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What is this thesis about?

Hypoxic-ischemic insults in the perinatal period rank globally among the three leading
causes of newborn mortality *. Many of the newborns that survive the initial insult are
developing disordered brain function known as hypoxic-ischemic encephalopathy (HIE).
Those with moderate to severe HIE have a high risk of lifelong neurodisability with severe
psychosocial and socioeconomic consequences for the child, the families involved and for

. . 2
society in general *°.

Currently, the only available treatment to minimize the consequences of HIE is therapeutic
hypothermia. However, despite cooling the risk of death or severe neurodisability is still

high * and additional neuroprotective strategies are greatly needed °.

Further, determining the exact etiology and the timing of brain injury is often challenging
and might preclude optimal treatment. Identifying novel biomarkers that could provide
reliable information about the timing and nature of brain injury could potentially improve

treatment and outcome for these newborns *°.

In this thesis, we have used a well-established piglet model of perinatal hypoxia-ischemia to
explore the effects of a promising neuroprotectant, cannabidiol, as well as the potential of

circulating microRNAs to be markers of hypoxic-ischemic injury.



Introduction

Hypoxic-ischemic encephalopathy (HIE)

The clinical syndrome of disordered brain function occurring in the first days of life in some
term and near term-born neonates is referred to as neonatal encephalopathy (NE).
Newborns with NE typically present with an abnormal level of consciousness, difficulty
initiating and maintaining respiration, depressed muscle tone and reflexes, difficulty eating,
often accompanied by seizures. This set of symptoms is an important predictor of perinatal
death and a major contributor to long-term adverse neurological outcomes, including

cerebral palsy (CP) ’.

A considerable proportion of NE is caused by acute peripartum hypoxic-ischemic events
with estimates ranging from 30% in high-income countries to 60% in low-income countries
7, Reliably identifying whether acute hypoxia-ischemia is the cause of NE is often
challenging. Hence some recommend that the term NE is used to describe all
encephalopathic newborns 8 Others argue that when there is sufficient evidence of an
acute hypoxic-ischemic event, as measured by clinical, chemical and neurophysiological
variables accompanied by a characteristic topography of acute lesions demonstrable by MRI
% the term hypoxic-ischemic encephalopathy (HIE) is a more accurate term for this sub-

group .

In the studies included in this thesis we apply a controlled hypoxic-ischemic insult to term-
born piglets with aim of studying brain damage of hypoxic-ischemic origin in term infants.

Hence, from this point on the term HIE is used.

Etiology

HIE can result from either ante partum or peripartum hypoxic-ischemic insults. Among the

antepartum risk factors are gestational age of more than 41+5 weeks, perinatal infection



and maternal disease. Among the intrapartum risk factors are prolonged rupture of
membranes, abnormal cardiotocography, thick meconium stained amniotic fluid, sentinel
event such as cord-prolapse or disruption of the placenta, shoulder dystocia, tight nuchal
cord and failed vacuum °. HIE can also result from postnatal insults caused by, among
others neuromuscular disease, cardiac malformations and lung/airway malformations that

could prevent the normal adaptation to extra-uterine life.

Incidence

The reported incidence of HIE range from 1.3 in high-income countries to 26 per 1000 live
births in low-income countries. HIE has a large impact on global child health with an

estimated 700 000 deaths in the world annually *.

Prevention of perinatal hypoxic-ischemic brain damage

Auscultation of the fetal heart rate gives information about fetal well-being. In high-income
countries this is achieved electronically by cardiotocography and/or fetal ECG and is
standard care. The purpose is prevention of intra-partum hypoxia-ischemia (Hl). Recent
meta-analyses have shown that, although reducing the burden of neonatal seizures, such
monitoring have no clear benefits in regards to the other outcome variables, such as

cerebral palsy or infant mortality ***?

. Thus, it is likely that intra-partum hypoxia-ischemia
will remain a major concern in the foreseeable future and that its consequences will need to

be addressed by neonatologists after birth.

Early detection and grading the severity of brain injury

Early and reliable identification of the cause of neonatal encephalopathy is important for

optimal decision-making regarding neuroprotective interventions and for tailoring

2,6,13

supportive treatment . The existing tools for the early prediction of brain injury have

13,14

limited accuracy, especially in the acute phase after delivery , and a universal marker of

hypoxic-ischemic brain injury has yet to be discovered. There is an ongoing search for more

10



accurate and reliable biomarkers, but currently the best approach is a multi-modal

assessment applying both clinical, biochemical and neurophysiological tools?.

Acid-base status — biochemical markers

Intra-partum acidosis (pH, lactate, base excess) measured in fetal scalp, umbilical or fetal
arterial blood gives valuable information on the presence, severity and timing of HI.
Hypoxanthine have also been thoroughly demonstrated to be a sensitive marker of
hypoxia15 and maybe should be considered for routine clinical use. However, these markers

in general correlate poorly with the severity of brain injury and outcome °.
Clinical evaluation and scoring

The condition of the newborn infant immediately after delivery is assessed by heart rate,
breathing rate, muscle tone, response to stimuli and skin color - components of the APGAR-
score. Further, the need for resuscitation and the response to resuscitation (e.g. time before
spontaneous breathing) give an indication of the condition of the newborn. The Apgar score
has a high inter-observer variability and a relatively poor specificity and sensitivity.
However, it is still a very useful tool and at the extremes the specificity and sensitivity is
better to detect future neurodisability®’. E.g. an Apgar score of 0 at 10 min gives an 80%

chance of death before or moderate/severe disability at school age *2.

After successful resuscitation a neurological assessment including level of consciousness,
posture, muscle tone, tendon/complex reflexes and autonomic function is performed.
Different scoring systems have been developed to grade severity with the most well known

19,20

scores being versions of the Sarnat and Sarnat score and the Thompson

Encephalopathy score %%

. These scores are highly dependent on the examiner and reliably
assessing the different clinical signs can be difficult. Further, the degree of HIE assessed by
this score may fluctuate over time and be precluded by medications and treatment with
therapeutic hypothermia. Despite this, clinical grading remains essential in the evaluation of
the encephalopathic newborn and has shown a strong association with adverse clinical

neurological outcome. E.g. a Thompson-score of >16 had a high specificity in identifying

11



infants who died or had a severely abnormal aEEG at 48 hours, which again is a strong

predictor of abnormal outcome?.

aEEG

The use of amplitude integrated electroencephalography (aEEG) has greatly improved
diagnostic accuracy. aEEG provides a continuous reflection of the electrical activity in the
brain and can be classified as normal or pathological based on voltage criteria and
background pattern. Before the introduction of therapeutic hypothermia aEEG was shown
in several studies to have excellent ability to predict neurological damage at early time
points (3-6 hours after birth) 2% After introduction of cooling the predictive values of aEEG
has been shown to be lower in the early phase after HI (< 6 hours), but moderately/severely
abnormal aEEG at 48 hours post HI strongly predicts poor outcome and aEEG remains a very

good adjunct to clinical evaluation ».
Biomarkers

Various biomarkers measured in blood and other body fluids, such as S100B, have also
demonstrated promise in predicting brain injury and outcome after perinatal HI **?%%’.
MicroRNAs are a novel class of biomarkers that might prove to be useful in this setting.

Further studies are needed to establish the validity of these biomarkers?.

Outcome

Infants, who are in need of resuscitation at birth, but recover quickly with only mild or no
signs of encephalopathy and fully recover within the first week, will most likely have a
normal outcome %. There are, however, data indicating impairment also in this group *°. In
contrast, those infants with evidence of moderate or severe HIE have a significant risk of
death or severe disability. Before therapeutic hypothermia became standard care 62% of
infants with severe HIE died or survived with moderate/severe disability compared to 25%

of those with moderate HIE 3%

12



Disability includes motor deficits such as cerebral palsy *?, sensory deficits such as vision and
hearing loss, cognitive deficits, epilepsy and neurodevelopmental problems (reviewed by

Ahearne CE et al. *°).

Therapeutic hypothermia has significantly improved outcome in high-income countries with
improved survival without neurological abnormalities 3% while in low-income countries,

however, efficacy is yet to be demonstrated®.

Pathophysiology of HIE

HIE results from a complex set of pathophysiological mechanisms evolving in time from the
acute hypoxic-ischemic insult. The following chapter is mainly based on the extensive

reviews by Wassink et al. 3% Hassel KJ et al. *” and Rainaldi Ma et al. *.

Acute hypoxia-ischemia (HI)

The features of acute intra-partum HI are insufficient delivery of oxygen (hypoxemia) and
blood (ischemia) to the fetus/neonate as well as inadequate clearance of carbon dioxide
(hypercapnia). If prolonged this leads to a lack of substrates (glucose & oxygen) for cellular
energy production and severe metabolic acidosis. In the brain the depletion of high-energy
metabolites such as ATP results in failure of the ATP dependent Na+/K+ pump, massive
sodium influx and cellular depolarization. The depolarization leads to flooding of the
synaptic cleft with glutamate, a prominent excitatory neurotransmitter. In addition the
energy dependent re-uptake of glutamate by astrocytes is reduced and this produces an
accumulation of excitatory amino acids in the synaptic cleft, over-activation of glutamate
receptors and massive calcium influx into cells. Together sodium and calcium overload
results in hyperosmolarity which produce cytotoxic edema and ultimately cell lysis. Calcium
is also released from damaged mitochondria and endoplasmic reticulum and the massive
calcium overload also triggers several neurotoxic cascades. Further toxic reactive oxygen
species, generated through activation of nitric oxide synthetase and the hypoxanthine-

xanthine oxidase system®>*°, damage lipoproteins, DNA/RNA and mitochondria.

13



Most of the effects of the primary energy failure lead to cellular necrosis through impaired
cellular integrity, disruption of the cytoskeleton and cell membrane, but programmed cell-

death pathways (apoptosis) are also involved.

Latent phase

After reoxygenation/reperfusion, when cerebral circulation and oxygenation are restored,
oxidative metabolism rapidly recovers in surviving cells and cytotoxic edema resolves over
approximately 30 to 60 minutes. The levels of excitatory amino acids rapidly fall in parallel
with resolution of the acute cell swelling. The rapid restoration of tissue oxygenation can be
associated with a rapid burst of reactive oxygen species producing oxidative stress and
breakdown of the blood-brain barrier (BBB), allowing large proteins to leak out in the
extracellular space which may maintain brain swelling. The neurotoxic cascade is in general
believed to be inhibited in these first hours after resuscitation and this period is also called

the “therapeutic window”.

Secondary energy failure

Despite adequate perfusion and oxygenation deterioration in the cerebral oxidative
metabolism has been demonstrated 6-24 hours after the initial hypoxic-ischemic insult. The
exact mechanism of the injury in secondary energy failure remains incompletely
understood, but the key event is believed to be Hl-induced permeabilization of the
mitochondrial membranes, leading to progressive failure of mitochondrial oxidative
phosphorylation and ultimately delayed programmed cell death both via necrotic and
apoptotic pathways “°. Potent inflammation and oxidative stress by generation of reactive

oxygen species and free radicals are also involved.
Tertiary phase

There is evidence suggesting that the brain injury continues to evolve even months and
years after the initial insult. Mechanisms of this tertiary brain injury involve neural scarring
(gliosis), epigenetic changes and persistent inflammation. Further, brain pH has been shown

to be closely related to the degree of injury and outcome. This is due to its effects on

14



mitochondria and energy metabolism, NMDA receptors and excitability of neurons and the

activity of proteases and lipases. Brain alkalosis persists for several weeks in babies with

severely abnormal outcome and is associated with brain atrophy on MRI 41,42,

Baseline HI Resus Latent phase Secondary phase Tertiary phase
~1 to 6-24h Secondary energy failure, ~6-24h to days weeks to years
\  —p > % > < > < >
NTP/
EPP
A. MRS:
Brain
energetics
LAC/
NAA |
B. aEEG " ' " ‘ ,
1= | i | z
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Figure 1. Phases of injury after perinatal HI.

Adapted from K Jane Hassell et al. Arch Dis Child Fetal Neonatal Ed 2015;100:F541-F552.

Reproduced with permission.
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Distribution of brain damage

The brain is not uniform, but contains a variety of cell types like neurons, astrocytes,
microglia and endothelial cells. Different cell populations and regions of the brain display
different vulnerability to hypoxic-ischemic insults. The distribution of damage after HI
further depends on the level of maturation (gestational age) and nature of the insult,
namely acute, sub-acute or chronic. The knowledge of the distribution of brain damage after
perinatal HI is mainly derived from post-mortem autopsy and magnetic resonance imaging

(MRI) studies **** as well as animal studies.

In term infants exposed to acute Hl, injury involving the basal ganglia, thalamus, and cortex
is most typically seen, but also the midbrain, brain stem, and hippocampus can be involved.

After more prolonged, chronic sub-acute HI, injury to white matter in the watershed areas

32,45-47

and, if severe, also the overlying cortex, is often seen . In the current animal model,

we aimed to reflect an acute global hypoxic-ischemic insult in the term infant and have thus

mainly evaluated the cortex, basal ganglia and hippocampus.

Figure 2. MRl images of a full-term
infant after an acute, severe hypoxic-
ischemic event. The MRI pattern is
suggestive of acute near total asphyxia:
a Inversion recovery sequence (TR
5038/TE 30/TI 600) does not show a
normal signal within the posterior limb
of the internal capsule, but areas of
increased signal intensity within thalami
and basal ganglia. DWI (b—d) shows
restricted diffusion in the ventrolateral
thalami, lentiform nuclei, cerebral
peduncles, and in the perirolandic
cortex. Also note involvement of the
hippocampi.

Adapted figure from: Patterns of
neonatal hypoxic—ischemic brain injury,
De Vries et al., Neuroradiology. 2010
Jun; 52(6): 555-566.

Reproduced with permission.
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Neuroprotective interventions

849 and animals®® more than 20 years ago gave rise to

MRS studies in asphyxiated newborns
the concept of “secondary energy failure”. These studies opened up to the idea therapeutic
intervention as the latent phase before secondary energy failure represented a “therapeutic
window”, where cells not irreversibly damaged in the initial insult potentially could be
saved. The only clinically established intervention to date is therapeutic hypothermia. Yet
many neonates do not benefit from cooling and there is a continuous search for new and

5,37,51

adjuvant neuroprotective strategies . A brief summary of some of these strategies is

presented below.
Delivery room management and the avoidance of hyperoxemia

Correct handling in the delivery room along with optimal supportive care is essential in
minimizing brain injury after HI °%. It has been demonstrated that hyperoxemia, as opposed

to normoxemia, worsens brain damage >3 and is associated with a higher incidence of HIE>.
Therapeutic hypothermia

In animal models mild cerebral hypothermia started within 6 h of birth, before the onset of
secondary energy failure, and continued until resolution of secondary events such as
seizures, has been shown to reduce injury and improve recovery after HI >>. Therapeutic
hypothermia is believed to exert neuroprotection by acting on several mechanisms
simultaneously. Firstly cooling results in a general reduction of metabolism, reduced energy
demands and thus conservation of energy reserves. Further, hypothermia is believed to
mitigate exitotoxicity, inflammation and programmed cell death, among other mechanisms
> The pre-clinical evidence has been confirmed in randomized clinical trials in full-term
infants with moderate-to-severe hypoxic ischemic encephalopathy, demonstrating
improved survival and reduced disability. However, despite treatment 50 % of infants still
have adverse outcomes *. In low and middle-income countries, where the burden of HIE is
greatest, therapeutic hypothermia has not yet been shown to reduce mortality or morbidity

322758 This might be due to higher rates of intercurrent infection as it has been
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demonstrated that the effects of hypothermia are reduced or even lost in the presence of

infection and/or inflammation >*°.

Erythropoietin (Epo)

Epo is a glycoprotein originally identified for its role in erythropoiesis, but is also produced
endogenously in the brain. Numerous studies have demonstrated Epo’s neuroprotective
effects. In the setting of acute HI Epo-receptor expression is rapidly up-regulated and if Hl is
prolonged Epo production increases. If there are sufficient levels of Epo to bind Epo
receptors, cell survival is promoted, while in the absence of Epo apoptotic pathways pre-
dominate. Epo is also believed to reduce inflammation and in the later phases and to

beneficially modulate remodeling in the brain °.

Melatonin

Melatonin is a naturally occurring neurohormone secreted by the pineal gland. Melatonin
act on specific cell membrane and nuclear receptors, and exert neuroprotection via anti-
oxidant, anti-apoptotic and anti-inflammatory effects ®1 Melatonin's safety profile and
ability to cross both placenta and blood-brain barrier also open up to the possibility of
antenatal administration to prevent brain damage in the fetus. Melatonin has been shown
to augment the protective effects of therapeutic hypothermia in a piglet model of perinatal
HI®%. Yet, more evidence is needed before melatonin can be implemented to a clinical

setting 63,

Stem cells

Based on animal data stem cell therapies hold great potential in treatment of newborns
with NE and HIE . In addition to replacing damaged cells, stem cell therapies are likely to
exert additional neuroprotective effects that promote neuronal survival and repair®, may
be by paracrine effects through the secretion of extra-cellular vesicles®. Our understanding

regarding optimal stem cell type, route of delivery, safety profile and outcome is still limited

18



and ongoing clinical trials will provide valuable knowledge about the full potential of this

therapy .
Remote ischemic post-conditioning

There is an increased awareness about the potential of stimulating endogenous protective
mechanisms after HI. This is based on the knowledge that a small, sub-lethal dose of a
harmful agent can protect an organism against a lethal dose of the same agent67. In remote
ischemic post-conditioning blood flow in a peripheral limb is repeatedly reduced producing
sub-lethal “doses” of ischemia. This is thought to produce neuroprotection by release of
endogenous autocoids from skeletal muscle that activates both systemic and humoral
pathways that lead to conservation of mitochondrial integrity, reduced energy demands,

. . . . . 7
increased cell survival and promotion of repair mechanism *’.

Noble gases

Xenon easily crosses the placenta and the blood-brain barrier and mitigates apoptosis by
binding to and inhibiting glutamate receptors. Preclinical studies have demonstrated that
xenon augments the neuroprotective effects of therapeutic hypothermia ® but it has yet to
prove efficacy in a clinical setting ®, Argon, another noble-gas that, in pre-clinical models,
also has shown neuroprotective effects after perinatal HI ’°. Further molecular hydrogen has
demonstrated efficacy in pre-clinical studies’* and is currently being evaluated by our group.

Argon and hydrogen have the advantage over Xenon in being at least 200 times less costly.

N-acetylcysteine (NAC) and N-acetylcysteine amide (NACA)

NAC is a free radical scavenger and major contributor to maintenance of glutathione levels

in cells. Thus NAC can potentially ameliorate the massive oxidative stress after perinatal Hl

72,73

and it has shown neuroprotective effects in pre-clinical models . Recently, it has been

revealed that NAC amide (NACA), a NAC derivate, has higher bioavailability and

/' 74

enhanced antioxidant properties. Benterud et a recently demonstrated possible

neuroprotective effects of NACA in the current animal model. As for many of the novel

neuroprotectants clinical data of NAC/NACA's efficacy is still lacking.
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Many of the above neuroprotective strategies have overlapping effects, but might also
complement, or add to the effects of therapeutic hypothermia and each other. It is likely

that in the future, the treatment of HIE will involve a cocktail of different neuroprotectants.

20



Cannabidiol — a promising novel neuroprotectant

Cannabinoids and the endocannabinoid system

The Cannabis sativa plant has been used for medicinal purposes for millennia, treating a
wide range of conditions including neurological disorders such as convulsions and pain. It
was first introduced in the western world in the mid 19™ century and was widely used up to
late 20th century, when it was banned mainly due to its psychoactivity and abuse as a
recreational drug ”>. However, despite the prohibition against medical use, there has been
increasing interest and research into the therapeutic potential of cannabinoids. Since the
1964s, when delta-9 tetrahydrocannabinol (THC) was first isolated, a vast number of

cannabinoids have been found 7° .

In 1990 an endogenous binding site for cannabinoids was discovered in the human brain 7
and shortly thereafter the cannabinoid receptor CB; was cloned 2. This led to the discovery
and characterization of an endogenous receptor and ligand system named the
endocannabinoid system (ECS). The ECS consists of the cannabinoid receptors, the
endocannabinoids as the endogenous lipid ligands and the machinery for their synthesis and
degradation. It s widely distributed throughout the body, especially in the brain and spinal
cord, and plays a role in many regulatory physiological processes including inflammation,
metabolism, thermogenesis, neural development, immune function, cardiovascular
function, synaptic plasticity, nociception, psychomotor behavior, sleep/wake cycles,
regulation of stress and emotion °. Endocannabinoids are also involved in the endogenous

neuroprotective response to hypoxic-ischemic injury.

The discovery of the involvement of the ECS in different disease states opened up for the
idea of exogenous modulation. Despite the discovery of the therapeutic potential of
phytocannabinoids, there are only a few licensed cannabinoid drugs to date. Synthetically
produced THC and its analogues are used clinically as Dronabinol and Nabilone, for cancer
chemotherapy-induced nausea and vomiting and in HIV/AIDS patients to stimulate appetite.

The potential of THC is, however, limited by its unwanted psychotropic effects. An example
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is Rimonabant, an anti-obesity agent that was withdrawn from the market due to adverse
psychiatric side effects 8 However, Sativex that is currently used to treat pain and spasticity

in patients with multiple sclerosis, is well tolerated ®'.
Cannabidiol (CBD)

1940's and its complete stereochemistry established in the late 1960's %2, Because of the
belief that THC was the only “active” component of cannabis it was presumed that all
cannabis drugs would have unwanted psychotropic effects and research on CBD was
therefore for a long time non existing. However, CBD is devoid of psychotropic effects 8385
and possesses multiple actions with potential therapeutic benefit %% |n the last 10-15
years there has been a considerable interest in the therapeutic potential of CBD and
searching in PubMed we find 1004 publications in the period from 2005 to 10.10.2016
compared to 182 in the period from 1995-2005. A CBD/THC combination (1:1 ratio,
Sativex/Nabiximol, GW Pharmaceuticals UK) is currently licensed internationally in more
than 20 countries for the treatment of spasticity in multiple sclerosis, and a product

containing only CBD (Epidiolex, GW Pharmaceuticals, UK) has entered an expanded access

program in children with intractable epilepsies.

Medicinal chemistry

Both CBD and THC are C,; terpenophenols with pentyl alkyl tails and are syntethised by the
same enzymes in the cannabis plant 8 However, CBD's conformational structure has
important differences compared to THC. Where THC exists in a planar conformation, CBD
has a conformation where the two phenol rings are more or less at right angles to each
other (figure 3). As a results CBD binds to different receptors and have different biological

actions, e.g. the lack of psychoactivity .

Pharmacology after intravenous administration

After intravenous administration CBD is rapidly distributed into the brain, adipose tissue,
and other organs, governed by its high lipophilicity (Koctanor-water ~6—7), and estimated high
volume of distribution (~32 L/kg) 3*°°. CBD is highly protein bound, with ~10% bound to
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circulating red blood cells. CBD is metabolized extensively by the liver, where it is
hydroxylated to 6 and 7-OH-CBD by P450 enzymes, predominantly the CYP3A and CYP2C
families of isozymes. These metabolites then undergoes significant further metabolism in
the liver, and the resulting metabolites are excreted in the feces and, to some extent, in the

urine. The half-life of CBD is estimated at 18-32 hours with a clearance of 960—-1560 ml/min

89-91
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Figure 3. The chemical structure of CBD. Note CBDs bent conformation (right).

Molecular targets in neurological disorders

A review by Bih et al. ® on the molecular targets of CBD in neurological disorders divide the
action of CBD on various targets into the following groups: receptors (15%), ion channels
(15%), transporters (20%) and enzymes (49%). Another systematic review by McPartland et
al. °* classify CBD's targets into; direct and indirect effects on the classic endocannabinoid
receptor CBy, the “expanded endocannabinoid system” including G-protein coupled
receptors (e.g. CB,,GPR55) and transient receptor potential channels (e.g. TRPV1, TRPV2),
and thirdly other molecular targets and effects such as GABA, receptors, dopamine
receptors, inhibition of adenosine uptake and modulation of intracellular calcium levels, via

T-type and L-type voltage-regulated Ca’*channels and mitochondrial Na*/Ca** exchange.
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Bih et al. conclude that the most likely targets of CBD are involved in the regulation of, and
responses to, intracellular calcium levels such as mitochondrial (VDAC1) and G-protein
coupled receptor 55 (GPR55). Both reviews state that CBD is highly unlikely to exert direct
effects through the classic endocannabinoid receptors CB; and CB,. However, according to
Mc Partland et al., CBD might indirectly affect these receptors through modulation of
endocannabinoid levels. Mainly by inhibition of fatty acid amide hydrolase (FAAH) which is
the primary enzyme responsible for endocannabinoid breakdown. As previously mentioned,
endocannabinoids have a wide range of neuromodulatory effects, including

neuroprotection.

Among the other plausible targets at physiological concentrations are; modulation of
mitochondrial enzymes involved in the electron transport chain, inhibition of adenosine
uptake through equilibrative nucleoside transporter 1 (ENT1), the serotonin receptor (5-
HT1a), glycine receptors (GlyR) and transient receptor vanilloid-type (TRVP). Further, the
formation and interaction with CB,/5-HT14 heteromers have been postulated as a possible

mechanism responsible for the effects of CBD *>.

Despite extensive preclinical evidence of the biological effects of CBD, establishing the exact
molecular targets of CBD is still a work in progress. It is clear that CBD is a promiscuous
compound with activity at multiple targets and with effects largely dependent on its molar
concentration as well as the experimental and physiological setting. Results from in-vitro
studies with CBD are not necessarily translatable to functional activity in-vivo something
which highlights the need for in vivo testing before making conclusions on its functional

activity at different targets 83,92
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CBD as a neuroprotectant after perinatal Hi

CBD is believed to exert neuroprotection by modulating several of the key pathogenic
processes leading to brain injury after perinatal HI, such as by reducing oxidative and
nitrosative stress, mitigating exitotoxicity and hyperexitability, ameliorating
neuroinflammation, preserving blood-brain barrier integrity and limiting mitochondrial

failure and programmed cell death 83,94

. Many of these pathways are in part overlapping
with the effects of therapeutic hypothermia, but CBD also involves independent pathways

and could potentially be a useful complement to cooling.

The basis for our decision to evaluate CBD was based on previous in-vivo studies, rather
than postulated effects on specific targets involved in neuroprotection. Mainly on the

93,95-99

studies carried out in other pre-clinical models of perinatal HI . However, we were also

inspired by studies performed in other models of neuroprotection, such as stroke,

neurotoxicity, neurodegenerative disease ****"’.

Below we present some of the
hypothesized mechanisms of CBD's neuroprotective effects in the setting of perinatal HI and

we have tried to summarize them in figure 4:

Reducing oxidative and nitrosative stress

CBD can donate electrons under a variable voltage potential as well as prevent
dihydrorhodamine in the Fenton reaction and has demonstrated potent anti-oxidative

| 108, after H,0,induced

effects as a free-radical scavenger in a glutamate toxicity mode
oxidative stress 1% and to reduce protein carbonylation after Hl in piglets % CBD might also
exert anti-oxidative effects through inhibition of enzymes such as inducible nitric oxide

synthetase (iNOS) 109,110 3 g myeloperoxidase (MPO) 1

Mitigating exitotoxicity and hyperexitability and controlling calcium
homeostasis

The massive increase in glutamate and other excitatory amino acids after perinatal Hl lead
to over-stimulation of ionotropic receptors, most importantly the NMDA receptors. As a

result, there is a massive Ca** influx into cells forming an osmotic gradient that along with
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Na”* influx, produce cell swelling. Calcium influx also lead to direct injury of the

mitochondria and formation of free radicals, and the inappropriate activation of proteases,
lipases and endonucleases leading to the breakdown of cellular components. Together this
is known as exitotoxicity and has been demonstrated to be associated with the severity of

encephalopathy in newborns 12114

Cannabidiol have been shown to block NMDA and AMPA receptor-mediated neurotoxicity in

108

rat cortical neurons exposed to glutamate™ . Under certain conditions, modeling increased

excitability in hippocampal neurons, CBD has been demonstrated to reduce intracellular

115 1t has also

Ca’* levels maybe by targeting the mitochondrial Na*/Ca**-exchanger (NCX)
been observed that CBD decreased glutamate levels after oxygen-glucose deprivation in
mice brain slices *® and mitigated the increase in Glutamate/NAA ratio in piglets after HI%3,
At the same time CBD has been shown to inhibit glutamate uptake so the explanation for
these effects are unclear. Further, CBD is an agonist of the 5-HT5 receptor and stimulation

of this receptor exerts inhibitory effects on neurons and might reduce the detrimental

effects of glutamate overload *>*1®%7

Preventing seizures

Although glutamate and Ca®" levels quickly return to normal after reperfusion, there is a

118

subsequent rise following the latent phase™™". There is also a persistent hyperexitability of

NMDA receptors after Hl and as a consequence seizures are common >° and might per se be

119 CBDs anti-convulsant properties are well documented

detrimental to the newborn brain
L and there are currently clinical trials evaluating its potential use in treatment-resistant
childhood epilepsies 19 However, through which molecular targets CBD exert these effects
are still unclear. Interaction with 5-HT5, VDAC1, GPR55 and modulation of adenosine

homeostasis through ENT1 are some plausible targets.
Preserving the blood-brain barrier integrity

The blood-brain barrier (BBB) allows the body to control which substances and cells can

gain access to the brain and thus maintain homeostasis. After perinatal Hl this barrier is
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36,120

often disrupted leading to worsening of brain edema . In a model of ischemic stroke

CBD reduced BBB hyper-permeability and thus maintained integrity through mechanisms

involving activation of PPARy and 5-HT1a receptors **’.
Preventing mitochondrial failure, limiting programmed cell death

Mitochondrial collapse is considered the hallmark of secondary energy failure and might be
the key event in the initiation of cell death pathways leading to irreversible brain injury after
perinatal HI?®. It has been suggested that CBD interacts with complexes in the electron

transport chain to indirectly improve mitochondrial bioenergetics and function under

115,121

pathological conditions . CBD might ameliorate mitochondrial failure and apoptosis by

mitigating several of these key initiating steps, such as calcium overload that cause
uncoupling of the mitochondrial electron transfer and activation of enzymes that injure the

mitochondrial membrane, both directly and indirectly through production of reactive

122,123

oxygen and nitrogen species . Further, the increase in pro vs. anti-apoptotic proteins

(e.g. Bax vs. Bcl-2) lead to permeabilization of the outer mitochondrial membrane and

122,124

release of cytochrome C that initiates the pro-apoptotic cascade , Which is an

40,125

important contributor to the overall neuronal loss after HI . CBD has been shown to

reduce levels of caspase-3, the “final executioner” of apoptosis, in both in-vitro and in-vivo

models of neurotoxicity °%*2°.

Ameliorating neuroinflammation

. . e . 12
An excessive immune response exacerbates brain injury after perinatal HI °**?” and CBD has

demonstrated anti-inflammatory effects through different mechanisms 8128 cBD can

107,129

attenuate microglial activation and migration , probably as a result of modulating

adenosine transport through interaction with the equilibrative nucleoside transporter 1

130

(ENT1) and also by interaction with the adenosine receptors ~. CBD has also been shown to

reduce the levels of inflammatory cytokines, e.g. TNFa and IL-1B, after HI injury 2>°72%13°,
Furthermore, inhibition by CBD of the transcription of NF-kappa-B, an essential transcription

factor in the inflammatory pathway, has been observed ****,
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Figure 4. This is a schematic presentation of a neuronal cell illustrating some of the possible
molecular targets and mechanisms that could be involved neuroprotection by CBD. .

Pluss (+) indicate stimulation/binding, minus (-) indicate inhibition/blockage. CBD has anti-
oxidative effects mainly based on its chemical conformation and ability to act as a free
radical scavenger. ROS= reactive oxygen species, NCX= mitochondrial Na*/Ca’*-exchanger,
CytC= cytochrome C, VDAC= voltage dependent anion channel, VGCC= voltage gate calcium
channel, 5-HT 4= serotonin receptor, AMPA= a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor, NMDA = N-methyl-D-aspartate receptor, ENT1=
Equilibrative nucleoside transporter 1, PPAR= peroxisome proliferator-activated receptor.
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Conflicting effects of CBD

We are still far from determining the exact molecular actions and effects of CBD. When
searching the literature, we find conflicting effects of CBD on several mechanisms involved

in neuroprotection. For instance; in the brain CBD has been shown both to ameliorate and

108,132 115,132

exacerbate oxidative stress , to reduce and increase intracellular calcium levels ,

107133 ' |n other

and to inhibit and to activate microglia and other immune cells
pathophysiological settings, such as cancer, CBD has been shown to reduce proliferation by
the exact opposite mechanisms of which by it prevents cell death in studies on
neuroprotection. In a study of human glioma cells CBD increased ROS production and
triggered apoptosis by caspase activation 3% In fact, numerous studies have demonstrated

CBD's ability to induce apoptosis in cancer cells **°.

It becomes evident that the effects of CBD seem highly dependent on cell type (healthy vs.
cancer cells), and the biophysical and pathophysiological setting (e.g. in vitro vs. in vivo) in
which it is administered. A very fascinating observation in this regard is that cannabinoids
can mediate distinct signalling mechanisms even in a single neuron, depending on the state
of the neuron, meaning that the physiological condition of the neuron at the time of drug

138137 Further, the dose and concentration of

delivery may affect the outcome of treatment
CBD can produce differential effects, as demonstrated for other phytocannabinoids
(reviewed in Sarne et al. **®). This highlight the importance of testing cannabidiol in well
established pre-clinical models, with sufficient biological resemblance to the condition one

intend to treat.
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MicroRNAs as biomarkers of perinatal hypoxic-ischemic brain damage

MicroRNAs (miRNA) are short (~22 nucleotides) non-coding RNAs that are essential
regulators in the post-translational regulation of gene expression, tissue development and
homeostasis. MiRNAs are integral to almost all known biological processes, including cell

growth, proliferation and differentiation, as well as metabolism and development 139,140

MIiRNA - biogenesis and function

MiRNA biogenesis is a complex process, but in the classic understanding miRNAs are initially
expressed as precursors (pre-miRNAs) in the form of double stranded RNA hairpins and are
then cleaved in the nucleus by the ribonuclease Drosha to produce primary miRNAs (pri-
mMiRNAs). Pri-miRNAs are transported by Exportin-5 from the nucleus to the cytoplasm, and
the terminal loop is then cleaved by Dicer RNase lll to form a double-stranded mature RNA.
Mature miRNA may associate with argonuate proteins into the RNA silencing complex (RISC)
where miRNA guide RISC to specific mMRNA's and inhibits the translation to protein
Alternatively mature miRNA may either be degraded or released from the cell through
various export mechanisms. Either in small vesicles (exosomes), bound to high-density
lipoproteins or RNA binding proteins or in a microparticle free form. This release is believed
to be either passive e.g. as a by-product of damaged cells or active through interaction with
specific membrane channels and proteins and as such miRNA might be involved in cell-to-

cell communication ¥,

MiRNA as biomarkers

The expression of miRNAs has been found to be specific for tissues, developmental stages,

143144 This, along with the discovery of their presence

and various pathological conditions
and remarkable stability in the circulation, sparked the interest for miRNAs as biomarkers*®.
An increasing number of studies to date have demonstrated the ability of circulating
miRNAs to reflect tissue pathology in various conditions, among others, stroke, myocardial

infarction, and brain damage after cardiac arrest *****.
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miRNAs as biomarkers after perinatal HI

Very few studies have yet investigated miRNAs as biomarkers in the setting of perinatal HI.

Whitehead et al. showed that circulating miRNAs in maternal blood could predict fetal

149

hypoxia in-utero . Qui et al. found that miR-210 protected PC12 cells from dying after

oxygen glucose deprivation by inhibition of apoptosis150 and also reproduced these finding
in neonatal rats™". Interestingly Ma et al. found different effects with inhibition of miR-210
leading to neuroprotection after hypoxia-ischemia in neonatal rats 152 Looney et al. showed
a significant step-wise downregulation of hsa-miR-374a expression in cord blood of infants

153

with perinatal asphyxia and subsequent HIE ~°. And recently Ponnusamy et al.

demonstrated the feasibility of analyzing circulating miRNAs in dried blood spots sampled

154

from asphyxiated newborns *>". Despite a limited number of studies miRNAs are considered

to be promising candidates also in the setting of perinatal brain injury **>.

The selected miRNAs in our study

This was considered as a “pilot study” of microRNAs in our animal model. Due to financial
constraints, we chose to focus on selected miRNAs in our study rather than performing a
microarray study, well aware that the latter probably is a preferred approach. Despite
focusing on only a few microRNAs, the number of analyses was considerable due to the four
time-points evaluated. The following miRNA candidates were chosen based on a literature

review.

MiR-124 is the most abundant miRNA in the brain and is considered to be brain specific.

156 o
t

MiR-124 has a crucial role in neurogenesis, neuronal homeostasis and differentiation s

dysregulation has therefore, not surprisingly, been implicated in neurological diseases and

157

injury to the nervous system ~’. In animal models it has been shown that miR-124 is up-

regulated in the ischemic penumbra and also in plasma after middle cerebral artery

158

occlusion . Further circulating miR-124 has recently been put forward as a biomarker of

neurological outcome after cardiac arrest in humans %
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MiR-125b is highly enriched in the brain, and in addition to expression in neurons it is also

expressed in glia 161

. MiR-125b is believed to play a role in neuronal differentiation and
synaptogenesis *°2. Circulating miR-125b has been studied in the setting of various cancers

and neurodegenerative disease **'**, but has also been suggested as a biomarker of stroke

165

MiR-374a has mostly been studied in the setting of various cancers where it predicts survival
166,167 Its exact biological function is unknown. It has however, by Looney et al. 13 peen
linked to perinatal HI and HIE. They showed a stepwise downregulation in cord-blood
expression of miR-374a in infants with asphyxia and in those who developed HIE,
respectively, and target analysis identified several plausible pathways linked to neurological

injury 153,

MiR-210 is also known as “the master hypoxiamiR” and is believed to be an essential

regulator in the cellular response to hypoxia **®'®°_In fact it has been demonstrated that

circulating miR-210 act as a messenger to coordinate the hypoxic response among cells *’°.

MiR-210 is ubiquitously expressed, but also highly expressed in the brain and has been

152,171

linked to perinatal hypoxic-ischemic injury in several animal studies . Circulating miR-

149
d

210 has been found to predict fetal hypoxia when measured in maternal bloo asto

predict survival in critically ill patients with acute kidney injury *’* among others.

Methodological considerations

The study of miRNAs as biomarkers is still a novel area, and despite their great promise they
have yet to prove diagnostic specificity, reproducibility and thus clinical usefulness as
biomarkers. This is probably partly due to methodological challenges with optimization and
standardization of sampling, miRNA extraction, isolation and analysis still being a work in

progress *">*’* We applied an approach used previously in studies published in high-quality

159,160,175

journals and we aimed to standardize the handling of samples and methods of

extraction and analysis as much as possible.
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Aims of the studies

Previous animal studies have consistently demonstrated neuroprotection by CBD in the
setting of perinatal HI. Before considering clinical trials, however, it is essential to reproduce
the promising findings in other large animal models independently. Further, there is a need

for new tools to improve the detection of perinatal hypoxic-ischemic brain injury.

In the studies included in this thesis we have, in a well-established piglet model of global

perinatal hypoxia-ischemia, aimed to evaluate the following:

1. Possible neuroprotective effects of CBD (Paper |, 11)

2. Possible synergic or additive effects of CBD on therapeutic hypothermia (Paper I)

3. Possible dose-related effects of CBD (Paper Il)

4. Potential of circulating miRNAs to be biomarkers of hypoxic-ischemic injury (Paper Il1)
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Methods

The animal model

Background

Animal models have contributed significantly to our understanding of the pathophysiology
of HIE and possible new interventions 176 Different preclinical models of HIE exists all with
inherent strengths and weaknesses. The type of models range from in-vitro models using

177 . . . 17 . . . 17
cell-cultures ¥ and organotypic brain slices *’8, small animal models using mice *’° and rats

127,181 182-186

%0 and large animal models using lambs and piglets . Also other animals such as

non-human primates, rabbits and dogs have been used.'®’

The advantage of the piglet model is its similarity to human neonates in several important
aspects. Piglets are comparable in body size and weight which make them easy to work with

in an experimental neonatal intensive care setting. Piglets are comparable to human

188,189

neonates in brain anatomy, growth and myelinisation, and development . Further,

compared to humans, piglets have a similar response, pattern of organ injury, as well as

timeline of secondary energy failure after HI °0,176,188,190

Different piglet models of perinatal Hl are in use. They vary in how HI is induced, the
method of monitoring HI and how they “quantify” the hypoxic-ischemic insult. As a

consequence, they also vary to some extent in the degree and distribution of injury. In

. . . . . . . 2 7 191
some models, Hl is achieved by carotid occlusion along with a reduction the FiQ, 629%97.:99.191

182,185,186,192

Others rely solely on global hypoxia with a fixed or with variable FiO, . Some

191

models apply a fixed duration of HI =~ while others quantify HI by amplitude integrated EEG

193 in vivo magnetic resonance spectroscopy 2 or by biochemical and physiological

parameters 188 The various piglet models also vary in survival time after HI, from

62,194

moderate/long (24-72 hours) to shorter duration, as the current model and the

majority of studies on the effects of CBD (6-9.5 hours) *#>*%%,



Animal welfare

The Norwegian Council for Animal Research approved the experimental protocols (approval
number 5723 and 7359). The animals were cared for and handled in accordance with the
European Guidelines for Use of Experimental Animals and everyone involved in the animal
experiments in the current study were certified FELASA (Federation of European Laboratory
Animals Science Associations) Category C researchers. These studies are classified as non-
recovery studies that have a low severity grade in animal research. All procedures were
performed under general anesthesia and the animals did not recover consciousness before
being euthanized. Further the experiments were planned and conducted with the principles

of reduction, refinement and replacement (3Rs) in mind 195,

Inclusion criteria

The piglets included in our studies fulfilled the following criteria: age of 12—-36 h,
hemoglobin levels >5 g/dl and good general condition. The general condition was assessed
subjectively by looking at general appearance (skin color, effort of breathing, muscle tone)

and level of activity.

Anesthesia and procedures

Adequate anesthesia is essential in animal experiments to minimize stress, pain and
discomfort. Before the induction of anesthesia 2-3 piglets were kept together in a
thermoneutral environment and exposure to noise, light and movements were kept to a
minimum. Piglets were then gently removed from their container, held in a warm blanket
while an ear vein was cannulated and anesthesia was induced by administration of Fentanyl
50 pg/kg, Midazolam 1 mg/kg, and Pentobarbital 15 mg/kg. Anesthesia was maintained by
continuous infusion of Fentanyl 50 pug/kg/hour and midazolam 0.25 mg/kg/h in mixtures,

giving 1 ml/kg/hour for each drug. This protocol is well established in the current animal
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model 18218188 304 the effects of the drugs used have been extensively evaluated in the

newborn pig 196-199

We aimed to closely monitor the depth of anesthesia by assessing changes in heart rate,
active movements and the motor response to painful stimuli (retraction when pinching
toes). When considered insufficient, an i.v bolus of midazolam 1 mg/kg and Fentanyl 50
ug/kg were given. If ineffective, pentobarbital 15 mg/kg was added. In rare cases where
excessive shivering was observed despite adequate depth of anesthesia pancuronium 0.1
mg/kg, was added. In our experience shivering occur in anesthetized piglets despite
adequate depth of anesthesia, probably as a response to a low body temperature, and thus

was a challenge especially in animals treated with hypothermia.

We were well aware of the potential confounding effects of these drugs e.g. by their actions

196-198

on the cardiovascular system and cerebral blood flow and also by their possible

200,201 " The fact that we observed changes in the outcome variables

neuroprotective effects
also in the control/SHAM animals (paper |) can, in addition to mechanical ventilation and
instrumentation, probably be attributed to anesthesia. Therefore a strict protocol was
followed to ensure equal dosages among animals and groups. Regardless, the strict
randomization to the different treatment groups should have limited the possible
confounding effects of anesthesia.

Due to some concerns regarding the unwanted cardiovascular effects of midazolam 198,202
we modified this protocol slightly in study Il. Here midazolam was given only for induction
while maintenance anesthesia was achieved by fentanyl alone. Boluses of midazolam and
pentobarbital were given “on-demand” as in the original protocol. We are aware that
fentanyl cannot be considered a sedative, and that this approach could be considered
problematic from an animal welfare perspective. However, we carefully assessed signs
indicating insufficient depth of anesthesia and our initial experience is that the depth of

anesthesia was sufficient with this approach.
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Throughout the experiments, there was a continuous surveillance of blood pressure
(measured through the indwelling carotid artery-catheter), saturation (Masimo
Pulsoxymeter), pulse (BioPac ECG) and temperature ( measured by electronic thermometer)
Further, temperature-corrected arterial acid/base status, glucose and hemoglobin were
regularly measured throughout the experiment on a Blood Gas Analyzer 860 (Ciba Corning

Diagnostics, Midfield, Mass., USA).

The animals in the two experiments that have produced the data for this thesis were
randomized by sealed envelopes. To reduce the number of animals needed, we designed
the first study to allow for the control groups (controls/SHAM, VEH and VEH + hypothermia)
to be shared with another experiment evaluating DHA, another novel neuroprotectant. This
was achieved by prospective allocation to the different study groups including the groups

assessing DHA by block randomization.

Cannabidiol preparation and administration

Pure CBD (GW Pharmaceuticals, Cambridge, UK) was dissolved in a vehicle consisting of
ethanol:solutol:saline at a ratio of 2:1:17. In the first study a 5 mg/ml solution was prepared
a dose of 1 mg/kg, equal to 0.4 mlin a 2 kg pig, was given as a bolus in the central i.v line. In
the high-dose study a solution of CBD in vehicle 10 mg/ml was prepared and, according to
desired dose, mixed with saline to give a total volume of 20 ml. CBD and vehicle were given
30 minutes after the end of hypoxia as a slow intravenous infusion over 15 minutes. All
vehicle treated animals in the high-dose study received an equivalent amount of vehicle to
the highest CBD dose regimen, namely 10 ml, mixed with saline to give the same total

volume of 20 ml.

Methodological considerations

In the current piglet model we apply a global hypoxic-ischemic insult with a fixed FiO, (8%)

and a variable duration, quantifying the insult based on biochemical (base excess) and

physiological (mean arterial blood pressure (MABP)) variables. Ischemia is achieved by
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induction of hypoxemia until the point of cardiovascular de-compensation, and a drop in
MABP below the lower limit of cerebral auto-regulation for newborn piglets (~30-40 mmHg)

203295 The aim is to mimic an acute global hypoxic-ischemic insult in the term born infant.

Apart from being well established in our research group, the strength of our model is its
ability to reflect a global hypoxic-ischemic insult with multi-organ involvement, which is

. . 206,2
common in newborns after perinatal HI 2°%%%

. Looking at the severity of metabolic acidosis
and hypotension, the insult in this model can be classified as severe and mirrors global
asphyxia rather than more localized ischemia. This permits the study of different aspects

compared to animal models applying a more targeted and milder insult 70,191,208,209

. In fact,
according to the current criteria for therapeutic hypothermia, the animals in these models

would not be eligible for cooling based on degree of metabolic acidosis.

One of the challenges in this model is the considerable variation among piglets in the
tolerance and response to HI which is reflected in the degree of injury. For this reason, some
piglets are potentially too severely injured for neuroprotection to be found, regardless of
treatment. On the other hand, there are also some piglets that do not exhibit a significant
drop in blood-pressure (below the limit of cerebral auto-regulation) and as such cannot be
said to have suffered significant ischemia. Further, the short survival time is a major
limitation regarding the translation of our findings to a clinical setting. A survival time of 9.5
hours after Hl only permits the study of effects an intervention has on pathophysiological
mechanisms involved in the latent and initial phase of secondary energy failure. Another
important consideration is that the study animals already have completed the fetal to
neonatal transition and adapted to extra-uterine life, as it has been shown that the

210 Thys this model reflects

response to Hl is different in-utero as compared to ex-utero
post-partum HI better than intra-partum Hl. In conclusion, one should be cautious when
interpreting the findings regarding long-term outcome and careful when applying the

knowledge gained to the clinical setting.

To improve efficacy and translatability of the current animal model there are some

modifications that could be considered. Most importantly we could aim for a longer survival
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time to better reflect effects on secondary energy failure. However, in its current form, this
is challenging for several reasons. The piglet model, in general, is highly energy intensive
and after being exposed to HI, piglets are in need of full intensive care and monitoring
around the clock. Understandably this requires a lot of resources and due to the severity of
HI and multi-organ injury in the current model, this is even more challenging. We could
consider a milder insult measured by degree of hypotension and metabolic derangement,
and the use of additional tools to monitor and more precisely grade the hypoxic-ischemic
insult, to prevent excessive injury while at the same time ensuring significant damage 193,
The current research in this model on the metabolome after HI could potentially provide

211,212

markers to indicate severity and help grade HI . Being able to produce more

192,193

homogenous injury would have reduced variability and the number of animals needed

to achieve adequate statistical power.

Analyses

CBD concentrations in brain and plasma

In the first paper the concentration of CBD in plasma was measured by gas chromatography-
mass spectrometry at the Norwegian Institute of Public Health (Oslo, Norway). In the second
paper CBD concentrations in brain and plasma were determined by liquid chromatography-

tandem mass spectrometry (LC-MS/MS) at LGC (Fordham, UK).

Histology

Histopathological evidence of neuronal damage can be found early after HI 182,213
Hematoxylin and eosin (H&E) staining is a well-established method for evaluating
morphological changes in neuronal tissue. Analysis of H&E sections was performed by an
experienced pathologist blinded to the randomization and clinical details. Areas assessed in
the first study were cortex (3 levels), hippocampus and cerebellum and in the second study

cortex, white matter and striatum. In cerebrum areas with vacuolated neuropil, shrunken
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neurons with pyknotic nuclei and scattered eosinophilic neurons were defined as early
neuronal damage. In the cerebellum eosinophilic Purkinje cells were the indicators of

damage. A modified version of a validated scoring system was used ***?!*. Based on all
regions assessed a global score was given to each piglet. Zero indicating no damage, 1:

mild/moderate, 2: moderate/severe, 3: severe and 4: massive damage.

A semi-quantitative approach rather than cell-counting in specific brain areas (quantitative)
was preferred when assessing the brain damage in this animal model. Firstly the degree and
distribution of damage varies considerably between piglets and choosing one specific area
for cell counting is therefore vulnerable to bias. Also we are not able to, with millimeter
precision; reproduce the exact same plane of tissue section when preparing the tissue
blocks. Thus evaluating the whole brain slide rather than one specific area is a more robust
assessment in our opinion and importantly; this approach has previously been validated in

piglets 214,

Biomarkers of glial (CSF derived), myocardial and renal injury

S1008B

S100B is a calcium-binding protein mainly found in glial cells of the central nervous system
(CNS). Damage to the CNS is associated with a continuous release of S100B which can be
detected in different biological fluids including cerebrospinal fluid 2. Numerous studies

have documented a correlation between the extent of brain damage due to

216-218

hypoxia/asphyxia and elevated concentrations of S100B and thus an increase in S100B

219,220
. We

protein level is considered a promising early index of perinatal brain damage
measured S100B using electrochemiluminescent immunometric assay on the Cobas e601

immunoassay platform (Roche Diagnostics, Mannheim, Germany).

Troponin-T

Plasma troponin-T is a well-documented marker of myocardial ischemia in asphyxiated

206,207

neonates . Studies have also demonstrated that troponin may aid in the prediction of
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the severity of neonatal HIE as well as mortality %*! as significantly higher troponin levels are
found in neonates with severe asphyxia compared with those mildly affected 222,223 \Ne
measured plasma troponin-T using electrochemiluminescent immunometric assay on the

Cobas e601 immunoassay platform (Roche Diagnostics, Mannheim, Germany).

Neutrophil gelatinase associated lipocalin (NGAL)

NGAL is a lipocalin secreted by activated neutrophils and released from different cell types
in response to injury (e.g. kidney, lungs and colon). Urinary NGAL levels are increased by 25—
100-fold in response to renal epithelial injury and are considered an excellent marker of
acute kidney injury 224 In asphyxiated newborns urinary NGAL can differentiate between
those who develop and do not develop acute kidney injury, and does also to some degree

225

predict the severity of HIE ““°. Urinary NGAL was measured by a porcine specific ELISA

(Bioporte, Hellerup, Denmark).

Ex-vivo magnetic resonance spectroscopy (H+-MRS)

Cerebral magnetic resonance spectroscopy biomarkers , and especially the Lac/NAA ratio,
are considered accurate biomarkers in neonatal HIE 2%°. The Lac/NAA ratio, as well as NAA
concentration, have been put forward as potential bridging biomarkers between pre-clinical

and clinical studies 2%’

. In-vivo MRS have been used in the current animal model previously
(although with the use of bilateral carotid artery occlusion) showing significant alterations in
several metabolites, including lactate and n-acetylaspartate (shown in figure the pictures

below from the study by Munkeby et al. #2.)
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B | Integral Figure 5. Proton MRS spectra (single
i voxel, PRESS) recorded in the basal
S A 070 actate TE 270 ganglia of a piglet 7 hours after
+ 153 exposure to global HI. Note
especially the lactate (lac) peak and
the low N-acetylaspartate (NAA)
peak. Choline (Cho), creatine (Cr).
Adapted figure from a previous
study by our group; Munkeby et al.,
Acta Radiol. 2008 Nov;49(9):1049-
57. Used with permission.

Ppm

We did not have access to in-vivo H+-MRS in the current studies, but instead performed ex-
vivo H+-MRS which has been used in previous piglet studies to demonstrate

95,191

neuroprotection by CBD . The sensitivity and spectral resolution of ex-vivo H+-MRS on

22
8 Our analyses

fresh frozen tissue have been shown to be comparable to in-vivo H+-MRS
were carried out at the same location as previous CBD studies in piglets (MRI Unit of the
Instituto Pluridisciplinar (Universidad Complutense, Madrid, Spain)) and the details of the
method can be found in the publications from Pazos et al. *** and Lafuente et al. °> as well as

in paper I.

Gene, mRNA and miRNA expression

Quantitative real time polymerase chain reaction (QPCR) was used to analyze gene
expression in brain tissue (Paper I) and miRNA expression in plasma (Paper Ill). This is a
widely used method for mRNA as well as miRNA studies giving a high sensitivity and
specificity. The real time PCR uses a polymerase to amplify a specific target sequence,

causing a chain reaction that is performed repeatedly to exponentially amplify the target. A
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fluorescence signal increases proportionally to the amount of PCR product during each cycle

and is detected at a certain threshold, the threshold cycle (Cy) 229

For relative quantification of changes in gene and miRNA expression the comparative Ct

method was used?*°

. The Cyvalues of the genes of interest were normalized to endogenous
controls and the mean Cr values in the non-hypoxic controls using the 22" formula. For the
miRNA expression, however, an exogenous spike-in (cel-miR-39) was used as a control

because there is no universally accepted endogenous control for miRNA studies in plasma

231

Protein expression

For measurement of cytokines in brain tissue and urinary NGAL the enzyme linked-
immunosorbent assay (ELISA) was used. ELISA uses a specific antibody to bind an antigen in
a sample. This antibody is linked to an enzyme that converts an additionally added antibody,

generating a signal that is detectable by photometry 2.

Statistical analysis

Statistical analysis was performed in SPSS version 19 and 21 and in GraphPad Prism. The
considerable variability among piglets in response to the hypoxic-ischemic insult is reflected
in our data that often exhibit a large variance. Increased variance reduces the statistical
power and hence the risk of type Il errors and this is something we have considered when
interpreting our findings. When data have shown a non-normal distribution we have used
log-transformation to achieve a normal distribution. If unsuccessful, non-parametric

statistics have been applied.
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Summary of the results

Paper |I: Short-term effects of cannabidiol after global hypoxia-ischemia in
newborn piglets.

We found a significant effect of the hypoxic-ischemic insult on neuropathology score, levels
of S100B in cerebrospinal fluid, plasma troponin-T, hippocampal H'MRS biomarkers and
levels of urinary NGAL. Gene and protein expression, as well as lipid peroxidation products

in urine, were not significantly altered by HlI.

Compared to vehicle we found no effects of CBD alone on the different outcome variables.
CBD did not augment or add to the observed neuroprotective effects of therapeutic
hypothermia, but we observed significantly reduced levels of urinary NGAL in this group.
Therapeutic hypothermia alone significantly lowered the hippocampal Glu/NAA ratio and

reduced plasma levels of troponin-T.

Paper Il: High-dose cannabidiol induced hypotension after global hypoxia-
ischemia in piglets.

In this study, we observed significant hypotension after treatment with the highest doses of
CBD (50 and 25 mg/kg) in some animals, with a drop in MABP below 70% of baseline during

infusion. Three out of four piglets in the 50 mg/kg group developed significant hypotension,

and in one of these piglets this progressed into fatal cardiac arrest. In the other two piglets,

the blood pressure slowly recovered to the level of vehicle. One out of four piglets in the 25

mg/kg group developed severe hypotension, and 2 had a milder drop in blood pressure. CBD
10 mg/kg did not induce significant cardiovascular effects. The mean drop in MABP in the 50
mg/kg group was significantly lower than in vehicle, and we found a significant overall

correlation between plasma concentration of CBD and degree of hypotension.

High-dose CBD had no significant effects on the outcome variables related to
neuroprotection, such as neuropathology score, levels of S100B in cerebrospinal fluid,

plasma troponin-T or hippocampal H'MRS biomarkers.



Paper lll: Temporal profile of circulating microRNAs after global hypoxia-
ischemia in newborn piglets.

In this study we characterized, in plasma, the temporal changes of four selected miRNAs
starting at baseline (before HI); at the end of HI, and 0.5 h, 3.5 h and 9.5 hours post-HI.
Compared to baseline the expression of the brain-specific/enriched miRNA 124 and 125b
was not significantly altered. However, miR-374a and miR-210 displayed significantly

alterations during and immediately after HI.

The absolute expression of miR-374a at 0.5 h post HI was significantly higher in hypoxic-
ischemic piglets compared to controls. This was also observed when stratifying according to
the presence of neuropathological damage at end of study, and according to low vs. high
lactate levels. Finally, we observed a negative correlation between miR-374a and arterial

blood pH and base excess, and a positive correlation with levels of lactate.
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Discussion

Cannabidiol as a neuroprotectant after perinatal HI (1 & )

We have during two experiments studied the effects of intravenous CBD in a well-
established piglet model of neonatal HI. This model permitted the elucidation of new
aspects of CBD's effects and limitations after hypoxia-ischemia. Both the “established” dose
of CBD (1mg/kg) and high-dose CBD (10-50 mg/kg) were assessed and hence a relatively
wide range of molar concentrations where neuroprotection should have been evident based

on the existing literature.

In this animal model, CBD did not demonstrate significant effects on any of the outcome
variables used to assess neuroprotection. This was primarily evaluated by inter-group
comparison (I & Il), but also, for the purpose of this thesis, we performed a linear regression
analysis of all data to assess possible dose related effects of CBD on the various outcome
variables (table 1). A significant correlation was found only for the CBD-induced reduction in

blood pressure.

Pearsonr 95% CI P (two-tailed)
Neuropathology score 0,17 -0,18 t0 0,47 0,3348
S100B in CSF -0,19 -0,49t0 0,14 0,2556
Lac/NAA ratio 0,076 -0,26 to0 0,39 0,6614
Glu/NAA ratio 0,16 -0,18 to 0,47 0,3434
Plasma TnT -0,14 -0,45t0 0,20 0,4241
Delta MABP (drug infusion) -0,81 -0,90 to -0,66 <0,0001

Table 1 Correlations between the concentrations of CBD in plasma 9 hours post-dose vs.
different outcome variables. (Piglets receiving CBD 1 mg/kg + hypothermia are also included)

There are different possible explanations for the lack of effects observed in our studies. One

is that CBD is not neuroprotective, especially after more severe insults, and that effects of

this single molecule are insufficient to mitigate the complex cascade of injurious events
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causing brain injury after perinatal HI. Previous in-vitro studies have, in fact, raised concerns
regarding the efficacy and safety of CBD in the brain. Harvey et al. showed an inability of
CBD to protect against AB induced neurotoxicity. Schonhofen et al. ** revealed no
neuroprotective effects of CBD, as measured by protection against redox-active
neurotoxins, in @ mature human neuroblastoma SH-SY5Y cell line. Further, they
demonstrated that exposure to CBD during differentiation in this cell line sensitized the cells

I. 32 showed that brief exposure to

to further challenges with redox-active toxins. Mato et a
cannabidiol (100 nM-10 uM) led to a concentration-dependent decrease in the viability of
oligodendrocytes. This effect was partially blocked by inhibitors of caspase-3, -8 and -9,
PARP-1 and calpains, suggesting that CBD triggers caspase-dependent and -independent
death pathways. CBD was also found to increase reactive oxygen species in this study.
However, as discussed previously, it is difficult to extrapolate in-vitro results to an in-vivo
setting and the available data from animal models show only positive reports. In particular,

93,9599 |t is thus

the studies in models of neonatal HI who all show remarkable effects of CBD
clear that alternative explanations for the lack of effects seen in our studies have to be

evaluated.

In respect to the existing evidence from piglets, we have largely used similar variables and

95,97,99,191 However, there is a

time points for the assessment of neuroprotection
considerable dissimilarity in the nature and severity of the hypoxic-ischemic insult. The
degree of hypotension and metabolic acidosis is much more profound in our model. In fact,
according to current criteria for treatment with therapeutic hypothermia the piglets in
previous studies would not be eligible for treatment based on the degree of metabolic
derangement. Further, it has recently been questioned whether bilateral artery occlusion, as

234,235

applied in these studies, create the ischemia it is intended to do in piglets . If not, the

discrepancy in insult severity between these two models is even larger.

As a result of the discrepancy in insult severity, we could expect that the state of the

l. 236, the effects

neurons is dissimilar in these two models. As demonstrated by Bologov et a
of different cannabinoids depend on the physiological conditions under which they are

administered. Even in the same cell type the observed, dual and opposite effects of CBD on
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the viability in a neuroblastoma cell line. Further, it is obvious that the insult severity

influences the probability of finding an effect of the treatment. We do acknowledge the

possibility that some of our piglets suffer intractable brain damage and thus are resistant to

intervention. The limited effects of therapeutic hypothermia in our study could be

interpreted as evidence in support of this, as both clinical and experimental data indicate

that cooling is less effective after the most severe insults

4237 However, a considerable

proportion of perinatal hypoxic-ischemic insults are severe with considerable multi-organ

damage 206,207

and we thus argue that it is relevant to evaluate the effects of novel

neuroprotectants also in models reflecting this spectrum of injury.

Piglet model in other CBD
studies (Madrid, Spain)

The current piglet model
(Oslo, Norway)

Strain of piglet

Landrace-large White

Noroc (LyxLD)

Method of inducing
HI

Ventilation with <10% O, and
bilateral carotid occlusion (BCAO)

Global HI by ventilation with 8% O, until the
point of cardiovascular de-compensation

Duration of HI

Fixed — 20-30 min

Variable 40-80 min

Degree of metabolic
acidosis

Mild/moderate
(pH 7.2, BE not reported)

Severe
(pH 6.9, BE ~-20 mmol/I)

Degree of
hypotension

Mild/moderate
(>70% of baseline)

Severe
(<70% of baseline)

Anesthesia

Propofol, midazolam, fentanyl

Pentobarbital, midazolam, fentanyl

End-point

6 hours (3 studies) & 72 hours (1
study)

9.5 hours

Histological analysis

Quantitative
Counting necrotic cells in pre-
defined areas.

Semi-quantitative
Evaluation of whole brain slices for neuronal
damage.

Table 2 Summary of some of the important differences in the current animal model compared to

the one used in previous studies.

CBD and therapeutic hypothermia

The group in Madrid, Spain recently demonstrated that CBD 1 mg/kg augmented the effects
of therapeutic hypothermia in their model >°. We did not observe any significant additive or
synergic neuroprotective effects of combining CBD and therapeutic hypothermia (Paper 1).
The limited effects of cooling alone in our study, with reduced Glu/NAA ratio and plasma

Troponin-T levels as the only significant findings, do make the interpretation of these results
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more challenging. However, given the severe global HI, our findings of reduced exitotoxicity
are in line with previous studies in piglets are. We found only one other piglet study
demonstrating early effects of cooling after comparably severe HI, where the authors
assessed the effects of hypothermia on excitotoxicity and nitric oxide production, both of

238

which were ameliorated by hypothermia “*. Another study demonstrated effects only when

184

animals were stratified according to injury severity = ". Indeed the majority of studies

showing hypothermic neuroprotection in piglets have applied milder insults in terms of

global damage 208,209,239

. Further, the effects in previous models have mainly been studied
after longer survival times, which in general make comparison difficult. Although not
methodologically correct, when we combined both the hypothermic groups in our study
(n=24), the difference reach significance also for the lactate/NAA ratio (hypothermia 1.9 [1.6
— 2.6] vs. normothermia 2.4 [2.1-3.1], p=0.02) and the percentage of animals with

histopathological damage (hypothermia 50% vs. normothermia 78%, p=0.04).

The only significant observation of synergic effect of CBD and hypothermia was reduced
levels of urinary NGAL. We interpret this as a possible synergic nephroprotective effect,
although CBD or cooling alone had no effects on these levels. Meta-analyses have found no
differences in renal or hepatic function in neonatal cooling trials, but a trend towards
reduced risk of renal impairment, and for CBD it has previously been shown that could exert

nephroprotection **°.

Safety

The majority of existing data classifies CBD as a safe drug ***

. However, the period following
global HI with multi-organ involvement is precarious 27 A meta-analysis was published just
after the acceptance of paper Il, concluding that CBD has no hemodynamic side effects
under normal physiological conditions, but lowers blood pressure under stressful conditions
2 Further, they state that more data are needed determine the hemodynamic effects of
CBD fully. We observed that cardiovascular effects that could be considered beneficial
under normal physiological conditions 2 led to unwanted effects in the setting of global HI.
Indeed, piglets exposed to mild HI do not seem to display significant hypotension after CBD

50 mg/kg i.v. (personal communication from Prof. Orgado, collaborative unit in Madrid,
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Spain). However, the cardiovascular dysfunction in our animal model is more pronounced
(Table 2). CBD did not produce cardiac arrhythmia, and the heart rate was not significantly
altered in these animals. Instead, we speculate that the observed hypotension resulted from
a combination of CBD's sympatolytic, vasorelaxant and cardio-depressive actions 243-245
under stressful conditions. At the molecular level CBDs interaction with ENT1, the

serotonergic receptor (5-HT1a)  and with the G-protein-receptor55 are probably involved in

these effects®.

Optimal dose

We cannot conclude on an optimal dose for neuroprotection based on our findings, simply
because we have not observed any neuroprotective effects. We can, however, state that
one should be cautious if considering doses above 10 mg/kg i.v in future studies of perinatal
HI. Alternative strategies of drug infusion, such as a more diluted solution at an even slower
infusion rate, could be considered to allow for improved tolerance to higher doses.
Regardless, the possibility of inducing hypotension is an important limitation of high-dose

CBD in this setting.

Limitations

As already discussed in the method section, the main limitation in the current studies
regarding translatability is the short survival time. As secondary energy failure just has
commenced at 9.5 hours, any effects CBD has on these processes have little time to
manifest. Changes in many of the studied variables, like histopathology and the H'MRS
biomarker Lac/NAA ratio, would probably have been more pronounced if assessed at later
end-points. It is thus possible that effects of both CBD and cooling could have become
evident if assessed later. Regardless, as the existing literature in support of CBD as a

95,99,191

neuroprotectant after neonatal HI mainly come from studies using similar end-points

and outcome variables; we argue that our results are relevant.
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Circulating microRNAs as markers of hypoxic-ischemic brain injury (1l1)

We hypothesized that miRNAs could be altered in plasma in the early phase after Hl and be
potential markers of hypoxic-ischemic injury. Our “pilot study” demonstrated significant and
rapid temporal alterations in two of the studied miRNAs, although not in those considered

brain-specific.

Temporal changes

Early increase in circulating miRNAs after tissue injury or stress 175,246

as well as relatively
rapid clearance when conditions normalize *’, has been demonstrated previously.
However, we have not found studies describing the same swiftness of changes as observed
for miR-374a and miR-210 in our study. This rapidity might imply their presence in plasma
due to causes not directly related to release from injured tissues as it might be more
reasonable to expect more sustained elevations after tissue injury. We can speculate that
these microRNAs are actively secreted and taken up by cells to orchestrate the response to
HI. In fact, in-vitro studies might suggest this as miR-210 is secreted to regulate adaptation
to hypoxia *’° and miR-374a to regulate lactate dehydrogenase '®’. The observation that

levels of miRNA show rapid and considerable temporal alterations clearly demonstrate that

one should consider the timing of sampling in future studies.

Biomarkers of brain injury

After the literature review conducted before our study, we considered miR-124 as the most
promising brain-specific biomarker. It did, however, not display significant alterations in our
study and the same accounts for the brain-enriched miR-125. Although miR-124 has been

able to predict hypoxic-ischemic brain injury in adults, both in humans **° and pigs **®

, the
miRNA expression in the newborn might be distinctive. Also, the timing of sampling and
nature of the insult is not directly comparable. Further, the sample size in our study is
insufficient to reveal smaller differences that might hold relevance on a population level.
Future studies might still find miR-124 to be a promising biomarker candidate in neonatal

HI.
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Neither miR-374a nor miR-210 is considered to be brain-specific, yet both have previously
been linked to perinatal HI. Looney et al. found several possible pathways linking miR-374a
to hypoxic-ischemic brain injury, and there are currently ongoing trials investigating the role
of this miRNA in neonatal HIE (The Investigation and Validation of Predictive Biomarkers in
Hypoxic-ischemic Encephalopathy. (BiHiVE2) clinical trials: NCT02019147). As discussed
previously these miRNAs might be important regulators of the cellular adaptation and

response to perinatal HI, and thus be promising biomarkers despite not being brain specific.

General considerations

Due to various reasons, the reproducibility of studies on circulating miRNA to date has been
low. The full understanding of the biological function of miRNA as well as developing a

173,174

methodology for analysis is still a work in progress . We aimed to apply a methodology

that was recommended for the conditions in our study 31 and used with success in previous

159180 T minimize the influence of potential

studies published in high-impact journals
haemolysis we selected miRNAs that, based on existing literature **°, were minimally
influenced by haemolysis. Further, the experimental setting allowed us to tightly control the
collection and handling of samples as opposed to a clinical setting. That said; the limited
sample size permits us only to speculate on the function and potential of these miRNAs. This
study has demonstrated the feasibility of analysing circulating miRNA in our animal model
and hence, that it can be well suited for pre-clinical miRNA studies. A microarray study
would be the natural next step, where a large number of potential miRNAs could be
identified and the most promising candidates confirmed by PCR. To increase knowledge
about the functional effects of miRNA, such studies could potentially investigate
downstream targets as well. This could supplement the already initiated clinical studies on

miRNA in asphyxiated newborns that use human cord blood **?, as well as elucidate

differences between cord blood and neonatal blood.
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Future perspectives and closing thoughts

The optimal way to reduce the impact of acute perinatal Hl on infant mortality would
obviously be to prevent it from occurring. Despite high-quality obstetric care and the
routine use of advanced methods for detecting fetal distress acute intrapartum events occur
! More sensitive and non-invasive methods for the detection fetal hypoxia-ischemia are
needed. Further, we also need better tools for early detection of hypoxic-ischemic brain
damage in the newly born as well as improved strategies for ameliorating the consecutive

brain damage.

Circulating miRNAs have shown promise both as markers of fetal hypoxia in maternal

d'* and for the early identification of acute encephalopathy in the newborn'>. We

bloo
have contributed by showing the rapid temporal alterations of circulating miRNAs in this
setting (paper lll). Circulating miRNAs is an exciting area with great potential, however, still

in its infancy and future studies will determine whether miRNAs will live up to their promise.

Despite an increased understanding of the complex nature of hypoxic-ischemic brain injury

69,250
.One

a considerable number of novel treatments translate poorly into clinical practice
of the reasons for this is probably inadequate pre-clinical evidence ?*” and, in our opinion,
further animal studies are also needed to determine the neuroprotective potential of CBD.
Before our studies, the evidence of CBD's neuroprotective effects in this setting came from
a single large animal model and, except one study97, had only been evaluated in the first 6
hours after HI. Our studies are relevant as they challenge existing evidence in a different
pre-clinical model 227, but also have the limitation of short observation time. As a result, the
current evidence of CBDs effects on secondary energy failure is still difficult to interpret.
Future studies should aim for sufficient survival time, like in the models that contributed to
the successful translation of therapeutic hypothermia into clinical use > and are used in

6270 However, to further enhance the

many of the recent studies of novel neuroprotectants
translational value of these models, one might consider applying more severe and global
insults as this certainly would give a more close reflection of the sub-group of infants with

most severe hypoxic-ischemic damage.
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Along with the search for new technology and treatments for asphyxiated newborns, it is
also vital to remember the global aspect. The low-income countries carry the greatest
burden of perinatal HI and the vast majority them do not have access to even basic obstetric
and neonatal care®”. In fact, therapeutic hypothermia has yet to demonstrate efficacy and
safety in low-resource settingsss. Regardless, most of the deaths due to intrapartum events
could have been prevented without the use of advanced technology, simply by ensuring
early access to health services and education of health personnel in obstetric care and basic

251,252

neonatal resuscitation . As such, to achieve the global goals of reduced neonatal

mortality, this is an area of great importance.



Conclusions

Based on the studies in this well-established piglet model of severe global neonatal HI, we

make the following conclusions:

1. CBD 1 mg/kg or high-dose CBD (10-50 mg/kg) does not offer neuroprotection in the
early phase after global HI (I & Il)

2. CBD 1 mg/kg does not augment therapeutic hypothermia or produce additive
neuroprotective effects in the early phase after global HI (I)

3. High-dose CBD can induce a dose-dependent drop in mean arterial blood pressure
after global HI (11)

4, Circulating miRNAs can display rapid temporal alterations during and immediately
after global HI and could be useful markers of hypoxic-ischemic injury ()

55



References

1. Liu L, Oza S, Hogan D, et al. Global, regional, and national causes of child mortality in 2000-13, with
projections to inform post-2015 priorities: an updated systematic analysis. Lancet 2015; 385(9966): 430-40.
2. 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; 123(4): 896-901.

3. Mason E, McDougall L, Lawn JE, et al. From evidence to action to deliver a healthy start for the next
generation. Lancet 2014; 384(9941): 455-67.

4. 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; 1: Cd003311.

5. McAdams RM, Juul SE. Neonatal Encephalopathy: Update on Therapeutic Hypothermia and Other
Novel Therapeutics. Clin Perinatol 2016; 43(3): 485-500.

6. Mcintyre S, Badawi N, Blair E, Nelson KB. Does actiology of neonatal encephalopathy and hypoxic-
ischaemic encephalopathy influence the outcome of treatment? Dev Med Child Neurol 2015; 57 Suppl 3: 2-7.
7. Kurinczuk JJ, White-Koning M, Badawi N. Epidemiology of neonatal encephalopathy and hypoxic—
ischaemic encephalopathy. Early Human Development 2010; 86(6): 329-38.

8. Dammann O, Ferriero D, Gressens P. Neonatal Encephalopathy or Hypoxic-Ischemic Encephalopathy?
Appropriate Terminology Matters. Pediatr Res 2011; 70(1): 1-2.

9. Volpe JJ. Neonatal encephalopathy: an inadequate term for hypoxic-ischemic encephalopathy. Ann
Neurol 2012; 72(2): 156-66.

10. Martinez-Biarge M, Diez-Sebastian J, Wusthoff CJ, Mercuri E, Cowan FM. Antepartum and
intrapartum factors preceding neonatal hypoxic-ischemic encephalopathy. Pediatrics 2013; 132(4): €952-9.
11. Alfirevic Z, Devane D, Gyte GM, Cuthbert A. Continuous cardiotocography (CTG) as a form of
electronic fetal monitoring (EFM) for fetal assessment during labour. Cochrane Database Syst Rev 2017; 2:
Cd006066.

12. Neilson JP. Fetal electrocardiogram (ECG) for fetal monitoring during labour. Cochrane Database Syst
Rev 2015; (12): Cd000116.

13. Perlman M, Shah PS. Hypoxic-ischemic encephalopathy: challenges in outcome and prediction. J
Pediatr 2011; 158(2 Suppl): e51-4.

14. Merchant N, Azzopardi D. Early predictors of outcome in infants treated with hypothermia for
hypoxic-ischaemic encephalopathy. Dev Med Child Neurol 2015; 57 Suppl 3: 8-16.

15. Saugstad OD. Hypoxanthine as an indicator of hypoxia: its role in health and disease through free
radical production. Pediatr Res 1988; 23(2): 143-50.

16. Ruth VJ, Raivio KO. Perinatal brain damage: predictive value of metabolic acidosis and the Apgar

score. Bmj 1988; 297(6640): 24-7.
17. Moster D, Lie RT, Irgens LM, Bjerkedal T, Markestad T. The association of Apgar score with
subsequent death and cerebral palsy: A population-based study in term infants. J Pediatr 2001; 138(6): 798-803.

18. Natarajan G, Shankaran S, Laptook AR, et al. Apgar scores at 10 min and outcomes at 6-7 years
following hypoxic-ischaemic encephalopathy. Arch Dis Child Fetal Neonatal Ed 2013; 98(6): F473-9.

19. Sarnat HB, Sarnat MS. Neonatal encephalopathy following fetal distress. A clinical and
electroencephalographic study. Arch Neurol 1976; 33(10): 696-705.

20. Levene ML, Kornberg J, Williams TH. The incidence and severity of post-asphyxial encephalopathy in
full-term infants. Early Hum Dev 1985; 11(1): 21-6.

21. Thompson CM, Puterman AS, Linley LL, et al. The value of a scoring system for hypoxic ischaemic
encephalopathy in predicting neurodevelopmental outcome. Acta Paediatr 1997; 86(7): 757-61.

22. Thorsen P, Jansen-van der Weide MC, Groenendaal F, et al. The Thompson Encephalopathy Score and

Short-Term Outcomes in Asphyxiated Newborns Treated With Therapeutic Hypothermia. Pediatr Neurol 2016;
60: 49-53.

23. Horn AR, Swingler GH, Myer L, Linley LL, Chandrasekaran M, Robertson NJ. Early clinical
predictors of a severely abnormal amplitude-integrated electroencephalogram at 48 hours in cooled neonates.
Acta Paediatr 2013; 102(8): €378-84.

24. van Laerhoven H, de Haan TR, Offringa M, Post B, van der Lee JH. Prognostic tests in term neonates
with hypoxic-ischemic encephalopathy: a systematic review. Pediatrics 2013; 131(1): 88-98.
25. Cseko AJ, Bango M, Lakatos P, Kardasi J, Pusztai L, Szabo M. Accuracy of amplitude-integrated

electroencephalography in the prediction of neurodevelopmental outcome in asphyxiated infants receiving
hypothermia treatment. Acta Paediatr 2013; 102(7): 707-11.

56



26. Gazzolo D, Marinoni E, Di lorio R, et al. Urinary S100B protein measurements: A tool for the early
identification of hypoxic-ischemic encephalopathy in asphyxiated full-term infants. Crit Care Med 2004; 32(1):
131-6.

27. Gazzolo D, Pluchinotta F, Bashir M, et al. Neurological abnormalities in full-term asphyxiated
newborns and salivary S100B testing: the "Cooperative Multitask against Brain Injury of Neonates" (CoMBINe)
international study. PLoS One 2015; 10(1): e0115194.

28. Ramaswamy V, Horton J, Vandermeer B, Buscemi N, Miller S, Yager J. Systematic review of
biomarkers of brain injury in term neonatal encephalopathy. Pediatr Neurol 2009; 40(3): 215-26.

29. Odd DE, Whitelaw A, Gunnell D, Lewis G. The association between birth condition and
neuropsychological functioning and educational attainment at school age: a cohort study. Arch Dis Child 2011,
96(1): 30-7.

30. Odd DE, Lewis G, Whitelaw A, Gunnell D. Resuscitation at birth and cognition at 8 years of age: a
cohort study. Lancet 2009; 373(9675): 1615-22.

31. Dixon G, Badawi N, Kurinczuk JJ, et al. Early developmental outcomes after newborn encephalopathy.
Pediatrics 2002; 109(1): 26-33.

32. Rennie JM, Hagmann CF, Robertson NJ. Outcome after intrapartum hypoxic ischaemia at term. Semin
Fetal Neonatal Med 2007; 12(5): 398-407.

33. Ahearne CE, Boylan GB, Murray DM. Short and long term prognosis in perinatal asphyxia: An update.
World J Clin Pediatr 2016; 5(1): 67-74.

34, Azzopardi D, Strohm B, Marlow N, et al. Effects of hypothermia for perinatal asphyxia on childhood
outcomes. N Engl J Med 2014; 371(2): 140-9.

35. Robertson NJ, Nakakeeto M, Hagmann C, et al. Therapeutic hypothermia for birth asphyxia in low-

resource settings: a pilot randomised controlled trial. Lancet. England; 2008: 801-3.

36. Wassink G, Gunn ER, Drury PP, Bennet L, Gunn AJ. The mechanisms and treatment of asphyxial
encephalopathy. Frontiers in Neuroscience 2014; 8: 40.

37. Hassell KJ, Ezzati M, Alonso-Alconada D, Hausenloy DJ, Robertson NJ. New horizons for newborn
brain protection: enhancing endogenous neuroprotection. Arch Dis Child Fetal Neonatal Ed 2015.

38. Rainaldi MA, Perlman JM. Pathophysiology of Birth Asphyxia. Clinics in Perinatology 2016; 43(3):
409-22.

39. Saugstad OD. Resuscitation of newborn infants: from oxygen to room air. Lancet 2010; 376(9757):
1970-1.

40. Northington FJ, Chavez-Valdez R, Martin LJ. Neuronal cell death in neonatal hypoxia-ischemia. Ann
Neurol 2011; 69(5): 743-58.

41. Robertson NJ, Cowan FM, Cox 1J, Edwards AD. Brain alkaline intracellular pH after neonatal
encephalopathy. Ann Neurol 2002; 52(6): 732-42.

42. Uria-Avellanal C, Robertson NJ. Na*/H* exchangers and intracellular pH in perinatal brain injury.
Transl Stroke Res 2014; 5(1): 79-98.

43. Groenendaal F, de Vries LS. Fifty years of brain imaging in neonatal encephalopathy following

perinatal asphyxia. Pediatr Res 2016.

44, Alderliesten T, Nikkels PG, Benders MJ, de Vries LS, Groenendaal F. Antemortem cranial MRI
compared with postmortem histopathologic examination of the brain in term infants with neonatal
encephalopathy following perinatal asphyxia. Arch Dis Child Fetal Neonatal Ed 2013; 98(4): F304-9.

45. de Vries LS, Groenendaal F. Patterns of neonatal hypoxic-ischaemic brain injury. Neuroradiology
2010; 52(6): 555-66.

46. Cowan F, Rutherford M, Groenendaal F, et al. Origin and timing of brain lesions in term infants with
neonatal encephalopathy. The Lancet 2003; 361(9359): 736-42.

47. Shankaran S, McDonald SA, Laptook AR, et al. Neonatal Magnetic Resonance Imaging Pattern of
Brain Injury as a Biomarker of Childhood Outcomes following a Trial of Hypothermia for Neonatal Hypoxic-
Ischemic Encephalopathy. J Pediatr 2015; 167(5): 987-93.¢3.

48. Wyatt JS, Edwards AD, Azzopardi D, Reynolds EO. Magnetic resonance and near infrared
spectroscopy for investigation of perinatal hypoxic-ischaemic brain injury. Arch Dis Child 1989; 64(7 Spec No):
953-63.

49. Azzopardi D, Wyatt JS, Cady EB, et al. Prognosis of newborn infants with hypoxic-ischemic brain
injury assessed by phosphorus magnetic resonance spectroscopy. Pediatr Res 1989; 25(5): 445-51.
50. Lorek A, Takei Y, Cady EB, et al. Delayed ("secondary") cerebral energy failure after acute hypoxia-

ischemia in the newborn piglet: continuous 48-hour studies by phosphorus magnetic resonance spectroscopy.
Pediatr Res 1994; 36(6): 699-706.

S1. Davidson JO, Wassink G, van den Heuij LG, Bennet L, Gunn AJ. Therapeutic Hypothermia for
Neonatal Hypoxic-Ischemic Encephalopathy - Where to from Here? Front Neurol 2015; 6: 198.

57



52. Saugstad OD. Delivery room management of term and preterm newly born infants. Neonatology 2015;
107(4): 365-71.

53. Klinger G, Beyene J, Shah P, Perlman M. Do hyperoxaemia and hypocapnia add to the risk of brain
injury after intrapartum asphyxia? Arch Dis Child Fetal Neonatal Ed 2005; 90(1): F49-52.

54. Kapadia VS, Chalak LF, DuPont TL, Rollins NK, Brion LP, Wyckoff MH. Perinatal asphyxia with
hyperoxemia within the first hour of life is associated with moderate to severe hypoxic-ischemic
encephalopathy. J Pediatr 2013; 163(4): 949-54.

55. Gunn AJ, Thoresen M. Animal studies of neonatal hypothermic neuroprotection have translated well in
to practice. Resuscitation 2015; 97: 88-90.

56. Wassink G, Gunn ER, Drury PP, Bennet L, Gunn AJ. The mechanisms and treatment of asphyxial
encephalopathy. Front Neurosci 2014; 8: 40.

57. Montaldo P, Pauliah SS, Lally PJ, Olson L, Thayyil S. Cooling in a low-resource environment: Lost in
translation. Semin Fetal Neonatal Med 2014.

58. 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.

59. Osredkar D, Thoresen M, Maes E, Flatebo T, Elstad M, Sabir H. Hypothermia is not neuroprotective
after infection-sensitized neonatal hypoxic-ischemic brain injury. Resuscitation 2014; 85(4): 567-72.

60. Wintermark P, Boyd T, Gregas MC, Labrecque M, Hansen A. Placental pathology in asphyxiated
newborns meeting the criteria for therapeutic hypothermia. Am J Obstet Gynecol 2010; 203(6): 579.e1-9.

61. Colella M, Biran V, Baud O. Melatonin and the newborn brain. Early Hum Dev 2016.

62. Robertson NJ, Faulkner S, Fleiss B, et al. Melatonin augments hypothermic neuroprotection in a
perinatal asphyxia model. Brain 2013; 136(Pt 1): 90-105.

63. Wilkinson D, Shepherd E, Wallace EM. Melatonin for women in pregnancy for neuroprotection of the

fetus. Cochrane Database Syst Rev 2016; 3: Cd010527.

64. Fleiss B, Guillot PV, Titomanlio L, Baud O, Hagberg H, Gressens P. Stem cell therapy for neonatal
brain injury. Clin Perinatol 2014; 41(1): 133-48.

65. Mueller M, Wolfs TG, Schoeberlein A, Gavilanes AW, Surbek D, Kramer BW. Mesenchymal
stem/stromal cells-a key mediator for regeneration after perinatal morbidity? Mol Cell Pediatr 2016; 3(1): 6.
66. Ophelders DR, Wolfs TG, Jellema RK, et al. Mesenchymal Stromal Cell-Derived Extracellular
Vesicles Protect the Fetal Brain After Hypoxia-Ischemia. Stem Cells Transl Med 2016; 5(6): 754-63.

67. Fan YY, Hu WW, Nan F, Chen Z. Postconditioning-induced neuroprotection, mechanisms and
applications in cerebral ischemia. Neurochem Int 2017.

68. Lobo N, Yang B, Rizvi M, Ma D. Hypothermia and xenon: novel noble guardians in hypoxic-ischemic
encephalopathy? J Neurosci Res 2013; 91(4): 473-8.

69. Azzopardi D, Robertson NJ, Bainbridge A, et al. 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 2015.

70. Broad KD, Fierens I, Fleiss B, et al. Inhaled 45-50% argon augments hypothermic brain protection in a
piglet model of perinatal asphyxia. Neurobiol Dis 2016; 87: 29-38.
71. Nemeth J, Toth-Szuki V, Varga V, Kovacs V, Remzso G, Domoki F. Molecular hydrogen affords

neuroprotection in a translational piglet model of hypoxic-ischemic encephalopathy. J Physiol Pharmacol 2016;
67(5): 677-89.

72. 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; 59(5): 684-9.
73. Osterholt HC, Dannevig I, Wyckoff MH, et al. 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.

74. Benterud T, Ystgaard MB, Manueldas S, et al. N-Acetylcysteine Amide Exerts Possible
Neuroprotective Effects in Newborn Pigs after Perinatal Asphyxia. Neonatology 2016; 111(1): 12-21.

75. Baron EP. Comprehensive Review of Medicinal Marijuana, Cannabinoids, and Therapeutic
Implications in Medicine and Headache: What a Long Strange Trip It's Been. Headache 2015; 55(6): 885-916.
76. Gaoni Y, Mechoulam R. The isolation and structure of delta-1-tetrahydrocannabinol and other neutral
cannabinoids from hashish. J Am Chem Soc 1971; 93(1): 217-24.

77. Herkenham M, Lynn AB, Little MD, et al. Cannabinoid receptor localization in brain. Proc Natl Acad
Sci U S 4 1990; 87(5): 1932-6.

78. Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. Structure of a cannabinoid receptor
and functional expression of the cloned cDNA. Nature 1990; 346(6284): 561-4.
79. Skaper SD, Di Marzo V. Endocannabinoids in nervous system health and disease: the big picture in a

nutshell. Philos Trans R Soc Lond B Biol Sci 2012; 367(1607): 3193-200.

58



80. Bermudez-Silva FJ, Viveros MP, McPartland JM, Rodriguez de Fonseca F. The endocannabinoid
system, eating behavior and energy homeostasis: the end or a new beginning? Pharmacol Biochem Behav 2010;
95(4): 375-82.

81. Hill AJ, Williams CM, Whalley BJ, Stephens GJ. Phytocannabinoids as novel therapeutic agents in
CNS disorders. Pharmacol Ther 2012; 133(1): 79-97.

82. Mechoulam R, Hanus L. Cannabidiol: an overview of some chemical and pharmacological aspects.
Part I: chemical aspects. Chem Phys Lipids 2002; 121(1-2): 35-43.

83. Ibeas Bih C, Chen T, Nunn AV, Bazelot M, Dallas M, Whalley BJ. Molecular Targets of Cannabidiol

in Neurological Disorders. Neurotherapeutics 2015; 12(4): 699-730.

84. Martin-Santos R, Crippa JA, Batalla A, et al. Acute effects of a single, oral dose of d9-
tetrahydrocannabinol (THC) and cannabidiol (CBD) administration in healthy volunteers. Curr Pharm Des
2012; 18(32): 4966-79.

85. Carlini EA, Cunha JM. Hypnotic and antiepileptic effects of cannabidiol. J Clin Pharmacol 1981;
21(8-9 Suppl): 417s-27s.

86. Burstein S. Cannabidiol (CBD) and its analogs: a review of their effects on inflammation. Bioorg Med
Chem 2015; 23(7): 1377-85.

87. Fasinu PS, Phillips S, EISohly MA, Walker LA. Current Status and Prospects for Cannabidiol
Preparations as New Therapeutic Agents. Pharmacotherapy 2016; 36(7): 781-96.

88. de Meijer EP, Bagatta M, Carboni A, et al. The inheritance of chemical phenotype in Cannabis sativa
L. Genetics 2003; 163(1): 335-46.

89. Ohlsson A, Lindgren JE, Andersson S, Agurell S, Gillespie H, Hollister LE. Single-dose kinetics of
deuterium-labelled cannabidiol in man after smoking and intravenous administration. Biomed Environ Mass
Spectrom 1986; 13(2): 77-83.

90. Samara E, Bialer M, Mechoulam R. Pharmacokinetics of cannabidiol in dogs. Drug Metab Dispos
1988; 16(3): 469-72.

91. Devinsky O, Cilio MR, Cross H, et al. Cannabidiol: Pharmacology and potential therapeutic role in
epilepsy and other neuropsychiatric disorders. Epilepsia 2014; 55(6): 791-802.
92. McPartland JM, Duncan M, Di Marzo V, Pertwee RG. Are cannabidiol and Delta(9) -

tetrahydrocannabivarin negative modulators of the endocannabinoid system? A systematic review. BrJ
Pharmacol 2015; 172(3): 737-53.

93. Pazos MR, Mohammed N, Lafuente H, et al. Mechanisms of cannabidiol neuroprotection in hypoxic-
ischemic newborn pigs: role of SHT(1A) and CB2 receptors. Neuropharmacology 2013; 71: 282-91.
94. Campos AC, Fogaca MV, Sonego AB, Guimaraes FS. Cannabidiol, neuroprotection and

neuropsychiatric disorders. Pharmacol Res 2016.

95. Lafuente H, Pazos MR, Alvarez A, et al. Effects of Cannabidiol and Hypothermia on Short-Term Brain
Damage in New-Born Piglets after Acute Hypoxia-Ischemia. Front Neurosci 2016; 10: 323.

96. Pazos MR, Cinquina V, Gémez A, et al. Cannabidiol administration after hypoxia-ischemia to newborn
rats reduces long-term brain injury and restores neurobehavioral function. Neuropharmacology 2012; 63(5):
776-83.

97. Lafuente H, Alvarez FJ, Pazos MR, et al. Cannabidiol reduces brain damage and improves functional
recovery after acute hypoxia-ischemia in newborn pigs. Pediatr Res 2011; 70(3): 272-7.
98. Castillo A, Tolén MR, Fernandez-Ruiz J, Romero J, Martinez-Orgado J. The neuroprotective effect of

cannabidiol in an in vitro model of newborn hypoxic-ischemic brain damage in mice is mediated by CB(2) and
adenosine receptors. Neurobiol Dis 2010; 37(2): 434-40.

99. Alvarez FJ, Lafuente H, Rey-Santano MC, et al. Neuroprotective effects of the nonpsychoactive
cannabinoid cannabidiol in hypoxic-ischemic newborn piglets. Pediatr Res 2008; 64(6): 653-8.
100. Devinsky O, Marsh E, Friedman D, et al. Cannabidiol in patients with treatment-resistant epilepsy: an

open-label interventional trial. Lancet Neurol 2015.

101. England TJ, Hind WH, Rasid NA, O'Sullivan SE. Cannabinoids in experimental stroke: a systematic
review and meta-analysis. J Cereb Blood Flow Metab 2015; 35(3): 348-58.

102. da Silva VK, de Freitas BS, da Silva Dornelles A, et al. Cannabidiol normalizes caspase 3,
synaptophysin, and mitochondrial fission protein DNM1L expression levels in rats with brain iron overload:
implications for neuroprotection. Mol Neurobiol 2014; 49(1): 222-33.

103. Pryce G, Riddall DR, Selwood DL, Giovannoni G, Baker D. Neuroprotection in Experimental
Autoimmune Encephalomyelitis and Progressive Multiple Sclerosis by Cannabis-Based Cannabinoids. J
Neuroimmune Pharmacol 2014.

104. Silveira JW, Issy AC, Castania VA, et al. Protective effects of cannabidiol on lesion-induced
intervertebral disc degeneration. PLoS One 2014; 9(12): el113161.

59



105. da Silva VK, de Freitas BS, da Silva Dornelles A, et al. Cannabidiol Normalizes Caspase 3,
Synaptophysin, and Mitochondrial Fission Protein DNMI1L Expression Levels in Rats with Brain Iron
Overload: Implications for Neuroprotection. Mol Neurobiol 2013.

106. Mecha M, Torrao AS, Mestre L, Carrillo-Salinas FJ, Mechoulam R, Guaza C. Cannabidiol protects
oligodendrocyte progenitor cells from inflammation-induced apoptosis by attenuating endoplasmic reticulum
stress. Cell Death Dis 2012; 3: e331.

107. Martin-Moreno AM, Reigada D, Ramirez BG, et al. Cannabidiol and other cannabinoids reduce
microglial activation in vitro and in vivo: relevance to Alzheimer's disease. Mol Pharmacol 2011; 79(6): 964-
73.

108. Hampson AJ, Grimaldi M, Axelrod J, Wink D. Cannabidiol and (-)Delta9-tetrahydrocannabinol are
neuroprotective antioxidants. Proc Natl Acad Sci U S A 1998; 95(14): 8268-73.

109. Esposito G, De Filippis D, Maiuri MC, De Stefano D, Carnuccio R, Iuvone T. Cannabidiol inhibits
inducible nitric oxide synthase protein expression and nitric oxide production in beta-amyloid stimulated PC12
neurons through p38 MAP kinase and NF-kappaB involvement. Neurosci Lett 2006; 399(1-2): 91-5.

110. Esposito G, Scuderi C, Savani C, et al. Cannabidiol in vivo blunts beta-amyloid induced
neuroinflammation by suppressing IL-1beta and iNOS expression. Br J Pharmacol 2007; 151(8): 1272-9.

111. Hayakawa K, Mishima K, Nozako M, et al. Delayed treatment with cannabidiol has a cerebroprotective
action via a cannabinoid receptor-independent myeloperoxidase-inhibiting mechanism. J Neurochem 2007,
102(5): 1488-96.

112. Glutamate in Cerebral Tissue of Asphyxiated Neonates during the First Week of Life Demonstrated in
vivo Using Proton Magnetic Resonance Spectroscopy. Neonatology 2001; 79(3-4): 254-7.

113. Hagberg H, Thornberg E, Blennow M, et al. Excitatory amino acids in the cerebrospinal fluid of
asphyxiated infants: relationship to hypoxic-ischemic encephalopathy. Acta Paediatr 1993; 82(11): 925-9.

114. McDonald JW, Johnston MV. Physiological and pathophysiological roles of excitatory amino acids
during central nervous system development. Brain Res Brain Res Rev 1990; 15(1): 41-70.

115. Ryan D, Drysdale AJ, Lafourcade C, Pertwee RG, Platt B. Cannabidiol targets mitochondria to regulate
intracellular Ca2+ levels. J Neurosci 2009; 29(7): 2053-63.

116. Berends AC, Luiten PG, Nyakas C. A review of the neuroprotective properties of the 5S-HT 1A receptor
agonist repinotan HCl (BAYx3702) in ischemic stroke. CNS Drug Rev 2005; 11(4): 379-402.

117. Hind WH, England TJ, O'Sullivan SE. Cannabidiol protects an in vitro model of the blood-brain barrier
from oxygen-glucose deprivation via PPARgamma and 5-HT1A receptors. Br J Pharmacol 2016; 173(5): 815-
25.

118. Kristian T. Metabolic stages, mitochondria and calcium in hypoxic/ischemic brain damage. Cel/
Calcium 2004; 36(3-4): 221-33.

119. Shah DK, Wusthoff CJ, Clarke P, et al. Electrographic seizures are associated with brain injury in
newborns undergoing therapeutic hypothermia. Arch Dis Child Fetal Neonatal Ed 2014; 99(3): F219-24.

120. Moretti R, Pansiot J, Bettati D, et al. Blood-brain barrier dysfunction in disorders of the developing
brain. Front Neurosci 2015; 9: 40.

121. Valvassori SS, Bavaresco DV, Scaini G, et al. Acute and chronic administration of cannabidiol
increases mitochondrial complex and creatine kinase activity in the rat brain. Rev Bras Psiquiatr 2013; 35(4):
380-6.

122. Owens K, Park JH, Schuh R, Kristian T. Mitochondrial Dysfunction and NAD+ Metabolism
Alterations in the Pathophysiology of Acute Brain Injury. Translational Stroke Research 2013; 4(6): 618-34.
123. Szydlowska K, Tymianski M. Calcium, ischemia and excitotoxicity. Cell Calcium 2010; 47(2): 122-9.
124. Hagberg H, Mallard C, Rousset CI, Xiaoyang W. Apoptotic mechanisms in the immature brain:
involvement of mitochondria. J Child Neurol 2009; 24(9): 1141-6.

125. Edwards AD, Yue X, Cox P, et al. Apoptosis in the brains of infants suffering intrauterine cerebral
injury. Pediatr Res 1997; 42(5): 684-9.

126. Iuvone T, Esposito G, Esposito R, Santamaria R, Di Rosa M, Izzo AA. Neuroprotective effect of
cannabidiol, a non-psychoactive component from Cannabis sativa, on beta-amyloid-induced toxicity in PC12
cells. J Neurochem 2004; 89(1): 134-41.

127. Jellema RK, Lima Passos V, Zwanenburg A, et al. Cerebral inflammation and mobilization of the
peripheral immune system following global hypoxia-ischemia in preterm sheep. J Neuroinflammation 2013; 10:
13.

128. Booz GW. Cannabidiol as an emergent therapeutic strategy for lessening the impact of inflammation
on oxidative stress. Free Radic Biol Med 2011; 51(5): 1054-61.

129. Walter L, Franklin A, Witting A, et al. Nonpsychotropic cannabinoid receptors regulate microglial cell
migration. J Neurosci 2003; 23(4): 1398-405.

60



130. Carrier EJ, Auchampach JA, Hillard CJ. Inhibition of an equilibrative nucleoside transporter by
cannabidiol: a mechanism of cannabinoid immunosuppression. Proc Natl Acad Sci U S A 2006; 103(20): 7895-
900.

131. Lawrence T. The Nuclear Factor NF-kB Pathway in Inflammation. Cold Spring Harbor Perspectives in
Biology 2009; 1(6): a001651.

132. Mato S, Victoria Sanchez-Gomez M, Matute C. Cannabidiol induces intracellular calcium elevation
and cytotoxicity in oligodendrocytes. Glia 2010; 58(14): 1739-47.

133. Hassan S, Eldeeb K, Millns PJ, Bennett AJ, Alexander SP, Kendall DA. Cannabidiol enhances
microglial phagocytosis via transient receptor potential (TRP) channel activation. Br J Pharmacol 2014; 171(9):
2426-39.

134. Massi P, Vaccani A, Bianchessi S, Costa B, Macchi P, Parolaro D. The non-psychoactive cannabidiol
triggers caspase activation and oxidative stress in human glioma cells. Cell Mol Life Sci 2006; 63(17): 2057-66.
135. Massi P, Solinas M, Cinquina V, Parolaro D. Cannabidiol as potential anticancer drug. Br J Clin
Pharmacol 2013; 75(2): 303-12.

136. Kellogg R, Mackie K, Straiker A. Cannabinoid CB1 receptor-dependent long-term depression in
autaptic excitatory neurons. J Neurophysiol 2009; 102(2): 1160-71.

137. Roloff AM, Thayer SA. Modulation of Excitatory Synaptic Transmission by A(9)-
Tetrahydrocannabinol Switches from Agonist to Antagonist Depending on Firing Rate. Molecular
Pharmacology 2009; 75(4): 892-900.

138. Sarne Y, Asaf F, Fishbein M, Gafni M, Keren O. The dual neuroprotective-neurotoxic profile of
cannabinoid drugs. Br J Pharmacol 2011; 163(7): 1391-401.

139. Jonas S, Izaurralde E. Towards a molecular understanding of microRNA-mediated gene silencing. Nat
Rev Genet 2015; 16(7): 421-33.

140. Ameres SL, Zamore PD. Diversifying microRNA sequence and function. Nat Rev Mol Cell Biol 2013;
14(8): 475-88.

141. Basak I, Patil KS, Alves G, Larsen JP, Mgller SG. microRNAs as neuroregulators, biomarkers and
therapeutic agents in neurodegenerative diseases. Cellular and Molecular Life Sciences 2016; 73(4): 811-27.
142. Creemers EE, Tijsen AJ, Pinto YM. Circulating microRNAs: novel biomarkers and extracellular
communicators in cardiovascular disease? Circ Res 2012; 110(3): 483-95.

143. Esteller M. Non-coding RNAs in human disease. Nat Rev Genet 2011; 12(12): 861-74.

144, Amiel J, de Pontual L, Henrion-Caude A. miRNA, development and disease. Adv Genet 2012; 80: 1-
36.

145. De Guire V, Robitaille R, Tetreault N, et al. Circulating miRNAs as sensitive and specific biomarkers
for the diagnosis and monitoring of human diseases: promises and challenges. Cl/in Biochem 2013; 46(10-11):
846-60.

146. Vijayan M, Reddy PH. Peripheral biomarkers of stroke: Focus on circulatory microRNAs. Biochim
Biophys Acta 2016; 1862(10): 1984-93.

147. LiJ, XuJ, Cheng Y, Wang F, Song Y, Xiao J. Circulating microRNAs as mirrors of acute coronary
syndromes: MiRacle or quagMire? J Cell Mol Med 2013; 17(11): 1363-70.

148. Devaux Y, Stammet P, Friberg H, et al. MicroRNAs: new biomarkers and therapeutic targets after
cardiac arrest? Crit Care 2015; 19: 54.

149. Whitehead CL, Teh WT, Walker SP, Leung C, Larmour L, Tong S. Circulating MicroRNAs in
maternal blood as potential biomarkers for fetal hypoxia in-utero. PLoS One 2013; 8(11): ¢78487.

150. Qiu J, Zhou XY, Zhou XG, Cheng R, Liu HY, Li Y. Neuroprotective effects of microRNA-210 against
oxygen-glucose deprivation through inhibition of apoptosis in PC12 cells. Mol Med Rep 2013; 7(6): 1955-9.
151. Qiu J, Zhou XY, Zhou XG, Cheng R, Liu HY, Li Y. Neuroprotective effects of microRNA-210 on
hypoxic-ischemic encephalopathy. Biomed Res Int 2013; 2013: 350419.

152. Ma Q, Dasgupta C, Li Y, et al. Inhibition of microRNA-210 provides neuroprotection in hypoxic-
ischemic brain injury in neonatal rats. Neurobiol Dis 2016; 89: 202-12.

153. Looney AM, Walsh BH, Moloney G, et al. Downregulation of Umbilical Cord Blood Levels of miR-
374a in Neonatal Hypoxic Ischemic Encephalopathy. J Pediatr 2015.

154. Ponnusamy V, Kapellou O, Yip E, et al. A study of microRNAs from dried blood spots in newborns
after perinatal asphyxia; a simple and feasible biosampling method. Pediatr Res 2015.

155. Graham EM, Burd I, Everett AD, Northington FJ. Blood Biomarkers for Evaluation of Perinatal
Encephalopathy. Front Pharmacol 2016; 7: 196.

156. Akerblom M, Jakobsson J. MicroRNAs as Neuronal Fate Determinants. Neuroscientist 2014; 20(3):
235-42.

157. Sun Y, Luo ZM, Guo XM, Su DF, Liu X. An updated role of microRNA-124 in central nervous system
disorders: a review. Front Cell Neurosci 2015;9: 193.

61



158. Weng H, Shen C, Hirokawa G, et al. Plasma miR-124 as a biomarker for cerebral infarction. Biomed
Res 2011; 32(2): 135-41.

159. Devaux Y, Dankiewicz J, Salgado-Somoza A, et al. Association of Circulating MicroRNA-124-3p
Levels With Outcomes After Out-of-Hospital Cardiac Arrest: A Substudy of a Randomized Clinical Trial.
JAMA Cardiol 2016; 1(3): 305-13.

160. Gilje P, Gidlof O, Rundgren M, et al. The brain-enriched microRNA miR-124 in plasma predicts
neurological outcome after cardiac arrest. Crit Care 2014; 18(2): R40.

161. Akerblom M, Petri R, Sachdeva R, et al. microRNA-125 distinguishes developmentally generated and
adult-born olfactory bulb interneurons. Development 2014; 141(7): 1580-8.

162. Malmevik J, Petri R, Klussendorf T, et al. Identification of the miRNA targetome in hippocampal
neurons using RIP-seq. Sci Rep 2015; 5: 126009.

163. Banzhaf-Strathmann J, Edbauer D. Good guy or bad guy: the opposing roles of microRNA 125b in
cancer. Cell Commun Signal 2014; 12: 30.

164. Kumar S, Reddy PH. Are circulating microRNAs peripheral biomarkers for Alzheimer's disease?
Biochim Biophys Acta 2016; 1862(9): 1617-27.

165. Sepramaniam S, Tan JR, Tan KS, et al. Circulating microRNAs as biomarkers of acute stroke. Int J
Mol Sci 2014; 15(1): 1418-32.
166. Vosa U, Vooder T, Kolde R, et al. Identification of miR-374a as a prognostic marker for survival in

patients with early-stage nonsmall cell lung cancer. Genes Chromosomes Cancer 2011; 50(10): 812-22.

167. Wang J, Wang H, Liu A, Fang C, Hao J, Wang Z. Lactate dehydrogenase A negatively regulated by
miRNAs promotes aerobic glycolysis and is increased in colorectal cancer. Oncotarget 2015; 6(23): 19456-68.
168. Chan YC, Banerjee J, Choi SY, Sen CK. miR-210: the master hypoxamir. Microcirculation 2012;
19(3): 215-23.

169. Ivan M, Huang X. miR-210: fine-tuning the hypoxic response. Adv Exp Med Biol 2014; 772: 205-27.
170. Hale A, Lee C, Annis S, et al. An Argonaute 2 switch regulates circulating miR-210 to coordinate
hypoxic adaptation across cells. Biochim Biophys Acta 2014; 1843(11): 2528-42.

171. Qiu J, Zhou XY, Zhou XG, Li Y, Cheng R, Liu HY. MicroRNA-210 knockdown contributes to
apoptosis caused by oxygen glucose deprivation in PC12 cells. Mol Med Rep 2015; 11(1): 719-23.

172. Lorenzen JM, Kielstein JT, Hafer C, et al. Circulating miR-210 predicts survival in critically ill patients
with acute kidney injury. Clin J Am Soc Nephrol 2011; 6(7): 1540-6.

173. Witwer KW. Circulating microRNA biomarker studies: pitfalls and potential solutions. Clin Chem
2015; 61(1): 56-63.

174. Moldovan L, Batte KE, Trgovcich J, Wisler J, Marsh CB, Piper M. Methodological challenges in
utilizing miRNAs as circulating biomarkers. J Cell Mol Med 2014; 18(3): 371-90.

175. Liebetrau C, Méllmann H, Dorr O, et al. Release Kinetics of Circulating Muscle-Enriched MicroRNAs
in Patients Undergoing Transcoronary Ablation of Septal Hypertrophy. Journal of the American College of
Cardiology 2013; 62(11): 992-8.

176. Lingam I, Avdic-Belltheus A, Robertson NJ. Using animal models to improve care of neonatal
encephalopathy. Arch Dis Child Educ Pract Ed 2016; 101(5): 271-6.

177. Rootwelt T, Dunn M, Yudkoff M, Itoh T, Almaas R, Pleasure D. Hypoxic cell death in human NT2-N
neurons: involvement of NMDA and non-NMDA glutamate receptors. J Neurochem 1998; 71(4): 1544-53.
178. Sweda R, Phillips AW, Marx J, Johnston MV, Wilson MA, Fatemi A. Glial-Restricted Precursors
Protect Neonatal Brain Slices from Hypoxic-Ischemic Cell Death Without Direct Tissue Contact. Stem Cells
Dev 2016; 25(13): 975-85.

179. Wollen EJ, Sejersted Y, Wright MS, et al. Transcriptome profiling of the newborn mouse brain after
hypoxia-reoxygenation: hyperoxic reoxygenation induces inflammatory and energy failure responsive genes.
Pediatr Res 2014; 75(4): 517-26.

180. Kellert BA, McPherson RJ, Juul SE. A comparison of high-dose recombinant erythropoietin treatment
regimens in brain-injured neonatal rats. Pediatr Res 2007; 61(4): 451-5.

181. Wassink G, Davidson JO, Dhillon SK, et al. Partial white and grey matter protection with prolonged
infusion of recombinant human erythropoietin after asphyxia in preterm fetal sheep. J Cereb Blood Flow Metab
2016.

182. Munkeby BH, De Lange C, Emblem KE, et al. A piglet model for detection of hypoxic-ischemic brain
injury with magnetic resonance imaging. Acta Radiol 2008; 49(9): 1049-57.

183. Alonso-Alconada D, Broad KD, Bainbridge A, et al. Brain cell death is reduced with cooling by 3.5
degrees C to 5 degrees C but increased with cooling by 8.5 degrees C in a piglet asphyxia model. Stroke 2015;
46(1): 275-8.

184. Haaland K, Leberg EM, Steen PA, Thoresen M. Posthypoxic hypothermia in newborn piglets. Pediatr
Res 1997; 41(4 Pt 1): 505-12.

62



185. Solberg R, Laberg EM, Andresen JH, et al. Resuscitation of newborn piglets. short-term influence of
FiO2 on matrix metalloproteinases, caspase-3 and BDNF. PLoS One 2010; 5(12): e14261.

186. Andresen JH, Carlsen B, Solberg R, et al. Newborn piglets exposed to hypoxia after nicotine or saline
pretreatment: long-term effects on brain and heart. J Matern Fetal Neonatal Med 2009; 22(2): 161-8.

187. Northington FJ. Brief update on animal models of hypoxic-ischemic encephalopathy and neonatal
stroke. Ilar j 2006; 47(1): 32-8.

188. Conrad MS, Johnson RW. The domestic piglet: an important model for investigating the
neurodevelopmental consequences of early life insults. Annu Rev Anim Biosci 2015; 3: 245-64.

189. Conrad MS, Sutton BP, Dilger RN, Johnson RW. An In Vivo Three-Dimensional Magnetic Resonance
Imaging-Based Averaged Brain Collection of the Neonatal Piglet (Sus scrofa). PLoS One 2014; 9(9): e107650.
190. Laptook A, Stonestreet BS, Oh W. Autoregulation of brain blood flow in the newborn piglet: regional
differences in flow reduction during hypotension. Early Hum Dev 1982; 6(1): 99-107.

191. Pazos MR, Mohammed N, Lafuente H, et al. Mechanisms of cannabidiol neuroprotection in hypoxic-
ischemic newborn pigs: role of SHT(1)A and CB2 receptors. Neuropharmacology 2013; 71: 282-91.

192. Bjorkman ST, Foster KA, O'driscoll SM, et al. Hypoxic/Ischemic models in newborn piglet:
comparison of constant FiO2 versus variable FiO2 delivery. Brain Res 2006; 1100(1): 110-7.

193. Kyng KJ, Skajaa T, Kerrn-Jespersen S, Andreassen CS, Bennedsgaard K, Henriksen TB. A Piglet
Model of Neonatal Hypoxic-Ischemic Encephalopathy. J Vis Exp 2015; (99).

194. Thoresen M, Haaland K, Loberg EM, et al. A piglet survival model of posthypoxic encephalopathy.
Pediatr Res 1996; 40(5): 738-48.

195. Burden N, Chapman K, Sewell F, Robinson V. Pioneering better science through the 3Rs: an
introduction to the national centre for the replacement, refinement, and reduction of animals in research
(NC3Rs). J Am Assoc Lab Anim Sci 2015; 54(2): 198-208.

196. Monitto CL, Kurth CD. The effect of fentanyl, sufentanil, and alfentanil on cerebral arterioles in
piglets. Anesth Analg 1993; 76(5): 985-9.

197. Scalais E, Beharry K, Papageorgiou A, Bureau M, Aranda JV. Effects of phenobarbital on cerebral
blood flow in the newborn piglet. Dev Pharmacol Ther 1992; 19(1): 10-8.

198. Ahmad R, Beharry K, Modanlou H. Changes in cerebral venous prostanoids during midazolam-
induced cerebrovascular hypotension in newborn piglets. Crit Care Med 2000; 28(7): 2429-36.

199. Rajan V, Beharry KD, Williams P, Modanlou HD. Pharmacodynamic effects and pharmacokinetic
profile of continuous infusion fentanyl in newborn piglets. Biol Neonate 1998; 74(1): 39-47.

200. van den Broek MP, Groenendaal F, Toet MC, et al. Pharmacokinetics and clinical efficacy of
phenobarbital in asphyxiated newborns treated with hypothermia: a thermopharmacological approach. Clin
Pharmacokinet 2012; 51(10): 671-9.

201. Barks JD, Liu YQ, Shangguan Y, Silverstein FS. Phenobarbital augments hypothermic
neuroprotection. Pediatr Res 2010; 67(5): 532-7.

202. van den Broek MP, van Straaten HL, Huitema AD, et al. Anticonvulsant effectiveness and
hemodynamic safety of midazolam in full-term infants treated with hypothermia. Neonatology 2015; 107(2):
150-6.

203. Larson AC, Jamrogowicz JL, Kulikowicz E, et al. Cerebrovascular autoregulation after rewarming
from hypothermia in a neonatal swine model of asphyxic brain injury. J App! Physiol (1985) 2013; 115(10):
1433-42.

204. Haugen O, Farstad M, Lise Kvalheim V, et al. Mean arterial pressure about 40 mmHg during CPB is
associated with cerebral ischemia in piglets. Scand Cardiovasc J 2006; 40(1): 54-61.

205. Lee JK, Brady KM, Mytar JO, et al. Cerebral Blood Flow and Cerebrovascular Autoregulation in a
Swine Model of Pediatric Cardiac Arrest and Hypothermia. Critical care medicine 2011; 39(10): 2337-45.
206. Aslam S, Molloy EJ. Biomarkers of multiorgan injury in neonatal encephalopathy. Biomark Med 2015;
9(3): 267-75.

207. Armstrong K, Franklin O, Sweetman D, Molloy EJ. Cardiovascular dysfunction in infants with
neonatal encephalopathy. Arch Dis Child 2012; 97(4): 372-5.

208. Thoresen M, Penrice J, Lorek A, et al. Mild hypothermia after severe transient hypoxia-ischemia
ameliorates delayed cerebral energy failure in the newborn piglet. Pediatr Res 1995; 37(5): 667-70.

2009. Amess PN, Penrice J, Cady EB, et al. Mild hypothermia after severe transient hypoxia-ischemia
reduces the delayed rise in cerebral lactate in the newborn piglet. Pediatr Res 1997; 41(6): 803-8.

210. Sobotka KS, Morley C, Ong T, et al. Circulatory Responses to Asphyxia Differ if the Asphyxia Occurs
<italic>In Utero</italic> or <italic>Ex Utero</italic> in Near-Term Lambs. PLoS ONE 2014; 9(11): e112264.
211. Solberg R, Escobar J, Arduini A, et al. Metabolomic Analysis of the Effect of Postnatal Hypoxia on the
Retina in a Newly Born Piglet Model. PLoS One 2013; 8(6): €66540.

212. Solberg R, Kuligowski J, Pankratov L, et al. Changes of the plasma metabolome of newly born piglets
subjected to postnatal hypoxia and resuscitation with air. Pediatr Res 2016; 80(2): 284-92.

63



213. Martin LJ, Brambrink AM, Price AC, et al. Neuronal death in newborn striatum after hypoxia-ischemia
is necrosis and evolves with oxidative stress. Neurobiol Dis 2000; 7(3): 169-91.

214. Hoque N, Sabir H, Maes E, Bishop S, Thoresen M. Validation of a neuropathology score using
quantitative methods to evaluate brain injury in a pig model of hypoxia ischaemia. J Neurosci Methods 2014;
230: 30-6.

215. Blennow M, Savman K, Ilves P, Thoresen M, Rosengren L. Brain-specific proteins in the cerebrospinal
fluid of severely asphyxiated newborn infants. Acta Paediatr 2001; 90(10): 1171-5.

216. Massaro AN, Chang T, Baumgart S, McCarter R, Nelson KB, Glass P. Biomarkers S100B and neuron-
specific enolase predict outcome in hypothermia-treated encephalopathic newborns*. Pediatr Crit Care Med
2014; 15(7): 615-22.

217. Gazzolo D, Pluchinotta F, Bashir M, et al. Neurological abnormalities in full-term asphyxiated
newborns and salivary S100B testing: the &quot;Cooperative Multitask against Brain Injury of Neonates&quot;
(CoMBINe) international study. PLoS One 2015; 10(1): e0115194.

218. Roka A, Kelen D, Halasz J, Beko G, Azzopardi D, Szabo M. Serum S100B and neuron-specific
enolase levels in normothermic and hypothermic infants after perinatal asphyxia. Acta Paediatr 2012; 101(3):
319-23.

219. Florio P, Abella R, Marinoni E, et al. Biochemical markers of perinatal brain damage. Front Biosci
(Schol Ed) 2010; 2: 47-72.

220. Beharier O, Kahn J, Shusterman E, Sheiner E. S100B - a potential biomarker for early detection of
neonatal brain damage following asphyxia. J Matern Fetal Neonatal Med 2012; 25(9): 1523-8.

221. Sweetman D, Armstrong K, Murphy JF, Molloy EJ. Cardiac biomarkers in neonatal hypoxic
ischaemia. Acta Paediatr 2012; 101(4): 338-43.

222. Gunes T, Ozturk MA, Koklu SM, Narin N, Koklu E. Troponin-T levels in perinatally asphyxiated
infants during the first 15 days of life. Acta Paediatr 2005; 94(11): 1638-43.

223. Kanik E, Ozer EA, Bakiler AR, et al. Assessment of myocardial dysfunction in neonates with hypoxic-
ischemic encephalopathy: is it a significant predictor of mortality? J Matern Fetal Neonatal Med 2009; 22(3):
239-42.

224, Sweetman DU, Molloy EJ. Biomarkers of acute kidney injury in neonatal encephalopathy. Fur J
Pediatr 2013; 172(3): 305-16.

225. Essajee F, Were F, Admani B. Urine neutrophil gelatinase-associated lipocalin in asphyxiated
neonates: a prospective cohort study. Pediatr Nephrol 2015; 30(7): 1189-96.
226. Thayyil S, Chandrasekaran M, Taylor A, et al. Cerebral magnetic resonance biomarkers in neonatal

encephalopathy: a meta-analysis. Pediatrics 2010; 125(2): €382-95.

227. Robertson NJ, Thayyil S, Cady EB, Raivich G. Magnetic resonance spectroscopy biomarkers in term
perinatal asphyxial encephalopathy: from neuropathological correlates to future clinical applications. Curr
Pediatr Rev 2014; 10(1): 37-47.

228. Jimenez-Xarrie E, Davila M, Gil-Perotin S, et al. In vivo and ex vivo magnetic resonance spectroscopy
of the infarct and the subventricular zone in experimental stroke. J Cereb Blood Flow Metab 2015; 35(5): 828-
34.

229. Navarro E, Serrano-Heras G, Castano MJ, Solera J. Real-time PCR detection chemistry. Clin Chim
Acta 2015; 439: 231-50.

230. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc
2008; 3(6): 1101-8.

231. El-Khoury V, Pierson S, Kaoma T, Bernardin F, Berchem G. Assessing cellular and circulating
miRNA recovery: the impact of the RNA isolation method and the quantity of input material. Sci Rep 2016; 6:
19529.

232. Leng SX, McElhaney JE, Walston JD, Xie D, Fedarko NS, Kuchel GA. ELISA and multiplex
technologies for cytokine measurement in inflammation and aging research. J Gerontol A Biol Sci Med Sci
2008; 63(8): 879-84.

233. Schonhofen P, de Medeiros LM, Bristot 1J, et al. Cannabidiol Exposure During Neuronal
Differentiation Sensitizes Cells Against Redox-Active Neurotoxins. Mol Neurobiol 2014.

234, Domoki F, Zolei-Szenasi D, Olah O, et al. Comparison of cerebrocortical microvascular effects of
different hypoxic-ischemic insults in piglets: a laser-speckle imaging study. J Physiol Pharmacol 2014; 65(4):
551-8.

235. Haaland K, Orderud WJ, Thoresen M. The piglet as a model for cerebral circulation: an angiographic
study. Biol Neonate 1995; 68(1): 75-80.

236. Bologov A, Gafni M, Keren O, Sarne Y. Dual neuroprotective and neurotoxic effects of cannabinoid
drugs in vitro. Cell Mol Neurobiol 2011; 31(2): 195-202.
237. Wood T, Osredkar D, Puchades M, et al. Treatment temperature and insult severity influence the

neuroprotective effects of therapeutic hypothermia. Sci Rep 2016; 6: 23430.

64



238. Thoresen M, Satas S, Puka-Sundvall M, et al. Post-hypoxic hypothermia reduces cerebrocortical
release of NO and excitotoxins. Neuroreport 1997; 8(15): 3359-62.

239. Iwata O, Thornton JS, Sellwood MW, et al. Depth of delayed cooling alters neuroprotection pattern
after hypoxia-ischemia. Ann Neurol 2005; 58(1): 75-87.

240. Fouad AA, Al-Mulhim AS, Jresat [. Cannabidiol treatment ameliorates ischemia/reperfusion renal
injury in rats. Life Sci 2012; 91(7-8): 284-92.

241. Bergamaschi MM, Queiroz RH, Zuardi AW, Crippa JA. Safety and side effects of cannabidiol, a
Cannabis sativa constituent. Curr Drug Saf 2011; 6(4): 237-49.

242, Sultan SR, Millar SA, England TJ, O'Sullivan SE. A Systematic Review and Meta-Analysis of the
Haemodynamic Effects of Cannabidiol. Front Pharmacol 2017, 8: 81.

243. Stanley CP, Hind WH, O'Sullivan SE. Is the cardiovascular system a therapeutic target for
cannabidiol? Br J Clin Pharmacol 2013; 75(2): 313-22.

244. Stanley CP, Hind WH, Tufarelli C, O'Sullivan SE. Cannabidiol causes endothelium-dependent
vasorelaxation of human mesenteric arteries via CB1 activation. Cardiovasc Res 2015; 107(4): 568-78.

245. Ali RM, Al Kury LT, Yang KH, et al. Effects of cannabidiol on contractions and calcium signaling in
rat ventricular myocytes. Cell Calcium 2015; 57(4): 290-9.

246. Bellinger MA, Bean JS, Rader MA, et al. Concordant changes of plasma and kidney microRNA in the
early stages of acute kidney injury: time course in a mouse model of bilateral renal ischemia-reperfusion. PLoS
One 2014; 9(4): €93297.

247. Baggish AL, Park J, Min PK, et al. Rapid upregulation and clearance of distinct circulating microRNAs
after prolonged aerobic exercise. J Appl Physiol (1985) 2014; 116(5): 522-31.

248. Baker LA, Lee KC, Palacios Jimenez C, et al. Circulating microRNAs Reveal Time Course of Organ
Injury in a Porcine Model of Acetaminophen-Induced Acute Liver Failure. PLoS One 2015; 10(5): ¢0128076.
249. Pritchard CC, Kroh E, Wood B, et al. Blood Cell Origin of Circulating MicroRNAs: A Cautionary
Note for Cancer Biomarker Studies. Cancer Prevention Research 2012; 5(3): 492-7.

250. Chaudhari T, McGuire W. Allopurinol for preventing mortality and morbidity in newborn infants with
hypoxic-ischaemic encephalopathy. Cochrane Database Syst Rev 2012; (7): Cd006817.

251. Ariff S, Lee AC, Lawn J, Bhutta ZA. Global Burden, Epidemiologic Trends, and Prevention of
Intrapartum-Related Deaths in Low-Resource Settings. Clin Perinatol 2016; 43(3): 593-608.

252. Lee AC, Kozuki N, Blencowe H, et al. Intrapartum-related neonatal encephalopathy incidence and
impairment at regional and global levels for 2010 with trends from 1990. Pediatr Res 2013; 74 Suppl 1: 50-72.

65






	Blank Page
	Blank Page
	Blank Page


 
 
    
   HistoryItem_V1
   AddNumbers
        
     Range: From page 3 to page 65
     Font: Times-Roman 11.0 point
     Origin: bottom centre
     Offset: horizontal 0.00 points, vertical 42.52 points
     Prefix text: ''
     Suffix text: ''
     Use registration colour: no
      

        
     
     BC
     
     3
     TR
     1
     0
     948
     203
     0
     11.0000
            
                
         Both
         63
         3
         SubDoc
              

       CurrentAVDoc
          

     0.0000
     42.5197
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     2
     111
     64
     63
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 65
     Mask co-ordinates: Horizontal, vertical offset 70.02, 47.58 Width 19.75 Height 30.52 points
     Origin: bottom left
      

        
     1
     0
     BL
    
            
                
         Both
         3
         SubDoc
         65
              

       CurrentAVDoc
          

     70.0171 47.5753 19.7484 30.5203 
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     62
     111
     64
     63
      

   1
  

 HistoryList_V1
 qi2base



