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ABSTRACT 

 

LORELEI TUCKER 

Photobiomodulation as a mitochondrial targeted treatment strategy in neonatal hypoxic 

ischemic encephalopathy 

(Under the direction of Quanguang Zhang, Ph.D.) 

Neonatal hypoxic ischemic encephalopathy (HIE), initiated by hypoxic-ischemic (HI) 

injury to the brain in the perinatal period, is a leading cause of infant mortality and 

disability.  HI damage to the developing brain triggers a complex pathology, initiating with 

mitochondrial insult, which culminates in neuronal cell death. Photobiomodulation (PBM), 

the application of near-infrared light, is an experimental neuroprotective strategy targeting 

the activity of mitochondrial cytochrome c oxidase (CCO), but its effect on HIE is 

unknown.  

This work was designed to shed light on the effect of PBM on a neonatal rat HI injury 

model. Postnatal day 10 mixed-sex pups underwent HI insult followed by 7 daily PBM 

treatment sessions via a continuous wave diode laser (808 nm). HI pups suffered significant 

ipsilateral hemispheric brain shrinkage and substantial cell death in the cortex and 

hippocampal CA1 and CA3 subregions. PBM treatment reduced neuronal cell death in the 

cortex and hippocampal subregions and reduced hemispheric brain shrinkage. HI pups 

displayed impaired motor function and spatial learning and memory which was ameliorated 

by PBM.  

Blood-brain barrier integrity was compromised in HI animals, as evidenced by reduced 

extravasation of Evans blue, but was reversed by PBM. PBM also mitigated microglial 



 
 

activation and upregulation of pro-inflammatory cytokines in HI pups. PBM treatment 

induced robust reduction in oxidative damage markers and protein carbonyl production in 

the cortex and hippocampus. Investigation of mitochondrial function revealed that PBM 

markedly attenuated mitochondrial dysfunction and preserved ATP production in neonatal 

HI rats. Furthermore, PBM treatment profoundly suppressed HI-induced mitochondrial 

fragmentation.  PBM administration reduced activation of pro-apoptotic caspase 3/9 and 

TUNEL-positive neurons in HI pups. Finally, we demonstrated that the neuroprotective 

action of PBM could be reversed in a primary hippocampal neuronal OGD model by 

application of low-dose KCN, a CCO inhibitor.  

Taken together, our findings demonstrated that PBM treatment contributed to a robust 

neuroprotection via attenuation of mitochondrial dysfunction, oxidative stress, and 

neuronal apoptosis in the neonatal HI brain. Additionally, we demonstrated that these 

effects are, in part, mediated by modulation of CCO activity. This suggests that PBM may 

offer a promising role as a potential treatment strategy for HIE. 
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I. INTRODUCTION 

 

A. Statement of the Problem 

Neonatal hypoxic ischemic encephalopathy (HIE) occurs in nearly 4 out of every 1000 

live births, killing nearly 20% of those affected and burdening a quarter with severe life-

long motor and cognitive deficits. Severe HIE is a primary contributor to spastic cerebral 

palsy, a motor disorder causing lifelong disability. While recent developments in obstetrics 

and neonatal care have decreased incidence of severe cases, mild cases still confer 

significant developmental and cognitive deficits (Colver, Fairhurst, & Pharoah, 2014; Juul 

& Ferriero, 2014; Vannucci & Hagberg, 2004). Brain injury in HIE generally presents as 

focal necrosis and glial scarring in periventricular white matter, and delayed neuronal cell 

death in the cortex and hippocampus. Despite promising trials involving treatments ranging 

from antioxidants to hyperbaric oxygen therapy, the only indicated treatment for HIE is 

therapeutic hypothermia (TH) restricting treatment to a fraction of those in need. 

Unfortunately, TH is technically difficult to implement, and must be deployed in a limited 

time frame (Datta, 2017). Furthermore, TH is of limited efficacy, even in ideal conditions. 

As such, new therapies must be developed, preferably with longer time windows of 

administration.  

A primary culprit in the sequelae of pathologies following HIE are attributed to 

mitochondrial dysfunction and resultant oxidative stress (Datta, 2017). Mitochondrial 

function is essential for cellular function due to its central role in energy metabolism and 

cell signaling, wherein the mitochondria lie at the crux of cellular life and death. Failure of 

this crucial functioning leads to a host of cellular pathologies, including energy failure, 
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oxidative stress, inflammation, and cell death. In the adult brain, chronic mitochondrial 

dysfunction causes progressive neurodegeneration in a positive feed-back cycle leading 

ultimately to neuronal cell death (Suen, Norris, & Youle, 2008; Thornton et al., 2012).  

Although the neonatal brain is remarkably resilient to ischemic injury, it is particularly 

sensitive to oxidative stress, and damage in this critical phase impacts neurons, early 

oligodendrocytes, and their progenitor pools, stunting developmental potential and early 

myelination. This injury, however, takes time to develop, potentially indicating a delayed 

therapeutic window for new therapeutic strategies such as PBM (PBM) (Blomgren & 

Hagberg, 2006). 

Photobiomodulation is an emerging therapy utilizing near-infrared light to stimulate 

mitochondrial function deep within tissue of interest. PBM has been applied to several 

neurodegenerative disorder models, and has been found to upregulate the function of 

cytochrome c oxidase (CCO) subunit, ATP production, and mitochondrial fusion for 

extended durations after initial administration. Current research posits that PBM acts 

through increasing cytochrome c oxidase activity and subsequent ATP production, 

although the mechanisms underlying the long-lasting effects of PBM are currently 

unknown (Hamblin, 2016). This proposed study seeks to investigate the effects of PBM on 

HI-induced neuronal cell death and behavioral deficits, and the related underlying 

mechanisms  

Therefore, we hypothesize that PBM confers neuroprotection that is accompanied with 

functional recovery after neonatal HI. We propose that this neuroprotection is a result of 

PBM-induced restoration of mitochondrial function and preservation of mitochondrial 



3 
 

dynamics. Further, we hypothesize that these effects are mediated by modulation of CCO, 

a primary photoacceptor of near-IR light. 

 

 

 

 

 

Abbreviation Meaning 

HIE Neonatal hypoxic-ischemic encephalopathy 

HI Hypoxia-ischemia 

TH Therapeutic hypothermia 

PBM Photobiomodulation 

CCO Cytochrome c oxidase 

ATP Adenosine triphosphate 

ROS Reactive oxygen species 

ETC Electron transfer chain 

MMP Mitochondrial membrane potential 

BBB Blood-brain barrier 

MMP Mitochondrial membrane potential 

Table 1. Commonly used abbreviations. 
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B. Hypothesis 

The central hypothesis outlined in this work is that photobiomodulation can reduce 

neuronal injury, mitochondrial dysfunction, oxidative stress and reactive gliosis after 

neonatal hypoxic ischemic insult, resulting in preservation of developmental potential and 

neurological function via stimulation of mitochondrial cytochrome c oxidase. 

 

Specific Aim 1. To test the hypothesis that PBM improves neuronal survival, 

functional outcome, and pathophysiological features characteristic of neonatal HI.  I 

will demonstrate the effect of PBM on neuronal survival, hemispheric brain shrinkage, 

neuroinflammation, reactive gliosis, oxidative stress, blood brain barrier integrity and 

behavioral outcomes when administered after neonatal HI injury. My hypothesis predicts 

that PBM will ameliorate neuronal death and brain atrophy, and will reduce post-HI deficits 

in learning, memory, and sensorimotor deficits. As well, my hypothesis predicts that PBM 

will protect against characteristic pathophysiological features of PBM including glial 

activation, neuroinflammation, and blood brain barrier damage caused by HI injury. 

 

Specific Aim 2. To test the hypothesis that preservation of mitochondrial dynamics 

and restoration of mitochondrial function is the key underlying mechanism of PBM 

neuroprotection and functional improvement and that this is mediated via 

modulation of CCO. I will demonstrate the effect of PBM treatment after neonatal HI on 

mitochondrial dysfunction and dynamics, oxidative stress, as well as the dependence on 

mitochondrial modulation via CCO for the effects of PBM. My hypothesis is that PBM 
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              Fig 1. Schematic diagram of the central hypothesis of this thesis (L. D. Tucker et al., 2018) 

will preserve mitochondrial function and ATP output, reduce oxidative stress, and prevent 

excessive mitochondrial fragmentation after HI, and that these effects will be inhibited by 

CCO blockade. 
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C. Review of the Literature 

 

1. Neonatal Hypoxic Ischemic Encephalopathy  

Neonatal hypoxic-ischemic encephalopathy (HIE) is a major cause of mortality and 

morbidity in newborn infants, occurring in ~ 0.4% of live births and presenting a mortality 

rate of 20%, occurring most commonly in premature infants (Colver et al., 2014; Juul & 

Ferriero, 2014; Vannucci & Hagberg, 2004). Hypoxic ischemia (HI) begins during birth or 

in the following early perinatal period with a reduction or ceasing of cerebral blood flow, 

inducing hypoxic brain injury which generates necrotic lesions in periventricular white 

matter and dispersed gray matter apoptosis (Blomgren & Hagberg, 2006). The damage 

wrought by neonatal HI heavily contributes to infant mortality, as well as several motor 

disabilities and developmental disorders that can persist throughout adulthood. The most 

well-known consequence of neonatal HI injury is spastic cerebral palsy, a condition 

characterized by physical disability and long-term developmental difficulties. In mild to 

moderate cases, HI damage may instead manifest during adolescence or early as cognitive, 

attentional, and behavioral disturbances that seemingly appear without apparent cause or 

warning (Blomgren & Hagberg, 2006; Semple, Blomgren, Gimlin, Ferriero, & Noble-

Haeusslein, 2013). This is of particular importance, as recent developments in postnatal 

care have decreased the occurrence of the most severe cases, whereas mild to moderate 

cases occur with striking frequency (Smith J, 2000). HIE frequently presents with low birth 

weight and demands immediate postnatal intensive care (Vannucci & Hagberg, 2004). 

Compounding this situation is the dearth of effective therapeutic options that can slow the 

advance of ischemic injury in the neonatal brain. 
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In many ways, the ischemic response in the neonate mirrors that in the adult brain. 

Decreasing O2 levels cause a precipitous drop in aerobic respiration, resulting in 

plummeting ATP levels. Without ATP to maintain resting neuronal transmembrane 

potential, widespread depolarization occurs, triggering excessive glutamate release from 

excitatory neurons (Thornton et al., 2012; Vannucci & Hagberg, 2004). Released glutamate 

then acts on the AMPA and NMDA receptors of post-synaptic cells, causing excessive 

firing which strengthens inappropriate circuits, contributing to long-lasting pathologies 

such as severe epilepsy. This is a result of developmentally appropriate upregulation of 

NMDA receptor subunits, critical for synaptic reinforcement in the perinatal period 

(Semple et al., 2013; Vannucci & Hagberg, 2004). Meanwhile, excessive Ca2+ influx 

initiated by glutamatergic excitatory signaling triggers activation of calpains and 

capthesins that contribute to substrate cleavage and activation of mitochondrial apoptotic 

pathways (Thornton et al., 2012). As well, Ca2+ influx triggers activation of neuronal nitric 

oxide synthase, producing NO that activates various signaling pathways and contributes to 

production of dangerous peroxynitrite (Blomgren & Hagberg, 2006). Peroxynitrite, in 

particular, causes extensive lipid peroxidation that contributes significantly to HI 

pathology in the lipid rich developing brain, especially in immature oligodendrocytes and 

their progenitors (Rumajogee, Bregman, Miller, Yager, & Fehlings, 2016). Subsequent 

glial activation and neuroinflammation contributes to and is exacerbated by developing 

mitochondrial damage, which all summate in sporadic cell death, particularly in sensitive 

neuronal progenitor pools (Rumajogee et al., 2016; Semple et al., 2013; Thornton et al., 

2012; Vannucci & Hagberg, 2004; Ziemka-Nalecz, Jaworska, & Zalewska, 2017). These 

insults impact population size, proliferation, and differentiation of progenitor pools, 
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culminating in a stunted development with repercussions lasting a lifetime (Rumajogee et 

al., 2016; Semple et al., 2013). Particularly affected are critically important neuronal 

mitochondria, damage to which underlies behind the development of neonatal HI damage 

(Thornton et al., 2012). 

This swath of pathological phenomena leads to the long-term features observed in HIE 

patients (Blomgren & Hagberg, 2006; Vannucci & Hagberg, 2004). Besides those seen in 

patients with spastic cerebral palsy, other motor deficits can occur that can persist for a 

lifetime and require long-term rehabilitative care (Semple et al., 2013). As well, epilepsy 

following HIE insult necessitates special monitoring and medication (Semple et al., 2013) 

. The developmental delays in HIE patients can translate into intellectual disability in these 

patients as the child ages (Smith J, 2000). There is also evidence that milder HIE can 

translate into mood disorders and executive function disorders like ADHD and bipolar 

disorders (Blomgren & Hagberg, 2006; Semple et al., 2013).  In the short-term, however, 

HIE presents, and is initially diagnosed by, decreased reflexes and muscle tone, difficulties 

breathing, impaired consciousness, and seizure activity (Vannucci & Hagberg, 2004). HIE 

patients are graded with the Sarnat Grading Scale, which determines severity of insult by 

the aforementioned factors along with pupil dilation (Mia et al., 2013).  

 

2. Therapeutic Hypothermia 

Currently, treatment strategies for HIE in the clinic are largely limited to therapeutic 

hypothermia (TH). This treatment, however, does have significant limitations that leave 

many patients without an effective medical intervention (Cornette, 2012; Kim, Yim, Jeong, 
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Klem, & Callaway, 2012; Nolan et al., 2008). TH is a therapeutic strategy practiced both 

in neonatal HI and cardiac arrest, wherein the patient is cooled with specialized equipment 

to a temperature range of 32–34 °C for a duration of 12-24 hours (Cornette, 2012; Kim et 

al., 2012). While this does indeed offer a measure of improved recovery, the specialized 

equipment and personnel training required substantially limits the availability and 

application of TH. This constraint is further compounded by the narrow time window 

within which TH is efficacious; TH must be administered within hours, delivering 

diminishing returns as time between HI insult and treatment increases. Beyond this, TH 

displays somewhat limited efficacy even when deployed successfully, although the 

beneficial effects it does confer are surely not to be dismissed. Finally, there are serious 

adverse cardiovascular effects that are at risk of occurring during TH administration (Kim 

et al., 2012).These factors, taken together, necessitate development of new therapeutic 

options that can be deployed with greater reach and within a longer time window to 

maximize the number of infants that can access effective treatment options in this critical 

stage of neural development. 

 

3. Neonatal Rat HI Model 

To study new potential methods of treatment for HIE, experimental animal models are 

necessary. The most widely used model in the field is the Rice-Vannucci method. This 

model, using P7 rat pups, begins with occlusion of the right common carotid artery. This 

causes HI injury in the occluded hemisphere with some diffuse effects in the hemisphere 

contralateral to occlusion (Rice, Vannucci, & Brierley, 1981). Extensively cited, this model 

recapitulates several aspects of human neonatal HI injury, including neuronal cell death, 
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inflammation, rampant mitochondrial dysfunction, seizures, and behavioral deficits that 

persist long-term (Rumajogee et al., 2016; Vannucci & Hagberg, 2004). It does, however 

diverge in some manners from human HIE, wherein the neuronal cell death is notably more 

necrotic than observed in human HIE, perhaps due, in part, to increased white matter 

content in the P7-P10 rat brain when compared to perinatal humans (Rumajogee et al., 

2016; Vannucci & Hagberg, 2004). In this work, we performed or HI model on P10 pups, 

as this age correlates more closely to birth, rather than the gwk 36 age that P7 more closely 

matches (Semple et al., 2013). 

 

4. Perinatal Development 

To understand both the ways in which this model diverges from the human HIE, as 

well as why there are differences between neonatal HI injury and that in the adult, one must 

first understand the environment of the perinatal brain. The perinatal brain is characterized 

by a state of change, a shifting constellation of features varying in several manners from 

the adult brain. In this environment, proliferation, differentiation, and migration take place 

in the cortical subventricular zone and the hippocampal dentate gyrus. One of the most 

striking differences between the neonatal brain and that of the adult is metabolism 

(Blomgren & Hagberg, 2006). The neonatal brain, unlike the ATP-dependent adult brain, 

relies heavily on ketone bodies, facilitated by a milk-based diet rich in fat. This is reflected 

by upregulation of proton-coupled monocarboxylic acid transporter proteins (MCTs), 

particularly in the BBB, an adaptation to this specialized diet (Vannucci & Hagberg, 2004). 

This metabolic paradigm, however, begins to reverse in rats, commonly used in HI studies, 

around the peak of synaptogenesis (Vannucci & Hagberg, 2004). This pivotal process 
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reaches its maximum at a P7 in rats, correlating to approximately gwk 36 in humans, a 

period of frequent premature birth and HI injury. The peak of synaptogenesis takes place 

alongside the peak of astrogenesis and forms excessive connections to be pruned over 

childhood development (Semple et al., 2013). During the phase of increasing 

synaptogenesis, NMDA receptors are sharply upregulated, and are essential for neuronal 

survival, as blockade results in widespread developmental apoptosis. This profound 

escalation of developmental restructuring necessitates substantial energy demands, 

especially considering the increasing cost of membrane potential maintenance and 

progressing protein synthesis. Appropriately, mitochondrial count multiplies and 

individual mitochondria increase their mitochondrial matrix density during infancy and 

childhood to meet this rising energy demands (Blomgren & Hagberg, 2006). It is in this 

sensitive phase of early development that HI injury takes place, potentially shaping the 

course of future brain development for a lifetime. 

 

5. Mitochondria and HIE 

The mitochondria are pivotal organelles responsible for production of the cellular fuel 

source, ATP, produced through oxidative phosphorylation. Beyond their oft-repeated role 

as the “powerhouse of the cell,” mitochondria also play a pivotal role in cell signaling, 

lying at the crux of pathways that determine whether a cell lives or dies. Only present in 

eukaryotes, mitochondria are thought to have arisen from prokaryotic organisms that found 

their way into early predecessors of eukaryotes equipped with endocytotic machinery. This 

symbiotic relationship provided eukaryotic organisms with robust energy generation 

capacity that likely helped drive increasing complexity that lead to the current variety of 
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life we see today. This relationship, however, also makes organisms dependent on 

mitochondrial function, and it being compromised is deleterious to health, particularly to 

the brain (Akbar et al., 2016; Roger, Munoz-Gomez, & Kamikawa, 2017). 

The primary energy product generated by the mitochondria is ATP, the primary energy 

currency of the cell. All tissues depend on this fuel source, some more than others. The 

brain is one of these. To perform its role of energy production, the mitochondria relies on 

processing of food metabolites via the citric acid cycle which are then used to generate 

high energy electrons that pass through the ETC shaving energy with every step (Akbar et 

al., 2016; Friedman & Nunnari, 2014; Ham & Raju, 2017; Nunnari & Suomalainen, 2012). 

This energy is used to push protons across the mitochondrial inner membrane to generate 

the mitochondrial membrane potential. The molecular motor ATP synthase uses the force 

driven by this electrochemical gradient to produce ATP (Akbar et al., 2016; Friedman & 

Nunnari, 2014; Ham & Raju, 2017; Nunnari & Suomalainen, 2012). This process relies on 

clearance of energy substrates through the series of protein complexes comprising the chain 

(Akbar et al., 2016; Friedman & Nunnari, 2014; Ham & Raju, 2017; Nunnari & 

Suomalainen, 2012). The rate-limiting step of this process is complex IV, which transfers 

an electron from cyt c to molecular oxygen, yielding two molecules of water (Akbar et al., 

2016; Friedman & Nunnari, 2014; Ham & Raju, 2017; Nunnari & Suomalainen, 2012). 

Neurons are particularly reliant on mitochondrial function due to their heavy energy 

demands. These demands are resultant from several factors. Neurons are exquisitely 

transcriptionally active. This constant production of gene products requires extensive ATP 

(Kann & Kovacs, 2007; Safiulina & Kaasik, 2013). As well, neuronal membrane potential, 

pivotal to the function of neurons relies on a steady supply of ATP to power K/Na ATPases 
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that pump ions to avoid depolarization. In a cell wherein function is so tied to membrane 

potential, this is critical (Kann & Kovacs, 2007; Safiulina & Kaasik, 2013). This is all 

compounded by the lack of additional energy sources and forms of metabolism in the brain. 

While other organs may have energy reserves or can switch to different energy system 

paradigms, the brain lacks this (Kann & Kovacs, 2007; Safiulina & Kaasik, 2013). A 

particularly relevant exception is the brain of the suckling neonate, which derives most of 

its energy through fatty acid metabolism due to the fat rich diet of milk (Blomgren & 

Hagberg, 2006; Semple et al., 2013). This source also provides ample material for the 

process of myelination which begins accelerating in this period (Semple et al., 2013). In 

the perinatal period, this energy paradigm begins to shift. Accompanying this shift is the 

proliferation and maturation of brain mitochondria (Blomgren & Hagberg, 2006; Semple 

et al., 2013). This process is crucial to adapt to the growing needs of the developing brain.  

 

5.1 Mitochondria and HIE – Mitochondrial Dysfunction  

The aforementioned rate-limiting step of mitochondrial complex IV, cytochrome c 

oxidase (CCO) is a site of blockage in mitochondrial dysfunction (Srinivasan & Avadhani, 

2012). Blockade of this process leads to electron leakage that generates hazardous free 

radicals which damage critical mitochondrial components, initiating a self-perpetuating 

cycle that exacerbates the impact of an initial insult over long periods of time (Akbar et al., 

2016; Ham & Raju, 2017; Srinivasan & Avadhani, 2012). Reactive oxygen species (ROS) 

cause extensive damage to proteins via oxidation and nitrosylation, cause DNA damage, 

and cause lipid peroxidation, which is particularly pernicious due to the high lipid content 

in the neonatal brain and the concurrent process of myelination. This is exacerbated by the 
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sensitive nature of oligodendrocyte progenitors that play this essential role. Damage to 

mitochondrial protein components, especially CCO, causes further ROS generation while 

reducing metabolic efficiency long-term. This can translate into long term deficits in 

mitochondrial function as a result of mitochondrial DNA damage (Akbar et al., 2016; 

Blomgren & Hagberg, 2006). CCO is particularly susceptible to this, as the mitochondrial 

genome encodes several critical proteins for respiratory functions, including 3 of the 13 

subunits of CCO (Wong-Riley, 2012). In addition, mitochondrial dysfunction leads to 

dysregulation of mitochondrial dynamics, resulting in widespread mitochondrial 

fragmentation. As demonstrated in Fig. 2, these can all culminate in release of apoptotic 

factors, to be discussed in detail in a later section. 

 

 

 

 

 



15 
 

 

 

Fig 2. Feedback loop of mitochondrial dysfunction (Tucker, Lu, & Zhang, 2018) 

Diagram detailing the complex interplay of the features of mitochondrial dysfunction. The varying 

aspects of mitochondrial dysfunction act as a series of positive feedback loops that drive towards 

apoptotic cell death. 
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5.2 Mitochondria and HIE – Mitochondrial Dynamics 

Mitochondria rely on fission and fusion events, referred to as mitochondrial dynamics, 

to maintain function via repair and mitochondrial QC. Fusion events facilitate sharing of 

mitochondrial components, while fission allows for mitophagy of poorly functioning 

mitochondrial fragments as determined by MMP. This process is mediated by several 

dynamin-related GTPase proteins. Fusion is mediated by OPA1 and Mfn 1&2 while fission 

depends on proteins such as Mff and Drp1 (Akbar et al., 2016). The balance of these 

competing forces is vital for mitochondrial function, and alterations in this dynamic process 

are implicated in neurodegenerative conditions (Akbar et al., 2016). In particular, 

pathological mitochondrial fragmentation is present in models of neonatal HI brain injury 

(Akbar et al., 2016; Baburamani et al., 2015). As metabolic deficits are present in the areas 

that later develop damage in the neonatal brain after HI, targeting mitochondrial function 

seems a likely avenue for neuroprotection (Blennow et al., 1995; Blomgren & Hagberg, 

2006). 

 

5.3 Mitochondria and HIE – Mitochondria and Apoptosis 

Mitochondria are key regulators of apoptosis. Translocation of mitochondrial localized 

factors such as cyt c and AIF are precursors to programmed cell death (Suen et al., 2008). 

Oxidative stress after HI triggers shifts in the balance of Bcl-2 family that compete to 

regulate mitochondrial membrane permeability and subsequent release of apoptotic factors 

(Suen et al., 2008; Thornton et al., 2012). In the neonatal brain, apoptosis is 

developmentally upregulated, and any shift towards apoptotic signaling leads to 
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exacerbated cell death in comparison to the adult brain. This is driven by several features 

that culminate in a unique sensitivity to ischemic insult. Ca2+ overloading is a powerful 

stimuli to both apoptotic and necrotic cell death, and is exacerbated by the developmentally 

appropriate upregulation of NMDA receptors. Likewise, several apoptotic factors such as 

caspase-3 and Apaf-1 are far more prevalent in the neonatal brain, as programmed cell 

death is critical for reducing redundant neurons during development (Semple et al., 2013; 

Thornton et al., 2012). This is exacerbated by increased translocation of mitochondrial cyt 

c to the cytosol in the neonate. Caspase-independent apoptosis is likewise upregulated in 

the neonatal brain (Semple et al., 2013). With the release of cyt c from the mitochondria to 

the cytosol, procaspase-9 is cleaved by the apoptosome, which then activates downstream 

caspases like caspase 3, the “executioner” caspase, triggering an irreversible cascade of 

proteolytic cleavage (Elmore, 2007; Morgan, 1972). Other caspase-independent programs 

are also activated, including apoptosis via AIF activation and necrotic cell death, caused 

by excessive cell damage and mitochondrial swelling (Chavez-Valdez, Martin, Flock, & 

Northington, 2012). In fact, much of the cell death in HI occurs along a continuum between 

necrosis and apoptosis, based on the activation of competing cell death programs (Chavez-

Valdez et al., 2012).  

 

5.4 Mitochondria and HIE – Mitochondria as a Target for Neuroprotection 

As a centrally located site in the feedback loop that compounds and perpetuates HI 

damage, the mitochondrion is also an alluring target for treatment of HI and other forms of 

ischemic brain injury (Y. Lu et al., 2015; Thornton et al., 2012). Compounds like co-Q 10 

have been tested in GCI, stroke, and TBI animal models with varying degrees of efficacy 
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or lack thereof (H. Li, Klein, Sun, & Buchan, 2000; Pierce et al., 2018). The compound 

methylene blue (MB) which acts as an recycling electron cycler has shown particular 

effects in this regard (Ahmed et al., 2016; L. Li et al., 2018; Q. Lu, Tucker, Dong, Zhao, 

& Zhang, 2016; Wen et al., 2011). In many models, some of which we’ve worked on, MB 

has shown the ability to reduce mitochondrial dysfunction via ROS scavenging and as an 

alternative electron transfer that can bypass complex I-III to deliver electrons to CCO (Wen 

et al., 2011). It has shown neuroprotective effects when administered after GCI in both 

piglets and rats, as well as TBI and stroke models (Ahmed et al., 2016; L. Li et al., 2018; 

Q. Lu et al., 2016; Wiklund, Sharma, & Sharma, 2016). It shares aspects of its basic 

mechanism with PBM. PBM has shown similar effects in the aforementioned models 

making a compelling case for investigating PBM in the context of HI injury to the brain 

(Ahmed et al., 2016; L. Li et al., 2018; Q. Lu et al., 2016; Wiklund et al., 2016).  

 

6. Photobiomodulation 

Photobiomodulation (PBM), formerly known as low-level laser therapy, is the 

application of low-energy near-IR light to a tissue of interest. Biological effects of low 

energy laser light were first seen in hair regrowth and wound healing, but since then the 

breadth of biological systems in which PBM has applied has grown dramatically. In 

recent years, this has extended to the brain (Chung et al., 2012; Hamblin, 2016, 2018; 

Salehpour et al., 2018). Despite this research, the only currently approved context of 

PBM is for hair loss, commonly marketed towards people with androgenic alopecia in the 

form of a laser-equipped comb, although the technology has seen wide implementation in 

veterinary medicine (Avci, Gupta, Clark, Wikonkal, & Hamblin, 2014; Chung et al., 
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2012). Currently, human trials have shown safety and some limited efficacy in different 

neurological conditions, but none as of yet have passed the rigors of a stage 3 trial (Huisa, 

Stemer, et al., 2013; Lampl et al., 2007; Zivin et al., 2014). Regardless, PBM remains a 

promising treatment due to its low side effect profile, ease of administration, non-

invasive application, and variety of effects (Chung et al., 2012; Hamblin, 2016, 2018; 

Salehpour et al., 2018). The diversity of tissues affected is a result of its underlying 

mechanisms. 

The action of PBM is thought to be primarily resultant from modulation of 

mitochondrial function, as depicted in Fig. 3. PBM has been observed to increase 

mitochondrial activity, increasing ATP production, ROS generation, and activating 

signaling pathways. It is thought to do this via stimulating mitochondrial complex IV, the 

rate-limiting step of the ETC (Chung et al., 2012; T. Karu, 1999; T. I. Karu & Kolyakov, 

2005). One potential transduction component of CCO is one of the copper ion complexes, 

as simulated copper ion complexes demonstrated a vibrational absorption peak in the 

near-IR spectra close to those wavelengths used in PBM (Chung et al., 2012; T. Karu, 

1999; T. I. Karu & Kolyakov, 2005). Regardless of mechanism of action, stimulation of 

CCO upregulates ATP production, the specifics of which will be discussed in a later 

section (Hamblin, 2018). In the process of this, ROS generation is somewhat elevated 

(Farivar, Malekshahabi, & Shiari, 2014). These both act in a dose dependent manner. As 

a result, PBM displays a biphasic dose response curve; too little does nothing, too much 

causes enough harm via ROS that the beneficial effects are mitigated. As such, there is a 

sweet spot for PBM that varies based on application and tissue (Castano et al., 2007; 

Chen et al., 2011; Haxsen et al., 2008; Mester, Mester, & Mester, 1985). 
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Beyond this, PBM causes NO bound to CCO to dissociate (Mitchell & Mack, 2013). This 

causes signaling changes that can cause significant effects, like vasodilation (Lohr et al., 

2009). As well, bound NO prevents O2 from binding which is necessary for respiration 

(Antunes, Boveris, & Cadenas, 2004). Further signaling changes occur, such as activation 

of NF-κB and AP1 (Chen et al., 2011).  

 

 

 

 

Fig 3. Mitochondrial mechanism of PBM 

Diagram detailing the proposed mechanism underlying PBM. The electron transfer chain passes high 

energy electrons through a series of protein complexes, removing energy on each pass to establish the 

mitochondrial membrane potential that drives ATP synthase. PBM is proposed to be absorbed by complex 

IV, the rate-limiting step of the electron transfer chain, thereby increasing its activity and increasing 

mitochondrial function. 
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6.1   Photobiomodulation – Application 

One of the attractive properties of PBM is its ease of application. PBM is applied by 

shining near-IR light on a targeted tissue of interest. In the case of treating the brain, one 

must simply shave the scalp and apply light (Chung et al., 2012; Hamblin, 2018). There is 

no need for risky surgeries to implant foreign technology, nor is there the consideration of 

systemic effects that comes along with pharmacological interventions. 

PBM relies on near-IR light for both its modulatory effect on biological systems and for its 

depth of penetration in tissue. This depth of penetration is a result of near-IR wavelengths 

inhabiting a window of absorption lying between the spectra of biological chromophores 

like melanin and that of water (Hoffmann, 2007). This minimizes tissue absorption, 

allowing light to continue going more deeply into tissue (Hoffmann, 2007). This effect 

varies based on stimulating wavelength within the optical window (Hoffmann, 2007). 

Shorter wavelengths concentrate it near the surface but have more effect while longer 

wavelengths go deeper but the effect is less impactful (Hoffmann, 2007; Huang, Yang, 

Kuo, & Hsu, 2009; Zand et al., 2009).  

Classically, PBM has relied on laser light as an illumination source, in part, due to 

its directionality (Chung et al., 2012). Laser light is highly directional, meaning it does not 

spread appreciably over a given distance (Chung et al., 2012). Since this is the case, laser 

light can generally penetrate a semi-opaque object, such as tissue, more deeply than diffuse 

light (Chung et al., 2012). That said, several studies have validated sufficiently deep 

penetration of light from less directional sources, primarily LEDs (Chung et al., 2012). 
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Regardless of the light source, the effect of tissue penetrance is crucial to the application 

of PBM to the brain in HIE and other types of brain conditions. If PBM is to be noninvasive, 

the light must be able to pass through the scalp, underlying tissue, skull, and dura. The light 

that makes it through must also be high enough energy to generate the desired effect in the 

brain regions of interest while also not causing damage in the overlying regions. As such, 

dosing is crucial. In the adult human, the laser can only penetrate so far, but it does 

penetrate deeply enough to hit cortex (Jagdeo, Adams, Brody, & Siegel, 2012; Lapchak et 

al., 2015; Tedford, DeLapp, Jacques, & Anders, 2015). The neonate’s skull, however, is 

thinner, as is the scalp. All this taken together means that the laser can hit more brain for 

lower power. The neonate is therefore an optimal subject for transcranial PBM treatment.  

 

6.2    Photobiomodulation – PBM in the Brain 

After the advent of laser technology in the 1960s, experimentation soon branched 

to the biological sciences with the application of laser radiation to living systems. In 1967, 

Endre Mester discovered that low intensity laser irradiation could facilitate hair growth in 

rats while attempting to target and destroy tumors (Hamblin, 2016; Mester E, 1967). This 

work lead to the expansion of interest in PBM, as well as the only currently indicated 

human use of PBM, hair loss. This culminated in in products such as the HairMax 

LaserComb (Leavitt, Charles, Heyman, & Michaels, 2009) Further studies found PBM 

could promote wound healing(Chung et al., 2012).  

There has been significant diversity in the names given to PBM. Originally, PBM 

was referred to as “laser biostimulation”. Eventually, PBM went through a series of name 
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changes including “low-level laser therapy,” “low-level light irradiation,” and eventually, 

“photobiomodulation” (Hamblin, 2018). These changes reflected framing differences as 

well as shifts in the research from laser light specifically to including LED emitted light. 

Much as shifts in nomenclature, there were several shifts in the focus of PBM research.  

These forays into new avenues of research led inevitably to the most vexing 

biological system of all, the brain. The earliest series of studies of PBM on brain injury 

revolved around stroke. The first of these was a study in a rabbit model of embolic stroke. 

PBM, at levels of 7.5 mW/cm2 but not 25 mW/cm2, improved clinical rating scores and 

increased the amount of clot necessary to induce behavioral deficits when administered 

within 6 hours of embolization (Lapchak, Wei, & Zivin, 2004). Later work within this 

model found that multiple doses of PBM treatment could further aid in the functional 

recovery after stroke, an observation seen in other studies that, in part, informed our multi-

treatment approach (Huisa, Chen, Meyer, Tafreshi, & Zivin, 2013). Several studies were 

also performed on the near ubiquitous rodent middle cerebral artery occlusion model 

(MCAO). PBM delivered after MCAO stroke in rats caused suppression of 3 isoforms of 

nitric oxide synthase (NOS) activation, as well of inducing expression of TGF-B1 (Leung, 

Lo, Siu, & So, 2002). Later work showed that PBM applied post-MCAO could also reduce 

neurological deficits and promote neurogenesis in the hemisphere ipsilateral to infarct and 

that these benefits were long lasting (Detaboada et al., 2006; Oron et al., 2006).  

Our own work recapitulates this observation in the photothrombotic stroke model, 

further intimating that the supportive effect on neurogenesis may be a result of 

improvements in the local microenvironment. PBM treatment reduced pro-inflammatory 

cytokine release, mitochondrial dysfunction, and infarct volume. In line with this, PBM 
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helped shift microglia from an inflammatory M1 phenotype to a M2 anti-inflammatory 

phenotype while also protecting expression of synaptic markers. This was all tied to the 

differentiation and proliferation of neural progenitor cells in the peri-infarct region (L. 

Yang et al., 2018). These results, taken together, suggest that PBM can improve recovery 

after stroke. This is relevant, as HIE is another form of hypoxic ischemic injury to the brain, 

much as in stroke. This implies that the treatment may be useful in HIE, although the 

different conditions and responses to HI damage in the neonatal brain merit in-depth 

research, detailed in this thesis. 

Alzheimer’s disease (AD) is another disease that has a line of investigation for 

PBM. Early work in astrocyte cell culture indicated that PBM can reduce the oxidative 

stress and inflammatory response invoked by amyloid beta (AB) toxicity. When exposed 

to 632.8 nm light from a HeNe laser, NADPH oxidase subunit assembly and superoxide 

production, and iNOS activation that occurred due to AB. IL-1B was also reduced (X. 

Yang et al., 2010). PBM was able to reduce apoptotic cell death in a PC2 cell model 

exposed to AB, and this effect appears to have been done by attenuation of the 

Akt/GSK3B/B-catenin pathway, which has a role in the formation of tau intracellular 

neurofibrillary tangles (Zivin et al., 2009). As well, PBM was able to increase BDNF levels 

in mouse hippocampal APP/PS1 neuronal culture, facilitated by CREB and ERK. This was 

accompanied by an increase in spike density and structure, features that degrade in AD 

(Meng, He, & Xing, 2013). In another study, mesenchymal stem cells that were treated 

with PBM matured towards a monocyte lineage and phagocytosed soluble AB. As well, 

PBM stimulation of bone marrow in AD rats improved behavioral phenotypes and 

decreased brain AB (Farfara et al., 2015).  
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Taken together, the action of PBM on this diverse range of conditions, all centrally 

tied together via mitochondrial function, suggests that HIE is a potential candidate for PBM 

treatment. In this work, we seek to demonstrate that 1) PBM can prevent neuronal loss, 

neurological deficits, and pathophysiological changes characteristic of neonatal HI, and 2) 

that the actions of PBM in neonatal HI damage are driven by protection of mitochondrial 

function and fission/fusion dynamics, and this is mediated via modulation of CCO. 
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II. METHODS AND MATERIALS 

 

Neonatal HI model: 

A modified version of the Rice-Vannucci model was used in this study. P10 pups 

were assigned to 3 (N=6-12/group): 1) Sham HI, 2) HI + sham PBM, 3) HI + PBM. This 

model begins with unilateral permanent occlusion of the right common carotid artery. 

Unsexed P10 pups were separated from their dam and inhaled isoflurane anesthesia was 

induced and maintained throughout the surgical procedure. Body temperature was 

maintained throughout surgery and recovery at 37°C via a heating pad and measured via 

rectal thermometer. An incision was made along the throat, and the right common carotid 

was exposed. Nerve bundles were gently separated, and the artery was tightly occluded 

with surgical twine. The wound was closed via surgical glue, subdermal buprenorphine 

was administered, and the animal was returned to the dam to after recovery for 2 hours. 

After this period, pups were placed in a sealed bag with a hypoxic atmosphere (6% O2 in 

N2) for approximately 2 hours, with the body temperature maintained by placing the 

hypoxia bags in a heated water bath maintained at 37°C. Pups were then removed from the 

hypoxia bag, labelled, and returned to their dam. 

 

Photobiomodulation Treatment 

Transcranial PBM was administered via a continuous wave diode laser with a 

wavelength of 808 nm. Laser radiation was focused into a 1 cm2 round spot with an 

expanding lens and a fiber optic cable and delivered transcranially by centering the beam 
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3mm posterior from the eyes and and 2 mm anterior from the ears. All treatment was 

performed while the animal is briefly restrained in a transparent DecapiCone (DCL-120, 

Braintree Scientific, Inc, MA, USA), including control treatment animals, which were held 

in place without the laser stimulation. Laser power was adjusted to yield a cortical power 

density of 25 mW/cm2 with the hippocampus receiving approximately and was 

administered for 2 minutes, delivering 8.33 ± 0.27 mW/cm2. Treatment was maintained 

for 2 minutes once daily for 7 days, delivering a daily dosage of 15 J/cm2 at the cerebral 

cortex tissue level (∼5.0 J/cm2 at hippocampus level, calculated by total irradiated time 

(seconds) × power output (mW/cm2)/1000, expressed as J/cm2). After treatment, rats were 

gently removed the DecapiCone and returned to their home cage. In OGD experiments, 

treatment was performed every 6 hours. 

 

PBM calibration 

To ensure consistent dosage throughout the treatment period, our laboratory 

previously sacrificed a series of pups daily from P10-P18 and extracted the skull caps and 

scalps. Two laser power meters (#FM33-056, Coherent Inc, USA; and #LP1, Sanwa, 

Japan) were used to measure the power density passing through the skullcap and scalp 

placed under a section of decapicone. The laser was adjusted to deliver 25 mw/cm2 at each 

age selected. Settings were recorded and used across experiments. These measurements 

were taken directly to determine optimal settings to deliver consistent dosage for OGD as 

shown in table 1. 
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Age mA needed 

Adult 0.72 

P11 0.34 

P12 0.34 

P13 0.35 

P14 0.35 

P15 0.36 

P16 0.36 

P17 0.37 

P18 0.37 

Table 1. Amperage/Age table 

 

 

OGD cell culture  

Hippocampal neuronal cultures were prepared from samples taken from newborn 

SD rats, and dissociated neurons were suspended into cell culture plating medium 

(Neurobasal medium, 2% B-27 supplement, 0.5% FBS, 0.5 μm l-glutamine, and 25 μm 

glutamic acid). Afterwards, cells were transferred to coverslips in 35 mm Petri dishes. 

Initiating 3 days after plating, plating medium were partially replaced (75%) with 
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maintenance medium, which was repeated every 3 days. 15 days after extraction, cells were 

subjected to OGD challenge. Cells were transferred to a glucose-deficient medium and 

placed in a deoxygenated chamber with an extracellular solution (in mmol/L: 116 NaCl, 

5.4 KCl, 0.8 MgSO4, 1.0 NaH2PO4, 1.8 CaCl2, and 26 NaHCO3); and introduced into a 

humidified chamber (Plas-Labs, Lansing, Mich) where they were maintained at 37°C in a 

controlled atmosphere consisting of 85% N2/10% H2/5% CO2 for duration of 40 minutes. 

For “sham” treatment, cultures were transferred to another extracellular solution (in 

mmol/L: 116 NaCl, 5.4 KCl, 0.8 MgSO4, 1.0 NaH2PO4, 1.8 CaCl2, 26 NaHCO3, and 33 

glucose) and introduced into the same humidified chamber where they were maintained at 

a temperature 37°C for 40 minutes in an atmosphere consisting of 95% O2/5% CO2. 

 

IHC and Confocal Microscopy: 

 Rats were sacrificed under deep anesthesia at time points specified in each aim. 

Rats were transcardially perfused with 0.9% saline followed by 4% paraformaldehyde in 

0.1M phosphate buffer (pH 7.4). After decapitation and extraction, brains were postfixed 

in 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4) for 24 hours at 4°C, then 

cryoprotected in 30% sucrose in PBS until they sink. Brains were then coated in OCT 

solution and frozen overnight at -80°C. Coronal sections were prepared via cryostat and 

sections taken through the dorsal hippocampus (2.5–4.5 mm posterior from bregma) were 

selected for staining. To assess neuronal degeneration and cell death in the cortex and 

hippocampus were determined by obtaining brain sections and staining for NeuN and 

TUNEL.  
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Briefly, coronal sections (25 μm) were washed with 0.1 m PBS for 30 min and then 

permeabilized with 0.4% Triton X-100-PBS for 1 h. Next,  Coronal sections (25 μm) were 

blocked in 10% normal donkey serum for 1 h, and then incubated in relevant primary 

antibody (1:800) overnight at 4°C. After incubation, sections were rinsed for 30 min with 

0.1% Triton X-100-PBS 3 times. Sections were then incubated with secondary antibodies 

(Alexa Fluor594/647 donkey anti-mouse/rabbit, Alexa-Fluor488/594 donkey anti-

rabbit/mouse, or Alexa-Fluor488/594 donkey anti-goat secondary antibody 1:500; 

Invitrogen Corporation, Carlsbad, CA) at room temperature for 1 h and were subsequently 

washed for 10 min with PBS containing 0.1% Triton X-100 for 4 × 10 min, followed by 3 

× 5 min with PBS and briefly with water, and then mounted with water-based mounting 

medium containing anti-fading agents (Biomeda, Fischer Scientific, Pittsburgh, PA). 

Images were taken and analyzed with ImageJ software for fluorescent intensity and 

colocalization. 

For TUNEL experiments, sections were rinsed after secondary antibody incubation 

and were incubated in terminal deoxynucleotidyl transferase (TdT) reaction buffer A for 

10 min at 37°C followed by TdT reaction mixture for 1 h at 37°C. Incubation were followed 

by a 5 minute wash in distilled water, and then sections were incubated in Click-iT Plus 

TUNEL reaction mixture for 30 min at 37°C. Following this, sections were washed with 

0.1% Triton 100-PBS over 20 min, and then mounted on slides with a water-based 

mounting medium. Images were captured under laser scanning confocal microscopy and 

analysis were performed with ImageJ. Cell death were quantified via the number of NeuN-

positive or TUNEL positive cells and compared between hemispheres. Statistical analysis 

were performed via one-way ANOVA with post-hoc intergroup analysis.  
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For cresyl violet (CV) staining, Coronal sections (25 μm) were washed in 0.1 m 

PBS for 15 min, then immersed in 0.1% CV solution for 30 min after. Graded ethanol 

dehydration were performed by immersing slides in a container in a container with distilled 

water for 2 min, followed by immersion in 70 and 90% ethanol for 2 min each, followed 

by two immersions in 100% ethanol for 5 min each. Finally, slides were immersed in 100% 

xylene solution 2 times for 5 min each. Each slide was then coverslipped with permanent 

mounting medium. The stained sections were imaged using light microscopy. The mean 

infarct area was calculated via the following formula: infarct size = (area of contralateral 

hemisphere − area of ipsilateral hemisphere) / area of contralateral hemisphere × 100%. To 

examine neuronal density, the number of surviving neurons in the examined area (200 

μm × 200 μm) of the CA1 pyramidal area and somatosensory (S1) cortex were counted in 

3-5 sections of each animal (> 100 μm gap between each section in the coronal plane, 

~ 2.5–4.5 mm posterior from Bregma). Intact, neurons displaying a round soma and stained 

nuclei were counted as surviving neurons. Statistical analysis were performed via one-way 

ANOVA with post-hoc intergroup analysis. 

 

Brain Homogenates 

To produce brain homogenates for western blotting, co-IP, and other assays, rats 

were sacrificed at times specified in aims 1, 2, and 3 under deep anesthesia. Brains were 

rapidly extracted and the hippocampus and sections of cortex will be removed from each 

hemisphere over ice. Tissue was homogenized in ice-cold homogenization buffer 
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consisting of (in mm) the following: 50 HEPES, pH 7.4, 150 NaCl, 1 β-glycerophosphate, 

3 dithiotheitol (DTT), 2 sodium orthovanadate (Na3VO4), 1 EGTA, 1 NaF, 1 

phenylmethylsulfonyl fluoride (PMSF), 1% Triton X-100, and protease/enzyme inhibitors 

(Thermo, LI150825) with a Teflon-glass homogenizer. Homogenates were centrifuged at 

15,000 × g for 30 min at 4°C, and then supernatants were collected then stored at −80°C 

for future use. 

For certain experiments cytosolic fractions and nuclear fractions were prepared. 

Tissues were homogenized via Teflon-glass homogenizer in ice-cold buffer A containing 

(in mm) the following: 10 HEPES, pH 7.9, 1 DTT, 1 Na3VO4, 1,4-nitrophenyl phosphate 

(PNPP), and protease/enzyme inhibitors. The homogenates were allowed to swell on ice 

for 10 min. Next, tubes were vortexed vigorously for 30 s and centrifuged for 10 min at 

800 × g following the addition of NP-40 (0.6% of total solution). Supernatants were 

centrifuged at 15,000 × g for 30 min at 4°C. The nuclear pellets were washed three times 

with buffer A and then suspended once more in in buffer B containing (in mm): 20 HEPES, 

pH 7.9, 400 NaCl, 20% glycerine, 1 DTT, 1 Na3VO4, 1 PNPP with protease/enzyme 

inhibitors. Tubes were rocked vigorously at 4°C for 30 min and were then centrifuged at 

12,000 × g for 15 min, then nuclear extracts were aliquoted and stored at −80°C until 

needed. A BCA protein assay kit with a bovine serum albumin (BSA) standard was used 

to determine protein concentrations. 
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Caspase-9/3 activity  

Caspase-9 and caspase-3 activity levels were measured with an activity kit using 

total protein homogenates as necessary as per the aims above. Caspase activity was 

determined by cleavage of specific substrates, Ac-DEVD-AMC and Ac-LEHD-AMC 

(AnaSpec, Fremont, CA), for caspase-9 and caspase-3 respectively. Fluorescence of 

cleaved AMC was measured by emission at 460 nm with an excitation wavelength of 360 

nm using a microplate reader (BioTek Instruments). Caspase-1 activity was measured in 

total protein samples using chromogenic caspase-1 substrate (Ac-YVAD-pNA, AnaSpec) 

according to kit vendor’s instructions. Activity was measured via absorbance of cleaved 

pNA peptide at 408 nm using a spectrophotometer (Bio-Rad Benchmark Plus, Microplate 

Spectrophotometer). Data was expressed as percentage changes vs sham group. 

 

Evans blue permeability assay 

 Rats were administered 4 mL/kg 2% Evans blue (Sigma-Aldrich, St. Louis, MO, 

USA) in normal saline via tail vein injection. Rats were deeply anesthetized with 

isoflurane, than perfused with cold saline prior to decapitation and brain extraction. Brains 

were weighed and placed in formamide for 48 hr to extract Evans blue from tissue. 

Absorbance of the supernatant solution was recorded at 620 nm via spectrophotometer 

(Bio-Rad Benchmark Plus, Microplate Spectrophotometer). Tissue Evans blue content was 

quantified with an Evans blue standard curve and was normalized to to tissue weight (μg/g). 

Data was expressed as means ± SE and was analyzed via 2-way ANOVA. 
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Western blotting analysis 

Protein samples specified in the above aims were heated for 5 min at 100°C with 

loading buffer consisting of containing 0.125 m Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 

10% mercaptoethanol, and 0.002% bromophenol blue. 50 μg of protein sample per lane 

was loaded in a 10% SDS-PAGE and separated. Proteins were transferred to a PVDF 

membrane via a wet transfer system for 40 min at 100 V. Membranes were then blocked 

using normal donkey serum, 0.2% Tween  in Tris-buffered saline for 30 min at RT, then 

incubated overnight at 4°C with relevant primary antibodies. The next day, membranes 

were probed by incubation with HRP-conjugated secondary antibodies at RT for 1 h. The 

membranes were blocked and incubated with primary antibody at 4 °C overnight and 

probed by incubation with HRP-conjugated secondary antibodies for 1 h at room 

temperature. Band densities were then normalized to GAPDH loading control and analyzed 

with ImageJ analysis software and data was expressed as mean ± SE. 

 

Mitochondrial complex IV activity 

Cytochrome c oxidase activity was assessed using mitochondrial fractions with a 

mitochondrial complex IV activity assay kit (ab109911; Abcam Inc) according to the 

manufacturer’s instructions. The capacity of cytochrome c oxidase to oxidize fully reduced 

ferro-cytochrome c to ferri-cytochrome c was assessed via colorimetric analysis. The 

absorbance of oxidized cytochrome c was measured at 550 nm in a 96-well plate using a 

spectrophotometer (Bio-Rad Benchmark Plus). Data was calculated as percentage change 

versus control group. 
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Mitochondrial Membrane Potential (MMP) 

MitoTracker® Red (M-7512, Life Technologies, NY, USA), was used to measure 

depolarization of mitochondrial membrane potential (MMP). MitoTracker® Red (50 ng/ml 

in saline), was injected intraperitoneally and given 5 minutes to circulate. Animals were 

then deeply anesthetized with isoflurane and transcardially perfused with 0.1 M PBS, 

followed by 4 % PHF. Brains were removed and post-fixed in PHF for 2 days and 

cryoprotected in 30% sucrose at 4 °C until they sink. Brains were then frozen at -80 °C and 

coronal sections were prepared. Sections were mounted and cover-slipped with 

Vectashield mounting medium with DAPI. Images were taken with [LSM510 META 

confocal laser microscope (Carl Zeiss)] and analyzed quantitatively via ImageJ software. 

 

ATP level quantification 

ATP concentration was determined using a kit of ENLITEN® 

rLuciferase/Luciferin reagent (FF2021, Promega, Madison, WI, USA) following the 

protocol of the manufacturer. Briefly, 30 μg of sample proteins were suspended in 100 μl 

of reconstituted rL/L reagent buffer containing luciferase, D-luciferin, Tris-acetate buffer 

(pH 7.75), ethylenediaminetetraacetic acid (EDTA), magnesium acetate, bovine serum 

albumin (BSA), and dithiothreitol (DTT). Light emission at 10-s intervals from the L/L 

reaction was measured in a standard microplate luminometer (PE Applied Biosystems). 

Relative light units (RLU) from “background blank” containing rL/L reagent and the 

homogenization buffer used to prepare the samples were subtracted from the sample light 
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output in the assay. Values of ATP levels were determined using an ATP standard curve, 

and data were expressed as fold changes compared with the sham control group for 

graphical depiction. 

 

 

 

Behavioral Tests  

All behavioral experiments, unless otherwise noted, were recorded via overhead 

camera and analyzed by AnyMaze software. Statistical analysis were performed with one-

way ANOVA and post-hoc analysis to analyze intergroup differences.  

 

Barnes Maze 

The Barnes maze was used to determine the effects of PBM on spatial learning and 

memory deficits induced by HI. The Barnes maze apparatus is a 122 cm diameter circular 

platform elevated 1.0 meter above the ground. Along the perimeter of the platform are a 

series of evenly spaced 10 cm diameter holes. During training trials, a black box measuring 

20 × 15 × 12 cm is placed under the target hole. The apparatus is located in an enclosure 

with distinct markings along each wall to facilitate spatial orientation. The field is evenly 

illuminated with spotlights mounted above the apparatus.  

Testing began with 3 days of training trials followed by a single probe trial on the 

fourth day of testing. During training trials, the animal was placed under a black cylinder 
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on the center of the platform and given 30 s to acclimate. A loud metronome tone was 

played in the chamber via speakers and the cylinder was removed. The animal was given 

3 minutes to locate and enter the escape hole, upon which the escape hole was covered and 

the animal was given 30 s inside the box after which it was returned to its home cage. If 

the rat failed to find the escape box in the allotted time, it was gently guided to the target 

hole and given 30 s within the escape box. In the probe trial, the escape box was removed, 

and the target hole was blocked underneath with a black plastic sheet, and the animal was 

given 90 s to explore the field. The apparatus and escape box were cleaned with 70% 

ethanol before every trial. 

AnyMaze software was used to record tracking plots, escape latency (time taken to 

locate the target hole), and time spent in the target quadrant, as well as other auxiliary 

metrics. Escape latency is used as a metric of learning during training trials, while memory 

is measured via time spent in the target quadrant on probe trials. 

 

Open Field Test 

The open field test was used to measure the effect of PBM on locomotor activity 

and anxiety-like behavior after HI. The open field enclosure is a flat square plane 96 cm × 

96 cm enclosed by 50-cm walls. The base is painted black with white lines painted to 

demarcate 16 square regions. The animal was placed in the center of the field and given 5 

minutes to explore. During this time, an observer recorded grooming time and rearing time 

through AnyMaze software. Lines crossed, average speed, and path distance were 

measured automatically through AnyMaze. After 5 minutes, the animal was removed and 
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returned to its home cage. The enclosure was cleaned with 70% ethanol before each trial. 

Anxiety-like behavior was assessed via grooming time, rearing time, and time spent near 

the walls vs. time spent in the center. Locomotor activity was assessed via lines crossed, 

path distance, and average speed.  

 

Elevated Plus Maze 

The elevated plus maze was used to investigate the effects of PBM on anxiety-like 

behavior in rats after HI. The apparatus consists of a plus-shaped platform elevated 50 cm 

from the ground. Each arm is 50 cm x 10 cm, and the closed arms are surrounded by a 40 

cm wall. The center where the arms intersect is open and measures 10 cm x 10 cm. At the 

beginning of each trial, the animal was placed in the open center area, and allowed to freely 

explore for 5 minutes. During this time, an observer recorded open arm entry and risk 

assessment via AnyMaze software. Open arm entry was defined by all four of the animal’s 

paws residing in either of the open arms. Risk assessment was defined by a stretch-attend 

behavior wherein the rat stretches its body forward sniffs or scans with its head. Tracking 

plots and time spent sections of the apparatus were measured automatically via AnyMaze. 

After the trial concludes, the animal was returned to its home cage and the apparatus was 

cleaned with 70% ethanol.  

 

Cylinder Test 

The cylinder test was used to measure asymmetric forepaw usage after HI. Rats 

were placed within a transparent glass cylinder 20 cm high with a diameter of 12 cm for a 
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total of 90 s. An observer counted instances of paw contact with the glass walls of the 

cylinder. A camera placed underneath the cylinder was used to record each trial for later 

review by an independent, blinded investigator. Contralateral paw relative to total paw 

contacts was used to assess forepaw preference. After testing, the animal was returned to 

its home cage and the cylinder was cleaned with 70% ethanol.  

 

Adhesive Removal Test 

The adhesive removal test was used to measure the effects of PBM on 

somatosensory deficits after HI. A small rectangular adhesive strip (0.35 × 0.45 cm) was 

gently placed on the inner portion of each forepaw separately and immediately placed in 

an empty cage. An observer recorded the time taken to contact the strip and the time taken 

to remove the adhesive on each paw. The animal was then returned to its home cage.  

 

Hanging Wire Test 

The hanging wire test was used to assess neurological function after HI. A wire was 

stretched taut between two fixed paws and will be elevated 40 cm above the ground with a 

soft cushion underneath. Each rat was be gently suspended by its tail and lowered within 

grasping reach of the wire. Upon grasping the wire with both paws, the rat was released 

gently and allowed to freely hang from its forepaws. The animal hangs from the wire until 

it drops, and a 5-point scale will be used to rate its performance, determined by the maximal 

number of limbs the animal used to support itself during the trial. Each rat was tested three 

times per session and the results were averaged. 
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Edge Beam Test 

The edge beam test was implemented to determine asymmetric motor deficits after 

HI and the potential ameliorating effect of PBM. The testing apparatus consists of a tapered 

beam 100 cm in length, 7 cm in width at its widest point, elevated 50 cm above the ground. 

The narrow end of the beam rests on the animal’s open, empty home cage. Two consecutive 

days prior to testing, the animal was gently guided across the beam to acclimate it to the 

testing environment. On the day of testing, the rat was placed on the side of the beam 

opposing the home cage and given 3 minutes to cross the beam spontaneously. The time 

taken to initiate movement, latency, and the time taken to cross the beam, completion time, 

were recorded by AnyMaze software via an overhead camera. The number of footslips for 

each hindpaw were recorded by two observers, one for each side. The beam was cleaned 

after each trial and animals were returned to their cage after all cagemates are tested. 

 

Neuronal Viability Assay 

Neuronal viability was assessed post-OGD by double-labeling with propidium 

iodide (PI, Sigma) and fluorescein diacetate (FD, Sigma). Cultures were incubated for 20 

min with FD (10 μg/ml) and PI (5 μg/ml). Cultures were then washed, and images were 

captured using a confocal laser microscope. Neuronal viability was assessed by 

determining the ratio of FD-labeled cells to PI-labeled cells. Release of lactate 

dehydrogenase (LDH) was measured via a Pierce LDH Cytotoxicity Assay Kit (88953, 

Thermo Scientific) based on the included manufacturer’s instructions. Briefly, the cells 
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were treated according to the protocol, and the assay was performed by transferring the 

culture media into a new 96-well plate with the addition of specified kit reagents. The 

reactions were stopped 30 min after incubation at RT, and LDH activity was determined 

by microplate spectrophotometer (Bio-Rad Benchmark Plus) via absorbance at 490nm. 

Levels of LDH release was normalized to total protein concentration, and data was 

presented as percentage change versus controls. 

 

Statistical Analysis was performed using one way or two-way ANOVA followed 

by posthoc-Student-Newman Keuls test. Statistical analyses were performed using 

SigmaStat software (Systat Software; San Jose, CA, USA) and ANY-maze software 

(Stoelting; Wood Dale, IL, USA) when applicable. Our pilot studies and extensive past 

experience using ischemia models, as well as power analysis suggest the sample size will 

be sufficient to observe statistical differences between treatment groups. Statistical 

significance was accepted at the 95% confidence level (P < 0.05). Data will be expressed 

as means + standard error (SE). 
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III. RESULTS 

Specific Aim 1: To test the hypothesis that PBM improves neuronal survival, functional 

outcome, and pathophysiological features characteristic of neonatal HI.   

 

Experimental design 

Neonatal HI surgery was performed on mixed sex Sprague-Dawley pups at P10. PBM 

treatment was initiated 24 hr later, administered 2 minutes daily (total daily dosage of 15 

J/cm2) for 7 consecutive days. Animals were sacrificed at P18, P30, and P100 for 

histological analysis and for protein samples. Animals that underwent behavioral testing 

began testing at P21, as seen on Fig 4.  

 

 

Fig 4. Experimental design schematic (L. D. Tucker et al., 2018) 
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Experiment 1.1 – PBM confers neuroprotection after neonatal HI in rats. 

Neonatal hypoxic-ischemic (HI) brain injuries invoke pronounced neuronal death, 

glial activation and lead to secondary maturational disturbances. These neuropathological 

features are pronounced in specific brain regions, including the sensorimotor cortex and 

dorsal hippocampal subregions. Insult to these regions can induce subsequent sensory and 

motor dysfunction, as well as learning and attentional deficits (van de Looij et al., 2014). 

In this current study, the neuronal morphology of sensorimotor cortex and hippocampal 

CA1 region was examined on both early P30 and late P100 after HI via Nissl staining. As 

shown in Fig. 5, neonatal rats subjected to HI insult displayed dramatic neuronal death in 

the cortex and hippocampal CA1 regions on both P30 and P100, which was strongly 

attenuated by PBM treatment. Further quantitative analysis revealed that the loss of 

ipsilateral brain tissue in HI rats was approximately 17% on P18 and 32% on P100 after 

HI injury. PBM, however reduced this hemispheric volume loss at the aforementioned 

timepoints to 5% and 12% respectively (Fig. 5B). This robust preservation of brain volume 

is indicative of both short-term and long-term protective effects. Further analysis for 

relative neuronal density suggested that PBM treatment also dramatically rescued the 

decreased neuronal density in both the cortex and hippocampal CA1 regions of HI rats, as 

shown in Fig. 5C.  
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Fig 5. PBM reduces hemispheric brain shrinkage and neuronal loss after HI 

A Brain tissue was taken and examined on P18 and P100. The location of somatosensory (S1) cortex is 

depicted in (d). B, C Brain damage was evaluated by quantification of loss of ipsilateral tissue (at p18 and 

p100) and relative neuronal density (at p100) in the cortical and hippocampal CA1 infarct areas normalized 

to sham (N = 8–12). Scale bar: 500 μm (in the overview) and 50 μm (in the enlarged area). *P < 0.05 

versus sham, #P < 0.05 versus HI control group without PBM treatment 

(L. D. Tucker et al., 2018) 
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Experiment 1.2 – PBM reduces sensorimotor deficits after neonatal HI in rats. 

Motor disabilities are one of the characteristic features of moderate to severe 

neonatal HI injury. These disabilities can range from minor coordination deficits to those 

more pronounced features like those observed in spastic cerebral palsy. These features can 

be seen as well in animal models of HI injury (Semple et al., 2013).  To determine the 

effect of PBM on these behavioral outcomes after HI induction, behavioral analysis was 

performed via the cylinder test, the balance beam task, and the hanging wire test, well 

established behavioral tasks that each examine various facets of sensorimotor function. 

The cylinder test uses spontaneous righting and paw placement in a transparent 

cylinder to measure paw preference. Paw preference is taken as an indicator of 

sensorimotor impairment, wherein an animal with unilaterally reduced function will 

naturally prefer the use of the unimpaired paw. As unilateral hemispheric damage manifests 

as motor impairment contralateral to insult, decreases in spontaneous contralateral paw use 

are interpreted as indicators of disability.  In rats tested at P21, HI group animals displayed 

a marked reduction in contralateral paw preference when compared to uninjured sham 

animals as seen in Fig 6a. PBM treatment reversed this phenomenon, restoring 

contralateral paw preference to near sham levels.  

The balance beam test measures the time it takes an animal to cross an increasingly 

narrowing beam as a measure of motor coordination. Injured animals generally require 

additional time to cross the beam due to impairments in limb placement and general 

coordination. They compensate by traversing the beam more slowly. In line with this, HI 

animals crossed the beam with significantly increased time in comparison with uninjured 
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animals.  PBM demonstrated a remarkable recovery in this deficit, shown on Fig 6b with 

PBM treated HI rats crossing in durations similar to sham animals.  

The hanging wire test measures sensorimotor function and motor dexterity by 

analyzing the dexterity an animal displays when hanging by its front paws from a wire 

suspended over the ground. The number of limbs the rat can use to support itself is 

quantified into the metric of grip score, and is indicative of motor function, as it requires 

concerted and sustained effort in all limbs and core musculature. HI induction resulted in 

decreased motor dexterity, represented by a precipitous drop in grip score. PBM largely 

reversed this deficit, restoring grip score to levels similar to from sham animals (Fig 6c). 
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Fig 6. PBM rescues motor deficits after HI 

A Paw preference was recorded and quantified by counting number of times contacting against the wall of 

a transparent cylinder at at P23. HI causes decrease in preference to use the paw contralateral to insult, which 

is restored by PBM. Data was quantified as contralateral paw contacts / total paw contacts. B The balance 

beam task measures how motor dexterity by measuring how long it takes a rat to cross a narrowing beam. 

HI rats took significantly longer to cross the beam than sham animals, and this was reversed by PBM 

treatment. C The hanging wire tests motor coordination by measuring the amount of limbs the animal uses 

to hold itself onto a suspended wire. Grip score is calculated by the maximum amount of limbs the animal 

uses when suspended. PBM restored the deficits in grip score that were induced in HI animals. Data is 

presented as mean ± SE (n=6) *p<0.05 HI vs sham and PBM 
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Experiment 1.3 – Neonatal HI in rats does not affect anxiety-like behaviors in the 

elevated plus maze, but PBM decreases anxiety-like behavior in rat pups. 

Anxiety and anxiety-related disorders are features observed in patients who 

experience neonatal HI injury later in life (Semple et al., 2013). These behavioral 

consequences of this effect can last a lifetime and have costs that are difficult to quantify. 

These features are also mirrored in animal models. In this work, we used the elevated plus 

maze and certain metrics of the open field test to measure the anxiety-like behavior in HI 

animals to determine whether PBM treatment can diminish them.  

The elevated plus maze relies on a rat’s aversion of exposed open spaces and risk 

assessing behavior to measure anxiety like behavior. As depicted in Fig. 7, no differences 

were observed in the time spent in the open arms of the maze between sham and HI group 

animals, indicating the animals used in this experiment did not display increased anxiety-

like symptoms. PBM, surprisingly, increased the amount of time animals spent in the open 

arms of the apparatus. No differences were noted in risk assessment behavior between 

sham and HI animals, defined as a stretch-attend posture wherein the animal extends its 

head beyond the walls of the closed arms of the apparatus to investigate the surrounding 

environment. Risk assessment behavior was increased in the HI animals treated with PBM. 

These results, taken together, fail to demonstrate increased anxiety-like behavior induced 

by the application of our HI model, but demonstrate, curiously, that PBM may decrease 

anxiety-like behavior in general. Further testing needs to be done to validate these results. 
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Fig 7. HI doesn’t induce anxiety-like behaviors, but PBM decreases anxiety-like behavior in the 

elevated plus maze 

 

A PBM increases risk assessment behavior compared to sham and PBM in the elevated plus maze at p24. 

Risk assessment behavior is defined by the animal taking a risk-attend posture wherein it stretches its body 

out and projects its head outside the closed arms to look scan the environment for threats. B PBM increased 

the time the animal spent in the open arms of the elevated plus maze apparatus. Reduced time spent in the 

open arms is a measure of anxiety-like behavior. Data recorded via AnyMaze software. Values are 

expressed as mean ±  SE (n=6) p<0.05 
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Experiment 1.4 – Neonatal HI in rats does not affect locomotor activity or anxiety-

like behaviors in the open field test. 

To further investigate anxiety-like behavior and locomotor activity, we performed 

the open field test. The open field test is a classic behavioral test, used to test a wide range 

of behavioral phenotypes, such as excitability, anxiety, locomotor disturbances, or 

lethargy. The open field test quantifies an animal’s behavior by measuring its motility in a 

square plane surrounded on all sides by high walls. The floors are marked with a grid, and 

the number of times the animal crosses a line is recorded. With tracking software, more in-

depth metrics are available such as time moving, average speed, and time spent freezing. 

As well, the time the animal spends near the high walls can be used as a metric of anxiety, 

as a rodent generally prefers to remain near the walls of the chamber to avoid being heavily 

exposed from above to avoid predation. This stress response can be reversed with 

anxiolytic agents such as benzodiazepines. In our studies, however, we did not see any 

appreciable differences between groups in either zone (outer/inner) preference and lines 

crossed (Fig 8), which fails to corroborate our data from the elevated plus maze. Further 

work and analysis needs to be done to investigate this. 
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Fig 8. PBM and HI have no effect on anxiety-like behavior or locomotor activity in the open field 

test 
 

A Neither PBM nor HI affects anxiety-like behavior in the open field test. Anxiety-like behavior is defined 

as the animal spending more time in the area near the walls, avoiding the open center at p25. B Neither HI 

nor PBM affects the locomotor activity of animals in the open field test. Locomotor activity is measured 

by the amount of lines (grid dividing the floor of the testing field into 16 equal squares) crossed by the 

animal for the duration of the test. Analyzed with AnyMaze software. Data expressed as mean +/- SE 

(n=6) p < 0.05 
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Experiment 1.5 – PBM recovers spatial learning and memory on the Barnes maze 

test 

Learning and memory are critical processes that are incredibly sensitive to 

disturbances in development. As such, HI in the neonatal period is known to impart 

disturbances in learning and memory (Semple et al., 2013; van de Looij et al., 2014). The 

Barnes maze is a behavioral task designed to test spatial learning and memory in rodents, 

which is dependent on function of the CA1 subregion of the hippocampus, a region 

damaged in HI injury (Barnes, 1979; Pitts, 2018). An animal is placed on a circular 

platform with several holes around the periphery, with an escape box underneath one hole. 

Surrounding the platform are visual cues for the animal to orient itself with. When the test 

begins, aversive stimuli are delivered and the animal’s instinctual response is to seek 

shelter or hide. For a period of 3 days, the animal learns the location of the escape box, and 

on the fourth day the box is removed and the animal seeks out the box to no avail. The time 

taken to find the escape box on the first three days is the escape latency, a measure of 

learning, while the time spent in the quadrant of the circular platform where the escape box 

is located is a measure of memory.  

To test the effects of PBM on HI-induced learning and memory deficits, we 

performed the barnes maze test at P30. HI animals displayed deficits in escape latency, 

emerging at the 2nd day of training (Fig 9b). PBM rescued these deficits, but not to sham 

levels. Likewise, time in the target quandrant decreased in HI animals, while PBM rescued 

it to near sham levels, as seen in (Fig 9d). These results suggest that PBM can recover HI 

spatial learning and memory deficits, although not to sham levels. 
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Fig 9. PBM improves HI-induced deficits in spatial learning and memory on the Barnes maze task 
 

A Representative tracking plot for training on the Barnes maze. B PBM decreases escape latency on the 

training days. Escape latency is defined as the time it takes for the animal to enter the escape box upon 

release beginning at p27. C Representative occupancy plots for the probe trial at day 4 of testing on the 

Barnes maze. D HI reduces time spent in the target quadrant on the probe trial on day 4, and PBM 

restores this. The target quandrant is the quarter of the testing apparatus where the testing box is located. 

Data was recorded and analyzed with AnyMaze software. Data is expressed as mean +/- SE (n=6) *p < 

0.05 compared to sham and HI+PBM; #p<0.05 compared to sham and HI 
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Experiment 1.6 – PBM reduces microglial activation and pro-inflammatory factor 

expression after HI in neonatal rats.  

Reactive gliosis is the process by which glial cells, astrocytes and microglia shift from a 

resting phenotype towards a more active role. This process is concomitant with release of 

pro-inflammatory and anti-inflammatory cytokines that modulate the process of 

neuroinflammation. While some neuroinflammation is important and can stimulate post-

injury repair, too much activation can cause long-lasting damage and perpetuates itself.  As 

such, modulation of reactive gliosis to stymie long term overactivation is an important facet 

of treating HI damage (Thornton et al., 2012; Ziemka-Nalecz et al., 2017).  

Microglia, the brains resident macrophage, change their morphology from a ramified to 

amoeboid morphology upon activation (Thornton et al., 2012; Ziemka-Nalecz et al., 2017). 

This shift in morphology was present in both the CA1 and S1 cortex in HI animals at P30. 

PBM seemingly reduced this activation as seen in Fig 10A. This data is representative and 

needs further quantification. In their activation, microglia contribute to the release of pro-

inflammatory cytokines, including IL-1B and IL-6. HI animals exhibited dramatic increase 

in the release of the pro-inflammatory mediator IL-1B in both the hippocampal CA1 and 

S1 Cortex (Fig 10B). This pattern was also mirrored with IL-6 (Fig 10C). PBM was able 

to significantly reduce the levels of both of these factors, although not to sham levels. This 

is in line our hypothesis that PBM can mitigate a negative neuronal microenvironment after 

HI. 
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Fig 10. PBM reduces gliosis and release of pro-inflammatory cytokines 

 

A Representative confocal images of glial activation in the CA1 and CA3 regions of the hippocampus and 

the S1 cortex. PBM reduces microglial activation (Iba-1) as depicted by decreased amoeboid morphology. 

B HI significantly upregulates expression of pro-inflammatory cytokine IL-1Β, as analyzed via ELISA 

with total protein fraction from ipsilateral brain hemisphere homogenate. PBM significantly reduced the 

expression compared to HI group. C  HI significantly upregulates expression of pro-inflammatory 

cytokine IL-16, as analyzed via ELISA with total protein fraction from ipsilateral brain hemisphere 

homogenate. PBM significantly reduced the expression compared to HI group.  Data is expressed as mean 

+/- SE (n=6) *p < 0.05 compared to sham and HI+PBM; #p<0.05 compared to sham and HI 

(L. D. Tucker et al., 2018) 
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Experiment 1.7 – PBM protects BBB integrity after neonatal HI injury in rats 

Disruption of the blood brain barrier (BBB) is an early event in neonatal HI injury. 

Disturbances of the BBB exacerbate already deleterious conditions, so targeting this 

process is important for experimental therapeutics. Doing so, in other animal models, 

improved outcomes by alleviating neuroinflammation and the role of the peripheral 

immune system in the recovery process.  

As an early preliminary study, we investigated the impact of PBM on HI-induced BBB 

damage using evans blue (EB), a dye commonly used in BBB studies. EB does not leave 

the vasculature in the brain unless the BBB is compromised, so extravasated EB can be 

fluorescently quantified in a perfused whole brain as a measure of BBB integrity.  As 

shown in Fig 11, sham rats displayed very little extravasated EB content in either 

hemisphere after HI. HI animals had global increases in EB content, although the 

hemisphere ipsilateral to insult showed dramatic increases, both relative to sham and the 

HI contralateral hemisphere. PBM reduced the mild contralateral increase in EB 

extravasation to sham levels, and reduced the content in the ipsilateral hemisphere by 

nearly half, when compared to HI animals. These results suggest that early PBM 

intervention can cause a dramatic recovery of BBB integrity after HI injury, perhaps 

contributing to the recovery facilitated by PBM. 
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Fig 11. PBM (4 days treatment) reduces HI-induced BBB damage 
 

A Representative photo of brains freshly extracted from p15 pups. B PBM reduces Evans blue (EB) 

extravation induced by HI. EB is present in significantly higher quantities in the hemisphere ipsilateral to 

insult in both HI and PBM animals, but this disparity is significantly more pronounced in HI animals vs 

PBM. EB extravasates if the BBB is compromised. Data is expressed as mean +/- SE. **P<0.01 versus left 

brain in sham group; AAP<0.01 versus right brain in sham group; aa P<0.01 versus left brain in HI group. 

#P<0.05 versus left brain in HI brain; BP<0.05 versus right brain in HI group; bbP<0.01 versus left brain 

in PBM group. 
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Specific Aim 2. To test the hypothesis that preservation of mitochondrial dynamics and 

restoration of mitochondrial function is the key underlying mechanism of PBM 

neuroprotection and functional improvement and that this is mediated via modulation of 

CCO. 

 

Experiment 2.1 – PBM attenuates mitochondrial dysfunction after HI and restores 

ATP production in both the cortex and hippocampus. 

Mitochondrial dysfunction and energy failure play a pivotal role in the development 

and progression of ischemic brain injury and neuronal death (Blomgren & Hagberg, 2006). 

Mitochondria are critical organelles that maintain neuronal survival, and as such their 

dysfunction can initiate mitochondria-dependent apoptotic signaling pathways which 

accelerate downstream cell death cascades. Therefore, therapeutic strategies which target 

the mitochondria may be effective in attenuating both short and long-term HI injury. To 

examine mitochondrial dysfunction, mitochondrial membrane potential (MMP), critical to 

ETC function, was examined in P18 animals with MitoTracker Red fluorescent dye, which 

indicates MMP. Confocal images of MitoRed staining in Fig. 12A&B and further 

quantitative analysis in Fig. 12C revealed stark declines in MitoTracker Red fluorescence 

in both the cortex and hippocampal CA1 neurons from HI rats, when compared with Sham 

control. PBM treatment, however, strongly reversed this trend of decreased signal, 



59 
 

suggesting attenuation of mitochondrial MMP collapse. Next, ATP production was 

quantified in total protein fraction samples taken from both the cortex and the hippocampal 

CA1 subregion. As depicted in Fig. 12D, rats subjected to HI displayed dramatic ATP 

decline in both regions, which was substantially reversed by PBM treatment. Taken 

together, these results demonstrated a robust ameliorating effect of PBM intervention on 

HI-induced mitochondrial dysfunction in neonatal rats. 
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Fig 12. PBM restores mitochondrial function and ATP output in HI rats 
A, B Representative microscopic images of MitoTracker Red immunofluorescence in cortex (S1) and 

hippocampal CA1 neurons from P18 animals. The tissue sections were counterstained with DAPI. Scale 

bars = 20 μm. C The intensity level of MitoTracker fluorescence associated with MMP was determined and 

expressed as percentage changes compared with the sham group. D The level of ATP production was 

detected in the indicated protein samples from each group at P18 and the value was compared within groups. 

*P < 0.05 versus sham, #P < 0.05 versus HI control group without PBM treatment. Data are means ± SE 

from 4 to 6 animals in each group 

(L. D. Tucker et al., 2018). 
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Experiment 2.2 – PBM reduces oxidative damage to the brain in neonatal HI rats. 

Evidence from our studies and those of others suggests neonatal hypoxia-ischemia 

injury causes persistent oxidative stress, a process caused by and contributing to 

mitochondrial dysfunction (Odorcyk, Kolling, Sanches, Wyse, & Netto, 2018; Zhang et 

al., 2018). The ameliorative effect of PBM treatment on mitochondrial dysfunction lead us 

to hypothesize that HI-induced oxidative damage to cellular components in neonatal HI 

rats may be attenuated by PBM treatment. First, oxidative damage in the S1 cortex was 

investigated by measuring the presence of the lipid peroxidation marker 4-HNE and DNA 

double-strand breaks via P-H2A.X, as shown in Fig. 12A. In line with the restorative effect 

on mitochondrial function, PBM was demonstrated to markedly reduce the surge of both 

4-HNE and P-H2A.X expression caused by HI. Similar results were found in the 

hippocampal CA1 subregion after staining for MDA, another widely used marker of lipid 

peroxidation (Fig. 13B). Finally, we measured levels of protein carbonyls generated from 

oxidative damage to cellular proteins via western blot analysis (Fig. 13C). Quantitative 

analysis indicated that protein carbonyl production in both the cortex and hippocampal 

CA1 infarct regions was profoundly suppressed by PBM treatment, further indicating the 

ability of PBM to decrease HI-induced oxidative damage. 
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Fig 13. HI-induced oxidative damage is reduced via PBM treatment 

 

A, B Representative confocal microscopy images of the injured brain areas depicting the staining of 4-

HNE, P-H2AX (S139), DAPI, malondialdehyde (MDA), and NeuN at P18 from each group. Scale 

bars = 50 μm. C, D The level of protein carbonyls, representing oxidative stress, was measured at P18 

using a protein carbonyl content assay kit and Western blotting. Data are means ± SE (N = 4–6) 

expressed as percentage changes versus sham control group. *P < 0.05 versus sham, #P < 0.05 versus 

HI control group 

(L. D. Tucker et al., 2018) 
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Experiment 2.3 – PBM treatment reduced HI-induced mitochondrial hyper-

fragmentation in neonatal HI rats 

Imbalance of mitochondrial fission/fusion dynamic has been implicated in 

Ischemic neuronal death, wherein it is characterized by excessive mitochondrial 

fragmentation. Hyper-fragmentation as a result of mitochondrial dysfunction can initiate 

mitochondria-dependent apoptotic signaling cascades. Therefore, targeting mitochondrial 

fusion/fission dynamics may have therapeutic efficacy in neonatal HI. To investigate 

mitochondrial morphology in the hippocampal CA1 and cortex in P18 rats, 

immunofluorescence imaging of Tom-20 was performed, and was further separated, 

thresholded, filtered and binarized using Image J software. We found that mitochondria in 

both the cortex (Fig. 14A) and hippocampal CA1 (Fig. 14B) regions of HI rats displayed 

a significantly higher degree of fragmentation compared to sham control rats. In contrast, 

PBM treatment substantially reduced the mitochondrial fragmentation to a degree 

comparable to that in sham animals. This result indicates a crucial ability of PBM to protect 

mitochondrial integrity by maintaining a healthy balance of fusion and fission processes, 

which may indicate a potent mechanism for neuronal survival in the context of neonatal HI 

brain injury.      
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Fig 14. Mitochondrial fragmentation after HI is recovered in PBM treated animals in the CA1 

hippocampus and the S1 cortex 

 

A, B (a–c) Representative immunofluorescence micrographs of Tom20 staining (green) counterstained 

with DAPI (blue) of cortical (S1) and hippocampal CA1 neurons from P18 rats. Scale bar: 5 μm. A, B (d–

g) The immunofluorescence of Tom20 was separated, thresholded, filtered, and binarized using Image J. 

The total mitochondrial fragmentation was calculated by normalization of the number of total Tom20+ 

segments to total Tom20+ areas. Data are presented as means ± SE (N = 4–6 in each group). *P < 0.05 

versus sham HI control, #P < 0.05 versus HI or HI + sham PBM group 

(L. D. Tucker et al., 2018) 
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Experiment 2.4 – PBM suppressed the activation of the caspase-9/caspase-3 apoptotic 

pathway after neonatal HI in rats. 

  It has been established that HI injury in the neonatal period leads to activation of 

the mitochondria-dependent caspase-9/caspase-3 apoptotic pathway in rats. Therefore, we 

measured the effect of PBM treatment on apoptotic cell death in the neonatal HI infarct 

brain. As demonstrated in Fig. 15 A&B, fluorometric substrate assays of samples acquired 

from the cortex and hippocampal CA1 region from P18 rats revealed that HI induced a 

notable increase in the activity of the pro-apoptotic proteins caspase-9 and caspase-3. This 

effect was sharply ameliorated by PBM treatment. Finally, apoptotic cell death in both 

regions was investigated using TUNEL staining. As shown in Fig. 15 C&D, HI rats 

consistently displayed marked increases in TUNEL–positive cells compared with sham 

control animals, and this effect was dramatically attenuated by PBM treatment.  
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Fig 15. Caspase-3/9 activation and apoptotic cell death in the cortex and hippocampal CA1 

induced by HI is reduced after PBM treatment 

 

 A, B Changes in caspase-9 and caspase-3 activity in the total protein from the cortex (S1) and hippocampal 

CA1 was examined using specific AMC-based fluorometric substrates at P18 from the sham and HI rats. 

The fluorescence of free AMC was measured and compared between groups. C Representative confocal 

microscopy images depict fluorescent TUNEL staining (green) in the cortex (S1) and hippocampus CA1 

regions (s.o., stratum oriens; s.p., stratum pyramidal, and s.r., stratum radiatum). Scale bar: 20 μm. D The 

numbers of TUNEL positive cells from the indicated groups were counted and statistically determined. 

Results are means ± SE from four to five animals in (A) and (B), and 8–12 animals in (C) and (D) in each 

group.  *P < 0.05 versus sham, #P < 0.05 versus HI group 

(L. D. Tucker et al., 2018) 



67 
 

Experiment 2.5 – CCO blockade via KCN application blocks the effect of PBM in a 

primary hippocampal neuron OGD model. 

 The proposed site of action in PBM is CCO, mitochondrial complex IV. To test 

whether this complex is critical in mediating the effects of PBM in HI injury, an OGD cell 

culture model was implemented using primary hippocampal neurons. 3 hours after OGD 

induction, KCN, a potent inhibitor of CCO, was added to the culture, followed by four 

doses of PBM administration over the next 24 hours. FD/PI ratio was used to determine 

neuronal viability. As depicted in Fig 16, OGD drastically reduced neuronal viability. The 

addition of a low dose of KCN did not appear to modulate this affect. PBM administered 

after OGD managed to rescue this death process, saving over 50% of the neuronal 

population. This benefit was sharply reduced after the administration of KCN however. 

These results were mirrored when examining CCO activity of these culture populations, 

wherein OGD and OGD+KCN yielded similar stark decreases in CCO function. PBM 

nearly reversed this trend, although this was blunted in OGD cultures treated with KCN. 

These results suggest that CCO function plays a crucial role in the effects of PBM in an in 

vitro hypoxic neuronal injury model.  
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Fig 16. PBM reduces cell death and restores COX4 activity, but KCN blockade of COX4 mitigates 

this effect 
 

A Schematic of experimental protocol, B Representative fluorescence micrographs of FD/PI staining in 

neurons in the indicated groups. C FD/PI ratios (neuronal viability) is increased heavily in rat 

hippocampal primary neurons treated with PBM, but this is diminished when the COX4 inhibitor KCN 

is added.  D COX4 activity is significantly restored in rat hippocampal primary neurons treated with 

PBM, but this is diminished when the COX4 inhibitor KCN is added. Data are presented as mean ± SE 

from 4 to 6 cultures/group *p < 0.05 compared to control; #p<0.05 compared between PBM and 

PBM+KCN  
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Supplementary Experimental Data 

 

S 1 – 4 weeks of PBM treatment improves spatial and learning memory in adult naïve 

rats in the Barnes maze task. 

 Adult naïve (uninjured) male SD rats were administered 2 or 4 weeks of daily PBM 

(2 min, total dose=15 J/cm2). At the end of this period, animals underwent testing on the 

Barnes maze task. No differences were found between Sham rats, control rats (restrained 

with no laser treatment), and 2 wk PBM animals (Fig 17). Rats given 4 wks of PBM 

treatment demonstrated a significant decreases in virtual latency (time taken to reach the 

site of the former escape hole) on both probe trials on days 4 and 9. This demonstrates that 

4, but not 2, weeks of PBM treatment can improve the spatial memory of an uninjured adult 

male rat. This observation informed our behavioral experimental design, as it indicated that 

PBM treatment could have effects on CA1-dependent spatial learning and memory in rats 

with damage to the hippocampus. 
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Fig 17. 4 weeks of PBM treatment, but not 2 weeks, improves spatial memory on the Barnes maze 

 

 A Virtual escape latency, or time taken to locate the previous location of the escape box is significantly 

reduced in rats treated for 4, but not 2 weeks. (*p<0.05 between 4wk and con; #p<0.05 between 4wk and 

2wk groups), B,C Significant decreases in latency are seen in probe trials of 4 week group, but not in 

training days (*p<0.05 between groups).  No difference is seen in training or probe latencies in 2 week 

groups, D Representative tracking plots generated by AnyMaze software. Data represents mean±SE 

(n=12-13) 
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S2 – PBM increases cortical ATP content in adult naïve male rats. 

 Adult naïve male SD rats were administered 4 weeks of daily PBM, and were 

sacrificed in cohorts immediately after the end of treatment and 4 weeks later. Cortical 

samples were taken, and ATP content was measured in total protein fractions. ATP levels 

were found to be elevated over 150% above sham immediately after the end of 4 wks 

PBM treatment, and these levels were sustained as far out as 4 weeks later (Fig 18). This 

indicates that not only can PBM increase ATP production, but that these increases are 

sustained for long periods of time. These sustained effects suggested that PBM 

intervention after HI may confer long-lasting benefits, directing our approach. 
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Fig 18. Cortical ATP levels are markedly increased after 4 weeks of PBM. 

 

Increased ATP levels in PBM treated animals do not significantly drop even after one month of cessation 

of PBM treatment. Data represents mean±SE *P<0.05 vs sham (n=5-6) 
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S3 – PBM reduces the expression of mitochondrial fission/fusion proteins. 

 Mitochondrial fission/fusion dynamics are mediated via GTPase family proteins, 

two of which that are involved in fission events are MFF and Fis1. In naïve adult male SD 

rats, PBM caused a significant decrease in the expression of these proteins in hippocampal 

total protein fractions, detected via western blot analysis (Fig 19). This indicates that PBM 

may tip the balance of fission/fusion dynamics towards fusion in adult naïve animals via 

reducing expression of these proteins. These results lead us to posit that PBM may reduce 

hyper-fragmentation of mitochondrial in HI conditions, and directed us to investigate 

mitochondrial dynamics in this work. 
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Fig 19. PBM reduces levels of mitochondrial fission related proteins in uninjured adult rats. 

 

A) Hippocampal total protein fractions reveal significant decreases in protein expression in mitochondrial 

fission proteins via western blot analysis. GAPDH is used as a loading control. B,C) Both Fis1 and MFF, 

proteins involved in mitochondrial fission are significantly attenuated after 4 weeks of PBM. There is no 

significant difference between sham and control. Data represents mean±SE *P<0.05 (n=4-5) 
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S4 – Hippocampal CA1 dendritic spine density is increased in adult naïve rats by 4 

weeks of PBM treatment.  

 Dendritic spines are protrusions that house the post-synaptic end of axonodendritic 

synapses and exist in different maturational states. To examine whether the increased 

hippocampal CA1-dependent memory in long-term treated adult rats was associated with 

alterations in dendritic spine count, we performed dil staining and confocal microscopy on 

hippocampal sections, looking at the stratum radiatum adjacent to the CA1 region. Our 

results (Fig 20) demonstrated that long-term PBM treatment could modestly increase 

dendritic spine density. This indicates that long-term PBM treatment in the adult naïve rat 

could induce marked changes in dendritic morphology and could indicate that PBM could 

be increasing synaptic count.  
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Fig 20. 4 weeks of PBM increases hippocampal spine density in adult rats 

A Representative Dil staining images B hippocampal CA1 dendritic spine density is significantly increased 

by 4 weeks of PBM treatment. Images were taken via confocal microscopy and spines were counted. Data 

is expressed as mean +/- SE (n=9) *p<0.05 vs sham and con 
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S5 – Long-term PBM can increase pre- and post-synaptic markers in the 

hippocampal CA1 of adult naïve male rats. 

 To confirm whether our previous results indicated increases in synaptic count, the 

pre- and post-synaptic markers synaptophysin and spinophilin, respectively, were imaged 

via confocal microscopy. Adult animals receiving long-term PBM treatment displayed 

moderately increased expression of synaptophysin and stark increases in spinophilin (Fig 

21). While this result does corroborate the previous data demonstrating the PBM increases 

spine density, colocalization data would be preferable to confirm the count of individual 

synapses. Regardless, this does support the notion that PBM can cause changes in dendritic 

morphology and perhaps function when delivered long-term.  
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Fig 22. Four weeks of PBM treatment increases expression of pre and post-synaptic markers in 

adult rats 

A) Representative confocal microscopy of hippocampal CA1 areas showing the dendritic spine marker 

spinophilin (each granule is one dendritic spine), the presynaptic axonal bouton marker synaptophysin 

(each granule is one axon bouton). The appearance of spinophilin and synaptophysin profiles were taken 

from the superficial part of the stratum radiatum. B, C) Quantification of the number of spinophilin 

granules and synaptophysin granules. The total number of spinophilin and synaptophysin granules per 50 

mm square were counted by using ImageJ. Data represent mean±SE (n=4-6). #P< 0.05 vs PBM control 

group. Magnification: X120, scale bar: 10 mm 
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Conclusions from Specific Aim 1: 

The experiments performed in Specific Aim 1 investigated two separate goals. The first set 

of experiments was performed to examine the effect of PBM on the characteristic 

hemispheric brain shrinkage and neuronal cell death that occurs as a result of neonatal HI 

injury in a modified Rice-Vannuci rat model. The second set of experiments was to 

determine the effects of PBM on behavioral abnormalities that emerge after neonatal HI 

injury in rats. These include such behavioral features as locomotor function, dexterity, 

anxiety like behavior, learning, and memory. The findings from this aim show 1) that 

neonatal HI caused significant hemispheric brain shrinkage ipsilateral to insult that 

persisted up to P100 that was significantly reversed by 7 consecutive days of once daily 

PBM treatment at all timepoints, 2) PBM helped reduce the substantial loss on neuronal 

density in the CA1 and CA3 regions of the hippocampus, as well as the S1 cortex induced 

by HI insult, 3) HI induced sensorimotor deficits observed in the cylinder test, balance 

beam test, and hanging wire test that were reversed to sham levels after PBM treatment, 4) 

PBM reversed long-term CA1 hippocampal dependent spatial learning and memory 

deficits present after HI as demonstrated via the barnes maze task, 5) that neonatal HI 

induced significant reactive gliosis and inflammatory signaling that could be reduced by 

PBM, and 6) that HI injury caused significant impairment of the blood brain barrier, which 

was reversed by PBM treatment. These results are the first to investigate the 

neuroprotective effects of PBM treatment on neonatal HI insult, the behavioral deficits 

arising from it, and the complex pathophysiology accompanying it.  
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Conclusions from Specific Aim 2: 

The experiments performed in Specific Aim 2/3 investigated 3 separate goals. The first set 

of experiments was to determine whether PBM can ameliorate the accompanying 

constellation of pathologies that accompany neonatal HI insult. The second set of 

experiments was to determine whether PBM can prevent mitochondrial dysfunction after 

HI insult in the neonatal rat. The third set of experiments investigated whether these effects 

may be dependent on potential mitoprotective effects conferred by HI. The findings from 

this aim show 1) PBM substantially reduced oxidative damage induced by HI insult, 2) 

PBM protected against degradation of mitochondrial function and ATP production caused 

by HI injury, 3) PBM prevented rampant mitochondrial fragmentation after HI injury, 4) 

PBM prevents the activation of apoptotic factors and subsequent apoptotic neuronal cell 

death, and 5) the effects of PBM can be sharply reduced with the cco blockade via CCN. 

These findings are the first to both describe the robust effect that PBM has on HI injury, as 

well as determining the potential role of PBM in the context of neonatal HI. 
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IV. DISCUSSION 

 

1. Project Introduction 

HIE is a leading cause of infant mortality and disability, and currently there is only one 

available treatment option, therapeutic hypothermia (TH), that has extensive limitations in 

both availability and efficacy (Colver et al., 2014; Cornette, 2012; Juul & Ferriero, 2014; 

Kim et al., 2012; Vannucci & Hagberg, 2004). A central feature in the feed-forward loop 

driving neonatal HI damage is mitochondrial dysfunction; the majority of the 

pathophysiological hallmarks of HI damage including inflammation, gliosis, oxidative 

stress, and BBB damage, are all exacerbated by and contribute to mitochondrial 

dysfunction (Blomgren & Hagberg, 2006; Semple et al., 2013; Thornton et al., 2012). 

Therefore, targeting mitochondrial dysfunction in HIE may help prevent the progression 

of the HI damage underlying it. PBM, as a novel non-invasive mitochondrial-targeted 

therapy, may therefore be an ideal candidate for HIE, as it can be deployed easily and has 

minimal side effects (Chung et al., 2012; Salehpour et al., 2018). The goal of this work was 

to investigate whether PBM could act as a therapeutic agent for HIE and to ascertain its 

underlying mechanisms.  

 

2. Project design 

In designing this project, a key decision was dosing parameters for PBM. As previously 

stated, PBM operates on a biphasic dose response curve (Chung et al., 2012). Too low of 

a dose and there is no effect; too high of one and the increased respiration causes increases 
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of ROS that can eliminate and even reverse any positive effects that laser may have 

(Castano et al., 2007; Chen et al., 2011; Chung et al., 2012; Hamblin, 2016; Haxsen et al., 

2008; Mester et al., 1985). In addition to energy levels delivered, attention must be taken 

to the dosing strategy. The amount of individual treatment sessions, their spacing, and time 

of initiation after HI insult must be taken into account. This potentially may be one factor 

underlying the failure of the NeuroThera trials in human stroke, which employed a single 

treatment session immediately after intake for stroke (Zivin et al., 2014). It must be noted, 

however, that the heterogeneous nature of stroke in the clinic must have played a significant 

confounding factor, as factoring in stroke severity increased the observed effectiveness 

(Zivin et al., 2014). Even with all these details accounted for, a proper dosing strategy had 

to be independently developed, as the neonatal brain has different energy dynamics and 

responses to ROS (Blomgren & Hagberg, 2006; Thornton et al., 2012).  

Our previous work suggested that, in the adult brain, that target dosages of 3 J/cm2 

were the “sweet spot” for laser efficacy. As well, previous results in other models and our 

own preliminary studies suggested that multiple successive daily treatments provided 

optimal beneficial effects (Y. Lu et al., 2017; Wang et al., 2018; L. Yang et al., 2018). We 

decided on initiating the treatment the day after to account for the delays in treatment often 

seen in the clinic, as well as the gap in treatment for infants for whom treatment is delayed 

(Lumba, Mally, Espiritu, & Wachtel, 2018). With these parameters decided on, we then 

needed to determine the amperage on the laser necessary to deliver said dosages. In 

preliminary work with adult uninjured rats, we sacrificed a rat, removed the skull plate and 

a section of shaved scalp and adjusted the laser current to the setting necessary to deliver a 

power density of 25 mW/cm2 through the tissue. This allowed us to determine how much 
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energy would pass through to the cortical surface. To adapt this to the rapidly thickening 

skull of the growing neonatal rat, we performed this with a series of rats sacrificed daily 

from P11 to P18. This data yielded the information seen in Table 1. These parameters were 

used for the duration of these studies, with occasional checks for drift in laser power that 

were deemed nominal. Thus, our experimental parameters were chosen and formal 

experiments proceeded, beginning with gross morphological metrics of brain damage.  

 

3. PBM reduces neuronal cell death and hemispheric brain shrinkage. 

Characteristic of HI injury in neonatal rats is neuronal cell death and hemispheric brain 

shrinkage, Damage in the perinatal period can cause sufficient damage such that future 

growth potential is stunted. This perpetuates, like many of the sequelae of HI injury, over 

the course of a lifetime (Semple et al., 2013). This feature is strikingly apparent in the Rice-

Vannucci model, exaggerated even by the hemispheric nature of the model (Rice et al., 

1981). With only one hemisphere exposed to hypoxic conditions, the difference between 

the injured and uninjured side is apparent upon extraction. This is a classic feature of the 

model, and is used as a metric of efficacy of experimental treatments (Rice et al., 1981; 

Sakai et al., 2018; Zhang et al., 2018). In our work, we demonstrated that PBM can 

significantly reduce hemispheric shrinkage in the weeks and months following injury. 

Roughly translating these timeframes from rats to humans, these extrapolates out to early 

adulthood. Supporting this data is the underlying neuronal cell death underlying it. We 

found that HI caused a striking cell death, as indicated by pyknotic nuclei and raw cell 

count, in the CA1, CA3 and the S1 cortex that was strikingly ameliorated in by PBM 

administration. While the more prominent cell death pattern of this model does not match 
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that seen in the clinic, the ability of PBM to decrease this exaggerated cell death response 

is indicative of a high therapeutic potential and of underlying mechanisms to be discussed 

later in this section.  

 

4. PBM improves behavioral outcomes after neonatal HI. 

Likely the most important metric that parents care about is behavioral outcome. This 

directly determines the quality of life of their child and themselves, and is far more apparent 

than neuronal loss and inflammatory response despite being intimately tied to both of these 

features (Blomgren & Hagberg, 2006; Semple et al., 2013; Vannucci & Hagberg, 2004). 

The most severe cases of HI in humans can lead to the need for life-long assistance and 

specialized care due to physical disability and intellectual disability (Blomgren & Hagberg, 

2006; Semple et al., 2013; Vannucci & Hagberg, 2004). While these patients very often 

lead long fulfilling lives, it is undeniable that this can be a source of financial and logistical 

difficulties (Blomgren & Hagberg, 2006; Semple et al., 2013; Vannucci & Hagberg, 2004). 

These costs can be apparent in severe cases, but even in milder cases, subtle effects can 

add up (Blomgren & Hagberg, 2006; Semple et al., 2013; Smith J, 2000). HIE can 

contribute to mood disorders or deficits in executive function that often go undiagnosed 

for years, often after considerable difficulties in life have already manifested in the forms 

of academic difficulties, career issues, and interpersonal conflicts (Blomgren & Hagberg, 

2006; Semple et al., 2013; Vannucci & Hagberg, 2004). The subtle nature of these deficits 

are pernicious, as they can only be managed properly if correctly identified.  
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In our work, we found that PBM treatment after HI injury managed to improve several 

metrics of behavior that are clinically relevant in HI. Initial testing focused on sensorimotor 

deficits, those most common in HI injury (Semple et al., 2013). Our results in the hanging 

wire test and balance beam test both demonstrated improvements in general sensorimotor 

function, while data in the cylinder test revealed amelioration of impairment contralateral 

to insult specifically. With damage to white matter tracts inducing such deficits, these 

beneficial effects demonstrate a robust ability to dampen physical disabilities after insult.  

In addition to motor disabilities, we found that PBM could reduce HI induced deficits 

in learning and memory. These deficits can plague those who experience HI in infancy, 

and may manifest only in adulthood in milder HI cases (Blomgren & Hagberg, 2006; 

Semple et al., 2013). We performed the Barnes maze test to examine spatial learning and 

memory for several reasons. Performance in the Barnes maze task is dependent on the 

function of the CA1 region of the hippocampus, a region that we found to be damaged in 

the brains of HI rats. As well, preliminary work in adult uninjured rats demonstrated that 

PBM could improve Barnes maze performance when delivered over a long period of time. 

As such, it seemed logical to apply it to this injury model. Our data showed that rats 

exposed to HI had deficits in spatial learning and memory that could be substantially 

reduced with the application of PBM. We attempted to further investigate this with novel 

object recognition, but these results were inconclusive. It may be due to the different 

mechanisms underlying the learning/memory this test investigates, or it may be that this 

was performed before I mastered the surgical techniques for the model. Further data is 

needed to confirm this.  
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5. PBM protects against BBB damage in neonatal HI injury. 

The brain, along with other organs like the eyes and the testes, is an immune privileged 

space (Hong & Van Kaer, 1999). In healthy conditions, the brain is sequestered away from 

the body at large by the blood brain barrier, or BBB. The BBB is the product of the 

coordination of cerebrovascular endothelial cells, pericytes, and astrocytic endfeet working 

in tandem to produce a tight seal to regulate what comes in and out of the brain. In disease 

or injury conditions, this barrier is compromised and allows for the infiltration of peripheral 

immune cells (Lee, Michael-Titus, & Shah, 2017). Though this can be helpful, this 

deterioration can last long-term and can help contribute to deleterious levels of 

neuroinflammation that can compromise repair efforts (Lee et al., 2017; Varatharaj & 

Galea, 2017). As such, treatments that help to protect the BBB may serve to promote a 

healthy brain after insult. BBB degradation is observed in our model and human neonatal 

HI and is known to last long-term, thus treatments that may prevent this effect are valuable 

(Hu et al., 2017; Ma, Dasgupta, Li, Huang, & Zhang, 2017; Min et al., 2017; Semple et al., 

2013). PBM has been demonstrated in some of our previous work to protect the BBB, 

although the mechanism remains unknown. 

To examine BBB integrity, a classic test uses Evans blue (EB), a dye that does not cross 

the blood brain barrier if it is in fact intact (Radu & Chernoff, 2013). Perfusion is performed 

to remove any blood that may be carrying it in circulation, and the tissue is macerated and 

the concentration of tissue EB is quantified via spectrophotometry. In our work, we found 

that PBM could reduce the levels of extravasated EB into brain tissue ipsilateral to stroke 

by half that of HI animals without PBM treatment. PBM animals still had markedly higher 

levels of EB than sham animals, although the reduction was still substantial. A caveat to 
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this is that, this being a preliminary study, we only looked at this in the short term and after 

4 days of PBM treatment.  

This data is admittedly very preliminary, but does point to further avenues of research. 

BBB protection is very clinically relevant, and therapies that can do so are valuable in this 

underserved condition. Further work to characterize this phenomena should be performed, 

perhaps through FITC-labelled dextrans of different sizes to determine differential 

permeability, an experiment that was attempted but did not work as expected. As well, 

western blots of such BBB components as claudin, ZO1, and occludin should be performed 

again to see if specific components are protected differentially by PBM treatment. 

Underlying all of this is mechanistic work that could determine the exact mechanism of 

PBM-induced BBB protection, but this is beyond the scope of this work. Regardless, this 

is an important observation when viewed through the lens of PBM’s effects of the 

constellation of pathologies surrounding neonatal HI injury. 

 

6. PBM ameliorates pro-inflammatory factor release and microglial activation after 

HI.  

Another such pathological feature involved in HI injury is neuroinflammation 

(Thornton et al., 2012). Neuroinflammation is much like inflammation in the rest of the 

body, except it is mediated predominately by two cell types – astrocytes and microglia 

(Thornton et al., 2012; Ziemka-Nalecz et al., 2017). Neuroinflammation represents the 

brain’s attempt to respond to injury or infection via the release and response to 

inflammatory factors (Thornton et al., 2012; Ziemka-Nalecz et al., 2017). In acting on cells, 
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inflammatory factors trigger a complex cellular response that can push the cell towards 

death, survival, or different states of activation (Thornton et al., 2012; Ziemka-Nalecz et 

al., 2017). Inflammatory factors are often lumped into two broad categories, pro-

inflammatory and anti-inflammatory wherein either group either perpetuates or reduces the 

inflammatory response (Ziemka-Nalecz et al., 2017). In the context of injury and infection, 

some level of inflammation is crucial to recovery and can trigger repair although at 

however, inflammation can be detrimental, leading to long term cellular pathology and cell 

death (Ziemka-Nalecz et al., 2017). 

PBM has been demonstrated in several of these injury models to reduce expression of 

pro-inflammatory factors as well as increasing the expression of anti-inflammatory factors. 

This was associated with positive outcomes in these experiments (Y. Lu et al., 2017; Wang 

et al., 2018; L. Yang et al., 2018). In our current work, we briefly examined the expression 

of pro-inflammatory factors in response to HI. Both IL-1B and IL-6, pro-inflammatory 

factors, were significantly elevated after HI at P18. PBM managed to significantly mitigate 

this effect, reducing inflammatory factor release by nearly half of HI control animals. These 

levels were still nearly double that of sham animals.  

These results are very preliminary as they only dip into one side of the inflammatory 

response at a surface level, but they do demonstrate a potential avenue for research into the 

effects of PBM into HI. Further work should investigate whether PBM has an effect on 

pro-inflammatory factors and downstream mediators of neuroinflammation. As well, 

mechanisms underlying this effect should be examined. It is known that PBM can modulate 

NFKB signaling, which may potentially propel the anti-inflammatory effect of PBM in this 

model. If validated, this work could demonstrate clinical significance of PBM in treating 
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one of the key drivers of long-term pathology in human neonatal HI, and could help 

mitigate the ever increasing damage that accumulates over time. 

Glial cells were once thought to serve only structural support roles in the brain, hence 

the origin of the term which is derived for the greek word for “glue” (Zuchero & Barres, 

2015). This idea has been discarded, as they have been found to play a critical, dynamic 

role in the brain, with roles ranging from immune response to providing trophic factors 

necessary for neuronal survival (Zuchero & Barres, 2015). There are three predominant 

types of glial cells: microglia, astrocytes, and oligodendrocytes. Microglia are the resident 

immune cells of the brain, modulating and reacting to inflammatory signals to respond to 

injury and foreign invaders. Astrocytes play a host of important roles wherein they release 

trophic factors, detect neuronal activity, modulate cerebral bloodflow, and contribute to the 

BBB with their endfeet processes (Zuchero & Barres, 2015). .Oligodendricytes wrap 

axons, providing insulation that speed the propogation of action potentials (Michalski & 

Kothary, 2015). These cells and their health are critical to the proper function of neurons 

and the brain as a whole, and their activity is affected exquisitely to insult to the brain 

(Zuchero & Barres, 2015). As such, they are an important factor in neonatal HI injury. 

In the adult brain and that of the neonate, glial cells respond quickly to insult (Thornton 

et al., 2012). Astrocytes and microglia both shift to an activated state upon ischemic injury, 

releasing and responding to inflammatory factors (Thornton et al., 2012). Microglia 

activate and phagocytose injured cells and cell fragments generated by apoptotic and 

necrotic cell death (Thornton et al., 2012; Zuchero & Barres, 2015). Astrocytes can 

coordinate these actions, and can release trophic factors that can encourage repair 

mechanisms (Zuchero & Barres, 2015). As well, they contribute to glial scarring, a process 
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that, while beneficial in some cases, contributes to white matter tract damage which leads 

to some of the classical motor disabilities characteristic of neonatal HI (Zuchero & Barres, 

2015). This white matter damage is largely a result of ROS damaging the lipid rich 

oligodendrocytes (Rumajogee et al., 2016; Thornton et al., 2012).  

In human neonatal HI glial activation occurs shortly after insult, and 

triggers/exacerbates an inflammatory response. Glial activation can occur and lasts long-

term (Thornton et al., 2012). This is mirrored in our model, wherein substantial microglial 

activation, designated by Iba1 staining and microglial morphology as late as p30, 

correlating to early childhood in humans. In our work, we observed notable reductions in 

microglial activation at p30 in PBM treated animals. This was commensurate with 

previously described work detailing reductions in inflammatory signaling. 

Further validation of these results is required, as these results are preliminary and 

representative. Our work only looked at microglial activation, so further work should 

investigate astroglial activation. As well, microglial activation can push towards one of two 

phenotypes, the M1 inflammatory phenotype and the M2 anti-inflammatory phenotype 

(Tang & Le, 2016). Microglial activated phenotypes should be investigated to see whether 

the remaining activation in PBM treated animals is further towards the M2 end of the 

spectrum. Astroglial activation has recently been shown to do so in a similar polarized 

fashion, which should be investigated in the context of PBM and neonatal HI (Liddelow et 

al., 2017). Beyond this, mechanistic investigations should be performed to determine the 

underlying mechanisms of this phenomena. Finally, damage to oligodendrocytes should be 

examined, as it underlies some of the emerging behavioral pathology underlying HI 

damage (Thornton et al., 2012). This was beyond the scope of this work, but is highly 
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clinically relevant. Despite these limitations, this is important preliminary evidence that 

suggests PBM could help mitigate yet another confounding factor in the progression of 

neonatal HI injury. 

 

7. PBM reduces mitochondrial dysfunction and oxidative stress in neonatal HI rats. 

Mitochondrial function is crucial to the brain, and is among the first things 

compromised in HI injury. Plummeting O2 levels halt oxidative phosphorylation and quash 

ATP production (Akbar et al., 2016; Ham & Raju, 2017; Srinivasan & Avadhani, 2012; 

Vannucci & Hagberg, 2004). This precipitous drop in in metabolic activity is referred to as 

initial energy failure and is accompanied by production of ROS that cause initial damage 

to mitochondrial components as their function grinds to a halt (Thornton et al., 2012). Upon 

reperfusion and the return of oxygen, mitochondria whirr back into activity, but with 

compromised function, they release a second surge of ROS that cause a cascade of further 

cellular damage that leads to secondary energy failure (Thornton et al., 2012). As a result, 

metabolic collapse in the neonatal brain is characteristic of HI injury (Thornton et al., 

2012). Therapies that can protect the mitochondria in the phase following initial energy 

failure may help to preserve mitochondrial integrity and could potentially stem the tide of 

damage that occurs in the days, weeks, months, and years following HI injury. The 

currently accepted and most researched action of PBM is to stimulated mitochondrial 

function by upregulation of complex IV, cytochrome c oxidase (Chung et al., 2012; T. 

Karu, 1999; T. I. Karu & Kolyakov, 2005). In doing so, ATP production is upregulated via 

speeding up the rate-limiting step of oxidative phosphorylation (Chung et al., 2012; T. 

Karu, 1999; T. I. Karu & Kolyakov, 2005). 
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PBM and other mitoprotective strategies have shown promise in adult HI injury, but 

there are significant differences in brain metabolism and mitochondrial morphology 

between the neonatal brain and that of the adult (Semple et al., 2013). Due to these 

differences, investigating the effects of PBM on mitochondrial function in HI was merited. 

First, we examined how PBM could affect ATP output in the neonatal HI model. Previous 

work had shown PBM to increase ATP function in uninjured adult rats and recovered it in 

several adult brain injury models. This was recapitulated in our current work, wherein HI 

caused a stark decrease in ATP production that was significantly restored via 7 days of 

PBM treatment. As previously mentioned, metabolic dysfunction is correlated with 

outcomes in human patients, so this finding, alongside our behavioral work, seems 

promising (Blennow et al., 1995). ATP output is driven by mitochondrial membrane 

potential (MMP) which collapses during HI insult (Blomgren & Hagberg, 2006; Thornton 

et al., 2012). We then looked at how PBM could affect mitochondrial membrane potential 

via MItoTracker red. HI animals were observed to have a significant quenching of MMP 

which was restored after PBM treatment. These observations demonstrate that PBM can 

suppress and perhaps reverse mitochondrial dysfunction, a key driver of HI damage in the 

neonatal brain. By preventing dysfunction, PBM can preserve energy metabolism, and 

reduce the damage caused by excessive ROS generation. 

As previously mentioned, mitochondrial dysfunction is a major source of ROS, or 

reactive oxygen species. While the most relevant source of ROS in this study is 

mitochondrial, there are other sources of ROS generation, passive and active, cytoplasmic 

and membrane bound (Akbar et al., 2016). Mitochondrial generated ROS are generated as 

byproducts of oxidative metabolism and, during mitochondrial dysfunction, electron 
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leakage and faulty mitochondrial components (Akbar et al., 2016). When damage occurs 

to the mitochondrial ETC, components of the chain become maximally loaded and cannot 

be cleared (Akbar et al., 2016). In this condition, substrates for oxidative metabolism can 

react with free oxygen, releasing excessive energy and highly reactive free radicals. These 

molecules react with biological components, compromising their function. This may 

hamper cellular processes or cause inappropriate signaling events. In the case of lipids, 

lipid peroxidation can produce extremely reactive peroxynitrite that can cause further 

detrimental modifications (Akbar et al., 2016; Blomgren & Hagberg, 2006; Thornton et al., 

2012). Modifications to DNA are particularly pernicious, as DNA modifications last far 

longer than the turnover time for the average protein. As with so much in HI damage, this 

allows the initial impact of HI insult to ripple long-term (Akbar et al., 2016; Blomgren & 

Hagberg, 2006; Thornton et al., 2012).  

Oxidative stress is a primary cause of cellular injury in human neonatal HI (Blomgren 

& Hagberg, 2006; Odorcyk et al., 2018; Thornton et al., 2012; Zhang et al., 2018). 

Oxidative damage to white matter tracts is the primary contributor to periventricular 

leukomalaciea, wherein ROS reacting the the abundant lipid content of the myelinating 

oligodenricytes causes a robust generation of peroxynitrite (Thornton et al., 2012). 

Throughout the rest of the brain, oxidative damage contributes to the mitochondrial 

damage, activation of gliosis, and delayed cell death that occur in the days to weeks after 

neonatal HI, much as in adult HI, wherin our previous work detailed how PBM could 

reduce this oxidative response (Y. Lu et al., 2017; Wang et al., 2018). In this neonatal HI 

model, we found robust upregulation of oxidative damage to lipids and DNA, as denoted 

by the markers 4-HNE and P-H2A.X respectively, in the S1 cortex. In the hippocampal 
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CA1, we saw similar increased levels of lipid peroxidation via the marker MDA. The 

expression of these markers in both regions examined was significantly decreased after 

PBM treatment. Protein carbonyl expression, a marker of oxidative damage to proteins, 

was elevated in both regions, and likewise reduced by PBM treatment. These results 

indicate a powerful ability of PBM to reduce oxidative damage after HI, likely due to 

preservation of mitochondrial integrity, which feeds back and decreases further 

mitochondrial damage and subsequent dysfunction.  

A key limitation to this work, however, is that for the central focus of mitochondrial 

damage in this project, we did not examine mitochondrial DNA damage specifically. 

Likewise, mitochondrial fractions could potentially be used to examine oxidative damage 

to mitochondria in particular. A final limitation that would be a worthy topic of further 

research would be to investigate how PBM affects the endogenous systems that protect 

against oxidative stress, such as the glutathione, catalase, and superoxide dismutase 

(Garbarino, Orr, Rodriguez, & Buffenstein, 2015; Zitka et al., 2012). These lines of 

investigation could probe more deeply into the specifics of how PBM reduces oxidative 

damage after HI. In validating our hypothesis that PBM is mediated via modulation of 

mitochondrial function, this is, however, not conclusive. It is possible that, due to the 

central location of mitochondrial function in the feedback look of progressing HI damage, 

reduction of other pathophysiological features may be causing the mitoprotective features 

of PBM. 
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8. Mitochondrial fragmentation in neonatal HI is reversed by PBM treatment. 

Mitochondria are highly motile and dynamic organelles, shuttling across the cell while 

fusing and splitting. This process, mediated by a family of GTP-ases, is critical to 

maintenance and functioning of mitochondria (Akbar et al., 2016; Wai & Langer, 2016). 

Under physiological conditions, mitochondria are prone to damage to both components 

and mDNA. This leaves them in a predicament; how can these faulty mitochondria be 

flagged, repaired, or destroyed (Suen et al., 2008). Mitochondrial fission and fusion 

dynamics are part of the natural process to address this (Wai & Langer, 2016). When 

mitochondria fuse together, there is an exchange of components followed by a fission event 

and mitochondria that are less efficient are degraded by autophagy, referred to in this 

context as mitophagy (Akbar et al., 2016; Ding & Yin, 2012; Suen et al., 2008; Wai & 

Langer, 2016). This results in a more efficient pool of mitochondria and recycling of 

biomolecules in the damaged ones (Ding & Yin, 2012). In physiological conditions this 

process occurs in a regulated equilibrium, but is disrupted in injury conditions. In such 

conditions as neonatal HI injury, mitochondria experience extensive fragmentation (Y. Lu 

et al., 2015; Suen et al., 2008). This leads to further failure of membrane potential, an 

increase in the production of damaging free radicals, and eventual apoptotic cell death 

(Akbar et al., 2016; Suen et al., 2008). Preliminary results in uninjured adult animals 

indicated that PBM could induce decreases of fission related protein expression, thus we 

investigated whether this applied in an injury state in the neonatal brain. 

Extensive mitochondrial fragmentation occurs in both human neonatal HI and the Rice-

Vannucci model (Y. Lu et al., 2015; Thornton et al., 2012). This was reflected in our work, 

wherein we used ImageJ software to quantify fragmentation of TOM-20 positive particles 



96 
 

. We found that HI induced extensive fragmentation that was significantly reversed via 

PBM. This reflects a shift in mitochondrial dynamics towards fusion. While too much 

fusion can be detrimental, in injury conditions the balances is strongly tipped towards 

fission, so a push towards fusion is seemingly beneficial (Wai & Langer, 2016).  

This work is not without limitations, however.  Initial western blots of Mff, Fis1 and 

Drp1 were inconclusive in the neonatal model, which could be due to different mechanisms 

of action, but could also be attributed to inexperience with the model in these initial phases. 

This is an important question to be addressed, as the differences between the response to 

PBM of the neonate and the adult are different enough that direct inference is not 

recommended. As well, it would be interesting to find the timeline of fragmentation with 

and without PBM to define the timecourse of PBM efficacy. Once again, in regards to the 

mitochondrial-centric nature of our hypothesis, these results support the notion that 

mitochondria are protected by PBM, but it cannot rule out that this is mediated by other 

factors.  

 

9. PBM downregulates activation of caspase-9/caspase-3 mediated apoptosis. 

As mentioned earlier, mitochondria are key regulators of apoptotic cell death. 

Triggered by mitochondrial damage and excessive fragmentation, the translocation of 

factors from the mitochondria to the cytosol, such as cytochrome c (cyt c) and apoptosis-

inducing factor (AIF), is a precursor to apoptotic cell death. Oxidative stress after HI tips 

the balance of the Bcl-2 family that acts as competition to regulate mitochondrial 

membrane permeability that controls the subsequent release of apoptotic factors (Elmore, 
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2007; Suen et al., 2008; Thornton et al., 2012). Compound this, apoptosis in upregulated 

in the neonatal brain, so any shift towards apoptosis leads to enhanced cell death in 

comparison to the adult brain. This is driven by a multitude of factors that ultimately 

culminate in a particularly pernicious sensitivity to ischemic insult. Ca2+ over-influx is a 

powerful stimulus for apoptotic and necrotic cell death, and is exagerated by 

developmentally necessary upregulation of NMDA receptors. Likewise, several apoptotic 

factors such as caspase-3 and Apaf-1 are greatly upregulated in the neonatal brain, as 

programmed cell death is a pivotal feature of perinatal neural development, exacerbated by 

elevated mitochondrial translocation of cyt c in the neonate. Cyt c, upon translocation to 

the cytosol, binds to Apaf-1, activating it and forming the apoptosome. Formation of this 

complex triggers the cleavage of bound procaspase-9 to its active form. Activated caspase-

9 then activates caspase-3, the final “executioner” caspase, via proteolytic cleavage and 

initiates a deadly cascade of proteolytic degradation of cellular components, culminating 

in apoptotic cell death (Elmore, 2007). Due to the pivotal role of the mitochondria in this 

process, it stands to reason that mitoprotective strategies may improve the condition of the 

neonatal brain in the period after HI injury, in part, by ameliorating apoptotic neuronal cell 

death. 

In our work, TUNEL staining revealed drastic increases of neuronal apoptosis in both the 

S1 cortex and hippocampal CA1, as observed at P18. PBM reduced this apoptotic cell 

death, attenuating HI-induced damage. In line with these results, fluorometric substrate 

assays revealed a stark upregulation in the activity of pro-apoptotic proteins caspase-3 and 

caspase-9 in HI rat brain. This intensification of apoptotic signaling was countered by PBM 

treatment, potentially accounting for the decrease in neuronal apoptotic cell death. These 
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results are in line with the previous data demonstrating the amelioration of several factors 

involving the pathophysiology of neonatal injury. The fact that PBM reduces 

mitochondrial-mediated apoptosis alongside several mitoprotective features is indeed 

suggestive that PBM acts via mitochondrial modulation in neonatal HI, but it, once again 

is not conclusive, to the broad spectrum of effects PBM confers. To truly test this 

hypothesis, we must narrow down and attempt to block the mitochondrial action of PBM. 

 

10. Neuroprotection via PBM in primary hippocampal rat neuronal culture is 

reversed by CCO blockade.  

As previously noted, CCO is both the rate-limiting step of the mitochondrial electron 

transfer chain and the most accepted receptor of PBM (Chung et al., 2012; Hamblin, 2016; 

T. Karu, 1999; T. I. Karu & Kolyakov, 2005). KCN is known to be a potent inhibitor of 

CCO activity due to its high affinity to the COX4 subunit of CCO (Gandhirajan et al., 

2018). As such, it stands to reason that sub-lethal doses of KCN should be able to blunt the 

effects of PBM if in fact PBM is mediated primarily through CCO activity. To test this, we 

used a rat primary hippocampal neuronal culture OGD model. We examined both neuronal 

survival and COX4 activity in OGD conditions with and without the addition of KCN and 

PBM. In doing so, we found that PBM could largely rescue the OGD induced loss of 

neuronal viability and COX4 – but not with the addition of KCN. KCN dramatically 

blunted this effect, although not entirely to the levels of OGD alone or OGD+KCN. This 

implies that when COX4 activity, and thus CCO activity, is blocked by a strong inhibitor, 

PBM loses its potency. It would be reasonable to then assume that the KCN dose was just 

so potent that PBM was simply not powerful enough to block it, but this doesn’t appear to 
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be the case. There are no significant differences in neuronal viability between OGD and 

OGD+KCN groups, but the cell death is so stark that it is difficult to discern whether the 

effect is truly dependent on CCO/COX4 modulation. The data on COX4 activity, however, 

discounts this. The same pattern noted in neuronal viability is seen here; Reduction in 

COX4 activity can be blocked by PBM, but not in the presence of KCN. What stands out, 

however, is that the level of COX4 activity in OGD and OGD+KCN are not entirely 

blocked and are practically identical. KCN does not exacerbate cell death or reduce COX4 

activity in OGD conditions. The only difference in viability appears in the comparison 

between the COX4 activity of neurons in OGD condition treated with PBM+KCN or those 

treated with PBM alone.  

This demonstrates, we believe, that 1) the dose of KCN used in this experiment is 

not enough to affect the baseline viability or COX4 activity in OGD condition, and 2) that 

the effect of PBM can be blocked by CCO blockade, even at levels that don’t kill the cell 

outright. This suggests that PBM is, in large part, mediated by modulation of COX4 

activity. These results do, however, suggest there may be other mechanisms at play. KCN 

reduced the rescue of neuronal viability to 25% of that of PBM alone, and the activity of 

COX4 in PBM+KCN was reduced by 50%. This implies that PBM is heavily mediated via 

CCO activity, but that other compensatory mechanisms must exist. There are, in fact, two 

other proposed photoacceptors for PBM, TRPV ion channels, the same ones involved in 

the pain response to capsaicin, and the nanostructure of water in light sensitive or heat 

sensitive ion channels. Regardless, this work is the first to demonstrate the wide-ranging 

restorative effects of PBM on the plethora of pathophysiological sequelae following 
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neonatal HI, the substantial mitoprotection PBM confers in neonatal HI conditions, and 

that the effects of PBM are mediated, in large part, by CCO activity.  

 

11. Translational Relevance and Therapeutic Considerations. 

In this work, we demonstrated that PBM has a remarkable ability to induce a 

recovery on several of the hallmark pathologies of neonatal HI. Effects like amelioration 

of inflammation, preservation of BBB integrity, and reduction of neuronal loss are valuable 

enough in their own right, but when combined with the neurobehavioral protection 

conferred, PBM seems like an extremely promising agent for HIE. PBM targets a central 

mechanism underlying the progression of the condition and, in that, has a wide-reaching 

effect touching nearly every aspect of pathophysiology of HIE. There is, however, reason 

for some pause. If one looks at the current literature in clinical trials on HIE, they will 

notice two things. Parameters of TH are in focus as well as combination therapies with TH 

(Filippi et al., 2018; Laptook et al., 2017; Malla, Asimi, Teli, Shaheen, & Bhat, 2017; 

Roberts et al., 2015; Tang & Shang, 2015; Thayyil et al., 2017; Wu et al., 2016). I propose 

that it may be most efficacious, at the level of clinical trials, to combine therapy with 

hypothermia. My rationale is that while PBM can penetrate deeply in the skull of the 

neonate, the protection afforded by TH may help protect deeper brain structures that laser 

may not be able to directly affect. Furthermore, due to the effect of TH being mild to 

moderate at best, a supplementary approach may help promote the best possible outcomes. 

Finally, though equipment for TH is indeed not evenly distribute across geological and 

economic boundaries, it is widespread in areas with more well-funded healthcare systems. 

A supplementary approach may best take advantage of the resources currently available. 
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That being said, being able to deploy a technology like PBM with far less training and 

expensive hardware would also have merit on its own, and is worth investigating in human 

trials as a monotherapy.  

In terms of future work, I believe that in terms of translational work, work should 

be performed on TH+PBM in the context of neonatal HI, as I previously stated. To translate 

to the clinic, it will also be important to design or find a device that is easy to use and is 

relatively inexpensive. A helmet or flexible cap with an LED array embedded within comes 

to mind. In terms of mechanistic work, more investigation needs to study the time course 

of the effects of PBM. How does PBM affect the timeline of inflammatory factor release? 

How does PBM affect the time course of metabolic derangement, secondary energy failure, 

and tertiary long-term damage? On a deeper level, more directly related to the hypothesis 

of this work, it is clear that PBM is, to a large degree, dependent on the COX4 subunit of 

CCO. There is still activity, however, even when it is blocked. The source of this effect 

needs to be determined. It is possible that the KCN blockade could not be strong enough, 

but I believe it is likely that other factors are at play. TRPV channels are known to be 

affected by PBM, so they are a worthy avenue of investigation (Hamblin, 2016). As well, 

there may be other cellular receptors that may have subtle effects modulating the effects of 

PBM. Further work may elucidate these mechanisms that may allow for not only fuller 

understanding of the interplay of light and biology, but of new mechanisms that can be 

used by novel therapies to benefit patients in dire need of effective therapies. 
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V. SUMMARY 

 HIE is a leading source of mortality and morbidity in infants, and carries with it a 

high health, economic, and social burden. This condition can lead to intellectual delays, 

emotional disturbance, motor disability, and even death. Currently, there is only one 

approved treatment strategy for HIE, TH, which carries certain cardiovascular risks and 

requires specific training and specialized equipment to implement. Moreover, this therapy 

is most effective in a limited time window, further decreasing the amount of lives it can 

reach (Vannucci & Hagberg, 2004). In order to address this, new therapies must be adapted 

that can be implemented in a greater time window, be more accessible to more patients, 

and could be more efficacious in treating the pernicious and life-long effects of HI damage 

in the perinatal period. In our studies we investigated transcranial PBM, a novel therapeutic 

strategy using near-IR radiation, as a potential treatment of TH. 

 HIE progresses after the cessation of bloodflow and oxygen to the brain near or 

during birth. This initial ischemic insult damages mitochondria, leading to secondary 

energy failure after bloodflow has returned. Malfunctioning mitochondria release 

excessive ROS damaging cellular components, triggering a cascade effect leading to glial 

activation, release of inflammatory factors, and breakdown of the blood brain barrier. 

These pathological features feedback onto the already damaged mitochondria, and they 

begin to hyperfragment, causing further metabolic derangement and eventual release of 

apoptotic factors leading to neuronal cell death (Blomgren & Hagberg, 2006; Thornton et 

al., 2012; Vannucci & Hagberg, 2004). This culminates in the patient as motor disabilities 

and developmental delays that last a lifetime. Due to the central role of mitochondria in 

this process, we hypothesized that protecting them in the early phases of secondary and 



103 
 

tertiary injury could protect against or even prevent these features from developing and 

could help impart more favorable outcomes for patients.  

 In our work, we demonstrated that PBM, initiated the day after ischemic insult, 

could cause robust neuroprotection and could promote favorable behavioral outcomes after 

HI injury in rats, including restoration of spatial memory and motor function. Upon deeper 

investigation, we found that PBM could reduce several of the characteristic features of HIE 

pathology. We demonstrated that PBM could decrease the release of inflammatory factors 

and could dampen microglial activation. Further, we found that PBM could prevent 

degradation of the blood brain barrier. We also found that PBM could reduce oxidative 

damage after HI, which led us to investigate the mitochondrial effects of PBM on HI 

damage.  

 Upon investigation of mitochondrial function, we found that PBM could restore 

mitochondrial function and energy metabolism that is damaged by HI. Further, we found 

PBM could reduce the imbalance of mitochondrial dynamics leading to 

hyperfragmentation, which causes more ROS production and apoptotic factor release. 

Accordingly, we found that activation of the caspase-3/caspase-9 apoptotic pathway was 

reduced, and the decreases of cell death we observed were, to a large degree, apoptotic in 

nature. Finally, we examined whether the effects of PBM were dependent on the proposed 

mechanism of modulation of CCO activity. By blocking the activity of the COX4 subunit 

in an OGD cell culture, we found that the anti-apoptotic and mitoprotective effects of PBM 

were substantially, but not entirely, blocked. This implies that the effects of PBM are 

largely dependent on CCO activity, but that other underlying mechanisms are at play. We 

believe that with further investigations into these mechanisms, as well as methods of 
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effective application, that PBM may be a powerful tool in the treatment of HIE, giving 

patients and their families promise for a better, healthier future. 
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