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ABSTRACT 

 The focus of this dissertation was to understand how brain oligodendrocytes are 

affected by oxidative stress throughout development and in adulthood. The stressors ranged 

from the blast induced brain ischemia to neurodevelopmental disorders, all of which had been 

shown to affect the mitochondrial oxidative phosphorylation. Impaired mitochondrial function 

is accompanied by the loss of myelin indicative of impaired oligodendrocyte function.  

My overall hypothesis was that oligodendrocytes are damaged by oxidative stress but 

their precursor cells have significant regenerative capacity which may be augmented through 

stimulation of mitochondrial function. I have tested three postulates : 1) changes in myelin 

expression are associated with the loss of the central nervous system myelinating cells – 

oligodendrocytes; 2) the stem/progenitor cells in the brain neurogenic niches and/or local 

cortical oligodendrocyte precursor cells can increase the production of oligodendrocytes and 

thus compensate for the loss; and 3) the regeneration of oligodendrocytes can be augmented 

by pharmacological treatment with Phenylbutyrate, which targets oxidative phosphorylation 

and epigenetic control of the cell development.  

 I have utilized three different oxidative stress, mouse and cerebral organoid, models. 

The first model, chapter 2, was the blast-induced brain injury in an adult mouse, in which the 

vascular-oxidative stress was generated by an external acoustic stimulus. Using this model, I 

found that blast-induced brain cortical injury and transient cortical demyelination were 

followed by a regrowth of myelinated fibers. Blast induced an initial loss of the oligodendrocyte 

population expressing Oligodendrocyte marker 4 which recovered within 21 days after blast. 

The recovery of Olig4 oligodendrocytes parallels and may have contributed to the regeneration 
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myelinated cortical fibers. Blast had no effect on the proliferation of neural stem/progenitor 

cells in the telencephalic subventricular zone or in the hippocampal subgranular zone. In 

contrast, in the cortex, blast transiently increased cell proliferation and induced-

oligodendrocytic cells expressing Olig2, an early determinant of oligodendrocyte fate 

specification. These results indicated that the regeneration of cortical oligodendrocyte 

population was due to a local activation of the oligodendrogenesis. The population of 

proliferating Oligodendrocytes Progenitor Cells (Ki67+/Olig4+) was small in adult mouse brain 

cortex, SVZ and SGZ, therefore it could not be evaluated.   

 The second model, chapter 3, employed was Pyruvate Dehydrogenase Complex (PDC)-

deficient mouse in which oxidative stress was induced prenatally by a hemizygous mutation of 

the Pyruvate Dehydrogenase gene. The PDC-deficient mice were analyzed at postnatal day 35, 

at which point the mice showed an overall reduction in brain cell proliferation and in the 

populations of both oligodendrocytes and their progenitor cells. Unlike the transient blast 

insult, in the PDC-deficient mice there was a no compensatory increase in oligodendrogenesis. 

However, treatment of the PDC-deficient mice with Phenylbutyrate from postnatal day 2 to day 

35 - effectively upregulated the oligodendrocyte population and restored oligodendrocyte 

progenitor cells to the levels found in control PDC-normal mice  

 The final model, chapter 4, a human pluripotent stem cell-based model, I employed 

cerebral organoids in which transient inhibition of the oxidative phosphorylation and the 

oxidative stress were induced by Rotenone. For the first time oligodendrogenesis was shown 

and quantified during development of human cerebral organoids (day 17 to day 27). A short-

term, 3-day, rotenone treatment depleted proliferating organoid neural progenitor cell while 
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increasing migration of the residual NPC. Rotenone treatment also depleted the population of 

Olig4+ oligodendrocytes and a similar trend was observed with oligodendrocyte progenitor 

cells. When allowed an additional post-Rotenone recovery time, the organoids showed 

spontaneous cellular regeneration that was enhanced by treatment with the Phenylbutyrate. 

Specifically, Phenylbutyrate restored the oligodendrocyte progenitor cell numbers and 

increased the oligodendrocyte population depleted by 3 days of Rotenone treatment. In 

contrast, after an extended, 6 days of rotenone neither spontaneous nor Phenylbutyrate-

induced recoveries were noted. In summary, the cerebral organoids provide an effective model 

to study human brain developmental oligodendrogenesis, its disruption in oxidative stress and 

development of new corrective therapies.   

 My overall findings showed that the population of brain cortical oligodendrocytes are 

depleted during demyelination in blast induced brain ischemia, PDC deficient mitochondrial 

dysfunction and in directly suppressed oxidative phosphorylation by Rotenone. Following 

transient insults, the oligodendrocyte population is capable of significant spontaneous recovery 

in both the mature and developing brain models. Both the spontaneous recovery following the 

direct blockade of mitochondrial function and of the permanently depleted oligodendrocytic 

population in genetic disorder may be augmented by Phenylbutyrate. Thus, Phenylbutyrate 

may have therapeutic utility for the regeneration of oligodendrocyte population after oxidative 

stress-causing insults. 
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CHAPTER 1- INTRODUCTION 

The brain is a part of the central nervous system (CNS) where it is made up of two types 

of cells: neurons and neuroglia. Neurons are the cells responsible for receiving, processing, and 

transmitting information back and forth between the brain and the body. The efficiency and 

speed of these signals, known as action potentials, are reliant upon myelin. Within the CNS, 

myelin is formed by oligodendrocytes (Domingues, Portugal, Socodato, & Relvas, 2016; 

Michalski & Kothary, 2015; Simons & Nave, 2015).  

Oligodendrocytes (OLG) are a type of neuroglia, also known as glial or glia cells. 

Neuroglia were first discovered by Rudolf Vircho in 1846 where he thought of them as the 

connective tissue of the brain and called them “nervenkitt” which in German translates to 

nerve glue (Baumann & Pham-Dinh, 2001; Jakel & Dimou, 2017). Oligodendrocytes themselves 

were not identified until 1921 by Pio del Rio-Hortega (Baumann & Pham-Dinh, 2001). With their 

discovery and subsequent studying, oligodendrocytes have gone from being thought of in a 

mere supporting role to being important regulators in brain physiology, metabolism, 

development, and neurological diseases (Herculano-Houzel, 2014).  

The life of an OLG, can be divided into four distinct phases. The first is the birth, 

migration, and proliferation of oligodendrocyte progenitor cells (OPC). Followed by 

morphological differentiation – the OLG establishes an expansive network of processes. Third 

axonal contact, leading to ensheathment and generation of compact myelin around target 

axons, and finally long-term trophic and metabolic support of the encased axon (Michalski & 

Kothary, 2015).  
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1.1 Brain Development  

In order to understand the birth, migration, and development of an OPC into an OLG, 

one must first understand how the brain develops. The vertebrate brain begins as a 

pseudostratified epithelial sheet, the neuroepithelium (Kelava & Lancaster, 2016). During the 

third week of embryonic development, the ectoderm thickens to form the neural plate. The 

neural plate begins to fold and closes to form the neural tube. The neural tube is the precursor 

to what will ultimately become the CNS. The most anterior part of the neural plate will give rise 

to the prosencephalon which will become the forebrain, specifically the cerebral cortex. Also 

inside this cavity, the ventricular system will develop (Nolte, 2009).  

The ventricular system is crucial because from the epithelial cells of its walls, neural 

stem cells will give rise to neuronal and glial cells (Nolte, 2009). Neural stem cells (NSCs) are 

used to describe cells that (I) can generate neural tissue or are derived from the nervous system 

(II) have some capacity for self-renewal, and (III) can give rise to cells other than themselves 

through asymmetric cell division (Gage, 2000). Normal human brain development occurs over 

three stages. The first is a proliferative stage where NSCs proliferate and self-renew (Naruse, 

Ishizaki, Ikenaka, Tanaka, & Hitoshi, 2017).   

These NSCs retain contact with both the apical and basal sides of the neural tube. They 

always undergo mitosis at the apical side to then undergo interkinetic nuclear migration during 

the other phases of the cell cycle. Specifically in G1 they will move their cell body to the basal 

side, where they undergo S-phase and during G2 they move back down to the apical side to 

finally undergo mitosis (De Juan Romero & Borrell, 2015).  
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These NSCs will give rise to the primary stem-progenitor cells, apical radial glia (aRG). 

These cells maintain their epithelial characteristics, expressing high levels of nestin (De Juan 

Romero & Borrell, 2015). On the basal side of these aRG, a single basal process, known as a 

radial fiber, branches profusely in the vicinity of the cortical surface within the marginal zone of 

the cortex. Each branch is tipped with a bulb-like ending that will attach to the basal lamina of 

the pial membrane (De Juan Romero & Borrell, 2015). As the brain develops, aRGs will become 

confined to the primary cortical germinal layer, known as the ventricular zone (VZ). The 

migration of aRGs will occur along the thickness of the VZ and the radial fiber will become 

progressively longer as a result of the production of more differentiated cell types that migrate 

basally outward (De Juan Romero & Borrell, 2015; Kelava & Lancaster, 2016). 

aRGs are more fate-restricted progenitors which have the capability of generating 

neurons, astrocytes, and oligodendrocytes or involved in the production of intermediate 

transient amplifying populations which will later differentiate (De Juan Romero & Borrell, 2015; 

Lois & Alvarez-Buylla, 1994; Menn et al., 2006; Pencea, Bingaman, Freedman, & Luskin, 2001). 

These generations occur via symmetric proliferative divisions to become two aRGs, asymmetric 

neurogenic divisions to become one neuron, or asymmetric divisions to become a different 

progenitor cell (De Juan Romero & Borrell, 2015; Gotz & Huttner, 2005).  

This new progenitor population includes two types, apical and basal, of intermediate 

progenitors (IPs) and basal RG (bRG) (Hansen, Lui, Parker, & Kriegstein, 2010). Apical 

intermediate progenitors are a small population of progenitors that are within the ventricular 

zone. They exhibit apical-basal polarity, extend apical and basal processes, and divide apically 

similar to aRG (De Juan Romero & Borrell, 2015). However, the basal processes of these 
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progenitors tend to be confined within the VZ and largely undergo neurogenic self-consuming 

divisions (De Juan Romero & Borrell, 2015). Basal intermediate progenitors on the other hand 

have multipolar morphology generated in the apical surface of the ventricular zone where they 

migrate basally to the second germinal layer the SVZ. Once in the SVZ, they undergo mostly 

symmetric neurogenic divisions, producing two neurons, providing the vast majority of neurons 

in all layers of the cerebral cortex (De Juan Romero & Borrell, 2015).  

bRG, also known as outer SVZ radial glia-like cells, exhibit a relatively similar expression 

makeup to RG but show heterogeneous morphologies, often lacking the apical connection (De 

Juan Romero & Borrell, 2015). bRG translocate their cell bodies to a more basal territory where 

they undergo mitosis and reside as part of the population of basal progenitors in the SVZ (De 

Juan Romero & Borrell, 2015; Florio et al., 2015; Kelava & Lancaster, 2016; Pollen et al., 2015).  

The second stage, which occurs during the middle embryonic stage, is the neurogenic 

stage. As previously mentioned, intermediate populations, IPs (primarily basal) and bRG 

produce neurons. Once neurons are produced, they must migrate. Neurons generated within 

the cortex rely on the long radial fiber of the aRG as a guide to translocate radially from the VZ 

or SVZ through a cell-poor region termed the intermediate zone (IZ) to find their final resting 

place within the outer cortical plate (CP). The earliest-born neurons form an outer layer termed 

the preplate, which helps guide incoming neurons. Subsequent waves of neurons position 

themselves in an inside-out manner with the deepest layers representing earlier-born neurons 

while more superficial layers are composed of later-born neurons (Kelava & Lancaster, 2016). 

The third and final stage, occurring the late in the embryonic stage, is the gliogenic stage 

where they can become astrocytes or OPCs (Naruse et al., 2017).  
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1.2 Oligodendrocytes 

A. IN-UTERO DEVELOPMENT 

Oligodendrocytes specifically develop from several waves of OPC production and 

migration. At embryological day 12.5 in mice, the first ventral wave of OPC production 

originates in the medial ganglionic eminence and is under the transcriptional control of gene 

Nkx2.1 (Richardson, Kessaris, & Pringle, 2006; Spassky et al., 2002; Tekki-Kessaris et al., 2001). 

The ganglionic eminence is a transitory brain structure seen during embryological development 

that guides cell and axon migration (Encha-Razavi & Sonigo, 2003). These OPCs populate the 

entire embryonic telencephalon including the cerebral cortex (Kessaris et al., 2006). As 

development progresses, a second wave of OPCs emanating from the lateral and caudal 

ganglionic eminences at embryonic day 15.5 under the transcriptional control of gene Gsh2, 

migrate dorsally to the cortex and disperse throughout the forebrain (Chapman, Waclaw, Pei, 

Nakafuku, & Campbell, 2013; Kessaris et al., 2006). The third and final wave occurs after birth, 

embryonic day 21/postnatal day 0, which gives rise to the majority of adult OLGs in the mouse 

and is under the control of transcription factor Emx1. These OPCs project radially from the 

dorsal and outer SVZ, directly next to the developing corpus callosum where they will spread 

out in order to populate most of what will become the future brain (Kessaris et al., 2006).  

Tracing studies have shown that OPCs derived from the first ventral wave are almost 

completely replaced post-natally, and that the complete population of OPCs in the forebrain at 

postnatal day 10 is derived from the medial and dorsal streams (Kessaris et al., 2006). However, 

when the generation of OPCs during the second or third wave is disturbed, OPCs from the 

ventral wave do survive and differentiate to eventually myelinate the forebrain. These findings 
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indicate that there is a competition mechanism, which creates a flexible system with the first, 

ventral wave acting as “backup” in case later waves are impaired (Kessaris et al., 2006). At post-

natal day 10, the OPCs derived from the medial wave evenly populate the entire forebrain, 

whereas the destination of OPCs from the dorsal stream are restricted to cortical areas 

(Kessaris et al., 2006). This has been recently confirmed via Tripathi and colleagues, who color 

coded ventral and dorsal derived OPCs in a transgenic mouse model. They showed that 

ventrally-derived OPCs appeared early and spread uniformly throughout the brain while dorsal-

derived OPCs arrive later and remained dorsal. Then during adulthood, the corticospinal and 

rubrospinal tracts became myelinated mainly by dorsal OLGs even though ventral OLGs 

dominated these tracts during early postnatal life (Tripathi et al., 2011). 

A small fraction of OPCs generated during development are maintained as an immature 

slowly proliferative or quiescent state in the adult CNS (Dawson, Polito, Levine, & Reynolds, 

2003). In adult mice, OPCs make up 8%-9% of the cell population in the white matter and 2%-

3% of the population in the gray matter (de Castro, Bribian, & Ortega, 2013; Dimou, Simon, 

Kirchhoff, Takebayashi, & Gotz, 2008). 

While most of the scientific communities understanding of OPCs come from rodent 

studies, there have been some analysis done on the human brain. Careful analysis of human 

fetal brain tissue has revealed that the first OPCs emerge in the developing brain at 10 weeks 

gestation, followed by an expansion of the population before mid-gestation (15–20 weeks) 

(Jakovcevski, Filipovic, Mo, Rakic, & Zecevic, 2009; Jakovcevski & Zecevic, 2005a; Rivkin et al., 

1995). Several findings indicate that the ventral-to-dorsal routes of OPC generation are 

conserved in humans (Jakovcevski et al., 2009; Jakovcevski & Zecevic, 2005b). Similar to 
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rodents, OPCs in the human forebrain are derived from the lateral-medial ganglionic eminence 

and the SVZ, where they migrate towards the cortical plate (Jakovcevski & Zecevic, 2005b; Rakic 

& Zecevic, 2003). In addition, transcription factors associated with ventrally derived OPCs in 

rodents, Dlx2 and Nkx2.1, have also been observed in human cortical OPCs. A subpopulation of 

OPCs that does not express these transcription factors has also been identified, but whether 

these cells express factors associated with a dorsal origin was not investigated (Rakic & Zecevic, 

2003).  

Further evidence of OPC heterogeneity in the human brain comes from Leong et al., 

who demonstrated the presence of different OPC subtypes based on marker expression (A2B5, 

O4, and MOG) in both fetal (Trimesters 1 and 2) and adult brain tissue using fluorescence 

activated cell sorting. Adult OPCs and fetal OPCs exhibited different levels of OPC expression 

markers. In addition, adult OPCs exhibit low to undetectable expression of miRNAs that were 

highly expressed in O4-expressing fetal OPCs and expressed different miRNAs compared to 

mature oligodendrocytes (Leong et al., 2014). Together, these observations raise the possibility 

that the human brain also contains different subpopulations of OPCs, originating from different 

brain areas, expressing different transcription factors and showing diverse phenotypes (van 

Tilborg et al., 2018). 

B. ADULT DEVELOPMENT 

I. Subventricular zone 

After birth and in the adult brain, OPCs are continually produced by adult NSCs located 

in the SVZ (Menn et al., 2006). The SVZ lies along the lateral walls of the lateral ventricles and is 

the largest germinal zone of the adult mammalian brain (Doetsch & Alvarez-Buylla, 1996). The 
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SVZ-ependymal region is characterized by at least four different cell types defined by their 

morphology, ultrastructure, and molecular markers (Doetsch, Garcia-Verdugo, & Alvarez-Buylla, 

1997). Young migrating neurons, type A cells, form chains ensheathed by astrocytes, type B 

cells. The more spherical and highly proliferative precursors, type C cells, form clusters next to 

the chains of migrating A cells. The SVZ is largely separated from the ventricle cavity by a layer 

of ependymal cells, known as type E cells. The B cells interact closely with E cells and 

occasionally contact the ventricle lumen. While E cells have many long cilia, B cells contain a 

single short cilium similar to those of neural progenitors in the embryo (Alvarez-Buylla & Garcia-

Verdugo, 2002; Doetsch, Garcia-Verdugo, & Alvarez-Buylla, 1999).  

The division of B and C cells suggest that one or both of these cell types could be 

involved in the generation of new neurons. Previous studies have noticed that the B cells divide 

but appear to simply generating more glia. While more recent studies have indicated that B 

cells are the primary precursors to new neurons (Alvarez-Buylla & Garcia-Verdugo, 2002; 

Doetsch, Caille, Lim, Garcia-Verdugo, & Alvarez-Buylla, 1999).  

In fully adult mammals, C cells in the SVZ migrate anteriorly via the rostral migratory 

stream (RMS) toward the olfactory bulb (OB), where they in turn generate neuronal progenitors 

and differentiate into local interneurons (Altman, 1969; Doetsch, Garcia-Verdugo, et al., 1999; 

Kornack & Rakic, 2001; Lois & Alvarez-Buylla, 1994; Pencea et al., 2001). A small fraction of C 

cells can generate OPCs which migrate radially out of the SVZ into the overlying white matter 

and cortex (Gonzalez-Perez & Alvarez-Buylla, 2011; Menn et al., 2006; Suzuki & Goldman, 

2003). B cells have also been shown to generate a small number of nonmyelinating NG2+ OPCs 

and mature myelinating OLGs (Gonzalez-Perez & Alvarez-Buylla, 2011; Menn et al., 2006).  



9 
 

A recent analysis using live imaging and single-cell tracking technologies in the SVZ has 

shown that a single NSC exclusively generates OLGs or neurons, but never both (Ortega et al., 

2013). The ratio of OLG/neuron production is dependent upon the dorso-ventral and rostro-

caudal levels in the SVZ. In the adult mouse brain where this aspect has been extensively 

studied, more OLGs are produced from the dorsal part of the SVZ, that which faces the corpus 

callosum, than from the ventrolateral part of the structure, facing the striatum (Ortega et al., 

2013). Furthermore, along the rostrocaudal axis of the brain, a higher number of OLGs are 

produced in the posterior part of the SVZ (1 OLG/3 neurons) compared to rostral SVZ (1 OLG/30 

neurons) (Menn et al., 2006). This regionalization of the SVZ for OLG production is under the 

influence of environmental factors including Wnt dorsally (Ortega et al., 2013) and BMP 

ventrally (Colak et al., 2008) respectively favoring and inhibiting OPC specification in the adult 

brain. 

II. Subgranular Zone 

Another area in the brain where a potential source of OPCs can be generated from is the 

hippocampus. The hippocampus is part of the limbic system in the brain where it is involved 

with learning, memory, behavior, and mood (Nolte, 2009). It consists of two regions, the 

hippocampus proper (CA1, CA2, and CA3 regions) and the dentate gyrus (DG). NSCs in the 

hippocampus are found in the dentate gyrus which reside in the subgranular zone (SGZ); a layer 

about three nuclei wide, including the basal cell band of the granule cell layer and a two 

nucleus-wide zone into the hilus (Seri, Garcia-Verdugo, Collado-Morente, McEwen, & Alvarez-

Buylla, 2004).  



10 
 

The SGZ has a heterogenous population of precursor cells. The putative stem cell 

residing in the hippocampus is a quiescent neural progenitor known as a type 1 cell. These cells 

are multipotent, have radial glia-like morphology, a triangular soma with a thick apical process 

that reach into the granule cell layer, upon where they branch massively (Seri, Garcia-Verdugo, 

McEwen, & Alvarez-Buylla, 2001). Based on their orientation in the SGZ, this cell type can be 

radial and horizontal astrocytes (Seri et al., 2004). These cells have also been shown to express 

the precursor cell marker protein, nestin. In addition, have astrocytic properties that include 

the expression of the astrocytic marker protein, glial fibrillary acidic protein (GFAP), but not 

S100β, a marker of mature astrocytes. These quiescent neural progenitors asymmetrically 

divide to give daughter cells which are also known as amplifying neural progenitors (Encinas, 

Vaahtokari, & Enikolopov, 2006).  

Newly generated oligodendrocytes have been observed in the adult hippocampus of 

macaque monkey (Kornack & Rakic, 1999), though up until recently has been questioned 

whether the same can be said in other animals. Chetty and colleagues, showed that exposure 

to stress and glucocorticoid (GC) redirects the cell fate of differentiating NSCs towards 

oligodendrogenesis (Chetty et al., 2014). Immobilization stress decreased neurogenesis and 

increased oligodendrogenesis in the dentate gyrus of the adult rat hippocampus, and injections 

of the rat GC stress hormone corticosterone (cort) were sufficient to replicate this effect. They 

then used a nestin-CreER/YFP transgenic mouse line for lineage tracing and found that cort 

induces oligodendrogenesis, shown by an upregulation of pro-oligodendrogenic genes and an 

increase in nuclear localization of Olig1 protein, from nestin-expressing NSCs in vivo. Using 

hippocampal NSCs cultured in vitro, they further showed that exposure to cort induced a pro-
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oligodendrogenic transcriptional program and resulted in an increase in oligodendrogenesis 

and decrease in neurogenesis (Chetty et al., 2014) 

C. MIGRATION 

In the developing vertebrate brain, the elongated bipolar radial glia are located at the 

apical surface of the VZ and span the width of the cortex (Hatten, 1990; Levitt, Cooper, & Rakic, 

1981). These cells generate trans-locating radial glia, intermediate stem-progenitor cells, and 

neuroblasts that migrate through the IZ to the outer cortical zone (CZ), and populate cortical 

layers (Hatten, 1990; Levitt et al., 1981; Lois & Alvarez-Buylla, 1994; Menn et al., 2006; Pencea 

et al., 2001). Via this inside-out process, the early born cells occupy inner layers while the late 

born cells migrate out toward the edge and occupy the superficial cortical layers (Caviness Jr., 

1988; McConnell, 1989). Coordinated transition of cells from one neurodevelopmental stage to 

another are needed to produce synchronized development of the cortical layers.  

OPCs themselves contain growth-cone like structures that have the ability to sense 

chemotactic cues to help guide them toward their destination (P. B. Simpson & Armstrong, 

1999). There have been a variety of signaling molecules identified that help regulate this 

migration, such as spatial gradients of bone morphogenic proteins (BMPs), Sonic hedgehog, and 

Wnt proteins. Dorsally secreted BMPs for instance, have been known to repel ventrally derived 

OPCs, which help guide them toward more ventral brain areas (Choe, Huynh, & Pleasure, 2014). 

Different types of local cues can also play a role. Growth factors like platelet-derived growth 

factor (PDGF), vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and 

hepatocyte growth factor (HGF) have all shown the ability to promote OPC migration (Bribian, 

Barallobre, Soussi-Yanicostas, & de Castro, 2006; Hayakawa et al., 2011; Hayakawa et al., 2012; 
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Milner et al., 1997; Murcia-Belmonte, Medina-Rodriguez, Bribian, de Castro, & Esteban, 2014; 

Yan & Rivkees, 2002). Recently, it has been shown that OPCs migrate by crawling along blood 

vessels and have the ability to jump from one blood vessel to the next via a Wnt-mediated 

signaling. Wnt signaling causes the clustering the OPCs surrounding blood vessels, due to Wnt-

mediated expression of the chemokine receptor CXCR4 on both OPCs and blood vessels (Tsai et 

al., 2016). 

 The most abundant excitatory neurotransmitter, glutamate, in both the developing and 

developed brain has been shown to act as an important long-range cue for neuronal migration 

(Manent, Beguin, Ganay, & Represa, 2011). N-methyl-D-aspartate (NMDA) receptors are a type 

of ionotropic glutamate receptors are ligand-gated ion channels (Ozawa, Kamiya, & Tsuzuki, 

1998) and in a recent study OPCs were found to have NMDA receptors which played a role in 

OPC migration and ultimately differentiation and myelination/remyelination (C. Li et al., 2013; 

Xiao et al., 2013).  

D. PROLIFERATION AND DIFFERENTIATION 

 As previously mentioned, Oligodendrocytes develop from NSCs in the ventricular zones 

of the brain. As NSCs ultimately proliferate and migrate out, they will differentiate along the 

OLG cell lineage until they become myelinating oligodendrocytes. During these periods they 

express certain transcription factors and cell markers that allow them to be identified and 

studied.  

In the mouse forebrain several transcription factors, Znf488 and Znf536, are involved in 

the early phase of oligodendroglial lineage restriction (Dugas, Tai, Speed, Ngai, & Barres, 2006; 
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S. Z. Wang et al., 2006; N. Yang et al., 2013). This process is also mediated by the 

downregulation of an early neuroepithelial transcript, Sox 2, and the simultaneous upregulation 

of the glial lineage-associated Sox family members, Sox 8 and 9 (Wegner & Stolt, 2005). Sox8 

and 9 expression correlates with Nkx2.2, Olig1 and 2, and Sox 10 transcription factors 

(Kuhlbrodt, Herbarth, Sock, Hermans-Borgmeyer, & Wegner, 1998). This expression precedes 

PDGFα receptor (PDGFRα) which is a key event in OPC ontogeny, its expression signals the 

acquisition of the OPC fate (Hart, Richardson, Heldin, Westermark, & Raff, 1989; Noble, Murray, 

Stroobant, Waterfield, & Riddle, 1988). One such study demonstrated that the overexpression 

of PDGFα in transgenic mice resulted in a dramatic increase in the number of OPCs in the 

embryonic mouse (Calver et al., 1998). 

In both the developing and developed brain, OPCs express gangliosides recognized by 

the A2B5 antibody (Roy et al., 1999) as well as the chondroitin sulfate proteoglycan type 4 also 

known as NG2 (Chang, Nishiyama, Peterson, Prineas, & Trapp, 2000; Dawson, Levine, & 

Reynolds, 2000). Though, A2B5 has been shown to be expressed by neuronal progenitors as 

well (Goldman, 1990) so neurons would need to be depleted in order to differentiate from 

OPCs (Windrem et al., 2004). NG2 has also been shown to be expressed by pericytes (PC), which 

makes it difficult to differentiate from perivascular OPCs. This is important when it comes to 

remyelination studies, which have shown PCs are not restricted to vascular homeostasis but 

have the ability to modulate adult CNS progenitor cells involved in remyelination (De La Fuente 

et al., 2017). During this time OPCs can still become astrocytes, neurons or Schwann cells, they 

will again need specific transcription factors in order to continue differentiation along the 

oligodendrocytic lineage (Miron, Kuhlmann, & Antel, 2011).  



14 
 

Human oligodendroglia are post-mitotic and the maturation process can only occur 

after OPCs exit the cell cycle (Armstrong, Dorn, Kufta, Friedman, & Dubois-Dalcq, 1992; 

Kirschenbaum et al., 1994). This will occur with the transcriptional repression of E2F1 and c-

MYC, and require the cell cycle inhibitor p27KIP1 (CDKN1B) (Larocque et al., 2005). At the same 

time, the transcriptional upregulation of Olig1 and 2, Nkx2.2 and 2.6 (Fancy, Zhao, & Franklin, 

2004; Y. Qi et al., 2001; Watanabe, Hadzic, & Nishiyama, 2004) and SOX17 occurs. SOX17 is a 

negative modulator of Wnt signaling that contributes to the triggering of the cell cycle exit of 

OPCs (Chew et al., 2011). In addition, this will all be assisted by growth factor IGF-1, cytokine 

CNTF, and thyroid hormone T3 (S. A. Jones, Jolson, Cuta, Mariash, & Anderson, 2003).  

As OPCs transition to post-mitotic oligodendrocytes, they undergo a big change in 

chromatin condensation with heterochromatin formation (N. Huang, Niu, Feng, & Xiao, 2015). 

This has been associated with the silencing of many genes involved in their proliferation 

response to mitogenic cues such as Wnt, FGF, and PDGF (Barca-Mayo & Lu, 2012; Y. Yu, 

Casaccia, & Lu, 2010) as well as their upstream regulators MYC (Magri et al., 2014). These pre-

/immature- oligodendrocytes will stop expressing A2B5 and PDGFα and will start expressing the 

surface marker O4 (Bansal, Stefansson, & Pfeiffer, 1992; Sharp, Frame, Siegenthaler, Nistor, & 

Keirstead, 2010; Sommer & Schachner, 1981). 

This pre-/immature- oligodendrocyte will finally differentiate into a mature, myelinating 

oligo under the transcription factor of myelin regulator factor (MYRF) (Bujalka et al., 2013). As 

these myelinating OLGs mature, they will contact neuronal axons and begin to express large 

amounts of myelin genes, including myelin-associated glycoprotein (MAG), myelin 
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oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP) and myelin proteolipid 

protein (PLP), in order to start enchasing the axon in myelin (Nawaz et al., 2015). 

The number of mature oligodendrocytes has long been under dispute in the science 

community. There was a dogma that the proportion of glial to neuronal cells in the brain 

increases with brain or body size, if the mature human brain contains 100 billion neurons there 

must be ten times more glial cells (Kandel, 2000; Kettenmann H., Ransom B.R., 2005). This 

turned out to be incorrect when Azevedo and colleagues, in their study of four post-mortem 

human brains. They found that the cerebral cortex, including the subcortical white matter, 

holds 72% (or 60.84 ± 7.02 billion) of all non-neuronal cells in the brain (Azevedo et al., 2009). 

Separate analysis was also done on the white matter (WM) and gray matter (GM) of the 

cerebral cortex which showed that the former contains 69.6%, or 19.88 ± 2.83 billion, of the 

non-neuronal cells of the cerebral cortex of one hemisphere. The ratio between non-neuronal 

and neuronal cells is 1.48 ± 0.42 for the GM and 3.76 ± 0.55 for the combined GM and WM 

(Azevedo et al., 2009). 

Pelvig et al. out of Denmark conducted a similar study where they performed 

stereological cell counting of neurons and glia cells- astrocytes, oligodendrocytes, and 

microglia, in the post-mortem neocortices of human brains from 31 normal individuals; 18 

females and 13 males. What they found was the total number of neocortical neurons to be 21.4 

billion in females and 26.3 billion in males while the total number of neocortical glial cells were 

27.9 billion in females and 38.9 billion in males. Of that mean total number 75.6% were 

oligodendrocytes, 17.3% astrocytes and 6.5% microglia for females while in males 74.6% 

oligodendrocytes, 20.2% astrocytes and 5.2% microglia. Thus indicating the majority of glial 
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cells in the cortical grey matter, are oligodendrocytes (Pelvig, Pakkenberg, Stark, & Pakkenberg, 

2008).  

E. MYELINATION 

Myelin is a lipid-rich membrane, constituting 70% of dry myelin weight, that is also 

highly enriched in glycosphingolipids making up 20%, and cholesterol making up 10% (Simons & 

Trajkovic, 2006). Myelination occurs over several steps. First is the recognition of and adhesion 

of the OLG to the axon. Second, synthesis and transport of the myelin components to the axon. 

Third wrapping of the myelin membrane around the axon. Finally, compaction of the myelin 

sheath (Simons & Trajkovic, 2006).  

The mature myelinating OLG will extend multiple highly ramified processes that will 

make contact with bare axons; this is not random, it will select axons that have a diameter of 

>0.2 µm (Simons & Trajkovic, 2006). The OLG process will first form a triangular membrane at 

the point of contact. Membrane expansion and wrapping will proceed in a coordinated bi-

directional motion: radial, around the axon, and laterally, along the axon. The innermost layer, 

also known as the inner tongue, driven by F-actin, initiates radial ensheathment at the point of 

contact. Simultaneously, all myelin being generated will move laterally, where it will remain 

uncompact and in constant contact with the axon until it reaches the lateral end of the 

internode; part of the membrane where the mature myelin is formed (Michalski & Kothary, 

2015; Snaidero et al., 2014). One OLG has the potential to produce upwards of 60 myelin 

sheaths in some regions of the CNS with lengths ranging 20µ-200µm (Chong et al., 2012).  
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Using time-lapse microscopy, it has been shown that OLGs ensheath their axons over a 

12-18 hour period (Barres, 2008). During this time period, MBP needs to be delivered to myelin 

in order for myelin compaction to occur. The transport of MBP’s mRNA within the perikaryon of 

the OLG towards the tip of its process, which is in contact with the axon, where it will be 

localized onto the myelin membrane (Ainger et al., 1993; Simons & Nave, 2015). While MBP is 

synthesize in the distal process, myelin compaction is mediated from the outside to the inside 

of the sheath (Snaidero et al., 2014). Once MBP is bound to two adjacent cytoplasmic 

membrane surfaces, it appears to polymerize driving membrane zippering along the 

cytoplasmic surface of the bilayer (Aggarwal et al., 2013; Simons & Nave, 2015). The other 

major myelin protein, PLP, is transported to myelin by vesicular transport via its association 

with cholesterol and glycosphingolipids in the Golgi complex (Simons, Kramer, Thiele, Stoffel, & 

Trotter, 2000). 

In between each internode there is a unmyelinated space which is known as the node of 

Ranvier (Snaidero et al., 2014). The importance of these nodes is that the axonal signal is 

propagated and current flow is maintained through membrane depolarization by high-density 

voltage-gated sodium channels here. If there was no myelin, neurons would expend large 

amounts of energy maintaining these sodium and potassium channels, rendering the neuronal 

circuitry inefficient (Michalski & Kothary, 2015). 

Myelination has also been seen during childhood in a developing brain. Following 8 

months of 5 days per week of exercise, there was an increase in white matter fiber tracts 

connecting the frontal and temporal lobes (Schaeffer et al., 2014). Practicing the piano daily 

saw increases in myelination in childhood specifically in the posterior limb of the internal 
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capsule (important for containing the descending fibers from the primary motor cortex) and the 

isthmus and callosal body of corpus callosum (contains fibers connecting the auditory regions 

and parietal-temporal junction). These changes were also observed in adolescence, specifically 

in the splenium (fibers connecting between temporal and occipital cortex) and body of the 

corpus callosum (Bengtsson et al., 2005). 

Myelination has not only been observed during brain development but has been shown 

to persist throughout adulthood. One study conducted on the adult mouse corpus callosum 

showed that 20% of all OLGs were generated after week 7 and that mature myelinating OLGs 

were still generated until at least 8 months of age (Rivers et al., 2008). In another such mouse 

study, Mckenzie and colleagues, found the production of newly formed OLGs is accelerated 

when mice learned to run on a complex wheel. When they genetically blocked myelin 

regulatory factor, a transcription factor in OPC, they blocked the production of new OLGs 

during adulthood without affecting the preexisting population. These mice were unable to learn 

the complex wheel showing the generation of new OLGs and myelin is important for learning 

motor skills (McKenzie et al., 2014). 

Myelination throughout adulthood has also been observed in the human brain. One 

such study involving 403 healthy patients ages 5-83 showed that total white matter volume 

reached a peak at 37 years of age, these suggest changes in the myelination and/or axonal 

density. This was observed strongest in the connections between the frontal and temporal 

lobes (Lebel et al., 2012). Just like with mice, motor learning has been shown to increase 

myelination. Practice the piano in adulthood showed an increase in myelination in the anterior 
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limb of the internal capsule (fibers between thalamus and frontal lobe) and junction between 

the temporal and parietal lobes (Bengtsson et al., 2005).  

F. METABOLISM  

The human brain is one of the most complex organs along with being one of the most 

metabolically active. Taking up only 2% of the weight in a human body, it consumes up to 20% 

of the bodies total glucose consumption (Raichle & Gusnard, 2002). In early childhood brain 

development, this can be as much as 50% of total glucose consumption (Goyal, Venkatesh, 

Milbrandt, Gordon, & Raichle, 2015). OLGs show the highest metabolic rates amongst all brain 

cells in order to produce but also maintain the high volume of membranes which can represent 

up to 100 times the weight of the cell (Connor & Menzies, 1996; Morell & Toews, 1984). Cell 

respiration in OLGs has been reported to be twice as high when compared to neurons 

(Cammer, 1984). They have also been shown to have low levels of glutathione, a major anti-

oxidant (Thorburne & Juurlink, 1996). Due to this OLGs have been shown to be particularly 

susceptible to oxidative stress and damage.  

When there is oxidative stress, the production of energy will breakdown causing a 

reversal of the excitatory amino acid transporters which will lead to release of glutamate into 

the extracellular space; this will contribute to glutamate-induced cytotoxicity via calcium-

triggered nitrous oxide (NO) and O2 synthesis and peroxynitrite, an oxidant and nitrating agent 

(Benarroch, 2009). Oligodendrocytes are exposed to this excitotoxicity due to their glutamate 

receptors being more permeable to calcium which will ultimately cause OLG apoptosis 

(Benarroch, 2009). Additionally, OLG show a decrease in the levels of GLT-1, an important glial 

glutamate transporter, and in two glutamate-metabolizing enzymes, glutamate dehydrogenase 
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and glutamine synthetase, demonstrating oligodendrocytes particular susceptibility to 

excitotoxicity from glutamate  (Srinivasan, Sailasuta, Hurd, Nelson, & Pelletier, 2005; Werner, 

Pitt, & Raine, 2001).  

Increased extracellular glutamate has been shown following a traumatic brain injury 

(Guerriero, Giza, & Rotenberg, 2015) and/or an ischemic insult (C. Xing, Arai, Lo, & Hommel, 

2012). Following insults to the brain there is an increase in activated microglia which have been 

shown to contribute to excitotoxicity by secreting glutamate, peroxynitrite and Tumor Necrosis 

Factor alpha (TNFα); which in turn inhibits the excitatory amino acid transport activity and 

activates apoptosis of OLGs (W. W. Li, Setzu, Zhao, & Franklin, 2005; McTigue & Tripathi, 2008). 

In rat brain cultures, activated microglial cells produced a sufficient amount of NO to lyse OLGs 

in co-culture and this could be prevented with antagonists of NO production (Merrill, Ignarro, 

Sherman, Melinek, & Lane, 1993). 

White matter damage in general is associated with excitotoxic-mediated death (Matute 

et al., 2007) and reactive oxygen species (ROS). OPCs have been shown to be particularly 

sensitive to ROS as they have poor antioxidant defenses and their maturation is inhibited by 

ROS (French, Reid, Mamontov, Simmons, & Grinspan, 2009; Volpe, Kinney, Jensen, & 

Rosenberg, 2011). OLGs sensitivity to ROS is not helped by their need for iron. Iron is needed 

during myelination because of iron’s participation in the synthesis of cholesterol, which is 

important for myelin (Badaracco, Siri, & Pasquini, 2010). Strong immunostaining for iron export 

transporter Ferroportin 1, suggesting an active iron efflux, has been shown in subcortical OLGs 

(Burdo et al., 2001).  
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G. REMYELINATION 

 One of the major diseases in which remyelination has been studied in is multiple 

sclerosis (MS). Multiple sclerosis is an autoimmune demyelinating disease characterized by 

focal white matter plaques that roughly affecting 2.5 million people worldwide (Milo & Kahana, 

2010). Some of the first studies using electron microscopy in the mid to late 1960s showed the 

potential for spontaneous remyelination. One such paper showed that in the forebrain of MS 

patients 60-96% of total plaques were remyelinated (Patrikios et al., 2006).  

 One of the major findings of myelin regeneration is the difference in myelin thickness 

and internode length between previously and newly developed myelin. The g-ratio, the fraction 

of the axonal circumference to the axonal plus myelin circumference, is increased in newly 

developed myelin, indicating a reduction in myelin thickness and internode length (El Waly, 

Macchi, Cayre, & Durbec, 2014). During development, myelin thickness is positively correlated 

with axon diameter, while thickness of the myelin sheath generated during remyelination is 

reduced and independent of axon diameter (El Waly et al., 2014; Fancy, Chan, Baranzini, 

Franklin, & Rowitch, 2011). Following demyelination, most OLGs are eliminated and the few 

remaining ones do not appear to divide (Keirstead & Blakemore, 1997), which leaves the 

question how remyelination occurs? 

As previously mentioned, type C cells found in the SVZ express Olig2 and PDGFRα and 

have the potential to migrate to the corpus callosum and form mature OLGs, where OPCs have 

been shown to increase four-fold after demyelination (Menn et al., 2006). In another such 

study involving genetic tracing using PDGFRα-CreERT2 mice, during remyelination OLG density 

increases at the expense of OPC number which suggest that reactive OPCs differentiate into 
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myelinating OLGs (Zawadzka et al., 2010). Adult born OLGs have been shown to produce 

thinner and shorter myelin than myelin synthesized at earlier stages in the brain (Young et al., 

2013). 

1.3 Stereology 

 Immunohistochemistry is performed on specific cross sections of an organ or tissue. 

Whatever analysis being performed, cell counting or linear measurements, on that particular 

section can provide quantitative information, though for only that specific section being 

examined. Counts or measurements performed on a single thin two-dimensional section have 

very little correlation with the entire three-dimensional structure it is supposed to represent 

(Brown, 2017). Another problem with two-dimensional analysis is that it makes assumptions 

about the tissue which leads to biased measurements which can cause inaccurate data (Brown, 

2017). Due to this, the use of quantitative stereological analysis has been prevalent.  

Stereology comes from the Greek word “stereos” which means spatial and is the three-

dimensional interpretation of two-dimensional cross sections (Brandenberger, Ochs, & 

Muhlfeld, 2015). Stereology uses stringent sampling methods and calculations based on 

statistical theory and stochastic geometry than can be applied to virtually any tissue type and 

the results are absolute estimates rather than densities or ratios (Brown, 2017). This is achieved 

by ensuring each part of the organ has an equal chance of becoming part of the analysis and by 

applying appropriate test systems and probes to randomly sampled field of views 

(Brandenberger et al., 2015).  Stereological estimations avoid unbiased errors and produces 

consistency; it has become the gold standard for quantitative studies of volume, length, and 

surface area as dimensional parameters in biomedical experiments (Kipanyula & Sife, 2018).    
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There are four theorems involved in stereology: (I) associated point theory, (ii) 

fractionation, (iii) unbiased sampling, and (iv) physical or optical dissection.  

In associated point theory, an associated point which is a countable quantity with 

biological significance will be chosen (number, length, surface area, etc.). Fractionation, does 

not rest on assumptions about the distribution or geometry of the objects studied, and 

therefore is methodologically unbiased. It is more common than other stereological methods 

because it is much more efficient, requiring half the slides necessary for physical dissection, and 

can make use of thick sections. Unbiased sampling means that all points within the region of 

interest have an equal probability of being sampled. Finally, the optical dissector uses thick-

sections, which allows the investigator to incrementally probe through the volume of the tissue 

while quantifying associated points. It does not rely on distribution or geometry of the objects 

which allows for more accurate counts than when using thin sections (Brown, 2017; Melvin & 

Sutherland, 2010; Suleyman Kaplan, 2012).  
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CHAPTER 2- EFFECT OF ACOUSTIC BLAST INDUCED BRAIN ISCHEMIA ON OLIGODENDROCYTIC 

POPULATION IN ADULT MOUSE MODEL 

2.1 Background 

A. BLAST MODEL 

Long gone are the days when two armies met on the battlefield face to face and fight. 

War is constantly changing and evolving due to technological innovations. In many conflicts 

such as Iraq and Afghanistan, United States of America soldiers have better armor, weapons, 

and equipment than their opposing forces. Due to this, the opposing side does not fight on 

America’s terms but their own; where one side attacks the other and then flees, known as 

guerilla warfare. One of the tools of guerilla warfare is the use of Improvised Explosive Devices 

(IEDs) such as roadside bombs (Dale, 2006; Taddeo, 2012). What makes IEDs so dangerous is 

their unpredictability and the large number of soldiers and civilians affected. While 

improvements in protective armor and post-trauma care have increased the survival of soldiers 

in the battlefield, new types of the injuries have emerged among survivors.  

According to the Defense and Veteran Brain Injury Center, from 2000-2018 there have 

been 383,947 US service members diagnosed with traumatic brain injury (TBI) ("DoD worldwide 

numbers for TBI," 2018). TBI is characterized by an acute loss of consciousness typically for 

more than 30 minutes, followed by a confused or disoriented state that lasts less than 24 hours, 

and/or an initial memory loss lasting less than 24 hours (Ling & Ecklund, 2011; McKee & 

Robinson, 2014; Vasterling et al., 2012). Because of the proliferation of IEDs, blast induced 

traumatic brain injury (bTBI) is among the most serious and longest-lasting injuries, having been 
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referred to as the signature injury in the conflicts in the middle east (Snell & Halter, 2010; H. 

Wang et al., 2016).  

A bTBI can be divided into four biomechanically distinct phases. The primary injury 

phase results from physical forces emanating from the explosive with rapid transmission of the 

pressure wave through brain tissue and its vasculature. The secondary injury phase typically 

results from projectiles penetrating the head. The tertiary injury phase results from head 

contact/acceleration forces as the body is moved by the massive blast pressure wave. The 

quaternary injury phase incorporates any injury to the brain not covered in the other three 

phases, such as hemorrhagic shock, and chemical or thermal burns (Chen, Smith, & Meaney, 

2009; DePalma, Burris, Champion, & Hodgson, 2005; Elder, Mitsis, Ahlers, & Cristian, 2010; 

Nakagawa et al., 2011; Ritenour & Baskin, 2008). 

Individuals who suffer a mild bTBI can recover within days to weeks after injury, 

however, a significant number develop neurobehavioral impairments that can last a lifetime 

(Agoston & Kamnaksh, 2015). There have been studies showing the effects of a 

concussion/mild TBI where they found that functional connectivity is disrupted in the 

dorsolateral prefrontal cortex, middle frontal gyrus, orbital frontal cortex, anterior cingulate 

cortex, and temporal-parietal junction (M. X. Huang et al., 2009; Vakhtin et al., 2013). These 

areas can impact a person’s day to day life whether it be social relationships, marital status, 

living skills, cognitive function, and/or memory loss. Both post-traumatic stress disorder (PTSD) 

and depression symptoms related to bTBI are significantly associated with severe 

neuropsychological performance deficits and functional impairment (Vasterling et al., 2012).  
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In a study conducted on post mortem brains subjected to blast waves, simulations 

showed significant shear and dilatational energies develop in the brain within 4-5 milliseconds 

after blast wave exposure and were not randomly distributed but developed in specific 

locations such as frontal lobes, upper brain stem, and internal capsule (P. A. Taylor, Ludwigsen, 

& Ford, 2014). Both the direct shock wave and the indirect transfer of the shock wave through 

blood vessels, specifically vasospasm, and cerebral spinal fluid causes neurological impairments 

to the brain (Cernak, Wang, Jiang, Bian, & Savic, 2001; Chavko et al., 2011).  This exposure to a 

blast wave initiates a cascade of cellular pathological processes in the brain which includes 

damage to the microvasculature and blood-brain barrier (Hue et al., 2013; Readnower et al., 

2010). The breakdown of the blood-brain barrier has been shown to result in brain edema and 

increases in intracranial pressure, which impairs cerebral oxygenation and causes the activation 

of oxidative mechanisms and neuro-inflammation (Gu, Kawoos, McCarron, & Chavko, 2017; 

Zhang et al., 2014). 

Goldstein et al. performed post-mortem analysis on the brains of four military veterans 

who had a history of blast exposure. All brains showed tau pathology, indicative of 

neurodegenerative disorders, in several cortical regions which was accompanied by axon 

dystrophy and degeneration as well as clusters of activated microglia (Goldstein et al., 2012; 

Huber et al., 2013; Welberg, 2012). The same team developed a mouse model where they 

observed similar signs such as: neuro-inflammation in the cortex, hippocampus, cerebellum, 

brainstem and corticospinal tract; phosphorylated tau neuropathology in superficial cortical 

layers and hippocampus; neurodegeneration in the hippocampus; activated perivascular 

microglia throughout the brain; and loss of cerebellar Purkinje cells (Goldstein et al., 2012).  
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Arun et al. (2013) studied mitochondrial energy metabolism both in vivo in a mouse 

bTBI model and in human neuroblastoma cultures subjected to either a single or triple blast 

wave. In both models, a single or repeated blast exposure resulted in a significant decrease in 

neuronal ATP levels 6 hours post blast, indicating a severe neuronal mitochondrial dysfunction. 

The decrease in ATP correlated with the reduced expression GOT2 –encoded mitochondrial 

aspartate aminotransferase, which in neurons plays an important role in metabolism and 

energy production. Using western blot analysis of GOT2 and pyruvate dehydrogenase, they 

found a correlation in the decrease in brain ATP levels and reduced expression of GOT2 (Arun et 

al., 2013). These mitochondrial changes have been observed as well in the rat hippocampus, 

where decreases in metabolic intermediates, determined using H1 NMR, suggested that the 

neurodegenerative process is a consequence of oxidative stress and mitochondrial dysfunction 

(Sajja et al., 2012).  

There have been additional mouse studies looking at the effects on the brain following a 

traumatic brain injury which can provide insight into the bTBI brain. Some of the first cells to 

enter the brain through the blood-brain barrier are blood-borne macrophages. These immune 

cells accumulate at the site of damage where they phagocytose cellular debris and foreign 

bodies and take part in mediating inflammation, promoting and directing tissue repair, and 

maintaining homeostasis (Arandjelovic & Ravichandran, 2015). Macrophages are usually 

accompanied by an activation of endogenous microglia. Activated microglia on the other hand, 

may release cytotoxic and pro-inflammatory cytokines such as interferon gamma (IFNγ) tumor 

necrosis factor α (TNFα), which cause the death of proliferating oligodendrocyte precursor cells 
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and initiates apoptosis in mature oligodendrocytes, respectively (Horiuchi, Itoh, Pleasure, & 

Itoh, 2006; Jurewicz et al., 2005).   

Additionally, trauma induced reactive astrocytes have been shown to impair long-term 

recovery of white matter and remyelination due to their ability to impede migration of OPC and 

by secreting factors such as laminin-blocking proteoglycan, which inhibits the regrowth of 

axons, which in turn has resulted in the deaths of oligodendrocytes (Dent et al., 2015; Fok-

Seang, Mathews, ffrench-Constant, Trotter, & Fawcett, 1995). These factors additionally 

contribute to the development of a chronic inflammatory state after TBI.  

In two separate studies conducted by Bramlett et al., they have shown evidence of 

inflammation and atrophic changes in the cortex, hippocampal, and thalamic regions at 8 weeks 

and all the way up to 1-year post-injury (Bramlett & Dietrich, 2002; Bramlett, Dietrich, Green, & 

Busto, 1997). In another study involving rats having undergone cortical contusion to the medial 

frontal cortex, two months after injury interleukin 1 beta (IL-1β) was significantly increased in 

the cortex and hypothalamus and GFAP was elevated in the cortex, hypothalamus and anterior 

pituitary (Kasturi & Stein, 2009; Wilkinson et al., 2012). In another such study involving rats, 

three months after brain injury there was persistent up-regulation of mononuclear 

phagocytosis, and elevated synthesis of IL-1β and TNFα observed throughout the cerebral 

hemisphere (Holmin & Mathiesen, 1999; Wilkinson et al., 2012). In terms of humans, there is 

one such study that showed activated microglia and phagocytic macrophages can remain in the 

white matter tracts of the corpus callosum of TBI patients for up to 18 years following injury, 

leading to long-term effects (V. E. Johnson et al., 2013). 
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 While oligodendrogenesis has been studied in traumatic brain injuries it has not been 

following a blast wave exposure. The hypothesis related to this chapter was, changes in myelin 

may reflect an initial loss of the OLG population which may subsequently regenerate by 

activation of the NPC or OPC. What I found was that blast-wave exposure causes an initial 

neurotrauma which leads to a loss in both neuronal and oligodendrocyte cell population. When 

provided with a recovery, there is an activation of SVZ and SGZ neurogenesis and local cortical 

oligodendrogenesis.  

2.2 Materials and Methods 

A. ANIMAL STRAIN  

The University at Buffalo Institutional Animal Care and Use Committee as outlined in 

HER05080Y and PTH10081Y protocols approved all animal procedures. Twenty-two adult, 3-4 

months old, male C57BL/6J mice from The Jackson Laboratory in Bar Harbor, Maine used in the 

study were housed in the University at Buffalo School of Medicine Laboratory for Animal Facility 

under standard conditions. Mice were randomly assigned to four groups: 5 days’ control, 5 

days’ term blast, 21 days’ control or 21 days’ blast.  

B. ACOUSTIC BLAST EXPOSURE  

The blast wave or non-blast control procedures were performed in acoustic room 

laboratory. All mice were anesthetized using mixture of ketamine (100 mg/kg) and xylazine (10 

mg/kg). The experimental blast groups were exposed to six blast waves with a peak intensity 

between 185-195 dB SPL using equipment and procedures described in a previous publication 

(Newman et al., 2015). The blasts were presented at intervals of approximately five minutes. 
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Each anesthetized mouse was exposed individually in an acoustically transparent wire-mesh 

cage (4 cm L, 2.5 cm W, 3 cm H) located approximately 2.5 cm in front of the mouth of the blast 

tube exit port and a high-pressure wave sensor detector (137a23ICP Pressure Sensor, PCB 

Piezotronics) was placed inside the animal cage, in front to the mouse’s head in order to make 

sure each blast wave was consistent. The head of the mouse was faced towards the exit ports 

at 0° azimuth. See Figure 1 for drawing representative of blast apparatus. The non-blast control 

groups underwent the same treatment except for the exposure to the blast wave.   

After the blast or the non-blast control procedure, mice were given carprofen (5mg/kg) 

and following the recovery from anesthesia mice were transported back to their housing cages.  

In experiment 1 - short-term recovery, the mice were perfused and the brains were harvested 5 

days after the blast or non-blast procedure. In experiment 2 - long-term recovery, mice were 

perfused and the brains were harvested 21 days after the blast or non-blast procedure.  
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Figure 1. Drawing representing the apparatus used to subject the mice to acoustic blast wave. Sound 
stimuli using Tucker-Davis Technology was used in order to ensure consistent blast wave of 185-195 db SPL 
each blast. The mouse was placed 2.5 cm in front of the cannon  
(Figured drawn by Brandon Decker) 
 
 

C. TISSUE PREPARATION 

Mice were anesthetized by an intraperitoneal injection of ketamine/xylazine and 

sacrificed by transcardial perfusion with 4% para-formaldehyde. The brains were dissected and 

placed in 4% para-formaldehyde for 2 hours. They were then cryopreserved by placing them 

into a sucrose solution of increasing concentrations (day 1 - 7.5% sucrose, day 2 – 15% sucrose, 

day 3 – 30% sucrose). Upon achieving density equilibrium, brains were washed in 1X Phosphate 

Buffered Saline (PBS), and the cerebellum was dissected out. The tissue was then frozen in a 

liquid nitrogen bath and stored at -80o C until sectioning. 
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Brains were sectioned on a Cryostat (Microm HM 505 N) in the coronal plane at 40-µm 

thickness. The start and end points for each region of interest (ROI) in the study, was 

determined using Paxinos’ Mouse Atlas: for SVZ (bregma +1.18mm – bregma -0.22mm), SGZ 

(bregma -0.94mm – bregma -4.16mm) and Cortex (bregma +1.18mm – bregma -0.22mm). All 

sections were serially transferred into 48-well plates containing a mixture of anti-freezing 

solution in accordance to IHC World protocol. The prepared material yielded approximately 30 

sections per ROI (SVZ, SGZ, and Cortex). The first tissue was selected at bregma 1.10mm for 

both SVZ and Cortex while bregma -1.06mm was used for SGZ. Thereafter, every sixth section 

was selected for immunostaining for five sections per ROI (cortex, SVZ, SGZ). This was done for 

three mice in each of the four tested conditions. 
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D. IMMUNOSTAINING  

Immunostaining for brain sections were performed in room temperature unless 

otherwise noted and done as followed: 

Procedure Substance Total Time 

Wash 2x PBS 10 minutes 

Post-fixation 4% Paraformaldehyde 10 minutes 

Wash 2x PBS 10 minutes 

Permeabilization 0.5% Triton 15 minutes 

Wash 2x PBS 10 minutes 

Incubation Blocking solution 60 minutes 

Incubation (4°C) 1st Primary Anti-body   Overnight 

Wash 3x PBS  15 minutes 

Incubation 1st Secondary Anti-body 120 minutes 

Wash 3x PBS  15 minutes 

Incubation (4°C) 2nd Primary Anti-body Overnight 

Wash 3x PBS  15 minutes 

Incubation 2nd Secondary Anti-Body  120 minutes 

Mount and Cover Slip DAPI  

Table 1. Immunostaining protocol for brain sections. PBS (unless stated otherwise) in text refers to 0.9 % 
NaCl at pH 7.4 

 
Primary Antibodies 
-Doublecortin (DCX) neuroblast marker was carried out using Anti-Doublecortin (guinea pig 
polyclonal) at a dilution of 1:1000 (Cat. #: ab2253, MILLIPORE), 
-Ki67- proliferation marker using Anti-Ki67 polyclonal (rabbit) antibody (Cat. #: ab15580, 
abeam) 
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-Microglia using Anti-Iba-1 polyclonal (rabbit) antibody at a dilution of 1: 5000 (Cat. # 019-
19741, Wako Chemicals USA, Inc.), 
-Myelin - Myelin-associated glycoprotein was detected according to standard protocol with 
omission of incubation with secondary antibody because, monoclonal mouse anti-MAG 
Antibody (clone 513 was directly conjugated to an Alexa Fluor® 488, at a dilution of 1:100 (Cat. 
#: MAB1567A4, Millipore). Sections were incubated for 1.5 – 2 hours before visualizing 
-Myelin- Anti-myelin basic protein antibody (rabbit polyclonal) at a dilution of 1:1000 (Cat. #: 
ab40390, Abcam) 
-Neurons (mature) using Anti-FOX3/NeuN polyclonal (rabbit) antibody at a dilution of 1:500 
(Cat. #: ab104225, Abcam). 
-Oligodendrocyte Marker O4 using mouse monoclonal antibody IgM at dilution 1:330 (Cat #: 
MO15002.9, Neuromics)  
-Apoptotic marker --CellEvent™ Caspase-3/7 Green Detection Reagent Cat. #: C10423 
Thermo Fisher  
 
Secondary antibodies for: 
-DCX - Goat Anti-Guinea pig IgG H&L (Cy5.5 ®) pre-adsorbed polyclonal Antibody at a dilution of 
1:500 (Cat. #: ab6967, abcam) 
-Ki67- Alexa Fluor® 568 goat anti-rabbit IgG (H+L) polyclonal Antibody at a dilution of 1:1000 
(Cat. #: A11011, Life Technologies – Molecular Probes) 
-Black Gold II staining of myelinated fibers were mounted with Permount (Cat #” SP 15-100 
Fisher Scientific) 
-Oligodendrocyte Marker O4 Alexa Fluor® Goat pAb to Mouse IgM (Cat #: ab150121, abcam)  
 

-DAPI The single or double stained fluorescent sections were mounted on microscopic slides 
using Fluorogel II with DAPI (Cat. # 17985-50, Electron Microscopy Sciences) for visualization of 
nuclei.  

 

 

 

E. IMAGE ANALYSIS & STATISTICS 

Non-stereological imaging was performed using Zeiss Axio Imager Upright Fluorescence 

microscope that was equipped with Zen Blue 2 software. Stereological analysis was performed 

in Stereology Laboratory of the Western NY Stem Cells Culture and Analysis Center on an 

Olympus BX61 fully automated microscope equipped with a UIS2 optical system.  



35 
 

In this study, the quantity of interest is the number of associated points stained by 

immunohistochemical antibodies, were Ki67+ (nuclear) and O4+ (cytoplasmic). The total 

estimation of cell numbers (N) is calculated based on the following equation: N = Q x 
1

ssf
 x 

1

asf
 x 

1

tsf
. The stereological sampling fraction is the product of the slice sample fraction, ssf (ratio of 

number of slices taken for analysis relative to the total number of slices per structure), the 

area-sampling fraction, asf (the percent of each region of interest sampled per section), and the 

thickness-sampling fraction, tsf (the ratio of the dissector height and section thickness) (Keuker, 

Vollmann-Honsdorf, & Fuchs, 2001).  

Analyses was performed using NewCast software (Visiopharm, Denmark). Each tissue 

section was imaged at 4x magnification on the DAPI channel in order to capture a super-image. 

The importance of a super-image, is that it allows the user to know exactly where on the tissue 

you are instead of turning on the lamp to figure it out, which causes additional bleaching of the 

tissue. Masks were drawn over ROIs using Paxinos’ mouse atlas as a reference tool. A subset of 

the ROI was then sampled using Optical Fractionator.   

In Optical Fractionator, field of view (FOV) were sampled based on occurrence of cells. 

The areas sampled were as follows – 55% of SVZ, 45% of SGZ and 25% of the cortex. The FOVs 

were viewed at a set asf of the masks using NewCast sampling software at a higher 

magnification (60X for all areas). FOVs consisted of stacks of images taken through the z-axis of 

the ROI at a set interval (step size) of 4 micrometers for all area. Care was taken to ensure that 

the entire depth of the section was imaged. Figure 2 below shows representative images from 

the Visiopharm program of the super image, masking, and 60x magnification.  
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Figure 2. Representative images from Visiopharm used for stereological counting. (A) Represents the super 
image taken in order to mask the SVZ region, here masked in green- 5x magnification. (B) Merged channels 
showing all three stains where cytoplasmic O4+ (top yellow circle) and nuclear Ki67+ (bottom yellow circle) 
cells can be observed. (C) Isolated Ki67 channel, yellow circle shows Ki67+ cells (D) Isolated O4 channel, 
yellow circle shows O4+ cells (E) Isolated DAPI channel showing multiple cells throughout ROI. Images in B-E 
are 60x magnification. 
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Z-axis stacks of fluorescent images are counted using the NewCast point-probe software 

(Visiopharm, Denmark). The emission wavelength was set in the following order while digitizing 

the tissues – 603 nm for Ki67, 519 nm for Olig 4 and 461nm for DAPI. Counts were tabulated 

and stored in codified Excel spreadsheets for each stain/ROI. Average section thickness and 

dissector height were also measured manually at this time. Consistent guard zones of 4 

micrometers from each surface were not counted. Tissue height was recorded for each field of 

view and averaged to obtain height and thickness calculations. Upon completion of 

quantification, point counts (Q) for each section were summed and subjected to the modified 

stereological estimator. 

Estimates per animal group were analyzed for statistically significant differences. 

Statistical analysis was performed using IBM SPSS software obtained from the University at 

Buffalo. The statistical analysis used primarily was 2-way ANOVA. Significant ANOVA scores 

were followed by post-hoc comparisons using Least Significant Difference (LSD) test. The 

conditions analyzed for statistically significant difference were categorized into four groups – 5 

days’ Control, 5 days’ Blast, 21-days Control and 21-days Blast. A statistical difference was only 

considered significant if the P value was ≤ 0.05. Standard errors employed for all graphical and 

numerical representations. 

 

 

 

 



38 
 

2.3 Results  

A. MICROGLIA 

To determine whether the blast wave exposure affected microglia, brain tissue was 

stained for the allograft inflammatory factor 1, also known as ionized calcium-binding adapter 

molecule 1 (IBA1), which labels activated microglial. In cortical regions of control brain sections, 

we observed a presence of small cells with short processes weakly immunolabeled by the IBA1 

antibody. A representative image from control mouse is shown on Figure 3A (left panel). In 

contrast, strong IBA1 staining occurred in the brains of blast wave exposed mice (Figure 3A, 

right panel). While the density of IBA1-labled microglia in the cortex was markedly stronger and 

the microglia cell bodies larger than in controls (Figure 3A, left vs. right). The total spread of 

microglial processes was measured using ImageJ as illustrated in Figure 3B. In cortical region of 

the blast wave exposed mouse, the mean length of microglial processes was significantly 

greater than that of control mice (Figure 3C). Taken together, these results verified the blast-

induced microglial activation in the brain cortex. 
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Figure 3. Blast induces activation of microglia. (A) Activated microglia in the cortex. IBA1 - Red (secondary 
Alexa 568), in picture greyscale was used in order to show greater effect of microglia activation. Microglia 
staining in Non-blast (A) and Blast (B). Magnification – 40X. 
(B) The span of the process was measured using ImageJ software. Measuring guidelines were established. 
Straight line was extended from the hillock of the cell to the most extended point of the process. The span 
was determined from base of processes to the most extending point of process and calculated in the form of 
percentage microglial span shown on C. 
(C) Difference in amount of cells and length/spread of processes in the cortical region of 5 days’ control and 
blast mice brains. There was a significance increase in the average total spread of microglial processes in 5 
days’ blast as compared to its control.  
Figure modified from (Nair, 2014) 
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B. ASTROCYTOSIS   

Brain injuries and neuronal damage are typically accompanied by astrocytosis. To 

determine whether astrocytes became activated in our blast paradigm, we stained brain 

sections for GFAP, a protein highly expressed by reactive astrocytes. We found few reactive 

astrocytes in the cingulate and in the dorso-lateral cortical region of the control mice. In 

contrast, in the blast-exposed mice, heavily GFAP-stained astrocytes were observed throughout 

the cortex 5 days’ post-blast (Figure 4A and B). Thus, the blast wave exposure lead to rapid 

microglial and astrocytic responses. 

 
 
Figure 4. Blast induces astrocytosis. Blast induced astrocytosis in cingulate cortex, magnification 10x. - 
staining with anti-GFAP and secondary antibody with Alexa 568 (red).  
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C. MYELIN 

To identify potential injuries that could underlie the microglia and astroglia activations 

we analyzed the effects of blast on the cortical myelinated axons. Staining with Black Gold II 

revealed dense myelinated fibers in the superficial cortical zone (zone I on Figure 5A); many of 

these were organized in horizontal bundles, and the vertically-organized bundles extending 

between subcortical zone III and II and to a lesser extent into zone I. At 5 days’ post-blast we 

observed a marked loss of the Black Gold II-stained fibers in all three zones of the medial, 

cingulate, cortex (Figure 5A) as well as in the dorsolateral, motor, cortex (Figure 5B).  

In addition, immunostaining with MAG1 in the cingulate cortex was performed at 5 days 

and 21 days’ post-blast or control procedure. In control, the cingulate cortex displayed a 

characteristic pattern of normal myelination, with myelinated fibers extending from subcortical 

zone III to subcortical zone II and to cortical zone I and uniform short fibers distributed in the 

cortical zone I (Figure 5C). Similar to what was observed by Black Gold II staining, at 5 days’ 

post-blast there was a marked loss of the MAG1+ fibers in all three zones including the loss of 

the myelinated fibers extending from the zone III to zones II and I (Figure 5C). These short-term 

changes were followed by the reappearance of myelinated processes in zones I and II at 21 

days’ post-blast (Figure 5D). However, these reappearing myelinated fibers in zone II (Figs. 5E), 

lacked the predominantly vertical (perpendicular to the cortical surface) directionality 

characteristic of the control mice brains (Figure 5A, B, C, D). Taken together, these observations 

suggest that the blast had temporarily damaged cortical and subcortical myelinated axons, but 

that by 21 days’ post-blast, myelinated fibers followed an abnormal pattern of regeneration. 
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Figure 5. Blast induced loss and reappearance of cortical myelinated fibers.  
(A) Cingulate Cortex and (B) Dorso-lateral motor Cortex. Black Gold II staining – myelin fibers are stained 
black. Magnification – 20X. Cortical zone (I) and deeper subcortical zones (II and III) are marked.  
(C) Loss (5 days) and (D) reappearance (21 days) of myelin fibers in the cingulate cortex. Myelin associated 
glycoprotein staining (green). Magnification- 10x  
(E) Loss of myelin fibers in zone I and II in 5 days’ post blast compare to 5 d. control and disorganized myelin 
fibers at 21 days after blast in zone I (cortex) and subcortical layers II, respectively. Myelin associated 
glycoprotein (green). Magnification – 20X.  
Panels A and B modified from (Nair, 2014) 

 

 

 

 

 



43 
 

D. APOPTOSIS 

To determine if the blast exposure lead to cell death, we stained brain sections with 

anti-Casp3/7 antibody, which identifies apoptotic cells. In the cingulate cortex at 5 days’ post-

blast, we observed a widespread strong staining of the Casp3/7+ cells (Figure 6A2), compared to 

weak staining in the control mice (Figure 6A1). A marked reduction in the number of CASP3/7+ 

stained cells was observed at 21-day post-blast (Figure 6A3). These results indicating that there 

is a transient period of programmed cell death in the cingulate cortex during the first week 

post-blast that has largely resolved itself three weeks’ post-blast.   

Blast-induced apoptosis was not limited to the superficial brain cortical region but was 

observed also in the deeper SVZ (Figure 6B). To investigate the relationship between 

programmed cells and neurogenesis, brain sections were co-stained for CASP3/7 and for DCX, a 

marker of developing neurons. At 5 days’ post-blast, we observed an intense CASP3/7+ staining 

of SVZ cells, many of which were also positive for DCX. Examples of the single stained SVZ 

CASP3/7+ cells and double stained DCX/CASP3 apoptotic neuroblasts are shown on Figure 6B. 

Such cells were absent in the SVZ of the control short-term, recovery mice. These findings 

indicate the blast had induced apoptosis in developing neuroblasts as well as cells within the 

SVZ.  

To determine if cell death extended into the hippocampal cortex and affected 

developing neuronal lineage cells of the dentate gyrus SGZ, we analyzed the CASP3 expression 

in the hippocampus after blast and control procedure. CASP3 labeling was largely absent in the 

hippocampus of control or blast exposed mice (Figure 6C-F); however, many DCX+ cells were 

present in the dentate gyrus of both controls and blast exposed mice (note blue arrows 
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pointing to DCX+ cells in Figure 6C-F). While the CASP3 was absent from the CA 2/3 area of the 

hippocampus of both control and blast wave exposed mice at 5-day and 21-day post-treatment 

times, there was extensive DCX antibody labeling in CA 2/3 which appeared elevated following 

the blast, suggesting increased neurogenesis. The blue arrows in Figure 6E point to the 

characteristic pair of post-mitotic DCX+ cells in CA 2/3 after blast. At the 21 days’ post-blast, 

some of the DCX+ cells displayed extended processes indicating their further neuronal 

differentiation and possible integration into the hippocampal circuit. 

 

Figure 6. Blast induced apoptosis. (A) Apoptosis observed in the cingulate cortex. CASP3/7 – Green.  
Magnification 20x. 
(B) Distribution of immature (DCX+, red) and apoptotic (CASP3/7, green) cells in SVZ region 5 days’ post blast 
exposure. Magnification – 40X. Blue circles show apoptotic (green) cells and double stained (yellow) 
apoptotic neuroblasts cells in blast SVZ. 
(C – F) Absence of apoptotic cells in hippocampus (CASP3 green stain), and presence of DCX+ cells (red stain) 
indicated by blue arrows, in the hippocampus dentate gyrus (C, D) and in CA2/3 area (E-F). Magnification 40x.  
Figure modified from (Nair, 2014) 
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D. EFFECT OF BLAST ON DCX+ NEUROBLASTS/IMMATURE NEURONS 

To determine whether blast affected early neuronal development, we performed 

stereological counting of DCX+ neuroblasts. In the SVZ, we found no significant effect of blast on 

the total numbers of DCX+ cells (Figure 7A) at 5 days’ post-blast. However, at 21 days’ post-

blast, there was a significant 2-fold increase of the DCX+ cell density in the SVZ of the blast-

exposed mice compared to control mice indicating an increased neurogenesis (Figure 7B).   

  In the cingulate cortex, we found no blast- induced changes in the DCX+ population at 

the 5- or 21-days’ post-blast times (Figure 7C, D). In contrast, stereological counting in the SGZ 

of the hippocampal dentate gyrus revealed an increase in the DCX+ cell population, which 

attained statistical significance after 21 days’ post-blast recovery (Figure 7D, E). 

 

Figure 7.  Neurogenesis takes place 21 days’ post-blast in SVZ and DG of SGZ.   
(A, B) Sub-ventricular zone – (A) 5 days post-blast; (B) – 21 days post-blast 
(C, D) cingulate cortex – (C) 5 days post-blast; (D) – 21 days post-blast  
(E, F) hippocampal dentate gyrus Sub-granular zone (SGZ)– (E) 5 days post-blast), (F) – 21 days post-blast  
Figure modified from (Nair, 2014) 
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F. EFFECT OF BLAST ON OLIGODENDROGENESIS  

Given the blast-induced loss of myelin in the cortex at 5 days’ post-blast followed by the 

reappearance of myelinated fibers at 21 days’ post-blast (Figure 5), we studied the changes in 

the population of oligodendrocytic cells at 5 days and 21 days’ post-blast. In order to observe 

myelin along with oligodendrocyte progenitors we co-immunostained brain sections with MAG 

antibody (green stain) and anti-Olig 2 (O2) antibody (red stain), an early determinant of 

oligodendrocyte fate specification (Figure 8). At 5 days’ post-blast, the loss of cortical MAG+ 

fibers were accompanied by a wide spread appearance of cortical O2+ cells (Figure 8A vs 8B). 

These cells were detected only sporadically in the control cortex, indicating a blast-induced 

activation of the cortical oligodendrogenesis. These early changes were followed by a 

reappearance of the myelin fibers at 21 days (Figure 5) at which fewer cells displayed the O2 

staining (Figure 8C).  
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Figure 8. Blast induced effect on myelin and early stage oligodendrocytes. (A) Control condition in the 
cortex (B) Loss and increased expression of O2+ oligodendrocytes (C) Reappearance of myelin fibers 
coinciding with lowering of O2+ oligodendrocytes. Myelin (MBP) fibers stained green and O2 
oligodendrocytes stained red.  Magnification – 20X.  

 

To next determine if the changes in O2+ cell population may lead to oligodendrocyte 

development, we stained brain sections for the Olig4 (O4), which is expressed by immature 

oligodendrocytes but may also be present their developing OPCs. To observe developmental 

progression of oligodendrocytes in the cingulate cortex, we co-immunostained brain sections 

with O2 antibody (red stain) and with O4 antibody (green stain). Figure 9 shows examples of 

the O2+ cells in control brains and in the 5 days’ post-blast brains. I observed in the blast-

exposed mice, the increase in O2+ cells illustrated in Figure 9B (compared control in Figure 9A) 

was accompanied by reduced O4 staining. However, at 21 days’ post-blast, many O4+ cells were 

present in the blast-exposed cortex compared to controls suggesting an increased maturation 

by the O2+ progenitors (Figure 9B vs 9C).  
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Figure 9. Blast induces initial increase in early stage oligodendrocytes followed by appearance of late stage 
oligodendrocytes. Examples of O2+ (red), O4+ (green), DAPI (blue) cells in the cingulate cortex in (A) control 
and in (B) 5 days’ post-blast, showing O2+ cells. (C) Example of O4+ cell (green) in cingulate cortex blast, 21 
days’ post-blast. Magnification – 100X.   

 

To evaluate the blast-induced changes in oligodendrocytes we performed stereological 

quantification of the O4+ cells in the cingulate cortex and SVZ, another potential source of 

cortical oligodendrocytes, as well as in the hippocampus where new oligodendrocytes are 

produced locally. To identify mitotically active OPC we double immunostained cells for O4 and 

Ki67 (Figure 10). We initially observed in the 5 days’ control condition, high levels of O4+ cells in 

all brain areas and fewer OPC co-expressing Ki67 (Figure 10A). Though, 5 days’ post-blast, there 

was a noticeable loss of O4+ cells, an increase in Ki67+ cells, and an increase in double stained 

cells for both Ki67 and O4 (Figure 10B). While at 21 days’ post-blast, there was increase in O4+ 

cells toward control levels and increase in Ki67+ compared to control (Figure 10C).   
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Figure 10. Representative images of cortical oligodendrocytes. Examples of Ki67+ (red), O4+ (green), DAPI 
(blue) cells in the cingulate cortex. In (A) 5 days’ control, see higher O4+ cells while in (B) 5 days’ post-blast 
blast there is an apparent loss of O4+ cells and increase in Ki67+ cells. (C) 21 days’ post-blast, observable 
increase in O4+ cells toward control levels and increase in Ki67+ compared to control. Magnification – 40X.  
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Given the apparent changes in the oligodendrocyte-related populations, an initial post-

blast loss of O4+ and O4+/Ki67+ cells that appeared to be followed by recovery, we quantified 

these cells using the stereology. At 5 days’ post-blast, the population of O4+ oligodendrocytes in 

the cingulate cortex was reduced three-fold compared to control (Figure 11A). However, at 21 

days’ post-blast, the O4+ population recovered and there was no longer a significant difference 

between the blast and the non-blast groups (Figure 11B). This recovery was verified by the 

analysis of combined 5- and 21- days’ post-blast exposure results. 2-way ANOVA demonstrated 

an overall effect of blast (p<0.05) with the significant blast-induced loss of O4 cell at 5 days’ 

post-blast (p<0.05) and in blast mice a significant difference between 5 and 21 days (p<0.05).  

While there was greater than two-fold increase in total numbers of Ki67+ cells after 5 

days’ post-blast (p<0.01), the percentage of double positive cells was significantly reduced by 

50%. These results together with the 2-fold loss of all O4+ cells amounted to 4-fold decrease in 

proliferating O4. After 21 days, the fraction of proliferating, (f= (Ki67+ + O4+ )/O4+), was no 

longer significantly different from control (Fig 11B). 

In the SVZ, we found no blast induced changes in the numbers of Ki67+ or O4+ at either 

5- or 21-days post-blast. Approximately 20% of O4+ represented proliferating Ki67+ cells and the 

observed reduction did not attain statistically significant levels. In the hippocampal SGZ, we 

found no blast-induced statistically significant changes in the O4+ or O4+ + Ki67+ / O4+ cell 

counts. 
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Figure 11.  Blast induces initial loss of Oligodendrocytes only in Cortex, followed by their recovery at 21 
days’ post-blast.  
Ki67, O4, and (Ki67+O4)/O4 graphs  
Cingulate cortex – (A) 5 days’ (ST) and (B) 21-days (LT) recovery  
SVZ - (C) 5 days’ (ST) and (D) long-term (LT) recovery  
SGZ – (E) 5 days’ (ST) and (F) long-term (LT) recovery  
 

 

 

 

2.4 Discussion 

These results show that a series of six acoustic blasts of ~185 Db SPL leads to an acute 

injury of neurons in the brain cortex and to cortical and subcortical cells, death accompanied by 

an activation of the microglia and the astroglia cells. These pathological changes were 

accompanied by increased neurogenesis in the SVZ and SGZ and by increased cortical 

oligodendrogenesis.  
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A. MICROGLIAL RESPONSE   

Microglia activation, the first line of defense for the brain (Davalos et al., 2005), is 

sensitive to minute biochemical changes in the CNS and extracellular potassium (Gehrmann, 

Matsumoto, & Kreutzberg, 1995). Depending on the extent of tissue damage, the microglial 

response ranges from small morphological changes to full-blown activation involving 

phagocytosis of cell debris (Hernando Raphael Alvis-Miranda, 2013). After brain injury, the 

activated microglia may transit to the non-phagocytic, anti-inflammatory, and neuroprotective 

M2 type cells or to the neurotoxic M1 type (Hu et al., 2012; Imai et al., 2007; Tang & Le, 2016; 

Thored et al., 2009; J. Wang, Yang, Liu, Zhao, & Chen, 2013). The M1 microglial cells have an 

amoeboid morphology with short processes, are phagocytic, pro-inflammatory and neurotoxic.     

In response to the blast, we observed changes in microglia characterized predominantly 

by a round soma with the elongated longer processes, resembling the M2-type microglia. The 

increase in M2-like cells may be involved in anti-inflammatory responses, tissue repair and 

remodeling as found in other kinds of brain injuries (Streit, 2000). The cells could migrate 

towards the site of the blast-induced injury, clear the apoptotic cells and cellular debris creating 

an initial neuro-protective state. Relatively few M1-like microglial cells with an enlarged, 

amoeboid soma and thick processes were observed post-blast. The appearance of M1-like cells 

could produce toxic cytokines and thereby damage the surrounding neuronal processes, 

neurons and oligodendrocyte.  

 

 



54 
 

B. ASTROCYTOSIS  

Our blast wave exposure induced extensive astrogliosis manifested by a widespread 

appearance of reactive astrocytes 5 days’ post blast wave. Astrocytes are involved in 

modulating the blood brain barrier, neuronal circuit and synapse reorganization, and 

inflammatory response (Bailey, Grinter, & VandeVord, 2016; Sajja, Hlavac, & VandeVord, 2016). 

During the acute stages of injury, astrocyte activation serves a neuroprotective function though 

chronic activation has been linked to neurodegeneration (V. E. Johnson et al., 2013; Sajja et al., 

2015). Our results are consistent with those of Cernak et al., who found that mice subjected to 

mild, mean 183 kPag, and moderate, mean 213 kPag, shock waves had a nearly four-fold 

increase in the levels of GFAP in both the hippocampus and brainstem 1 day, post shock wave. 

Astrocyte levels remained elevated at days 3, 7, 14, and 30 post shock (Cernak et al., 2011). In 

another study, rats subjected to 10 and 17 psi blast wave both showed a 60% increase in GFAP 

protein expression 7 days post blast exposure (Bailey et al., 2016). Our blast wave exposure 

induced extensive astrocytosis manifested by a widespread appearance of reactive astrocytes 5 

days’ post blast wave. This falls in line with previously published studies.  

C. APOPTOSIS 

These micro- and macro-glial responses were accompanied by a widespread, transient 

burst of programmed cell death within the cortex and SVZ. These findings concur with 

previously demonstrated studies, which have showed increased levels of Caspase-3 up to 3 

weeks post blast wave (Rubovitch et al., 2011; Tompkins et al., 2013). Apoptosis in cortical 

oligodendrocytes has been to reach a peak 2 days in the external capsule and peaked 7 days in 

the corpus callosum and fimbriae following a cortical impact (Dent et al., 2015).  
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Apoptosis of the SVZ DCX+ neuroblasts is consistent with the earlier findings which 

showed that the SVZ neuronal progenitors are vulnerable to hypoxia induced ischemia whereas 

neural stem cells are resilient (Romanko, Rothstein, & Levison, 2004). However, we found no 

apoptotic cells in the hippocampus indicating that this area is spared from the blast-induced 

damage, although an intense hippocampal apoptosis was reported to occur early following 

global ischemia (Shimizu, Ohgoh, Ikeda, Nishizawa, & Ogura, 2007) and concussion (Nakajima et 

al., 2010).  

D. DEMYELINATION & REMYELINATION 

The blast-induced early loss of myelinated cortical and subcortical axons is indicative of 

transient demyelination of the surviving axons but also degeneration of the myelinated axons. 

While remyelination was observed in the 21 days’ post-blast group it re-appeared albeit in a 

disorganized fashion, i.e., lacked the typical perpendicular to the surface orientation. The 

reappearance of such misdirected myelinated fibers suggest that initially cortical axons had 

degenerated but subsequently have regrown. Alternatively or in addition to the axonal damage, 

the myelin sheath could have been lost as a result of an insult to myelinating cells as reported 

previously (Maxwell, 2013). In the CNS, the myelinating cells are oligodendrocytes. A single 

oligodendrocyte has the ability to myelinate several axonal internodes and their loss has been 

shown to block signal propagation within neuronal networks (Hartline, 2008; Hartline & 

Colman, 2007). In ischemia, demyelination appears to be a result of a damage to the 

oligodendrocytes (Back et al., 2007; Mabuchi et al., 2000; Uchida et al., 2010). In our 

investigation, the loss and the reappearance of myelin after the blast could reflect also an initial 

loss of the oligodendrocyte population and their subsequent regeneration.  



56 
 

E. NEUROGENESIS   

Our blast exposure did not affect the global population of cortical neuroblasts; however, 

an increase in the neuroblast population in the SVZ was found. This increase developed 

gradually during the 21 days’ post-blast recovery period and this increase shows neurogenic 

response in the area that supplies new neurons to the OB as well as into the cortex. It is 

conceivable that these new cells arose through increased differentiation of the existing pool of 

post mitotic progenitors because no increase in the SVZ cell proliferation (Ki67 labelling) was 

found at either 5 or 21 days’ post blast. In the quiescent state, SVZ-derived NPCs are 

responsible for the generation of neuroblasts that migrate to the OB through the RMS (Capilla-

Gonzalez, Cebrian-Silla, Guerrero-Cazares, Garcia-Verdugo, & Quinones-Hinojosa, 2013; Sun, 

Kim, & Moon, 2010; van Strien, van den Berge, & Hol, 2011). However, when stimulated by an 

injury or reactivation of developmental Integrative Nuclear FGFR1 Signaling (Narla et al., 2013; 

Stachowiak et al., 2009), the SVZ NPC also produce cortical and subcortical neurons. Since the 

population of DCX+ cells did not increase in the cortex, follow up studies will be needed to 

determine whether progeny of the SVZ DCX+ cells have actually migrated into the cortex and 

differentiated into DCX+ expressing neurons. 

In the SGZ, the blast induced an overall increase in the DCX+ neuroblasts, which could 

lead to an increase in hippocampal neurons; similarly seen by Miles and Kernie, who showed 

that following hypoxia-ischemia there was an increase in the formation of hippocampal 

neurons (Miles & Kernie, 2008). Similar to the SVZ, the addition of DCX+ neuroblasts in the 

dentate gyrus were not derived through increased proliferation of the SGZ cells because no 

changes were found in Ki67+ cells were found at either 5 or 21 days after blast. One 
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interpretation of these results is that the blast-induced increases in SGZ neuroblasts population 

occurred by increased neuronal lineage differentiation of the SGZ transit amplifying 

progenitors. The molecular mechanisms triggering an increase in SVZ and SGZ neuroblasts may 

be due in part to the microglial activation. M2 microglia are known to increase the 

development and survival of neurons and the microglia secreted insulin-like growth factor (IGF-

1) and brain derived neurotrophic factor (BDNF) which promote neuronal development and 

differentiation (Morgan, Taylor, & Pocock, 2004; Schafer & Stevens, 2015; Ziv & Schwartz, 

2008).  

The increases in the number of DCX+ cells specifically in the lateral ventricle and in the 

dentate gyrus likely predicts the increased formation of neurons as indicated in several brain 

injury publications (Couillard-Despres et al., 2005; Friocourt et al., 2005; Karl et al., 2005; 

Spampanato, Sullivan, Turpin, Bartlett, & Sah, 2012; H. K. Yang et al., 2004).   

F. BLAST-INDUCED CORTICAL OLIGODENDROGENESIS  

As previously mentioned, oligodendrocytes have been shown to be particularly 

susceptible to oxidative stress and ultimately damage. In the present study, our blast exposure 

activated microglia and astrocytes; this activation was correlated with the loss of 

oligodendrocytes and neuronal injury. The degeneration of cortical MAG1+ fibers and the loss of 

O4 oligodendrocytes (~65%) at 5 days’ post-blast could be due to an appearance and action of 

the M1 microglia. However, already at that time point, we observed wide spread transient 

appearance of cortical O2+ cells in which microglia could also play a role. Specifically the M2-

type microglia, which predominated in the blast injured brain tissue, are known to enhance 

oligodendrocyte differentiation (Miron et al., 2013). Following a TBI, the loss of 
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oligodendrocytes via apoptosis was associated with an increase in newborn O2+ cells, which 

reached a peak 7 days after TBI (Dent et al., 2015). Hence, the increase in O2 cells observed in 

our study could be triggered by the blast-induced loss of the mature oligodendrocytes.  

At 5 days’ post-blast, we observed an overall increase in the number of proliferating 

cortical cells. Since the fraction of Ki67+ cells co-expressing O4 was markedly reduced (~79%), 

this would suggest that no OPC had been generated at this time. However, at 21 days’ post-

blast, O2+ oligodendrocytic progenitors decreased while Ki67+/ O4+ OPC had recovered and 

mature oligodendrocytes were restored to control levels. Thus, we propose that during post-

blast remyelination there was a sequential upregulation of the oligodendrocytic progenitors 

(O2), which differentiated to OPC (Ki67/O4) and in turn produced the mature (O4) 

oligodendrocytes. This sequence is consistent with the findings based on the genetic cell tracing 

(Zawadzka et al., 2010). During remyelination in PDGFRα-CreERT2 mice, the oligodendrocyte 

density increased at the expense of O2+ progenitor cells indicating that progenitors had 

developed into myelinating oligodendrocytes (Zawadzka et al., 2010). The increased production 

of oligodendrocytes from OPCs has been reported in experimental models where focal 

demyelination occurs adjacent to the SVZ and in postmortem tissue obtained from MS patients 

(J. K. Huang et al., 2011; Petratos et al., 2004).  

During development, forebrain oligodendrocytes have been shown to first originate 

from OPCs in the embryonic SVZ of the ventral telencephalon (Kessaris et al., 2006). This early 

wave of OPCs are transitory and superseded by OPCs originating latter from dorsal 

telencephalic sources (Chapman et al., 2013; Kessaris et al., 2006). Many OPCs divide to form 

mature myelinating oligodendrocytes, but others linger as slowly dividing immature cells, which 
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are widely distributed within the adult brain (Gonzalez-Perez & Alvarez-Buylla, 2011; Menn et 

al., 2006; Petratos et al., 2004; Y. L. Xing et al., 2014). In has been proposed that cortical gray 

and white matter might be myelinated by different subpopulations of OPCs. One-group of cells 

migrating from the SVZ are thought to give rise to the oligodendrocytes that carry out 

myelination during development, while another group gives rise to back up OPC that may 

reside in the cortex and may be activated for damage-induced remyelination (van Tilborg et al., 

2018).  

In the adult mouse brain, SVZ progenitors have been shown to generate new 

oligodendrocytes after demyelinating lesions of the corpus callosum (Gonzalez-Perez & Alvarez-

Buylla, 2011; Nait-Oumesmar et al., 1999; Picard-Riera et al., 2002; Y. L. Xing et al., 2014). In 

contrast, in our investigation we observed no changes in OPC or O4 oligodendrocytes in either 

the SVZ or SGZ. Thus, the newly generated cortical oligodendrocytes observed after our blast 

exposure did not come from these stem cell niches. Instead, our findings are consistent with a 

local regenerative model in which cortical O4 cells were resupplied within the cortex. The loss 

and reappearance of the cortical myelinating cells were reported also following the mechanical 

brain injury where oligodendrocytes were depleted in the ipsilateral cortex and external 

capsule at 7 days after the initial trauma and returned to control levels at 5 weeks  (Dent et al., 

2015).  

A major unsolved problem with insult-induced neurogenesis and oligodendrogenesis 

studies is whether these processes lead to functional recovery and reversal of neurological 

deficits (Okano, 2006; Okano & Sawamoto, 2008). Even if adequately myelinated, the newly 

generated but miss-wired neurons could distort normal cortical circuitry adding to the long-
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term deficits produced by the blast injury. Therefore, the assimilation of newly-generated 

neurons into the brain circuitry needs to be evaluated both anatomically and functionally since 

these newly added cells and axons could remain immature and/or lead to the miss-wiring of the 

brain.  

 Summary: Blast had no effect on the proliferation of neural stem/progenitor cells in SVZ 

or SGZ DG but transiently increased cell proliferation in the brain cortex. In the cortex, blast 

induced pre-oligodendrocytic cells expressing Olig 2 an early determinant of oligodendrocyte 

fate specification. The population of OPC (Ki67+/Olig4+) was small in adult mouse brain cortex, 

SVZ or SGZ, therefore it could not be evaluated. However, blast induced an initial loss of the O4 

oligodendrocyte population which recovered within 21 days after blast. The recovery of O4 

oligodendrocyte correlated to the reappearance of myelinated cortical fibers which may 

contribute to their regeneration.  
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CHAPTER 3- EFFECT OF A DEVELOPMENTAL/GENETIC DEFECT IN MITOCHONDRIAL OXIDATIVE 

FUNCTION ON OLIGODENDROCYTIC POPULATION IN A MOUSE MODEL 

3.1 Background  

A. PYRUVATE DEHYDROGENASE COMPLEX 

Pyruvate Dehydrogenase Complex (PDC) is found inside the mitochondria where it 

converts pyruvate, end product of cytoplasmic glycolysis, into acetyl-coenzyme A, used in the 

citric acid cycle for cellular respiration. PDC consists of a thiamine diphosphate-dependent 

pyruvate dehydrogenase (E1), a heterotetramer of 2α and 2β subunits (α2β2); dihydrolipoamide 

acetyltransferase (E2) that forms the structural core of the complex; and FAD-containing 

dihydrolipoamide dehydrogenase (E3), which is integrated into the complex by an E3-binding 

protein (E3BP) (Ferriero et al., 2014; Ferriero, Iannuzzi, Manco, & Brunetti-Pierri, 2015; Patel, 

O'Brien, Subramony, Shuster, & Stacpoole, 2012).  

PDC is regulated through phosphorylation of the E1α subunit by four pyruvate 

dehydrogenase kinase (PDK) isoforms at three specific serine site, Ser203-α, Ser264-α, Ser271-α 

(Ferriero et al., 2015). Phosphorylation at any one of these sites will render the complex 

inactive. Each PDK isoform exhibits different specificity for the three E1α serine sites; sites 1 

and 2 are phosphorylated by all four isoforms whereas site 3 is only modified by PDK1 (Ferriero 

et al., 2015; Korotchkina & Patel, 2001a, 2001b). PDK isoforms also have tissue specific 

expression; PDK1 is highly expressed in heart, PDK2 is expressed everywhere, PDK3 has a 

relatively limited tissue distribution (mostly in testis and to a lesser extent in brain, lung, and 

kidney), and PDK4 is expressed in heart and skeletal muscle (Ferriero et al., 2015; Jha, Jeon, & 
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Suk, 2012). PDK2 is expressed at higher levels compared to other iso-enzymes, suggesting that 

it may be the major isoform responsible for regulation of PDC enzyme activity (Ferriero et al., 

2015; Jha et al., 2012). Dephosphorylation on the other hand by pyruvate dehydrogenase 

phosphatases (PDP1 and PDP2) will restore PDC activity (Ferriero et al., 2014; Ferriero et al., 

2015; Patel et al., 2012).  

B. PYRUVATE DEHYDROGENASE COMPLEX DEFICIENCY  

 PDC Deficiency is one of the most common inborn errors in mitochondrial energy 

metabolism. This may be due to mutations in PDHA1, PDHB, PDHX, DLAT, and DLD genes 

encoding E1-α, E1-β, E3BP, E2, and E3 proteins or due to mutations of the PDP1 gene encoding 

pyruvate dehydrogenase phosphatase 1 (Ferriero et al., 2014; Patel et al., 2012). In one of the 

largest studies performed on PDC deficiency, the Patel group reviewed 371 cases of patients 

with PDC deficiency in order to characterize the disease. They found that 84% of mutations are 

located on the PDHA1 gene resulting in X-linked heterogeneous condition. Missense mutations 

were more prevalent in males while females presented more frameshift mutations (Patel et al., 

2012). Of the missense mutations, 77% were localized on exons 1-9 while 86.5% of frameshift 

mutations were localized on exons 10 and 11 (Patel et al., 2012). 

 Since most mutations occur on the X linked PDHA1 gene, males are less likely to survive 

infancy. At the time of reporting 108 patients, 36.6%, died with a mean age of death of 2.70 ± 

4.66 years. The remaining 187 patients were alive with a mean age of 7.10 ± 6.15 years. There 

were 243 patients alive at 0.5 years of age, but only 10 patients were alive at 20 years of age 

(Patel et al., 2012).  
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Clinically the disease presents itself in a myriad of ways largely affecting the brain:  

developmental delays, mental or psychomotor retardation, microcephaly, ventriculomegaly 

and hypogenesis or agenesis of the corpus callosum (Patel et al., 2012). Other reports have also 

found dilation of the lateral cerebral ventricles and underdevelopment of large white matter 

structures such as the corpus callosum, the pons and pyramids. Atrophy or neuronal loss 

combined with gliosis in the cortex and basal ganglia, thalamus, hypothalamus, and cerebellum 

were also reported (DeBrosse et al., 2012; Pliss, Jatania, & Patel, 2016; Quintana et al., 2010).  

C. PHENYLBUTYRATE 

There are currently three strategies used to treat PDC-deficient patients. The first 

involves a ketogenic diet to provide ketone bodies as an alternative fuel source for brain 

metabolism and reduce the build-up of lactate in the blood (M. R. Taylor, Hurley, Van Epps, & 

Brockerhoff, 2004; Wexler et al., 1997). The second involves supplementation of high doses of 

thiamine, presumably to meet the increased requirement for thiamine pyrophosphate 

associated with some PDH mutations which reduce enzyme activity and/or enzyme stability 

(Naito et al., 2002; van Dongen, Brown, Brown, Thorburn, & Boneh, 2015). The third is 

treatment with dichloroacetate, which has been shown to increase PDC activity by inhibiting 

the PDKs but has been associated with hepatocellular and peripheral nerve toxicity (Ferriero et 

al., 2015; Stacpoole et al., 2008). All three therapies have been associated with reduction of 

blood lactate and some clinical manifestations but prevention of disease development or its 

reversal has yet to be accomplished.  

A new potential treatment could involve a stimulation of Acetyl-CoA production from 

glucose by increasing activity of the residual PDHE1α. Since PDHE1α activity is inhibited by its 
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phosphorylation, the use of Phenylbutyrate, an inhibitor of PDK activity, could potentially 

increase the conversion of an ‘inactive’ PDC to ‘active’ PDC (Ferriero et al., 2014; Ferriero et al., 

2015; Ferriero et al., 2013; Pliss et al., 2013). This may lead to the restored production of 

oxidative energy from the pyruvate. 

PB is an aromatic fatty acid that is converted/oxidized in vivo into phenylacetate (PAA) 

by β-oxidation (Berg et al., 2001; Iannitti & Palmieri, 2011). In humans the so formed PAA is 

eliminated by conjugation with glutamine to form phenacetylglutamine, which is excreted in 

the urine. It is a relatively stable compound, with a 0.8–1-hour half-life in human serum, where 

it will reach its peak in 1.5 hours and be undetectable in 6 hours (Iannitti & Palmieri, 2011). The 

Ferriero group showed that PB and not its bi-product phenylacetate is effective at increasing 

PDC activity. PB inhibited PDK isoforms 1-3, while PDK 2 and 3 were more strongly inhibited 

compared to PDK1 indicating that PDK2 is likely the main target for PB in vivo (Ferriero et al., 

2015). In another study from the Ferriero group, an in vivo mouse model, western blot analysis 

of fresh brain isolated mitochondria documented a statistically significant 3-fold decrease in the 

phosphorylated PDHE1α and a 1.5-fold increase in PDC enzymatic activity in the mouse brain 

following 3 days of 250 mg/kg/day PB treatment, measured 1.5 hours after the last 

administration (Ferriero et al., 2013). 

PB has also been shown to lower very-long- chain fatty acid levels in the brains of mice 

with x-linked adrenoleukodystrophy (Kemp et al., 1998) and shown high cerebrospinal fluid 

penetration following intravenous administration in three Rhesus monkeys, suggest that PB can 

effectively cross the blood-brain barrier (Berg et al., 2001; Patel et al., 2012). PB is FDA 

approved for Urea Cycle treatments and has successfully been used in diseases such as 



65 
 

Huntington’s disease, spinal muscular atrophy, amyotrophic lateral sclerosis, cystic fibrosis, and 

certain cancers (Andreassi et al., 2004; Berg et al., 2001; Kemp et al., 1998; Lopez et al., 2007; 

Zeitlin et al., 2002).  

The hypothesis in this chapter is that in PDC deficiency, the loss of myelin fibers is 

caused by a decrease in the OLG population and reduce capacity of both OPC and brain 

progenitor cells to generate OLG. PB, which activates the residual PDC and mitochondrial 

function, could restore production and the OLG population diminished by the PDC deficient 

mouse. I showed that the OPC and OLG cell population is severely affected by PDH+/- mutation 

but may be partially restored by pharmacological treatment with PB, which reconstitutes their 

proliferating OPC leading to an increase in OLGs.  

3.2 Materials and Methods  

A. ANIMAL STRAIN 

All animal procedures were approved by the University at Buffalo Institutional Animal 

Care and Use Committee, protocol # BCH11064Y. Generation of a mouse colony harboring a 

silent mutation in the PDHA1 gene (two loxP sites into intron sequences flanking exon 8; 

referred to as the PDHA1 flox8) was reported previously (M. T. Johnson et al., 2001; Pliss et al., 

2013). The deletion of exon 8 in vivo utilizes nestin promotor driven Cre recombinase, which is 

expressed in the central and peripheral nervous system (Cre br+). The breeding of progeny to 

generate experimental heterozygous female progeny was previously reported (Pliss et al., 

2016). Progeny were nursed by their natural mothers, weaned onto standard rodent laboratory 

diet and water ad libitum on postnatal day 21. Mice genotypes were verified by PCR of tail DNA 
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using specific primer set and conditions as previously described and additionally verified by PCR 

of the brain DNA (M. T. Johnson et al., 2001; Pliss et al., 2013; Pliss et al., 2016). 

In order to investigate the effects of PB on control and PDC deficient mice, the following 

four groups were studied: (I) PDH+/+ saline-injected, (ii) PDH+/+ PB-injected, (iii) PDH+/- saline-

injected, and (iv) PDH+/- PB-injected. Depending on grouping, animals were injected 

intraperitoneal with saline (sal) or PB (Sigma Aldrich) solubilized in saline solution at a dose of 

250 mg/kg body weight (BW). Mice were injected once a day starting from postnatal day 2 until 

postnatal day 35. 8 hours after the last injection mice were anesthetized (ketamine/xylazine, 

80mg and 10 mg/kg body weight, respectively) and sacrificed by transcardial perfusion (1x 

phosphate buffered saline pH 7.2, 4% para-formaldehyde). Brains were rapidly removed and 

processed according to the protocol described below. Processed samples were stored frozen -

80o C until sectioned for histology or analyzed.  The parts of the brains containing 

telencephalon cortical region, subventricular zone and the hippocampus were dissected out 

and utilized in the present investigation.  

B. TISSUE PREPARATION, IMMUNOSTAINING, IMAGE ANALYSIS, AND STATISTICS 

 The same protocol was followed as described in the first chapter, blast induced 

traumatic brain injury. Except for, an N=5 for each of the four groups was employed and the 

addition of the CA of the SGZ was added for stereological counting. Standard errors employed 

for all graphical representations. 
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3.3 Results  

A. EFFECT OF PDH+/- MUTATION AND PHENYLBUTYRATE ON CELL PROLIFERATION 

To determine the effects of PDC insufficiency on cell proliferation in brain cortex and in 

neurogenic SVZ and SGZ, in which proliferating population is represented by NPC, we analyzed 

expression of Ki67 immuno-positive cells. Ki67 is expressed at different phases of the mitotic 

cycle and its expression is turned off at the exit from the cycle into the G1 phase (Lindboe & 

Torp, 2002). Four groups of mice were analyzed: I) saline injected wild type PDH+/+ control-mice 

(ii) PB injected PDH+/+ mice, (iii) saline injected mutant PDH+/- mice injected and (iv) PB injected 

PDH+/- mice (for details see the materials and methods). Examples of Ki67 (red), O4 (green), and 

DAPI (blue) staining are shown below in Figure 12 for each area analyzed.

 

Figure 12. Representative images from Visiopharm program used in stereological counting. Left had side 

image represent mouse area A) Cortex B) SVZ C) CA of SGZ D) DG of SGZ masked either blue or green. Right 

hand side of images is 60x magnification of picture taken on Olympus BX61 camera and viewed in Visiopharm 

program for cell counting. Ki67 (red), O4 (green), and DAPI (blue). Scale bars represent 30 µM. 
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Results of stereological counting of Ki67+ cells were analyzed using 2-way ANOVA and 

are shown in Figure 13. The combined analysis of all brain regions, SVZ, SGZ, and Cortex 

demonstrated an overall reducing effect of PDH+/- mutation on the population of proliferating 

(Ki67+ cells) independent of the type of, saline or Phenylbutyrate, injections. However, no 

significant effect of the Phenylbutyrate injections compared to the saline injection was found.  

 

 

Figure 13. PDH+/- gene mutation induces loss of NPC cells and no recovery with PB. PDH+/- gene mutation 
had a statistically significant decrease on proliferating Ki67+ cells in all regions of the brain analyzed. Though, 
Phenylbutyrate had no overall significant effect in any condition or brain regions.  
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B. EFFECT OF PDH+/- MUTATION AND PHENYLBUTYRATE ON O4 OLG POPULATION 

The O4 immunostaining revealed presence of OLG cells in all brain areas examined with 

greatest densities observed in the neocortex and the lowest in the hippocampal CA. 2-way 

ANOVA of all brain regions showed an overall reducing effect of PDH+/- mutation on the 

population of O4+ OLG which was statistically significant for both saline and Phenylbutyrate 

treated mice. As for treatment with Phenylbutyrate, there was an overall statistically significant 

effect on the O4 population. It partially restored the numbers of O4+ OLG in PDH+/- mice with 

statistically significant increases for the SVZ and DG of SGZ and an observable increasing trend 

in the Cortex. While in wild type PDH+/+ mice the O4 population slightly increased after the 

Phenylbutyrate treatment, though this change was not statistically significant. 

Figure 14. Positive effect of PB on diminished oligodendrocyte cell population. PDH+/- gene mutation had a 

statistically significant decrease effect on O4+ cells in all regions of the brain analyzed. PB had overall 

significant increasing effect on the O4 population. It was significant for PDH+/- mutant mouse and nearly 

significant for control mice. 
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C. EFFECT OF PDH+/- MUTATION AND PHENYLBUTYRATE ON PROLIFERATING OPC 

The analysis of the relatively small population of double labeled Ki67+/O4+ provided 

insight into immature, still proliferating, population of OLG referred to as OPC (Figure 15). 

PDH+/- mutation produced an overall loss of OPC which was statistically significant for both the 

saline and the Phenylbutyrate treated mice. While Phenylbutyrate had an overall significant 

effect, the drug induced increase was reached the significant levels only in the mutant PDH+/- 

mice in which it restored the OPC population to the levels found in PDH+/+ mice. 

Figure 15. PB also has positive effect on the oligodendrocyte progenitor cell population. Proliferating OPC 
(Ki67+/O4+) were depleted by PDH+/- mutation and restored by Phenylbutyrate treatment of PDH+/- mice. 
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3.4 Discussion 

In 35 days old mice the PDH+/- mutation reduced the overall populations of OLG their 

precursor OPC as well as total cell proliferation in all analyzed brain regions. The population of 

OLG in PDC deficient, PDH+/- mice was upregulated and the OPC were restored to the control 

levels by Phenylbutyrate. These findings are consistent with Phenylbutyrate’s ability to inhibit 

all PDK isoforms 1-3; with the strongest inhibition of brain isoforms PDK 2 and 3, a likely the 

main target for Phenylbutyrate in vivo (Ferriero et al., 2015).   

Within the neurogenic niches SVZ and SGZ-DG the proliferating (Ki67+ cells) largely 

represents multipotent population of NPC (Menn et al., 2006; Seri et al., 2004). In the present 

study these cells were found to be depleted by PDH+/- mutations but were not restored or in 

any way significantly affected by Phenylbutyrate. In contrast, the population of proliferating 

OLG lineage-committed OPC (Ki67+/O4+) which constituted a small fraction of the NPC (0.3% in 

SVZ and 5% in SGZ DG) were upregulated and reconstituted by Phenylbutyrate. In the non-

neurogenic areas, the neocortex and hippocampal archicortex there were fewer proliferating 

cells and OPC constituted 27% (cortex) and 16% (SGZ CA) of all mitotic cells. Similarly, as in the 

neurogenic niches, only the OPC were upregulated by Phenylbutyrate indicating that the drug 

was effective specifically for the restitution of the OLG lineage progenitor cells.    

The mechanism by which PB produces its restorative effects were illustrated in the 

studies by the Ferriero group which demonstrated PB-induced marked dephosphorylation of 

the PDE1α  in the brain, liver and the muscle tissues (Ferriero et al., 2013). Phenylbutyrate is 

also known as a histone deacetylase inhibitor and this could potentially play a role in its 

upregulation of OLG and their progenitors in the current study of PDC deficient mice. Histone 
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deacetylase inhibitors have been shown to induce differentiation in a variety of cell types 

(Iannitti & Palmieri, 2011). Additional in disease pathologies such as multiple sclerosis PB has 

been shown to reduce neuroinflammation and overall disease process (Dasgupta, Zhou, Jana, 

Banik, & Pahan, 2003; Iannitti & Palmieri, 2011) while in Huntington’s disease, PB has been 

shown to significantly reduce the effect of gross brain atrophy and ventricular enlargement as 

well as neuronal atrophy (Gardian et al., 2005; Iannitti & Palmieri, 2011).    

Lactic acidosis, one of the major manifestations of mitochondrial disease, has been 

shown to increase in the brain during ischemic stroke. This excessive amount will accumulate in 

the tissue and lead to structural alterations and impaired cell survival. Neurons are often 

thought to capture most of the glucose flux and release some lactate which can be taken up by 

glial cells, in this model glial cells are more aerobic than neurons (Jha et al., 2012). In an 

alternative model glial cells take most of the glucose and export it in the form of lactate, which 

is taken up and oxidized by neurons (Jha et al., 2012).  

In mice, PB has been shown to prevent systemic lactic acidosis induced by partial 

hepatectomy which may show another mechanisms of the therapeutic benefit of PB. In a 

recent study, the Funfschilling group looked at the nuclear COX10 gene which is essential for 

the electron transport chain in mitochondria. Mice with a mutant COX10 gene, the mature 

oligodendrocytes were able to maintain myelin and survived by shifting to aerobic glycolysis. 

However, in vitro cultured oligodendrocytes, which correspond to pre-myelinating 

oligodendrocytes, were sensitive to the COX inhibitor azide. Thus, it appears that the metabolic 

properties of oligodendrocytes lineage cells change during maturation (Funfschilling et al., 

2012).  
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In adult mice, the PDH knock down in oligodendrocytes or in Schwann cells did not 

affect the existing myelination of their targets: spinal cord neurons or the peripheral sciatic 

nerve, respectively (Della-Flora Nunes et al., 2017). Thus, the loss of OLG caused by PDH+/- 

mutation observed in the present developmental study, appears to be associated specifically 

with the CNS development. Its primary cause may be the loss of OPC as both the PDH+/- induced 

losses and the PB-induced recovery of the O4 OLG were accompanied by parallel changes in the 

OPC. Our finding prompts further inquiry into potential PB regeneration of the myelin 

wrappings in the brain neurons.   

Summary: PDH+/- mice had an overall reducing effect on cell proliferation and 

populations of both oligodendrocytes on oligodendrocyte progenitor cells. Unlike in the 

transient blast injury, where there was a compensatory increase in oligodendrogenesis, this was 

not observed in the genetic model (permanent deficiency). The population of oligodendrocytes 

in PDC deficient mice was upregulated and the oligodendrocyte progenitor cells were restored 

to the control levels by Phenylbutyrate. 
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CHAPTER 4- EFFECT OF OXIDATIVE DEFICIENCY ON EARLY HUMAN BRAIN DEVELOPMENT AND 

ITS OLIGODENDROCYTIC POPULATION 

4.1 Background  

A. CEREBRAL ORGANOIDS 

 As previously mentioned, much of the understanding of the brain comes from the 

studying of the murine brain. Mouse or rat brain cortices presents many features such as 

cortical organization, function and development that are similar to the human brain. Though, 

the neurodevelopmental changes and therapeutic effects observed in the mouse brain cortex, 

and its underlying mechanisms do not fully apply to the human brain given the significant 

differences in the mouse and human brain cortical cells and in their subcortical stem cells.   

 One of the striking difference between the mouse and the human cortex is the structure 

of the SVZ. The human brain contains an inner (iSVZ) and outer (oSVZ) SVZ which is absent in 

the mouse (Kelava & Lancaster, 2016). At the peak of neurogenesis human SVZ progenitors 

account for up to 85% of all cortical mitosis while in the mouse it accounts for 15-30% (De Juan 

Romero & Borrell, 2015; Reillo, de Juan Romero, Garcia-Cabezas, & Borrell, 2011). Even though 

the mouse lacks these areas they still possess IP and bRG like cells, though in very low amounts. 

Time-lapse imaging of murine IPCs have shown that these progenitors have a very limited 

capacity for self-renewal, mostly dedicated to symmetric self-consuming neurogenic divisions 

(Attardo, Calegari, Haubensak, Wilsch-Brauninger, & Huttner, 2008; De Juan Romero & Borrell, 

2015). As for bRGs they lack the amplificative potential seen in humans and have a direct 

neurogenic commitment (X. Wang, Tsai, LaMonica, & Kriegstein, 2011). The cell-cycle duration 
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of cortical precursors is different when comparing the mouse with the human, 17 hours to 36 

hours respectively (Molnar et al., 2006). Transcriptional analysis of human fetal neocortex also 

shows the oSVZ contains more OLG lineage-specific genes, SOX10 and Olig1 (Fietz et al., 2012). 

 The other difference between mouse and human brain cortices is the cellular makeup in 

the cortical area. Pyramidal cells are considered the principal neuronal building block of the 

cerebral cortex, making up an estimated 70-80% of the total neural population (Defelipe, 2011). 

They are located in cortical layers II-VI due to the fact they represent the vast majority of 

projection neurons in the cortex. Their axons have intra-cortical collaterals that together with 

the cortical-cortical pyramidal cell axonal projections represent the main source of excitatory 

glutamatergic synapses in the cortex (Defelipe, 2011). The human motor cortex has 4x as many 

dendritic spines compared to the mouse counterpart (Defelipe, 2011). The necks of dendritic 

spines are 30% longer in humans than in mice (Ballesteros-Yanez, Benavides-Piccione, Elston, 

Yuste, & DeFelipe, 2006; Benavides-Piccione, Ballesteros-Yanez, DeFelipe, & Yuste, 2002) and 

the volumes of also differ; in the somatosensory cortex, the human has 100% more volume 

while in the visual/temporal cortex 30% more compared to the mouse (Defelipe, 2011). 

 Another cellular difference are the GABAergic interneurons, which represent the vast 

majority of smooth or sparsely spiny non-pyramidal neurons or interneurons (Defelipe, 2011). 

The proportion of GABAergic neurons in the mouse cortex is lower, making up no more than 

15% of the total population (Gabbott, Dickie, Vaid, Headlam, & Bacon, 1997), while in humans it 

can reach up to 44% of total population. (del Rio & DeFelipe, 1996). The differences are further 

demonstrated with double bouquet interneurons cells. These cells have long descending, 

vertically bundled axons, that cross several cortical layers (Defelipe, 2011). They are abundant 



76 
 

and regularly distributed in humans but do not appear to exist in rodents (Yanez et al., 2005). In 

humans a significant number of interneurons are born in neuroepithelium of the lateral 

ventricular wall while in rodents, only a few nonpyramidal cells are generated in the cortical 

ventricular zone, most interneurons originate in the ventral telencephalon (Molnar et al., 2006). 

GABAergic interneurons specifically arise from the ganglionic eminence at the base of the 

telencephalon in rodents (E. G. Jones, 2009).  

For these reasons and because of the vast the functional differences between the 

mouse and the human cortices, the need for studying the human brain has become more and 

more compelling. Given that the use of human embryonic stem cells (hESC) is a hotly contested 

issue and supplies are limited, there is a need for an alternative source in order to study the use 

of stem cells. In an experiment involving mouse embryonic stem cells, it was shown that Sox 2 

(transcription factor for maintaining self-renewal of undifferentiated hESC) in conjunction with 

Oct4 (self-renewal of undifferentiated embryonic stem cells), cMYC (cell cycle progression, 

apoptosis, and cellular transformation) and KLF4 (regulation of proliferation, differentiation, 

apoptosis, and somatic cell reprogramming) were sufficient for producing induced pluripotent 

stem cells (Takahashi & Yamanaka, 2006). In another paper, it was shown that LIN28 is highly 

expressed in hESC and can enhance formation of iPSCs from human fibroblasts in additional to 

the transcription factors mentioned previously (Richards, Tan, Tan, Chan, & Bongso, 2004; J. Yu 

et al., 2007). 

In 2013, the Lancaster group published a paper about the generation of a novel 

approach to studying human neurodevelopmental processes through in vitro culture of 

cerebral organoids from human induced pluripotent stem cells (iPSCs). These stem cell-
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derived three-dimensional organoid culture system, develop brain regions such as a cerebral 

cortex which contained progenitor populations that were able to organize and produce 

mature cortical neuron and glial subtypes. These cerebral organoids are able to recapitulate 

features of human cortical development, namely characteristic progenitor zone organization 

with abundant outer radial glial stem cells (Lancaster et al., 2013).  

B. ROTENONE  

Studies have shown OLGs susceptibility to mitochondrial injury. One such inhibitor, 

Cuprizone is a copper chelator which interferes with complex IV of the mitochondria (El Waly et 

al., 2014; Hesse et al., 2010; Lindner, Fokuhl, Linsmeier, Trebst, & Stangel, 2009). In one study, 

after 1 week of cuprizone feeding there was OLG death and after 5 weeks complete 

demyelination (Hesse et al., 2010). Another such study found that when cuprizone was stopped 

at 5 weeks, remyelination can occur within 2 weeks but if cuprizone was maintained for up to 

16 weeks, OPCs and newly formed OLGs were destroyed (Lindner et al., 2009; Mason et al., 

2004). 

Rotenone like cuprizone is known to interfere with mitochondrial oxidative 

phosphorylation and the production of energy. Rotenone is a naturally occurring compound 

derived from the roots of Derris and Lonchorcarpus plants species, and is used as an insecticide, 

pesticide, and piscicide (Radad, Rausch, & Gille, 2006). Rotenone is an inhibitor of 

mitochondrial NADH dehydrogenase (complex I), one of the five enzymes of the inner 

mitochondrial membrane involved in oxidative phosphorylation (Betarbet et al., 2000; Radad et 

al., 2006). This inhibition prevents the transfer of electrons from the iron-sulfur center in 

complex I to ubiquinone which interferes with ability of NADH to create ATP, lowering 
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intracellular ATP levels. Since complex I is unable to pass off its electrons to coenzyme Q10, 

there is a back-up of electrons in the mitochondrial matrix. Cellular oxygen is reduced to its 

radical, which creates ROS (N. Li et al., 2003; Radad et al., 2006). Rotenone is highly 

hydrophobic, easily able to diffuse and pass both the blood brain barrier and plasma membrane 

(Giordano, Lee, Darley-Usmar, & Zhang, 2012). Additional studies have shown Rotenone’s 

ability to significantly increased levels of NO (Xiong et al., 2015) microglia and increase 

expression of both caspase-1 and mature IL-1β (Gao, Chen, Hu, & Wang, 2013). 

In a recent paper from Pistollato et al., human iPSC-derived neural stem cells subjected 

to daily Rotenone treatments saw an increase in the Nrf2 pathway during their differentiation. 

The Nrf2 pathway regulates the Antioxidant-Response-Element-driven cellular defense and gets 

activated upon induction of oxidative stress, mediating cytoprotection (Pistollato, Canovas-

Jorda, Zagoura, & Bal-Price, 2017). Their data showed that under control conditions Nrf2 

pathway activation tends to increase with differentiation of NSCs into neurons and glia. While 

Rotenone treatment induces a progressive increase of Nrf2 signaling there is a simultaneous 

induction of astrocyte reactivity, reduced neurite length and mature MAP2-expressing neurons 

all of which hinders the formation of neuronal network activity (Pistollato et al., 2017). In 

another such study involving human iPSC, Rotenone treatment was shown to reduce the length 

of forming neurites as well as decrease cellular glutathione levels (Neely, Davison, Aschner, & 

Bowman, 2017). 

The hypothesis of this chapter was, blockage of mitochondrial oxidative phosphorylation 

will deplete both the OLG and OPC population and the activity of mitotically active NPCs. The 

treatment with PB may overcome the effect of transient mitochondrial inefficiency on the 

https://www-sciencedirect-com.gate.lib.buffalo.edu/topics/biochemistry-genetics-and-molecular-biology/neuroglia
https://www-sciencedirect-com.gate.lib.buffalo.edu/topics/neuroscience/neurite
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developing human brain OLG. What is I found was the mitochondrial inhibitor Rotenone 

decreased the OPC and OLG cell population which was able to recovery following treatment 

with the mitochondrial activator Phenylbutyrate. 

4.2 Materials and Methods  

A. CELL CULTURE  

I. Induced Pluripotent Stem Cells 

 Induced pluripotent stem cells (iPSCs) reprogrammed from fibroblasts (obtained from 

the Coriell Cell Repository, Camden, NJ; table 2) derived from healthy, (control) subjects were 

obtained from Dr. Kristen Brennand (Icahn School of Medicine at Mount Sinai, New York). Dr. 

Brennand reprogrammed these fibroblasts by the following her published protocol (Brennand 

et al., 2011). Fibroblasts were cultured on gelatin-coated plates and infected daily for 5 days 

with tetracycline-inducible lentiviruses expressing OCT4, SOX2, KLF4, cMYC, and LIN28 (see 

figure 16 below). 

 
Figure 16. Modeling neurodevelopment via remodeling skin fibroblasts into iPSC. Modified (Benson, 2017) 
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Cells were then split onto mouse embryonic fibroblasts (MEFs) and grown in hES media 

(DMEM/F12 + Glutamax (Life Technologies), 20% knockout serum replacement (Life 

Technologies), 1x non-essential amino acids (NEAA) (Life Technologies), 2-mercaptoethanol 

(Life Technologies), FGF2 (Life Technologies), and 1X penicillin/streptomycin (Corning) for the 

first 21-28 days of reprogramming. Induced pluripotent stem cell colonies were picked 

manually and clonally plated onto MEFs. Colonies were maintained on MEFs in hES media. 

Karyotyping and tetratomic analyses were performed to ensure normal karyotypes of 

reprogrammed iPSCs and that they were able to generate all three germ layers.  

Cell Line ID Gender Age Description 

BJ #1 Male Newborn Control 

3440 Male 20 Control 

3651 Female 25 Control 

Table 2. Induced pluripotent stem cells utilized in these studies  

II. Organoid Development 

The modified protocol our laboratory utilizes in order to generate cerebral organoids 

comes from a combination of protocols for neural differentiation, 3D tissue culture and tissue 

engineering (Brennand et al., 2011; Lancaster et al., 2013). The day before iPSCs were thawed, 

1 mL of 0.1% gelatin (Fisher Scientific) is added to a 35 x 10-mm tissue culture dish (Corning) 

and placed in an incubator at 37°C and 5% CO2 for 1 hour. 50 minutes after being placed in the 

incubator, 500,000 MEFs were thawed in a water bath and then placed into a 15 mL tube with 5 
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mL hES media. That tube was then taken to the centrifuge and spun down for 5 min at 270g.  

The gelatin coated dish was taken out of the incubator and washed with 1 mL DMEM/F12 (Life 

Technologies) before being aspirated and the MEFs plated. The following day iPSCs were 

thawed and the same procedure for MEFs was followed in order to plate the iPSCs onto MEFs.  

iPSCs begin to generate colonies a few days after being plated. Though, I waited until 

the entire dish was ~70% confluent, which can take 7-10 days in order to maximize the 

potential number of organoids. Cells were enzymatically split (lifting whole colonies off the 

plates) with collagenase in DMEM/F12 for 45 minutes at 37°C. Cells were then washed with 

DMEM/F12, gravity pelleted, re-suspended in N2/B27 media (DMEM/F12 + GlutaMAX, 1X N2 

(Life Technologies), 1X B27 without vitamin A (Life Technologies), and 1X 

penicillin/streptomycin), and plated using a glass pipette onto low attachment plates (Corning) 

and EBs were incubated overnight at 37°C. 

EB development took 4-5 days to develop though days 2-5 the media differs from the 

first day. The old media was aspirated out though not it its entirety in order to preserve EBs and 

the dish was washed with DMEM/F12. They were then re-suspended in N2/B27 media 

supplemented with dual SMAD inhibitors, 0.1 µM LDN193189 (Stemgent, Lexington, 

Massachusetts) and 10 µM SB431542 (Tocris Bioscience, Bristol, United Kingdom). The EBs will 

begin to brighten and have smooth edges which means they are ready for the next step.  

Using a cut 200 µL pipette tip, EBs were transferred to a 24-well low attachment plate 

(Corning), one per well, with neuroectoderm differentiation media DMEM/F12 with GlutaMAX, 

1X N2, 1X MEM-NEAA, and 1 μg/ml heparin (Stem Cell Technologies). EBs were fed 48 hours 

later and incubated for a further 48 hours in order to induce pseudostratified neuroectoderm 
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(NE). The outer surface uniformly formed neuroectoderm and established radially organized 

neuroepithelia that expanded to form various brain structures, which occurs in vivo as well. 

In vivo the neuroectoderm is able to develop radial organization due to a basal 

membrane; though in vitro, structural support is necessary to promote proper orientation. In 

order to accomplish matrigel was used, which is normally used to coat plates for pluripotent 

stem cells. Autoclaved empty pipette boxes were used in order to dimple parafilm, which 

established a scaffold for each individual organoid. The dimpled parafilm was cut into 4x4 

squares and each square placed into a 60 mm dish. Each NE was transferred one by one to each 

dimple. Excess media was removed and ~30 µL of matrigel was added to each NE. The 60 mm 

dish with the matrigel droplets was then placed in the 37°C incubator for 20 minutes in order to 

polymerize. 5 ml of cerebral organoid differentiation media without RA (DMEM/F12 with 

GlutaMAX, Neurobasal A media (Life Technologies), 1x N2, insulin (Sigma-Aldrich), 1x MEM 

NEAA, 1x penicillin/streptomycin, diluted 2-mercaptoethanol, and 1x B27 (with or without 

Vitamin A (Life technologies)) was then added to the dish, while detaching the droplets from 

the parafilm.  

Once embedded, large buds of neuroepithelium protruded and displayed proper apical-

basal orientation. Four days later, with the addition of retinoic acid to the cerebral organoid 

differentiation media, the organoids were moved to an orbital shaker in the incubator in order 

to ensure the diffusion of oxygen and nutrients to the center of the organoid which allowed for 

further development. From this point forward it was considered Day 1 organoids. At day 1, 

media is changed every 3 days (day 4, 7, 10, etc.) with cerebral organoid differentiation media 
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with Vitamin A in order to allow proper growth. Figure 17 shows representative images from 

each stage of cerebral organoid development mentioned above.   

 

 

Figure 17. Representatives images of organoid development at each stage. Modified (Benson, 2017).  
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III. Drug Treatments  

a. Rotenone 

At Day 14 of organoid development, selected organoids were given media 

supplemented with Rotenone (Sigma-Aldrich) treatment at a concentration of 0.5 µM. At least 

3 organoids from each of the 3 different cell lines were included per control and treatment 

paradigm. There were two different Rotenone treatment groups, 1 treatment and 2 

treatments. Organoids that were subjected to 1 treatment received Rotenone from days 14 to 

17. 3 organoids were taken out at day 17 in order to analyze the effect of Rotenone following 3 

days of treatment compared to their control counterparts. While another 3 organoids were 

then given a recovery period with normal media for days 17 to 27 before their removal for 

analysis.  

Organoids that were subjected to 2 treatments received Rotenone from days 14 to 20. 3 

organoids were taken out at day 20 in order to analyze the effect of Rotenone after 6 days 

compared to their control counterparts. While another 3 organoids were then given a recovery 

period with normal media for days 20 to 27. Figure 18 below shows the timeline of Rotenone 

treatment with the red arrows indicating Rotenone treatment while the blue arrows represent 

recovery with normal media. 
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Figure 18. Timeline of cerebral organoid development with time-dependent Rotenone treatment. Red 
arrow indicates Rotenone treatment while blue arrow indicates recovery period. Two different Rotenone 
treatment periods, top red arrow is 6 days of Rotenone treatments while bottom red arrow is 3 days 
Rotenone treatment.  

 

b. Phenylbutyrate  

In parallel to Rotenone treatment, organoids were also subjected to a therapeutic 

recovery with Phenylbutyrate (Sigma-Aldrich) post Rotenone treatment at a concentration of 

1.0 µM. Organoids that were subjected to 1 treatment of Rotenone, from day 14 to 17, were 

then given 1 therapy dosage of PB, from day 17 to 20, followed by a recovery period with 

normal media for days 20 to 27. Organoids that were subjected to 2 treatments of Rotenone, 

from day 14 to day 20, were then given 2 therapeutic dosages of recovery period from days 20 
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to 26, followed by a recovery period with normal media for day 26 to 27. See figure 19 below 

for timeline with Rotenone represented by red arrows, PB represented by green arrows, and 

normal media represented by blue arrows.  

Figure 19. Timeline of cerebral organoid development with time-dependent Rotenone followed by PB 
treatment. Red arrow indicates Rotenone, green arrow indicates PB treatment, and blue arrow indicates 
recovery period. Two different Rotenone treatment and therapy periods were performed; top arrows 
indicate 6 days of Rotenone followed by 6 days of PB while bottom arrows show 3 days of Rotenone followed 
by 3 days of PB.  

 

 

 



87 
 

IV. Cryo-Freezing 

Organoids from control and treatment were harvested at multiple time points, day 17, 

20, and 27. Cryo-freezing organoids is a four-day process starting from the time they are 

removed from the media. Organoids were first incubated with 4% paraformaldehyde (diluted in 

1x PBS from 16%; Polysciences, Inc.) for 25 min at room temperature on a shaker. Organoids 

were then washed 3 times using 1x PBS on a shaker for 10 minutes each wash. They were then 

immersed in gradient of sucrose (Sigma Aldrich) for cyroprotection. The first day was a 7.5% 

sucrose (sucrose diluted in 1x PBS; Fisher Scientific) which was added to each well and the dish 

was always placed into the refrigerator overnight. The second day, the 7.5% sucrose solution 

was removed and 15% sucrose was added. On the third day, the 15% sucrose solution was 

removed and a 30% sucrose solution was added. Then, on the fourth and final day, they were 

ready to be embedded in gelatin/sucrose and frozen. 

100 mL 1x PBS, 10g sucrose, and 7.5g gelatin were added into a beaker and placed on a 

hot stirrer set at 37°C for 20 minutes. At the same time small weigh boats were labeled with cell 

line and treatment condition in order for identification purposes later, and 2 mL of the 

gelatin/sucrose solution was added to each weigh boat and incubated in the refrigerator. Once 

the gelatin/sucrose solution was heated, it was added to each organoid and placed in the 37°C 

incubator for 30 minutes. Once the time was up, each organoid was transferred to the 

gelatin/sucrose weigh boats, 4 organoids per boat. The organoids were allowed to polymerize 

for 5 minutes at room temperature then more gelatin/sucrose was added on top of each 

organoid and allowed to polymerize once again for 5 minutes. Once polymerized, excess 

gelatin/sucrose was removed to produce four blocks. Weigh boats were placed onto a small 
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Styrofoam container on top of liquid nitrogen (N2) allowing the gelatin/sucrose solution to 

slowly freeze. Once the blocks were frozen and had turned white, they were briefly submerged 

in the liquid N2. They were then transferred to the -80°C freezer for storage.  

V. Sectioning  

Organoids from all three lines mentioned in table 2 were cut. Three organoids from each 

condition, control, Rotenone treated, or PB recovery and their respective time points, day 17, 

20, and 27 were cut for analysis. Frozen organoids were removed from the -80°C freezer and 

placed into the Microm 505 N cryostat. After allowing 10 minutes to equilibrate to the -21°C 

temperature inside the cryostat they were mounted onto the chuck and sliced into 30 µM 

sections. Each section was dry mounted onto an adhesive glass microscope slide (Matsunami, 

MAS-GP). A total of 10 slides were used for each organoid, where each successive slice was 

placed onto a different microscope slide, 1 through 10, and then repeated until all cuts had 

been made. Each slide ended up with 4-5 individual slices. Slides were organized in slide boxes 

based on genetic line and condition of the organoid, control, Rotenone, or Rotenone plus PB.  

B. IMMUNOHISTOCHEMISTRY 

Organoids slices were removed from section box in -80°C freezer and placed horizontally 

into a staining box. All staining was done via pipetting onto each individual slide. The 

immunohistochemistry protocol followed the same procedure as in the first and second model; 

the only difference here being is when the primary antibody goes into the refrigerator 

overnight, our lab uses a scaffolding technique to prevent the slide from drying up overnight 

due to individual drops being applied to each tissue. This is accomplished by breaking small 
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glass cover slips into rectangular shapes and placing a piece onto each end of the slide. Another 

full size cover slip is placed on top of these two pieces and allows a cushioned space in order to 

avoid adhering to the slide. The slide box is then wrapped in parafilm and placed in a zip lock 

bag overnight in the refrigerator. The following primary antibodies were used Ki67- 

proliferation marker using Anti-Ki67 polyclonal (rabbit) antibody (Cat #: ab15580, abcam) and 

oligodendrocyte Marker O4 using mouse monoclonal antibody IgM at dilution 1:330 (Cat #: 

MO15002.9, Neuromics). The following secondary were used Alexa Fluor® 568 goat anti-rabbit 

IgG (H+L) polyclonal Antibody at a dilution of 1:1000 (Cat. # A11011, Life Technologies – 

Molecular Probes) and Alexa Fluor® Goat pAb to Mouse IgM (Cat # ab150121, abcam).  

C. IMAGING, ANALYSIS, AND STATISTICS 

Zeiss Axio Imager Upright Fluorescence microscope was used that was equipped with 

Zen Blue 2.3 software. Images were taken at 5x to create a super image and 20x magnification 

in order to capture each individual rosette in the organoid structure.  

All images were opened in Zen Blue where the Ki67 channel was isolated and each ROI, 

center of the rosette out to the cortical region, was delineated with a white ellipse size 4 and 

area 54,609.718 µm2. Each image was saved as a .TIF and the circle burned into the image. All 

images were stored in a particular folder specific for the condition and analyzed for Ki67+ cells 

using a MATLAB script written by Siddhartha Dhiman, M.S. The MATLAB program runs two 

simultaneously processes together. Through strict cellular dimensions the program identifies 

each Ki67+ cell and the distance between each of the cells, called minimum spanning tree (MST) 

analysis. MST is important because it shows the least distance between cells in a ROI and their 

connectivity which may have an impact on cellular migration. 
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O4+ cells were hand counted from the same images used for the MATLAB program. In 

order to determine cells that were double stained for Ki67 and O4, the original image was 

pulled up next to the MATLAB program image which showed each individual Ki67 count. All 

analysis was performed using IBM SPSS software obtained from the University at Buffalo. Figure 

20 shows a representative image with the white ellipse surrounding the center of the rosette 

out to the cortical region. To the right of the image are zoomed in versions of each of the 

following stains that will be analyzed in this section. The top picture represents a typical nuclear 

stain of a Ki67+ cell. The middle represents a typical cytoplasmic O4+ cell. The bottom image 

represents a double positive cells, where the cell has both nuclear Ki67 and cytoplasmic O4.  

 

Figure 20. Representative images of cell counting for Ki67, O4, and Ki67/O4. Left hand side is an image 
taken from the rotenone and PB treated organoid due to the compactness of the cells to better represent 
positive cells for staining. Right hand side has the three stains: top picture- nuclear stain of a Ki67+ cell, 
middle- cytoplasmic O4+ cell, bottom-  double positive cells, both nuclear Ki67 and cytoplasmic O4.  
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4.3 Results 

In order to understand the effect of Rotenone treatment 1-way Analysis of Variance (ANOVA) 

was used. When PB was administered 2-way Analysis of Variance (ANOVA) was used. Significant 

ANOVA scores were followed by post-hoc comparisons between multiple samples using Least 

Significant Difference (LSD) test. Standard errors employed for all graphical representations.  

Analysis was performed on images from 3 different organoids from each of the 3 different cell 

lines mentioned in Table 2. This provided an N=9 for each condition analyzed. 

A. EFFECT OF ROTENONE TREATMENT  

I. Ki67 Count & Migration 

Cerebral organoids are able to exhibit distinct brain regions reminiscent of early brain 

development with a ventricular zone, intermediate zone, cortical zone, and marginal zone.  

Most of the Ki67+ cells are located in rosettes in the ventricular zone, where the proliferation of 

stem/progenitor cells occurs. Though, as normal development progresses Ki67+ was shown and 

located in other areas such as the intermediate and cortical zone.  

Independent of treatment dosages (3- or 6- days of treatment), Rotenone induced 

overall statistically significant decrease in the number of Ki67+ cells, relative to the control non-

treated organoids (p<0.001). When broken up by treatment periods, this statistical significance 

was maintained.  

a. 3 days Rotenone Treatment 

The amount of images for Day 17 control was 43, Day 17 Rotenone treated was 39, Day 

27 Control was 38, and Day 27 3 days Rotenone treated 33 in order to quantitatively assess 
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changes induced by Rotenone treatment. Images taken from the output folder from the 

MATLAB program show that at the end of 3 days (days 14-17) of Rotenone treatment, the 

organoids displayed a decrease in the total number of Ki67+ cells compared to control (Figure 

21, panel A). When Rotenone treatment was followed by drug free 10-day recovery period, at 

day 27 the number of Ki67+ cells remained markedly decreased (Figure 21, panel B) and the 

cells dispersed compared to control.  

Figure 22 shows the computer-based cell identification and automated counting which 

showed a statistical significant decrease (p<0.001) in the density of Ki67+ cells per ROI following 

3 days of Rotenone treatment. The average number of Ki67+ cells observed, went from 43.12 ± 

4.81 in control to 22.82 ± 2.75 following 3 days of Rotenone treatment. The organoids cultured 

in control drug-free conditions continued to grow from days 17 to 27, where the average 

number of their Ki67+ cells per ROI increased to 55.83 ± 6.35. When Rotenone treated 

organoids were given a 10-day recovery period there was an increase in Ki67+ cells, up to 36.33 

± 2.61, though it was still statistically decreased compared to where it should be in the control 

condition (p<0.001).  
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Figure 21. Representative images from MATLAB program of proliferating Ki67+ (red) cells comparing 
organoids in control condition to 3 Days’ of Rotenone treatment. Each green dot represents a Ki67+ cell 
counted by MATLAB program. (a) 3 days of Rotenone treatment decreases Ki67+ cell count (upper right hand 
side) compared to control counterpart (upper left hand side). (b) Following 10-days of drug free recovery 
(lower right hand side) there is an increase in number of Ki67+ cells, though still decreased when compared to 
control counterpart (lower left hand side). 
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Figure 22. Average number of Ki67 stem cells/progenitor cells decreases following 3 days Rotenone 
treatment. Left hand side of bar graphs show at Day 17, there was a statically significant decrease in Ki67+ 
cells after 3 days of Rotenone treatment (39 ROIs quantified) compared to control counterpart (43 ROIs 
quantified). When provided with a 10-day recovery period (right hand side), Ki67+ cell count increases but is 
still statistically diminished compared to control counterpart (33 vs 38 ROIs).  

 

Given the decrease observed and quantified in the number of Ki67+ per ROI following 

Rotenone treatment, the next question to be answered was how this decrease in numbers 

would impact their migration and where each cell be located. Figure 23 panels A and B shows 

the MST analysis performed by the MATLAB program on the images shown in Figure 21. In the 

control conditions, one can once again observe more counts but this time notice that they are 

grouped closer together. While following 3 days of Rotenone treatment, the numbers decrease 

and the distance between each count increases. Figure 23 panel C shows that this increase in 

distance was statistically different when compared to control (p<0.01). 
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Though, when allowed to recover for additional 10 days without the of oxidative 

phosphorylation blocking Rotenone, the average distance between cells was no longer 

significantly different from the control levels (p=0.239). Thus, the Rotenone had acutely 

increased the Ki67 cell migration and its effect dissipated after the drug-free 10-day recovery. 
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Figure 23. 3 days of rotenone treatment increased Ki67 cell migration which was restored following drug 
free recovery. Graphs in panel A and B represent MST analysis of images shown in figure 21. (c) Average 
distance between Ki67 stem cells/progenitor cells at Day 17 show following 3 days of Rotenone treatment 
distance between each cell increases (left hand side). Though, when with a recovery, distance went back 
towards levels quantified in control counterpart (right hand side).  

 

 

b. 6 days Rotenone treatment  

The amount images for Day 20 control was 38, Day 20 Rotenone treated was 44, Day 27 

Control was 38, and Day 27 3 days Rotenone treated 42. At the end of 6 days of Rotenone 

treatments, days 14-20, the organoid displayed fewer Ki67+ cells (Figure 24, Panel A) compared 

to control. Figure 25 shows this was a statistically significant decreased compared to control, 

21.34 ± 3.01 vs. 55.83 ± 5.53 (p<0.001). This average number of Ki67+ cells at day 20 was almost 
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the same to what was observed at day 17 (compare Figure 21 to figure 24). This decrease in 

Ki67+ cells was still observed following 7-day drug free recovery (Figure 24, Panel B). When 

given a 7-day recovery period, the average number of Ki67+ cells barely increased, up to 23.86 ± 

2.84, and was still statistically different compared to control (p<0.001). This second dosage 

proved to be quite toxic as it prevented any further development of proliferating NPC. 

Figure 24. Representative images from MATLAB program of proliferating Ki67+ (red) cells comparing 
organoids in control condition to 6 days Rotenone treatment. Proliferation of Ki67 stem cells/progenitor 
cells (red) after 2 Rotenone treatment of 0.5 µM. Each green dot represents a Ki67+ cell counted by MATLAB 
program. Rotenone decreases Ki67+ cells and increases distance between cells when compared to control 
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counterpart.

 

Figure 25. 6 days Rotenone treatment further diminishes average number of Ki67 stem cells/progenitor 
cells. Left hand side of bar graphs show at Day 20, there was a statically significant decrease in Ki67+ cells 
after 6 days of Rotenone treatment (44 ROIs quantified) compared to control counterpart (38 ROIs 
quantified). When provided with a 10-day recovery period (right hand side), Ki67+ cell count increases but is 
still statistically diminished compared to control counterpart (42 vs 38 ROIs). When provided with a 7-day 
recovery period, Ki67+ cell count is still statistically diminished compared to control counterpart.  

 

 

Figure 26 shows that similar organoids that received 3 days of Rotenone treatment, 

organoids subjected to 6 days of treatment, the MST distances between cells were significantly 

greater than in control organoids (p<0.001). This significant increase in distance was maintained 

following a 7-day recovery period (p<0.001).   

Though interestingly, given the potential compensatory action observed at day 27 

following recovery from 3 days of treatment, it appears that this may even be trying to occur at 
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day 17 and day 20 as well. Given the larger distances between cells, they may be trying to 

migrate further out to try and develop properly. Taking into account cell count and distance, 

two treatments of Rotenone appear to severely block oxidative phosphorylation and alters 

normal cerebral development.
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Figure 26. Ki67 cell migration is unable to overcome 6 days Rotenone treatment following drug free 
recovery. Graphs in panel A and B represent MST analysis of images shown in figure 23. (c) MST analysis 
shows that the average distance between Ki67 stem cells/progenitor cells after 6 days of 0.5 µM Rotenone 
significantly increases. Following drug-free recovery distance between cells fails to recover and remains 
significantly increased.   

 

II. Oligodendrocyte Population 

To determine the potential effects of Rotenone on oligodendrocytic cells, I stained for 

Olig4 (O4) protein O4 known to be expressed by immature oligodendrocytes but also by still 

proliferating immature Oligodendrocyte Precursor Cells (OPC). The same images and ROIs used 

in the Ki67 count were counted here as well. As with Ki67 count, Rotenone had an overall 

statistically significant decrease on the number of O4+ cells compared to control counterpart 
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(p<0.001). When broken up by treatment periods, this statistically significant decrease was still 

present.  

a. 3 days Rotenone treatment   

Figure 27 shows representative images of the organoid sections stained for the O4. The 

same images used for the MATLAB program were taken and the Ki67 (red) channel was turned 

off in order to quantify cytoplasmic staining of O4+ cells. Organoids subjected to just 3 days of 

Rotenone treatment, had an observable loss in total O4+ cells (Figure 27, panel A-yellow 

circles). When Rotenone was removed from the media and the organoids were provided with a 

recovery, there was increase in the number of O4+ cells counted (Figure 27, panel B).  

As the control organoids continue to grow and develop, the average number of O4+ cells 

increased over two-fold from 2.35 ± 0.36 at day 17 to 5.34 ± 1.0 at day 27 (Figure 28). Following 

3 days of Rotenone treatment, the average number of O4+ observed per ROI decreased to 0.95 

± 0.27, a statistically significant decrease of almost 60% (p<0.05). In nearly 65% of the ROIs 

counted there were no O4+ cells quantified, as shown in Figure 27, panel A. Thus indicating, 

even at 3 days, mitochondrial inhibition had severe depleting effects on the O4 population. 

However, after 3 days of Rotenone were followed up by a 10-day recovery period, there was a 

three-fold increase in O4+ cells, up to 2.90 ± 0.50 per ROI; which was statistically significant 

when compared to day 17 (p<0.001, Figure 28). Though, it was still statistically lower than in 

the control organoids at day 27 (p<0.001). The toxic effects of Rotenone on oligodendrocyte 

population were not fully overcome within the timeline of our experiment.  
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Figure 27. Representative images from organoid showing O4+ cells in control condition and following 3 days 
Rotenone treatment. The images in panels A and B are the same images used in Figure 20. These images were 
hand counted by only turning on the O4 (green) and DAPI (blue) channel in order to quantify O4+ cells. O4+ cells 
in control (left hand side) and following 3 days’ treatment of 0.5 µM Rotenone (right hand side). Each yellow 
circle indicates O4+ cell counted. Rotenone decreases O4+ cells and following recovery, there is an attempt 
towards control levels of O4. 
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Figure 28. O4 cell population decreases following 3 days Rotenone treatment. At Day 17, there was a 
statically significant decrease in O4+ cells after 3 days of Rotenone compared to control counterpart. When 
provided with a 10-day recovery period, O4+ cell count increased but is was statistically diminished compared 
to control counterpart.  

 

 

b. 6 days Rotenone treatment  

In Figure 30, after 6 days Rotenone treatment (days 14-20) the average number of O4+ 

cells were significantly reduced compared to control, 1.23 ± 0.30 vs. 3.53 ± 0.60 (p<0.001). The 

average number of O4+ cells at day 20 was not significantly different from that it at day 17 

(compare figure 28 to figure 30). When following up two Rotenone treatment with a 7-day drug 

free recovery period, the average number of O4+ cells remained decreased compared to control 

organoids (p<0.001) but was not significantly different from the organoids harvested at the end 

of 6 days of Rotenone treatments at day 20. The images below, figure 29, show no O4+ in the 
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ROIs following 6 days of Rotenone treatment, directly at day 20 or 27. In both groups, nearly 

50% of the images quantified did not have a single O4+ cell counted. As with Ki67, this second 

dosage of Rotenone proved to be quite toxic and prevented further development of 

proliferating NPC within the time frame of our experiment, despite that in control organoids 

the O4 numbers increased significantly between days 20 and 27 (p<0.05). 

 

Figure 29. Representative images from organoids showing O4+ cells in control condition and following 6 days 
Rotenone treatment. The images in panels A and B are the same images used in Figure 23. O4+ cells in control 
(left hand side) and following 6 days’ treatment of 0.5 µM Rotenone (right hand side). Each yellow circle 
indicates O4+ cell counted. Multiple dosages of Rotenone decreases O4+ cells that cannot be overcome 
following recovery.  
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Figure 30. O4 population further diminished by 6 days of Rotenone treatment. At Day 20, there was a 
statically significant decrease in O4+ cells after 6 days of treatment with Rotenone compared to control 
counterpart. When provided with a 7-day recovery period, O4+ cell count remained diminished compared to 
control counterpart.  

 

III. Oligodendrocyte Progenitor Cells 

In order to find out whether some of the O4+ cells may represent still proliferating immature 

OPCs, the organoid sections were double-stained with the Ki67 and O4 antibodies. The double 

stained OPC were quantified in ROIs representing rosettes and subcortical IZ. 1-way ANOVA 

showed an overall p=0.066, while not significant there were observable trends.  

a. 3 days Rotenone treatment  

Given both the observed and quantified decreases in Ki67+ and O4+ cells, it stands to 

reason that there would be a decrease in double positive cells which was observed (Figure 31). 
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While not statistically significant, there was an observable, decreasing, trend following 1 

treatment with Rotenone. At day 17, the number of double positive cells did decrease by half 

compared to control counterpart. Interestingly following recovery, at day 27, the number of 

double positive cells did increase and recover towards control levels (Figure 32).  

 

 

Figure 31. Representative images of organoids showing double positive, O4 and Ki67 cells in control and 
following 3 days’ Rotenone treatment. O4 (green) and Ki67 (red) channel were turned on in order to 
determine double positive cells. Ki67+ cell images from MATLAB program were pulled up next to image to 
make sure correct Ki67+ cells were being analyzed. Each yellow circle indicates a double positive cell counted. 
Single dosage of Rotenone decreases proliferating oligodendrocytes and following recovery, there is an 
attempt towards control levels of O4. 
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Figure 32. OPC population decreased following 3 days’ Rotenone treatment but are able to recovery 
following drug free recovery. While not statistically significant at Day 17, the number of double positive cells 
decreases in half following 1 treatment of Rotenone compared to control. When provided with a 10-day 
recovery period, the number of double positive cells increases back toward control levels.  

 

b. 6 days’ rotenone treatment  

Given the toxic effects on both the Ki67 and O4 cell population with 6 days of Rotenone 

treatment; the number of double positive cells would be expected to be decreased. In 57% of 

the images quantified there were zero double positive cells counted which is indicated by 

Figure 33. There was an observable, decreasing, trend following 6 days of Rotenone. At day 20, 

the number of double positive cells did decrease by half compared to control counterpart. 

When compared to the levels quantified at day 17 it barely increased. Following recovery, at 
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day 27, the number of double positive cells stayed diminished, once again barely increasing, 

compared to control levels (Figure 34).  

 

 

Figure 33. Representative images of organoids showing double positive, O4 and Ki67 cells in control and 
following 6 days’ Rotenone treatment. O4 (green) and Ki67 (red) channel were turned on in order to 
determine double positive cells. Ki67+ cell images from MATLAB program were pulled up next to image to 
make sure correct Ki67+ cells were being analyzed. Each yellow circle indicates a double positive cell counted. 
Two consecutive dosages of Rotenone decreases proliferating oligodendrocytes and following recovery, stays 
diminished. 
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Figure 34. 6 days’ Rotenone treatment keeps OPC population diminished. While not statistically significant 
at Day 20, the number of double positive cells decreases in half following 2 treatments of Rotenone 
compared to control. When provided with a 7-day recovery period, the number of double positive cells stays 
diminished compared to control.  

 

B. EFFECT OF PHENYLBUTYRATE FOLLOWING ROTENONE-INDUCED DEVELOPMENTAL CHANGES   

I. Ki67 Count and Migration 

While Rotenone did deplete Ki67 cell count following 3 days of treatment at both day 17 

and day 27, there was an increase in the number of Ki67+ following a 10-day recovery period in 

the Rotenone-free medium. Next, I wanted to determine whether supplementing media during 

post-Rotenone recovery with PB, which augments the mitochondrial function, could stimulate 

the organoid cell regeneration. Figure 35 shows representative images the Ki67 stained 
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organoid sections represents. A single, 3 days of treatment with PB (36 ROIs) appeared to have 

no additional effect on the number of Ki67+ cells when comparing to the 1 Rotenone treatment 

without PB (panel B, to 1 PB recovery, panel C). Also following 6 consecutive days of Rotenone 

treatment, panel D, 6 days’ supplementation with the PB (42 ROIs) failed to increase the Ki67+ 

cell population, panel E. Quantitation of Ki67 cells in ROIs from Rotenone only and Rotenone 

plus PB treated organoids (Figure 36), confirmed that supplementation with PB following any 

Rotenone treatment, had a significant effect on the numbers of Ki67+ cells (p=0.905, 2-way 

ANOVA). 

  

 

Figure 35. Representative MATLAB images of organoids showing Ki67 stem/progenitor cell population 
having undergone treatment with PB. Proliferation of Ki67 stem cells/progenitor cells (red) after given 
potential therapeutic recovery with 1.0 µM Phenylbutyrate. Each green dot represents a Ki67+ cell counted 
by MATLAB program. Rotenone decreases Ki67+ cell counted (B, D) when compared to control counterpart 
(A) and it does not recover with Phenylbutyrate therapy (C, E). 
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Figure 36. PB has no effect on Ki67 stem/progenitor cell population. Number of ROIs analyzed per 
treatment- Day 27 control was 38, Day 27 3 days Rotenone treated was 33, Day 27 3 days Rotenone and PB 
was 36, Day 27 6 days Rotenone treated was 43, and Day 27 6 days Rotenone and PB was 42. Blue line refers 
to significantly larger amounts of Ki67+ cells in control non-treated organoids. PB had no significant effect on 
the numbers of Ki67+ cells in rotenone-treated organoids.  

 

 Similar to the Ki67+ cell number, their increased migration in rotenone treated cells was 

not affected by the treatments with PB as illustrated in Figure 37. In the control condition, the 

Ki67+ cells were tightly packed while following rotenone treatment, cells became visibly spread 

out. Regardless of the PB treatment the MATLAB-based MST analysis confirmed the lack of the 

PB effect, 3 -or 6- days’ treatment, on the distances between the Ki67+ cells (p=0.951). Thus 
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treatment with PB failed to reverse the rotenone–induced depletion of the proliferating cells 

and their increased migration. 

 

 

Figure 37. Stem/progenitor cell migration is not benefited from PB treatment. Blue line refers to 
significantly larger amounts of Ki67+ cells in control non-treated organoids. Rotenone treatment decreased 
total cell count and increase distance between cells which was not changed when provided with either 3- or 6 
days of PB.  
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II. Oligodendrocyte Population 

2-way ANOVA showed an overall statistically significant effect of PB (p<0.05) on the 

oligodendrocyte cell population depleted by rotenone (Figure 39). In figure 38, panels C vs. B, 

the increase in O4+ cells are noticeable but the location of the cells is more in the cortical zone 

which is closer to what was observed in control, panel A. Post-hoc LSD showed that 3 days’ 

administration with PB caused a statistically significant increase (p<0.05) on the O4+ population 

depleted by 3 days of Rotenone (Figure 39). Given the statistically significant increase in O4+ 

cells when provided with just normal media for 10 days following 3 days of Rotenone, PB was 

further able to induce differentiation of the oligodendrocytic cell lineage. While the number of 

O4+ cells following 3 days of Rotenone and PB was lower than control at day 27, 4.19 ± 0.6 vs. 

5.34 ± 1.0, this was not statistically significant (p=0.112) indicating there was a recovery.  

Looking again at figure 38, this time panel D, it is apparent that 6 days of Rotenone 

treatment proved to be very toxic to the O4 cell population. Figure 38, panel E shows that 6 

days of PB, was able to induce differentiation of the oligodendrocytic cell lineage, though this 

was an observable trend since it did not reach statistically significance (p=0.086).  
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Figure 38. Representative images of organoids showing O4 population having undergone treatment with 
PB. Each yellow circle indicates O4+ cell counted for that image. Rotenone treatment, panels B & D, 
decreased amount of O4+ cells compared to control, panel A, as previously mentioned. When provided with 1 
dosage of PB, panel C, the number of O4+ cells increase towards control levels of O4. 2 dosages of PB, panel 
E, is even able to cause an increase in the number of O4+ cells. 
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Figure 39. PB has increasing effect on OLG population following Rotenone treatment. At Day 27, there was 
a statically significant decrease in O4+ cells after both 1 and 2 treatments of Rotenone compared to control 
counterpart. Following 1 dosage of PB, O4+ cell count saw a statistically significant increase while following 2 
dosages of PB there was an observable increasing trend.  
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III. Oligodendrocyte Progenitor Cells 

In order to determine whether PB-induced regeneration of the O4+ oligodendrocytic 

population could be due to increased proliferation of their proliferating precursor cells, we 

counted the numbers of double-stained O4+/Ki67+ OPC. At day 27 it was not significantly 

different between the rotenone-treated and control non-treated organoids (Figures 32 and 34).   

At day 27 neither the 3- nor 6- days of supplementation with PB had a significant effect on the 

OPC population in the rotenone treated organoids. 

As shown in figure 40, panels C, show that after 3 day of rotenone followed by 3 day PB 

treatment (panel C) the number and location of the yellow circles, double positive Ki67+ (red) 

and O4+ (green), outlined by the yellow circles, was similar as in the rotenone only-treated 

organoids, or non-treated control organoids. Similarly, following the double rotenone and 

double PB treatments panel E, the number of double positive OPC was similar as in rotenone-

only or non-treated control organoids. 

The location of these double positive cells follows along with what was observed with 

both Ki67 and O4 cells following rotenone treatment. Rotenone decreased the number and 

migration of Ki67 keeping them primarily in the rosette region while PB pushed 

oligodendrocytic cell lineage to differentiation where ever they happened to be. The double 

positive being observed in the rosette follows suit. As for the quantification, figure 41, neither 

dosage of PB showed an overall statistically significance effect following rotenone (p=0.520), 

indicating PB did not have an effect on the Ki67/O4 OPC cell population.   
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Figure 40. Representative images of organoids showing OPC population having undergone treatment with 
PB. Each yellow circle indicates double positive, O4 (green) and Ki67 (red), cell counted for that image. 
Rotenone treatment, panels B & D, decreased amount of double positive cells compared to control, panel A, 
as previously mentioned. When provided with 1 dosage of PB, panel C, the number of double positive cells 
did not change in relation to either control or treated organoids. 2 dosages of PB, panel E, had the same 
outcome. 
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Figure 41. No effect of PB on OPC population. At Day 27, there was no statically significant difference in 
amount of double positive cells following Rotenone or PB dosages. PB had no effect on the Ki67/O4 OPC cell 
population  
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4.4 Discussion 

A. ROTENONE INDUCED HYPOXIA 

A lack of adequate oxygen supply, known as hypoxia, to the fetal brain is one of the 

most common complications resulting in impaired circulation and brain metabolism (Nalivaeva, 

Turner, & Zhuravin, 2018). In recent years, a growing body of clinical, epidemiological and 

experimental studies testify to a crucial role of gestational factors in brain development and 

functioning in postnatal life, which increases its vulnerability to later development of 

neurodegenerative disorders such as Parkinson's and Alzheimer's diseases (Faa et al., 2014; 

Nalivaeva et al., 2018). Since complications during pregnancy very often lead to insufficient 

oxygen supply to the fetus it is important to understand which changes they induce in the 

developing brain.  

Animal models have been employed in order to better understand the role of hypoxia 

and metabolic dysfunction in prenatal development. One such model, used restriction of 

uterine blood flow to the fetus in an ovine found that, transient hypoxia affected both the 

morphology and function of neuronal cells and impaired the development of neural processes 

and connections. This included subplate neurons which are important for regulating brain 

development and play an important role in establishing cortical connections to various brain 

regions (McClendon et al., 2017). Just as with mouse models mentioned in the introduction to 

this chapter, there are species-associated differences in response to hypoxia. Development of 

the cerebral organoid technology offered for the first time an insight into the developing 

human brain and its impairments by genetic and environmental factors. 
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Since the first cerebral organoid publication in 2013, every subsequent study is 

important in expanding upon their usage in the scientific community. In the present study, 

cerebral organoids were used as an experimental platform to analyze early human cortical 

development in both a healthy and metabolically insufficient model. Using different time 

points, day’s 17, 20, and 27, I have recapitulated the inside-out pattern of human cortical 

generation and development of telencephalon-like structures. As in our earlier studies, we used 

multiple different iPSC lines as a starting material and reproducibly observed the formation of 

the organoid ventricular, intermediate and cortical zones occupied by different types of cells as 

they are postmortem found at different stage of the human brain development. This is the 

second study done on the quantification of proliferating NPC, Ki67+ cells (Stachowiak et al., 

2017) and the first study focused on the oligodendrocytes, O4+ cells and their proliferating 

precursors, Ki67+/O4+ OPC, in the human organoids. 

 In the present study the use of rotenone as a mitochondrial inhibitor proved to be 

effective in inhibiting development of the organoids. Sigma-Aldrich recommended a 

concentration of 10 µM Rotenone for cell culture which was found to be excessively toxic as the 

organoids completely deteriorated in their well plates. Although, at a concentration of 2 µM the 

organoid developed but they were noticeably smaller, with few rossettes if any and essentially 

lacking clear developmental zones. Hence, we utilized lower dosage of 0.2 and 0.5 µM with 0.2 

µM showing variable results, while 0.5 µM, proved to be a good middle ground in that it was 

consistently producing quantifiable cellular changes while preserving the general organoid 

structure and zones.   
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Another benefit of using an organoid model is the ability to control drug treatment 

plans, as mentioned above, making experimentation simpler. One can faster assess treatment 

dosages without the need of sacrificing animals. Multiple drug treatment protocol can also be 

run in parallel without increasing costs and prolonging time of obtaining data. Studying of 3D 

organoids also allows us to change the frequency of drug treatment without concern about 

handling the animal which often adds variables into an experiment.  

 3 days of treatment with rotenone caused a statistically significant decrease in Ki67+ 

cells. In addition, the rosette displayed a smaller size compared to their control counterpart but 

Ki67+ cells were migrating out which in turn caused the distance between individual Ki67+ cells 

to increase. This may be due to the remaining Ki67+ cells still undergoing normal development 

and since the numbers were low the distance naturally increased between each cell. The 

mechanism for this diminished interactions and increased migration could involve potential 

changes in the expression of cell adhesion molecules and their receptors. 

 The observed Rotenone induced reduction of Ki67 proliferation concurs with the finding 

that prenatal hypoxia affects the cells in brain neurogenic zones and, in particular, the levels of 

expression of the protein paired box 6 (Pax6). Pax6 plays an important role in neurogenesis, cell 

proliferation, differentiation and survival during the development of the central nervous system 

(Nalivaeva et al., 2018; T. I. Simpson & Price, 2002). Pax6 expression is essential for controlling 

the balance between the proliferation and differentiation of neuronal progenitors in the 

cerebral cortex; intense expression of Pax6 inevitably induces neuronal differentiation in NPCs 

thus reducing proliferation (Osumi & Kikkawa, 2013). Although, in fetuses subjected to prenatal 

hypoxia the levels of Pax6 were increased in the SVZ and SGZ of the hippocampal dentate gyrus 
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but were significantly decreased in the cerebral cortex (So, Chung, Yu, & Jun, 2017). This finding 

also correlates with the reduced number of neuronal cells produced in rat cortex (Vasilaki, 

Tumanova, & Zhuravin, 2008).  

Interestingly, when rotenone was removed from the media and the organoid was 

provided with a 10-day recovery period, I observed some compensatory/recovery trends 

(changes) in the organoid cellular make up. While the number of Ki67+ cells did have a 

statistically significant decrease compared to their control counterpart, they did increase 

between days 17 and 27 and this recovery was statistically significant. Reaching at day 27 the 

numbers similarly seen in the control organoids at day 17. This partial recovery of the number 

NPC was accompanied by the reduction in inter-cell distances indicating that both types of 

normalizations (increased proliferation and reduced migration) are developmentally linked.   

However, following a longer 6 days’ mitochondrial inhibition, the resulting changes in cell 

proliferation and migration increase the risk of brain malformations with the repeated or 

prolonged hypoxia or other types of the mitochondrial metabolic insults. 

 The same was shown with both the OPC and O4 OLG cell population, demonstrating the 

early developmental importance of oxidative phosphorylation on development and 

differentiation of OLG’s. While there was a statistically significant decrease in O4 cell population 

at both day 17 and 27 following Rotenone compared to control, there was a statistically 

significant compensatory mechanism following a 10-day recovery with normal media.   

In conclusion the outcome demonstrates the importance of the mitochondrial function, 

oxidative phosphorylation in the developing brain NPC proliferation and migration, and that the 
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insults which impair the mitochondrial metabolism disrupt these two critical developmental 

processes.   

B. OLIGODENDROCYTES 

Using light and electron microscopic techniques it was demonstrated that prenatal 

hypoxia caused a delay in differentiation of neurons in rat neuropil as well as affecting 

myelination of nerve fibers at the ultra-structural levels in both the neocortex and basal ganglia 

(Nalivaeva et al., 2018; Vasilaki et al., 2008; Zhuravin, Tumanova, Ozirskaya, Vasil'ev, & 

Dubrovskaya, 2006). In a recent publication, Ziemka-Nalacz et al. looked at the effects of 

temporal hypoxia-ischemia on survival, proliferation, and myelinating potential of 

oligodendrocytes using cultures of hippocampal organotypic slices and an in vivo rat model of 

perinatal asphyxia. The results pointed to a significant decrease in the number of OPCs, 

however the numbers of mature oligodendrocytes were affected suggesting more efficient OPC 

maturation (Ziemka-Nalecz et al., 2018). In our study, we found the loss of O4 was 

accompanied by a similar trend in the OPC, although changes in double stained Ki67+/O4+ did 

not reach the statistically significant levels. Hence, the loss of O4 oligodendrocytes could be due 

to reduced OPC maturation.   

Oligodendrocyte loss due to hypoxic conditions may impair myelination as it has been 

observed in many congenital and acquired diseases. One such disease Periventricular 

leukomalacia (PVL), is a common lesion of the periventricular cerebral white matter that occurs 

during development, results from a hypoxic-ischemic injury and is thought to be related to the 

disturbance of myelin and oligodendrocyte cell lineage (Back et al., 2001). In one such study it 

was found that the declining incidence of PVL coincides with the onset of myelination in the 
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periventricular white matter suggesting that the risk for PVL is related to the presence of late 

OLG progenitors which they defined as O4+ cells (Back et al., 2001). In this context, the 

regeneration of the oligodendrocytic population following the transient mitochondrial blockade 

might be beneficial in combating the inflammation and increasing the chance for proper CNS 

myelination. Our findings may also be relevant to preterm birth which is an evolving challenge 

in neonatal health. Preterm birth is associated with disrupted oxygen supply which can affect 

the cerebral microenvironment, cause the oxidative stress and result in myelination failure in 

the developing white matter. The loss of oligodendrocytes induced by oxidative stress could 

potentially underwrite these pathologies. 

Oligodendrocytes in cerebral organoids have been previously shown (Renner et al., 

2017). The Renner group, showed the presence of oligodendrocytes via Olig1 and O4 cell 

markers. The present study showed similar locations, IZ and CZ, for O4+ cells as their paper did 

but expanded upon that by quantifying for the first time oligodendrocytes in an organoid 

model. Locations of quantified oligodendrocytes falls in the line with previously held 

understanding of OLGs from both human and animal models; both immature and mature 

oligodendrocytes are found in the IZ and CZ in order to provide myelinated axons from cortical 

areas such as primary motor cortex and somatosensory cortex. 

This investigation has demonstrated the early developmental importance of oxidative 

phosphorylation for the development and maintenance of the oligodendrocyte population. 3 

days of mitochondrial inhibition did halt the normal development of organoids but after this 

oxidative crisis the organoids began a statistically significant, renewed regeneration of their 

oligodendrocytes. However, a longer 6 days of treatment with rotenone, appeared more 
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detrimental as the depressed numbers of O4 oligodendrocytes, showed no recovery during the 

post-treatment time. Whether the population of mature oligodendrocytes may be restored and 

normal myelination may ensue will require a further longer-term investigation. 

C. PHENYLBUTYRATE 

Phenylbutyrate has been shown to improve neurological status in mice after cerebral 

hypoxia-ischemia by alleviating cerebral infarction and neuronal apoptosis (Iannitti & Palmieri, 

2011; X. Qi, Hosoi, Okuma, Kaneko, & Nomura, 2004). In the third chapter of this dissertation, 

PB was shown to have beneficial effects on oligodendrocytes in a mouse model of PDC 

deficiency. Given the differences in brain structures and development between species these 

findings may not be directly translated to the developing human brain. Thus, we investigated 

the effectiveness of PB in the organoid model of the developing human brain. Treatment 

dosages of 0.2, 0.5, and 1 µM PB were performed. Initial counting showed that 0.2 µM did not 

have a clear reproducible impact on rotenone induced changes in any cell population 

examined. The effects of 0.5 µM were more reproducible, but the most consistent and 

pronounced through the macroscopic evaluation and cell counting were the effects of 1.0 µM 

PB which was used in our quantitative analyses.  

Similar to the PDC deficient mouse, PB given following rotenone treatment had a 

statistically significant benefit on the oligodendrocyte population, appearing to induce OPC 

differentiation. Unlike with the PDC deficient mouse which had a deficiency in the pyruvate 

dehydrogenase complex a specific target for PB action, rotenone inhibits the electron transport 

chain. PB’s therapeutic effect mostly likely through the increase of mitochondrial fuel (acetyl 

CoA) but also it could be related to its function as a histone deacetylase (HDAC) inhibitor.  
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After permanent middle cerebral artery occlusion induced hypoxia, HDAC inhibitors 

sodium butyrate and trichostatin A were shown to induce neurogenesis in multiple ischemic rat 

brain regions (Kim & Chuang, 2014). These results and the outcome of human organoid 

investigation suggest that post-insult treatment with PB, an HDAC inhibitor, may be a rational 

strategy to mitigate white matter developmental deficits following hypoxia and other types of 

the mitochondrial dysfunctions.  

Chromatin reprogramming is critical for steering stage‐specific differentiation processes 

during oligodendrocyte development. Fine temporal control of chromatin remodeling through 

ATP‐dependent chromatin remodelers and sequential histone modifiers shapes a chromatin 

regulatory landscape conducive to oligodendrocyte fate specification, lineage differentiation, 

and maintenance of cell identity. In hypoxia or direct oxidative phosphorylation blockade, ATP 

production is reduced, thus affecting chromatin modifications (Gregath & Lu, 2018). HDAC‐

mediated chromatin modification to impact OPC differentiation and myelination and both 

processes could be rescued by HDAC inhibitors. Further investigation is need to identify the 

epigenetic effects of the mitochondrial dysfunction in human brain organoid model and their 

modification by PB.  

Summary: My studies using human cerebral organoid model demonstrated detrimental 

effects of transiently reduced mitochondrial function on the early development of the human 

brain involving impaired proliferation and migration of NPC, oligodendrogenesis and 

oligodendrocyte population. This study shows an intrinsic ability of developing brain to 

compensate at least partially for the transient metabolic insult which can be further enhanced 

by post-insult treatment with the PB. 
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CHAPTER 5: CONCLUSION 

Oligodendrocytes are responsible for the formation of myelin within the central nervous 

system. Myelin always play a vital role by wrapping around neuron’s axon which allows for the 

rapid transmission of signals from the brain to the body. The loss of myelin causes the signal 

transmission to slow down and causes deficiencies in movement, cognition, and sensation. The 

objective of this dissertation was to understand the impact of environmental, genetic and 

metabolic oxidative stressors on oligodendrocytes throughout development and in adulthood.  

The first question examined was, what happens to the population of oligodendrocytes 

following these different insults? The insults were selected in such a way, that they had at least 

one common pathological mechanism, impaired oxidative metabolism. The first model 

employed examined the impact of the instantaneous acoustic blast induced brain injury. It has 

been well documented the adverse side effects of a blast wave, damage to the brain’s 

microcirculation and ischemia. The blast wave exposure was chosen since it may cause changes 

in brain cells without producing a permanent loss of the brain tissue, as it occurs in many other 

brain injury models. Unlike in other TBI models, oligodendrogenesis in a bTBI has rarely been 

studied. What I found was the population of oligodendrcoytes was lost following a blast wave 

exposure.   

To understand if the blast induced changes could be reproduced by an impaired 

oxidative metabolism, I narrowed my focus to look upon on the effects of impaired 

mitochondrial oxidative function. For this I used genetic PDC deficiency in which the entry of 

the glucose metabolite, pyruvate, into the oxygen dependent mitochondrial energy production 
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was permanently impaired during the pre- and post-natal mouse development. As with the 

blast wave exposure, the oligodendrocyte population decreased.  

I further narrowed my scope on the mitochondrial oxidative phosphorylation by using 

Rotenone, a specific mitochondrial complex I inhibitor, designed to model transient blockage of 

mitochondrial function that may be induced by fetal brain ischemia and other conditions. In 

order to apply my findings to the human condition, I employed human cerebral organoids using 

human iPSC. As with the first two models, the oligodendrocyte population following transient 

Rotenone treatment became depleted.  These findings led to the conclusion that the loss of 

energy production is particularly detrimental to oligodendrocytes and could play role in a 

variety of the pathological conditions. My findings are consistent with the current scientific 

knowledge of the high oligodendrocyte sensitivity to the oxidative stress.   

Myelination in the peripheral nervous system is performed by Schwann cells which have 

been shown to repair or regenerate following nerve injury. In general, oligodendrocytes have 

been thought to be largely unable to regenerate after trauma given their loss in demyelinating 

diseases such as multiple sclerosis. Hence my second question was, whether the lost 

oligodendrocyte population can be reconstituted. My studies have shown that in two 

conditions in which the initial insult is transient the population of oligodendrocytes is capable of 

significant spontaneous recovery in both the mature (model 1) and in the developing brain 

(model 2). This however, does not occur when there is a permanent oxidative metabolic 

deficiency as observed in PDC deficient mice (model 2).  

This finding led to my next question concerning the cellular mechanism behind 

oligodendrocyte recovery. Could an increased production of OPCs underlie the oligodendrocyte 
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regeneration? To that end I found both in adult mouse brain (model 1) and in developing 

human cerebral organoids (model 2) that the population of OPC increased spontaneously along 

with oligodendrocytes following the insults.  

What was the anatomical source of the regenerating OPC and oligodendrocytes? Are 

the OPCs developing from the traditional neural stem cell niches thought to be responsible for 

the development of new cells in the developing and developed brain or is there another 

undetermined source? My experiments point to two distinct sources in which the OPCs are 

generated in response to the stress depending on the ontogenic stage. In the developing brain, 

both PDC deficient mouse and human organoids, I have observed an activation of cell 

proliferation in the stem cell niches. This was especially evident in the cerebral organoid (model 

3), where the development of oligodendrocytes from the containing ventricular zone, 

reminiscent of the in-utero brain ventricles, was observed. In contrast in the adult brain, while 

there was an activation of cell genesis in the stem cell niches, new oligodendrocytes appeared 

to come from local source – brain cortex. My findings are consistent with earlier studies which 

have shown that during brain development OPCs come in waves from the ventricular areas but 

have ability to remain dormant into adulthood in the brain regions like cerebral cortex.    

My last question was whether the innate compensatory oligodendrogenesis could be 

augmented (model 3) or instigated (model 2) by drug therapy with the use of Phenylbutyrate. 

The Phenylbutyrate has been successfully used in Urea Cycle disorder and CNS disorders such 

as Huntington’s disease and Amytrophic lateral sclerosis. In my studies, PB augmented the 

reconstitution of the oligodendrocyte population in both brain developmental models. PB may 
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be useful in the treatment of both permanent and transient metabolic insults, demonstrating 

potential new treatment approaches.   

5.1 Future Studies 

 A central question that should be addressed in the future studies is whether 

spontaneous or drug-induced regeneration of the oligodendrocyte population leads to 

successful brain remeyelination. While the loss and reappearance of myelin was observed in 

model 1, it was not quantified. The adult born oligodendrocytes have been show to produce 

thinner and shorter myelin during remyelination when compared with myelination during 

development. Future studies could employ electron microscopy analysis of the myelin 

wrappings of axons as well as oligodendrocyte lineage trace studies. Using DNA pulse-labeling 

with BrdU, followed by chase and double staining with BrdU and oligodendrocytic markers may 

determine whether the newly generated OPC develop into a mature myelinating 

oligodendrocytes.   

As mentioned in the discussion section of chapter 4, this was the first time 

oligodendrocytes have been quantified in a human organoid model. Allowing organoids to grow 

and mature past Day 27 in order to see what happens with the oligodendrocyte population 

would be very interesting to know. Do organoid OLGs come in waves as has been shown in both 

mice and humans? Do these immature O4+ OLGs differentiation into mature OLGs? While 

myelination has not been shown in organoids, there is potential for it to occur. If that is the 

case, it would be interesting to see how many immature OLGs undergo differentiation and 

become these mature myelinating OLGs.    
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An important finding that emerges from both models used in chapter 3 and model 4 was 

that pharmacological agent PB efficiently augments the restoration of the oligodendrocytes 

population. Given the benefits of Phenylbutyrate on the oligodendrocyte population in the 

developing brain, it would be important to test if PB can stimulate the local cortical 

oligodendrogenesis in adult brain following the blast induced trauma? In a study using retinal 

ischemic injury on rats, PB dosages of 100 or 400 mg/kg both showed reduced levels of 

ischemia-associated loss of cells and thickness in the retina (Jeng et al., 2007). Could this benefit 

of PB in an ischemia injury model translate to soldiers injured by improvised explosive devices?  

Another potential study could be the combination of PB with Riluzole. Riluzole is an FDA 

approved drug for Amytrophic Lateral Sclerosis which has been shown in humans the stop the 

advancement of the disease by blocking the effects of glutamate and even shown to prolong 

survival 2 to 3 months (Miller, Mitchell, Lyon, & Moore, 2007). The combined treatment of 

Riluzole and PB increased survival and improved clinical and neuropathological phentotypes of 

transgenic ALS mice by 21.5% compared to separate administration with Riluzole, 7.5%, and PB, 

12.8% (Del Signore et al., 2009; Iannitti & Palmieri, 2011). In studies involving Amyotrophic 

Lateral Sclerosis, mice showed beneficial effects with PB dosages all the way up to 800 mg/kg 

(Ryu et al., 2005). In my studies I used 250 mg/kg and increasing the PB dosage could 

potentially augment its effects on the oligodendrocytic population. 

Finally, Phenylbutyrate is a dual function drug which in addition to inhibiting the PDH 

kinases may have the epigenetic effects on the mitochondrial dysfunction. Drugs that affect 

mitochondrial function without affecting the histone acetylation should be tested along with 
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the drugs that inhibit the HDAC activity without directly affecting the mitochondrial 

metabolism. 

  Using the in vivo mouse models shown in chapters 2 and 3 one could determine if the 

remyelination, spontaneous and drug-induced, affects brain function by performing a battery of 

behavioral tests.  While behavior and motor testing have been done, most studies have 

primarily looked at the short term outcome of the blast. Motor testing such as the Y-maze, 

water maze, open field, and rotorod all showed decreases in mice following blast-induced 

trauma compared to control counterpart (H. Wang et al., 2016). A long term follow up would be 

interesting in order to see the potential impact remyelination has on these motor function.  

Another such study looking at behavioral testing showed that the anxiety levels of mice post-

blast increased all the way until week 6 but then normalized at 10 weeks’ post-injury (Kovesdi 

et al., 2011). As with motor testing, can remyelination have an impact?  
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