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4. Introduction

4.1 Hypoxic Ischemic Encephalopathy 

Hypoxic ischemic encephalopathy (HIE) is the most common form of neonatal 

encephalopathy (NE) [1]. NE is defined as a state of neurological depression within 

the first days of life in an infant born at or beyond 35 weeks of gestation [2;3]. It can 

be caused by a variety of events such as neonatal stroke, intraventricular hemorrhage, 

but also by non-neurological diseases such as hyperbilirubinemia, hypoglycemia, and 

neonatal sepsis [1]. When induced by a hypoxic-ischemic event, it is defined as HIE. 

Sarnat and Sarnat introduced a grading system for HIE in 1976 [4], which in the 

1980s was modified by Levene et al [5]. Based on clinical examination, HIE is graded 

as mild, moderate or severe (Table 1). Mild if the child is irritable and hypotonic with 

sucking problems. Moderate if lethargic with moderate hypotonia, seizures and need 

for gastric tube feeding. Severe if the neonate is comatose, suffers sustained seizures 

and failure of spontaneous respiration. 

MILD MODERATE SEVERE

Irritability/Hyperalert Lethargic Comatose

Mild hypotonia Moderate hypotonia Severe hypotonia

Poor sucking Requires tube feeding Failure to maintain
spontaneous respiration

Seizures Prolonged seizures

Table 1. Hypoxic Ischemic Encephalopathy as categorized by Sarnat and 
Sarnat and modified by Levene et al.(The incidence and severity of post-
asphyxial encephalopathy in full-term infants. Early Hum Dev. 1985. Levene et 
al)
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4.1.1 Incidence of HIE 

HIE is a major contributor to neonatal death and disability affecting 2-6/1000 term 

newborns in high income countries [5], with moderate to severe HIE in 0.5-1/1000 

[6]. Children suffering from HIE may develop long term complications ranging from 

learning disabilities, to reduced cognitive function, sensory defects, epilepsy and 

cerebral palsy [7-9]. There is a strong correlation between grade of HIE and outcome 

[10]. Few children with mild HIE show neurological impairment at preschool age. In 

contrast, rate of death or disability ranges from 44-55% in children with moderate and 

severe HIE [11]. With a lifelong need for medical treatment and follow-up, the 

clinical and socioeconomic burden is significant [12]. Worldwide, the low and 

middle-income countries carry the biggest burden, with an incidence of HIE up to 10-

20/1000 live births [13].  

4.1.2 Etiology 

Often, the underlying cause of HIE remains unknown and this represents a huge 

challenge for clinicians. The timing and intensity of hypoxic-ischemic events are of 

uttermost importance as antenatal events are probably out of reach for treatment, 

while peripartum and postpartum events might be treated with hypothermia (see 

4.1.4). In children presenting with NE, clinicians search for evidence of sentinel 

hypoxic-ischemic events in the peripartum period that may direct the diagnosis 

towards HIE. The ”Task force on neonatal encephalopathy” defined umbilical cord 

prolapse, uterus rupture, severe abruption placenta, maternal cardiovascular collapse 

and fetal exsanguinations as acute peripartum or intrapartum sentinel events that may 

cause HIE [3].  Postnatal causes of NE can be respiratory failure due to obstructed 

airways seen with meconium aspiration, congenital abnormalities, pneumothorax or 

sepsis. Recently, a large retrospective cohort from Sweden, which has a similar health 
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care system as in Norway, was published [14]. When including 46749 women from 

southeast Sweden with singleton pregnancies from 2009-2013, they found an 

incidence of HIE of 1.7/1000 compared to the national incidence in the same period 

of 1.3/1000. Both maternal and obstetrical risk factors were analyzed. An acute 

obstetrical event during labor was the strongest risk factor with an odds ratio of 23.3. 

Nulliparity and abnormal admission cardiotocography (CTG) were also identified as 

risk factors for HIE [14]. 

4.1.3 Diagnostics 

Given the diverse etiology of NE, clinicians are challenged to treat the neonates that 

are born with HIE and not those showing neurological depression due to other 

diseases. Clinical diagnosis of HIE in newborns with NE is based on evidence of an 

acute peri- or intrapartum hypoxic-ischemic event that is sufficiently strong to cause 

brain injury, often indicated by pathological fetal heart monitor patterns. The Apgar 

score was introduced by Dr. Virginia Apgar in 1952 to quickly assess children at 1, 5 

and 10 min after birth and is still used worldwide. Based on skin circulation, heart 

rhythm, respiration, tonus and response to stimulus, health care personnel score 

neonates from 0-10. Although a score below 5 at 5 or 10 min clearly confers a risk for 

cerebral palsy, most children with low Apgar score will not develop cerebral palsy. 

With an Apgar score above 7, it is unlikely that a peripartum hypoxic-ischemic event 

caused NE. Since the Apgar score is affected by many factors, it cannot be used alone 

to predict if NE is caused by a hypoxic-ischemic event [15]. In 2014, the “Task force 

on neonatal encephalopathy” published renewed guidelines to retrospectively identify 

such events [3]. Neonatal signs consistent with an acute intra- or peripartum event 

were: a) an Apgar score at 5 and 10 minutes of less than 5, b) fetal umbilical artery 
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acidemia with pH less than 7 and/or base excess less than -12mmol/L, c) Magnetic 

Resonance Imaging (MRI)/Magnetic Resonance Spectroscopy (MRS) findings 

consistent with HI brain injury and d) presence of multisystem organ failure 

consistent with HIE. The likelihood of HIE increases with an increasing number of 

elements found in the patient. Although MRI/MRS findings are useful, in clinical 

practice they are rarely available before treatment needs to be started. In addition, 

investigations to search for alterations in cytokines in newborns that need 

resuscitation can give future help in guiding treatment of HIE [16]. 

4.1.4 Treatment 

Skilled personnel attending birth is vital as 15% of term newborns will not breathe 

spontaneously without assistance and 2% will require intubation [17]. Their initial 

management of the newborn and knowledge is therefore important for survival in the 

transition from intra to extra uterine life. Based on acceptance of toxicity of 100% 

oxygen delivered during resuscitation [18], The International Liaison Committee on 

Resuscitation (ILCOR) guidelines were in 2010 changed to use room air during 

resuscitation of term and near term infants [17]. However, when HIE is first 

diagnosed, the only available treatment option for HIE is therapeutic hypothermia 

(HT). Cooling for 72 h to 33-34 °C should be started within 6 h in children with 

moderate or severe HIE. According to the latest Cochrane review from 2013 

comparing HT with normothermia, HT reduces the risk of death or major disability by 

15% (61% vs. 46%) with a number needed to treat of seven [6]. This implies that 

approximately half of babies treated with HT still suffer major disability or death [19], 

hence improvement in outcome is modest [20]. Furthermore, children with mild HIE 

stand without specific treatment, and there are evidence that these children have an 
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increased likelihood of behavioral problems in childhood [21]. In addition, HT for 

HIE in low to middle income countries does not improve mortality [22], meaning it is 

out of reach for the largest proportions of babies born with HIE. Altogether, this 

prompts for further research to obtain possible additional treatment options for 

neonates suffering HIE, and a short summary of some of the most promising 

strategies will be given in chapter 4.2.4. 

4.2 Mechanisms of injury in HIE 

The severity and duration of a hypoxic-ischemic insult, the metabolic status including 

temperature of the child and the gestational age, are crucial factors determining the 

outcome of hypoxic-ischemic brain injury [23]. The development of brain injury can 

be divided into several phases [23]. Following a hypoxic-ischemic event, the brain 

suffers reduced oxygen and nutrient delivery. Depending on the strength and duration 

of the hypoxic-ischemic event, this leads to a primary energy failure or primary phase 

of injury. With restoration of blood flow and oxygenation, glucose metabolism and 

levels of Adenosine Triphosphate (ATP) normalize; this is called the latent phase, and 

represents a possible window of opportunity for treatment. The secondary energy 

failure or phase of injury ensues after approximately 6h. It is characterized by a new 

decrease in ATP levels and cell death, due to impaired mitochondrial functions, 

despite normalization of oxygen levels [24]. Hyperoxia used during resuscitation has 

finally been recognized to further aggravate damage in this phase via oxidative stress, 

resulting in the implementation of room air for resuscitation of newborns from 2010 

[25]. 

Most research has focused on possible interventions in the latent phase, but increasing 

evidence shows that brain injury and repair continue into a third phase probably 
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extending the therapeutic window [26]. In cerebral palsy, the role of chronic 

inflammation  is exemplified by increased levels of the inflammatory cytokine tumor 

necrosis factor (TNF) in plasma of 7 year old children [27]. 

Figure 1. The different phases of brain injury following neonatal HI. Depending on strength and 

duration of the HI insult, cell death occurs in the immediate post reperfusion phase. This acute phase is 

however followed by a latent phase with restoration of energy levels that approximately last for 6 

hours. After the latent phase, a secondary phase of injury follows with decreasing energy levels and 

cell death, called the secondary energy failure or brain injury. Finally a third phase of injury ensues that 

is largely affected by scar formation and inflammatory processes. 

Reprinted by permission from JAMA Pediatr. 2015 Apr;169(4):397-403. doi: 

10.1001/jamapediatrics.2014.3269. Copyright 2018. 

4.2.1 Excitotoxicity 

The reduced oxygen and glucose delivery during HI events result in reduced energy 

production of ATP as the metabolism in mitochondria switch from aerobic to 

anaerobic ATP production. ATP is required in cell membrane Na
+
/K

+
 pump. Loss of

this essential pump function results in increased levels of intracellular Na
+
, Ca

2+
 and

Cl
-
 and causes the cell membrane to depolarize. The influx of Na

+
 causes cytotoxic

edema. Depolarization releases glutamate from nerve terminals. Stimulation of 

postsynaptic glutamate receptors such as N-methyl-D-Aspartate (NMDA) receptors 

and α-3-amino-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors, 
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result in further depolarization and Ca
2+ 

influx [28]. Increased susceptibility to HI

brain injury in neonates is linked to increased expression of glutamate receptors in the 

developing brain [29;30]. Intracellular Ca
2+ 

can bind and activate lipases, proteases

and endonucleases destroying proteins, lipids and RNA/DNA and ultimately lead to 

cell death. This process in which glutamate neurotransmission leads to over activation 

of postsynaptic neurons and cell death is referred to as excitotoxicity [31].  

4.2.2 Oxidative stress 

During the conversion of oxygen to water in the mitochondrial respiratory chain, the 

continuous production of reactive oxygen species (ROS) needs to be neutralized by 

antioxidants. This balance is destroyed during hypoxia, where an increased amount of 

ROS production occur leading to oxidative stress. Reoxygenation with 100% O2 can 

further aggravate this imbalance [32]. If ROS combine with NO, they form reactive 

nitrogen species (RNS) [33]. Together, different ROS and RNS, highly reactive 

species, cause lipid peroxidation, the oxidative destruction of free fatty acids, causing 

damage to cell membranes and eventually cell lysis. In addition lipid peroxides 

interact with Ribonucleic Acid (RNA)/Deoxyribonucleic Acid (DNA) and cause 

RNA/DNA fragmentation. Due to its high content of free fatty acids and low 

antioxidant defense, the newborn, especially premature brain is particularly 

susceptible to oxidative stress [25]. Major antioxidant systems are superoxide 

dismutases (SOD), catalases and the tripeptide glutathione [34]. Glutathione is 

perhaps the most abundant antioxidant, but its availability is limited in newborns, 

especially in prematures [35] and under oxidative stress the physiological production 

of glutathione becomes insufficient to counteract the increased ROS production [36]. 

Antioxidants, such as N-acetylcysteine amide (NACA), which can replenish the 

glutathione level can therefore serve an interesting neuroprotective potential.  
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4.2.3 Inflammation 

The third main contributor to neonatal hypoxic-ischemic brain damage is 

inflammation. Many cell types are involved in the inflammatory response as shown in 

Figure 2. Microglia, which is the resident brain macrophage, is a central executor cell 

in the inflammatory process, but astrocytes, the scar forming cells in the central 

nervous system (CNS), are also capable of inflammatory cytokine production and 

gain increasing focus in mediating inflammation. In addition, mast cells are known as 

early activators of the inflammatory system. Although initially essential for resolution 

of damaged tissue, the inflammatory response can overshoot its target, further 

enhancing damage, as discussed below (Chapter 4.3).  

Figure 2. Different cell types such as microglia, macrophages, mast cells and astrocytes are involved in 

the inflammatory response to hypoxic-ischemic brain injury. Reprinted by permission from Springer 

Nature: Nat Rev Neurol. 2015 Apr;11(4):192-208. doi: 10.1038/nrneurol.2015.13. Epub 2015 Feb 17. 

Hagberg H
1
, Mallard C

2
, Ferriero DM

3
, Vannucci SJ

4
, Levison SW

5
, Vexler ZS

3
, Gressens P

6
. 

Copyright 2018. 
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4.2.4 Neuroprotective strategies 

In the following section a short description of promising neuroprotective strategies are 

summarized: 

Melatonin 

Melatonin, an endogenous hormone that regulates circadian rhythm has anti-

inflammatory, antioxidant and antiapoptotic effects in high doses. A systematic 

review and meta-analysis of adult focal cerebral ischemia showed a 43% reduction in 

infarction size [37]. In the piglet model melatonin augments hypothermic 

neuroprotection [38]. In a Randomized Clinical Trial (RCT), early administration was 

feasible and may ameliorate brain injury [39]. 

Erythropoietin 

Erythropoietin is secreted by the kidneys in response to cellular hypoxia. In high 

doses in conjunction with HT it improved outcome in a nonhuman primate model of 

perinatal asphyxia [40]. Both phase 1 and phase 2 trials have been conducted and 

showed that a high dose of erythropoietin with HT result in better short term outcome. 

A phase 3 trial is now conducted. 

Xenon 

The noble gas xenon inhibits NMDA signaling and has antiapoptotic properties. In 

pigs exposed to hypoxia, xenon augmented neuroprotection with HT [41], but in a 

RCT, xenon did not show any short term benefit above cooling alone [42]. 

Argon 

The noble gas argon is a Gamma-Aminobutyric Acid (GABA) agonist and has 

antiapoptotic properties. Combined with HT it showed improved MR findings 

compared to HT alone and phase 2 studies are under approval. 
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Allopurinol reduces free radical production, and in high doses it serves as a free 

radical scavenger. In piglets treated with allopurinol, reduced brain damage was seen 

on MRI [43] and there is an ongoing RCT to assess the effect of allopurinol and HT in 

neonates with HIE. 

Stem Cells 

Autologous stem cell transfusion is postulated to decrease brain damage through 

paracrine signaling and not direct integration or proliferation. Various animal models 

have shown neuroprotection with different modes of stem cell transfusion [44]. In a 

phase 1 study, autologous umbilical cord stem cell infusion was shown feasible [45]. 

Magnesium 

Magnesium works by stabilizing membrane potential and blocking excitatory amino 

acids such as glutamate. Outcome of different animal experiments was found to be 

highly inconsistent in a metaanalysis [46]. 

N-Acetylcysteine (NAC) and N-Acetylcysteine Amide (NACA)

N-acetylcysteine (NAC) is a thiol antioxidant used in the clinical setting of

paracetamol intoxicity and as a mucolytic agent [47]. NAC serves to replenish the 

glutathione status and advantage over other antioxidants such as vitamins C, D, K and 

lipoic acid has been addressed to efficiency of NAC to synthesize and replenish 

glutathione [48;49].  NAC has also anti-inflammatory effect through inhibition of 

Nuclear factor (NF)-κB activity [47]. In postnatal day 7 rats, combination of NAC and 

HT ameliorated brain damage [50]. When applied to the piglet model of neonatal 

hypoxic-ischemic brain injury, NAC treatment resulted in significantly lower levels of 

inflammatory cytokines [51]. However, a disadvantage of NAC is its low 

bioavailability [47]. The amide from of NAC, NACA, has been synthesized with 

enhanced lipophilic property, membrane permeability and antioxidant capacity 

Allopurinol 
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compared to NAC [52], NACA can thus potentially cross the blood brain barrier 

(BBB) to a greater extent and serves as a neuroprotectant. Neuroprotective effect of 

NACA has been shown in mouse models of multiple sclerosis [53], Parkinson disease 

[54] and traumatic brain injury [55]. So far, it has however not been evaluated in

animal models of neonatal HIE. 

4.2.5 Treatment Research at Department of Pediatric Research 

At the Department of Pediatric Research, we have a long history of exploring basic 

mechanisms of perinatal hypoxic-ischemic brain damage by addressing different 

neuroprotective strategies using models ranging from cell culture studies to animal 

models with mice, rat and pigs. Effects of different oxygen concentrations during 

resuscitation have been a central research field at our institute and recently among 

several both PhD Embjørg Wollen and PhD Anne Gro W Rognlien addressed this in 

their theses. PhD Jannicke Andresen explored possible neuroprotective effects of 

nicotine in perinatal asphyxia using newborn piglets. PhD Yngve Sejersted 

investigated effects of DNA glycosylases in maintenance and DNA repair in hypoxic-

ischemic brain damage in neonatal mice. The institute has also searched for 

neuroprotection with inhaled hydrogen (PhD Rønnaug Solberg) and NAC (PhD 

Helene Østerholt). In collaboration with PhD student Torkil Benterud, we have 

studied potential neuroprotective effects of NACA. Finally PhD Håvard Garberg has 

examined the effect of cannabinoids and PhD student Marianne Huun has examined 

the effect of fish oil in the piglet model of neonatal hypoxic-ischemic brain injury. 
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4.3 Inflammation in HIE 

4.3.1 The inflammatory response 

Inflammation is a double edge sword. As a living organism, we are dependent on a 

well-balanced inflammatory response that is both capable of reacting to invading 

organisms and initiate healing of damaged tissue and at the same time respect 

undamaged self. On the other side, an inflammatory response that is too strong or that 

does not resolve, can lead to chronic inflammation and increased damage.  

 While the adaptive immune system is specific and creates an immunological memory 

to subsequent infections, the innate immune system is constructed to react 

immediately to a vast diversity of molecules based on recognition of molecular 

patterns. Compared to adults, neonates have reduced major histocompatibility 

complex (MHC) II expression capability [56], thereby reducing their capacity to 

activate adaptive immune responses, rendering them more dependent on their innate 

immune responses. The adaptive immune responses in neonatal HIE are seen in the 

second and third phase of injury, with infiltration of antigen presenting cells and T-

cells [57]. The choroid plexus has been suggested to be a site for leukocyte entry and 

important for resolution of brain damage [58], but the role of the adaptive immune 

cells in neonatal HIE still remains poorly elucidated [57]. 

A classical inflammatory response, consists of four components; inducers, sensors, 

mediators and target cells (Figure 3)[59]:  

Figure 3: The inflammatory response 

INDUCER

PAMPs
DAMPs
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Inducers 

Stimulators of innate immune activation are named Damage Associated Molecular 

Patterns (DAMPs) or Pathogen Associated Molecular Patterns (PAMPs) meaning that 

both endogenous sterile injury and exogenous infections are able to stimulate these 

responses [60]. Well known DAMPs are High Mobility Group Box 1 (HMGB1), 

nuclear and mitochondrial DNA[61].  

Sensors 

So far, five main types of pattern recognition receptors (PRRs) have been 

characterized; Toll like receptors (TLRs), Nucleotide binding oligomerization domain 

like receptors (NLRs), C-type lectin receptors (CLRs), Retinoic acid inducible gene I 

like receptor (RLRs), Absent in melanoma like receptors (ALRs) [62]. These 

receptors are expressed by classical innate immune cells such as dendritic cells and 

macrophages, but also by non professional cells such as endothelium, epithelium and 

fibroblasts [61]. In the brain not only microglia, but astrocytes, neurons and 

oligodendrocytes express PRRs [63]. 

Humans express ten different TLRs [64], and mice twelve [61]. TLR4 was the first 

TLR to be discovered in humans[65]. A mouse strain resistant to lipopolysaccharide 

(LPS) induced shock was hypothesized to be caused by a mutation in a LPS receptor 

gene. This gene was identified in 1998 as TLR4 [66]. LPS activation of TLR4 leading 

activation of NF-κB is now known as a cornerstone in the innate immune response to 

gram negative bacteria, and is also a necessary step in the activation of 

inflammasomes, such as the Nucleotide-binding oligomerization domain and leucine 

rich repeat pyrin 3 domain (NLRP3) as described later [67]. 

23



Mediators 

Cytokines are the messengers of the immune system. They are secreted by immune 

cells such as macrophages, microglia, neutrophils, B and T-cells, but also by stromal 

cells such as astrocytes and endothelial cells in the brain[68]. Examples of cytokines 

are chemokines, lymphokines, TNF, interferons (INF) and interleukins (IL). They 

serve to regulate immune response by pro or anti-inflammatory capacity. Examples of 

anti-inflammatory cytokines are e.g. IL-1 receptor antagonist, IL-4, IL-10, IL-11, IL-

13 and Transforming growth factor (TGF)β [69]. Typical pro inflammatory cytokines 

are IL-1, IL-8, IL-12 IL-18, TNF and INFγ [68]. The IL-1 family consists of 11 

cytokines, where IL-1β and IL-1α are the most studied and possess strong pro 

inflammatory capacity [70]. They both bind to the same IL-1 receptor complex and 

induce fever, vasodilatation, hypotension and increase expression of adhesion 

molecules on endothelial cells mediating transmigration of cells [71;72].  

Target 

Cells and tissues, i.e., the inflamed tissue that is targeted by the inflammatory 

response and cells that are activated and or attracted during an inflammatory response 

(i.e. neutrophils, endothelial cells or hepatocytes) 

4.3.2 Innate Immune Activation in HIE. 

Within minutes after ischemia, inflammatory cytokines are released, but at the same 

time, the inflammatory process can continue for several weeks [57]. Thus, the 

inflammatory process encompasses the entire injury phase, making it an attractable 

target for intervention. In the setting of neonatal HI brain injury, where the latent 
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phase only last for approximately 6 hours, innate immune responses are therefore 

potential early targets for intervention.  

However, inflammation can also sensitize the neonatal brain to HI, as administration 

of LPS, the gram negative bacterial endotoxin, prior to HI, increases brain damage in 

neonatal rats [73]. In clinical practice, it has been documented that sepsis of the 

newborn is associated with increased brain damage and poor outcome [74]. 

Cerebrospinal fluid (CSF) of asphyxiated term infants show increased levels of pro 

inflammatory cytokines, such as IL-6 and IL-8, and their levels correspond to the 

degree of HIE [75]. Furthermore, from experiments with neonatal rats, the complex 

time dependent role of inflammation in regard to HI brain injury has been 

demonstrated by Eklind et al.[76]. LPS worsened brain injury when administered 72 h 

before or 6 h after, while administration 24 h prior to HI decreased brain injury. 

Timing is therefore of uttermost importance when addressing the innate immune 

response. 

From animal experiments, several interventions that dampen the early inflammatory 

response have proven neuroprotective [57]. Following a hypoxic-ischemic event, 

injured tissue is thought to release DAMPs that bind to PRR on various cells in the 

CNS as shown in Figure 3. The TLR group is the most extensively investigated PRR 

group in neonatal HI models [57]. Neonatal mice constitutively express TLR1-9 in the 

forebrain [77]. Moreover, TLRs 1-4 are expressed in the choroid plexus, which, as 

previously mentioned, has been suggested as an important entry site for inflammatory 

cells in neonatal HI [78]. Following activation, all TLRs, except TLR3, signal through 

a myeloid differentiation primary response gene 88 (MyD88) dependent pathway that 

through a cascade of events, leads to activation of transcription factors such as NF-κB 
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and activator protein 1 (AP-1) [61;79]. These transcription factors initiate 

transcription of hallmark inflammatory cytokines such as IL-1β, IL-6, IL-18 and TNF 

[80]. TLR3 signals through MyD88 independent/ TIR-domain-containing adapter-

inducing interferon-β (TRIF) dependent pathway [61]. Animal models have shown 

that TLR3 and TLR4 stimulation increase susceptibility to neonatal HI [73;81]. 

Deficiency of TLR2 confers neuroprotection to neonatal HI brain damage [77], 

however deficiency of two important downstream TLR adaptor proteins MyD88 and 

TRIF do not [81;82]. 

The role of innate immune responses in neurological diseases is well recognized such 

as in the etiology of Alzheimer’s and Parkinson’s disease, stroke and epilepsy [83]. 

However, accurate mechanisms of involvement is still poorly understood, and the 

contribution of the different cell populations such as microglia, astrocytes, 

oligodendrocytes and endothelial cells needs further investigation to develop effective 

therapeutic approaches [83]. In addition, the inflammatory response has shown huge 

difference dependent on age, in regard to BBB, leukocyte migration and microglial 

activation as discussed in more detail in the next chapter. 

4.3.3 Cellular mediators of inflammatory processes in HI 

Microglia 

In the brain, microglia (the resident brain macrophage) and mast cells are the first 

immune cells to be stimulated following HI [84;85;85]. Microglia constitute 5-15% of 

the total brain cell population [86] surveilling the brain parenchyma with thin ramified 

processes. During neurodevelopment they serve to maintain the neural cell pool, 
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balanced between elimination and survival of neurons [87]. Upon activation, they 

rapidly transform into round and amoeboid morphologies, secrete inflammatory 

cytokines, migrate and possess phagocytic capacity [88]. Resident microglia, rather 

than infiltrating macrophages contribute to the early inflammatory phase [89] and 

activated microglia peaks approximately 24 h after neonatal HI. Following ischemic 

brain injury, resident microglia secrete cytokines such as the potent inflammatory 

cytokines IL-1β, IL-18 and TNF [90]. Microglia also secrete proteases, that are 

enzymes cleaving other proteins, complement factors, which is a set of proteins that 

can be serially activated resulting in cell lysis, as well as activate NMDA mediated 

toxicity, thereby contributing to secondary energy failure [90-92]. IL-1β is known as a 

major mediator of acute and chronic inflammation and the most potent endogenous 

pyrogen [93]. IL-1β modulates the BBB and stimulates astrocytes and microglia to 

produce chemokines attracting inflammatory cells. A second peak of microglial 

activity occurs after 1 week and consists mainly of infiltrating macrophages [94]. 

Thus, addressing persistent microglial activation leading to chronic inflammatory 

injury could be a target for intervention in the tertiary phase of injury. 

The dual role of innate immune responses in neonatal HI is well exemplified by 

animal experiments with minocycline treatment [95]. Minocycline, a broad spectrum 

antibiotic, also function as a microglial inhibitor. In both adult [96] and neonatal rats 

[97] it was first shown to ameliorate brain injury. Furthermore, levels of inflammatory

cytokines were reduced. However, when tested in neonatal mice, minocycline 

treatment worsened HI brain injury [98]. When the observation period was lengthened 

from 24 h to 7 days following HI, minocycline had lost its neuroprotective effects, 

even in rats [99]. Finally, an age dependent effect was reported, as post natal day 9 

(P9) mice, corresponding to human neonate, were only transiently neuroprotected 
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while postnatal day 30 mice, corresponding to human juvenile stage, showed 

sustained improvements in neuronal injury [100]. 

Furthermore, pharmacological depletion of microglia has suggested an endogenous 

protective role of microglia. Intracerebral injection of liposome-encapsulated 

clodronate before transient middle cerebral artery occlusion (MCAO) in P7 rats 

resulted in increased brain damage and levels of several cytokines and chemokines 

[101]. 

Experiments inhibiting NF-κB, a central transcription factor in the cascade of innate 

immune activation, further exemplifies the importance of accurate timing when 

inhibiting the inflammatory system. NF-κB (see chapter 4.3.2) is a central 

transcriptional regulator of many inflammatory cytokines and levels of NF-κB follows 

a biphasic activation pattern with a top at 3-6 h and then at 24 h after neonatal HI 

[102]. With the administration of a decoy oligonucleotide that can bind and inhibit 

NF-κB effects, inflammatory cytokines are reduced [103] as well as brain injury 

following neonatal HI [104]. Others have proposed that the effect of NF-κB inhibition 

is through the apoptotic pathway, rather than cytokine response [105]. Once again, 

timing was shown crucial in innate immune responses as early inhibition of NF-κB 

resulted in neuroprotection, while late NF-κB activity provided endogenous 

neuroprotection [102]. 

Inflammation research in brain injury has mainly focused on microglia, since these 

cells not only respond rapidly, but also because they are essential inducers of IL-1β 

and IL-18 release [106]. However, there is also substantial evidence that astrocytes, 

mast cells and endothelial cells are central in the inflammatory cascade [83]. 
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Mast cells 

Mast cells are cells of hematopoietic origin, typically located in close relation to outer 

layers and barriers such as the ependymal lining and BBB, and are well known from 

the allergic and anaphylactic reactions. They represent together with microglia the 

first cells to initiate a defense against exotoxins, allergens, invading pathogens and 

sterile injury such as HI [107]. Following HI, mast cells mediate excitotoxic injury 

through increasing TGF-β1 toxicity [108]. When treating neonatal rats submitted to 

HI brain damage, with a mast cell stabilizer, long lasting neuroprotection was reported 

[85]. 

BBB damage and immune cell invasion 

The brain has traditionally been considered an immune privileged site [109]. It is 

protected from the systemic blood circulation by the BBB, the meningeal brain barrier 

(MBB) and the blood cerebrospinal fluid barrier (BCSFB) [110]. These barriers are 

composed of cells tightly linked through tight junctions making them selectively 

permeable to specific molecules by membrane transport [110]. The BBB is composed 

of a thin endothelial cell layer, basement membrane, astrocytic end feet and pericytes. 

The MBB is the most complex and consists of a three layered membrane; the dura 

mater, arachnoideal membrane and pia mater. The BCSFB is composed of a thin layer 

of epithelium over fenestrated capillaries, called the choroid plexus, responsible for 

the cerebrospinal fluid production. In the BBB, tight junctions are present between 

endothelial cells, in the MBB, they are present between arachnoideal cells and in the 

BCSFB, barrier forming cells are epithelial cells with tight junctions [111]. However, 

this immune privilege is severely challenged once inflammation is established, and 

both systemic and central immune stimulators can induce inflammation within the 

CNS [57]. 
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The thin endothelial cell layer of the BBB expresses a variety of different connexin 

hemichannels [112]. Connexin hemichannels allow intercell communication when 

opposed to form gap junctions [113], in the healthy state, while undocked 

hemichannels remain closed. Following brain damage, undocked hemichannels can 

open, resulting in Ca
2+

 influx and propagation of damage [112]. At birth, the BBB is

functional with no fenestrations and evidence suggest that it is not as permeable as 

once thought [114;115]. It is however clear that the BBB is damaged after neonatal HI 

with increased permeability to larger endogenous molecules such as albumin and IgG 

[116;117] and smaller exogenous molecules [118]. Vulnerability to BBB damage also 

seems to be developmentally regulated as P7 rats show more albumin extravasation 

than P21 rats following HI. Restoration of BBB function, at least in regard to passive 

penetrance has been shown to occur between 3 [118] and 7 days [119]. Little is 

however known about BBB function in regard to active metabolism and protein 

transport following neonatal HI [120]. 

In adult mice, stroke generated by MCAO results in early neutrophil invasion. 

Neutrophils produce inflammatory cytokines, chemokines and ROS and contribute to 

the disruption of the BBB in adult stroke [121]. In contrast, following HI in neonatal 

rats, neutrophil invasion occurs in a lesser degree as it was shown only in a transient 

manner at 12 h after HI [92]. Neutrophil depletion prior to neonatal HI however 

resulted in less brain swelling [122], but whether the effect was due to reduced 

neutrophils in the peripheral blood or invading the brain was not examined. 

The significance of lymphocyte invasion in neonatal HI remains elusive. Lymphocyte 

invasion has been reported at different time points, up to 35 days [92] to several 

months after HI [123]. However, experiments inhibiting lymphocyte egress from 
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lymph nodes showed no difference in brain injury. This indicates little involvement of 

these cells in the early injury phase [124].  

Astrocytes 

Astrocytes respond to various CNS stimuli with hypertrophy and hyperplasia in a 

process called astrogliosis. They are central in the glutamate metabolism and their end 

feet constitute a part of the BBB to form a neurovascular unit. Following brain injury, 

they are key constituents of the astrocytic scar and express MHC II and PRRs [125]. 

Notably, astrocytes are capable of IL-1β production [126-128].  Although astrocytes 

are classically believed to function mainly as supportive cells for neurons, the 

astroglial scar can exert both pro and anti-inflammatory effects [129]. Again, a 

balanced astrogliosis and scar formation is crucial in confining inflammation to the 

epicenter and restoring brain homeostasis [130]. Their role as supportive cells for 

neurons, have also been pointed out as a potential target for intervention. In a recent 

report by Morken et al, this cell population’s mitochondrial capability to assist 

neurons was particularly affected in a neonatal rat model of HI [131]. Finally, there is 

emerging interest on the inter cell communication between astrocytes, neurons and 

microglia. Following brain injury microglia activate hemichannels and gap junctions. 

These are important in the normal cell-cell communication, but in a pathological 

setting, play a role in the propagation of injury between glia such as astrocytes and 

microglia [132;133]. Unopposed connexin hemichannels are in the resting state 

closed, but following injurious stimuli such as hypoxia ischemia, they can open, 

disrupting resting potential, cause Ca influx, glutamate and ATP release [112]. There 

are 21 known connexin hemichannels, and astrocytes are the predominant cell type 

expressing connexin 43 [112]. Connexin 43 is a key mediator of brain damage and is 

one of the main targets for intervention in cardiac and brain ischemic reperfusion 
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injury [134]. ATP release trough opened hemichannels, such as connexin 43 is 

furthermore implemented in NLRP3 inflammasome activation [135] , as described 

later. 

4.3.4 Inflammasomes, platforms for activation of IL-1β and IL-18 

With the first discovery of an inflammasome in 2002, Martinon et al [136] paved the 

way for a new understanding of innate immune responses, leading to more detailed 

characterization of immune diseases and development of pharmaceutics to treat them. 

Inflammasomes are large multi molecular complexes composed of  a sensing unit 

(PRR), the adaptor protein apoptosis-associated speck-like protein containing a 

caspase-recruitment domain (ASC) and the effector protease, caspase-1 [137]. They 

regulate the processing of IL-1β and IL-18 from their proforms through the action of 

caspase-1 [138]. Inflammasomes are named based on their PRR, and although many 

have been reported to mediate inflammasome activity in vitro, few have well 

described physiological functions in vivo. The best characterized are Nucleotide-

binding oligomerization domain and leucine rich repeat pyrin 1 domain (NLRP1), 

NLRP3, NLR family CARD domain containing protein 4 (NLRC4) and Absent in 

melanoma 2 (AIM2) [138]. 

4.3.5 NLRP3 in neonatal HIE 

The most extensively studied inflammasome is the NLRP3 inflammasome [139]. 

NLRP3 is a cytosolic macromolecule that reacts to a wide spectrum of both PAMPs 

and DAMPs.  The canonical activation of NLRP3 inflammasome is a two step process 

as illustrated in Figure 4. First, NLRP3, as well as pro-IL-1β and pro-IL-18 are 

upregulated, typically through activation of TLR4 [140]. A second stimulus is needed 

for NLRP3 inflammasome assembly such as ATP, pore forming toxins, crystalline 
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substances or amyloid-β fibrils [137;141]. This diversity probably rules out the direct 

interaction with any of the potential stimulators and the exact mechanism for NLRP3 

activation is still not clear. So far, three models of NLRP3 activation have been 

proposed; (1) Lysosomal rupture, (2) cytosolic ROS production and (3) reduced 

cytosolic K
+
 concentration.

Figure 4. Activation of NLRP3 inflammasome results in release of IL-1β and IL-18. See text for detail. 

Courtesy Arne Yndestad. 

Lysosymal rupture is the consequence of frustrated phagocytosis that occurs when 

cells try to engulf crystals or other non-degradable molecules. From ruptured 

lysosomes, release of proteases such as cathepsin B occurs, and cathepsin B has been 

reported to activate NLRP3 [139]. Lysosymal rupture also releases NADPH oxidases, 

which can activate the NLRP3 inflammasome, but most NLRP3 activating ROS 

probably origins from mitochondrial failure. Blocking the respiratory chain has been 

shown to induce a robust NLRP3 dependent IL-1β release. Finally K
+
 efflux can be

mediated by extracellular ATP binding to the P2X7 receptors in the plasma cell 

membrane and is also essential in NLRP1 and AIM2 inflammasome formation 

[139;142;143]. 
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Upon activation of the NLRP3 inflammasome, NLRP3 associate with ASC and pro-

caspase-1 is subsequently recruited and autocleaved into active caspase-1 [137]. 

Active caspase-1 cleaves pro-IL-1β and pro-IL-18 into their active forms and can also 

initiate pyroptosis, a programmed inflammatory cell death mode characterized by cell 

swelling and early cell membrane rupture [59]. Release of IL-1β and IL-18 occurs 

rapidly after active caspase-1 release, and is regulated through cleavage of a cytosolic 

protein; gasdermin D. Gasdermin D itself is also cleaved by caspase-1 and results in a 

destabilization of the plasma membrane that allows for cytokine release.  

In addition, a noncanonical NLRP3 inflammasome activation pathway has been 

described through caspase-11 in mice and caspase-4 and -5 in humans [137]. Caspase-

11 is able to bind directly to cytosolic DNA and induce NLRP3 assembly of a primed 

NLRP3 [137]. 

A substantial amount of research involving neuroinflammatory effects of IL-1β and 

IL18 have been performed, mainly in adult rodent models of stroke, intracerebral 

hemorrhage, traumatic brain injury, multiple sclerosis and Alzheimer disease [144]. 

IL-1β and IL-18 mRNA and protein are upregulated after cerebral ischemia in adult 

rodent models [145-147] as well as in neonatal HI rodent models [148;149]. Both 

microglia and astrocytes have been proposed as sources of IL-1β and IL-18 [145]. A 

neuroprotective effect of IL-1Ra injection in rodents has been shown in both adult 

ischemia and neonatal HI models [148;150]. Similarly, mice deficient in IL-1α and 

IL-1β were neuroprotected after cerebral ischemia [151]. In neonatal HI, these 

knockout mice were not neuroprotected, however mice with combined deficiency in 

IL-1β and IL-18 showed smaller infarct volumes indicating a particular role for IL-18 
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in neonatal HI [152]. Moreover, caspase-1 deficient mice also show diminished 

infarct volumes following both adult ischemia and neonatal HI [153;154].  

The NLRP3 inflammasome has been implicated in the disease progression of 

Alzheimer [155] and multiple sclerosis [156], prion disease and amyotrophic lateral 

sclerosis [157], but its involvement in other CNS diseases such as Parkinson’s 

disease, stroke or neonatal HIE still remain to be investigated. Neither has the role of 

the ASC component of the NLRP3 inflammasome, which also constitute an essential 

part of other inflammasomes, been identified. In summary, it is still not known 

whether neonatal HI brain injury induces expression of NLRP3 and ASC, and if it 

does, in which cell types. And most importantly, how NLRP3 and ASC affect the 

outcome of a hypoxic-ischemic event is not known.  
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5. Aims of the Study

In this thesis, we aimed to identify basic mechanisms in neonatal HI brain injury that 

might serve as novel therapeutic targets. We hypothesized that deficiency of NLRP3 

inflammasome components would dampen the inflammatory response and result in 

neuroprotection in neonatal mice and that the antioxidant/anti-inflammatory agent 

NACA would ameliorate brain damage in the piglet model of neonatal asphyxia. 

Specific aims were to: 

Paper I: 

Examine if NLRP3 expression could be found in the neonatal brain following 

HI.  

Evaluate the effect of NLRP3 deficiency in the early (24 h) phase of brain 

injury. 

Paper II: 

Since damage following HI propagates beyond the early phase, we aimed to 

examine if NLRP3 deficiency was neuroprotective at a later stage, namely 7 

days after HI. 

As ASC is an essential component of both NLRP3 and other inflammasomes, 

we aimed to investigate if ASC deficiency would ameliorate brain damage 7 

days after HI. 

Paper III: 

We exploited another animal model, the piglet model, to further explore the 

inflammatory effects of hypoxia and examine if there was a neuroprotective 

effect of the potential anti-inflammatory drug NACA. 
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6. Materials and Methods

6.1 Modified Vanucci model for newborn mice 

In paper I and II we used the well established Vanucci model of HI with 

modifications for use in neonatal mice. This is a widely accepted model for neonatal 

HI. We based our research on the C57BL/6 J background and both wildtype (WT) and 

knockout mice were generated from this line. In our first report we used heterozygous 

breeding. In paper II, with three genotypes, animals were bred in a homozygous 

pattern. The animals were given food and water ad libitum and were housed and bred 

at 24 °C on a 12:12 hour light:dark cycle. All experiments were approved by the 

regional veterinary institute and followed Federation of European Laboratory Animal 

Science Association (FELASA) C recommendations.  

At P9, pups were randomized to HI or control. Animals were analgesized with 

buprenorphine (0.1mg/kg) and sedated with 4% isoflurane. A small skin incision was 

made and the left common carotid artery was carefully dissected out. Ligation of the 

left common carotid artery was performed by a cautherisator and skin incision closed 

by absorbable suture. All surgery was performed within 5minutes. Pups were then left 

for recovery for 1 h before hypoxia with 10% O2 for 1 h. Sham operated animals 

were injected with s.c. ibuprophine, sedated with isoflurane, before a skin incision 

was made and closed, but did not undergo common carotid artery ligation, nor 

hypoxia. In the experiments from our first report, hypoxia was performed in a custom 

maid chamber with control of oxygen level and temperature. In experiments from the 

second report, a hypoxia chamber Invivo500 (Thermo Scientific) was used (Figure 5). 
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Animals were sacrificed at different time points, 3 h, 24 h, 72 h and 7 days following 

HI. We harvested brains for RNA/Protein analysis, Immunohistochemistry and 

Triphenyltetrazolium Chloride (TTC). We also developed a method to sample enough 

blood for protein analysis when decapitating mice as described later. 

6.2 Piglet model 

Newborn piglets, all from the same farmer, in healthy condition with age of 12-36 h 

were used. The piglets were gently handled and weighted to minimize stress. They 

were anesthetized with a bolus injection of fentanyl (25microg/kg), midazolam 

(1,0mg/kg) and pentobarbitone (20mg/kg) before intubated and placed on their backs 

for washing and sterile procedures. They were ventilated with a pressure controlled 

ventilator (Babylog 8000+; Drägerwerk, Lübeck, Germany) IMV mode. Anesthesia 

was maintained with fentanyl (50mikrog/kg/h) and midazolam (0,25mg/kg/h). As 

anesthetics have shown neuroprotective effects, we sought to standardize drug 

administration in all experiments [158;159]. Several different models for hypoxic-

ischemic brain injury in the piglet have been developed [160-163]. We use a well 

established model of respiratory hypoxia where global hypoxia was induced by 8% of 

O2 until BE was <-20mmol/L or mean arterial blood pressure (MABP) fell below 

20mmHg. CO2 was added during hypoxia, aiming for a PcO2 of 8.0-9.5kPa. Piglets 

were randomized to sham or treatment with NACA (NACA-piglets) or saline. Based 

on previous animal experiments, 300mg/kg NACA was administered at end of 

hypoxia and again after 4.5 h. Blood samples were collected 6 times before harvest. 

At 9.5 h, animals were sacrificed by an overdose of pentobarbital (150mg/kg). Urine, 

CSF, and blood were frozen at -70°C. Brains were harvested and 1 hemisphere was 

stored on paraformaldehyde, while the other was dissected into subregions (cortex, 
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hippocampus, thalamus, striatum and cerebellum) and stored at -70°C for gene and 

protein analysis. 

6.3 Laboratory Analyses 

TTC staining and blood sampling 

In the first report we examined infarction volumes 24 h after HI by TTC staining. 

TTC is a compound that stains living tissue red through a red-ox reaction. Animals 

were decapitated and by carefully holding the mice we were able to extract 50-100 

microliters of blood from the wound surface in the neck that was mixed with 20 

microliter of 0.5M Ethylenediaminetetraacetic acid (EDTA) and put on ice before 

centrifuged for 20 min. The plasma was removed and stored at -70°C. 

The brain scull at P10 is still rather thin and can carefully be cut open with a small 

scissor without injury to the brain parenchyma. With a Young Mouse Brain Slicer 

(Zivic instruments), the neonatal brain was cut into 6-9 slices and immersed into 2% 

TTC solution for 30 min. Viable tissue then appears red and photographs under 

identical condition were taken with a Nicon Exlipse E 400. Infarction volumes were 

then measured as the relative loss of the contralateral hemisphere. 

Real time PCR 

In Paper I, measurement of gene expression 24 h after HI was carried out by 

dissecting out 5 different subregions of the brain; hippocampus, thalamus, 

subventricular lining, striatum and cortex. Total RNA was isolated and quantified and 

gene expression analyzed by real time polymerase chain reaction (PCR). In this 

method there is a reverse transcriptase (RT) that converts mRNA to cDNA. A 
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polymerase then amplifies the amount of cDNA in temperature regulated cycles. 

Sybergreen was used for fluorescent detection. Cycle threshold (CT) values were 

normalized to CT of the endogenous reference gene NAPDH. 

In paper III, gene expression was analyzed in pig brains 9.5 h after hypoxia. 1 

hemisphere was dissected into subregions (cortex, hippocampus, thalamus, striatum 

and cerebellum) and stored at -70°C. RT-PCR was performed in samples from 

prefrontal cortex. P0 was used as endogenous reference gene. 

Total mRNA sequencing 

In paper II, differences in gene expression in different regions of the brain were 

assessed 7 days after HI by total mRNA sequencing. Cortex, hippocampus and 

striatum were dissected out from ipsi and contralateral hemisphere and immediately 

placed in liquid nitrogen and stored at -80°C. AllPrep DNA/RNA/Protein Mini Kit 

(Qiagen) was used for total RNA isolation, and samples were treated with RNase free 

DNase 1 (Qiagen) to digest any remaining DNA. Ipsilateral regions of cortex, 

hippocampus and striatum of HI and sham animals of the three genotypes were joined 

making a total of 18 groups for comparison. Bioinformatics analysis of RNA 

sequencing data, to obtain differentially expressed genes (DEGs) was performed at 

Novogene. DEGs were filtered with log2 (fold change) > 1 and FDR-corrected p 

value q < 0.005. Ingenuity pathway analysis (IPA) was applied to identify enrichment 

of DEGs in canonical pathways, biological processes and upstream regulators. 

Protein analyses 

In paper I, for measurement of IL 18 protein levels in blood 24 h after the insult, we 

used a mouse IL-18 enzyme-linked immunosorbent assay (ELISA) kit (R&D 
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systems). We also measured IL-1β levels but the concentration was too low in several 

samples to allow for statistical analysis. In paper III, protein concentration of TNF 

was measured in blood with ELISA and IL-1β, IL6, IL 8, IL10, IL18 and IFNγ with 

ELISA and phosphorylated p65 in prefrontal cortex by Western Blot. 

Liquid chromatography-Mass spectrometry analysis of 8-oxodeoxyguanine 

In paper III, we also investigated if NACA treatment affected levels of a DNA base 

modification, 8-oxodeoxyguanine by mass spectrometry.  

Immunohistochemistry 

For immunohistochemical analyses in mice, we harvested brains 3 h, 24 h, 72 h 

(paper I), and 7 days after HI (paper II). Mice pups were analgesized and perfused 

with 4% paraformaldehyde. Brains were removed and immersionfixed in 

paraformaldehyde for at least 24 h before embedded in paraffin. Using a microtome, 

the entire forebrain was cut into 4 micrometer thick sections. Sections were used for 

measurement of infarction volume and immunofluorescence staining. In paper III, 

brains of pigs were harvested 9.5 h after hypoxia and 1 hemisphere of each pig was 

immersionfixed in formalin. 5 mm thick blocks from the cortex were embedded in 

paraffin and cut with a microtome into 4 micrometer thick sections. Sections were 

stained with hematoxylin eosin for comparison of brain injury, and assessment of 

apoptosis by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). 
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7. Summary of Results

Paper I:  

Early upregulation of NLRP3 in the brain of neonatal mice exposed to hypoxia 

ischemia: No early neuroprotective effect of NLRP3 deficiency. 

Neonatal hypoxic ischemic encephalopathy initiates a robust inflammatory response. 

Innate immune responses represent our first line of defense. We found upregulation of 

NLRP3 in the hippocampus, thalamus and striatum 24 h after HI and early expression 

of NLRP3 in hippocampus and thalamus in astrocytes. Later on, microglia also 

expressed NLRP3. There was however no effect of NLRP3 deficiency on infarction 

volume and levels of IL-18 in blood. We conclude that there is no effect of NLRP3 

deficiency in the acute phase of neonatal hypoxic-ischemic brain injury in mice. 

42



Paper II: 

Neuromodulatory effect of NLRP3 and ASC in neonatal hypoxic ischemic 

encephalopathy. 

Innate immune response following neonatal HI propagates beyond the early phase and 

shifts to an anti-inflammatory phase for resolution of brain damage. Since we did not 

find any early neuroprotective effect of NLRP3 deficiency we now assessed infarction 

volumes 7 days after HI injury by MAP 2 staining. These experiments showed that 

NLRP3 deficient animals suffered increased infarction volumes, while ASC deficient 

animals had smaller infarction volumes compared to Wt mice. Immunohistochemical 

analyses showed more activated microglia in NLRP3 deficient animals, while ASC 

deficient animals showed less activated microglia when compared to Wt mice. To 

further explore the mechanism of increased damage in NLRP3 deficient animals, we 

performed total RNA sequencing of hippocampus, striatum and thalamus. In the 

hippocampus we found that NLRP3 deficient animals showed an altered 

inflammatory transcriptional response and a unique pattern of increased expression of 

genes involved in protein translation as well as genes that are positive regulators of 

Epithelial Mesenchymal Transition (EMT). These possible non-inflammasome effects 

might explain the increased susceptibility to neonatal HI brain injury in NLRP3 

deficient animals; while ASC deficient animals are neuroprotected. 
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Paper III: 

N-Acetylcysteine Amide exerts possible neuroprotective effects in pigs after

perinatal hypoxia 

NACA, the amide form of NAC, has potentially better properties than NAC to cross 

the BBB and serve as neuroprotectant in neonatal hypoxic encephalopathy. 

Examination of NACA treated pigs 9.5 h after hypoxia with histopathological scoring 

with hematoxylin eosin and degree of apoptosis showed no neuroprotection compared 

to sham treated animals. However, in the cortex of piglets treated with NACA, IL-1β 

was reduced compared to sham treated animals. Furthermore, NF-κB expression was 

also reduced in these animals indicating a dampened inflammatory response. 

Indication of decreased inflammation was also found in the systemic circulation as 

NACA treated piglets showed steeper decline in levels of TNF during the first 30min 

after hypoxia. We speculate that NACA potentially serve neuroprotective effects by 

anti-inflammatory mechanisms. 
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8. Discussion

8.1 Methodological considerations 

8.1.1 Vanucci model of neonatal hypoxic-ischemic brain injury 

In our search for new neuroprotective strategies for neonatal hypoxic-ischemic brain 

injury, we applied the widely acknowledged Vanucci model, modified for use in 

neonatal mice (see chapter 6.1). By unilateral ligation of the common carotid artery 

followed by hypoxia, the model generates in all animals a brain infarction, with 

severity depending on length of hypoxia and temperature of the animal. It provides a 

method to study basic mechanisms of injury, with several advantages, but when 

performing these experiments, we also encountered several flaws that need to be 

taken into account. 

Advantages of mouse models in pre-clinical research are many. Mice are relatively 

easy to house and breed with large litters and short gestation. The mouse genome is 

approximately 14% smaller than the human (2.5 GB versus 2.9 GB) [164]. However 

approximately 99% of mouse genes have a human homologue. Furthermore around 

96% of the homologues are located similarly as in the human genome [164;165]. With 

the capability of editing genes in mice by depletion or insertion, knock out and 

transgenic models can be generated, allowing assessment of the effect of specific 

genes on basic injury mechanisms. 

The Vanucci model modified for mice does however have some weaknesses and 

flaws. First, in the model of unilateral ligation and hypoxia, hypocapnia ensues, 

counteracting metabolic acidosis [166]. This is not the case in the clinical setting of 
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most neonates with HIE. Second, the model produces a unilateral infarct as opposed 

to the clinical setting of a more global hypoxia ischemia. Third, even though the 

contralateral hemisphere in the Vanucci model has been proposed to be an internal 

control, it has suffered from hypoxia and both short and long term alterations also 

occur in the contralateral side [167-169]. Finally, outcome and reproducibility will be 

affected by operational skills, the ability to control temperature and litter differences. 

In our quest to minimize these effects we bred mice in a heterozygous pattern (paper 

I). We generated heterozygous parents by mating a NLRP3
-/-

 mouse with a wildtype

(WT) mouse. The heterozygous littermates were then bred to generate litters with 

pups consisting of WT, heterozygous and NLRP3
-/-

 animals. This reduces interlitter

difference at the cost of doubling the amount of animals required and costs and 

workload of further analysis. When we introduced a second knockout mouse, the 

ASC
-/-

 mouse, in paper II, heterozygous breeding with all three genotypes were

unfortunately no longer achievable and represents a weakness of this study.  

Another major possible confounding factor in these experiments is temperature 

control. In our first experiment, the only available hypoxia chamber was custom made 

with heating from the bottom of the chamber and the possibility to address the pups if 

needed during hypoxia was difficult without affecting oxygen level and temperature 

inside the chamber. Daily differences in the ambient room temperature, as well as 

need to handle the pups during experiment could impact on the temperature of the 

pups. To further optimize our experiments we therefore invested in a hypoxia 

chamber (Invivo 500, Thermo Scientific) to better control oxygen concentration and 

temperature of animals used in paper II. 
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Figure 5. Custom made hypoxia chamber (left) and hypoxia chamber Invivo 500 from Thermo 

Scientific (right) 

In this chamber temperature is regulated by the chosen air temperature administered. 

The chamber is completely air sealed and there are two gates in front through which 

the investigator can reach the animals and an air sealed slot were animals can be 

introduced and removed with minimal changes of the interior milieu. 

As temperature control is used for treatment, controlling it is of outmost importance, 

and mice rendered encephalopathic during hypoxia and ischemia will lose their 

temperature rapid unless the environment is tightly controlled. 

8.1.2 Piglet model of neonatal hypoxic-ischemic brain injury 

The anatomy and physiology of the piglet brain resembles the human brain making it 

a good model for pre-clinical examination of the effects of hypoxic-ischemic damage 

and possible interventions [170]. Brain maturation, growth, myelinisation, distribution 

of grey and white matter of a newborn piglet resembles that of 36-38 week human 

newborn [162;171;172]. Furthermore, the piglet shows similar cerebral blood flow 

response to hypoxia ischemia, similar vulnerability of different cerebral regions, and a 

similar pattern of energy failure as the human. However the cerebral blood flow and 

metabolism in piglets are higher [173], with a lower limit of cerebral auto regulation 
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around 40 mmHg [174]. The approximate same size as a newborn fetus makes it 

possible to use standard intensive care equipment for experiments. A disadvantage to 

the model is that newborn piglets have already accommodated to extra uterine life at 

beginning of experiments. Even though only healthy pigs are used in the experiment, 

the animal model shows huge inter individual difference increasing variation in data. 

This has to be taken into account during power estimation. In addition, the model is 

relatively resource demanding, making longer end points from hypoxia reperfusion 

difficult to accomplish. In our model, 9.5 h was the latest end point. Although we 

identified differences in inflammatory markers at this time point, the inflammatory 

process has only just begun in the neonatal HI brain. 

8.2 Discussion of Major Findings 

8.2.1 Is NLRP3 expressed in the brain following neonatal HI in mice? 

Neonatal HI initiates a robust inflammatory response [175]. As part of this response, 

innate immune actions are the earliest[175]. Several important PRRs have previously 

been investigated using the neonatal mouse model of HI brain injury [57], but NLRP3 

has still not been examined. In our first report we therefore aimed to detect early 

NLRP3 expression, namely 3 h following HI. Our hypothesis was that microglia 

would show the earliest activation of NLRP3, but after evaluating several different 

antibodies, to our surprise, early NLRP3 expression was only found in astrocytes in 

the hippocampus and lining the ependymal wall. Microglia are well known initiators 

of inflammation, but astrocytes have gained increasing interest in the pathogenesis of 

HI brain injury [176] . Microglia and astrocytes are the two primary effector cells in 

neuroinflammation and moreover, their intercommunication is highly important in 
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brain injury [130]. NLRP3 expression has been shown in neurons in cortical slides 

obtained from humans suffering from stroke [177], but it remains debated whether 

NLRP3 is expressed by neurons [130]. Yang et al demonstrated that NLRP3 

expression occurred in microglia and endothelial cells, rather than neurons and 

astrocytes 24 h after MCAO in adult mice [178]. This coincides with our finding that 

microglia started showing NLRP3 expression 24 h and 72 h after neonatal HI. As 

described in chapter 4.3.5 most cells, including macrophages, do not constitutively 

express NLRP3, and a priming signal is necessary to increase its expression. This 

priming signal is typically mediated by other PRRs such as TLR4. Thus, it is tempting 

to hypothesize that the lack of microglial NLRP3 expression in the early stages 

reflects that these cells have not yet responded to the DAMPs required for NLRP3 

upregulation, but that this is the case in the later stages after HI. 

To find antibodies that specifically bind to NLRP3 protein can be difficult, and 

different antibodies have been used in these investigations. So far, several different 

cell types have been implicated in early NLRP3 activity and for further description of 

NLRP3 activity in neonatal HI brain injury, it would be interesting to examine cell 

culture analysis. Applying total mRNA sequencing to isolated microglia, astrocytes 

and neurons could give valuable cell specific information about innate immune 

responses following neonatal hypoxia ischemia. 

Our finding of upregulated NLRP3 mRNA in hippocampus, striatum and thalamus of 

Wt mice 24 h after HI, further support the finding that NLRP3 is involved in the 

pathogenesis of neonatal hypoxic-ischemic brain injury. In line with our finding, 

NLRP3 expression was increased in ipsilateral hemisphere of Wt mice 24 h after 

MCAO [178]. Unfortunately we did not have material to examine protein levels of 
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NLRP3 at this time point, but increased NLRP3 was shown by western blot 24 h after 

MCAO [178]. Upon NLRP3 activation, IL-1β and IL-18 are cleaved from their 

proforms. We did not have brain material for protein analysis, but managed to gather 

enough blood from the mice during decapitation to examine protein levels of IL-1β 

and IL-18 in blood and it is well known that brain injury initiate a peripheral immune 

response[175]. From the analysis of IL-1β, unfortunately, too many of our samples 

showed too low levels to give reliable results. IL-18 levels were evaluable, but did 

however show no difference between wt and NLRP3
-/-

 mice 24 h following neonatal

HI. To assess IL-1β and IL-18 response in brain of NLRP3 deficient animals would 

clearly be interesting to deepen our understanding of the inflammatory response 

following neonatal HI. 

8.2.2 Does NLRP3 play a role in neonatal HI brain injury in mice? 

Since we could not find any difference in brain infarction volumes of NLRP3 

deficient and Wt mice 24 h after neonatal HI, and no difference in cytokine response, 

we now concluded that although NLRP3 is expressed early in astrocytes, it did not 

influence early outcome in neonatal HI. This is supported by the report of Denes et al.  

where ASC contribute to brain injury in conjunction with other inflammasomes such 

as NLRC4 and AIM2, but independently of NLRP3 [179]. However, support of a 

damaging role of NLRP3 activation in cerebral stroke is reported by others at this 

time point [178;180]. Differences in neonatal and adult innate responses are however 

extensive and the adaptations that occur after birth are massive[175]. Immune cells in 

peripheral blood represent one example as human newborns have a higher total blood 

count than adults. Neutrophils increase dramatically during the first 3 days of life, but 

show impaired functions i.e. chemotaxis and antigen presentation [181] . Importantly, 
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neutrophils secrete proteolytic enzymes that are able to activate IL-1β independently 

of inflammasomes [182]. Also lymphocyte counts increase after birth, but with a 

different population, where newborns have a higher percentage of naïve T cells and 

lower effector and memory T cells, compared to adults. Furthermore, studies have 

demonstrated that T cell capability of IL-1β and TNF production reaches adult 

capacity first at 2 years of age [175]. Thus, as both the brain and immune system is 

still developing during the perinatal period, multiple examples of opposite findings 

between neonatal and adult experiments exist, when challenging the brain to injury, as 

previously described [175]. 

Our results indicate that the pathogenic role of NLRP3 is limited in the early phase of 

neonatal HI. However, brain injury following neonatal HI is developing beyond 24 h. 

From our next report in mice (Paper II), we were once more surprised to find 

increased brain damage in NLRP3 deficient mice compared to Wt, while ASC 

deficient mice were neuroprotected 7 days after HI. ASC deficiency is thus protective 

in both neonatal HI and adult MCAO [179]. As ASC is also a component of 

inflammasomes such as NLRC4 and AIM2, this suggests that either ASC or other 

inflammasomes could serve as anti-inflammatory and neuroprotective targets in 

neonatal HI. At the same time point, the amount of activated microglia was increased 

in NLRP3 deficient animals, and these cells are proposed to have damaging effects 

through excessive production of pro inflammatory cytokines [175]. However, 

microglia depletion worsens brain injury in both neonatal and adult experiments 

indicating that these cells also have a protective role. We used the morphological 

appearance to differentiate activated from surveilling microglia. The shift from pro 

inflammatory to anti-inflammatory cytokine production is vital to limiting and 

resolution of brain injury [57]. Besides microscopic investigation of microglial 
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morphology, it would be interesting to further analyze microglial antigen presentation 

such as CD11b+, CD45+ to gain interest in their pro or anti-inflammatory properties.  

With the evolution of totalRNA sequencing techniques, we were able to examine 

mRNA expression in different regions of the brain. Differentially regulated genes in 

hippocampus of NLRP3 deficient mice indicated an impaired inflammatory response 

in these mice following HI, possibly resulting in the increased damage. Again we 

were surprised to see a marked down regulation of genes related to protein translation, 

with upregulation of ribosomal genes indicating an impaired translational response. In 

addition, several of the down regulated genes have been shown to be positive 

modulators of EMT. EMT is the process in which epithelial cells transform into 

mesenchymal cells to migrate, before transforming back to epithelial cell through 

mesenchymal to epithelial transition (MET) to reconstitute injured areas. EMT is 

furthermore essential in resolution of BBB damage, as arachnoideal cells undergo 

transformation and migrate to injured areas through mechanisms involving TGF-β 

signaling [110]. Other reports of such NLRP3 inflammasome independent effect have 

been found in renal ischemia reperfusion injury [183] and colon cancer, again through 

TGF-β signaling [184]. Moreover, we found that positive regulators of EMT, such as 

argonaute-2, GSK-3β, PDPK1 and ISR ½ [185-188], were down regulated in NLRP3 

deficient mice. This could potentially implicate an inflammasome-independent effect 

of NLRP3, resulting in increased brain damage in these animals. In our search to find 

proof of altered BBB response in NLRP3 deficient animals we stained for albumin 

extravasation, but unfortunately, results turned out difficult to analyze (data not 

shown). 
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8.2.3 Affecting inflammatory response in newborn pigs with NACA 

To gain further insight into inflammatory responses in neonatal brain injury, we used 

another animal model, the piglet model of neonatal asphyxia. In neonates increased 

levels of inflammatory cytokines such as IL-1β, IL-8, IL-9, TNF and RANTES are 

found in children who develop cerebral palsy [189;190]. NACA carries two important 

properties with potential to ameliorate brain damage and dampen the inflammatory 

response. First its antioxidant capacity can decrease amount of damaged tissue, 

thereby reducing the inflammatory stimuli. Second, by inhibition of NF-κB activity, 

NACA may serve to reduce the essential priming of NLRP3 that is needed for 

assembly of the NLRP3 inflammasome and further maturation of IL-1β and IL-18. 

We therefore aimed to prove that treatment with NACA would exert neuroprotective 

and anti-inflammatory effects by examining hypoxia induced brain damage and 

inflammatory cytokines in newborn piglets. 

From hematoxylin eosin staining and apoptosis examination, we could not prove any 

effect of NACA treatment. As the piglet model is resource demanding, further follow 

up beyond 9.5 h was not possible in our experiments. One could however speculate 

that a longer follow-up could allow for histological differences between intervention 

groups to be manifested. Despite no early effect on immunohistochemical staining, 

levels of IL-1β in cortex of piglets were significantly reduced in the NACA treated 

group. Furthermore, when looking at NF-κB activation in the brain, levels of 

phosphorylated p65 were significantly lower in NACA treated piglets compared to 

saline treated piglets. These two findings support that NACA exerts anti-

inflammatory effects. To further examine this mechanism it would have been elegant 

if we could assess brain expression of NLRP3 at time points earlier than 9.5 h. Also 

our own result from mice exhibiting NLRP3 expression 3 h after hypoxia ischemia 

would strengthen such a finding. 
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Major surgical interventions alone induce cytokines release in blood such as IL-1β 

and TNF [191] and the cross talk between peripheral immune response and brain 

injury has been recently described in a review by Lai et al. [175]. From adult mice, 

we know that peripheral immune response peaks 4 h after stroke, while brain 

inflammation peaks after 24 h [192]. When examining systemic blood levels, we were 

not able to find absolute differences in levels of IL-1β, IL-6 or IL-8. When examining 

systemic pro inflammatory effect of hypothermia versus normothermia in a hypoxia-

ischemia piglet model, Rocha-Ferreira et al. could neither find any effect of 

hypothermia on IL-1β, IL-6 or IL-8, but noted a huge variability in cytokine status, 

even at baseline [193]. We as well noted huge variance in cytokine levels. This is a 

clear limitation to the study, but at the same time, possibly reflects the clinical 

situation in human neonates.  In our piglet model, levels of TNF decreased during the 

first 30 min, and when looking at the reduction of TNF, NACA treated piglets showed 

a steeper decrease in TNF than saline treated piglets. Early decline in TNF has also 

been seen in cortex of piglets treated with hypothermia [194] and the hypothermia 

group in the study of Rocha-Ferreiro also showed lower TNF levels the first 12 h of 

observation [193]. In previous work from our institute, Østerholt et al. also examined 

the effect of NAC in the same piglet model of hypoxia, but resuscitated pigs with 

100% oxygen [51]. In accordance with our findings, they report reduction in 

inflammatory markers in pigs treated with NAC, namely TNF and IL-1β. We 

speculate that decreased levels of IL-1β in cortex, and a steeper decrease in TNF in 

peripheral blood, indicate that NACA treatment serve anti-inflammatory effect and 

potential neuroprotective capacity. 
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9. Conclusions

1. Activation of NLRP3 occurs following HI in neonatal mice as evidenced by:

-Astrocytes are the earliest cell type to show NLRP3 expression following neonatal

HI, while microglia show expression later in the course. 

2. NLRP3 deficiency aggravates neonatal hypoxic-ischemic brain injury:

-deficiency of NLRP3 does not influence early (24 h) outcome, but aggravates injury

later in the course (7 days) accompanied by more activated microglia and an impaired 

inflammatory transcriptional response. 

3. ASC deficiency is neuroprotective in neonatal HI:

-deficiency of ASC reduces brain injury accompanied by less activated microglial

response. 

4. Possible neuroprotective effect of NACA through anti-inflammatory mechanism in

hypoxia induced brain damage in newborn piglets: 

-There are decreased levels of IL-1β in cortex in NACA treated piglets with a steeper

decrease in TNF in plasma than saline treated piglets. 
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10. Future Perspectives

From our results following experiments in neonatal mice and piglets there are several 

interesting directions to follow in further experiments. First of all, it should be 

obligatory that our findings are reproduced, preferentially by another research group. 

Additionally, when using the Vanucci model modified for newborn mice, longer 

follow-up with behavioral testing is warranted. This would in particular be important 

for gaining further understanding of the potential damaging effects of NLRP3 

deficiency. Effect of NACA in conjunction with hypothermia also needs to be 

addressed as it serves as the only available treatment for HIE today. Furthermore, 

using NACA treatment in mice, could give us a possibility to investigate potential 

neuroprotective effects in a longer follow-up. Since our experiments indicate that 

ASC deficiency is neuroprotective in neonatal HI, it would be interesting to further 

characterize the activation profile of ASC, both by co-staining to identify cellular 

location as well as time profile by using different time points. Pharmacological 

inhibition of ASC is currently not available, however further studies using inhibitors 

of caspase-1 is a natural step while waiting for other approaches. To identify 

mechanism of neuroprotection, levels of inflammatory markers, ideally at different 

time points, could indicate a possible anti-inflammatory effect. Obviously, IL-1β and 

IL-18 warrant investigation, but also measuring IL-6, IL-8 and TNF would be of 

uttermost clinical relevance. As our experiments have demonstrated a possible 

NLRP3 independent effect, future experiments should also address this in more detail 

by protein examination to compare them with the mRNA findings.  

56



11 Reference List 

(1) Volpe JJ. Neonatal encephalopathy: an inadequate term for hypoxic-

ischemic encephalopathy. Ann Neurol 2012 August;72(2):156-66.

(2) Ferriero DM. Neonatal brain injury. N Engl J Med 2004 November

4;351(19):1985-95.

(3) Executive summary: Neonatal encephalopathy and neurologic outcome,

second edition. Report of the American College of Obstetricians and

Gynecologists' Task Force on Neonatal Encephalopathy. Obstet Gynecol

2014 April;123(4):896-901.

(4) Sarnat HB, Sarnat MS. Neonatal encephalopathy following fetal distress. A

clinical and electroencephalographic study. Arch Neurol 1976

October;33(10):696-705.

(5) Levene ML, Kornberg J, Williams TH. The incidence and severity of post-

asphyxial encephalopathy in full-term infants. Early Hum Dev 1985

May;11(1):21-6.

(6) Jacobs SE, Berg M, Hunt R, Tarnow-Mordi WO, Inder TE, Davis PG.

Cooling for newborns with hypoxic ischaemic encephalopathy. Cochrane

Database Syst Rev 2013 January 31;(1):CD003311.

(7) de Vries LS, Jongmans MJ. Long-term outcome after neonatal hypoxic-

ischaemic encephalopathy. Arch Dis Child Fetal Neonatal Ed 2010

May;95(3):F220-F224.

(8) Pappas A, Shankaran S, McDonald SA, Vohr BR, Hintz SR, Ehrenkranz

RA, Tyson JE, Yolton K, Das A, Bara R, Hammond J, Higgins RD.

Cognitive outcomes after neonatal encephalopathy. Pediatrics 2015

March;135(3):e624-e634.

(9) Natarajan G, Pappas A, Shankaran S. Outcomes in childhood following

therapeutic hypothermia for neonatal hypoxic-ischemic encephalopathy

(HIE). Semin Perinatol 2016 December;40(8):549-55.

(10) van HM, Swaab H, de Vries LS, Jongmans MJ. Long-term cognitive and

behavioral consequences of neonatal encephalopathy following perinatal

asphyxia: a review. Eur J Pediatr 2007 July;166(7):645-54.

(11) Natarajan G, Laptook A, Shankaran S. Therapeutic Hypothermia: How Can

We Optimize This Therapy to Further Improve Outcomes? Clin Perinatol

2018 June;45(2):241-55.

(12) Eunson P. The long-term health, social, and financial burden of hypoxic-

ischaemic encephalopathy. Dev Med Child Neurol 2015 April;57 Suppl

3:48-50.

57



(13) Montaldo P, Pauliah SS, Lally PJ, Olson L, Thayyil S. Cooling in a low-

resource environment: lost in translation. Semin Fetal Neonatal Med 2015

April;20(2):72-9.

(14) Lundgren C, Brudin L, Wanby AS, Blomberg M. Ante- and intrapartum risk

factors for neonatal hypoxic ischemic encephalopathy. J Matern Fetal

Neonatal Med 2017 May 9;1-7.

(15) The Apgar Score. Pediatrics 2015 October;136(4):819-22.

(16) O'Hare FM, Watson RW, O'Neill A, Segurado R, Sweetman D, Downey P,

Mooney E, Murphy J, Donoghue V, Molloy EJ. Serial cytokine alterations

and abnormal neuroimaging in newborn infants with encephalopathy. Acta

Paediatr 2017 April;106(4):561-7.

(17) Martinello K, Hart AR, Yap S, Mitra S, Robertson NJ. Management and

investigation of neonatal encephalopathy: 2017 update. Arch Dis Child Fetal

Neonatal Ed 2017 April 6.

(18) Saugstad OD, Ramji S, Soll RF, Vento M. Resuscitation of newborn infants

with 21% or 100% oxygen: an updated systematic review and meta-analysis.

Neonatology 2008;94(3):176-82.

(19) Shankaran S, Laptook AR, Ehrenkranz RA, Tyson JE, McDonald SA,

Donovan EF, Fanaroff AA, Poole WK, Wright LL, Higgins RD, Finer NN,

Carlo WA, Duara S, Oh W, Cotten CM, Stevenson DK, Stoll BJ, Lemons

JA, Guillet R, Jobe AH. Whole-body hypothermia for neonates with

hypoxic-ischemic encephalopathy. N Engl J Med 2005 October

13;353(15):1574-84.

(20) Douglas-Escobar M, Weiss MD. Hypoxic-ischemic encephalopathy: a

review for the clinician. JAMA Pediatr 2015 April;169(4):397-403.

(21) van HM, Swaab H, de Vries LS, Jongmans MJ. Behavioral outcome in

children with a history of neonatal encephalopathy following perinatal

asphyxia. J Pediatr Psychol 2010 April;35(3):286-95.

(22) Pauliah SS, Shankaran S, Wade A, Cady EB, Thayyil S. Therapeutic

hypothermia for neonatal encephalopathy in low- and middle-income

countries: a systematic review and meta-analysis. PLoS One

2013;8(3):e58834.

(23) Inder TE, Volpe JJ. Mechanisms of perinatal brain injury. Semin Neonatol

2000 February;5(1):3-16.

(24) Hagberg H, Mallard C, Rousset CI, Thornton C. Mitochondria: hub of injury

responses in the developing brain. Lancet Neurol 2014 February;13(2):217-

32.

(25) Saugstad OD. Hyperoxia in the term newborn: more evidence is still needed

for optimal oxygen therapy. Acta Paediatr 2012 April;101(464):34-8.

58



(26) Fleiss B, Gressens P. Tertiary mechanisms of brain damage: a new hope for

treatment of cerebral palsy? Lancet Neurol 2012 June;11(6):556-66.

(27) Lin CY, Chang YC, Wang ST, Lee TY, Lin CF, Huang CC. Altered

inflammatory responses in preterm children with cerebral palsy. Ann Neurol

2010 August;68(2):204-12.

(28) Gonzalez FF, Ferriero DM. Therapeutics for neonatal brain injury.

Pharmacol Ther 2008 October;120(1):43-53.

(29) Jensen FE. Developmental factors regulating susceptibility to perinatal brain

injury and seizures. Curr Opin Pediatr 2006 December;18(6):628-33.

(30) Back SA, Luo NL, Borenstein NS, Levine JM, Volpe JJ, Kinney HC. Late

oligodendrocyte progenitors coincide with the developmental window of

vulnerability for human perinatal white matter injury. J Neurosci 2001

February 15;21(4):1302-12.

(31) Millar LJ, Shi L, Hoerder-Suabedissen A, Molnar Z. Neonatal Hypoxia

Ischaemia: Mechanisms, Models, and Therapeutic Challenges. Front Cell

Neurosci 2017;11:78.

(32) Solberg R, Perrone S, Saugstad OD, Buonocore G. Risks and benefits of

oxygen in the delivery room. J Matern Fetal Neonatal Med 2012 April;25

Suppl 1:41-4.

(33) Thornton C, Baburamani AA, Kichev A, Hagberg H. Oxidative stress and

endoplasmic reticulum (ER) stress in the development of neonatal hypoxic-

ischaemic brain injury. Biochem Soc Trans 2017 October 15;45(5):1067-76.

(34) Baba L, McGrath JM. Oxygen free radicals: effects in the newborn period.

Adv Neonatal Care 2008 October;8(5):256-64.

(35) Saugstad OD. Oxidative stress in the newborn--a 30-year perspective. Biol

Neonate 2005;88(3):228-36.

(36) Sies H. Glutathione and its role in cellular functions. Free Radic Biol Med

1999 November;27(9-10):916-21.

(37) Macleod MR, O'Collins T, Horky LL, Howells DW, Donnan GA.

Systematic review and meta-analysis of the efficacy of melatonin in

experimental stroke. J Pineal Res 2005 January;38(1):35-41.

(38) Robertson NJ, Faulkner S, Fleiss B, Bainbridge A, Andorka C, Price D,

Powell E, Lecky-Thompson L, Thei L, Chandrasekaran M, Hristova M,

Cady EB, Gressens P, Golay X, Raivich G. Melatonin augments

hypothermic neuroprotection in a perinatal asphyxia model. Brain 2013

January;136(Pt 1):90-105.

(39) Aly H, Elmahdy H, El-Dib M, Rowisha M, Awny M, El-Gohary T, Elbatch

M, Hamisa M, El-Mashad AR. Melatonin use for neuroprotection in

59



perinatal asphyxia: a randomized controlled pilot study. J Perinatol 2015 

March;35(3):186-91. 

(40) Traudt CM, McPherson RJ, Bauer LA, Richards TL, Burbacher TM,

McAdams RM, Juul SE. Concurrent erythropoietin and hypothermia

treatment improve outcomes in a term nonhuman primate model of perinatal

asphyxia. Dev Neurosci 2013;35(6):491-503.

(41) Chakkarapani E, Dingley J, Liu X, Hoque N, Aquilina K, Porter H,

Thoresen M. Xenon enhances hypothermic neuroprotection in asphyxiated

newborn pigs. Ann Neurol 2010 September;68(3):330-41.

(42) Azzopardi D, Robertson NJ, Bainbridge A, Cady E, Charles-Edwards G,

Deierl A, Fagiolo G, Franks NP, Griffiths J, Hajnal J, Juszczak E,

Kapetanakis B, Linsell L, Maze M, Omar O, Strohm B, Tusor N, Edwards

AD. Moderate hypothermia within 6 h of birth plus inhaled xenon versus

moderate hypothermia alone after birth asphyxia (TOBY-Xe): a proof-of-

concept, open-label, randomised controlled trial. Lancet Neurol 2016

February;15(2):145-53.

(43) Peeters-Scholte C, Braun K, Koster J, Kops N, Blomgren K, Buonocore G,

van Buul-Offers S, Hagberg H, Nicolay K, van BF, Groenendaal F. Effects

of allopurinol and deferoxamine on reperfusion injury of the brain in

newborn piglets after neonatal hypoxia-ischemia. Pediatr Res 2003

October;54(4):516-22.

(44) Bennet L, Tan S, Van den Heuij L, Derrick M, Groenendaal F, van BF, Juul

S, Back SA, Northington F, Robertson NJ, Mallard C, Gunn AJ. Cell

therapy for neonatal hypoxia-ischemia and cerebral palsy. Ann Neurol 2012

May;71(5):589-600.

(45) Cotten CM, Murtha AP, Goldberg RN, Grotegut CA, Smith PB, Goldstein

RF, Fisher KA, Gustafson KE, Waters-Pick B, Swamy GK, Rattray B, Tan

S, Kurtzberg J. Feasibility of autologous cord blood cells for infants with

hypoxic-ischemic encephalopathy. J Pediatr 2014 May;164(5):973-9.

(46) Galinsky R, Bennet L, Groenendaal F, Lear CA, Tan S, van BF, Juul SE,

Robertson NJ, Mallard C, Gunn AJ. Magnesium is not consistently

neuroprotective for perinatal hypoxia-ischemia in term-equivalent models in

preclinical studies: a systematic review. Dev Neurosci 2014;36(2):73-82.

(47) Sunitha K, Hemshekhar M, Thushara RM, Santhosh MS, Yariswamy M,

Kemparaju K, Girish KS. N-Acetylcysteine amide: a derivative to fulfill the

promises of N-Acetylcysteine. Free Radic Res 2013 May;47(5):357-67.

(48) Halliwell B. Antioxidants in human health and disease. Annu Rev Nutr

1996;16:33-50.

(49) Deneke SM. Thiol-based antioxidants. Curr Top Cell Regul 2000;36:151-80.

60



(50) Jatana M, Singh I, Singh AK, Jenkins D. Combination of systemic

hypothermia and N-acetylcysteine attenuates hypoxic-ischemic brain injury

in neonatal rats. Pediatr Res 2006 May;59(5):684-9.

(51) Osterholt HC, Dannevig I, Wyckoff MH, Liao J, Akgul Y, Ramgopal M,

Mija DS, Cheong N, Longoria C, Mahendroo M, Nakstad B, Saugstad OD,

Savani RC. Antioxidant protects against increases in low molecular weight

hyaluronan and inflammation in asphyxiated newborn pigs resuscitated with

100% oxygen. PLoS One 2012;7(6):e38839.

(52) Carver KA, Yang D. N-Acetylcysteine Amide Protects Against Oxidative

Stress-Induced Microparticle Release From Human Retinal Pigment

Epithelial Cells. Invest Ophthalmol Vis Sci 2016 February;57(2):360-71.

(53) Offen D, Gilgun-Sherki Y, Barhum Y, Benhar M, Grinberg L, Reich R,

Melamed E, Atlas D. A low molecular weight copper chelator crosses the

blood-brain barrier and attenuates experimental autoimmune

encephalomyelitis. J Neurochem 2004 June;89(5):1241-51.

(54) Bahat-Stroomza M, Gilgun-Sherki Y, Offen D, Panet H, Saada A, Krool-

Galron N, Barzilai A, Atlas D, Melamed E. A novel thiol antioxidant that

crosses the blood brain barrier protects dopaminergic neurons in

experimental models of Parkinson's disease. Eur J Neurosci 2005

February;21(3):637-46.

(55) Gunther M, Davidsson J, Plantman S, Norgren S, Mathiesen T, Risling M.

Neuroprotective effects of N-acetylcysteine amide on experimental focal

penetrating brain injury in rats. J Clin Neurosci 2015 September;22(9):1477-

83.

(56) Perez A, Bellon JM, Gurbindo MD, Munoz-Fernandez MA. Impairment of

stimulation ability of very-preterm neonatal monocytes in response to

lipopolysaccharide. Hum Immunol 2010 February;71(2):151-7.

(57) Hagberg H, Mallard C, Ferriero DM, Vannucci SJ, Levison SW, Vexler ZS,

Gressens P. The role of inflammation in perinatal brain injury. Nat Rev

Neurol 2015 April;11(4):192-208.

(58) Schwartz M, Baruch K. The resolution of neuroinflammation in

neurodegeneration: leukocyte recruitment via the choroid plexus. EMBO J

2014 January 7;33(1):7-22.

(59) Lamkanfi M, Dixit VM. Manipulation of host cell death pathways during

microbial infections. Cell Host Microbe 2010 July 22;8(1):44-54.

(60) Heneka MT, Kummer MP, Latz E. Innate immune activation in

neurodegenerative disease. Nat Rev Immunol 2014 July;14(7):463-77.

(61) Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell

2010 March 19;140(6):805-20.

61



(62) Chen GY, Nunez G. Sterile inflammation: sensing and reacting to damage.

Nat Rev Immunol 2010 December;10(12):826-37.

(63) Kigerl KA, de Rivero Vaccari JP, Dietrich WD, Popovich PG, Keane RW.

Pattern recognition receptors and central nervous system repair. Exp Neurol

2014 August;258:5-16.

(64) O'Hare FM, William WR, Molloy EJ. Toll-like receptors in neonatal sepsis.

Acta Paediatr 2013 June;102(6):572-8.

(65) Takeda K, Akira S. Toll-like receptors. Curr Protoc Immunol 2007

May;Chapter 14:Unit.

(66) Poltorak A, He X, Smirnova I, Liu MY, Van HC, Du X, Birdwell D, Alejos

E, Silva M, Galanos C, Freudenberg M, Ricciardi-Castagnoli P, Layton B,

Beutler B. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice:

mutations in Tlr4 gene. Science 1998 December 11;282(5396):2085-8.

(67) Latz E. The inflammasomes: mechanisms of activation and function. Curr

Opin Immunol 2010 February;22(1):28-33.

(68) Dinarello CA. Proinflammatory cytokines. Chest 2000 August;118(2):503-8.

(69) Opal SM, DePalo VA. Anti-inflammatory cytokines. Chest 2000

April;117(4):1162-72.

(70) Munoz-Wolf N, Lavelle EC. A Guide to IL-1 family cytokines in

adjuvanticity. FEBS J 2018 April 15.

(71) Dunne A, O'Neill LA. The interleukin-1 receptor/Toll-like receptor

superfamily: signal transduction during inflammation and host defense. Sci

STKE 2003 February 25;2003(171):re3.

(72) Medzhitov R. Inflammation 2010: new adventures of an old flame. Cell

2010 March 19;140(6):771-6.

(73) Eklind S, Mallard C, Leverin AL, Gilland E, Blomgren K, Mattsby-Baltzer

I, Hagberg H. Bacterial endotoxin sensitizes the immature brain to hypoxic--

ischaemic injury. Eur J Neurosci 2001 March;13(6):1101-6.

(74) Jenster M, Bonifacio SL, Ruel T, Rogers EE, Tam EW, Partridge JC,

Barkovich AJ, Ferriero DM, Glass HC. Maternal or neonatal infection:

association with neonatal encephalopathy outcomes. Pediatr Res 2014

July;76(1):93-9.

(75) Savman K, Blennow M, Gustafson K, Tarkowski E, Hagberg H. Cytokine

response in cerebrospinal fluid after birth asphyxia. Pediatr Res 1998

June;43(6):746-51.

(76) Eklind S, Mallard C, Arvidsson P, Hagberg H. Lipopolysaccharide induces

both a primary and a secondary phase of sensitization in the developing rat

brain. Pediatr Res 2005 July;58(1):112-6.

62



(77) Stridh L, Smith PL, Naylor AS, Wang X, Mallard C. Regulation of toll-like

receptor 1 and -2 in neonatal mice brains after hypoxia-ischemia. J

Neuroinflammation 2011 May 10;8:45.

(78) Stridh L, Ek CJ, Wang X, Nilsson H, Mallard C. Regulation of Toll-like

receptors in the choroid plexus in the immature brain after systemic

inflammatory stimuli. Transl Stroke Res 2013 April;4(2):220-7.

(79) O'Driscoll DN, De SC, McKiernan PJ, McEneaney V, Molloy EJ, Greene

CM. Expression of X-linked Toll-like receptor 4 signaling genes in female

vs. male neonates. Pediatr Res 2017 May;81(5):831-7.

(80) Stridh L, Smith PL, Naylor AS, Wang X, Mallard C. Regulation of toll-like

receptor 1 and -2 in neonatal mice brains after hypoxia-ischemia. J

Neuroinflammation 2011;8:45.

(81) Stridh L, Mottahedin A, Johansson ME, Valdez RC, Northington F, Wang

X, Mallard C. Toll-like receptor-3 activation increases the vulnerability of

the neonatal brain to hypoxia-ischemia. J Neurosci 2013 July

17;33(29):12041-51.

(82) Wang X, Stridh L, Li W, Dean J, Elmgren A, Gan L, Eriksson K, Hagberg

H, Mallard C. Lipopolysaccharide sensitizes neonatal hypoxic-ischemic

brain injury in a MyD88-dependent manner. J Immunol 2009 December

1;183(11):7471-7.

(83) Lenart N, Brough D, Denes A. Inflammasomes link vascular disease with

neuroinflammation and brain disorders. J Cereb Blood Flow Metab 2016

October;36(10):1668-85.

(84) McRae A, Gilland E, Bona E, Hagberg H. Microglia activation after

neonatal hypoxic-ischemia. Brain Res Dev Brain Res 1995 February

16;84(2):245-52.

(85) Jin Y, Silverman AJ, Vannucci SJ. Mast cells are early responders after

hypoxia-ischemia in immature rat brain. Stroke 2009 September;40(9):3107-

12.

(86) Perry VH, Hume DA, Gordon S. Immunohistochemical localization of

macrophages and microglia in the adult and developing mouse brain.

Neuroscience 1985 June;15(2):313-26.

(87) Pierre WC, Smith PL, Londono I, Chemtob S, Mallard C, Lodygensky GA.

Neonatal microglia: The cornerstone of brain fate. Brain Behav Immun 2017

January;59:333-45.

(88) Xiong XY, Liu L, Yang QW. Functions and mechanisms of

microglia/macrophages in neuroinflammation and neurogenesis after stroke.

Prog Neurobiol 2016 July;142:23-44.

(89) Umekawa T, Osman AM, Han W, Ikeda T, Blomgren K. Resident microglia,

rather than blood-derived macrophages, contribute to the earlier and more

63



pronounced inflammatory reaction in the immature compared with the adult 

hippocampus after hypoxia-ischemia. Glia 2015 December;63(12):2220-30. 

(90) Rocha-Ferreira E, Hristova M. Plasticity in the Neonatal Brain following

Hypoxic-Ischaemic Injury. Neural Plast 2016;2016:4901014.

(91) Cowell RM, Xu H, Galasso JM, Silverstein FS. Hypoxic-ischemic injury

induces macrophage inflammatory protein-1alpha expression in immature

rat brain. Stroke 2002 March;33(3):795-801.

(92) Bona E, Andersson AL, Blomgren K, Gilland E, Puka-Sundvall M,

Gustafson K, Hagberg H. Chemokine and inflammatory cell response to

hypoxia-ischemia in immature rats. Pediatr Res 1999 April;45(4 Pt 1):500-9.

(93) Dinarello CA. Interleukin-1 beta, interleukin-18, and the interleukin-1 beta

converting enzyme. Ann N Y Acad Sci 1998 September 29;856:1-11.

(94) Winerdal M, Winerdal ME, Kinn J, Urmaliya V, Winqvist O, Aden U. Long

lasting local and systemic inflammation after cerebral hypoxic ischemia in

newborn mice. PLoS One 2012;7(5):e36422.

(95) Mallard C, Davidson JO, Tan S, Green CR, Bennet L, Robertson NJ, Gunn

AJ. Astrocytes and microglia in acute cerebral injury underlying cerebral

palsy associated with preterm birth. Pediatr Res 2014 January;75(1-2):234-

40.

(96) Yrjanheikki J, Tikka T, Keinanen R, Goldsteins G, Chan PH, Koistinaho J.

A tetracycline derivative, minocycline, reduces inflammation and protects

against focal cerebral ischemia with a wide therapeutic window. Proc Natl

Acad Sci U S A 1999 November 9;96(23):13496-500.

(97) Arvin KL, Han BH, Du Y, Lin SZ, Paul SM, Holtzman DM. Minocycline

markedly protects the neonatal brain against hypoxic-ischemic injury. Ann

Neurol 2002 July;52(1):54-61.

(98) Tsuji M, Wilson MA, Lange MS, Johnston MV. Minocycline worsens

hypoxic-ischemic brain injury in a neonatal mouse model. Exp Neurol 2004

September;189(1):58-65.

(99) Fox C, Dingman A, Derugin N, Wendland MF, Manabat C, Ji S, Ferriero

DM, Vexler ZS. Minocycline confers early but transient protection in the

immature brain following focal cerebral ischemia-reperfusion. J Cereb

Blood Flow Metab 2005 September;25(9):1138-49.

(100) Cikla U, Chanana V, Kintner DB, Covert L, Dewall T, Waldman A, Rowley

P, Cengiz P, Ferrazzano P. Suppression of microglia activation after

hypoxia-ischemia results in age-dependent improvements in neurologic

injury. J Neuroimmunol 2016 February 15;291:18-27.

(101) Faustino JV, Wang X, Johnson CE, Klibanov A, Derugin N, Wendland MF,

Vexler ZS. Microglial cells contribute to endogenous brain defenses after

64



acute neonatal focal stroke. J Neurosci 2011 September 7;31(36):12992-

3001. 

(102) Nijboer CH, Heijnen CJ, Groenendaal F, May MJ, van BF, Kavelaars A. A

dual role of the NF-kappaB pathway in neonatal hypoxic-ischemic brain

damage. Stroke 2008 September;39(9):2578-86.

(103) Qiu J, Hu X, Nesic O, Grafe MR, Rassin DK, Wood TG, Perez-Polo JR.

Effects of NF-kappaB oligonucleotide "decoys" on gene expression in P7 rat

hippocampus after hypoxia/ischemia. J Neurosci Res 2004 July 1;77(1):108-

18.

(104) Fabian RH, Perez-Polo JR, Kent TA. A decoy oligonucleotide inhibiting

nuclear factor-kappaB binding to the IgGkappaB consensus site reduces

cerebral injury and apoptosis in neonatal hypoxic-ischemic encephalopathy.

J Neurosci Res 2007 May 15;85(7):1420-6.

(105) Nijboer CH, Heijnen CJ, Groenendaal F, May MJ, van BF, Kavelaars A.

Strong neuroprotection by inhibition of NF-kappaB after neonatal hypoxia-

ischemia involves apoptotic mechanisms but is independent of cytokines.

Stroke 2008 July;39(7):2129-37.

(106) Lenart N, Brough D, Denes A. Inflammasomes link vascular disease with

neuroinflammation and brain disorders. J Cereb Blood Flow Metab 2016

October;36(10):1668-85.

(107) Jin Y, Silverman AJ, Vannucci SJ. Mast cells are early responders after

hypoxia-ischemia in immature rat brain. Stroke 2009 September;40(9):3107-

12.

(108) Mesples B, Fontaine RH, Lelievre V, Launay JM, Gressens P. Neuronal

TGF-beta1 mediates IL-9/mast cell interaction and exacerbates

excitotoxicity in newborn mice. Neurobiol Dis 2005 February;18(1):193-

205.

(109) Galea I, Bechmann I, Perry VH. What is immune privilege (not)? Trends

Immunol 2007 January;28(1):12-8.

(110) Cha JH, Kim KW. "Standby" EMT and "immune cell trapping" structure as

novel mechanisms for limiting neuronal damage after CNS injury. Neural

Regen Res 2014 December 1;9(23):2032-5.

(111) Saunders NR, Habgood MD, Mollgard K, Dziegielewska KM. The

biological significance of brain barrier mechanisms: help or hindrance in

drug delivery to the central nervous system? F1000Res 2016;5.

(112) Galinsky R, Davidson JO, Dean JM, Green CR, Bennet L, Gunn AJ. Glia

and hemichannels: key mediators of perinatal encephalopathy. Neural Regen

Res 2018 February;13(2):181-9.

65



(113) Abraham V, DeBolt K, Savani R, Koval M. Regulation of gap junction

proteins by alveolar epithelial cells in response to injury. Chest 1999

July;116(1 Suppl):35S.

(114) Engelhardt B. Development of the blood-brain barrier. Cell Tissue Res 2003

October;314(1):119-29.

(115) Mallard C, Vexler ZS. Modeling Ischemia in the Immature Brain: How

Translational Are Animal Models? Stroke 2015 October;46(10):3006-11.

(116) Svedin P, Hagberg H, Savman K, Zhu C, Mallard C. Matrix

metalloproteinase-9 gene knock-out protects the immature brain after

cerebral hypoxia-ischemia. J Neurosci 2007 February 14;27(7):1511-8.

(117) Tu YF, Tsai YS, Wang LW, Wu HC, Huang CC, Ho CJ. Overweight

worsens apoptosis, neuroinflammation and blood-brain barrier damage after

hypoxic ischemia in neonatal brain through JNK hyperactivation. J

Neuroinflammation 2011 April 25;8:40.

(118) Ek CJ, D'Angelo B, Baburamani AA, Lehner C, Leverin AL, Smith PL,

Nilsson H, Svedin P, Hagberg H, Mallard C. Brain barrier properties and

cerebral blood flow in neonatal mice exposed to cerebral hypoxia-ischemia.

J Cereb Blood Flow Metab 2015 May;35(5):818-27.

(119) Ferrari DC, Nesic OB, Perez-Polo JR. Oxygen resuscitation does not

ameliorate neonatal hypoxia/ischemia-induced cerebral edema. J Neurosci

Res 2010 July;88(9):2056-65.

(120) Lai JCY, Rocha-Ferreira E, Ek CJ, Wang X, Hagberg H, Mallard C.

Immune responses in perinatal brain injury. Brain Behav Immun 2017

July;63:210-23.

(121) Gidday JM, Gasche YG, Copin JC, Shah AR, Perez RS, Shapiro SD, Chan

PH, Park TS. Leukocyte-derived matrix metalloproteinase-9 mediates blood-

brain barrier breakdown and is proinflammatory after transient focal cerebral

ischemia. Am J Physiol Heart Circ Physiol 2005 August;289(2):H558-H568.

(122) Palmer C, Roberts RL, Young PI. Timing of neutrophil depletion influences

long-term neuroprotection in neonatal rat hypoxic-ischemic brain injury.

Pediatr Res 2004 April;55(4):549-56.

(123) Winerdal M, Winerdal ME, Kinn J, Urmaliya V, Winqvist O, Aden U. Long

lasting local and systemic inflammation after cerebral hypoxic ischemia in

newborn mice. PLoS One 2012;7(5):e36422.

(124) Yang D, Sun YY, Bhaumik SK, Li Y, Baumann JM, Lin X, Zhang Y, Lin

SH, Dunn RS, Liu CY, Shie FS, Lee YH, Wills-Karp M, Chougnet CA,

Kallapur SG, Lewkowich IP, Lindquist DM, Murali-Krishna K, Kuan CY.

Blocking lymphocyte trafficking with FTY720 prevents inflammation-

sensitized hypoxic-ischemic brain injury in newborns. J Neurosci 2014

December 3;34(49):16467-81.

66



(125) Vexler ZS, Yenari MA. Does inflammation after stroke affect the

developing brain differently than adult brain? Dev Neurosci 2009;31(5):378-

93.

(126) Zeis T, Allaman I, Gentner M, Schroder K, Tschopp J, Magistretti PJ,

Schaeren-Wiemers N. Metabolic gene expression changes in astrocytes in

Multiple Sclerosis cerebral cortex are indicative of immune-mediated

signaling. Brain Behav Immun 2015 August;48:313-25.

(127) Johann S, Heitzer M, Kanagaratnam M, Goswami A, Rizo T, Weis J, Troost

D, Beyer C. NLRP3 inflammasome is expressed by astrocytes in the SOD1

mouse model of ALS and in human sporadic ALS patients. Glia 2015

December;63(12):2260-73.

(128) Lau LT, Yu AC. Astrocytes produce and release interleukin-1, interleukin-6,

tumor necrosis factor alpha and interferon-gamma following traumatic and

metabolic injury. J Neurotrauma 2001 March;18(3):351-9.

(129) Becerra-Calixto A, Cardona-Gomez GP. The Role of Astrocytes in

Neuroprotection after Brain Stroke: Potential in Cell Therapy. Front Mol

Neurosci 2017;10:88.

(130) Song L, Pei L, Yao S, Wu Y, Shang Y. NLRP3 Inflammasome in

Neurological Diseases, from Functions to Therapies. Front Cell Neurosci

2017;11:63.

(131) Morken TS, Brekke E, Haberg A, Wideroe M, Brubakk AM, Sonnewald U.

Altered astrocyte-neuronal interactions after hypoxia-ischemia in the

neonatal brain in female and male rats. Stroke 2014 September;45(9):2777-

85.

(132) Gajardo-Gomez R, Labra VC, Orellana JA. Connexins and Pannexins: New

Insights into Microglial Functions and Dysfunctions. Front Mol Neurosci

2016;9:86.

(133) Liu F, McCullough LD. Inflammatory responses in hypoxic ischemic

encephalopathy. Acta Pharmacol Sin 2013 September;34(9):1121-30.

(134) Schulz R, Gorge PM, Gorbe A, Ferdinandy P, Lampe PD, Leybaert L.

Connexin 43 is an emerging therapeutic target in ischemia/reperfusion

injury, cardioprotection and neuroprotection. Pharmacol Ther 2015

September;153:90-106.

(135) Kim Y, Davidson JO, Gunn KC, Phillips AR, Green CR, Gunn AJ. Role of

Hemichannels in CNS Inflammation and the Inflammasome Pathway. Adv

Protein Chem Struct Biol 2016;104:1-37.

(136) Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform

triggering activation of inflammatory caspases and processing of proIL-beta.

Mol Cell 2002 August;10(2):417-26.

67



(137) Guo H, Callaway JB, Ting JP. Inflammasomes: mechanism of action, role in

disease, and therapeutics. Nat Med 2015 July;21(7):677-87.

(138) Schroder K, Tschopp J. The inflammasomes. Cell 2010 March

19;140(6):821-32.

(139) Zhou K, Shi L, Wang Y, Chen S, Zhang J. Recent Advances of the NLRP3

Inflammasome in Central Nervous System Disorders. J Immunol Res

2016;2016:9238290.

(140) Grishman EK, White PC, Savani RC. Toll-like receptors, the NLRP3

inflammasome, and interleukin-1beta in the development and progression of

type 1 diabetes. Pediatr Res 2012 June;71(6):626-32.

(141) Lamkanfi M, Dixit VM. Mechanisms and functions of inflammasomes. Cell

2014 May 22;157(5):1013-22.

(142) Fernandes-Alnemri T, Yu JW, Juliana C, Solorzano L, Kang S, Wu J, Datta

P, McCormick M, Huang L, McDermott E, Eisenlohr L, Landel CP, Alnemri

ES. The AIM2 inflammasome is critical for innate immunity to Francisella

tularensis. Nat Immunol 2010 May;11(5):385-93.

(143) Petrilli V, Papin S, Dostert C, Mayor A, Martinon F, Tschopp J. Activation

of the NALP3 inflammasome is triggered by low intracellular potassium

concentration. Cell Death Differ 2007 September;14(9):1583-9.

(144) Yatsiv I, Morganti-Kossmann MC, Perez D, Dinarello CA, Novick D,

Rubinstein M, Otto VI, Rancan M, Kossmann T, Redaelli CA, Trentz O,

Shohami E, Stahel PF. Elevated intracranial IL-18 in humans and mice after

traumatic brain injury and evidence of neuroprotective effects of IL-18-

binding protein after experimental closed head injury. J Cereb Blood Flow

Metab 2002 August;22(8):971-8.

(145) Pearson VL, Rothwell NJ, Toulmond S. Excitotoxic brain damage in the rat

induces interleukin-1beta protein in microglia and astrocytes: correlation

with the progression of cell death. Glia 1999 February 15;25(4):311-23.

(146) Sairanen TR, Lindsberg PJ, Brenner M, Siren AL. Global forebrain ischemia

results in differential cellular expression of interleukin-1beta (IL-1beta) and

its receptor at mRNA and protein level. J Cereb Blood Flow Metab 1997

October;17(10):1107-20.

(147) Skifter DA, Allegrini PR, Wiessner C, Mir AK. Similar time-course of

interleukin-1 beta production and extracellular-signal-regulated kinase

(ERK) activation in permanent focal brain ischemic injury. Metab Brain Dis

2002 September;17(3):131-8.

(148) Hagberg H, Gilland E, Bona E, Hanson LA, Hahin-Zoric M, Blennow M,

Holst M, McRae A, Soder O. Enhanced expression of interleukin (IL)-1 and

IL-6 messenger RNA and bioactive protein after hypoxia-ischemia in

neonatal rats. Pediatr Res 1996 October;40(4):603-9.

68



(149) Hedtjarn M, Leverin AL, Eriksson K, Blomgren K, Mallard C, Hagberg H.

Interleukin-18 involvement in hypoxic-ischemic brain injury. J Neurosci

2002 July 15;22(14):5910-9.

(150) Mulcahy NJ, Ross J, Rothwell NJ, Loddick SA. Delayed administration of

interleukin-1 receptor antagonist protects against transient cerebral

ischaemia in the rat. Br J Pharmacol 2003 October;140(3):471-6.

(151) Boutin H, LeFeuvre RA, Horai R, Asano M, Iwakura Y, Rothwell NJ. Role

of IL-1alpha and IL-1beta in ischemic brain damage. J Neurosci 2001

August 1;21(15):5528-34.

(152) Hedtjarn M, Mallard C, Iwakura Y, Hagberg H. Combined deficiency of IL-

1beta18, but not IL-1alphabeta, reduces susceptibility to hypoxia-ischemia

in the immature brain. Dev Neurosci 2005 March;27(2-4):143-8.

(153) Liu XH, Kwon D, Schielke GP, Yang GY, Silverstein FS, Barks JD. Mice

deficient in interleukin-1 converting enzyme are resistant to neonatal

hypoxic-ischemic brain damage. J Cereb Blood Flow Metab 1999

October;19(10):1099-108.

(154) Schielke GP, Yang GY, Shivers BD, Betz AL. Reduced ischemic brain

injury in interleukin-1 beta converting enzyme-deficient mice. J Cereb

Blood Flow Metab 1998 February;18(2):180-5.

(155) Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T,

Fitzgerald KA, Latz E, Moore KJ, Golenbock DT. The NALP3

inflammasome is involved in the innate immune response to amyloid-beta.

Nat Immunol 2008 August;9(8):857-65.

(156) Jha S, Srivastava SY, Brickey WJ, Iocca H, Toews A, Morrison JP, Chen

VS, Gris D, Matsushima GK, Ting JP. The inflammasome sensor, NLRP3,

regulates CNS inflammation and demyelination via caspase-1 and

interleukin-18. J Neurosci 2010 November 24;30(47):15811-20.

(157) Singh S, Jha S. NLRs as Helpline in the Brain: Mechanisms and Therapeutic

Implications. Mol Neurobiol 2018 March 6.

(158) Hodgson DS. Comparison of isoflurane and sevoflurane for short-term

anesthesia in piglets. Vet Anaesth Analg 2007 March;34(2):117-24.

(159) Araki T, Kato H, Kogure K, Inoue T. Regional neuroprotective effects of

pentobarbital on ischemia-induced brain damage. Brain Res Bull 1990

December;25(6):861-5.

(160) Bjorkman ST, Foster KA, O'driscoll SM, Healy GN, Lingwood BE, Burke

C, Colditz PB. Hypoxic/Ischemic models in newborn piglet: comparison of

constant FiO2 versus variable FiO2 delivery. Brain Res 2006 July

19;1100(1):110-7.

69



(161) Foster KA, Colditz PB, Lingwood BE, Burke C, Dunster KR, Roberts MS.

An improved survival model of hypoxia/ischaemia in the piglet suitable for

neuroprotection studies. Brain Res 2001 November 16;919(1):122-31.

(162) Thoresen M, Haaland K, Loberg EM, Whitelaw A, Apricena F, Hanko E,

Steen PA. A piglet survival model of posthypoxic encephalopathy. Pediatr

Res 1996 November;40(5):738-48.

(163) Rootwelt T, Odden JP, Hall C, Saugstad OD. Regional blood flow during

severe hypoxemia and resuscitation with 21% or 100% O2 in newborn pigs.

J Perinat Med 1996;24(3):227-36.

(164) Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF, Agarwal P,

Agarwala R, Ainscough R, Alexandersson M, An P, Antonarakis SE,

Attwood J, Baertsch R, Bailey J, Barlow K, Beck S, Berry E, Birren B,

Bloom T, Bork P, Botcherby M, Bray N, Brent MR, Brown DG, Brown SD

et al. Initial sequencing and comparative analysis of the mouse genome.

Nature 2002 December 5;420(6915):520-62.

(165) Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, Devon

K, Dewar K, Doyle M, FitzHugh W, Funke R, Gage D, Harris K, Heaford

A, Howland J, Kann L, Lehoczky J, Levine R, McEwan P, McKernan K,

Meldrim J, Mesirov JP, Miranda C, Morris W, Naylor J et al. Initial

sequencing and analysis of the human genome. Nature 2001 February

15;409(6822):860-921.

(166) Vannucci RC, Towfighi J, Heitjan DF, Brucklacher RM. Carbon dioxide

protects the perinatal brain from hypoxic-ischemic damage: an experimental

study in the immature rat. Pediatrics 1995 June;95(6):868-74.

(167) Ashwal S, Tone B, Tian HR, Chong S, Obenaus A. Comparison of two

neonatal ischemic injury models using magnetic resonance imaging. Pediatr

Res 2007 January;61(1):9-14.

(168) Brekke EM, Morken TS, Wideroe M, Haberg AK, Brubakk AM, Sonnewald

U. The pentose phosphate pathway and pyruvate carboxylation after

neonatal hypoxic-ischemic brain injury. J Cereb Blood Flow Metab 2014

April;34(4):724-34.

(169) Morken TS, Wideroe M, Vogt C, Lydersen S, Havnes M, Skranes J, Goa

PE, Brubakk AM. Longitudinal diffusion tensor and manganese-enhanced

MRI detect delayed cerebral gray and white matter injury after hypoxia-

ischemia and hyperoxia. Pediatr Res 2013 February;73(2):171-9.

(170) Hannon JP, Bossone CA, Wade CE. Normal physiological values for

conscious pigs used in biomedical research. Lab Anim Sci 1990

May;40(3):293-8.

(171) Pond WG, Boleman SL, Fiorotto ML, Ho H, Knabe DA, Mersmann HJ,

Savell JW, Su DR. Perinatal ontogeny of brain growth in the domestic pig.

Proc Soc Exp Biol Med 2000 January;223(1):102-8.

70



(172) Laptook A, Stonestreet BS, Oh W. The effects of different rates of

plasmanate infusions upon brain blood flow after asphyxia and hypotension

in newborn piglets. J Pediatr 1982 May;100(5):791-6.

(173) Harada J, Takaku A, Endo S, Kuwayama N, Fukuda O. Differences in

critical cerebral blood flow with age in swine. J Neurosurg 1991

July;75(1):103-7.

(174) Haugen O, Farstad M, Lise K, V, Rynning SE, Hammersborg S, Mongstad

A, Husby P. Mean arterial pressure about 40 mmHg during CPB is

associated with cerebral ischemia in piglets. Scand Cardiovasc J 2006

February;40(1):54-61.

(175) Lai JCY, Rocha-Ferreira E, Ek CJ, Wang X, Hagberg H, Mallard C.

Immune responses in perinatal brain injury. Brain Behav Immun 2017

July;63:210-23.

(176) Romero J, Muniz J, Logica TT, Holubiec M, Gonzalez J, Barreto GE,

Guelman L, Lillig CH, Blanco E, Capani F. Dual role of astrocytes in

perinatal asphyxia injury and neuroprotection. Neurosci Lett 2014 April

17;565:42-6.

(177) Fann DY, Lee SY, Manzanero S, Tang SC, Gelderblom M, Chunduri P,

Bernreuther C, Glatzel M, Cheng YL, Thundyil J, Widiapradja A, Lok KZ,

Foo SL, Wang YC, Li YI, Drummond GR, Basta M, Magnus T, Jo DG,

Mattson MP, Sobey CG, Arumugam TV. Intravenous immunoglobulin

suppresses NLRP1 and NLRP3 inflammasome-mediated neuronal death in

ischemic stroke. Cell Death Dis 2013 September 5;4:e790.

(178) Yang F, Wang Z, Wei X, Han H, Meng X, Zhang Y, Shi W, Li F, Xin T,

Pang Q, Yi F. NLRP3 deficiency ameliorates neurovascular damage in

experimental ischemic stroke. J Cereb Blood Flow Metab 2014

April;34(4):660-7.

(179) Denes A, Coutts G, Lenart N, Cruickshank SM, Pelegrin P, Skinner J,

Rothwell N, Allan SM, Brough D. AIM2 and NLRC4 inflammasomes

contribute with ASC to acute brain injury independently of NLRP3. Proc

Natl Acad Sci U S A 2015 March 31;112(13):4050-5.

(180) Ismael S, Zhao L, Nasoohi S, Ishrat T. Inhibition of the NLRP3-

inflammasome as a potential approach for neuroprotection after stroke. Sci

Rep 2018 April 13;8(1):5971.

(181) Perez A, Bellon JM, Gurbindo MD, Munoz-Fernandez MA. Impairment of

stimulation ability of very-preterm neonatal monocytes in response to

lipopolysaccharide. Hum Immunol 2010 February;71(2):151-7.

(182) Netea MG, van de Veerdonk FL, van der Meer JW, Dinarello CA, Joosten

LA. Inflammasome-Independent Regulation of IL-1-Family Cytokines.

Annu Rev Immunol 2014 December 10.

71



(183) Wang W, Wang X, Chun J, Vilaysane A, Clark S, French G, Bracey NA,

Trpkov K, Bonni S, Duff HJ, Beck PL, Muruve DA. Inflammasome-

independent NLRP3 augments TGF-beta signaling in kidney epithelium. J

Immunol 2013 February 1;190(3):1239-49.

(184) Wang H, Wang Y, Du Q, Lu P, Fan H, Lu J, Hu R. Inflammasome-

independent NLRP3 is required for epithelial-mesenchymal transition in

colon cancer cells. Exp Cell Res 2016 March 15;342(2):184-92.

(185) Wang M, Ren D, Guo W, Wang Z, Huang S, Du H, Song L, Peng X. Loss of

miR-100 enhances migration, invasion, epithelial-mesenchymal transition

and stemness properties in prostate cancer cells through targeting Argonaute

2. Int J Oncol 2014 July;45(1):362-72.

(186) Liu ZC, Chen XH, Song HX, Wang HS, Zhang G, Wang H, Chen DY, Fang

R, Liu H, Cai SH, Du J. Snail regulated by PKC/GSK-3beta pathway is

crucial for EGF-induced epithelial-mesenchymal transition (EMT) of cancer

cells. Cell Tissue Res 2014 November;358(2):491-502.

(187) Lian S, Shao Y, Liu H, He J, Lu W, Zhang Y, Jiang Y, Zhu J. PDK1 induces

JunB, EMT, cell migration and invasion in human gallbladder cancer.

Oncotarget 2015 October 6;6(30):29076-86.

(188) Geng Y, Ju Y, Ren F, Qiu Y, Tomita Y, Tomoeda M, Kishida M, Wang Y,

Jin L, Su F, Wei C, Jia B, Li Y, Chang Z. Insulin receptor substrate 1/2

(IRS1/2) regulates Wnt/beta-catenin signaling through blocking autophagic

degradation of dishevelled2. J Biol Chem 2014 April 18;289(16):11230-41.

(189) Foster-Barber A, Dickens B, Ferriero DM. Human perinatal asphyxia:

correlation of neonatal cytokines with MRI and outcome. Dev Neurosci

2001;23(3):213-8.

(190) Nelson KB, Dambrosia JM, Grether JK, Phillips TM. Neonatal cytokines

and coagulation factors in children with cerebral palsy. Ann Neurol 1998

October;44(4):665-75.

(191) Desborough JP. The stress response to trauma and surgery. Br J Anaesth

2000 July;85(1):109-17.

(192) Chapman KZ, Dale VQ, Denes A, Bennett G, Rothwell NJ, Allan SM,

McColl BW. A rapid and transient peripheral inflammatory response

precedes brain inflammation after experimental stroke. J Cereb Blood Flow

Metab 2009 November;29(11):1764-8.

(193) Rocha-Ferreira E, Kelen D, Faulkner S, Broad KD, Chandrasekaran M,

Kerenyi A, Kato T, Bainbridge A, Golay X, Sullivan M, Kramer BW,

Robertson NJ. Systemic pro-inflammatory cytokine status following

therapeutic hypothermia in a piglet hypoxia-ischemia model. J

Neuroinflammation 2017 March 3;14(1):44.

(194) Lafuente H, Pazos MR, Alvarez A, Mohammed N, Santos M, Arizti M,

Alvarez FJ, Martinez-Org. Effects of Cannabidiol and Hypothermia on

72



Short-Term Brain Damage in New-Born Piglets after Acute Hypoxia-

Ischemia. Front Neurosci 2016;10:323. 

73




	Avhandlingen
	Early Upregulation of NLRP3 in the Brain of Neonatal Mice Exposed to Hypoxia-Ischemia. No Early Neuroprotective Effects of NLRP3 deficiency
	Neuromodulatory effect of NLRP3 and ASC in neonatal hypoxic ischemic encephalopathy
	N-Acetylcysteine Amide Exerts Possible Neuroprotective Effects in Newborn Pigs after Perinatal Aspyxia
	Blank Page
	Blank Page



