reduce brain damage and to improve motor function one year later after application 

in clinical trials221. However, in severe normal HI cases erythropoietin is not 

neuroprotective but actually exacerbates brain damage as shown in preclinical 

studies222. Postnatal allopurinol administration, a xanthine oxidase inhibitor which 

reduces the production of oxygen radicals, may provide neuroprotection to neonates 

with moderate HI brain damage223,224 and antenatal administration of allopurinol to 

pregnant women may also attenuate HI brain damage in female neonates with 

therapeutic levels detected in arterial cord blood, indicating successful placental 

crossing whereas in males neonates no significant difference was observed224. In 

preclinical studies, allopurinol combined with TH improves neuropathological brain 

score, decreases levels of cleaved caspase-3, and improves functional outcome after 

HI225.  

Additionally, xenon, a noble, colourless, and odourless gas, causes a general 

reduction in excitotoxic neurotransmitter release, mainly as a potent partial NMDA 
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receptor antagonist, and xenon-augmented TH reduced apoptosis, and cerebral 

abnormalities in clinical trials226. Nevertheless, follow up studies suggest that xenon 

has no additional effects to TH in cases of moderate and severe HI226,227. The 

combination of TH and topiramate or memantine, a safe non-competitive low affinity 

NMDA receptor antagonist used in moderate to severe Alzheimer’s disease, 

significantly reduced the extent of brain infarct volume in rodent and piglet models 

after HI insult228–230. Melatonin, (N-acetyl-5-methoxytryptamine), an indolamine 

hormone, administration combined with TH also showed neuroprotective effect in both 

a mouse and piglet models of neonatal HI231–233. Combination of deferoxamine and 

erythropoietin, revealed reduced neuronal damage and apoptotic markers in a rat 

model of neonatal HI234. However, further investigation of these alternative treatments 

and larger clinical trials for the most effective compounds tested to date are needed. 

There are other proposed treatments, such as curcumin, in the preclinical and clinical 

pipeline for neonatal HI, with many contradicting results. A common similarity between 

all these treatments is the targeting of similar cellular pathways involved in neonatal 

HI. Despite their potential, further research is required to bring the majority of these 

compounds into the clinic. 

 

1.14 Curcumin 
 

Curcumin, a natural compound also known as diferuloymethane (C21H20O6), is the 

major active compound of the turmeric spice, and is isolated from the powdered dry 

rhizome of Curcuma longa. It is most frequently consumed in South Asian diets235,236. 

Except for turmeric usage as dietary pigment and its known anti-inflammatory 

properties from traditional medicine, modern pharmacological studies show that 
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curcumin provides therapeutic effects in several pathological conditions, such as 

cancer237,238, inflammation239,240, infection cardiovascular diseases241,242, fibrosis, and 

neurological disorders243. This is partly attributed to its anti-inflammatory, anti-oxidant, 

anti-apoptotic, anti-microbial and ROS scavenging properties244,245. Curcumin is 

lipophilic and has the ability to cross the BBB246 as a result of its small molecular weight 

(368.385 g/mol) and size, and therefore was proposed as a possible treatment in 

different neurodegenerative disorders, such as Alzheimer’s247 disease, Parkinson’s 

disease and multiple sclerosis248. In this current study, we aimed to investigate the 

effects of curcumin on HI.  

Curcumin acts on many important pathways involved in the pathogenesis of HI injury, 

making it a potential therapeutic candidate in neonatal HI brain damage249. 

Specifically, curcumin is able to increase the levels of antioxidants such as SOD, 

glutathione and catalases, which are all enzymes linked to neutralisation of free 

radicals250. Also, curcumin inhibits the expression of pro-inflammatory cytokines (IL-1, 

IL-6, TNF-α), thus mediating inflammatory pathways and was also shown to inhibit 

STAT3 phosphorylation251,252. 

The mechanisms of curcumin’s action rely on its chemical structural properties. The 

o-methoxy phenolic groups246 (Figure 6), are central for chemical reactions, allowing 

the transfer of electrons or donation of protons providing curcumin with ROS 

scavenging properties253. Moreover, curcumin lipophilic properties render it a 

particularly efficient scavenger of peroxyl radicals produced through lipid peroxidation 

during HI brain injury249. However, a limitation to the therapeutic use of curcumin is its 

poor bioavailability due to its low absorption, and high enzymatic degradation rate254. 
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Our group recently used curcumin dissolved in DMSO as a potential treatment for 

hypoxic-ischaemic encephalopathy (HIE) in a P7 Rice-Vannucci murine model, and 

the results from that study support a dose-dependent neuroprotective effect provided 

by immediate and delayed intraperitoneal application following neonatal HI injury255. 

Additionally, curcumin treatment resulted in decreased pSTAT3 levels, possibly 

through interaction with its upstream activator IL-6255. The levels of mitochondrial 

protein prohibitin (PHB) were also increased after curcumin’s treatment, a significant 

result as neuronal expression of PHB confers profound neuroprotection in a mouse 

model of focal cerebral ischemia255,256. 

Curcumin’s future use and clinical application is limited as a result of its poor 

bioavailability and its unknown specific molecular targets. Therefore, by comparing the 

neuroprotective effect of WP1066 and curcumin treatment we could confirm whether 

STAT3 is a significant target molecule for curcumin in HI neuroprotection. 

 

 

Figure 7. Curcumin chemical structure. Seven carbon structure consisting of an α, β-

unsaturated β-diketone moiety, which links two aromatic rings with o-methoxy phenolic 

groups. Hydrophobic nature of the phenyl rings of curcumin along with hydrogen bond 

formation ability of the side groups are proposed to be the reasons for the aggregation in water 

therefore curcumin’s lipophilic nature257. 
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1.15 Hypothesis and Aims 
 

We hypothesised that the involvement of STAT3 in HI is critical in inflammatory and 

cell death pathways, and therefore inhibition of the JAK2/STAT3 pathway with 

WP1066 or curcumin will reduce tissue loss, cell death, glial activation, oxidative stress 

and will maintain myelination, thus providing neuroprotection confirmed through 

improved behavioural outcomes. We further hypothesised that STAT3 and TGFβ 

pathways are correlated and involved in HI inflammatory pathology by reducing pro-

inflammatory and increasing anti-inflammatory microglia phenotype. Finally, we 

hypothesised that maternal intrauterine infection with E.coli sensitises the neonatal 

brain leading to inflammatory response. Therefore, we aimed to investigate whether: 

• WP1066’s application provides short- and long-term neuroprotective effects 

after HI insult in a P9 mouse model, when administered intraperitoneally. 

•  Curcumin’s application exhibits neuroprotective role when administered 

intraperitoneally dissolved in DMSO and intranasally encapsulated in P(3HB) 

microspheres. 

•  Microglial-specific TGFβR-1 deletion, reduces pro- and increases anti- 

inflammatory microglial activation after HI insult, therefore inducing repair as 

TGFβ increases STAT3 phosphorylation after HI brain damage. 

• Intrauterine maternal E.coli K12 delivery causes sensitisation in a HI mouse 

model, therefore leading to inflammatory response and cell death.  
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The involvement of STAT3 pathway on HI brain damage has not been fully explored 

yet, have not yet been fully explored, which is why they were investigated in the current 

study. The methods used in this study include behavioural tests of cognitive, motor 

and memory abilities, immunohistochemical staining and confocal microscopy, cell 

viability assay, western blot and RT-qPCR, ELISA analysis in a HI brain damage 

mouse model. 

The findings in this thesis contribute to a better understanding of the underlying 

mechanisms of HI brain damage and elucidate new evidence for potential treatments. 

This study will impact directly the research group, which will further explore the 

translational potential of WP1066’s and curcumin’s application in HI brain damage. 

Additionally, the results will contribute to the knowledge bank of the wider field of HI.  
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Chapter 2: Materials and Methods 
 

All animal experiments and care protocols were approved by the Home Office and 

carried out according to the UK Animals (Scientific procedures) Act 1986, following the 

ARRIVE guidelines (PIL: I20314939, PPL: PP0028535) 

 

2.1 Neonatal HI brain damage model 
 

A modified version of the Rice-Vannucci model was used to induce neonatal HI brain 

damage in C57Bl/6 mice at P9, corresponding to term human brain maturation70. 

C57Bl/6 mice were bred in house, the holding room had a 12-12 h dark/light cycle with 

instant switch between light and dark with ad libitum access to food. 

The animals were anaesthetised with 5% isoflurane for induction and maintained at 

1.5%, while a mid-neck incision was performed. The left common carotid artery was 

permanently occluded with 8/0 polypropylene suture. Thus, the right hemisphere is 

able to act as a control to the experimental left hemisphere. Then, the animals were 

left to recover at 36oC and returned to their dams for 1.5h. Subsequently, the pups 

were placed in a 36°C humidified hypoxic chamber and exposed to a mixture of 10% 

oxygen and 90% nitrogen for 60 min to induce the hypoxic insult (Figure 8). The 

animals were randomly assigned to different groups according to each experiment. 

Naïve and sham animals serve as control groups and did not undergo HI insult, 

although sham animals underwent anaesthesia and a mid-neck incision.  
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2.2 Pharmacological treatment  
 

After the induction of HI insult, the pups were immediately treated with a single 

intraperitoneal injection of WP1066 (Stratech, UK, A4140) dissolved in 0.5µl 100% 

DMSO (Sigma-Aldrich, UK, D4540) at dosages of 40μg/g, 80μg/g, or 160μg/g body 

weight (BW). The concentration of 100% DMSO was chosen as both WP1066 and 

curcumin are insoluble in water. 

 

2.3 Brain extraction and tissue preparation 
 

The animals were sacrificed 48h after the HI brain insult through intraperitoneal 

injection of pentobarbitone and perfused with 30ml of 4% paraformaldehyde (PFA) in 

phosphate-buffered saline (PBS). The 48h time point was chosen as at this point 

inflammatory markers such as alphaM microglial activation peaks and we aimed to 

investigate whether WP1066’s and curcumin’s application can reduce the 

inflammatory response. At 72h after HI insult, microglia response is lower and at 98h 

is absent.  Then, the brains were with surgical forceps after exposing the skull with 

surgical scissors, and post-fixed in a rotating immersion of 4% PFA in PBS at 4°C for 

1h. Subsequently, the brains were cryoprotected in a solution of 30% sucrose in 0.1M 

phosphate buffer (PB) at 4°C on a rotator for 24h. Then, the cerebellum was removed 

with a scalpel blade, and the forebrains were frozen on dry ice and stored in a freezer 

(New Brunswick model U570) at -80°C in preparation for sectioning. Using a cryostat 

(LEICA CM1900), the brains were cut at -20°C and after the fusion of the corpus 

callosum, 50 sequential coronal sections of 40μm thickness were collected on double-

gelatinised (0.5% gelatine) microscope slides, while marking the control hemisphere 
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with a pin puncture in the striatum. The collected slides were stored at -80°C until 

further use for staining258. 

 

  

 

 

 

 

 

 

 

 

 

 

  
 

 

 

 

 

 

Figure 8. A) Timeline of HI brain damage, pharmacological treatment, brain 
extractions. B) Experimental design for WP1066 and curcumin experiments. 
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2.4 Immunohistochemistry 
 

In preparation for each immunological staining procedure, 5 coronal sections per brain, 

at 400µm intervals, were retrieved from -80oC, rehydrated with ddH20, spread using 

two fine paintbrushes under a microscope and left to air dry.  

 

2.5 Histological assessments of brain regions 
 

The immunohistochemical and histological assessments listed below were completed 

in the 6 brain regions considered to be the most susceptible to the HI insult due to their 

high metabolic activity: cortex, pyriform cortex, external capsule, striatum, 

hippocampus, and thalamus (Figure 9).  

 

 

 

 

 



69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assessment of Microglial Activation- The selected slides for each brain were fixed 

in a solution of 4% formaldehyde in 0.1M PB for 5 min, followed by 2 washes in 0.1M 

PB. The slides were then transferred to 0.1% Bovine Serum Albumin (BSA) in 0.1M 

PB. Subsequently, the sections were incubated in 5% goat serum (Sigma-Aldrich, UK) 

Figure 9. Brain regions analysed, susceptible to HI damage. Image from Interactive Atlas 

Viewer (P56, Coronal, Nissl Staining) (Interactive Atlas Viewer: Atlas Viewer). Panels from the 

Allen Reference Atlas, annotated and colour-coded using an anatomical nomenclature. CTX-

cortex, PIR-pyriform cortex, CP-striatum, ec-external capsule, HIP-hippocampus, TH-

thalamus. 
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in 0.1M PB for 30 min to prevent non-specific binding of the secondary antibodies. The 

sections were then incubated overnight at 4oC with monoclonal rat anti-alphaM 

(1:5000 dilution, αMβ2 integrin, Serotec, UK) primary antibody. 

On the second day of staining, the slides were washed in 0.1M PB/1%BSA, 0.1MPB, 

and moved to 0.1M PB/1%BSA, before being incubated for 1h at room temperature 

(RT) with biotinylated goat anti-rat (alphaM) antibody. Exposure to the biotinylated 

secondary antibody was followed by washing in 2 changes of 0.1M PB/0.1%BSA, and 

0.1M PB and subsequent 1h incubation with Avidin-Biotin horse radish peroxidase 

Complex (ABC) (1:100 dilution in 0.1M PB; Vector Laboratories, UK), according to the 

manufacturer’s instructions for signal amplification. Following washing in 0.01M PB 3 

times the slices were visualized with 3, 3’ - diaminobenzidine (DAB; Fischer Scientific, 

UK) activated with hydrogen peroxide (H2O2) (Fisher Scientific, UK). The reaction 

mixture consisted of 0.5g/L DAB and 1:3000 dilution of H2O2 in 0.01M PB. The reaction 

was terminated through washing the sections in 0.01M PB followed by two washes in 

ddH20 water. The time for termination of the reaction was determined through 

monitoring the staining intensity under a light microscope. The slides were then left to 

dry, before mounting in DEPEX medium. 

 

AlphaM score 

The alphaM staining was scored semi quantitatively in each region of interest, on 

ipsilateral (experimental side) and contralateral hemisphere (control side), at low 10x 

magnification using a 0-4 scale shown in Table 1259 and Figure 10. The score was 

averaged per animal then averaged per group.  
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Table 1.Scores from 0-4 given for each microglia phenotype observed. 

Score  Microglial appearance  

0 No activation 

1 Focal diffuse activation 

2 Mild phagocytic activation affecting 

<50% of the region 

3 Phagocytic activation affecting >50% of 

the region 

4 Total phagocytic activation  

 

 

Figure 10. alphaM immunoreactivity scores in the dorsoparietal cortex. Brain regions 

were scored for alphaM immunoreactivity based on different appearance and morphology as: 

A. no activation (0), B. focal ramified morphology (1); C. mild diffuse predominantly ramified 

morphology (2); D. total widespread predominantly amoeboid, phagocytic activation (3), E. 

total activation, predominantly amoeboid morphology (4). 

 

Assessment of Astroglial Activation- Activated astroglial cells were detected on 

brain sections using GFAP-immunoreactivity utilising the same immunohistochemical 

protocol described above. The primary antibody used was polyclonal rabbit anti-GFAP 

(1:6000 dilution, Dako, UK) and the secondary antibody was biotinylated goat anti-

rabbit (1:100 dilution, Vector Laboratories, UK). 
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Optical Luminosity 

Reactive astrogliosis was assessed through GFAP immunoreactivity measured in 

Optical luminosity values (OLV). Using a Sony AVT-Horn 184 3CCD (24bit RGB, 

760x570 pixel resolution) colour camera, pictures of cortex, pyriform cortex, external 

capsule, striatum, hippocampus, and thalamus were captured, using 3 optical fields at 

20x magnification for GFAP. The images of the brain sections and the surrounding 

glass were imported into Optimas 6.51 (Media Cybernetics), and the mean and 

standard deviation (SD) were obtained. The SD is subtracted from the mean for each 

image, and the resulting value is subtracted from the one measured from the 

surrounding glass to obtain the intensity of the staining260. Each value was averaged 

per region, per animal and then per experimental group.  

 

Assessment of Myelination and Oxidative stress- Myelination and oxidative stress 

were detected using MBP- and iNOS- immunoreactivity on histological brain sections 

using the same protocol described above. The primary antibodies used were 

polyclonal rabbit anti-MBP (1:2000 dilution, Abcam, UK) and anti-iNOS (1:1000, 

Invitrogen, UK) and the secondary antibody was biotinylated goat anti-rabbit (1:100 

dilution, Vector Laboratories, UK). MBP immunoreactivity was measured in external 

capsule, striatum with OLV as described above. iNOS+ cells were counted manually 

bilaterally at 20x magnification in hippocampus, on 3 optical fields and the average of 

the 3 counts was averaged per animal and per group. Table 2 summarises the 

antibodies used for immunohistochemistry. 
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Table 2. List of the antibodies and their respective dilutions used to stain for activated 
microglial, astroglial cells, myelination and oxidative stress. 

Staining Primary  

antibody 

Dilution and 

Manufacturer 

       Secondary  

        Antibody 

Dilution and 

Manufacturer 

Activated  
Microglia 

Monoclonal Rat 
Anti-CD11b 

1:5000  
Serotec, UK 

Biotinylated  
goat anti-rat 

1:100 
Vector  
Laboratories  
Inc., UK 

Activated  
Astroglia 

Polyclonal Rabbit 
anti-GFAP 

1:6000  
Dako, UK 

Biotinylated  
goat anti-rabbit 

1:100 
Vector  
Laboratories  
Inc., UK 

Myelination Polyclonal Rabbit 
anti-MBP 

1:6000, Abcam, 
UK 

Biotinylated  
goat anti-rabbit 

1:100 
Vector  
Laboratories  
Inc., UK 

Oxidative 
Stress 

Polyclonal Rabbit 
anti-iNOS  

1:1600, 
Invitrogen, UK 

Biotinylated  
goat anti-rabbit 

1:100 
Vector  
Laboratories  
Inc., UK 

 

Assessment of Cell Death- To assess the levels of cell death the Terminal 

transferase-mediated biotinylated d-UTP Nick-End Labelling (TUNEL) stain kit was 

used (Roche, West Sussex, UK). Five sections per brain were selected as before and 

spread as explained above. The staining was carried out according to the 

manufacturer’s protocol, targeting fragmented DNA. DAB stage was used for 

visualisation and was enhanced with Cobalt/Nickel181. 

The number of TUNEL + cells, indicating cell death, was counted bilaterally at 20x 

magnification in all 6 regions of interest. In each brain region, 3 optical fields were 

assessed and the average of the 3 counts was averaged per animal and per group.  
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2.6 Cover Slipping 
 

All the stained sections were air dried and then immersed 3 times for 1 min each in 

Xylene before being embedded in DEPEX mounting medium (Thermo Fisher, UK) and 

cover slipped.  

 

2.7 NISSL staining 
 

Tissue loss was assessed through cresyl violet staining (NISSL) on 5 sections per 

brain (400um apart), as described before. For the staining, the slides were fixed 

overnight in 4% formaldehyde in 0.1 M PB, then moved to 70% ethanol overnight. On 

day two the NISSL solution is made (1% cresyl violet) by mixing 2g cresyl violet powder 

(Acros Organics, USA) in 40 mL of 100% ethanol in a closed 50ml falcon tube, shaking 

and inverting for 15 minutes, adding this solution to 360mL of warm distilled water on 

a warming stirring plate for 20 minutes and filtering with filter paper grade 4 (GE 

Healthcare Life sciences Whatman, UK). On day 3 the sections were incubated 

stepwise as illustrated in the Table 3. Right after step 12 the slides were cover slipped 

as described above. 
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Table 3. Reagents and time required for cresyl violet (Nissl) staining steps. 

 

 

Assessment of Tissue Loss  

Nissl bodies located in the cytoplasm of neurons are stained with cresyl violet dye. 

Tissue loss was measured in cortex, pyriform cortex, hippocampus, striatum, and 

thalamus. Nissl-stained brain sections were scanned with Sony AVT-Horn 184 3CCD 

colour camera, imaged into Optimas 6.5 software and then imported in ImageJ 1.51 

software for further analysis.  

Intact staining of the brain regions of interest was outlined and measured bilaterally 

with a freehand tool. The measured value was converted into mm2 and  

Step Reagents Duration 

1 Cresyl Violet 10 minutes  

2 Fresh distilled water 2 minutes 

3 Fresh distilled water 2 minutes 

4 70% 2 minutes 

5 90% 2 minutes 

6 96% 2 minutes 

7 96% (+ 5-7 drops of 

glacial acetic acid) 

3-10 minutes 

8 100% 2 minutes 

9 Isopropanol 2 minutes 

10 Xylene 2 minutes 

11 Xylene 2 minutes 

12 Xylene  2 minutes 
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multiplied by 400µm to obtain the corresponding volume. The percentage of tissue  

loss was then calculated by comparing the ratio between injured and uninjured sides 

multiplied by 100 (Revised from Kendall et al, 2006)261. 

 

2.8 Double immunofluorescence/Assessment of pro- / anti- inflammatory 
microglia  
 

Activated pro- and anti-inflammatory microglial cells were stained for CD86 and 

CD206 following the same immunohistochemical protocol as described above, using 

a polyclonal rat anti-CD86 (1:1600 dilution, Dako, UK) and goat anti-CD206 (1:400 

dilution, Dako, UK) primary antibodies, and a biotinylated donkey anti-rat (1:200 

dilution, Vector Laboratories, UK) and donkey anti-goat-488 (1:200 dilution, Vector 

Laboratories, UK) secondary antibodies, respectively. After 3 washes in 0.01MPB the 

slides were incubated with tertiary antibodies: AvidinTexas Red (1:1000, Vector 

Laboratories, UK) and Alexa-Fluor488 conjugated rabbit anti-donkey (1:200, Vector 

Laboratories, UK), respectively. Finally, the sections were coverslipped with 

Vectashield mounting medium with DAPI (Vector Labs, UK) and the edges were 

sealed with nail polish. Table 4 summarised the antibodies used for double 

immunofluorescence. 

5 slides per brain were assessed blindly. Pro-inflammatory, anti-inflammatory and pro-

& anti-inflammatory microglial activation profiles (CD86 and CD2O6 immunoreactivity) 

were quantified in three different fields of the regions of interest. A Leica DM5500 B 

microscope with LASX Software was used to visualise the sections at 40x 

magnification. For each field of every region, four images were captured illustrating 

pro-inflammatory activation, anti-inflammatory activation, nuclear DAPI and the co-



77 
 

localization of active pro- and anti-inflammatory microglia on nuclear DAPI and then 

were processed with ImageJ. 

 

Table 4. List of the antibodies and their respective dilutions used to stain for pro- / anti-
inflammatory microglia. 

 

Staining Primary  

antibody 

Dilution and 

Manufacturer 

Secondary 

antibody 

Dilution and 

Manufacturer 

Tertiary 

antibody 

  Dilution and 

Manufacturer 

Pro-
inflamma
tory 
microglia 

Polyclonal 
Rat Anti-
CD86 

1:1600  
Dako, UK 

Biotinylated 
donkey anti-
rat 

1:200, 
Vector  
Laboratories  
Inc., UK 

Avidin 
Texas Red 

  1:1000, 
Vector  
Laboratories  
Inc., UK 

Anti-
inflamma
tory 
microglia 

Polyclonal 
goat anti-
CD206 

1:400  
Dako, UK 

Biotinylated 
donkey anti-
got 

1:200, 
Vector  
Laboratories  
Inc., UK 

Rabbit 
anti-
donkey-
488 

  1:200, Vector  
Laboratories  
Inc., UK 

 

2.9 Quantitative analysis of pro-, anti- inflammatory microglia activation 
 

To quantitatively measure the activated phenotypes, CellProfiler 4, BMC 

Bioinformatics, was used with a MATLAB designated code for counting the activated 

pro-, anti- inflammatory microglia and the co-localising activated cells. The results 

obtained from CellProfiler were double checked using the ImageJ multi-point tool 

which enables manual counts of the activated cells. 

Z-stacks spanning the whole thickness of the slice were taken within 3 fields of each 

brain region of interest. After imaging, the Z-stacks were compressed into one image 

using the LASX software. Cell number of CD86+ and CD206+ was manually counted 

using a clicker after importing the images to ImageJ. When co-localisation between 

different structures was investigated the resulting images from the z-stacks taken were 
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analysed using CellProfiler 4 software. A pipeline was used to automate the analysis 

by applying the same processing steps to all analysed images and finally obtain two 

numerical values associated with the amount of colocalisation between the antibodies 

and DAPI. The obtained values correspond to the Mander’s coefficients indicating the 

degree of overlap between two channels.  

 

2.10 Western blot analysis  
 

For extraction of protein from brain tissue, the animals were sacrificed at 1h post-HI 

by intraperitoneal (i.p.) injection of pentobarbitone at a dose of 5ml/kg. The cortex and 

hippocampus were excised from extracted treated and control brains and snap frozen. 

The brain regions were homogenised in radio-immunoprecipitation assay (RIPA)+ cell 

lysis buffer (Sigma, UK) containing 10% protease inhibitor complex (Sigma, UK) using 

a handheld tissue homogeniser. The time point of 1h post-treatment was chosen as 

this coincides with the time of maximum expression of phosphorylated STAT3 Y705181. 

Total protein was extracted from the homogenised hippocampal tissue as follows: the 

homogenised tissue was incubated with the RIPA+ buffer on a rotating platform at 4°C 

for 2h, pipetting gently with regular intervals. Thereafter, the tissue homogenates were 

centrifuged at 16,000 g at 4°C for 20 min and the supernatant containing the extracted 

protein was collected. The protein extracts were measured by Bradfor protein assay, 

and then re-constituted in 2 × Laemmli sample buffer (BioRad, UK) containing 5% β-

mercaptoethanol (Sigma, UK) and boiled for 5 min at 100°C. Proteins were separated 

by SDS-PAGE (approximately 10 μg of protein was loaded per lane), using 4–20% 

Mini-Protean TGX protein gels (BioRad, UK). Western blotting transfer was performed 

for 1h at 15V using the Trans-Blot Semi-Dry cell (BioRad, UK). Even transfer of 
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proteins to the nitrocellulose membranes (0.45 μm, BioRad, UK) was assessed using 

Ponceau S staining (Sigma, UK). The membranes were blocked for 1h at room 

temperature (RT) in 5% BSA (Sigma, UK) in Tris-buffered saline (TBS) with 0.01% 

Tween20 (TBS-T), followed by overnight incubation at 4°C with the following primary 

antibodies: anti-prohibitin (Abcam, UK; 1:1000 in TBS-T) for the assessment of 

changes in this mitochondrial house-keeping protein, Phospho-Stat3 (Ser727) (Cell 

Signaling, UK, 1:1000 in TBS-T), or Phospho-Stat3 (Tyr705) (Abcam, UK; 1:5000 in 

TBS-T). Thereafter, membranes were washed three times for 10 min in TBS-T, 

incubated for 1h at RT with an horseradish peroxidase (HRP)-labeled anti-rabbit IgG 

secondary antibody (BioRad, UK), followed by five TBS-T washes and one final TBS 

wash, and thereafter they were visualised using ECL (Amersham, UK) and the UVP 

BioDoc-ITTM System. HRP-conjugated anti-β-actin antibody (Abcam, UK; 1:5000 in 

TBS-T) was used for internal loading control and densitometry analysis was carried 

out using ImageJ. 

 

2.11 Primary neuronal and N2A cell culture 
 

Toxicity assay of WP1066 was performed on primary neuronal and N2A cells. For 

primary neurons cervical dislocation was performed on P0 C57Bl/6 mice and then 

head was transferred in clean 60 petri dish with PBS sitting on ice (1 petri dish /litter). 

The cortices were then placed in new clean petri dish with PBS sitting on ice. On the 

plate excess PBS was removed, the cortices were then cut in small pieces using 

scalpel and with plastic pipette 15ml tube with PBS + 25% Trypsin were transferred 

on the plate, for 20 min incubation in water bath. Excess PBS/trypsin was removed 

followed by neutralisation of trypsin with 2ml of DMEM (Thermo Fisher, UK) with 10% 
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FBS (Thermo Fisher, UK). DMEM/FBS was then added up to 10ml and the brain 

samples were centrifuged at 1000rpm for 3 min and finally 100ul added on a 96-well 

plate. 

The number of cells per plate was 800,000 cells/well. For maintenance of the culture 

fresh neurobasal medium was added (1/2 original volume on cells), and then 2-3 times 

a week, the half of the medium was replaced by fresh neurobasal medium (Thermo 

Fisher, UK). Due to the sensitivity of primary neuron cultures, the cells died and 

therefore toxicity assay was performed on to neuro 2A (N2A) cells, a mouse neural 

crest-derived cell line, as they are more robust. 

A total of 30,000 N2A cells (ATCC, UK) were seeded in 96-well plates using growth 

media, made in DMEM+GlutaMAX medium (Thermo Fisher, UK), 10% fetal calf serum 

(FCS, Thermo Fisher, UK), 1% penicillin-streptomycin (P/S, Merck,UK), 0.5mM Cyclic 

AMP (Cell Signalling, UK), 20μM Retinoic acid (Merck, UK). The next day the media 

was changed for differentiation media, made in DMEM+GlutaMAX, 2% FCS, 1% P/S, 

1X NEAA, 0.5mM Cyclic AMP, 20μM retinoic acid and them the cells were maintained 

in this media for 5 days cultured in a humidified incubator at 37oC, 5% CO2, until further 

used for toxicity assay. 

 

2.12 Cell viability assay 
 

96-wells plates were used containing 100μl/well of cell culture medium. On the day of 

the assay, the medium was replaced with decreasing concentrations of WP1066 into 

the cell culture medium. In the starting solution, WP1066 was dissolved in 100% 

DMSO at a concentration of 320mg/ml. Considering the highest dose used in the in 
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vivo studies of 160μg/g BW, the maximum concentration present in the blood of a 

neonatal mouse (considering for a 4g mouse and a blood volume of 342μl) of 1.87 

mg/ml was used as the highest concentration for the cell viability assay, and 10 

consequent serial 1:2 dilutions were applied on the cells (100μl) in triplicates. Three 

wells per plate were left for living cells (positive control), while other 3 wells per plate 

were left without medium (dead cells) as the negative control and 3 wells were treated 

with 100% DMSO as control. Figure 11 illustrates the design of the cell viability plate. 

 N2A cells with WP1066 doses and cells with or without medium were incubated at 

37oC for 4.5h in a humidified incubator. Then, MTT assay was performed, where 10μl 

of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, 

UK) were added to each well. The plate was covered with aluminium foil and incubated 

for 3h at 37ºC, 5% CO2. When ready, the media was removed and 100μl of DMSO 

(Sigma Aldrich, UK) were added to each well. The plate was then placed at room 

temperature on an orbital shaker for 15 min, still covered. The absorbance of each 

well was measured using a FluoStar Omega LVIS plate reader (BMG Labtech, 

Buckinghamshire, UK) spectrophotometer at a wavelength of 590μm. The triplicates 

were averaged and the background from the media was subtracted. The cell viability 

was calculated using the following formula:  

%cell viability= (mean of absorbance for cells treated with WP1066/ mean of 

absorbance for cells not treated)*100  
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Figure 11. Graphical representation of the plate design for the cell viability assay. 

 

2.13 Reverse Transcription and qRT-PCR 
 

The brain samples were extracted as described above and hippocampus, cortex were 

used for qRT-PCR. Total RNA was isolated using an RNeasy Lipid Tissue Mini Kit 

(Qiagen, UK) in accordance with the manufacturer’s instructions. RNA concentration 

was measured using a NanoDrop 1000 spectrophotometer (NanoDrop, Wilmington, 

USA). Reverse transcription was performed in duplicate using a QuantiTect Reverse 

Transcription Kit (Qiagen). qRT-PCR was performed on a QuantoStudio Real-time 

PCR system (Thermo Fisher, UK), using a QuantiFast SYBR Green PCR kit (Qiagen, 

UK) with the following cycling protocol: 10 s denaturation at 95◦C followed by 30s 

annealing/extension at 60◦C for 40 cycles. IL-6 and CD206 primers were purchased 

from Qiagen Table 5, while complement primers were purchased from Integrated DNA 

Technologies, UK (Table 6) and amplification specificity was confirmed by melting 

curve analysis, the assessment of the dissociation characteristics of double-stranded 
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DNA during heating. Relative quantitation was performed in accordance with the 

standard curve method and expression values were normalised to the reference gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

Table 5. Primers used for qRT-PCR 

Gene Official Symbol 
Entrez 

gene ID 
Primer 

Product 

number 

Gapdh Gapdh 14,433 Mm_Gapdh_3_SG QT01658692 

CD206 Mrc1 17 17,533 Mm_Mrc1_1_SG QT00103012 

IL-6 Il-6 16,193 Mm_Il6_1_SG QT00098875 

 

Table 6. Primers used for qRT-PCR 

Gene 5′ Forward 3′ Reverse 

C1QA CCATCAGCAAAGGGCTGGAG TACTAGGGTCATGGTCAGCA 

C1QB GACTTCCGCTTTCTGAGGAC TGTGTCTTCATCAGCTCAGC 

C1QC GACGTCTCTGTGATTAGGCC AGGGCCAGAAGAAACAGCAG 

C1R GAGGAGAATGGGACATCAT GACACAGATGTTGGCATCGG 

C1S GTTTGGTCCTTACTGTGGTA CCAAGGGTTCTTTTGCCCC 

 

2.14 Enzyme-linked immunoassay (ELISA) 
 

The animals were sacrificed at 1h post-HI by i.p. injection of pentobarbitone and the 

cortex was extracted from treated and untreated control brains and snap frozen before 

homogenization in RIPA+ buffer (Sigma, UK) containing 10% protease inhibitor 

complex (Sigma, UK). Total protein was extracted from the homogenised hippocampal 

tissue as follows: the homogenised tissue was incubated with the RIPA+ buffer on a 

rotating platform at 4°C for 2h, pipetting gently with regular intervals. Thereafter, the 
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tissue homogenates were centrifuged at 16,000 g at 4°C for 20 min and the 

supernatant containing the extracted protein was collected. The levels of IL-1β, IL-6, 

IL-12/IL-23 p40 were detected using ELISA kits (IL-6: KE10007, IL-1β KE10003, IL-

12/IL-23 p40: KE10068 Proteintech Group, Inc., Europe). In brief, 100 mg tissue 

homogenate was mixed with 1 mL lysis solution containing 40 μL RIPA buffer+5 μL 

protease inhibitor+5 μL phosphatase inhibitor+5 μL phenylmethylsulfonyl fluoride 

(Thermo Fisher, UK). The mixture was then centrifuged at 15 000 rpm at 4°C for 10 

min. Then, 800 μL supernatant was collected, and the protein concentration was 

determined using a bicinchoninic acid (BCA) method kit (Thermo Fisher, UK). A total 

of 20 μg protein was used for ELISA. Each blank well was loaded with 100 μL sample 

diluent, while the residual wells were loaded with either 100 μL standard or sample for 

test. The ELISA plate was covered with tectorial membrane for 120 min of warm 

incubation at 37°C. Then, each well was loaded with 100 μL working solution of 

primary antibodies, prepared 15 min prior to use. The plate was then sealed with 

membrane again for 1h of incubation at 37°C. Then, the liquid in wells was discarded, 

and each well was filled with 100 μL HRP-conjugated working solution, prepared 15 

min prior to use for 40 min of warm incubation. Following colour development by 

addition of 2,4-diaminobutyric acid, the optical density (OD) value of each well at 450 

nm was determined using a microplate reader. 

 

2.15 Statistics 
 

The statistical analysis was performed using GraphPad Prism v6.0. Each data set was 

checked for normality with D’Agostino-Pearson normality test and Shapiro-Wilk and 

Kolmogorov-Smirnov tests. Further, Kruskal-Wallis test with Dunn’s post-hoc analysis 
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was carried out when data was not normally distributed to assess evidence for sub 

regional differences. In the case of normally distributed data, two-way ANOVA with 

Bonferonni’s post-hoc correction was performed. The results were considered 

significant where a p-value <0.05 was obtained. The results are presented as mean ± 

standard error of mean (SEM) of each data set. 

Having in mind the variability of the model and previous experiments with similar 

design181 we need an average number of 16 animals/group for the histological 

assessment and an average of 5 animals/group for the western blot, qPCR and the 

ELISA assessments. The power calculations are based on αMβ2 immunoreactivity 

and detection of statistical difference between a group with a mean of 2.3, standard 

deviation 1.29, and a group with a mean of 1, power>0.8, p<0.05 

(http://powerandsamplesize.com/Calculators/)259.  

The power calculations were performed based on the following equation: 

nA=κnB and nB=(1 +
1

𝑘
) (σ

𝑧1−
𝑎

2
+𝑧1−β

μA−μB
)2 

1 − β = Φ(z − z1 −
α

2
) + Φ(−z − z1 −

α

2
) , 𝑧 =

μA − μB

σ
√ 1
nA

+
1
𝑛𝐵

 

where, 

κ=nA/nB is the matching ratio 

σ is standard deviation 

Φ is the standard Normal distribution function 

Φ−1 is the standard Normal quantile function 

α is Type I error 

https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fpowerandsamplesize.com%2FCalculators%2F&data=05%7C01%7Ckonstantina.tetorou.18%40ucl.ac.uk%7Ce5313dea0bb447d62d5808db2f8202b8%7C1faf88fea9984c5b93c9210a11d9a5c2%7C0%7C0%7C638156007656202305%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=pZoNzjZFZlJ0HOWGpl3m4QAolkhemRymq1dQm5SselA%3D&reserved=0
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β is Type II error, meaning 1−β is power 

 

R Code 

R code to implement these functions: 

1 

2 muA=5 

3 muB=10 

4 kappa=1 

5 sd=10 

6 alpha=0.05 

7 beta=0.20 

8 (nB=(1+1/kappa)*(sd*(qnorm(1-alpha/2)+qnorm(1-beta))/(muA-muB))^2) 

9 ceiling(nB) # 63 

10 z=(muA-muB)/(sd*sqrt((1+1/kappa)/nB)) 

(Power=pnorm(z-qnorm(1-alpha/2))+pnorm(-z-qnorm(1-alpha/2))) 
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2.16 Behavioural Assessments 
 

Negative geotaxis  
 

The negative geotaxis is a motor test used to assess motor coordination and labyrinth 

reflex262. Following HI insult and WP1066 treatment at P9, P11 mice were placed 

facing downwards on a 45o inclined platform. The time to turn face up was recorded. 

The test was repeated for 3 trials of 1 min intervals, and the times were averaged for 

the analysis. If the animals did not turn facing upwards, a maximum time of 30 seconds 

was allowed (Figure 12).  

Slipping test 
 

The slipping test is a motor balance and coordination test, modified from the balance 

beam test263. For this assessment, a 50cm long metal grid was placed between the 

housing cage and a clean new cage, elevated of about 20cm above a table surface. 

For assessment, the mouse (P28) was allowed to freely move on the grid from the 

clean to the housing cage, and a video was recorded from under the grid. The number 

of times each mouse slipped from the grid while walking from the new cage to the 

housing cage was counted by playing the videos in slow motion (Figure 12). 

Novel Object Recognition test 
 

The Novel Object Recognition (NOR) test measures cognition and preference for 

novelty, relying on the innate mouse nature to explore unknown objects (Figure 12). 

NOR test is particularly useful for detection of hippocampus-dependent tasks264. The 

housing cage containing P35 mice treated on P9 with 80μg/g BW WP1066 was moved 
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to the experimental room at least 30 min before the beginning of the test, to allow 

habituation to the new environment. The NOR test consisted of: • habituation: 5 min 

spent in a 40x30cm arena the day before the test; • familiarisation: the animal was 

allowed to explore 2 identical objects positioned at equal distance from the walls of the 

arena for 5 min; • 10 min rest in the housing cage; • test phase: one of the objects was 

replaced with another one of different shape and colour (Figure 12). At P36 the animals 

underwent the test phase only, to assess long-term recognition memory. The time the 

mouse spent exploring the 2 objects was recorded on both days. The discrimination 

index was calculated via the formula below:  

(𝑡𝑖𝑚𝑒 𝑤𝑖𝑡ℎ 𝑛𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡−𝑡𝑖𝑚𝑒 𝑤𝑖𝑡ℎ 𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟 𝑜𝑏𝑗𝑒𝑐𝑡)/ (𝑡𝑖𝑚𝑒 𝑤𝑖𝑡ℎ 𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟 𝑜𝑏𝑗𝑒𝑐𝑡+𝑡𝑖𝑚𝑒 

𝑤𝑖𝑡ℎ 𝑛𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡) 

Figure 12. Illustration of the different behavioural tests used for the long-term 

experiments. A. Negative geotaxis is a motor test used to assess motor coordination and 

labyrinth reflex. B. The slipping test is a motor balance and coordination test, modified from 

the balance beam test. C. The Novel Object Recognition (NOR) test measures cognition and 

preference for novelty, relying on the innate mouse nature to explore unknown objects. Figure 

created on Biorender and based on publications262–264. 
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Chapter 3: Effects of WP1066 application in a DMSO solution, in a P9 
HI mouse model 
 

3.1 AIMS 
 

In this study, WP1066 is hypothesised to have neuroprotective effects in neonatal HI 

brain damage due to its ability to inhibit STAT3 phosphorylation, which is strongly 

upregulated after HI. 

To test this hypothesis, we analysed the effects of WP1066 application on the extent 

of brain damage post-HI insult through assessment of glial response, tissue loss and 

cell death, as well as changes in levels of selected proteins and genes involved in HIE.  
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3.2 Methods 
 

The ethical approvals were obtained, and neonatal HI model, brain extraction and 

immunohistochemical (IHC) analysis and statistics were performed as explained in 

Chapter 2.  

3.2.1 Experimental groups 
 

Immediately after the hypoxic insult, the animals were randomly divided into seven 

experimental groups as shown in Figure 13: three groups (n=16) treated with an 

intraperitoneal injection of WP1066 (40μg/g, 80μg/g, 160μg/g body weight (BW) in 

100% DMSO, respectively), one with only an intraperitoneal injection of DMSO (n=16), 

one group subjected to HI without treatment (HI control) (n=16), as well as sham (n=6) 

and naïve control groups (n=6). HI and DMSO groups serve as control and the animals 

underwent HI insult, whereas naïve and sham animals did not undergo HI insult. Sham 

control group animals underwent anaesthesia and  

 

 

 

 

  

Carotid artery 

occlusion 

Hypoxia 60 min, 

10% oxygen 

WP1066 intraperitoneal injection 

(40μg/g, 80μg/g, 160μg/g BW) (n=16, 

respectively) 

DMSO (n=16) 

HI (n=16) 

Sham (n=6) 

Naïve (n=6) 

Figure 13. Schematic representation of the experimental groups treated with 
WP1066/DMSO or DMSO alone after HI insult, as well as controls (untreated HI, sham 
and naïve littermates) 
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3.3 Results 
 

3.3.1 Cell viability assay 
 

A cell viability assay was performed to explore WP1066 treatment toxicity. For this 

purpose, concentrations of WP1066 in the range between 1.89 mg/ml to 0.003mg/ml, 

starting from a solution of 320mg/ml WP1066 in DMSO were used. As expected, the 

results displayed in Figure 14 show that WP1066 at very low concentrations does not 

affect cell viability. Interestingly, WP1066 toxicity increases at 0.46mg/ml and then 

decreases again. This result may suggest that WP1066 acts as a hermetic compound, 

displaying toxicity at low doses rather than high doses. 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Dose-response curve to different concentrations of WP1066 in N2A cells 
expressed as the percentage of living cells. 

 

0.0 0.5 1.0 1.5 2.0

0

20

40

60

80

100

% Living cells after after WP1066 treatment

WP1066 concentration (mg/ml)

%
 l
iv

in
g

 c
e
ll
s



92 
 

3.3.2 WP1066 provides dose-dependent neuroprotection in neonatal HI  
 

Following the previously successful neuroprotective results obtained from the split 

dose of 80μg/g WP1066 treatment pre- and post-HI58, it was necessary to determine 

the optimal single dose required to provide a neuroprotective effect when applied post 

injury only. The animals were injected intraperitoneally with a dose of 40, 80 or 

160μg/g of WP1066 immediately after HI insult. The damage was compared to control 

littermates treated with DMSO 0.5 μl/g BW after the induction of HI injury, HI, sham 

and naïve animals. The results are shown in Figure 15.  

Assessment of TUNEL + cell death following i.p. application of 80μg/g WP1066, 

compared to untreated HI and DMSO treated groups, revealed an overall ipsilateral 

reduction in cell death (Figure 15A, Kruskal-Wallis test with Dunn’s post-hoc, p<0.05) 

with sub-regional differences in cortex, striatum, external capsule, pyriform cortex, 

hippocampus, and thalamus (p<0.05 Kruskal-Wallis test with Dunn’s post-hoc) (Figure 

15A).  

Immediate post-HI intraperitoneal application of 80μg/g WP1066 significantly reduced 

ipsilateral microglial activation in comparison to DMSO treated and untreated HI 

controls overall (p=0.0001, Kruskal-Wallis test with Dunn’s post-hoc) and with sub-

regional differences in cortex, hippocampus, striatum, pyriform cortex and thalamus 

(p<0.05 Kruskal-Wallis test with Dunn’s post-hoc) (Figure 15B- inserts representing 

untreated HI (J), DMSO treated (K), WP1066 treated (L) groups). Immediate post-HI 

application of 80μg/g WP1066 also resulted in significant reduction of reactive 

astrogliosis compared to untreated HI and DMSO treated controls. Overall ipsilateral 

reduction of GFAP immunoreactivity was observed (p=0.0001, Kruskal-Wallis test with 

Dunn’s post-hoc) with sub-regional differences in pyriform cortex, hippocampus, and 
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external capsule (p<0.05 Kruskal-Wallis test with Dunn’s post-hoc) (Figure 15C- 

inserts representing untreated HI (O), DMSO treated (P), WP1066 treated (Q) groups).  

Similarly, the animals treated with 80μg/g of WP1066 showed a significant reduction 

of ipsilateral tissue loss overall (Figure 15D-inserts representing untreated HI (T), 

DMSO treated (U), WP1066 treated (V),  sham (W) and naïve (X) groups) (Kruskal-

Wallis test, with Dunn’s post-hoc, p=0.0001), as well as significant sub-regional 

decrease in striatum, external capsule, pyriform cortex, hippocampus, and thalamus 

compared to untreated HI or DMSO treated controls (p<0.05 with Kruskal-Wallis test, 

Dunn’s post-hoc). Significant increase of cell death, microglial and astroglial activation 

and tissue loss was observed between HI, DMSO and WP1066 groups when 

compared sham and naïve controls (Kruskal-Wallis test with Dunn’s post-hoc, p<0.05) 

(Figure 15A, B, C, D). 

Immediate post-insult intraperitoneal application of 40 or 160μg/g, of WP1066 did not 

show neuroprotective effect in any marker of the IHC analysis (Supplementary Figure 

1A, F, K, P). Surprisingly, on the contrary, intraperitoneal WP1066 application with a 

dose of 40μg/g significantly increased the damage after induction of HI. Specifically, 

TUNEL+ cell death was increased after 40μg/g WP1066 application compared to 

DMSO treated controls in striatum, external capsule, and hippocampus (Kruskal-

Wallis test with Dunn’s post-hoc, p<0.01), and in cortex, hippocampus and striatum 

compared to untreated HI control animals (Kruskal-Wallis test with Dunn’s post-hoc, 

p<0.05) (Supplementary Figure 1A). Immediate intraperitoneal application of 40μg/g 

WP1066 also increased tissue loss compared to DMSO treated controls in cortex 

(p<0.01, Kruskal-Wallis test with Dunn’s post-hoc) and in hippocampus compared to 

untreated HI control animals (p<0.001). Finally, immediate intraperitoneal application 

of 160μg/g WP1066 also upregulated tissue loss compared to control HI littermates in 



94 
 

hippocampus and thalamus (Kruskal-Wallis test with Dunn’s post-hoc, p<0.05) 

(Supplementary Figure 1P). 

These results together with the data from the application of 80μg/g BW, show that 

WP1066 acts as a neuroprotective therapeutic agent in neonatal HI in a dose specific 

manner, with 80μg/g BW being neuroprotective, whereas 40μg/g and 160μg/g are not.  

All together, these results support greatly the possible application of WP1066 in 

neonatal HI at the specific dose of 80μg/g BW.  
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Figure 15. Neuroprotective effect of immediate post-HI intraperitoneal application of 

80μg/g BW WP1066 application. A. Quantitative ipsilateral analysis of TUNEL+ cell death in 

animals treated with WP1066 80μg/ g (white) (n=16), DMSO (orange) (n=16) or untreated HI 

(blue) (n=16), naïve (green) (n=6), sham (pink) (n=6) control littermates. Intraperitoneal 

application of WP1066 80μg/g BW reduced cell death in cortex (p=0.0004), pyriform cortex 

(p=0.0005), striatum (p=0.005), external capsule (p=0.0006), hippocampus (p=0.0006), 

thalamus (p=0.0002) and overall (p=0.0007) compared to untreated HI and DMSO treated 

groups. An increase in cell death was observed in cortex, pyriform cortex, striatum, external 

capsule, hippocampus, thalamus, and overall in WP1066 80μg/g treated group compared to 

naïve and sham control groups (p=0.0001, Kruskal-Wallis test with Dunn’s post-hoc). B. 

Quantitative analysis of alphaM immunoreactivity representing microglial activation in animals 

treated with 80μg/g BW WP1066 (G) compared to untreated HI, DMSO treated control groups. 

Intraperitoneal application of WP1066 80μg/g BW reduced microglial activation in thalamus 

(p=0.002), hippocampus (p<0.0006), striatum (p=0.0009), external capsule (p=0.03) and 

overall (p=0.0002) compared to DMSO and HI control groups. An increase in microglial 

activation was observed in cortex, pyriform cortex, striatum, external capsule, hippocampus, 

thalamus, and overall of WP1066 80μg/g treated group compared to naïve and sham groups 

(p=0.0001). C. Ipsilateral changes in astroglial activation assessed through GFAP 

immunoreactivity after treatment with 80μg/g BW WP1066 compared to DMSO, HI, sham, and 
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naïve littermates. Intraperitoneal application of WP1066 80μg/g BW reduced astroglial 

activation in pyriform cortex (p=0.002), hippocampus (p=0.04) and overall (p=0.04) compared 

DMSO treated and untreated HI control groups. An increase in astroglial activation was 

observed in cortex, pyriform cortex, striatum, external capsule, hippocampus, thalamus, and 

overall of WP1066 80μg/g treated group compared to naïve and sham groups (p=0.0001). D. 

Quantitative analysis showing the percentage of tissue loss assessed through Cresyl Violet 

staining consequent to HI insult on the ipsilateral side of the brain in the regions of interest 

immediate post-HI intraperitoneal application of 80μg/g WP1066 compared to untreated HI 

and DMSO treated control groups. WP1066 80μg/g application significantly reduced tissue 

loss in pyriform cortex (p=0.01) and striatum (p=0.0004) and overall (p=0.001, Kruskal-Wallis 

test with Dunn’s post-hoc) compared to DMSO and HI control groups, with a visible trend 

towards reduction in the rest of the regions. An increase in tissue loss was observed in cortex, 

pyriform cortex, striatum, external capsule, hippocampus, thalamus, and overall in WP1066 

80μg/g treated group compared to naïve and sham groups. E-I. Histochemical overview of the 

treatment groups stained for TUNEL+ cell death, HI (E), DMSO (F), 80μg/g BW WP1066 (G), 

sham (H), naïve (I) and low magnification ipsilateral overview in HI (E) and DMSO (F) groups. 

J-N. Histochemical overview of the treatment groups, of alphaM staining, HI (J), DMSO (K), 

80μg/g BW WP1066 (L), sham (M), naïve (N) and low magnification ipsilateral overview in HI 

(J), DMSO (K) and WP1066 (L) groups. O-S. Histochemical overview of the treatment groups, 

HI (O), DMSO (P), 80μg/g BW WP1066 (Q), sham (R), naïve (S) and low magnification 

ipsilateral overview in HI (O), DMSO (P) and WP1066 (Q) groups. T-X. NISSL-stained 

forebrain of the treatment groups HI (T), DMSO (U), WP1066 (V), sham (W), naïve (X). Scale 

bars represent 400µm, inserts=62µm. (*p<0.05, #p<0.05 significant difference compared to 

sham-naïve control groups). CTX – cortex, PYR – pyriform cortex, HIP – hippocampus, STR 

– striatum, THAL -thalamus, EC – external capsule, Total - Average of all regions. 
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3.3.3 Immediate intraperitoneal application of 80μg/g WP1066 post-HI 
decreases myelin loss and oxidative stress 
 

Intraperitoneal application of 80μg/g WP1066 resulted in higher levels of myelination 

compared to untreated HI and DMSO treated control littermates. MBP levels were also 

significantly lower in untreated HI controls and DMSO treated littermates compared to 

sham and naïve animals in external capsule and hippocampus (Figure 16A, p<0.05, 

Kruskal-Wallis test with Dunn’s post-hoc). Higher levels in MBP expression were 

observed in the external capsule and striatum (p<0.05 Kruskal-Wallis test with Dunn’s 

post-hoc) (Figure 16A). Oxidative stress, as assessed by iNOS, in animals treated with 

WP1066 80μg/g was significantly decreased compared to DMSO treated and 

untreated HI control littermates in the hippocampus (p<0.05 Kruskal-Wallis test with 

Dunn’s post-hoc) of the ipsilateral side (Figure 16G). Significant increase of iNOS+ 

cells was observed in WP1066 treated animals compared to sham and naïve controls 

(Kruskal-Wallis test with Dunn’s post-hoc, p<0.05) (Figure 16G). 
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Figure 16. Immediate intraperitoneal application of 80μg/g BW WP1066 increased 

myelination and decreased oxidative stress. A. Quantitative ipsilateral analysis of MBP 

myelination levels in animals treated with WP1066 80μg/ g treated (white), DMSO treated 

(orange) or untreated HI (blue), naïve (green), sham (pink) control animals. An increase in cell 

death was observed in striatum (p=0.001) and external capsule (p=0.004) of WP1066 80μg/g 

treated group compared to untreated HI and DMSO treated groups. Lower levels of 

myelination were observed in striatum and external capsule of untreated HI and DMSO treated 

controls compared to naïve and sham groups (p=0.0001). B-F. Histochemical overview of the 

treatment groups, HI (B), DMSO (C), 80μg/g BW WP1066 (D), sham (E), naïve (F) and low 

magnification ipsilateral overview in HI (B) and DMSO (C) groups. G-L. Quantitative analysis 

of iNOS immunoreactivity in animals treated with 80μg/g BW WP1066 (G) and ipsilateral 

overview of the experimental groups (H-L). Graph G shows the reduction in iNOS+ cells 

hippocampus after 80μg/g WP1066 treatment compared to DMSO and HI groups (p=0.02) 

(Kruskal-Wallis test, with Dunn’s post-hoc). An increase in iNOS+ cells was observed in 

hippocampus of WP1066 80μg/g treated group compared to naïve and sham groups 
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(p=0.0001). H-L. Histochemical overview of the treatment groups, HI (H), DMSO (I), 80μg/g 

BW WP1066 (J), sham (K), naïve (L) and low magnification ipsilateral overview in HI (H), 

DMSO (I) and WP1066 (J) groups. Abbreviations: EC, external capsule; HIP, hippocampus; 

STR, striatum. Scale bars: (B, C, D, E, F, H, I, J, K, L) = 1,000 μm; inserts = 62 μm. *p<0.05, 

#p<0.05, significant difference between sham and naïve control groups. 

 

3.3.4 Immediate intraperitoneal application of 80μg/g WP1066 post-HI 
decreases pro- and anti-inflammatory microglial activation with an increase 
towards anti-inflammatory microglia 
 

The pro-inflammatory phenotype activation pattern was significantly decreased in the 

80μg/g WP1066 treated group compared to untreated HI and DMSO treated controls 

in cortex, hippocampus, external capsule, striatum thalamus and overall and in 

pyriform cortex, hippocampus, external capsule, striatum and thalamus, respectively 

(p<0.05, Kruskal-Wallis test with Dunn’s post-hoc) (Figure 17B). The anti-inflammatory 

activation pattern was also significantly reduced in WP1066 treated animals compared 

with untreated HI and DMSO treated group in cortex, thalamus and in cortex, thalamus 

and external capsule, respectively (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc) 

(Figure 17C). Pro- & anti-inflammatory microglia co-localisation also showed 

significant reduction in cortex, hippocampus, thalamus, striatum, external capsule and 

the overall (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc) in the WP1066 treated 

group compared with the untreated HI controls, as well asin cortex, hippocampus, 

thalamus, striatum, pyriform cortex, external capsule and the overall, compared with 

DMSO treated control littermates (Figure 17D). Although WP1066 application reduced 

the levels of pro- and anti-inflammatory microglia, the levels remained significantly 
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higher when compared to naïve and sham controls (Kruskal-Wallis test with Dunn’s 

post-hoc, p<0.05) (Figure 17). 

To better understand the inter-relation between pro-inflammatory (CD86) and anti-

inflammatory (CD206) microglia between the experimental groups after immediate 

intraperitoneal post-HI 80μg/g BW WP1066 application we assessed six different 

ratios between the two phenotypes in each of the six regions (Figure 17 E, F). 

The ipsilateral anti-inflammatory / pro-inflammatory ratio was significantly increased in 

the pyriform cortex, hippocampus, striatum and external capsule (p<0.01, Kruskal-

Wallis test with Dunn’s post-hoc, Figure 17F) in the WP1066 experimental group, 

when compared with HI controls and in hippocampus and striatum when compared 

with DMSO treated animals (p<0.01, Kruskal-Wallis test with Dunn’s post-hoc, Figure 

17F), representing the higher population of anti-inflammatory microglia, >60% 

compared to pro-inflammatory microglia. Additionally, the pro-/anti- inflammatory 

microglia ratio was significantly decreased in cortex, pyriform cortex, hippocampus, 

striatum, thalamus, external capsule and overall between WP1066 treated animals 

and HI controls (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc, Figure 17E), as well 

as in cortex, pyriform cortex, hippocampus, striatum, external capsule and overall 

between WP1066 treated and DMSO treated animals (Figure 17E). In Supplementary 

Figure 2 a 3D representation of pro- and anti-inflammatory microglia cells is listed. 
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Figure 17. Immediate intraperitoneal application of 80μg/g BW WP1066 post-HI 

significantly reduces pro-, anti- inflammatory microglial phenotypes after HI insult. The 

graphs illustrate the averages of cell counts in six brain regions, for the HI, DMSO, WP1066 

treatment, sham and naïve animals. A. Visual representation of pro-inflammator, anti-

inflammatory and of pro- & anti- inflammatory microglia co-localization in the ipsilateral 

hemisphere. B. Activation profiles of CD86+, with significant decrease in cortex (p=0.0006), 

hippocampus (p=0.0006), striatum (p=0.0003), external capsule (p=0.0007), thalamus 

(p=0.004) and overall (p=0.0002) when comparing WP1066 treated animals and HI controls, 
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and in pyriform cortex (p=0.03), hippocampus (p=0.01), striatum (p=0.004), external capsule 

(p=0.0001) and thalamus (p=0.01) and overall (p=0.0002) when comparing WP1066 treated 

to DMSO treated animals (Kruskal-Wallis test with Dunn’s post-hoc). An increase in pro-

inflammatory microglial activation was observed in all the regions of interest in WP1066 80μg/g 

treated group compared to naïve and sham groups (p=0.0001). C. Activation profiles CD206+ 

microglial cells in the ipsilateral hemisphere. Anti-inflammatory cells were reduced in cortex 

(p=0.0006) and thalamus (p=0.01) in WP1066 group when compared to HI controls and in 

cortex (p=0.003), thalamus (p=0.01) and external capsule (p=0.006) when compared to 

DMSO treated animals Kruskal-Wallis test with Dunn’s post-hoc). An increase in anti-

inflammatory microglial activation was observed in all the regions of interest in WP1066 80μg/g 

treated group compared to naïve and sham groups (p=0.0001). D. Pro- & anti- inflammatory 

microglia co-localized cells were significantly reduced in cortex (p=0.001), pyriform cortex 

(p=0.03), hippocampus (p=0.0006), external capsule (p=0.001), striatum (p=0.001), thalamus 

(p=0.004) and overall (p=0.0007), Kruskal-Wallis test with Dunn’s post-hoc) after WP1066 

treatment compared to untreated HI control group and in cortex (p=0.02), striatum (p=0.009), 

thalamus (p=0.007), external capsule (p=0.0005) and overall 0.001) compared to DMSO 

group. An increase in pro- & anti- inflammatory microglial activation was observed in all the 

regions of interest in WP1066 80μg/g treated group compared to naïve and sham groups 

(p=0.0001). E. Significant reduction of pro- : anti- inflammatory microglia ratio in cortex 

(p=0.0006), pyriform cortex (p=0.0003), hippocampus (p=0.0001), striatum (p=0.0008), 

thalamus (p=0.03), external capsule (p=0.001) and overall (p=0.0001) in WP1066 treated 

group when compared to untreated HI and in cortex (p=0.0007), pyriform cortex (p=0.02), 

hippocampus (p=0.002), striatum (p=0.01), external capsule (p=0.009) and overall (p=0.001) 

when compared to DMSO treated group  (Kruskal-Wallis test with Dunn’s post-hoc) F. The 

graph illustrates significant decrease of CD206+: CD86+ ratio in pyriform cortex (p=0.003), 

hippocampus (p=0.02), striatum (p=0.004) and external capsule (p=0.0002) (Kruskal-Wallis 

test with Dunn’s post-hoc) in WP1066 treated group when compared to untreated HI control 

littermates. A. Note the co-localization of CD86+ and CD206+ cells (white arrows) . Results 
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are presented as mean ± SEM. CTX – cortex, PYR – pyriform cortex, HIP – hippocampus, 

STR – striatum, THAL -thalamus, EC – external capsule, Total - Average of all regions. 

(*p<0.05). 

 

3.3.5 WP1066 application immediately post-HI decreases phosphorylated STAT3 
Tyr705 in ipsilateral hippocampus 
 

Western Blot analysis for phosphorylated STAT3 Y705 (pSTAT3 Y705) in ipsilateral 

and contralateral hippocampus from animals with no treatment (HI), DMSO, or 80μg/g 

WP1066 treatment and following 1h recovery demonstrated some (albeit not 

statistically significant) ipsilateral increase in pSTAT3 Y705 in the DMSO treated group 

compared to the untreated HI controls (Figure 18A). WP1066 application significantly 

decreased levels of pSTAT3 Y705 on the ipsilateral side, compared with DMSO 

treated controls, but did not show significant reduction compared to the untreated HI 

group. WP1066 application did not result in significant changes in the contralateral 

side of any of the tested markers (Figure 18A). Western blotting analysis for 

phosphorylated STAT3 S727 (pSTAT3 S727) under the same conditions did not show 

significant changes between the experimental groups on either contralateral of 

ipsilateral side (Figure 18B). Western blotting analysis for PHB at 1h of untreated HI, 

DMSO-, or 80μg/g WP1066-treated animals showed a trend of ipsilateral increase of 

PHB protein levels in the WP1066, compared with the DMSO treated and untreated 

HI control animals, but did not reach statistical significance (Figure 18C). No significant 

differences were observed between the DMSO treated animals and the HI littermate 

controls. No differences between the three groups were registered on the contralateral 

side (Figure 18C). The values shown represent relative densitometry of protein bands 
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compared to β-actin, which was used as the internal loading control. We also observed 

no change in β-actin protein levels, across all experimental groups.  

 

 

Figure 18. Intraperitoneal application of 80μg/g BW WP1066 in P9 mice immediately 

post-HI decreases phosphorylated STAT3 Y705 in ipsilateral hippocampus. (A) Western 

Blots for pSTAT3 Y705 in ipsilateral and contralateral hippocampus from untreated HI, DMSO- 

or 80μg/g WP1066- treated animals or sham and naïve control littermates and 1h recovery. 

β-actin protein levels served as control. WP1066 application decreases STAT3 Y705 protein 

levels ipsilaterally by 30% when compared to DMSO treated animals. (B) Western Blots for 

pSTAT3 S727 in ipsilateral and contralateral hippocampus from untreated HI, DMSO- or 

80μg/g WP1066-treated animals after 1h recovery, as well as naïve and sham littermate 

controls. β-actin protein levels served as control. No significant change is observed both ipsi- 

and contralaterally when compared to HI, DMSO, sham and naïve groups. No significant 

change was observed on β-actin protein levels. (C) Western Blots for PHB in ipsilateral and 

contralateral hippocampus from untreated HI, DMSO- or 80μg/g WP1066- treated animals 
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after 1h recovery, and sham and naïve littermate controls. β-actin protein levels served as 

control. Note the trend of increase of PHB protein levels in the WP1066 treated animals 

compared to HI and DMSO groups. *p<0.05. 

 

3.3.6 Immediate post-HI WP1066 application does not affect total STAT3 and 
STAT1 levels in cortex after 1h  
 

Western Blot analysis for total STAT3 in ipsilateral cortex from untreated HI (n=6), 

DMSO- (n=6), or 80μg/g WP1066-treated (n=6) animals after 1h recovery 

demonstrated no significant difference in protein levels between the groups (Figure 

19A). Western blotting analysis for phosphorylated STAT1 under the same conditions 

did not show significant changes between the experimental groups on the ipsilateral 

side of cortex (Figure 19B). The values represent relative densitometry compared to 

β-actin, which was used as the internal loading control. 

 

Figure 19. Immediate post-HI application of 80μg/g BW WP1066 in P9 mice does not 

affect total STAT3 and STAT1 levels in cortex at 1h. (A) Western blots for total STAT3 in 

ipsilateral cortex from untreated HI (n=6), DMSO- (n=6) or 80μg/g WP1066-treated (n=6) 
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animals after 1h recovery, or sham (n=5) and naïve littermate controls (n=5). β-actin protein 

levels served as loading control. WP1066 application does not affect total STAT3 protein 

levels. (B) Western Blots for STAT1 in ipsilateral cortex from untreated HI, DMSO- or 80μg/g 

WP1066-treated animals after 1h recovery, and sham and naïve littermate controls. β-actin 

protein levels served as loading control. No significant change is observed ipsilaterally in the 

WP1066-treated animals when compared to untreated HI, DMSO, sham and naïve groups. 

(p>0.05, Kruskal-Wallis test with Dunn’s post-hoc).  

 

3.3.7 Immediate post-HI intraperitoneal application WP1066 immediately does 
not affect pro-inflammatory cytokine levels in cortex at 1h 
 

We tested the effect of 80µg/g WP1066 application immediately after HI insult, on 

multiple pro-inflammatory cytokine levels in cortex, using ELISA. The results showed 

that WP1066 application did not change the levels of IL-6, IL-1b and IL-12/IL-23 

compared to untreated HI (n=5), DMSO treated (n=5), sham (n=4) or naïve (n=4) 

control groups (Figure 20) (p>0.05, Kruskal-Wallis test with Dunn’s post-hoc). 

 

Figure 20. Immediate post-HI intraperitoneal application of 80μg/g BW WP1066 in P9 

mice does not change the protein levels of IL-6, IL-1b, IL-12/IL-23 in cortex. A-C. Relative 

protein levels of IL-6 (A), IL-1b (B), IL-12/IL-23 (C) through ELISAs. No significant changes 

were observed among the experimental groups (p>0.05, Kruskal-Wallis test with Dunn’s post-

hoc). (HI n=5, DMSO n=5, WP1066 n=5, sham n=4, naïve n=4). 
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3.3.8 Immediate post-HI application of WP1066 increases anti-inflammatory 
CD206 gene levels and has no effect on IL-6 pro-inflammatory gene levels in 
hippocampus at 1h post-treatment 
 

Pro- and anti-inflammatory gene levels are alternating after HI insult265, therefore we 

investigated the effect of intraperitoneal 80µg/g WP1066 application immediately after 

HI insult, on IL-6 and CD206 gene levels in hippocampus through qPCR analysis. The 

results showed that WP1066 application (n=4) did not change the levels of the pro-

inflammatory IL-6 gene (Figure 21A), but significantly increased the levels of the anti-

inflammatory CD206 gene compared to DMSO treated (n=4) control group (Figure 

21B) (p>0.05, Kruskal-Wallis test with Dunn’s post-hoc). 

 

Figure 21. Effect of immediate post-HI intraperitoneal application of 80μg/g BW WP1066 

in P9 mice on IL-6 and CD206 gene levels in hippocampus. A. No significant changes of 

pro-inflammatory IL-6 gene levels in hippocampus were observed among the experimental 

groups (p>0.05, Kruskal-Wallis test with Dunn’s post-hoc). B. CD206 anti-inflammatory gene 

levels in hippocampus were significantly increased after immediate post-HI 80µg/g BW 

WP1066 intraperitoneal application compared to DMSO treated control littermates (p<0.05, 

Kruskal-Wallis test with Dunn’s post-hoc). (HI n=4, DMSO n=4, WP1066 n=4, sham n=3, naïve 

n=3).*p<0.05. 
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3.3.9 Effects of immediate post-HI intraperitoneal WP1066 application on 
complement component C1qa in cortex 
 

The classical complement (C) activation pathway contributes to HI brain injury154 and 

therefore we aimed to investigate whether WP1066 treatment provides a 

neuroprotective role by affecting this pathway. Our results indicated that immediate 

intraperitoneal post-HI application of 80µg/g BW WP1066 (n=5) decreased C1qa gene 

levels compared to DMSO treated (n=5) control littermates (p<0.05, Kruskal-Wallis 

test with Dunn’s post-hoc, Figure 22A) but had no significant effect on C1qb and C1qc 

gene levels (p>0.05, Kruskal-Wallis test with Dunn’s post-hoc, Figure 22B, C). 

 

Figure 22. Effect of immediate intraperitoneal post-HI application of 80μg/g BW of 

WP1066 in P9 mice on complement component C1q gene levels in cortex. A. Relative 

quantification of C1qa levels indicated a statistically significant decrease in WP1066 group 

compared to DMSO controls, p=0.04, Kruskal-Wallis test with Dunn’s post-hoc. B-C. No 

significant changes were observed in relative quantification levels of C1qb and C1qc levels 

among the experimental groups, p>0.05, Kruskal-Wallis test with Dunn’s post-hoc. (HI n=5, 

DMSO n=5, WP1066 n=5, sham n=4, naïve n=4).*p<0.05. 
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3.3.10 Long-term assessments of 80μg/g BW WP1066 application immediately 
after HI insult 
 

 

 

 

  

Figure 23. Schematic representation of the experimental groups treated with 

either WP1066 or DMSO after HI brain damage, as well as their controls (untreated HI, 

naïve).  

Carotid artery 
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10% oxygen 

Immediate WP1066 intraperitoneal 

injection (80μg/g BW) (n=14/sex) 

DMSO (n=14/sex) 

HI (n=14/sex) 

Naïve (n=8/sex) 

Males and Females  
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3.3.11 Immunohistochemical analysis 
 

In order to understand the long-term effects of application of WP1066 immediately 

post-HI, the brains of P36 mice untreated or treated with WP1066 80µg/g or DMSO 

were assessed for changes in infraction volume and myelination. At P36 Cresyl Violet 

staining was used to obtain the percentage of volume loss in the ipsilateral hemisphere 

compared to the contralateral one (Figure 24A-C). P36 WP1066 treated males showed 

a significant reduction of tissue loss compared to both untreated HI and DMSO treated 

male littermates in all brain regions (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc 

correction, Figure 24B). P36 WP1066 treated females showed similar pattern of 

reduction except for in the striatum (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc 

correction, Figure 24A). In line with the above data, when evaluating overall tissue loss 

(without separation between males and females), WP1066 application resulted in 

overall significantly reduced Cresyl Violet staining compared to both untreated HI and 

DMSO treated littermates (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc 

correction, Figure 24C).  

When evaluating myelination, male animals treated with WP1066 treatment showed 

significantly higher MBP levels in the external capsule compared to untreated HI 

controls (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc), while no significant 

differences were recorded in MBP levels of the striatum (Figure 24E). Application of 

WP1066 resulted in higher MBP levels in both striatum and external capsule of 

females when compared DMSO treated control group (p<0.05, Kruskal-Wallis test with 

Dunn’s post-hoc), and in overall brain, when compared to both untreated HI and 

DMSO treated control littermates (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc, 

Figure 24D, F).  
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Significant lower levels of myelination and increased levels of tissue loss were 

observed between experimental males and females untreated HI and DMSO treated 

groups compared to naïve control group (Kruskal-Wallis test, p<0.05) (Figure 24). 
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Figure 24. Long-term effect immediate intraperitoneal post-HI application of 80µ/g BW 

WP1066 on tissue loss and myelination. A-C. Percentage of tissue loss in the ipsilateral 

hemisphere of females (A), males (B) and overall (males+females) (C) at P36. WP1066 

application significantly reduced tissue loss compared to female untreated HI (p=0.0001) and 

DMSO treated (p=0.0001) control animals in all brain regions (Kruskal-Wallis test with Dunn’s 

post-hoc). Overall (C) significant difference was observed between WP1066 treated and 

untreated HI (p=0.002, Kruskal-Wallis test with Dunn’s post-hoc correction) and between 

WP1066 and DMSO treatment (p=0.001, Kruskal-Wallis test with Dunn’s post-hoc correction) 

in all brain regions assessed. D-F. Quantification of MBP immunoreactivity in the external 

capsule, striatum and overall in OLV. (D) Immediate intraperitoneal post-HI WP1066 

application resulted in significantly higher MBP levels in striatum of the female group and 

significantly in the external capsule, compared to DMSO treated control female littermates 

(p=0.03, Kruskal-Wallis test with Dunn’s post-hoc) and overall (p=0.001) compared to 

untreated HI and DMSO treated control. Significantly lower levels of myelination in striatum 
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were observed in untreated HI (p=0.02) and DMSO treated (p=0.001) groups compared to 

naïve control female littermates. In males (E) WP1066 application resulted in significantly 

higher levels of myelination in the external capsule (p=0.01) compared to male untreated HI 

control animals (Kruskal-Wallis test with Dunn’s post-hoc). WP1066 application in combined 

males and females (F), resulted in significantly higher levels of myelination in external capsule 

compared to HI and DMSO control littermates (p=0.01, Kruskal-Wallis test with Dunn’s post-

hoc) and overall compared to DMSO treated controls (p=0.02, Kruskal-Wallis test with Dunn’s 

post-hoc). Significantly decreased levels of myelination were observed in external capsule, 

striatum and overall of untreated HI and DMSO treated groups compared to naïve animals 

(p=0.001, Kruskal-Wallis test with Dunn’s post-hoc).*p<0.05. 

3.3.12 Behavioural assessments 
 

The slipping test allowed the assessment of motor balance and coordination of P28 

male and female mice. In this test, immediate intraperitoneal post-HI application of 

80µg/g BW of WP1066 in DMSO significantly decreased the number of missed steps 

compared to untreated HI and DMSO treated control animals (p-value<0.05, Kruskal-

Wallis test with Dunn’s post-hoc, Figure 25A, B, C). Importantly, untreated HI and 

DMSO treated male and female control animals showed increased number of missed 

steps compared to naïve male and female littermates (p<0.05) but not when compared 

to WP1066 treated animals (p-value>0.05, Kruskal-Wallis test with Dunn’s post-hoc, 

Figure 25B).  

The NOR test was performed at P35 to assess the short-term memory, 10 min after 

the exposure to the novel object, of male and female mice and repeated at P36 to 

evaluate long-term memory, 24h after the exposure to the novel object. The short-term 

version of the test revealed that immediate intraperitoneal post-HI application of 

80μg/g BW WP1066 on male mice, induced significantly improved memory compared 
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to DMSO treated and untreated HI controls (p-value<0.05, two-way ANOVA with 

Bonferroni correction, Figure 25D). Additionally, significant decrease in time spent with 

the novel object was recorded in untreated HI and DMSO treated controls when 

compared to naïve animals (p-value<0.05, two-way ANOVA with Bonferroni 

correction, Figure 25D). However, WP1066 treated females showed no significant 

difference compared to untreated HI controls (p-value>0.05, two-way ANOVA with 

Bonferroni correction, Figure 25E). Importantly, female DMSO treated animals spent 

significantly less time with the novel object compared to naïve littermates (p-

value<0.05, two-way ANOVA with Bonferroni correction, Figure 25E). Figure 25F 

shows that when combined, males and female littermates treated with WP1066 

showed a preference for the novel object when compared to untreated HI and DMSO 

controls (p-value<0.05, two-way ANOVA with Bonferroni correction). Finally, 

combined male and female DMSO treated animals spent less time with the novel 

object compared to naïve littermate controls (p-value<0.05, two-way ANOVA with 

Bonferroni correction, Figure 25F). 

In P36, males (Figure 25G) and the overall group (Figure 25I), immediate post-HI 

WP1066 application induced significantly increased levels in discrimination index 

(p<0.05, two-way ANOVA with Bonferroni correction) compared to untreated HI and 

DMSO treated groups. The same pattern was recorded for untreated HI and DMSO 

treated males and combined animals compared to naïve littermates (p <0.05, two-way 

ANOVA with Bonferroni correction, Figure 25G, I). In females (Figure 25H), WP1066 

application did not induce any significant change in discrimination index, although a 

trend towards an increase was observed compared to untreated HI and DMSO treated 

controls (p>0.05, two-way ANOVA with Bonferroni correction). 
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Figure 25. Long-term effects (P28, P35, P36) of immediate intraperitoneal post-HI 

application of 80μg/g WP1066. A-C. Application of 80µg/g WP1066 treatment immediately 

after HI reduced the number of missteps observed at 28 days in slipping test compared to 

untreated HI and DMSO treated control littermates in (A) males (B) females and (C) combined 

(males+females) assessed using Kruskal-Wallis test with Dunn’s post-hoc correction 

(p=0.001). A significant increase in the missteps was also observed in untreated HI and DMSO 

treated controls compared to naïve littermate animals (p=0.001, Kruskal-Wallis test with 

Dunn’s post-hoc). D-F. Immediate intraperitoneal post-HI application of 80µg/g WP1066 

improved short-term memory measured with the NOR test at P35 in males (D) and combined 
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(males+females) (F) compared to DMSO treated or untreated HI animals assessed by two-

way ANOVA with Bonferroni’s correction. WP1066 treatment improved the short-term memory 

in females only, compared to DMSO treated control littermates (p=0.01, two-way ANOVA with 

Bonferroni’s correction). G-I. Immediate intraperitoneal post-HI application of 80µg/g WP1066 

improved long-term memory measured with the NOR test at P36 in males (G) and combined 

(males+females) (I) compared to DMSO treated or untreated HI animals assessed by two-way 

ANOVA with Bonferroni’s correction. No significant changes were observed in females 

(p>0.05, by two-way ANOVA with Bonferroni’s correction). All data presented as median and 

interquartile range.*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

3.3.13 Delayed post-HI application of 80μg/g BW WP1066 at 1 or 2h after HI 
insult reduces brain damage in neonatal HI 
 

 

 

  

Figure 26. Schematic representation of the experimental groups treated with either 

WP1066 or DMSO 1 or 2h after HI brain damage, as well as their controls (untreated HI, 

naïve and sham).  
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3.3.14 Immunohistochemical analysis  
 

In a clinical setting, when neonatal HI occurs, immediate treatment is not always 

feasible or possible. Therefore, we assessed whether the neuroprotective effects of 

80μg/g WP1066 application would be maintained in the case of a delayed 

administration, 1h or 2h after HI insult. IHC analysis demonstrated that 48h after 1h 

delayed application of 80μg/g WP1066, cell death was significantly decreased 

compared to untreated HI and DMSO treated controls in the cortex, striatum and 

external capsule and in the pyriform cortex and overall in all brain regions assessed 

(p<0.05, Kruskal-Wallis test with Dunn’s test, Figure 27A). Similar neuroprotective 

effect was observed in all the brain regions assessed compared to untreated HI and 

DMSO treated control groups at 2h delayed WP1066 application (p<0.05, Kruskal-

Wallis test with Dunn’s test, Figure 27E). In terms of microglial activation, assessed 

through alphaM immunoreactivity, 1h delayed WP1066 application significantly 

reduced microglial activation compared to both untreated HI and DMSO treated 

littermates in cortex, pyriform cortex, hippocampus, striatum, external capsule and 

overall (p<0.05, Kruskal-Wallis test with Dunn’s test, Figure 27B). Furthermore, 2h 

delayed WP1066 application reduced microglial activation, specifically in the striatum, 

thalamus and external capsule compared to DMSO treated controls and in 

hippocampus, striatum, thalamus, external capsule and in all brain regions assessed 

compared to untreated HI littermates (p<0.05 Kruskal-Wallis test with Dunn’s post-

hoc, Figure 27F). WP1066 application reduced astroglial activation if applied after a 

delay of 1h or 2h post-HI, compared to untreated HI controls (Figure 27C, G). 

Specifically, GFAP immunoreactivity was decreased in in pyriform cortex, 

hippocampus, external capsule, striatum and overall following 1h delayed WP1066 
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application when compared to DMSO treated control group, and in all brain regions 

assessed when compared to untreated HI littermates (Figure 27C). A significant 

decrease in astroglial activation was observed in pyriform cortex, thalamus, striatum, 

external capsule and overall in animals treated with WP1066 at 2h compared to 

untreated HI and DMSO treated controls (p<0.05, Kruskal-Wallis test with Dunn’s post-

hoc, Figure 27G) 

Delayed WP1066 application (at 1 or 2h post-HI) reduced the levels of volume loss 

assessed through Cresyl Violet staining (Figure 27D, H). Specifically, 1h delayed 

WP1066 application reduced tissue loss in cortex, pyriform cortex, striatum, 

hippocampus, external capsule and in all brain regions assessed when compared to 

untreated HI and DMSO treated control groups (p<0.05, Kruskal-Wallis test with 

Dunn’s post-hoc, Figure 27D), while 2h delayed WP1066 application decreased 

volume loss in hippocampus and overall compared to untreated HI controls and in 

striatum, thalamus and external capsule compared to DMSO treated control 

littermates (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc, Figure 27H).  
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Figure 27. Effects of a delayed 1 or 2h post-HI intraperitoneal WP1066 application. A. 1h 

delayed intraperitoneal application of 80µg/g WP1066 significantly reduced TUNEL+ cell 

death in cortex (p=0.036), pyriform cortex (p=0.001), striatum (p=0.003), external capsule 

(p=0.02), and overall in the forebrain (p=0.002) compared to untreated HI controls, and in 

cortex (p=0.001), striatum (p=0.03) and external capsule (p=0.001) compared to DMSO 

treated controls (Kruskal-Wallis test with Dunn’s post-hoc correction), WP1066 80μg/ g (white) 

(n=16), DMSO (orange) (n=16) or HI (blue) (n=16), sham (pink) (n=8), naïve (green) (n=8), B. 

Delayed application of WP1066 at 1h after HI reduces microglial activation assessed through 

alphaM immunoreactivity in cortex (p=0.028), pyriform cortex (p=0.01), hippocampus 

(p=0.0001), striatum (p=0.03), external capsule (p=0.001) and in all brain regions assessed 

(p=0.001) compared to untreated HI control littermates and the in the cortex (p=0.02), pyriform 

cortex (p=0.001), striatum (p=0.02), external capsule (p=0.032) and overall (p=0.001) 

compared to DMSO treated littermates (Kruskal-Wallis test with Dunn’s post-hoc). C. Delayed 

application of 80μg/g WP1066 at 1h after HI insult reduced reactive astrogliosis visualised 

through GFAP OLV overall in the brain regions assessed (p=0.01) compared to untreated HI 

controls and in pyriform cortex (p=0.001), hippocampus (p=0.02), striatum (p=0.001), external 

capsule (p=0.001) and overall (p=0.002) compared to DMSO treated littermates (Kruskal-

Wallis test with Dunn’s post-hoc). D. Quantitative analysis of percentage of tissue loss 

assessed via Nissl staining showed that delayed WP1066 application at 1h post-HI 

significantly reduced tissue loss in cortex (p=0.001), pyriform cortex (p=0.002), striatum 

(p=0.0034), hippocampus (p=0.002), thalamus (p=0.001) and overall (p=0.001) compared to 

untreated HI and DMSO treated control groups (p<0.05, Kruskal-Wallis test with Dunn’s post-

hoc). E. Delayed WP1066 application at 2h after HI insult significantly reduced the number of 

TUNEL+ dying cells compared to untreated HI and DMSO treated controls in cortex (p=0.0064 

and p=0.003, respectively), pyriform cortex (p=0.04 and p=0.013 respectively), hippocampus 

(p=0.003 and p=0.002 respectively), striatum (p=0.0001), thalamus (p=0.0001), external 

capsule (p=0.02, p=0.001) and in all the brain regions assessed (p=0.001 and p=0.012 

respectively) (Kruskal-Wallis test with Dunn’s post-hoc) F. Delayed WP1066 application at 2h 
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after HI insult significantly reduced microglial activation compared to untreated HI controls in 

striatum (p=0.002), thalamus (p=0.01), external capsule (p=0.006) and overall (p=0.004). 

AlphaM score was also significantly reduced by delayed WP1066 application at 2h post-HI 

compared to DMSO treated littermates in striatum (p=0.002), thalamus (p=0.001) and external 

capsule (p=0.002) (Kruskal-Wallis test, with Dunn’s post-hoc). G. Delayed WP1066 

application at 2h post-HI reduced astroglial activation compared to untreated HI in striatum 

(p=0.006), thalamus (p=0.002), external capsule (p=0.001) and overall (p=0.002), and in 

pyriform cortex compared to DMSO treated controls (p=0.02) (p<0.02, Kruskal-Wallis test with 

Dunn’s post-hoc). H. Delayed application of WP1066 at 2h HI insult significantly reduced 

tissue loss in all the brain regions compared to untreated HI controls (p=0.001), and in cortex 

(p=0.03), pyriform cortex (p=0.01) and hippocampus (p=0.002) compared to DMSO treated 

littermates (Kruskal-Wallis test with Dunn’s post-hoc). An increase in all the markers assessed 

was observed in cortex, pyriform cortex, striatum, external capsule, hippocampus, thalamus, 

and overall of WP1066 80μg/g treated group compared to naïve and sham controls (p=0.0001) 

(*p<0.05, # significant difference compared sham and naïve control groups, p<0.05). CTX – 

cortex, PYR – pyriform cortex, HIP – hippocampus, STR – striatum, THAL -thalamus, EC – 

external capsule, Total - Average of all brain regions assessed). 

 

3.3.15 Behavioural assessments 
 

The negative geotaxis test allowed the assessment of reflexes and coordination of 

P11 mice. Delayed intraperitoneal administration of 80μg/g WP1066 in DMSO at 1h 

or 2h after the HI insult significantly improved behavioural outcomes at 48h compared 

to untreated HI and DMSO control littermates. The Kruskal–Wallis test showed 

significant differences in the mean-time in seconds between treatment groups 

(p<0.05). Dunn’s multiple comparisons test showed significant decrease of the time 
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necessary for change of orientation in the group treated with delayed WP1066 

application (1 or 2h post-HI) compared to the untreated HI and DMSO treated groups 

(p<0.05, Figure 28).  

 

  

Figure 28. Negative geotaxis test shows neuroprotective role of delayed 

intraperitoneal application of 80μg/g WP1066 at 1 or 2h after HI insult. A-B. Delayed 

80μg/g WP1066 application at 1h and 2h after HI insult reduced the reflex time in geotaxis 

reflex at P11 assessed using Kruskal-Wallis test with Dunn’s post-hoc. All data presented 

as median and interquartile range. HI (n=16), DMSO (n=16), WP1066 (n=16), naïve (n=8), 

sham (n=8), *p<0.05. 
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Chapter 4: Discussion on WP1066 treatment  
 

STAT3 is strongly upregulated after HI insult and targeted pharmacological inhibition 

of its expression with WP1066, a JAK-2 inhibitor could provide neuroprotective effect. 

Therefore, this study focuses on identifying the effect of WP1066 in neonatal HI 

damage. WP1066 was dissolved in DMSO, a common solvent used in preclinical 

studies, and the neuroprotective effects of three different doses of WP1066 were 

assessed in the P9 HI animal model, applying 40μg/g, 80μg/g and 160μg/g BW, 

respectively. The optimal dose after immediate application post-HI insult was 

investigated. 

The current study supports previous work carried out by our group which determined 

the effect of combined 20 min pre-insult and immediate post-insult blockade of JAK2 

with systemically applied WP1066 in a split dose of 80μg/g181. Specifically, 

pharmacological interference with WP1066 provided a protective effect similar to that 

observed in the neuron- and astroglia-specific STAT3 knock-out mice, but to a more 

moderate degree, where treatment with the inhibitor, significantly reduced pSTAT3 

Y705 phosphorylation in cortex and hippocampus at 1h post-HI, as well as astro- and 

microglial activation at 48h post-HI181. However, this neuroprotective effect was weak 

and did not lead to a statistically significant reduction in brain tissue loss. 

Subsequently, the current research project investigates the effects of WP1066 

treatment immediately after HI insult. The results demonstrated that immediate 

intraperitoneal post-HI application of 80μg/g BW WP1066 provides neuroprotection 

through reduction of brain tissue loss, cell death, microglial and astroglial activation in 

the most affected brain regions after HI insult in a P9 mouse model (Figure 15). 

However, the lower and higher doses of 40μg/g and 160μg/g BW respectively, did not 
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provide any neuroprotective effect but interestingly increased the damage as indicated 

by elevated cell death and tissue loss markers (Supplementary Figure 1). 

Furthermore, this current study confirms that DMSO does not contribute to the 

neurological outcomes as no significant change was observed in tissue loss, cell 

death, microglial and astroglial activation between the untreated HI and DMSO treated 

groups (p>0.05, Figure 15). There seems to be a trend towards an increase in some 

of the experiments in the DMSO treated group compared to the HI group, however 

these differences do not reach significant values. Nevertheless, in the same set up we 

observe significant decrease in the WP1066 treated groups compared to the DMSO 

and/or HI groups, suggesting a protective effect of WP1066, therefore DMSO group 

was compared versus WP1066 treated group. 

The current results are in line with other studies where WP1066 exhibited 

neuroprotective effects172,266,267. In particular, WP1066 demonstrated inhibitory effects 

on JAK2-mediated signalling and decreased infract volume and pSTAT3 levels in a 

rat model of focal cerebral ischaemia268. Moreover, WP1066 improved the degree of 

recovery of vestibular motor function and increased the levels of GABA-A receptor in 

a mouse model of traumatic brain injury267. In a status epilepticus rat model 

Grabenstatter and colleagues (2015) showed that WP1066 effectively reduced STAT3 

phosphorylation in the dentate gyrus of hippocampus, as well as STAT3-targeted 

genes such as c-myc, ICER, cyclin D1, Bcl-xl and mcl-1266. In the same study, WP1066 

reduced the severity of chronic epilepsy as shown in aEEG diagram but did not reduce 

cell death in hippocampus.  

Increased levels of microglial IL-6 following neonatal HI-injury correlate with increase 

in pSTAT3 + astrocytes31. Interestingly, WP1066 strongly inhibits microglial IL-6 
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production269, which in the current study could contribute to the reduction in reactive 

astrogliosis after 80μg/g BW WP1066 treatment. 

Our results also indicate the dose-dependent efficacy of WP1066. Application of 

WP1066 at 80μg/g BW exerts neuroprotective effect. Interestingly, immediate 

application of a lower dose of WP1066 at 40μg/g post-HI increased tissue loss and 

cell death and a similar observation was made for a high dose of 160μg/g, which also 

upregulated tissue loss (Supplementary Figure 1), which may be attributed to hermetic 

properties of WP1066. This indicates a specific dose window for WP1066 application 

in the context of neuroprotection and will need consideration in different model species 

and for clinical translation. 

Previous study from our lab demonstrated that pre- and post-HI split dose of 80μg/g 

BW WP1066 application reduced the protein levels of phosphorylated STAT3 Y705 in 

both cortex and hippocampus181. In line with this data, in the current study, a significant 

reduction was observed in the protein levels of phosphorylated STAT3 Y705 in the 

ipsilateral hippocampus of 80μg/g BW WP1066 treated animals post-HI (Figure 18A), 

compared with DMSO treated littermates, but not when compared with untreated HI 

controls. Detrimental effects of DMSO treatment have previously been reported270 and 

our results suggest that DMSO treatment may increase levels of STAT3 Y705, 

possible reflective of harmful effects of DMSO, which is counteracted by the 

application of WP1066 (Figure 18A). Effects of WP1066 on protein levels of STAT3 

S727, total STAT3 and STAT1 in cortex were not statistically significant at 1h post-HI 

and this was expected as WP1066 inhibits only the Tyr705 phosphorylation site of 

STAT3181 (Figure 18B, Figure 19). Therefore, we could conclude that WP1066 does 

not interfere with the Ser727 STAT3 phosphorylation site, total STAT3 and STAT1 

levels.  
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Moreover, at 1h post-HI some changes were observed for PHB levels, a multifaceted 

protein with key roles in mitochondrial housekeeping, cell survival and apoptosis271,272. 

PHB acts as a scaffold protein in mitochondria, regulates mitochondrial dynamics and 

plays important roles in stress responses271. In the current study, some increase (albeit 

not statistically significant) in PHB protein levels was observed in the ipsilateral 

hippocampus of the WP1066 treated compared with DMSO treated controls (Figure 

18C) and may be indicative of some protective effects on mitochondria in response to 

WP1066 treatment. This is similar to findings in a previous study assessing 

neuroprotective effects of curcumin in the neonatal HIE model, where a trend in 

increased PHB protein expression was observed in the ipsilateral side255. 

Furthermore, increased neural expression of PHB has been found to be related to 

neuroprotection in a focal cerebral ischaemia mouse model256 and to reduce free 

radical production by mitochondria, protecting brain cells from injury256. It must be 

noted that in the current study the hippocampus was only assessed at 1h post-HI and 

further time points should be investigated for PHB protein modulation by WP1066 to 

fully understand effects on PHB in neuroprotection in this model. In the current study, 

we did not observe any significant differences between the β-actin levels along all the 

experimental groups and markers. However, normalisation to the total protein could 

be considered for future research as HI might have an effect on β-actin levels. 

In the current study, we tested the effects of immediate intraperitoneal 80µg/g BW 

WP1066 application on cytokine levels and genes involved in HI. Interestingly, we did 

not observe any changes on cytokine levels of IL-6, IL-1b, IL-12/IL-23, nor at IL-6 gene 

levels (Figure 20), all which are downstream molecular targets of the STAT3 pathway. 

Therefore, based on the current findings, we can conclude that WP1066 is a specific 

inhibitor of the STAT3 Tyr705 phosphorylation site and has no significant effect on the 
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feedback loop of the pathway where we would expect to have an effect on the 

cytokines involved. On the other hand, immediate application of WP1066 increased 

the levels of the CD206 anti-inflammatory gene (Figure 21B). This correlates with the 

immunofluorescence results presented in this study showing that WP1066 treatment 

increased the levels of CD206+ cells (Figure 17). Thus, we can assume that immediate 

WP1066 application after HI insult may exhibit its protective effects via increasing the 

anti-inflammatory levels of CD206 resulting in induced repair.  

Several studies have shown the contribution of the classical complement pathway to  

HI brain injury160,273. In line with those studies, we observed a significant reduction in 

C1qa gene levels in hippocampus of WP1066 treated animals compared to DMSO 

treated controls (Figure 22A), while no changes were seen for C1qb and C1qc levels. 

Our results are in line with the study of Vadim and colleagues (2005) where deletion 

of C1qa gene in C57Bl/6 mice that underwent HI at P7 led to significantly decreased 

activation of circulating neutrophils associated with diminished local accumulation and 

attenuation of brain injury274. Remarkably, this is the first study to provide evidence of 

WP1066’s role on the complement system and potential neuroprotective effects via 

this pathway.  

Interestingly, WP1066 treatment resulted in neuroprotection even if applied with a 

delay of 1 or 2h post-HI by reducing glial activation, tissue loss and cell death (Figure 

27). This result is particularly relevant for clinical application as the immediate 

administration of treatment after neonatal HI is challenging and not always possible, 

including the western and the developing world. Negative geotaxis test, which is a 

measurement for motor coordination and labyrinth reflex, also showed a significant 

decrease in the reflex time of animals treated with WP1066 1 or 2h post-HI insult.  
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WP1066 application provided long-term neuroprotection (36 days post-HI), as shown 

in P36 male and female mice, with a significant reduction of brain tissue loss compared 

to untreated HI and DMSO treated controls (Figure 24A-C). Similarly, untreated HI and 

DMSO treated controls significantly decrease MBP levels in P36 females in the 

striatum and external capsule in comparison to WP1066 (80 µg/g BW) application and 

in males’ external capsule (Figure 24D-F). Behavioural tests exploring motor skills, 

and memory were performed at P28, P35 and P36 using the slipping test and NOR 

tests. Both assessments showed improvement of motor and memory skills following 

WP1066 (80 µg/g BW) application immediately after HI (Figure 25), thus expressing 

beneficial effects on cognitive damages generated by the HI insult. Many studies have 

indeed reported that HI injured rodents show impairments in auditory and 

memory/learning processing275–277. Considering this, NOR tests were performed in the 

current study to examine short-term (at P35) and long-term memory (at P36) (Figure 

25D-I). Interestingly, male animals treated with WP1066 (80 µg/g BW) immediate post-

HI showed improved short- and long-term memory compared to untreated HI 

littermates, while no changes were observed in females short- and long-term memory. 

In clinical settings, HI brain injury appears to have more severe consequences for 

males rather than females278, due to the interplay between hormonal modulation and 

genetically determined apoptotic mechanisms protecting females to a degree against 

HI279. Therefore, it is not surprising that a memory improvement was observed in male 

mice, as these will show a higher level of injury. NOR behavioural tasks explore the 

functionality of a working memory in the mouse but from a slightly different 

perspective280,281. The recognition of novelty in the NOR test is dependent on the 

hippocampal connections with the perirhinal cortex281,282. It is, therefore, possible to 
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speculate that the ability of WP1066 in improvement of long-term memory is due to 

the improvement of hippocampal memory.  

Overall, the data from the current study suggests a critical role for STAT3, including 

possibly also a contribution to neonatal HI-brain damage via Tyr705 phosphorylation. 
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Chapter 5: Effects of curcumin application in DMSO solution, in a P9 HI 
mouse model 
 

5.1 AIMS 
 

We have previously shown that curcumin provides neuroprotection when administered 

in a P7 HI mouse model, corresponding to slightly pre-term human brain 

development255. Therefore, in this current study we hypothesise that curcumin therapy 

will be neuroprotective in a P9 neonatal HI mouse model, corresponding to term 

human brain development, based on the well documented anti-oxidant, and anti-

inflammatory properties of this natural compound.  

To test this hypothesis, we investigated the neuroprotective effects of i.p. administered 

curcumin dissolved in DMSO, on glial response, tissue loss, and cell death in HI brain 

damage via immunohistochemical analysis and developed a controlled drug delivery 

system for curcumin by encapsulation in Poly(3-Hydroxybutyrate) microspheres, for 

intranasal application in HI. 
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5.2 Methods 
 

All ethical approvals were obtained, and the neonatal HI model, brain extraction, and 

IHC analysis and statistics were performed as explained in Chapter 2. 

 

5.2.1 Pharmacological Treatment  
 

After the induction of HI insult, the pups were immediately treated with an 

intraperitoneal injection of curcumin dissolved in 0.5ul 100% DMSO at a dosage of 

200μg/g BW. Additionally, for controlled curcumin delivery with Poly(3-

Hydroxybutyrate) microspheres, animals received intranasal delivery of 66μg/g BW 

encapsulated curcumin. 
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5.3 Results 
 

5.3.1 Immediate post-HI intraperitoneal application of 200μg/g BW curcumin in 
DMSO is neuroprotective  
 

Intraperitoneal injection of 200μg/g curcumin dissolved in DMSO, applied immediately 

after the HI insult, reduced all brain damage markers assessed, thus signifying 

neuroprotection (Figure 29). Curcumin treatment reduced cell death overall in all brain 

regions assessed (Kruskal-Wallis test, with Dunn’s post-hoc p<0.05), and in cortex, 

pyriform cortex, striatum, thalamus, and external capsule, compared to DMSO treated 

and untreated HI control animals (p<0.05) (Figure 29A).  

In addition, the immediate i.p. curcumin post-HI application triggered a significant 

reduction in both ipsilateral astroglial and microglial activation, as assessed through 

GFAP and alphaM immunoreactivity, respectively. Microglial activation was 

significantly reduced after immediate post-HI intraperitoneal curcumin application in 

hippocampus, compared to DMSO treated animals (p=0.001); and in hippocampus 

and external capsule (p=0.01), compared to untreated HI controls (Figure 29B). 

Similarly, astroglial activation was also downregulated after immediate post-HI 

curcumin application in cortex (p=0.001) and in hippocampus (p<0.01), compared to 

untreated HI control animals; and in hippocampus, striatum and overall forebrain 

(p<0.05), when compared to DMSO treated littermates (Figure 29C). Furthermore, 

GFAP immunoreactivity was significantly decreased in contralateral hippocampus of 

the curcumin treated animals compared to DMSO treated controls (p=0.004, Kruskal-

Wallis test with Dunn’s post-hoc) (Figure 29E). 
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Similarly, compared to untreated HI and DMSO treated control littermates, curcumin 

treated animals showed a reduction in overall brain infraction volume (Kruskal-Wallis 

test with Dunn’s post-hoc, p<0.01), as well as in infarction volume of all the specific 

brain regions of interest (Figure 29D).  
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Figure 29. Neuroprotective effects of immediate intraperitoneal post-HI 200μg/g BW 

curcumin application at 48h. A. Quantitative analysis of TUNEL+ cells in the ipsilateral 

hemisphere after HI damage (n=15), compared with curcumin (n=15) or DMSO (n=15) control 

treatment. The reduction of TUNEL+ cells was significant (Kruskal-Wallis test with Dunn’s 

post-hoc) in cortex (p=0.0008), pyriform cortex (p=0.0001), striatum (p=0.002), thalamus 

(p=0.007), external capsule (p=0.0005), and overall brain (p=0.0003) in the animals treated 

with curcumin (white) compared to DMSO (pink) treated controls and untreated HI (blue) 

control animals. B. Semi-quantitative score of microglial activation (alphaM immunoreactivity) 

after HI brain damage and immediate intraperitoneal curcumin or DMSO treatment, reduced 

microglial activation in curcumin treated animals compared to DMSO controls, in hippocampus 

(p=0.001), and compared to HI control animals, showing a significant reduction in 

hippocampus (p=0.01), and external capsule (p=0.01). C. Astroglial activation measured 

through GFAP OLVs in the ipsilateral hemisphere after treatment with curcumin or DMSO 

only, in HI animals. A significant reduction of GFAP immunoreactivity was observed in cortex 

(p=0.001) and hippocampus (p=0.002) after curcumin treatment compared to untreated HI 

control animals, and compared to hippocampus (p=0.005), striatum (p=0.005) and overall 

brain (p=0.0006), when compared to the DMSO treated control littermates. D. Percentage 

tissue volume loss due to HI insult on the ipsilateral side following immediate post-HI treatment 

with 200μg/g BW of curcumin, DMSO or untreated HI is shown. Significant reduction following 

curcumin treatment was observed in pyriform cortex (p=0.0001), hippocampus (p=0.0001), 

striatum (p=0.0005), thalamus (p=0.001) as well as in overall forebrain (p=0.001, Kruskal-

Wallis test with Dunn’s post-hoc) compared to both DMSO treated and untreated HI group. E. 

Significant reduction of contralateral astroglial activation following curcumin treatment was 

observed in hippocampus (p=0.004, Kruskal-Wallis test with Dunn’s post-hoc) compared to 

the DMSO treated group. F-H. Ipsilateral overview of TUNEL stained brain sections of 

untreated HI controls, (F) animals treated with curcumin (H) or DMSO treated littermates (G). 

The inserts in F, G (untreated HI and DMSO treated brains respectively) show at high 

magnification the pyknotic nuclei typical of dying cells, which are not observable in H (curcumin 
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treated group). I-K. Low magnification images of brain sections, showing the reduction in 

alphaM (microglial marker) immunoreactivity in the curcumin treated (K) compared to the 

DMSO treated (J) and untreated HI groups (I). The inserts in I and J show the typical 

morphology of activated microglial cells with a phagocytic phenotype, while insert K illustrates 

the phenotype of normal ramified microglia. L-N. Ipsilateral images representing the reduction 

in GFAP immunoreactivity in brains of curcumin treated animals (N) compared to DMSO 

treated (M) and untreated HI control littermates (L). The inserts at high magnification in K and 

L highlight the presence of activated astroglial cells, which are not detectable in the insert (N). 

O-Q. Overview of ipsilateral hemispheres stained with Cresyl Violet for Nissl bodies, showing 

less tissue loss in brains of curcumin treated animals (Q) compared to brains of DMSO treated 

(P) and untreated HI littermate controls (O). Scale bars represent 400µm in all low 

magnification figures and 62µm in the magnified inserts. CTX – cortex, PYR – pyriform cortex, 

HIP – hippocampus, STR – striatum, THAL -thalamus, EC – external capsule, Total - Average 

of all brain regions. 

                                       

Furthermore, our results confirm that curcumin also provides neuroprotection by 

significantly reducing iNOS oxidative stress, in P9 mice, as seen in Figure 30. 

Application of 200μg/g BW of curcumin immediately post-HI, reduced the number of 

iNOS+ cells (p value =0.0023, Kruskal-Wallis test with Dunn’s post-hoc), when directly 

compared to brains of the untreated HI control group. Additionally, there was a 

significant downregulation in the number of iNOS+ cells (p=0.0024, Kruskal-Wallis test 

with Dunn’s post-hoc), when comparing brains from curcumin treated to those of the 

DMSO treated controls (Figure 30B). No significant differences were found between 

the DMSO treated control group and the HI non treatment group (p>0.05, Kruskal-

Wallis test with Dunn’s post-hoc), as shown in Figure 30.  
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We further assessed effects of curcumin treatment on levels of myelination, and our 

data did not show statistically significant difference in the curcumin treated group 

compared to the DMSO treated control group, or the untreated HI group, in either 

external capsule or striatum (p>0.05, Kruskal-Wallis test with Dunn’s post-hoc, Figure 

30A).  

 

Figure 30. Effects of immediate intraperitoneal post-HI application of 200μg/g BW 

curcumin on myelination and iNOS+ cells. A. Myelination measured through MBP OLVs in 

the ipsilateral hemisphere after treatment with curcumin or DMSO in HI animals. No significant 

changes were observed after curcumin treatment (p>0.05, Kruskal-Wallis test with Dunn’s 

post-hoc). B. Quantitative analysis of iNOS+ cells after immediate post-HI curcumin 

application compared to untreated HI control animals, showing a significant reduction in 

hippocampus (p=0.001, Kruskal-Wallis test with Dunn’s post-hoc). Abbreviations: EC: external 

capsule, STR: striatum, HIP: hippocampus 
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Chapter 6: Effects of curcumin P(3HB) encapsulated microspheres 
application in a P9 HI mouse model 
 

6.1 Synthesis of Poly(3-Hydroxybutyrate) Microspheres P(3HB) 
microspheres with encapsulated Curcumin  
 

Poly(3-hydroxybutyrate)-Hyaluronic Acid biopolymers with encapsulated curcumin 

were created and provided by Prof Ipsita Roy’s Research Group. Firstly, (3HB) 

solution of 0.65 % w/v was prepared in chloroform (CHCl3) and Polyvinyl Alcohol 

(PVA) solution. Curcumin was added in the polymer solution, dissolved and added to 

PVA. The particles were then collected by centrifuging the emulsion, washed by 

suspension in 10% of ethanol. The particles were then ultimately suspended in distilled 

water (40 ml) and again centrifuged 500 ul of 50mg/ml trehalose dehydrogenase were 

then added. Finally, the particles were frozen at -20 oC and then transferred to a freeze 

dryer for 1-2 days. 

 

6.2 Surface morphology and particle size analysis 
 

The surface morphology and size distribution of the microspheres was assessed and 

imaged using SEM (FEI XL30 FEG Scanning Electron Microscope (FEI, Eindhoven, 

Netherlands)), at Eastman Dental Institute, UCL, UK. Image J software was used to 

quantify particle distribution using images captured using SEM. The images were 

appropriated to suitable thresholds and the analysis was calibrated using pixel to scale 

bar. As demonstrated in Figure 31B, the biopolymer microsphere encapsulated 

curcumin for a delayed release upon degradation of the biopolymer and featured an 

outer layer of curcumin for a more immediate release upon administration. Figure 32 
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shows an SEM image of curcumin loaded biopolymers, and a theoretical mock-up of 

the two-step drug release. 

 

Figure 31. Schematic representation of P(H3B)-HA biopolymers. A. A scanning electron 

microscope image of Poly(3-hydroxybutyrate) biopolymer encapsulated curcumin, created by 

Prof Ipsita Roy’s Research Group. Polyhydroxyaklanoates (PHA) are a type of biodegradable 

polymer, synthesised by bacteria during fermentation under conditions with excess carbon 

and nutrient limitations283. Hyaluronic acid (HA) was conjugated with P(3HB) microspheres as 
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it can support the structure of the biopolymer and aid in water solubility and bioavailability as 

a drug delivery vehicle284. B. A theoretical graphical image of a single P(3HB)-HA biopolymer 

microspheres used in this study. Drug delivery strategy is shown in the image. The 

microsphere features an outer layer of curcumin on the surface (shown in orange) for 

immediate release and encapsulated curcumin inside for a delayed release. C. Theoretical 

image showing the outer layer of the P(3HB)-HA biopolymer releasing curcumin immediately. 

D. Theoretical image showing the delayed release of curcumin due to the degradation of the 

biopolymer.  

 

 

 

 

6.3 Encapsulation efficiency 
 

Encapsulation efficiency was calculated using the supernatant that was obtained from 

centrifuging the microspheres and assessed with a Fourier-transform infrared 

spectroscopy (FTIR) spectrometer (Figures 33B-D) 

 

 

 

A B 

Figure 32. Surface morphology and size distribution. A. SEM image of P(3HB) 

microspheres, average particle size= 0.551 ± 0.108μm. B. SEM image of P(3HB) 

microspheres with encapsulated curcumin, average particle size= 0.551 ± 0.108μm 
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Drug release kinetics: 

Drug-encapsulated microspheres (10 mg) were immersed in 2ml of PBS. One ml 

samples were drawn periodically and 1ml fresh PBS was added to the samples.  

Curcumin was quantified using measuring absorbance at 420nm (Figure 33A). 
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Figure 33. Release kinetics and chemical characterisation: FTIR. A. Curcumin release 

from P(3HB) microspheres, encapsulation efficiency= 63.82 ± 3.21%. Curcumin was 

quantified using measuring absorbance at 420nm. B. FTIR spectra of empty P(3HB) 

microspheres. C. FTIR spectra of empty P(3HB) microspheres with curcumin. D. Overlap of 

FTIR spectra of empty P(3HB) microspheres and microspheres with curcumin. 

 

6.4 Pharmacological treatment 
 

Based on previously published data from our lab where 200μg/g BW curcumin 

provided neuroprotection after i.p. administration in a P7 HI mouse model255 and 

unpublished data after intranasal administration of curcumin in DMSO and curcumin 

in nanoparticles formulation, we investigated the effect of intranasal route, since this 
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route of administration consists in the administration of the product of interest in the 

nasal cavity. Intranasal route of administration, allows the compounds to bypass the 

BBB by entering perivascular channels in the intranasal epithelium or by extracellular 

and intracellular pathways via the olfactory and trigeminal nerve285. Therefore, two 

intranasal doses of 33μg/g encapsulated curcumin in 6μl of vehicle (empty 

microspheres) were administrated, to reach a total dose of 66μg/g curcumin. The 

curcumin treatment group received one intranasal dose of encapsulated curcumin 

immediately post-HI, and an additional dose 30 minutes later. The Biopolymer group 

received two doses of the biopolymer vehicle only. The HI group did not receive any 

pharmacological treatment. 
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6.5 Results  
 

6.5.1 Intranasal delivery of curcumin via P(3HB) microspheres immediately post-
HI reduces cell death, tissue loss and microglial activation 
 

Compared to biopolymers-treated animals and untreated HI controls, intranasal 

delivery of 66μg/g BW P(3HB) encapsulated curcumin straight after the HI-insult 

significantly reduced brain damage markers (tissue loss, TUNEL+ cell death and 

microglial activation) at 48h post-HI. Immediate intranasal post-HI application of 

P(3HB) encapsulated curcumin downregulated TUNEL+ cell death (Figure 34A). 

Figure 34A shows that encapsulated curcumin treatment straight HI significantly 

reduced the number of TUNEL+ cells compared to empty P(3HB) microspheres 

treated littermates and untreated HI control group (Kruskal-Wallis test with Dunn’s 

post-hoc, p=0.001) with individual significant decrease of 70–90% in cortex, pyriform 

cortex, hippocampus, striatum, external capsule, thalamus and overall (p<0.05 in 

Kruskal-Wallis test with Dunn’s post-hoc). The TUNEL+ cells displayed the typical 

pyknotic nuclear morphology (Figure 34-insert, ipsilateral hippocampus empty P(3HB) 

microspheres (G) and HI (F)). 

Immediate intranasal post-HI P(3HB) encapsulated curcumin application had a similar 

effect on microglia activation score (Figure 34B) based on alphaM integrin 

immunoreactivity (Figures 34B, I-K). Regional assessment shown in Figure 34B 

revealed a reduction in activation score in the P(3HB) encapsulated curcumin treated 

group (Kruskal-Wallis test with Dunn’s post-hoc, p=0.0001), with significant decrease 

of 50–80% in all six individual ipsilateral brain regions compared to empty P(3HB) 

microspheres treated group and in hippocampus and external capsule compared to 

untreated HI group (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc). 
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Application of P(3HB) encapsulated curcumin immediately post-HI had no significant 

effect on astroglial activation compared to empty P(3HB) microspheres treated and 

untreated HI controls as shown in Figure 34C (p>0.05, Kruskal-Wallis test with Dunn’s 

post-hoc). As shown in Figure 34D, post-HI intranasal application of curcumin loaded 

P(3HB) microspheres markedly decreased ipsilateral forebrain tissue loss. Regional 

assessment presented in Figure 34D revealed strong decrease across the different 

forebrain regions (Kruskal-Wallis test with Dunn’s post-hoc, p=0.001). Immediate 

intranasal post-HI application of P(3HB) encapsulated curcumin significantly reduced 

tissue loss in relation to empty P(3HB) microsphere treated only control littermates 

and untreated HI controls by 50–70% in cortex, pyriform cortex, hippocampus, 

striatum, external capsule, thalamus, and overall in the brain regions assessed 

(p<0.05 in Kruskal-Wallis test with Dunn’s post-hoc).  
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Figure 34. Neuroprotective effects of immediate intranasal post-HI application of 66μg/g 

BW curcumin encapsulated P(3HB) microspheres at 48h. A. Curcumin encapsulated 

P(3HB) microspheres treatment reduced TUNEL+ cell death across all 6 examined forebrain 

regions, with significant, individual decrease (Kruskal-Wallis test with Dunn’s post-hoc) in 

cortex (p = 0.01), pyriform cortex (p = 0.004), hippocampus (p = 0.003), striatum (p=0.0001), 

external capsule (p=0.0001), thalamus (p=0.0001) and overall forebrain (p=0.005) compared 

to untreated HI group and in cortex (p=0.04), pyriform cortex (p=0.01), hippocampus 

(p=0.003), striatum (p=0.0001), external capsule (p=0.006), thalamus (p=0.006) and overall 

forebrain (p=0.0002) when compared to empty P(3HB) microspheres treated controls. B. 
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Quantitative analysis of AlphaM immunoreactivity representing microglial activation in animals 

treated with 66μg/g BW curcumin encapsulated P(3HB). Graph B shows the reduction in 

microglial activation in cortex (p=0.01), pyriform cortex (p=0.001), hippocampus (p=0.01), 

striatum (p=0.02), external capsule (p=0.004) and overall (p=0.003) after 66μg/g curcumin 

encapsulated P(3HB) microspheres treatment compared to untreated HI group and in cortex 

(p=0.0004), pyriform cortex (p=0.003), hippocampus (p=0.0001), striatum (p=0.004), external 

capsule (p=0.007), thalamus and overall (p=0.007) compared to empty P(3HB) microspheres 

group. C. Ipsilateral changes in astroglial activation assessed through GFAP immunoreactivity 

at 48h after application of 66μg/g BW curcumin encapsulated P(3HB) microspheres compared 

to empty P(3HB) microspheres and untreated HI control littermates. Graph C shows no 

significant change in astroglial activation after 66μg/g curcumin encapsulated P(3HB) 

microspheres treatment compared to empty P(3HB) microspheres and untreated HI groups. 

D. Quantitative ipsilateral analysis of tissue loss in animals treated with 66μg/ g of curcumin 

encapsulated P(3HB) microspheres (white), empty P(3HB) microspheres (pink) or untreated 

HI (blue) control animals. A reduction in tissue loss was observed in cortex (p=0.004), pyriform 

cortex (p=0.004), striatum (p=0.0006), hippocampus (p=0.001), thalamus (p=0.003) and 

overall (p=0.0001) of curcumin-P(3HB) microspheres treated group compared to untreated HI 

and in cortex (p=0.002), pyriform cortex (p=0.004), striatum (p=0.0004), hippocampus 

(p=0.0003), thalamus (p=0.004) and overall forebrain (p=0.0006) compared to empty P(3HB) 

microspheres groups. F-H. TUNEL+ staining of dying brain cells with fragmented DNA at 48h 

following HI-insult-histochemical overview of the ipsilateral forebrain in untreated HI (F), empty 

P(3HB) microspheres (G) and curcumin encapsulated P(3HB) microspheres (H) treated 

animals. Note the typical pyknotic nuclear morphology of the TUNEL+ cells observed in the 

untreated HI (F) and empty P(3HB) microspheres group (G) (- insert, hippocampus) and the 

lack of such cells in the curcumin encapsulated P(3HB) microspheres group (H). I-K. 

Histochemical overview of the treatment groups with alphaM staining, untreated HI (I), empty 

P(3HB) microspheres (J), 66μg/g BW curcumin encapsulated P(3HB) microspheres (K), and 

low magnification ipsilateral overview in untreated HI (I), empty P(3HB) microspheres (J) and 
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curcumin encapsulated P(3HB) microspheres (K) groups. L-N. GFAP, histochemical overview 

of the treatment groups, untreated HI (L), empty P(3HB) microspheres (M), 66μg/g curcumin 

encapsulated P(3HB) microspheres curcumin groups (N). O-Q. Histochemical NISSL-stained 

overview of the treatment groups, untreated HI (O), empty P(3HB) microspheres (P), 66μg/g 

BW curcumin encapsulated P(3HB) microspheres (Q). Scale bars 400µm, inserts=62µm. 

(*p<0.05). 
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Chapter 7: Discussion on curcumin application 
 

Curcumin’s anti-inflammatory, anti-oxidant and anti-apoptotic properties make it an 

appealing target for drug discovery in many neurodegenerative disorders249,250,252,255. 

Hence, this research focuses on identifying the effect of curcumin in neonatal HI 

damage. Considering the low bioavailability, lipophilic properties and reported quick 

clearance from the body286, we dissolved curcumin in the first instance in DMSO, a 

common solvent used in preclinical studies, and investigated the neuroprotective 

effect of 200μg/g BW curcumin in P9 HI animals in order to compare with previous 

studies in a P7 HI mouse model255. The P9 mouse model corresponds to human term 

infant therefore this current study is more translational to the clinic compared to the P7 

mouse model study255. 

The current study supports previous work carried out by our group which determined 

the neuroprotective effects of immediate 200μg/g BW intraperitoneal curcumin 

treatment in the P7 mouse with severe HI brain damage255. Our results confirmed our 

hypothesis that an immediate dose of 200μg/g BW curcumin i.p. reduces tissue loss, 

cell death, microglial and astroglial activation in the most affected brain regions after 

HI insult in the P9 HI mouse model (Figure 29, Figure 30). Overall, curcumin 

administered i.p. at a dose of 200μg/g immediately after HI provided neuroprotection. 

Moreover, our study is accordance with our previous findings and corroborates with 

our hypothesis that DMSO does not contribute to the neurological outcome as no 

significant change in tissue loss, cell death, microglial and astroglial activation was 

observed between the untreated HI and DMSO treated groups (p>0.05, Figure 29). 
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Our results are in line with other studies demonstrating the neuroprotective effect of 

curcumin. Specifically, in a study conducted by Cui and colleagues (2017), curcumin 

was administrated to P7 rats at a dose of 150mg/kg per day for three days, 24h after 

HI-injury, and resulted in prevention of myelin loss287. Expression of nuclear factor 

erythroid-2-related factor 2 (Nrf2), which has been linked to increased 

neuroprotection287, was measured and found to be increased in the curcumin treated 

mice. Curcumin treatment also significantly attenuated the increased expression of 

iNOS and caspase-3 activity when compared to untreated HI control group. 

Attenuation of these pro-inflammatory and pro-apoptotic markers suggests that 

curcumin treatment acts to supress these pathways in order to confer neuroprotection. 

Our results in the Rice-Vannucci mouse model show a reduction of TUNEL+ cell death 

and tissue loss, which was not explored in the rat study287.  

Furthermore, curcumin treatment reduced microglial activation and the infarction 

volume of the injured brain area, compared to untreated control animals in a mouse 

model of stroke288. The same study showed that curcumin treatment reduced 

microglial gene expression of pro-inflammatory and oxidative stress markers, such as 

TNF-α, IL-12 and iNOS. Additionally, pro-inflammatory cytokines expression was 

reduced after curcumin treatment in in vitro incubation of LPS-INFγ activated 

microglia288. 

In our P9 mouse model, as well as in the P7 HI mice255, immediate curcumin post-HI 

treatment reduced astroglial activation both ipsi- and contralaterally when compared 

to DMSO treated control group (Figure 29 I, Q). Although the contralateral hemisphere 

is considered as control, it undergoes hypoxia and is subjected to delayed atrophy125. 

Bilateral acidosis and upregulation of pSTAT3, have been reported in previous studies 

suggesting changes in both hemispheres after HI insult181. Additionally, STAT3 is 
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critical in astroglial maturation181 and curcumin is reported to inhibit STAT3 

phosphorylation110, therefore an effect causing reduction of astrogliosis was to be 

expected. Curcumin reduced glial scar formation in a rat model of spinal cord injury289. 

In this model, astroglial cells have a major contribution to the formation of glial scar, 

impeding tissue regeneration289. Specifically, curcumin seems to inhibit NF-kB 

signalling pathway, which reduces GFAP expression in astrocytes289. Hence, it is likely 

that after HI brain damage curcumin reduces astroglial activation by acting on NF-kB 

and STAT3 pathways, which both play an important role in stimulating apoptosis and 

inflammation therefore explaining the reduction in tissue loss and cell death. The 

inhibition of NF-kB pathway also prevents the upregulation and production of iNOS. 

Curcumin’s application in the P7 and P9 mouse model of HI resulted in significantly 

reduced levels of tissue loss along with reduced number of iNOS positive cells255. 

These results may suggest that the decline in oxidative stress due to curcumin 

treatment is crucial in lessening neuronal tissue injury. Studies carried out in term fetal 

guinea pigs following HI brain damage found significant levels of iNOS expressed by 

both glial and neuronal cells in all brain regions where significant tissue loss was 

observed. Furthermore, inhibition of iNOS with the selective inhibitor N-iminoethyl-L-

lysine (L-NIL), demonstrated that the majority of HI induced increase of the free radical 

NO was reflected by an excess iNOS activity and thus reduced or eliminated the 

injury290. Our data is in line with these findings, suggesting that the observed reduction 

in tissue loss, cell death and glial response, could depend on curcumin’s ability to 

resolve inflammation through downregulation of pro-inflammatory cytokines and 

reducing oxidative stress through suppression of iNOS transcription. 

The significant reduction in iNOS+ cells in our study can be explained as well by 

curcumin’s ability to scavenge and clear ROS and free radicals due to its o-methoxy 
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phenolic group291. Curcumin is able to attenuate oxidative stress by inducing the 

polarisation of murine RAW264.7 macrophages from a pro-inflammatory phenotype to 

an anti-inflammatory phenotype292. Therefore, the effect of curcumin on inflammation 

and oxidative stress could be through the reduction of pro-inflammatory cytokines such 

as IL-1β and iNOS levels, and due to the upregulation of ani-inflammatory 

factors292,293. Furthermore, Mukherjee and colleagues (2019) demonstrated that 

curcumin upregulates antioxidant compounds, such as SOD, which could also explain 

the reduction of iNOS+ cells after curcumin treatment. With the increased production 

of ROS and free radicals following a severe HI insult, there is a decrease in 

endogenous antioxidant proteins such as glutathione and SOD, existing in low levels 

and exacerbates neuronal cell death and tissue loss294. A study conducted in neonatal 

rat cerebral ischaemic reperfusion model found that polyethylene glycolylated 

polylactide-co-glycolide nano-capsulated curcumin restored SOD activity to normal 

levels294. Additionally, curcumin protected cultured HT22 neuronal cells against 

oxygen-glucose deprivation and reoxygenation by upregulating type-2 superoxide 

dismutase (SOD2) protein, decreasing intracellular ROS and the accumulation of 

mitochondrial superoxides, thus improving mitochondrial function and cell integrity224. 

In an adult male rat model of HI, treatment with oral curcumin dissolved in DMSO 

application demonstrates an ability to target NOS296. Interestingly, this study also 

found that curcumin treatment resulted in reduced expression of Aquaporin-4, (AQP-

4), a water channel protein expressed at the BBB, upregulation of which may 

contribute to increased oedema in HI injury. However, whether this applies in cases of 

neonatal HI injury remains to be investigated. 

Finally, our results also showed no significant difference in MBP levels in P9 mice 

treated with curcumin compared to DMSO treated or untreated HI control littermates 
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(Figure 30A). This result differed compared to our previous study in P7 mice, where 

i.p. curcumin treatment immediately after HI insult resulted in higher levels of MBP in 

the external capsule and striatum, compared to DMSO treated and untreated HI 

controls. A study by a different group on neonatal (P9-P10) HI mice found that the 

expression of MBP protein and its transcripts significantly reduced in the external 

capsule, striatum, corpus callosum and white matter tracts (in which microglia are most 

abundant) at 24h following the HI insult. However, our results did not show this effect 

on the P9 HI mouse model297. Our data from the P9 HI mouse model is also not in line 

with other studies which have investigated the effects of curcumin on myelination, 

where researchers concluded that higher levels of MBP were associated with 

neuroprotection of white matter following neonatal HI injury287,298. Therefore, we 

cannot conclude that curcumin affects demyelination in P9 mice. Our results may have 

been affected by the low number of animals, hence future studies with an increased 

sample group size will be needed to verify the findings from the current study. 

Due to curcumin’s low bioavailability, further routes of administration for treatment in 

neonatal HI injury have been tested. Curcumin loaded poly (lactic-co-glycolic acid)-

poly (ethylene glycol) (PLGA-PEG) nanoparticles at a dose of 50mg/kg were 

intraperitoneal injected into P7 rat pups 30 minutes after HI insult299. Quantification of 

the nanoparticles in the parenchyma of the HI brain showed successful uptake. 

Furthermore, histological investigation of injury in coronal slices suggested that the 

curcumin loaded nanoparticles showed a significant neuroprotective effect, especially 

compared to curcumin dissolved in DMSO alone. Therefore, this study suggests that 

successful delivery of curcumin into the neonatal rat brain was able to attenuate HI 

tissue volume loss. 
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The results from the current study, using curcumin encapsulated P(3HB) 

microspheres, indicate that the P(3HB)-HA biopolymer was able to successfully 

provide neuroprotection, as can be observed in Figure 33. Curcumin has been the 

focus of several drug delivery studies aiming to increase its bioavailability300,301. A 

study by Joseph and colleagues302 used curcumin loaded polylactic-co-glycolic acid-

polyethylene glycol nanoparticles in a similar model of unilateral HI brain injury in 

neonatal rats. The results, although indicating an overall neuroprotective effect, did 

not lead to a significant difference observed between the vehicle control and the 

curcumin nanoparticle treatment. This was suggested to be due to the possible 

neuroprotective effects of the polymer itself. It is therefore important to find a more 

appropriate polymer structure for the delivery of curcumin. Furthermore, previous 

results from our lab (unpublished data Hristova lab) are in line with the results in this 

study, indicating that intranasal administration of encapsulated curcumin in TPGS 

nanoparticles is neuroprotective by reducing cell death, tissue loss and glial activation. 

The use of the Polyhydroxyaklanoates P(3HB) conjugated with HA for increased 

solubility has been shown to be a good candidate for controlled drug delivery. Low 

molecular weights of P(3HB) are present in humans and animals, leading to a high 

level of biocompatibility284. Furthermore, P(3HB) elicit lower immune responses 

compared to other commercial medical polymers284. The two-step curcumin release 

strategy of the biopolymer used in this study (Figure 31) would be advantageous for 

the treatment of HI injury due to its ability to elicit both an immediate and delayed 

neuroprotective effect from the latent phase and onwards, if given between 30 minutes 

to 6h after the initial injury. 

Overall, this study provided evidence that curcumin is neuroprotective in a term (P9) 

mouse model of HI brain injury through the reduction of cell death, tissue loss and 
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microglial activation. Moreover, this study represents a novel success in the use of 

P(3HB)-HA biopolymers for the controlled drug delivery of curcumin in HI treatment, 

via intranasal delivery. These results suggest that the use of curcumin as an intranasal 

treatment for neonatal HI is a valid neuroprotective strategy, removing any need for 

invasive procedures. Future experiments should focus on investigating the long-term 

effects of curcumin loaded biopolymer’s administration. 
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Chapter 8: Effects of microglial TGFβR-1 specific deletion on microglial 
population in a P7 HI mouse model 
 

8.1 AIMS 
 

Microglial-specific TGFβR-1 deletion is neuroprotective following severe HI insult 

(unpublished data Hristova lab), we hypothesised that a potential mechanism behind 

this neuroprotective effect is due to the reduction of pro- and increase of anti- 

inflammatory microglial activation after HI insult. Furthermore, we set out to assess 

whether there is a shift in the ratio between the pro- and anti- inflammatory microglia 

in the brain regions most affected by the insult, with more activation of the anti-

inflammatory phenotype thus inducing repair.  

To test this hypothesis, we investigated the effects of microglia-specific TGFβR-1 

deletion in a P7 mouse model on microglial activation via immunohistochemical 

analysis.  
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8.2 Methods 
 

All ethical approvals were obtained, brain extraction and statistics were performed as 

explained in Chapter 2. The surgical procedures to induce HI were performed as 

described previously. However, HI insult was performed in the P7 mouse late pre-term 

model and the pups were exposed to humidified 8% oxygen/ 92% nitrogen (3L/min) at 

36oC for 60 minutes. 

 

8.2.1 TGFβR-1 deletion 
 

The mouse brains used in this study were previously obtained in our laboratory and 

display microglia targeted TGFβR-1 deletion. A global deletion of the receptor is lethal 

in embryonic stage303, thus a LoxP-mediated knockout of TGFβR-1 was used that 

targets only macrophages/ microglia (MAC1::CRE). Genetically engineered mice by 

homologous recombination carrying the LoxP site at each flanking intronic sequences 

of the TGFβR-1 exon 9-11 (TGFβR-1Fl/Fl) were obtained from Professor Stefan 

Karlsson, Lund University, Division of Molecular Medicine and Gene Therapy, 

Sweden. These mice were crossed with the Mac1/Cd11b-Cre+ mice, obtained from 

Hellenic Pasteur Institute, Athens, Greece, resulting in Mac1-Cre+-TGFβR-1Fl/-. The 

progeny was crossed for two generations with the TGFβR-1Fl/Fl mice to obtain the 

experimental (TGFβR-1Δ) and control (TGFβR-1Fl/Fl) groups. All animals were 

genotyped for TGFβR-1 flox and Cre. 

8.2.2 Statistical analysis  
 

The statistics were performed as explained in Chapter 2. 
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8.3 Results 
 

8.3.1 Pro-, anti- inflammatory microglia phenotype activation and pro- & anti- 
microglia co-localization 
 

The pro-inflammatory phenotype activation pattern was significantly decreased in 

TGFβR-1Δ (experimental) compared to TGFβR-1Fl/F (control) animal group in 

hippocampus, external capsule and overall forebrain (p<0.05, Kruskal-Wallis test) 

(Figure 35B). The anti-inflammatory activation pattern was also significantly 

downregulated in TGFβR-1Δ mice, compared to the TGFβR-1Fl/F group after induction 

of HI, in cortex, hippocampus, external capsule, pyriform cortex, striatum and overall 

in all brain regions assessed (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc) 

(Figure 35D). Pro- and anti-inflammatory microglia co-localisation, indicative of pro- 

and anti- inflammatory microglia double-labelling also showed significant reduction in 

hippocampus and external capsule (p<0.05, Kruskal-Wallis test with Dunn’s post-hoc) 

in TGFβR-1Δ group (Figure 35D). 
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Figure 35. Microglia-specific TGFβR-1 deletion significantly reduces pro and anti- 

inflammatory microglial phenotypes after HI insult. The graphs illustrate the averages of 

cell counts in six brain regions, for the TGFβR-1Fl/Fl (control) (n=10) and the TGFβR-1Δ 

(experimental) (n=19) group. A. Visual representation of CD86+, CD206+ and co-localised 

CD86+, CD206+ microglial cells. B. Activation profiles of pro-inflammatory (or CD86+), with 

significant decrease in hippocampus (p=0.03), striatum (p=0.007), external capsule (p=0.04) 

and overall forebrain (p=0.01) in TGFβR-1Δ compared to TGFβR-1Fl/Fl (Kruskal-Wallis test with 

Dunn’s post-hoc). C. Activation profiles anti-inflammatory or CD206+ microglial cells in the 

ipsilateral hemisphere. Anti-inflammatory microglia cells were reduced in cortex (p=0.01), 

pyriform cortex (p=0.03), hippocampus (p=0.03), striatum (p=0.003), external capsule 

(p=0.04) and overall (p=0.04, Kruskal-Wallis test with Dunn’s post-hoc) in TGFβR-1Δ when 

compared to TGFβR-1Fl/Fl. D. Pro- & anti- inflammtory microglia co-localised cells were 

significantly reduced in hippocampus (p=0.01), external capsule (p=0.04) and overall 

(p=0.009, Kruskal-Wallis test with Dunn’s post-hoc) after TGFβR-1 deletion compared to 

TGFβR-1Fl/Fl animals. A. Immunofluorescence for rat monoclonal anti- CD86, in red and goat 

monoclonal anti- CD206), in green, superimposed on nuclear DAPI fluorescence, in blue in 

the ipsilateral hippocampus of TGFβR-1Δ. Results are presented as mean ± standard error of 

mean (SEM). CTX – cortex, PYR – pyriform cortex, HIP – hippocampus, STR – striatum, THAL 

-thalamus, EC- external capsule, Total - Average of all brain regions. *p<0.05. 
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8.3.2 Ratios between pro-, anti-, pro- & anti- and pro- + anti- inflammatory 
microglial populations  
 

To better understand the inter-relation between pro- and anti- inflammatory activation 

in TGFβR-1Δ (n=19) and TGFβR-1Fl/F (n=10) animal groups after HI insult we assessed 

six different ratios between the two phenotypes in each of the six regions (Figure 36). 

We assessed pro- inflammatory microglia as a percentage from: the total number of 

activated microglia (pro- inflammatory: total); and as a percentage from the anti- 

inflammatory population, excluding (pro- inflammatory: anti- inflammatory) and then 

including (pro- inflammatory: all anti- inflammatory) the co-localised cells. Similarly, we 

assessed anti- inflammatory: total, and the percentage of pro-inflammaroy: co-

localised with anti- inflammatory and vice versa. 

When comparing the ratios pro-inflammatory microglia/total and anti-inflammatory 

microglia/total (Figure 36E, F), anti-inflammatory microglia cells represented the 

biggest population of the total number of activated microglia >70%, in both TGFβR-1Δ 

and TGFβR-1Fl/Fl groups. For both phenotypes, the highest percent of active cells was 

reported in TGFβR-1Fl/Fl hippocampus, 60% (Figure 36E, F) and statistically significant 

increase was observed in hippocampus and thalamus anti-inflammatory microglia 

/total of TGFβR-1Δ group (Figure 36F), (p<0.05, Kruskal-Wallis test, with Dunn’s post-

hoc) compared to TGFβR-1Fl/Fl but no significant difference was observed in pro-

inflammatory microglia/total ratio. Ipsilateral anti- / pro- inflammatory ratio comparison 

between the two experimental groups was significantly increased in hippocampus and 

overall, 66% and 80% respectively of TGFβR-1Δ animals (p<0.01, Kruskal-Wallis test 

with Dunn’s post-hoc, Figure 36A) compared to TGFβR-1Fl/Fl and siginificantly 

decreased in cortex (p<0.01, Kruskal-Wallis test with Dunn’s post-hoc, Figure 36A). In 
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contrast, pro- / anti- inflammatory microglia ratio was significantly decreased in 

hippocampus and striatum of TGFβR-1Δ compared to TGFβR-1Fl/Fl (p<0.05, Kruskal-

Wallis test with Dunn’s post-hoc, Figure 36B). Figure 36C, D illustrates the ipsilateral 

ratio of pro-inflammatory microglia: co-localised cells and anti-inflammatory microglia: 

co-localised cells, respectively. The pro-inflammatory microglia: co-localised cells ratio 

was significantly reduced in hippocampus (p=0.001, Kruskal-Wallis test with Dunn’s 

post-hoc) and the anti-inflammatory microglia: co-localised cells ratio in striatum of 

TGFβR-1Δ animals compared to TGFβR-1Fl/Fl (p=0.04, Kruskal-Wallis test with Dunn’s 

post-hoc). 

Finally, Figure 36H represents the ratio of anti-inflammatory microglia: pro-

inflammatory microglia cells in the TGF-R1Δ group of animals. The ratio overall was 

decreased in all of the regions of interest, with significant reduction in hippocampus, 

striatum and external capsule, 45%, 33%, 65% respectively, (p<0.05, Kruskal-Wallis 

test with Dunn’s post-hoc), indicating an overall bigger population of anti-inflammatory 

microglia cells in the group of microglia-specific TGFβR-1 deletion following neonatal 

HI injury.  
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Figure 36. Microglia-specific TGFβR-1 deletion results in anti-inflammatory microglial 

phenotype polarization after HI insult A. Significant reduction of anti- : pro- inflammatory 

ratio in cortex and significant increase in hippocampus (p=0.04) and overall (p=0.01, Kruskal-

Wallis test with Dunn’s post-hoc) in TGFβR-1Δ group (n=19) when compared to TGFβR-1Fl/Fl 

(n=10). B. The graph illustrates significant decrease of pro- : anti-inflammatory microglia ratio 

in hippocampus (p=0.04) and striatum (p=0.01, Kruskal-Wallis test with Dunn’s post-hoc in 

TGFβR-1Δ group when compared to TGFβR-1Fl/Fl. C. Ipsilateral ratio of pro-inflammatory : co-

localised microglia cells significantly reduced in hippocampus (p=0.001, Kruskal-Wallis test 

with Dunn’s post-hoc) in TGFβR-1Δ group compared to TGFβR-1Fl/Fl group. D. Anti-

inflammatory: co-localised cells ratio is significantly reduced in striatum (p=0.04, Kruskal-

Wallis test with Dunn’s post-hoc) in TGFβR-1Δ group when compared to TGFβR-1Fl/Fl. E. No 

significant difference is observed in pro-inflammatory: total cells ratio between the two 

experimental groups. F. Significant increase of anti-inflammatory: total cells in hippocampus 

(p=0.01 and thalamus (p=0.01, Kruskal-Wallis test with Dunn’s post-hoc) in TGFβR-1Δ group 

when compared to TGFβR-1Fl/Fl. H. The graph represents the significantly lower number of 

pro-inflammatory microglia cells compared to anti-inflammatory microglia cells in TGFβR-1Δ 

animal group in hippocampus (p=0.04), striatum (p=0.04) and external capsule (p=0.02, 

Kruskal-Wallis test with Dunn’s post-hoc) compared to TGFβR-1Fl/Fl animals.  
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Chapter 9: Discussion on TGFβR-1 deletion 
 

TGFβ1 and its receptor, TGFβR-1, are up-regulated after HI insult304 (unpublished 

data Hristova lab). Our group previously identified that microglia-specific deletion of 

TGFβR-1 in severe HI reduces tissue loss, microglial and astroglial activation, overall 

resulting in neuroprotection (unpublished data Hristova lab). Microglial cells are the 

first line of defence against injury, constantly surveying their environment. Microglia 

become highly active after tissue damage305, and their activation is a hallmark event 

involved in almost all neuropathologies and experimental lesions, including HI brain 

damage306. Therefore, we sought to further assess the microglial polarisation into the 

pro- and anti-inflammatory phenotypes in the same knockout TGFβ mouse strain and 

HI model and whether the neuroprotective effect may be partly attributed to a shift 

between these microglial phenotypes. As activated microglia can be both pro- and 

anti-inflammatory, overall reduction of all microglial activation might not necessarily 

point towards positive outcome. However, even if the overall microglial activation was 

not changed, protective effects might still be there due to decrease of the pro- 

inflammatory phenotype and an increase of the anti- inflammatory phenotype. 

Based on the findings of the current study, our results indicate overall significantly low 

levels of both pro- and anti- inflammatory cells after microglia-specific TGFβR-1 

deletion (Figure 35), which was to be expected based on the previous preliminary data 

showing overall reduction of microglial activation in the mutants. Furthermore, the 

polarization into the anti- inflammatory phenotype was overall higher than into pro- 

inflammatory in the experimental (TGFβR-1Δe) group (Figure 36). This was also 

observed when assessing the percentage of pro- and anti- inflammatory microglia cells 

from the total number of microglial cells, with >82% expressing the anti- inflammatory 
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and <30% expressing the pro- inflammatory phenotype in the experimental animal 

group (Figure 35). Assessing co-localization of pro- anti- inflammatory allowed us to 

better examine the activation profiles and the shift pattern, since pro- and anti- 

inflammatory can be expressed simultaneously in the same cell. We observed that 

>86% of the total anti-inflammatory microglia cells in the ipsilateral hemisphere of both 

experimental and control groups were pure anti-inflammatory phenotype microglia, as 

indicated by CD206 microglial marker counts. Over 75% of all microglia cells appeared 

to be anti- inflammatory phenotype when compared to the number of total cells (Figure 

36F), out of which <10% co-localised with pro- inflammatory phenotype (Figure 36C). 

This trend confirmed our hypothesis that the neuroprotective effects provided by 

microglia-specific deletion of TGFβR-1 (unpublished data Hristova lab) can be due to 

a shift between the pro- and anti- inflammatory phenotypes towards the anti- 

inflammatory one. The number of anti- inflammatory microglial cells was significantly 

higher in the TGFβR-1Δ group, compared to pro- inflammatory positive cells, indicating 

that TGFβR-1 deletion induces an increase of anti-inflammatory microglial phenotype, 

which subsequently can contribute to the observed reduced damage.  

Previous results from our lab demonstrated that microglia targeted deletion of TGFβR-

1 resulted in reduced alphaM immunoreactivity and neuronal cell loss, based on the 

injury score, with significant differences in the pyriform cortex and striatum 

(unpublished data). Therefore, the decrease in alphaM immunoreactivity, combined 

with the reduced damage, might be consistent with overall reduced microglial 

activation and predominance of anti- inflammatory microglial phenotype observed in 

our results.  

A study from Ryu and colleagues (2012) is in line with our observations in this study, 

since they showed that increased expression of TGFβ, as a result of HI insult, could 
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prolong the activated state of microglia, hence, TGFβR-1 deletion would suppress it307. 

Additionally, other in vitro and in vivo studies suggested that TGFβ is crucial for the 

development of CNS specific microglia and that its presence is essential for the 

survival of mature microglia, and postnatal development308. The same group reported 

that TGFβ1 deletion led to reduction in microglia numbers observed from P20 in an HI 

mouse model308. Zöller and colleagues (2018), presented TGFβ1 as a crucial 

endogenous factor required in earlier postnatal stages for an adequate microglial 

maturation and thus normal microglial function in the adult CNS309. That study also 

suggested that the silencing of TGFβ in mature microglia increases TAK1 

phosphorylation (TGFβ-activated kinase 1, a CNS regulator of cell death and 

production of pro- and anti- inflammatory cytokines), thus disturbing microglial 

quiescence310.  

TGFβR-1 deletion might present both pro- or anti-inflammatory effects. Bain and 

colleagues (2010) emphasised the dependence of the oligodendrocyte precursor 

differentiation on the balance between pro- and anti-inflammatory cytokines and 

demonstrated that global inhibition of TGFβR-1 in severe HI suppresses abnormal 

astrogliogenesis from pro-oligodendroglia precursors. Our results from a previous 

study (unpublished) showed that astroglial activation was significantly reduced after 

TGFβR-1 deletion, which is in line with Bain and colleagues’ study. As TGFβR-1 

deletion decreased alphaM immunoreactivity (unpublished data Hristova lab), and 

there was a trend towards anti-inflammatory polarization, it would be interesting to 

further assess the response of other important cells, such as oligodendrocytes, and 

the changes in cytokines balance in response to these events.   
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Chapter 10: Infection-sensitised HI model 
 

10.1 Materials and Methods 
 

All animal experiments and care protocols were approved by the Home Office and 

carried out according to the UK Animals (Scientific procedures) Act 1986, following the 

ARRIVE guidelines. IHC and statistical analysis were performed as described in 

Chapter 2. 

 

10.1.1 Mouse model of ascending vaginal infection 
 

Virgin female C57Bl/6 Tyrc-2J mice (Charles River, Kent, UK) were time mated 

(evidence of vaginal plug designated was embryonic day (E) 0.5). On E16.5, mice 

were anaesthetised by the inhalation of isoflurane (5% for induction, 1.5% for 

maintenance in oxygen) and E. coli K12 MG1655-lux311 was delivered intravaginally 

as previously described89. Briefly, 20µL of midlogarithmic-phase E. coli (1 x 109 CFU 

resuspended in phosphate-buffered saline (PBS)) or PBS (vehicle control) was 

administered into the vagina using a 200-μL pipette tip, then 20µL of 20% Pluronic® 

F-127 gel (Sigma) was delivered to prevent leakage. Animals were individually caged 

and monitored by CCTV for the delivery of pups. Time to delivery was recorded as the 

number of hours from the time of intravaginal delivery of E. coli or PBS to the delivery 

of the first pup.  
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10.1.2 Neonatal HI brain damage model 
 

A modified version of the Rice-Vannucci model was used to induce neonatal HI brain 

damage in C57Bl/6 mice at P7, corresponding to term human brain maturation70 as 

described in Chapter 2, although the animals were placed in a 36°C humidified hypoxic 

chamber and exposed to a mixture of 8% oxygen and 92% nitrogen for 30 min. 

10.2 Results 
 

To evaluate the effects of intrauterine maternal E.coli K12 infection in a HI mouse 

model, IHC was conducted to assess alphaM, GFAP, TUNEL, NISSL, iNOS, MBP and 

NG2 markers in different brain regions. The effect was assessed at 48h following HI, 

in PBS, untreated HI, and E.coli K12 experimental groups and the results are 

presented in Figures 37-39. 

The animals injected with E.coli showed a significant increase of ipsilateral TUNEL+ 

cell death overall (Figure 37A) (Kruskal-Wallis test, with Dunn’s post-hoc, p=0.0001), 

as well as significant sub-regional upregulation in striatum, external capsule, thalamus 

and overall brain regions compared to untreated HI controls (p<0.05 with Kruskal-

Wallis test, Dunn’s post-hoc) and in cortex, striatum and external capsule when 

compared to PBS treated control group (p<0.05 with Kruskal-Wallis test, Dunn’s post-

hoc) (Figure 37A).  

Microglial activation, assessed with alphaM marker, in the E.coli K12 group was 

significantly increased compared to untreated HI and PBS treated control animals in 

external capsule and in cortex, pyriform cortex, striatum, thalamus and overall 

forebrain respectively (p<0.05 Kruskal-Wallis test with Dunn’s post-hoc) (Figure 37B). 

Significant increase was observed also in the reactive astrogliosis, assessed with 
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GFAP OLV, in the E.coli K12 group compared to PBS treated controls. Increase in 

GFAP expression was observed overall in the ipsilateral hemisphere (p=0.0001, 

Kruskal-Wallis test with Dunn’s post-hoc) with sub-regional differences observed in 

striatum and hippocampus (p<0.05 Kruskal-Wallis test with Dunn’s post-hoc) (Figure 

37C).  

Similarly, ipsilateral assessment of tissue loss following E.coli injection compared to 

HI group revealed an overall increase (Kruskal-Wallis test with Dunn’s post-hoc, 

p<0.05) with sub-regional differences in striatum, external, hippocampus, and overall 

(p<0.05 Kruskal-Wallis test with Dunn’s post-hoc) (Figure 37D).  
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Figure 37. Ipsilateral TUNEL+ cell death, glial activation and tissue loss in infection-

sensitised HI, PBS-treated HI and untreated HI animals A. Quantitative ipsilateral analysis 

of TUNEL+ cell death in E.coli K12 treated animals (white), PBS (pink) or HI (blue) control 

animals. An increase in cell death was observed in cortex (p=0.0004), pyriform cortex 
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(p=0.0005), striatum (p=0.005), external capsule (p=0.0006), hippocampus (p=0.0006), 

thalamus (p=0.0002) and overall forebrain (p=0.0007) of the E.coli treated group compared to 

untreated HI and PBS treated groups. (p=0.0001). B. Quantitative analysis of alphaM 

immunoreactivity representing microglial activation. Graph B shows the increase in microglial 

activation in thalamus (p=0.002), hippocampus (p<0.0006), striatum (p=0.0009), external 

capsule (p=0.03) and overall forebrain (p=0.0002) in E.coli treated animals compared to PBS 

treated and untreated HI groups. C. Ipsilateral increase in astroglial activation assessed 

through GFAP immunoreactivity after E.coli intrauterine infection compared to PBS and Hi 

control groups. Significant increase in astroglial activation was observed in pyriform cortex 

(p=0.002), hippocampus (p=0.04) and overall forebrain (p=0.04) in E.coli  K12 treated group 

compared to PBS treated and untreated HI groups. D. Quantitative analysis showing the 

increased percentage of tissue loss assessed through Cresyl Violet staining consequent to HI 

insult on the ipsilateral side of the brain in the regions of interest after E.coli intrauterine 

infection compared to HI and PBS groups. In D, significant increase after E.coli K12 infection 

was observed in pyriform cortex (p=0.01) and striatum (p=0.0004) and overall forebrain 

(p=0.001, Kruskal-Wallis test with Dunn’s post-hoc) compared to PBS treated and untreated 

HI control groups. F-H. Histochemical overview of the TUNEL+ cells in the treatment groups, 

untreated HI (F), PBS treated (G), E.coli treated (H). I-K Ipsilateral overview of microglial 

activation in the experimental groups, untreated HI (I), PBS- (J) and E.coli treated (K) and 

inserts of HI (I), PBS (J) and E.coli groups (K). L-N. Histochemical overview of GFAP 

immunoreactivity in the treatment groups, untreated HI (L), PBS treated (M), E.coli treated (N) 

groups. O-Q. Ipsilateral overview of NISSL stained forebrain in HI (O), PBS (P) and E.coli (Q) 

groups. Scale bars 400µm, inserts=62µm. (*p<0.05). CTX – cortex, PYR – pyriform cortex, 

HIP – hippocampus, STR – striatum, THAL -thalamus, EC – external capsule, Total - Average 

of all brain regions assessed. 
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Compared to PBS treated and HI untreated animals, E.coli K12 intrauterine infection 

had no significant effect on MBP levels and number of the number of NG2 + cells 

(p>0.05, t-test) Figure 38A, Figure 39B.  

E.coli intrauterine infection increase the levels of oxidative stress assessed through 

iNOS immunoreactivity, compared to untreated HI controls, with individual significant 

increase of 80% in hippocampus (Figure 38B, p-value<0.05, t-test).  

 

 

 

 

 

 

Figure 38. Ipsilateral MBP and iNOS immunoreactivity in infection-sensitised HI, PBS-

treated HI and untreated HI animals. A. Quantitative ipsilateral analysis of MBP 

immunoreactivity as a marker of myelination levels in animals with E.coli K12 infection (blue), 

PBS treated (grey) or untreated HI (black) control animals. No significant difference was 

observed in MBP levels between the groups (p>0.05, Kruskal-Wallis test with Dunn’s post-

hoc). B. Quantitative analysis of iNOS immunoreactivity as a marker of oxidative stress. Graph 

B shows the increase in iNOS+ cells in hippocampus after E.coli intrauterine infection 

compared to untreated HI control group (p=0.02, Kruskal-Wallis test with Dunn’s post-hoc) 

and no significant change compared to PBS treated group (p>0.05, Kruskal-Wallis test with 

Dunn’s post-hoc).  
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Figure 39. Ipsilateral NG2 immunoreactivity in infection-sensitised HI, PBS-treated HI 

and untreated HI animals (A) The mean and SEM of NG2 manual counts following 

immunohistochemistry staining for NG2 expression in cortex (CTX), external capsule (EC), 

hippocampus (HIP), pyriform cortex (PYR), striatum (STR), and thalamus (THA) in neonatal 

mice 48h following PBS or E.coli intra-uterine exposure with HI at P7, and untreated HI alone 

treatment groups. The combined average expression in all sub regions is also presented 

(total) (Kruskal-Wallis test with Dunn’s post-hoc (p=0.3325). (B) Ipsilateral cortex of NG2 

expression at 40x magnification in untreated HI, PBS treated and E.coli  P7 mouse pups. (B) 

Immunofluorescence for NG2 and DAPI. Arrows= NG2+ cell. Scale bars= 20μm 

 

NG2 
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Chapter 11: Discussion on Infection-sensitised HI 
 

This study investigated the sensitising effects of maternal intrauterine infection on the 

neonatal mouse brain, combined with a unilateral HI insult. The aim of this study was 

to improve current pre-clinical infection-sensitised HI models to resemble more closely 

the clinical state in term asphyxiated infants, where gram-negative infections 

dominate. To elucidate the effects of intrauterine infections, a non-pathogenic E. coli 

K12 strain was intravaginally administered on embryonic day 16 to challenge the fetal 

immune system which could possibly have a sensitisation effect when an additional 

inflammatory trigger, such as HI insult, is introduced neonatally. Overall, this study 

found statistically significant increase of glial activation, tissue loss, cell death and 

oxidative stress of intrauterine E. coli infection further sensitising the neonatal brain to 

HI insult. However, no significant difference was observed for myelination. This 

investigation builds on previous research which highlights the exacerbation in HI brain 

damage after LPS sensitisation in animal models leading to increased rates of 

mortality and detrimental long-term outcomes such as cerebral palsy312.  

Previous studies have demonstrated an increase in microglial activation and 

proliferation in response to an infection313. Consistent with these reports, our study 

found a significant increase in microglial activation in multiple brain regions, in animals 

pre-exposed to E.coli compared to untreated HI and PBS treated control groups 

(Figure 37E). This is associated with the ‘two-hit hypothesis’ in which pre-exposure to 

LPS interact with TLR4-MyD-88 dependent pathway in the neonatal brain, 

exacerbating the HI insult102,115,314. Subsequently, this markedly increases the NF-kB 

signalling pathway upregulating the infection/inflammation response. A comparable 

study carried out by Suff and colleagues demonstrated pathogenic E. coli K1 strains 
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to render O-antigen in the LPS outer cell wall, thus increasing TLR4 interaction, due 

to O-antigen recognition, to evade the host compared to K12 stain, which lack O-

antigens315. 

Reactive astrogliosis can further exacerbate the extent of brain injury by upregulating 

the production of pro-inflammatory (IL-1β, IL-6, and TNF-α) cytokines increasing NO 

toxicity, tissue loss, and initiating cellular death pathways. In addition, reactive 

astrogliosis produces chemokines (CXCL10) which enable migration of immune cells 

to the site of injury129. Our results on GFAP immunoreactivity results indicated an 

equivalent significantly increased ipsilateral astroglial activation in cortex and 

hippocampus, in the E.coli group compared to untreated HI and PBS treated controls 

(Figure 37I). This is in accordance with previous findings, which reported increased 

regions of astroglia activation in P7 rat pups after LPS-stimuli315.  

Furthermore, a recent study by Lively and colleagues compared changes in gene 

expression of pro- and anti-inflammatory cytokines after activation of microglia by 

either LPS or INFa/TNF-α313. The results showed that in both scenarios, activated 

microglia upregulate pro-inflammatory cytokines expression, leading to a 

proinflammatory state. Interestingly, while the administration of anti-inflammatory 

cytokines IL-4 and IL-10 resolved the established pro-inflammatory state, the 

application of such anti-inflammatory molecules did not completely reverse LPS 

induced inflammation313. This outcome suggests that LPS generates a more severe 

pro-inflammatory response compared to other stimuli, offering a possible explanation 

for our results in the E.coli-sensitised HI model.  

Several studies in P7 rat and newborn piglet models evaluating the activation of 

proteolytic cleaved caspase-3 enzyme (CC3) following HI have revealed a caspase-
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dependent pathway resulting in apoptotic cell death in the neonatal brain96,215. 

Alternatively, studies have indicated low CC3 cell counts to correlate with increased 

TUNEL+ cell death96. This is attributed to caspase-independent cell death pathway 

which initiates cell death via necrosis, necroptosis, and non-caspase mediated 

apoptosis. Caspase is protein, which will be expressed only during a particular phase 

of the apoptotic cell death process, while DNA fragmentation, which is detected with 

TUNEL, lasts longer and is detected for a longer period of time. This confirms that 

neuronal cell death commence in an ‘apoptosis-necrosis continuum’ which occurs in 

a hybrid form within the spectrum following HI insult as opposed to apoptosis or 

necrosis alone1.  

Our study also demonstrated a significant increase in iNOS expression in ipsilateral 

hippocampus following E.coli sensitisation and HI in comparison to untreated HI alone 

control groups (Figure 38B). These results support our hypothesis that infection 

sensitises the neonatal brain to HI damage resulting in increased oxidative stress. An 

increase in iNOS expression in the hippocampus can be explained by the two-hit 

hypothesis. LPS acts as a TLR agonist triggering MyD88 adaptor protein or Toll/IL-1R 

domain-containing adaptor recruitment producing IFN-β signal transduction and NF-

kB cell activation314,316. Srivastava and colleagues (2018) have shown that microglial 

activation results in polarisation into pro- and anti- inflammatory microglial phenotypes 

responsible for macrophage-like tendencies, capable of phagocytosis, 

proinflammatory and anti-inflammatory cytokine release and iNOS production317. Pro- 

inflammatory polarisation is associated with upregulation of iNOS production318. It is 

well established that high concentrations of NO synthesised via oxidation of L-arginine 

by iNOS, inhibits mitochondrial respiration due to competition with O2 in cytochrome 

c oxidase. NO subsequently reacts with superoxide free radicals to create toxic 
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peroxynitrate, nitrogen peroxide, nitrogen dioxide and hydroxyl radicals, ultimately 

leading to increased damage to cellular components and cell death. Earlier 

investigations have highlighted peak iNOS production at 48h after HI319. In our study 

we observed iNOS positive cells at 48h post-HI, which may align with the excessive 

increase in pro-inflammatory cytokines due to microglial activation during the 

secondary energy failure. NO is a product of all three NOS isoforms, thus iNOS may 

not be a major contributor under HI insult, as shown by Rao and colleagues (2011) in 

a near-term rabbit HI model320. However, when combined with LPS sensitisation as 

modelled in our study, a significant increase in iNOS is likely to result in an 

exacerbation of damage to the neonatal brain.  

No significant difference in MBP expression in the external capsule and striatum was 

identified in the E.coli sensitised group in comparison to PBS treated or untreated HI 

control groups (Figure 38A). Myelination is a process primarily driven by 

oligodendrocytes, but other glial cells such as microglia and astrocytes also contribute 

to myelin development. Astrocytes share a common lineage with oligodendrocytes. 

Under normal oxygen conditions, astrocytes express fibroblast growth factor 2 (FGF2) 

and PDGF which control the production of oligodendrocytes. In HI P7 rat models, 

astrocytes upregulate TNF-α and IL-1β, resulting in increased levels of 

oligodendrocyte apoptosis via interactions of astrocytes with TNF-receptor 1 present 

on oligodendrocytes321. Wan and colleagues (2022) have suggested that astrocyte 

activation during HI insult in mice allows astrocytic apoptosis, as degraded MBP is 

colocalised with lysosomal associated membrane protein 1 (LAMP1) in GFAP+ 

astrocytes. However, previous investigations using 1h hypoxia in LPS sensitised P7 

C57Bl/6 mice have found a 15% mortality rate, with 70% of deaths occurring during 

the hypoxia phase. Hence, our study used a reduced hypoxia period of 30 minutes322.  
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Additionally, Martinello and colleagues (2019) used a piglet model to display increased 

reactive astrogliosis following LPS sensitisation in naive animals. Reactive astrogliosis 

was lower following LPS sensitisation and HI, but still higher than HI alone controls96, 

therefore less OPCs differentiate into oligodendrocytes, resulting in reduced 

myelination. Thus, the results in our study were unexpected and do not support the 

hypothesis that intra-uterine infection sensitises the neonates to HI conditions, 

diminishing myelination in a P7 mouse model.  

Different levels of myelin transcripts and proteins at developmental stages differ 

between mouse strains323. Within C57Bl/6 mice, some investigations have identified 

initiation of MBP expression at P14, whereas others have identified MBP at P7324. 

Because the MBP levels were approximately equal in each treatment group, we 

concluded that E.coli K12 did not cause a significant delay in oligodendrocyte 

differentiation. Therefore, as a precursor of MBP, NG2 expression was assessed. 

Affeldt and colleagues (2017) have proposed that alterations in oligodendrocyte 

transcription factor expression is regional, with a significant delay in myelination in the 

external capsule following HI325.  

Immunofluorescent analysis of NG2 immunoreactivity found no significant difference 

in expression levels between the treatment groups (Figure 39). In an in utero P7 LPS 

sensitised non-HI mouse model, Borhani-Hagighi and colleagues (2019) presented 

that significant demyelination occurs, reducing the levels of MBP expressed by mature 

oligodendrocytes, as well as Olig2 expressed by both mature oligodendrocytes and 

OPCs326. Maternal inflammation due to in utero infection reduces the level of 

oligodendrocyte precursors326. The additional upregulation of microglia and 

macrophages in response to LPS exacerbates myelin phagocytosis and 

oligodendrocyte cell death326.  
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In a rat model, NG2 is initially expressed by OPCs at P4. Following HI, the impact on 

the OPC population has been assessed via NG2 expression in the cortex at 24h, 48h 

and 72h post-HI, and a significant increase in NG2 positive cells was observed 

compared to the contralateral hemisphere327. Additionally, GFAP, expressed by 

activated astrocytes, was not co-localised with NG2 expression. OPC proliferation 

following HI may be indicative of rapid maturation, in an attempt to replenish the 

oligodendrocyte population327. In line with this data, Ahrendsen and colleagues (2016) 

reported that OPC numbers remaining elevated for a number of days post-HI with 

seemingly healthy myelin processes 24h post-HI in P20-25 mice. The same resistance 

was not noted in adult mice (8-12 weeks of age) as a result of altered K+ homeostasis 

triggering proliferation of NG2 expressing cells328. 

Overall, the current study established that in utero exposure to E.coli K12, followed by 

normal vaginal delivery and HI insult of the pups at P7 sensitised the neonatal brain. 

This is characterised by an increase in glial activation, cell death, tissue loss and iNOS 

expression in comparison to PBS-treated and untreated HI alone controls, which 

exacerbates the damage caused by the HI insult. Thus, E. coli K12 intravaginal 

infection directly induces a sensitisation in HI damage.  
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Chapter 12: Discussion, Limitations and Future Experiments 
 

12.1 Overview  
 

The lack of effective treatments for neonatal HI and infection sensitised HI was the 

leading point that drove the present research. Finding better and new treatments, 

explicitly targeting pathways of interest is of great significance in the field. This thesis 

aimed to further the understanding of STAT3’s pathway involvement in HI brain 

damage. The following are the key findings from the study: 

• WP1066, a JAK2/STAT3 inhibitor, provided short- and long- term 

neuroprotective effects after immediate or 1h, 2h delayed application, by 

reducing tissue loss, cell death, oxidative stress, glial activation, increasing 

myelination and improving behavioural outcomes. 

• Curcumin, a natural compound with anti-inflammatory properties, exhibited 

short-term neuroprotective effects in DMSO solution, and encapsulated in 

P(3HB) microspheres, by reducing tissue loss, cell death, microglial and 

astroglial activation. 

• Microglial-specific TGFβR1 deletion, reduced pro-inflammatory microglia and 

increased anti-inflammatory phenotype microglia, inducing repair after HI insult, 

indicating the potential mechanism of action on inflammation. 

• Maternal intrauterine delivery of E.coli K12 strain, sensitised the pups brain by 

increasing tissue loss, cell death and glial activation, leading to the 

establishment of a new infection-sensitised HI model. Further studies are 

needed to investigate the involvement of STAT3 pathway in this infection-

sensitised HI mouse model. 
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12.2 WP1066 application 
 

WP1066 

 

In this current study, WP1066 application, a low-molecular-weight kinase inhibitors 

targeting JAK2/STAT3 pathway, demonstrated neuroprotective effects in a P9 HI 

mouse model. Specifically, as shown in Chapter 3 immediate application of 80μg/g 

BW of WP1066, reduced cell death, tissue loss, glial activation, oxidative stress, 

increased myelination and anti-inflammatory microglia therefore inducing 

neuroprotection when assessed 48h after the initial HI insult. WP1066’s application 

was dose-dependent as 40μg/g and 160μg/g BW doses did not provide protective 

effects. Additionally, WP1066 exhibited short-term neuroprotective effects by reducing 

cell death, tissue loss and glia activation, when administered with 1 or 2h delay after 

HI insult. These results are significantly important for translational research, as in a 

clinical setting diagnosis of affected infants can be delayed and therefore their 

treatment. Infants diagnosed with HI could develop long-term deficits, such as cerebral 

palsy and epilepsy, thus we investigated the long-term effects of immediate WP1066 

application. The results showed a significant reduction of tissue loss, higher levels of 

myelination, and improvement of motor coordination and memory impairment. When 

exploring in detail the mechanism of action by which WP1066 can exploit its 

neuroprotective effects, we observed modulation of pSTAT3 Y705 levels in 

comparison to untreated HI and DMSO treated groups. We also observed a significant 

reduction in C1qa gene levels in hippocampus of WP1066 treated animals compared 

to DMSO treated controls, while no changes were seen for C1qb and C1qc levels. 
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Remarkably, this is the first study to provide evidence of WP1066’s role on the 

complement system and potential neuroprotective effects via this pathway.  

The current study supports previous work carried out by our group which determined 

the effect of combined 20 min pre-insult and immediate post-insult blockade of JAK2 

with systemically applied WP1066 in a split dose of 80μg/g181. There are other studies 

in line with our results, indicating the neuroprotective role of WP1066172,266,267. In 

particular, WP1066 demonstrated inhibitory effects on JAK2-mediated signalling and 

decreased infract volume and pSTAT3 levels in a rat model of focal cerebral 

ischaemia268. In the current study, we observed a significant reduction in the levels of 

pSTAT3 compared to the DMSO control group, which is in line with our previous study 

from our lab181. However, we did not observe any significant difference on pSTAT3 

levels between HI and naïve groups which could be contributed to the number of 

animals used for this study or to the chosen time-point (1h after HI insult). Therefore, 

further studies are needed to explore the effects of WP1066 levels on pSTAT3 at 

different time points and with larger number of animals. 

Additionally, immediate application of WP1066 increased the levels of the CD206 anti-

inflammatory gene, which correlates with the immunofluorescence results presented 

in this study showing that WP1066 treatment increased the levels of CD206+ cells 

Thus, we can assume that one potential neuroprotective mechanism of WP1066 

application after HI insult may be via increasing the anti-inflammatory levels of CD206 

resulting in induced repair. Remarkably, this is the first study to provide evidence of 

WP1066’s role on the complement system and potential neuroprotective effects via 

this pathway, since we observed decreased levels of C1qa levels after WP1066 

application. This result is line with the study of Vadim and colleagues (2005) where 

deletion of C1qa gene in C57Bl/6 mice that underwent HI at P7 led to significantly 
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decreased activation of circulating neutrophils associated with diminished local 

accumulation and attenuation of brain injury274.  

Overall, the data from the current study suggests a critical role for STAT3, including 

possibly also a contribution to neonatal HI-brain damage via Tyr705 phosphorylation. 

 

12.3 Curcumin application 
 

Curcumin is a compound widely studied for its anti-inflammatory, anti-oxidant and anti-

apoptotic properties make it an appealing target for drug discovery in many 

neurodegenerative disorders249,250,252,255. The presence of a clear overlap between the 

mechanism of action of curcumin and the pathways involved in the pathology of 

neonatal HI positively supports the investigation of curcumin application in neonatal 

HI brain damage. Chapter 5 focused on exploring the therapeutic potential of a solution 

of curcumin in DMSO. The main findings reported that when applied immediately after 

HI insult an immediate dose of 200μg/g BW curcumin i.p. reduces tissue loss, cell 

death, microglial and astroglial activation, oxidative stress and increases myelination. 

These results are in line with previous study by our group in a P7 mouse with severe 

HI brain damage, where curcumin application dissolved in DMSO reduced glial 

activation, tissue loss and cell death255. Additionally, the results replicate and expand 

the results from previous studies performed in rats, in which curcumin provided 

neuroprotection287. In the current study, on the P9 mouse model, as well as in the P7 

HI mice255, immediate curcumin post-HI treatment reduced astroglial activation both 

ipsi- and contralaterally when compared to DMSO treated control group, and effect 

which can be attributed to bilateral acidosis and upregulation of pSTAT3, resulting in 

changes in both hemispheres after HI insult181. Additionally, curcumin is reported to 
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inhibit STAT3 phosphorylation110, and seems to inhibit NF-kB signalling pathway, 

which reduces GFAP expression in astrocytes289. Hence, it is likely that after HI brain 

damage curcumin reduces astroglial activation by acting on NF-kB and STAT3 

pathways, which both play an important role in stimulating apoptosis and inflammation 

therefore explaining the reduction in tissue loss and cell death. Curcumin’s application 

in the P7 and P9 mouse model of HI also resulted in significantly reduced levels of 

tissue loss along with reduced number of iNOS positive cells255. These results may 

suggest that the decline in oxidative stress due to curcumin treatment is crucial in 

lessening neuronal tissue injury. These results are in line with a study, in an adult male 

rat model of HI, treatment with oral curcumin dissolved in DMSO application 

demonstrates an ability to target NOS296.  

A significant limitation of these studies is curcumin's low solubility, therefore the choice 

of DMSO as a solvent. To overcome this limitation, the research presented in Chapter 

6 focused on exploring alternatives to increase curcumin solubility while removing 

DMSO from the formulation. This resulted in the manufacturing of P(3HB) 

microspheres of diameter around 0.551μm. These microspheres were stable at RT for 

and were tested in a P9 mouse model of neonatal HI, administered intranasally thus 

increasing efficacy and direct delivery to the brain. The two-step curcumin release 

strategy of the microspheres used in this study (Figure 31) could potentially be 

effective as a treatment for HI injury due to its ability to elicit both an immediate and 

delayed neuroprotective effect from the latent phase and onwards, if given between 

30 minutes to 6h after the initial injury. Treatment with encapsulated curcumin P(3HB) 

microspheres showed promising neuroprotective results through reduction of tissue 

loss, cell death and microglial activation. However, these results did not match the 
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extend of neuroprotection observed with the DMSO formulation as astroglial activation 

was not significantly reduced, probably because of the low curcumin concentration. A 

possible way to increase the therapeutic effect of encapsulated curcumin could be the 

delivery of the microspheres in specific injured areas of the brain. Our results are in 

line with previous studies from our lab (unpublished data Hristova lab), where 

encapsulated curcumin in TPGS nanoparticles provided neuroprotective effects by 

reducing cell death, tissue loss and glial activation. 

Overall, this study exhibited curcumin’s neuroprotective role in a term (P9) mouse 

model of HI brain injury through the reduction of cell death, tissue loss and glial 

activation, in two different formulations; dissolved in DMSO and encapsulated in 

P(3HB) microspheres. Therefore, the use of curcumin as treatment for neonatal HI 

may be a valid neuroprotective strategy, while removing any need for invasive 

procedures when administered intranasally. 

 

12.4 Microglial-specific TGFβR1 deletion 
 

TGFβ1, a pleiotropic cytokine, and its receptor, TGFβR-1, are up-regulated after HI 

insult304 (unpublished data Hristova lab). Microglia-specific TGFβR-1 deletion, 

exhibited neuroprotective effects by promoting prevalence of anti-inflammatory 

microglia, which induces repair after HI insult. TGFβ has been reported to act 

synergistically on STAT3 pathway179 and therefore its effect on inflammation can 

provide a new insight into STAT3 pathway’s involvement in HI brain damage. 

Our group previously identified that microglia-specific deletion of TGFβR-1 in severe 

HI reduces tissue loss, microglial and astroglial activation, overall resulting in 
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neuroprotection (unpublished data Hristova lab). Based on the findings of the current 

study, our results indicate overall significantly low levels of both pro- and anti- 

inflammatory cells after microglia-specific TGFβR-1 deletion, which was to be 

expected based on the previous preliminary data showing overall reduction of 

microglial activation in the mutants. A study from Ryu and colleagues (2012) is in line 

with our observations in this study, since they showed that increased expression of 

TGFβ, as a result of HI insult, could prolong the activated state of microglia, hence, 

TGFβR-1 deletion would suppress it307. In conclusion, TGFβ and STAT3 pathways act 

synergistically on HI insult and the potential mechanism of neuroprotection may be by 

the increase of anti-inflammatory microglia, which induces repair.  

 

12.5 Infection-sensitised HI model 
 

This study investigated the sensitising effects of maternal intrauterine infection on the 

neonatal mouse brain, combined with a unilateral HI insult. Overall, the results showed 

statistically significant increase of glial activation, tissue loss, cell death and oxidative 

stress of intrauterine E. coli infection further sensitising the neonatal brain to HI insult. 

This investigation builds on previous research which highlights the exacerbation in HI 

brain damage after LPS sensitisation in animal models leading to increased rates of 

mortality and detrimental long-term outcomes such as cerebral palsy312. Our results 

are line with previous studies, which demonstrated an increase in microglial activation 

and proliferation in response to an infection313. This effect is associated with the ‘two-

hit hypothesis’ in which pre-exposure to LPS interact with TLR4-MyD-88 dependent 

pathway in the neonatal brain, exacerbating the HI insult102,115,314. Subsequently, this 

markedly increases the NF-kB signalling pathway upregulating the 
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infection/inflammation response. This current study, also reported a significant 

increase in iNOS expression in ipsilateral hippocampus following E.coli sensitisation, 

which is line with previous studies317 and can be explained by the two-hit hypothesis. 

LPS acts as a TLR agonist triggering MyD88 adaptor protein or Toll/IL-1R domain-

containing adaptor recruitment producing IFN-β signal transduction and NF-kB cell 

activation316.  

Overall, the current study established that in utero exposure to E.coli K12, followed by 

normal vaginal delivery and HI insult of the pups at P7 sensitised the neonatal brain, 

by increasing glial activation, cell death, tissue loss and iNOS expression. Thus, E. 

coli K12 intravaginal infection directly induces a sensitisation in HI damage. 

 

12.6 Conclusion 
 

Neonatal HI and infection-sensitised HI brain injury are among the primary cause of 

neonatal morbidity and mortality worldwide. There is a paucity of treatments available 

for these pathologies, with TH being the clinical standard treatment for neonatal HI 

and efficacious in only half of the cases especially in the developing world. New 

therapeutic strategies are targeting specific pathways activated during HI, interfering 

with inflammation, oxidative stress and cell death. The lack of effective treatments for 

neonatal HI and the role of STAT3 on cell death pathways of the disease was the 

leading point that drove the present research. Finding new and promising treatments, 

targeting specific pathways, as STAT3, is of great significance in the field. The current 

study, provided significant results indicating the neuroprotective role of WP1066 and 

curcumin by acting on inflammation, oxidative stress and cell death. 
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In conclusion, the work presented in this thesis builds a solid base for further research 

on developing WP1066 and curcumin as treatments for neonatal HI brain damage and 

exploring further the role of STAT3 as a therapeutic target for the disease. 
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12.7 Limitations 
 

There were two main limitations in the studies presented here; first, in vivo 

experiments on curcumin and TGFβR-1 deletion would have benefited from a deeper 

understanding of the molecular pathways involved. This limitation was not approached 

mainly due to lack of time: the high variability of the model would require a large 

sample size, and once the histological data was obtained, the same experiments 

should have been repeated to collect samples for molecular analysis. The collection 

of brain tissue and blood for each experiment to dedicate to molecular studies was not 

possible in the time allowed for this PhD. Specifically, on Chapter 3 we observed that 

after extracting the brain samples for western blot analysis at 1h after HI insult, the 

levels of pSTAT3 on the HI group are similar to naïve control animals, which highlights 

the significance of exploring different time points of brain samples extraction. This 

could also be a result of number of animals used for this experiment, therefore larger 

number of animals is needed to further explore the effects of HI insult on pSTAT3 

levels. Second, during this PhD the Home Office Animal License expired and therefore 

no animal work was feasible for one year. This fact impacted my research as more in 

vivo experiments could have been conducted especially for the WP1066 Chapter 3. In 

conclusion, I recommend that these limitations should be considered by future 

researchers. 
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12.8 Future Research 
 

Future research should focus on design and optimisation of a new WP1066 

nanoparticle formulation, since DMSO’s toxicity can be an obstacle for translational 

research and a less invasive and efficient way of delivery such as intranasal route of 

administration. It will be also important to determine the in vivo effects of this 

formulation and application in neonatal HI and in the presence of an infection-

sensitisation. Furthermore, this study established a new infection-sensitised HI model 

based on E.coli maternal intravaginal injection, therefore it would be beneficial to test 

whether treatment of the pups with WP1066 and curcumin provides neuroprotection. 

Finally, studies on the ability of WP1066 and curcumin to cross the placenta and their 

toxicity in this context could shed light on their potential as pregnancy supplements to 

prevent brain damage from neonatal HI or to minimise its detrimental effects. 
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Supplementary Figure 1. Effect of immediate intraperitoneal post-HI application of 40μg/g 

and 160μg/g BW WP1066 at 48h. A. Quantitative ipsilateral analysis of cell death assessed 

with TUNEL+ cells count in animals treated with WP1066 40μg/g (white), 160μg/g (orange), 

DMSO (pink) or with no treatment, HI (blue). The graph highlights no significant changes in 

cell death after treatment with 160μg/g WP1066 in HI animals, but significant increase after 

treatment with 40μg/g WP1066 in cortex (p=0.03), hippocampus (p=0.04), striatum (p=0.04) 

when compared to HI controls (p<0.05) and in striatum (p=0.02), external capsule (p=0.03) 

and hippocampus (p=0.01) when compared to DMSO treatment (Kruskal-Wallis test, Dunn’s 

post-hoc). B. No ipsilateral differences in microglial activation are observed after 40μg/g or 

160μg/g BW WP1066 treatment. C. The graph shows no significant change in astroglial 
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activation after treatment with 40μg/g and 160μg/g BW WP1066 compared to DMSO treated 

and untreated HI animal groups. D. Quantitative analysis showing the percentage of ipsilateral 

tissue loss assessed through Cresyl Violet staining at 48h following HI insult in the regions of 

interest after treatment with 40μg/g, or 160μg/g BW of WP1066. In D, significant increase after 

40μg/g BW WP1066 treatment was observed in cortex (p=0.02, Kruskal-Wallis test, Dunn’s 

post-hoc) compared to DMSO and in hippocampus (p=0.0007) and thalamus (p=0.02) 

compared to HI littermates (Kruskal-Wallis test, Dunn’s post-hoc). Significant increase of 

tissue loss is also observed after 160μg/g BW WP1066 in hippocampus (p=0.02) and 

thalamus (p=0.0006) compared to untreated HI control animals (Kruskal-Wallis test with 

Dunn’s post-hoc). E-H. Ipsilateral histological overview of cell death in the experimental 

groups, untreated HI (E), DMSO treated (F), 160μg/g BW WP1066 treated (G), 40μg/g BW 

WP1066 treated (H)and high magnification of all the experimental groups in the inserts. I-L. 

Histochemical overview of microglial activation in the treatment groups, untreated HI (I), 

DMSO treated (J), 40μg/g BW WP1066 treated (K), 160μg/g BW WP1066 treated (L) and low 

magnification ipsilateral overview in HI (I), DMSO (J), 40μg/g BW WP1066 (K) and 160μg/g 

BW WP1066 (L) groups. M-P Histochemical overview of astroglial activation in the treatment 

groups, HI (M), DMSO (N), 40μg/g BW WP1066 (O), 160μg/g BW WP1066 (P) and low 

magnification ipsilateral overview in HI (M), DMSO (N), 40μg/g BW WP1066 (O) and 160μg/g 

BW WP1066 (P) groups. Q-T. Histochemical overview of tissue loss in the treatment groups, 

HI (Q), DMSO (R), 40μg/g BW WP1066 (S), 160μg/g BW WP1066 (T).  Scale bars 1000µm. 

inserts=62µm. (*p<0.05). 
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Supplementary Figure 2. 3D visual representation of CD86+ and CD206+ cells on 
WP1066 treated animals. 
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Supplementary Figure 3. 3D visual representation of CD86+ and CD206+ cells on 
TGFβR1 knockout mice. 
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