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ABSTRACT OF THE DISSERTATION 
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Professor Charles Limoli, Chair 

 

 

 

Radiation-induced learning and memory problems are reported in more than half of 

survivors of cancers treated with cranial radiotherapy, representing an unmet clinical need 

in a growing population.  Cell-free therapy employing extracellular vesicles (EV) derived 

from stem cells has been pioneered to address this problem in an immunocompromised 

rodent model.  However, no study has yet demonstrated efficacy of this cell-free treatment 

in wild-type animals or determined the mechanism.  This research has sought to address 

both of those shortcomings, as well as introduce a more clinically palatable delivery method 

to improve safety while maintaining efficacy. 

A large cohort of wild-type mice was used to determine the efficacy of post-irradiation EV 

treatment in wild-type animals and retro-orbital sinus injection.  At five weeks and six 

months post-irradiation, animals were subjected to a battery of cognitive behavioral tests.  

Follow up studies analyzed tissues via RNA-seq, RT-qPCR, and immunohistochemical 

staining.  Behavioral testing demonstrated that radiation-induced cognitive dysfunction 

(RICD) was ameliorated at both five weeks and six months post-irradiation following a single 
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dose of human neural stem cell-derived EV delivered either directly into the hippocampus 

or using the new indirect (retro-orbital) method.  Microglial activation (neuroinflammation) 

in the hippocampus was also mitigated by EV treatment at both time-points. 

RNA-seq revealed inflammatory processes to be important and pointed toward miR-124 as 

a possible functional component of the EV bioactive cargo.  To determine mechanistic 

importance, miR-124 overexpression in the brain was achieved using an adeno-associated 

virus delivered directly to the hippocampus.  miR-124 overexpression also showed 

mitigation of RICD in behavioral testing.  Expression analysis showed multiple common 

differentially expressed genes with the RNA-seq data set. 

Mitigation of RICD and neuroinflammation was shown in wildtype animals for the first time.  

Retro-orbital sinus delivery was shown to be safe and effective in this application.  The 

candidate for active EV cargo (miR-124) was also found to be sufficient for mitigation of 

RICD.  Expression data supported a role for miR-124-dependent modulation of the DNA-

damage response and microglial regulation (via Cepba and PU.1/Spi1). 
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INTRODUCTION 

While survival is rightfully considered the primary criteria for successful cancer 

treatment, increased success in oncology translates into an increasing population of 

survivors suffering from unintended side effects of treatment.  A significant number of 

patients surviving more than six months radiotherapy suffer cognitive impairments that 

impact quality of life.  These decrements are debilitating, persistent and progressive and are 

especially problematic in pediatric patients [1-3].  These studies suggest that neurocognitive 

endpoints should be considered a major criterion for successful therapeutic outcome.  So, 

what is the etiology and pathology of these problems associated with radiotherapy?  While 

effective in solid tumor treatment and prevention of metastasis to the central nervous 

system (CNS), radiotherapy also causes brain injury - ranging from acute (within days to 

weeks), to early delayed (1-6 months), to late delayed (6+ months) post-radiotherapy.  Acute 

and early side-effects such as nausea, vomiting, and headaches can be managed, but the late 

delayed side-effects such as intellectual impairment, memory loss, and dementia are usually 

irreversible.  The pathogenesis of radiation-induced cognitive impairment is very complex 

and not fully understood, but the current model suggests a combination of persistent 

oxidative stress [4], chronic inflammation [5-7], demyelination [8], morphometric 

degradation of neurons [9, 10], inhibition of neurogenesis [11-13], disruption of neurogenic 

niche signaling [14] and angiogenesis [15] that hinders hippocampal and non-hippocampal-

dependent learning, memory, and spatial information processing.  These phenomena 

combine and interact to create conditions that are remarkably similar to aging, and in 

addition, to those seen in progressive degenerative disorders such as Alzheimer’s disease, 

Parkinson’s disease, Huntington’s disease, highlighting the extensive overlapping pathology 
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between neurodegenerative diseases and cranial irradiation, where resultant cognitive 

deficits impact the memory of 40-50% of surviving patients [16].  Despite improvements in 

technology and technique, standard of care treatments continue induce cognitive 

impairments in survivors.  Regardless of promising innovations in immune therapy and gene 

editing, these cancer therapies will continue to be the gold standard for clinical treatments 

for years to come.  For these reasons, development of clinical resource to remediate the 

radiation-injured brain is a critical priority for the growing numbers of affected patients and 

the significant impact on their quality of life. 

 

Therapeutic strategies to ameliorate radiation-induced brain injury 

Ever since their discovery, stem cells have captured the imagination, holding great potential 

for regenerative medicine.  The term stem cell is broad and includes pluripotent embryonic 

stem cells (ESCs), and multipotent derivatives including mesenchymal stem cells (MSCs), 

neural stem cells (NSCs), hematopoietic stem cells (HSCs) and various progenitor cells from 

all over the body.  ESCs are fully pluripotent and can differentiate into any type of tissue.  

MSCs, NSCs, and HSCs are multipotent and therefore partially lineage-limited, able to 

differentiate into bone/cartilage/muscle/fat, neural cells, and blood cells, respectively.  As a 

renewable source of undifferentiated cells, able to continuously grow and divide, it was 

shown that they could be transplanted to a new host or location and the new environmental 

cues would stimulate the cells to differentiate [17] to replace and repopulate the damaged 

tissue.  Unfortunately, this simple and idealistic view has generally not borne out 

experimentally, with the notable exception of bone marrow transplantation (i.e. HSC 

transplantation), used to replenish the hematopoietic system after ablative 
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radio/chemotherapy.  However, there is promising research in a number of areas using stem 

cell therapy including: stroke [18, 19], severe burns [20], rheumatoid arthritis [21, 22], 

myocardial infarction [23-26], hearing loss [27, 28], retinal disease [29, 30], and 

neurodegenerative diseases [31, 32].  Given the nature and scope of RT-induced side effects 

(e.g. normal tissue damage surrounding tumors) in the brain, cognitive deficits represent an 

adverse condition primed for stem cell therapy. 

 

Indeed, it has been demonstrated that stem cell-based therapies can be effective in treating 

physical brain or spinal cord injury in rodents [33, 34]. Radiation exposure has been well 

established to deplete neural stem cell populations, and previous efforts led by Dr. Limoli’s 

group employed cell replacement therapies using human neural stem cells (hNSCs, H9 

derived) to treat radiation-induced cognitive deficits (RICD).  Specifically, athymic nude 

(ATN) rats received intra-hippocampal transplantation of hNSCs or induced pluripotent 

stem cells (iPSC) after cranial irradiation [35-37].  The stem cell-treated rats performed 

consistently better over a battery of behavioral tests compared to irradiated rats receiving 

vehicle. In addition, the neuronal structures were preserved, and the host hippocampus had 

less neuroinflammation as measured by microglial activation (Figure 1).  A small percentage 

of the grafted stem cells were also shown to integrate into the host hippocampal circuitry.  

While these data are very promising, there are issues associated with stem cells therapies. 

Beyond the ethical concerns, other risks include teratoma formation and immune rejection 

[38, 39]. To avoid immune rejection, rodents studies relied on the use of 

immunocompromised hosts [35].  In human patients receiving non-self stem cells, 

immunosuppression would be necessary and can be problematic since the long-term use of 
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immunosuppressants can result in toxicity, particularly in aged individuals [40].  To address 

these critical issues associated with stem cell therapies, researchers have been looking for 

efficacious alternatives. 

 

Extracellular vesicles 

Extracellular vesicles (EV) were originally thought to be a “disposal mechanism” for cellular 

garbage [41], but have now been shown to be important both for cell-to-cell communication 

and microenvironment maintenance [42].  The classification of various EV is of some debate, 

however it is generally accepted that these membrane-bound vesicles are divided into two 

groups based on size and mode of formation.  Microvesicles (MV) tend to be larger - ranging 

from 100 nm to 1 µm - and are created by direct assembly and outward budding from the 

cell membrane [43].  External stimuli such as hypoxia or the influx of Ca2+ can trigger the 

release of MV from the cell [43].  The biogenesis of exosomes which tend to be smaller - 30 

to 100 nm - involves the release of intraluminal vesicles contained inside the endosome-

derived multivesicular body (MVB) by fusion with the plasma membrane [44].   During this 

process, the bioactive cargo from the cytosol is sorted into the tiny vesicles.  MVB formed by 

this mechanism release exosomes into the extracellular space when they fuse with and bud 

off from the plasma membrane [45].  The release of exosomes is known to involve Rab 

GTPases [46]. 

 

EV are secreted by cells throughout the body both in normal physiological conditions and 

diseased states including cancer.  Because they are found and readily characterized in a wide 

range of bodily fluids including blood, urine and cerebrospinal fluid [47] EV are of 
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tremendous interest as circulating biomarkers of disease or exposure [48, 49].  Importantly, 

EV have low immunogenicity, a long half-life in circulation, and are able to cross the blood-

brain barrier [50-52].  While further study is needed to confirm a lack of immunogenicity or 

off target effect, these features further the enthusiasm for the use of EV, not just as 

biomarkers, but as promising therapies for regenerative medicine.  While extensive long-

term studies have yet to be completed, evidence suggests that routine EV therapy will be well 

tolerated.  Macrophage derived EV, loaded with catalase were administered to mice every 

other day for a total of 10 treatments and were well tolerated and effective in reducing 

Parkinson’s Disease related neuroinflammation in mice [53].  Similarly, daily curcumin-

loaded EV therapy for 31 consecutive days caused no adverse side effects and was effective 

in three mouse models, reducing LPS-mediated neuroinflammation, auto-immune 

encephalomyelitis, and also in delaying brain tumor growth [54].   

 

EV Uptake 

EV travel through the extracellular space to nearby cells or even through circulation to 

distant cells.  It is thought that EV are able to identify target cells using interactions between 

transmembrane proteins on the EV and specific receptors on the surface of the target 

cell.  Recipient cells internalize EV via either fusion with the plasma membrane or by 

endocytosis [55] .  One factor that seems to be important for EV uptake is surface heparin 

sulfate proteoglycans (HSPGs).  It has been shown that blocking them decreases EV uptake 

by target cells [56].  While direct entry can be achieved by membrane fusion, the most 

common method of EV uptake is through endocytosis.  Despite the fact that this pathway 

generally leads to degradation or re-export, functional transfer of nucleic acids has been 
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demonstrated both in vitro and in vivo.  Intact transfer of functional nucleic acids may be 

directed by a cell-specific ligand/receptor interaction in specific target cell types. 

 

EV Cargo 

EV cargo can include proteins, lipids, mitochondria, and nucleic acids.  It has been found that 

bioactive cargo is responsible for cell-to-cell signaling and environmental responses 

[47].  The membrane protects EV contents from extracellular proteases and nucleases 

[57].  EV have been readily isolated from serum-free conditioned cell culture media using a 

number of different techniques including: differential centrifugation, sucrose gradient 

centrifugation, microfiltration, immune-affinity capture, microfluidics devices, ExoQuick, 

and size-exclusion liquid chromatography [58, 59].  Quantification of EV can be achieved 

using nanoparticle tracking instruments (e.g. Nanosight and Zetaview) that utilize Brownian 

motion to determine concentration and size distribution of EV samples.  Once isolated, EV 

are stable and biologically active for 20 months at 4oC [60] and likely even longer at -

80oC.  Due to variations in EV isolation protocols and the inconsistency in analysis 

methodology, characterization of EV types and the bioactive cargo within has been 

difficult.  However, given the promise of EV-based therapies a significant a concerted effort 

is being made to refine isolation protocols, and to identify and catalog the various types of 

cargo found within EV from a variety of cell types.  These data are conveniently searchable 

in online databases including Exocarta [61], Vesiclepedia [62], and EVpedia [63] and include 

purification procedures for reproducibility and consistency. 
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Proteins 

In general, the most common proteins found in EV are involved in the packing, biogenesis, 

and release of the EV themselves.  EV generally have tetraspanins - namely CD63, CD81, and 

CD9 - and other transmembrane proteins such as LAMP1.  Other common proteins include 

those involved in signal transduction and antigen presentation [46]. 

 

Lipids 

Lipid content of EV varies, but usually mimics the lipid content of the cell type from which 

the EV are derived.  However, some lipids are specifically associated with EV types.  

Sphingomyelin, cholesterol, ganglioside GM3, disaturated lipids, phosphatidylserine, and 

ceramide are enriched in EV [64], while phosphatidylcholine and diacyl-glycerol are 

depleted [65]. 

 

Mitochondria 

Mitochondrial components (including DNA) have been described in EV, though little is 

known about how the phenomenon occurs.  Based on the size and capacity of the EV, either 

mitochondrial fragments/proteins and DNA in smaller EV [66] or full functional 

mitochondria in larger EV [67] have been observed.  As such, EV are known to participate in 

mitochondrial transfer whereby mitochondrial components or full mitochondria are 

horizontally transferred between cells [68].  Whether the mitochondrial content of certain 

EV contribute to the regenerative properties of stem cells has yet to be determined. 
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Nucleic acids 

In a minority of cases, some DNA has been found, namely genomic and mitochondrial 

DNA.  To date, there is little evidence for EV-mediated horizontal gene transfer in normal 

cells, but rather that transfer of EV-DNA might play a role in intercellular communication by 

cancer cells in the cancer microenvironment or in metastasis. It has been shown that normal 

cells have cellular defense mechanisms that prevent the delivery and integration of EV-DNA 

into the genome of those normal cells [69].  However, an overwhelming majority of the 

nucleic acid material in the EV is RNA.  Many different types of RNA have been found in EV, 

including: mRNAs, microRNAs (miRNAs), rRNAs, long and short non-coding RNAs (ncRNAs), 

tRNA fragments, piwi-interacting RNA, vault RNA, and Y RNA [46].  For the most part the 

fragments of RNAs are limited to 200 bp with a small portion extending to up to 4 kB 

indicating that most mRNAs and long ncRNAs are fragmented [70].  In fact, the mRNAs are 

thought to play more of a regulatory role, attracting specific miRNAs to the EV, than a 

functional one.  However, it has also been shown that full-length mRNAs transferred by EV 

can be readily transcribed in the recipient cell [71]. 

 

MicroRNAs 

MicroRNAs (miRNAs) are a family of non-coding RNAs ranging between 20 and 25 bases in 

length that are able to affect protein levels by post-transcriptional regulation of messenger 

RNAs (mRNAs).  miRNAs are small single-stranded RNAs that complement the 3’ UTR of 

mRNA and are able to shut down the translation of the mRNA transcript as a part of the RNA-

induced silencing complex (RISC) [72].  In addition, RISC-mediated silencing promotes 

deadenylation that hastens the degradation of mRNA transcripts.  miRNAs have been 
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discovered to be important in the brain and CNS in both healthy and disease states.  One such 

miRNA, miR-124, is the most highly enriched in the brain and has been shown to be 

important for adult neurogenesis [73, 74].  Another miRNA, miR-125a, has been shown to 

downregulate synthesis of postsynaptic density protein 95 (PSD-95) [75], which is elevated 

in the irradiated hippocampus [76].  Replenishing or restoring normal miRNA levels has 

been suggested as a method for treating various types of brain injury. 

 

 

miRNA as Active EV Cargo 

Based on the evidence available to date, miRNAs are considered to be critical functional 

element of EV [77].  In general, the miRNA contents of the EV match the contents of the 

cytoplasm of the cells from which they are derived, with some exceptions.  It has been shown 

that miRNA overexpression in the EV-producing cell led to an increased level of the miRNA 

in EV, while miRNA depletion causes a decreased level in EV [78].  However, there is evidence 

of selection in terms of which miRNAs are loaded into the EV.  There are four known 

mechanisms for this that suggest that the selection process is very complex and tightly 

regulated. 

1. GGAG motif - a binding site for specific ribonucleoprotein thought to be involved in 

EV loading [79] 

2. 3’ end uridylation - post-transcriptional modification that appears to contribute to 

sorting miRNAs into EV [80]  

3. nSMase2 route - overexpression leads to more exported miRNAs [81] 
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4. RISC/AGO2 association - RISC components are also involved in targeted loading of EV 

[82]  

miRNAs are stable, transferred and delivered intact, and are able to change the target cell 

phenotype and/or physiology, influencing not just one gene, but entire cellular pathways or 

signaling cascades [83] .  This can be done through two modes, the more canonical silencing 

RNA (siRNA) pathway by which the miRNA can bind to sites on mRNA and silence 

translation, and a more recently discovered ability to act as a Toll-Like Receptor ligand and 

activate immune cells [84].  It is even possible for overexpressed exogenous miRNAs to get 

loaded into EV [85], leading to exciting possibilities for EV-mediated delivery of therapeutic 

miRNAs to a targeted cell population.  In fact, targeted mesenchymal stem cell-derived EV 

loaded with exogenous miR-124 have been used to promote neurogenesis following stroke 

in mice [86].  Further, mir-199a-laden EV were able to increase proliferation and decrease 

apoptosis in cardiomyocytes in vitro [87].  That same group also loaded EV with miR-130a-

3p and demonstrated an increase in all angiogenic endpoints in HUVECs.  Examples of EV-

associated miRNAs that have been isolated from specific cell types and have known 

biological effects in target cells can be found in Table 1.  These data strongly support the 

hypothesis that miRNAs are functional important cargo of EV, able to exert profound effects 

in recipient cells. 
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Table 1. miRNAs associated with EV from specific cell types and known functions 

based on peer-reviewed literature. 

 

MicroRNA 

ID 

Cells Derived 

From 
Biological Outcome in Target Cells Reference 

let-7 Family Multiple Types Suppresses of oncogenes and cell-cycle regulators [88] 

miR-19a Astrocyte Suppresses of tumor suppressor PTEN [89]  

miR-21 CPC 
Protects myocardial cells against oxidative stress-

related apoptosis 
[90]  

miR-124 CNS cells Promotes neural differentiation [86]  

miR-130a-

3p 
MSC Increases angiogenesis [87]  

miR-132 CPC Enhances tube formation in epithelial cells [91] 

miR-133b MSC 
Promotes neurite outgrowth 

[92, 93]  
Recovers brain function after stroke 

miR-199a MSC Cardiomyocyte proliferation [87]  

miR-210 
CPC Inhibits apoptosis [91]  

Breast Cancer Increases angiogenesis [94]  

miR-294 mESC 

Increases survival, proliferation, and commitment 

of CPCs 
[95]  

Increases formation, persistence, and proliferation 

of cardiomyocytes 
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EV as Therapeutic Agents in Regenerative Medicine 

EV Therapy for Radiation-Induced Cognitive Dysfunction (RICD) 

As alternatives to stem cell therapy, studies have found that stem cell-derived EV can provide 

equivalent beneficial effects compared to stem cells themselves in damaged tissues [96].  In 

inflammation-induced and physical injury-induced cases of cognitive dysfunction in rodents, 

mesenchymal stem cell-derived EV have reduced inflammation and increased performance 

in behavioral testing [97-99].  Indeed, the Limoli lab has engrafted EV [100] as opposed to 

the hNSCs from which they were derived.  The results were striking.  Similar to engrafted 

hNSC, administration of EV ameliorated the adverse effects of cranial irradiation, as 

indicated by improved cognition, reduced inflammation, and preserved neuronal 

architecture (see Figure 1).  Further, the reduced inflammation in not only the hippocampus, 

but also the cortex and the amygdala suggested that EV grafting could exert significant effects 

in regions of the brain both proximal and distal to the engraftment site.  Combined with the 

previous study [35] that showed that less than 15% of grafted hNSCs remained four months 

after transplantation surgeries and just 15% of cells had differentiated into neuronal 

lineages, these data suggest that stem cells role in trophic support is more important than 

that of cell replacement.  However, the EV study was performed in immunocompromised 

rats as opposed to wild-type animals.  Clearly, proof-of-principle studies need to be carried 

out in wild-type, immunocompetent animals to define any adverse immune response of 

human NSC-derived EV therapy. 
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Table 2. The advantages and disadvantages of stem cell therapy versus EV therapy. 

 

Stem Cell Therapy EV Therapy 

Pros Cons Pros Cons 

Multipotent 
Immunogenic (if 

not self) 
Non-immunogenic 

No cell 

replacement 

Cell replacement 
Possible 

Teratoma 
Cannot form teratomas 

Need to produce 

large quantities in 

vitro 

Includes EV Cannot cross BBB Reduce inflammation 

Consistency is 

needed in 

isolation protocol 

Reduce inflammation 

Brain surgery 

necessary for 

grafting 

Readily cross BBB 
Can be difficult to 

culture 

Repair of neurogenic 

niche 

microenvironment 

Can be difficult to 

culture 

Can be administered 

intravenously or intra-

nasally 

 

  
Possibly restore 

neurogenic niche 

microenvironment 

 

  Easily isolated from 

conditioned media 
 

 

Systemic Administration of EV 

A newer area of research is systemic administration of therapeutic EV.  The capability of EV 

to readily cross the blood-brain barrier [51], opens a number of opportunities for systemic 

delivery of EV, thereby avoiding invasive surgical procedures.  Methods of systemic 

administration include intranasal (IN), intraperitoneal (I.P.), retro-orbital sinus, and tail vein 

injections.  These relatively new strategies have been used successfully for a number of 

different conditions including stroke [101], traumatic brain injury (TBI) [97], and 

myocardial infarction [91, 95, 102, 103].  More specifically, IN administration of EV has been 

successful in treating Parkinson’s Disease [53], nasal allergies [104], stroke [105], epilepsy-

related brain damage [106], and lung injury [107, 108].  In addition, the previously 
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mentioned EV-mediated delivery of miR-124 post-stroke utilized tail vein injections 

[86].  The potential benefits of these methods should be readily apparent - bypassing the 

need for invasive heart, brain, or lung surgeries to treat patients.  In the context of treating 

the radiation injured brain, IN treatment represents a more direct delivery to the brain, 

bypassing peripheral organ filtration or dilution that occurs via IV administration, 

promoting a more rapid and direct delivery of EV to the brain [53].  Given the minimal 

immunogenicity, lack of teratoma concerns, and potential for systemic administration, 

therapeutic stem cell-derived EV represent a very promising direction for the treatment of 

RICD, in addition to many other sequelae resulting from radiation exposure. 

 

Conclusion and Future Perspectives 

The use of EV represents an emerging and innovative cell-free approach for the treatment of 

a variety of adverse conditions without the need for immunosuppression.  Such approaches 

will likely include modified biological EV or synthetically manufactured EV loaded with 

specific therapeutic miRNAs.  Ultimately, these therapies will help an underserved 

population of cancer survivors, desperately in need of novel interventions designed 

to minimize normal tissue complications and improve quality of life following RT. 

It is possible and perhaps inevitable that in the future EV-based therapies will be used to 

treat more than just RICD.  Other potential targets could include TBI, age-related memory 

loss, and neurodegenerative diseases.  Further down line it is possible that specially tailored 

EV therapy could be used to protect first responders to a radiologic accident such as 

Fukushima, victims of a terrorist mediated nuclear attack, or even a space traveler over the 

course of a deep space mission to Mars.  The potential of this technology to solve adverse 
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effects of radiation exposure provides a promising and exciting future prospect for 

regenerative medicine.  
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CHAPTER 1:  EV Study in Wild-Type Mice with Retro-orbital Delivery 

Introduction 

In 2018, it was estimated that brain and CNS metastases would account for 1.4% of new 

cancer cases in the United States and 2.8% of cancer deaths.  Treatments generally consist 

of maximal excision of the tumor, if operable, followed by radiotherapy and chemotherapy - 

collectively known as combination therapy [109].  While combination therapy has proven to 

be effective and to improve survival outcomes it does not selectively target tumor cells and, 

as such, can cause significant normal tissue injury.   Both radiotherapy and chemotherapy 

have their largest effect on rapidly dividing cell populations.  Aside from the tumor itself, this 

includes sensitive adult stem cell niches throughout the body in the case of chemotherapy 

(due to systemic treatments), and in the irradiated area in the case of radiotherapy.  In the 

brain, systemic and local toxicities arising from combined treatment can elicit a range of 

associated pathologies that include changes to the vascular bed, neurogenesis, mature and 

immature neuronal structure, inflammatory responses, expression of neurotrophic factors 

and the release of multiple secreted factors including extracellular vesicles (EV) of varying 

size and content. These side effects implicate multiple mechanisms that contribute to the 

debilitating cognitive deficits observed in patients that received cranial radiotherapy and 

survive primary and secondary CNS malignancies.  In pediatric cases where long-term 

survival rates are high and children might otherwise experience a healthy post-cancer life 

these cognitive impairments are particularly problematic [1-3].  The majority of survivors 

who received cranial radiotherapy report a range of problems including difficulties in 

learning and memory, attention, executive function, decision-making, and mood, that 

typically manifest late after treatment and progressively worsen over time [16].  Given 
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increases in therapeutic success, RICD is a critical unmet medical need that adversely affects 

an ever-growing patient base. 

 

Given the nature of the problem for cancer survivors and the assumption that a certain 

fraction of the CNS damage and resultant complications were caused by radiation-induced 

depletion of adult stem cells in the neurogenic niche, we postulated that cranial grafting of 

stem cells might afford improved cognitive outcomes.  In that capacity, multi- or pluripotent 

stem cells have been used in multiple settings to mitigate a variety of radiation-induced 

normal tissue injuries including neurocognitive decline.  The idea behind these strategies 

was relatively straightforward and was initially based on the assumption that grafted stem 

cells could differentiate into the appropriate cell types based on cues from the immediate 

surroundings and replace lost or damaged host cells following radiation exposure 

[17].  While the majority of stem cell-based work has not met these lofty expectations, stem 

cells have been effective in specific disease scenarios, in particular for hematopoietic stem 

cell transplantation for leukemia following ablative radio/chemotherapy.  Similarly, ongoing 

studies of mesenchymal stem cell engraftment have shown promise in the treatment of 

stroke [18, 19], severe burns [20], rheumatoid arthritis [21, 22], myocardial infarction [23-

26], hearing loss [27, 28], retinal disease [29, 30], and neurodegenerative diseases [31, 

32].   Further, our laboratory has pioneered the use of human neural stem cells (hNSCs) to 

treat RICD in rodents [10, 36, 110].  Intracranial (IC) transplantation of hNSCs between 2 and 

30 days following irradiation ameliorated cognitive deficits, reduced neuroinflammation, 

and preserved neuronal architecture in athymic nude (ATN) rats.  While promising, certain 

caveats for translating this technology to the clinic include intracranial transplantation 
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methods, the need for immunosuppression [38], and the risk for teratoma formation [111, 

112] prompting the pursuit of alternative strategies. 

 

Based on the foregoing and on literature suggesting that the secretome might be a major 

therapeutic factor in stem cell transplantation [113, 114], we turned our attention to EV.  EV 

are tiny nano-scale membrane-bound structures exported by cells and that have been shown 

play a role in paracrine and endocrine signaling [115].  While size classifications can vary, 

they are generally divided into exosomes (30 - 150 nm diameter), microvesicles (100 - 1000 

nm diameter), and apoptotic bodies (100 nm - 5 µm diameter).  Exosomes are released when 

multi-vesicular endosomes fuse with the cell membrane [45].  Microvesicles are released 

directly by budding from the cell membrane [43], and apoptotic bodies are released via 

blebbing of the cell membrane of apoptotic cells.  Contents of EV include lipids, nucleic acids 

(e.g. genomic DNA, microRNAs, messenger RNAs), proteins, and in some cases 

mitochondria.  The small size and lipid-heavy composition of the particles facilitates their 

translocation across the blood-brain barrier (BBB) [50, 51].  EV can be readily isolated from 

cultured cells by ultracentrifugation of conditioned, serum-free media [58].  Using 

intracranial grafting of hNSC-derived EV on ATN rats given head only irradiation, our group 

demonstrated similar amelioration of RICD and neuroinflammation, and preservation of 

neuronal architecture as shown previously using hNSC themselves [100].  The substitution 

of EV for stem cells to resolve RICD has distinct advantages: 1) eliminating the threat of 

teratoma formation, 2) minimizing complications associated with immunogenicity [52] and 

3) providing a systemic route of administration that negates the need for invasive surgical 

procedures on the brain.  Therefore, we investigated the potential translational benefits of 
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EV therapy following cranial irradiation in a pre-clinical, wild-type mouse model in order to 

critically evaluate whether stem cell-derived EV therapy delivered via a relatively non-

invasive route of administration could prevent RICD in immunocompetent animals. 
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Cognitive Behavioral Testing Data 

To determine the efficacy of EV treatment in mitigating RICD in wild-type animals, we 

isolated EV from the conditioned media of cultured hNSC.  We irradiated four-month-old 

C57Bl/6J wild-type male mice with 9 Gy gamma radiation (from 137Cs source, ~1.2 Gy/min) 

and 48 hours later we injected EV or vehicle control directly into the hippocampus of using 

stereotaxis (coordinates in Chapter 4: Methodology).  In one group EV were administered 

via retro-orbital sinus injection instead of intrahippocampally.  Five weeks after irradiation, 

animals underwent behavioral testing (Figure 1.1).  The mean and 95% confidence interval 

(CI) of the DI for each group in each task is presented below.  For the NPR test, a significant 

overall group effect was found for the difference in discrimination index (DI) between the 

groups (F(3,44) = 6.126; P = 0.0014).  The irradiated (IRR) group mean was -10.2% (95% CI: -

22.94% – 2.485%) which was significantly lower than the control (mean = 7.99%; 95% CI: -

1.21% – 17.2%; P = 0.033), intracranially introduced EV (EV IC; mean = 16.2%; 95% CI: 

5.02% – 23.1%; P = 0.0014), and retro-orbitally introduced EV (EV RO; mean = 15.2%; 95% 

CI: 5.06% – 25.3%; P = 0.0021) groups (Figure 1.1 A).  Similarly, a significant group effect 

was found for the NOR test (F(3,43) = 11.49; P < 0.0001).  The IRR group had a mean DI of -

4.98% (95% CI: -19.1% – 9.12%), whereas the control group (mean = 22.0%; 95% CI: 12.0% 

– 32.0%; P = 0.0004) and both of the EV treatment groups had significantly higher mean DI 

values (EV IC: mean = 25.5%; 95% CI: 17.2% – 33.7%; P < 0.0001; EV RO: mean = 29.6%; 

95% CI: 23.4% – 35.7%; P < 0.0001) (Figure 1.1 B).  While no significant differences were 

observed in the TO test, the DI for the IRR group (mean = -10.1%; 95% CI: -36.7% – 16.5%) 

was lower than the control (mean = 0.228%; 95% CI: -19.8% – 20.3%) and both EV treatment 

groups (EV IC: mean = 4.98; 95% CI: -15.7% – 25.7%; EV RO: mean = 14.7%; 95% CI: -9.94% 
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– 39.4%) (Figure 1.1 C).  Total explorations times were not found to differ across the 

experimental cohorts, suggesting that treatment-induced locomotor changes did not 

confound our findings (See Appendix C). 

To determine the persistence of the neurocognitive benefits of EV treatment, the same 

spontaneous exploration tasks were tested on a second group of animals at six months post-

IRR (Figure 1.1 D-F).  Starting with the NPR test, the mean DI of the IRR group was -1.91% 

(95% CI: -11.2% – 7.37%) while the DIs of the control (mean = 16.5%; 95% CI: 4.97% – 

28.0%), EV IC (mean = 13.3; 95% CI: -1.96 – 28.5%), and EV RO (mean = 17.0; 95% CI: 7.53% 

– 26.6%) groups were higher.  A significant overall group effect was found between mean 

DIs for this task (F(3,39) = 2.95, P = 0.044).  The DI mean differences between the IRR group 

and the control and EV RO groups were statistically significant (Figure 1.1 D; P = 0.048 and 

P = 0.028, respectively).  Next, the NOR test resulted in mean DIs of 24.3% (95% CI: 15.3% – 

33.4%), 24.3% (95% CI: 14.0% – 34.7%), and 18.9% (95% CI: 9.39% – 28.5%) for the 

control, EV IC, and EV RO groups, respectively, compared to 2.41% (95% CI: -12.6% – 17.4%) 

for the IRR group.  For this test, there was also a significant overall group effect for the mean 

DI between groups (F(3,40) = 3.98; P = 0.014).  The mean DI differences between the control 

and EV RO groups and the IRR group were both statistically significant (Figure 2 1-E; P = 

0.014 and P = 0.013, respectively), while the mean DI difference between IRR group and EV 

RO group was near the threshold for statistical significance (P = 0.052).  Lastly, the TO test 

did not reveal significant DI differences between the control (mean = 9.29%; 95% CI: -7.20% 

– 25.8%) and IRR (mean = 5.66%; 95% CI: -18.2% – 29.5%) groups, though the EV treated 

groups did exhibit higher preferences for novelty (EV IC: mean = 27.4%; 95% CI: 8.88% – 

45.9%; EV RO: mean = 28.0%; 95% CI: 17.7% – 38.3%) (Figure 1.1 F).  The overall group  
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Figure 1.1 Stem cell-derived EV protect against RICD at 5 weeks and 6 months post 

irradiation.  At five weeks and six months post-irradiation, animals were administered 

spontaneous exploration tasks in the following order: NPR (A, D), NOR (B, E), then TO (C, 

F).  Tendency to explore novelty (novel place or object) was calculated using the 

discrimination index [(novel location exploration time/total exploration time) – (familiar 

location exploration time/total exploration time)] � 100. All data are presented as mean ± 

SEM (N=10-14 mice per group). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001; P values 

are derived from one-way ANOVA and Dunnett’s test for multiple comparisons (all other 

groups compared to the IRR group).  

A 

B 

C 

D 

E 

F 
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effect for mean DIs to differ was nearly significant (F(3,34) = 2.65, P = 0.065).  As with the 5-

week tasks, total exploration times were not found to differ significantly between any of the 

groups (see Appendix C). 

Following the spontaneous exploration tasks at both five weeks and six months post-

irradiation, the animals were subject to the Elevated Plus Maze (EPM) test as a measure of 

anxiety-like behavior (Figure 1.2).  While no differences were observed at the early time 

point (Figure 1.2 A), at six months post-treatment, anxiety-like behavior was increased in 

the IRR group (mean = 0.714; 95% CI: 0.635 – 0.793) compared to control group (mean = 

0.571; 95% CI: 0.491 – 0.652; P = 0.058), but to a lesser extent when compared to the EV 

treated groups (EV IC: mean = 0.649; 95% CI: 0.526 – 0.771; EV RO: mean = 0.676; 95% CI: 

0.610 – 0.742) (Figure 1.2 B).  As a second, parallel measure of anxiety-like behavior, mice 

were also subjected to the LDB exploration test.  As with the EPM, the LDB test measures an 

animal’s unconditioned response, where an anxious mouse will spend more time in the dark 

compartment of the arena than in the light compartment, and less time moving freely 

between the two compartments.  At neither five weeks nor six months were significant 

overall group effects observed (see Appendix B). 
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Figure 1.2 EV-treated mice exhibit decreased anxiety at five weeks and six months 

post irradiation. Following the open field testing at each time point, the EPM test for 

anxiety-like behavior was administered to all four groups of mice.  Anxiety was calculated 

using the anxiety index [1 - ((Ratio of Time Spent in Open Arms + Ratio of Entries into Open 

Arm) / 2)] and plotted for all four groups for the five-week (A) and six-month (B) post-

irradiation cohorts.  All data are presented as mean ± SEM (N=10-14 mice per group). P 

values are derived from one-way ANOVA and Dunnett’s test for multiple comparisons (all 

other groups compared to IRR group). 

 

For our final behavioral assessment, mice were subjected to a hippocampal-dependent fear 

conditioning (FC) and fear extinction (FE) task.  During the conditioning phase of the task, 

all of the groups learned to associate the tone (conditioned stimulus) to the subsequent foot 

shock (unconditioned stimulus) as measured by freezing behavior (i.e. not moving) (Figure 

1.3; T1-T3).  For the five-week cohort, the mean level of freezing at T3 was over 40% for all 

groups and no significant differences were found between groups.  Similarly, the five-week 

cohort exhibited no significant differences between groups during the subsequent three-day 

extinction training period, as measured by a gradual decrease in the percent time spent 

freezing (Figure 1.3 A).  On the final extinction test day, however, there was a trend for a 

higher level of freezing in the IRR group (mean = 15.0%; 95% CI: -1.04% – 31.0%) compared 

to the control (mean = 8.63%; 95% CI: -2.33% – 19.6%) and the EV treated groups (EV IC: 

mean = 6.59%; 95% CI: 0.389% – 12.8%; EV RO: mean = 10.2%; 95% CI: 1.51% – 18.9%), 

A B 
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although this did not reach statistical significance (Figure 1.3 B).  At the six-month time 

point, all groups were subjected to the same testing paradigms and were found to be 

conditioned to a level of freezing of 30% at T3.  At this later time, neither the extinction 

training sessions (Figure 1.3 C) nor final extinction test (Figure 1.3 D) showed any 

significant differences among cohorts. 
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Figure 1.3 Fear extinction training.  Cranial irradiation compromised FE memory function, 

though not significantly, in the five-week cohort.  All mice in the five week and 6 month 

cohorts showed elevated freezing following a series of 3 tone-shock pairings (0.6 mA, T1 -

T3; A,B).  Subsequently, 24 hour later, FE training was administered every 24-hour (20 

tones) for 3 days where all mice showed a gradual decrease in the freezing behavior (Day 1-

3, A,C). Twenty-four hours after FE training, control and EV-treated mice showed abolished 

fear memory compared to irradiated mice from the five-week cohort (B). No effect of 

irradiation or EV treatment was observed in the six-month cohort on the FE test (D).  Data 

are presented as Mean ± SEM (N=10 per group). P values for the extinction training are 

derived from two-way ANOVA and Bonferroni’s test for multiple comparisons.  P values for 

the extinction test are derived from one-way ANOVA and Dunnett’s test for multiple 

comparisons (all other groups compared to the IRR group). 

 

  

C 
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EV Tracking 

PKH26-labeled red fluorescent EV were used to determine whether EV migrate to similar 

regions of the brain following distinct administration routes (Figure 1.4).  In the 

intracranially transplanted mice, EV were found in the dentate gyrus (DG) and CA1 regions 

of the hippocampus relative to the dorsal transplantation sites (Figure 1.4 A,C).  In the brain 

of the RO injected mice, fluorescent EV were also present in the DG and CA1 regions (Figure 

1.4 B,D).  While other regions of the brain were not analyzed in detail, there were no obvious 

differences in the intrahippocampal distribution of EV delivered by either route. 
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Figure 1.4 Stem cell-derived EV tracked to the host hippocampus 48 hours following 

both retro-orbital and intra-hippocampal injections. hNSC-derived EV labeled with 

PKH26 were transplanted using stereotactic intrahippocampal or retro-orbital 

injections.  The brain tissues were fixed at 48 hours post-surgery and sections imaged using 

confocal microscopy.  Analysis suggests that intracranially injected EV (A, C) and retro-

orbitally injected EV (B, D) are similarly effective in targeting the DG (A, B) and CA1 (C, D) 

regions of hippocampus.  EV (red), DAPI nuclear counterstain (blue). (A, C) scale bars = 40 

µm, (C, D) scale bars = 30 µm 
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Immunohistochemical Staining 

Following behavior testing we evaluated CD68, a marker for activated microglia to assess 

the impact of EV treatments on neuroinflammation (Figure 1.5).  The number of CD68 

positive cells for the IRR group, as quantified by fluorescent volume (mean = 2.68 × 104 µm3; 

95% CI: 1.63 × 104 – 3.74 × 104 µm3) was significantly greater than that of the control group 

(mean = 1.68 × 104; 95% CI: 1.43 × 104 – 1.93 × 104 µm3) and the EV IC group (mean = 1.72 

× 104; 95% CI: 1.48 × 104 – 1.96 × 104 µm3), with P-values of 0.034 and 0.048, respectively 

(Figure 1.5 E).  For the EV-treated RO group, there was a trend towards reduced CD68 levels 

(1.76 × 104 µm3; 95% CI: 1.42 × 104 – 2.10 × 104 µm3; P = 0.061) (Figure 1.5 E).  The other 

hippocampal regions and time points showed similar trends for a higher volume of staining 

in the IRR group than the control and EV-treated groups (Figure 1.5 F-H). 

Post-synaptic density protein 95 (PSD-95) is an excitatory-associated synaptic protein 

responsible for recruiting receptors and other proteins to the synaptic cleft.  Changes in 

protein levels of PSD-95 have been shown following irradiation in a manner that may disrupt 

neurotransmission and contribute to cognitive dysfunction.  However evaluation of PSD-95 

protein levels at five weeks and six months post-irradiation revealed no significant radiation 

effects (see Appendix D). 
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Figure 1.5 Stem cell-derived EV treatment reduces neuroinflammation in the 

hippocampus following irradiation.  Representative images of CD68+ activated microglia 

immunohistochemistry are shown from the dentate gyrus (DG) region of the hippocampus 

in all four groups for the five-week behavioral testing cohort.  Relative to controls (A) the DG 

A Cont Sham IRR Sham B 

C D IRR+EV (IC) IRR+EV (RO) 

DG Region – 5 weeks 

DG Region – 6 months 

CA1 Region – 5 weeks 

CA1 Region – 6 months 

E F 

G H 
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region of the hippocampus from irradiated mice show elevated CD68 (B). EV treatment 

reduces CD68 levels in the irradiated brain (C and D), intracranial and retro-orbital, 

respectively).  Aggregate data from image processing with Imaris shows an increased 

volume of staining in the irradiated group compared to the control and EV-treated groups in 

the DG region in both the five-week (E) and six-month (G) cohorts.  The same analysis 

showed similar trends in the CA1 region of the hippocampus in both the five-week (F) and 

six-month (H) cohorts.  All data are presented as mean ± SEM (N = 4-6 mice per group). # P 

= 0.061, * P < 0.05, **** P < 0.0001; P values are derived from ANOVA and Dunnett’s multiple 

comparisons test (all other groups compared to IRR group).  CD68, red; DAPI nuclear 

counterstain, blue.  Scale bars = 30 µm. 
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Discussion 

Here we describe the neuroprotective benefits of stem cell-derived EV for resolving 

complications typically associated with the radiotherapeutic management of brain 

cancer.  Collectively, the data showed the hNSC-derived EV were equally able to localize to 

the brain via local (IC) or systemic (RO) routes of administration.  These results confirmed 

prior studies suggesting that EV could cross the BBB and interact with specific cellular 

subtypes in the brain [50, 51, 100].  This outcome obviates the need for more complicated 

and risky intracranial surgical procedures. Further and irrespective of their route of 

administration, EV exerted considerable therapeutic effect, where they significantly 

ameliorated RICD in wild-type mice and reduced neuroinflammation to control levels. 

Intracranial tracking of fluorescent EV revealed no obvious differences in distribution, which 

was widespread throughout the hippocampal subfields (Figure 1.4).  The relatively larger 

fluorescent spots that we detected are likely EV aggregates surrounding target cells rather 

than individual EV 48 hours after injection, a time at which the majority of fusion events 

would likely have already occurred.  To the extent that this is the case, we posit that EV 

aggregates may be more difficult to absorb and/or translocate across cellular membranes.  

Additional studies are required to determine optimal dosing, and whether molecular 

modifications could be undertaken to target EV to specific cell types for select phenotypic 

modulation. 

The cognitive testing data clearly support the hypothesis that EV treatment following IRR 

mitigates RICD in wild-type mice.  Importantly, both injection paradigms were shown to 

have equivalent beneficial effects for nearly all endpoints, suggesting the potential to 

eliminate more invasive and time-intensive stereotactic approaches for administering 
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EV.  Another significant finding of this study was that EV treatment mitigated 

neuroinflammation following cranial irradiation in wild-type animals.  Thus, these studies 

lay the groundwork for further translational work in rodents and other preclinical models 

using EV as a therapeutic strategy for ameliorating normal tissue complications after 

irradiation in any target organ system, possibly without the need for targeted delivery or 

immunosuppression. 

Another important finding was that the neuroprotective benefits of the current EV treatment 

paradigm were achieved using either route of administration and just a single EV 

dose.  While repeated treatments were not required to ameliorate certain radiation induced 

behavioral decrements in these mice, additional treatments may have improved 

performance on the other tasks (e.g. TO, EPM, FE) especially at the later times.  While 

multiple, systemic injections of EV would be relatively simple and straightforward, the 

behavioral data both at five weeks and six months post-irradiation suggest that a single dose 

is sufficient to maintain long term intact hippocampal, perirhinal cortex, and mPFC function.   

While spatial and episodic memory seemed to be significantly impacted by cranial 

irradiation, effects were less robust for anxiety and extinction memory.  Interestingly, the 6-

month cohort showed radiation-induced anxiety-like behavior, suggesting a longer latency 

for this particular behavioral decrement to manifest.  During fear extinction testing, the early 

extinction training also exhibited trends towards impaired extinction memory following 

irradiation, suggesting the need for additional EV dosing.  While results are promising, it 

seems unreasonable to expect that a single EV treatment would be capable of resolving all 

neurocognitive complications following whole brain irradiation, pointing to the need for 

additional studies to optimize administration route and schedule. 
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While multiple mechanisms are likely responsible for mediating the beneficial effects of EV 

treatments on the irradiated brain, their ability to modulate inflammatory processes 

provides a plausible point of intervention.  Neuroinflammation has been shown to play a 

significant role in progressive neurodegenerative conditions such as Alzheimer's Disease, 

Parkinson's Disease, and multiple sclerosis [116].  Moreover, our group has previously 

shown an increase in activated microglia following irradiation that was abrogated by EV 

treatment [100].  Here we expanded these findings significantly, through the systemic 

administration of EV in wild-type mice.  While the difference between the IRR and EV RO 

groups did not reach significance, these data demonstrate promising trends suggesting the 

ability of EV treatment to reduce radiation-induced microglial activation.  Reduced 

inflammation has been widely shown to be beneficial in several disease states and in aging 

[117], and similar benefits can be attributed to EV in our robust model of RICD. 

 

Based on past and present data, EV show considerable promise for ameliorating many of the 

adverse side effects associated with cranial radiotherapy.  Further work must now define the 

beneficial cargo that elicits the neuroprotective effects, and certain findings point to at least 

one microRNA (miR-124) that has been reported to reduce inflammation in the CNS [118, 

119].  In addition, we have only supplemented the irradiated brain with EV from 

hNSC.  Amelioration of the RICD phenotype might also be more effective with the addition of 

EV from other healthy brain cell types such as mature neurons, astrocytes, and microglia.  A 

suggested model for the induction of and EV-mediated mitigation of RICD is highlighted 

(Figure 1.6). Moving forward it will be necessary to determine more precisely the 

mechanisms of EV-derived normal tissue benefits, particularly for translation to the clinic.   
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Figure 1.6 Model for radiation-induced brain injury and rescue. In the irradiated brain, 

EV from a variety of neural cells are likely to be altered (different cargo) resulting in aberrant 

cell-cell signaling and causing microglia to become activated.  Persistent activation of 

microglia causes neuroinflammation and disruption of neural function that in turn causes 

progressive and debilitating cognitive dysfunction.  By treating with hNSC-derived EV, 

healthy, normal signaling is restored and with it the resting microglia shape and 

phenotype.  This results in reduced neuroinflammation and preservation of neural function, 

which combine to mitigate the onset and progression of RICD. 
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Genes and pathways that are responsive to EV treatment in the irradiated hippocampus are 

currently being investigated to elucidate the relevant mechanism of action.  Once elucidated 

it should be feasible to specifically tailor EV treatment for targeted therapies to virtually any 

afflicted organ system, with the hope of providing a safe, non-invasive, and effective 

treatment for RICD and other radiation-induced normal tissue injuries to improve the quality 

of life for cancer survivors. 
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CHAPTER 2:  EV Study Molecular Analyses and EV Cargo Analysis 

Introduction 

EV-mediated mitigation of RICD in wild-type animals and using retro-orbital delivery 

represents a valuable contribution to the field, but without a mechanistic understanding of 

the phenomenon, the impact is blunted.  Understanding the mechanism responsible for any 

drug or treatment in an animal model is necessary because translation to human patients is 

complicated and treatments may not work directly.  In these cases, understanding of the 

underlying mechanism – the stepwise cause and effect – can allow for effective translation 

of mechanistic insight to human patients, even if the exact therapy does not translate [120].  

Mechanistic understanding of a disease state or therapy can also be used to develop new, 

more targeted therapies based on the directly treating the underlying issue rather than just 

the symptom. 

When investigating mechanism, a common strategy is to compare the gene expression 

profiles in healthy and disease states, and with and without treatment.  One technique that 

can be useful for determining expression changes over tens of thousands of genes in 

response to an exposure or treatment is RNA sequencing (RNA-seq).  Most commonly, RNA-

seq leverages the massively parallel sequencing power of Illumina platforms in order to 

determine the abundance of all mRNA transcripts in a sample.  Following quality control and 

read trimming, reads are mapped to a reference genome and then the quantity of reads for 

each transcript is calculated [121].  Count files are then used as input for differential 

expression analyses.  Following this cumulative bioinformatic analysis, the output is 

differential gene expression tables and normalized expression tables (normalized 

expression for all samples at every gene).  These outputs are commonly changed into 
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graphical outputs including principle component analysis (PCA) plots and hierarchical 

clustering plots (by sample, by gene, or both).  Another useful analysis with RNA-seq data 

involves gene ontology (GO) classification.  GO groups genes into categories based on 

biological process, molecular function, and cellular compartment.  Essentially, GO 

enrichment analysis determines whether the genes that are differentially expressed are 

enriched (overrepresented) in specific GO terms [122].  Such an analysis can give evidence 

of processes or pathways that are being altered even when the genes involved do not appear 

at or near the top of any of the differentially expressed gene lists. 

EV are composed of lipids, proteins, mRNAs, miRNAs, and in some cases small organelles.  Of 

the components of the EV, miRNA is arguably the bioactive component responsible for 

changes in the recipient cell.  miRNA are small (20-25 base pair) single-stranded RNAs that 

can – in association with RISC – cause silencing of genes that either have exact or very close 

sequence homology in their 3’ UTR [72].  The ability of EV-originated miRNAs to cause 

changes in mRNA or protein levels in recipient cells has been demonstrated in vitro and in 

vivo [123, 124].  One technique that can be used to determine which miRNA are present in a 

sample is miRNA microarray.  A microarray uses a microfluidics chip with probes matching 

specific sequences to determine which target sequences are contained in the sample.  Usually 

a chip will contain a probe set that corresponds to a specified focus – such as common human 

breast cancer genes.  In the case of miRNA microarray, the focus would be a known set of 

miRNAs.  Sensitivity can be an issue though, so qPCR confirmation of identified targets is 

necessary when using microarray technologies. 

The promise of sequencing technologies lies not only in the ability to sequence many samples 

and targets simultaneously, but also in the ability to integrate multiple types of data and use 
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bioinformatic tools to narrow down candidate genes, functions, and pathways.  By combining 

RNA-seq and miRNA microarray, it should be possible to link expression changes with 

specific miRNAs.  Even if a specific miRNA’s targets are not enriched in the list of 

differentially expressed genes, it is possible just a few specific targets or a related pathway 

could match known miRNA targets and functions.  In the present study, we performed RNA-

seq using RNA from whole hippocampal tissue from the EV study.  Meanwhile, we also 

isolated miRNA from the same hNSC-derived EV used in the study for miRNA microarray.  

The RNA-seq results revealed inflammatory processes were an important factor in both 

development of RICD and EV-mediated mitigation of the condition.  The miRNA microarray 

yielded a large number of miRNAs that were detected above background levels in the 

therapeutic EV.  By integrating and analyzing the two data sets, we identified a high 

confidence miRNA target – miR-124.  
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RNA Sequencing 

Total RNA samples from the hippocampi of the five-week behavioral testing cohort of the 

large EV study were sent to the UC Irvine High-Throughput Sequencing Core Facility for 

stranded mRNA sequencing.  Six samples were sent from each group for a total of 24 samples.  

Based on the bioinformatic analysis, the data are as follows.  Principal components analysis 

(PCA) plot failed to separate the treatment groups into distinct clusters (Figure 2.1).    

Figure 2.1 Principal Component Analysis (PCA) is not able to separate experimental 

groups. PCA was performed on the whole gene expression matrix for all samples.  Samples 

are represented by dots color-coded by experimental group and plotted in two dimensions 

using the first two principal components (PC1 and PC2). 

 

Similarly, unsupervised hierarchical clustering failed to separate the control, IRR, and EV 

treated groups into distinct clusters (Figure 2.2). 
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Figure 2.2 Hierarchical Clustering shows little similarity between samples of each 

experimental group. Unsupervised hierarchical clustering of the samples based on the 

whole gene expression matrix shows little similarity between samples of each treatment 

group. 

 

Therefore, the differential gene expression data were used to determine whether there were 

any enriched pathways or gene ontology (GO) terms matching the changes in expression.  
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Using the clusterProfiler R package, we were able to see enrichment of different GO terms 

and visualize them – separated by each different comparison (Control vs IRR, EV treated vs 

IRR, and Control vs EV treated; Figure 2.3). 
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Figure 2.3 Gene Ontology enrichment suggests that inflammatory processes may be 

important factors in RICD. Differential gene expression for each comparison was 

accomplished using EdgeR.  EdgeR data was imported into RStudio.  Genes were then sorted 

by the log2 fold changes (log2FC).  This gene list was filtered for genes with log2FC > 0.5 (or 

< -0.5) – indicating at least a 1.4-fold change. Using the clusterProfiler R package and 

dependencies, GO enrichment terms and P values were identified and calculated based on 

the enrichment measured against all expressed genes.  The first panel (A) shows enriched 

GO biological process categories for Control vs IRR DEGs.  The x-axis is the number of genes 

enriched in the category and the color and order (from top to bottom) is determined by 

adjusted P value of enrichment.  Panels B and C show the same graphic for EV-treated vs IRR 

and Control vs EV-Treated, respectively. 

 

Despite the lack of clear differences in the top-level analysis, it can also be instructive to look 

at the top differentially expressed genes in each comparison, as well.  The differences were 

subtle, and most did not rise to the level of significance (P < 0.05) when adjusting for false 

discovery rate (FDR).  With these caveats in mind, the top gene lists were evaluated to coax 

more useful information out of this noisy data set (Tables 2.1 – 2.3, below).  The Csf1r gene 

(CSF-1 receptor) expression is elevated in both control and EV-treated groups compared to 

the IRR group.  However, there is a significant difference between the control and EV-treated 

groups too such that expression is highest in the control group, significantly lower in the EV 

treated groups, and finally lowest in the IRR group.  Cdkn1a (Cyclin dependent kinase 

inhibitor 1A – a p53 target and cell-cycle repressor), on the other hand, is expressed most 

highly in the IRR group, significantly lower in the EV-treated groups, and lowest in the 

control group.  Other genes that are upregulated significantly in both the control and EV-

treated groups compared to the IRR group are Ctss (Cathepsin S), Hexb (Hexosaminidase 

Subunit Beta), Lag3 (Lymphocyte Activation Gene 3), Samnsn1 (SAM domain, SH3 domain 

and nuclear localization signals 1), and Siglech (sialic acid binding Ig-like lectin H), none of 

which were significantly different (unadjusted P value) between the control and EV-treated 

groups. 
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Gene logFC logCPM F PValue FDR 

Csf1r 0.867 6.85 106.90 1.30E-08 0.000 

Cdkn1a -0.975 3.78 53.64 1.44E-06 0.010 

Selplg 0.572 5.37 47.68 3.03E-06 0.014 

Ctss 0.559 6.46 35.85 1.68E-05 0.060 

Lag3 0.942 2.84 23.55 0.0002 0.465 

C4b -0.532 6.53 20.74 0.0003 0.618 

Samsn1 1.092 0.62 20.21 0.0003 0.618 

Dpysl2 -0.344 8.05 20.17 0.0003 0.618 

Crybb1 0.760 2.39 17.99 0.0006 0.811 

Arhgap45 0.502 3.09 17.97 0.0006 0.811 

Ggta1 -0.554 2.66 16.84 0.0008 0.811 

Cyth4 0.360 4.50 16.02 0.0010 0.811 

Unc5d -0.436 4.83 15.92 0.0010 0.811 

Vegfd -0.886 1.66 15.92 0.0010 0.811 

Cybb -1.979 0.99 15.70 0.0012 0.811 

Itgam 0.388 4.84 15.07 0.0013 0.811 

Hexb 0.358 6.95 14.70 0.0014 0.811 

Adcyap1r1 -0.221 8.01 14.60 0.0014 0.811 

Lyz2 -1.386 4.35 16.42 0.0016 0.811 

Zmat3 -0.285 6.68 13.96 0.0017 0.811 

Tmem255a -0.477 5.23 13.95 0.0018 0.811 

Fgd2 0.609 2.48 13.86 0.0018 0.811 

Hpgds 0.642 2.55 13.79 0.0018 0.811 

Nfib -0.286 7.17 13.67 0.0019 0.811 

Ednrb -0.266 5.62 13.54 0.0019 0.811 

Gfra1 -0.276 5.92 13.52 0.0020 0.811 

Pbx1 -0.240 7.46 13.37 0.0020 0.811 

Siglech 0.559 4.04 13.24 0.0021 0.811 

Ccl9 1.056 0.99 13.21 0.0021 0.811 

Trp53inp1 -0.505 3.73 13.20 0.0022 0.811 

 

Table 2.1 Top 30 differentially expressed genes in the control group compared to the 

IRR group.  Data shown is the annotated EdgeR comparison output table.  Columns shown 

are gene (gene name), logFC (log2 fold-change), logCPM (log counts per million, a measure 

of expression level), F (F statistic), P value, and FDR (false discovery rate, adjusted p-value). 
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Gene logFC logCPM F PValue FDR 

Cdkn1a -0.632 3.797 19.844 0.000 0.997 

Samsn1 1.024 0.688 17.272 0.000 0.997 

Slc22a18 -1.611 -0.101 16.444 0.000 0.997 

Eif3j1 -0.325 3.453 15.241 0.001 0.997 

Cip2a 0.746 1.346 15.000 0.001 0.997 

Bfsp2 -0.499 3.193 13.776 0.001 0.997 

Csf1r 0.451 6.645 13.960 0.001 0.997 

Hexb 0.280 6.939 13.183 0.001 0.997 

Ctss 0.362 6.384 12.624 0.002 0.997 

Arhgap4 0.616 1.699 12.281 0.002 0.997 

Ypel4 0.253 4.707 12.212 0.002 0.997 

Pkib 0.382 3.098 12.197 0.002 0.997 

L2hgdh -0.245 4.248 11.651 0.002 0.997 

Kctd14 -0.488 2.003 11.533 0.002 0.997 

Chgb 0.274 9.533 11.355 0.003 0.997 

Gmppa 0.221 4.808 11.206 0.003 0.997 

Pnisr 0.191 6.510 11.063 0.003 0.997 

Tll1 -0.480 1.911 10.971 0.003 0.997 

Pole 0.751 0.932 10.785 0.003 0.997 

Fhl2 0.262 4.803 10.614 0.003 0.997 

Rab39 -0.736 0.878 10.584 0.003 0.997 

Dusp11 0.205 5.181 10.584 0.003 0.997 

Stab1 -0.410 4.329 10.587 0.004 0.997 

Lag3 0.763 2.824 10.686 0.004 0.997 

Apbb1ip 0.326 2.839 10.312 0.004 0.997 

Fyb2 0.568 1.872 10.182 0.004 0.997 

Prss36 0.455 2.978 10.121 0.004 0.997 

Zfp647 0.508 2.133 9.971 0.004 0.997 

Siglech 0.377 3.983 9.959 0.004 0.997 

Slc2a5 0.444 2.895 9.861 0.005 0.997 

 

Table 2.2 Top 30 differentially expressed genes in the EV-treated groups compared to 

the IRR group.  Data shown is the annotated EdgeR comparison output table.  Columns 

shown are gene (gene name), logFC (log2 fold-change), logCPM (log counts per million, a 

measure of expression level), F (F statistic), P value, and FDR (false discovery rate, adjusted 

p-value). 
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Gene logFC logCPM F PValue FDR 

Sbk3 -1.208 0.374 23.693 6.79E-05 0.8393 

Fbxl7 -0.714 1.823 16.292 0.001 0.8393 

Cyr61 -0.592 2.087 14.923 0.001 0.8393 

Csf1r 0.416 6.950 14.942 0.001 0.8393 

Aifm1 0.279 4.877 14.243 0.001 0.8393 

Nefh 0.245 6.376 13.713 0.001 0.8393 

Cd93 -0.522 2.632 13.425 0.001 0.8393 

Uchl4 0.453 2.645 13.361 0.001 0.8393 

Ogfrl1 -0.290 7.534 13.269 0.001 0.8393 

Rorb -0.344 4.511 12.721 0.002 0.8393 

Hbb-b1 1.618 0.770 12.992 0.002 0.8393 

Prune2 -0.241 6.277 12.119 0.002 0.8393 

Adgrl4 -0.467 3.600 12.033 0.002 0.8393 

Cd163 1.144 -0.140 11.908 0.002 0.8393 

Aqp4 -0.325 7.379 11.899 0.002 0.8393 

Fos -0.618 3.419 11.813 0.002 0.8393 

Cdh9 -0.388 5.136 11.697 0.002 0.8393 

Cxcl10 -1.936 0.168 11.795 0.002 0.8393 

Pomc 1.178 0.722 11.683 0.002 0.8393 

Ccl12 -1.595 -0.246 11.339 0.003 0.8393 

Mylk -0.347 4.109 10.970 0.003 0.8393 

Ccrl2 -1.180 -0.235 10.881 0.003 0.8393 

Morf4l1b 0.710 1.095 10.851 0.003 0.8393 

Tnnt1 1.726 1.154 11.232 0.003 0.8393 

Itpka 0.253 7.965 10.557 0.004 0.8393 

Esrrb 0.769 1.241 10.493 0.004 0.8393 

Ednrb -0.274 5.649 10.474 0.004 0.8393 

Cacna1d -0.216 5.223 10.449 0.004 0.8393 

Myl6b 0.316 3.928 10.260 0.004 0.8393 

Wtip 0.454 2.331 10.229 0.004 0.8393 

 

Table 2.3 Top 30 differentially expressed genes in the control group compared to the 

EV-treated groups.  Data shown is the annotated EdgeR comparison output table.  Columns 

shown are gene (gene name), logFC (log2 fold-change), logCPM (log counts per million, a 

measure of expression level), F (F statistic), P value, and FDR (false discovery rate, adjusted 

p-value). 
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In order to confirm the RNA-seq results the observations were validated by RT-qPCR using the 

same total RNA as input.  The ΔΔCt method was used to determine differential gene 

expression based on a reference gene, in this case the mouse beta actin (Actb) gene.  The 

results are shown in Figure 2.4.  There was a significant group effect for Csf1r gene 

expression (Figure 2.4 A; F(3,19) = 6.46; P = 0.0034) where the relative expression of the gene 

in the IRR group (mean = 0.652; 95% CI: 0.575 – 0.729) was significantly (P = 0.0018) lower 

than the control reference group (mean = 1.02; 95% CI: 0.787 – 1.26).  Gene expression in 

the EV-treated groups was also significantly lower (EVIC: mean = 0.716; 95% CI: 0.582 – 

0.850; P = 0.0085; EVRO: mean = 0.751; 95% CI: 0.548 – 0.955; P = 0.0271) than the control 

reference group, but expression was higher than it was for the IRR group.  The Cebpa gene 

(Figure 2.4 B) showed very little difference in expression between all of the groups, but was 

consistent with the RNA-seq data.  Finally, for Lyz2 gene expression (Figure 2.4 C) there was 

a significant group effect (F(3,19) = 5.67; P = 0.0060).  As with the RNA-seq data, a large 

increase in expression was seen in the IRR group (mean = 3.05; 95% CI: 1.28 – 4.82; P = 

0.0079) compared to the control reference group (mean = 1.10; 95% CI: 0.564 – 1.64) and 

the EV-treated groups (EVIC: mean = 1.47, 95% CI: 0.727 – 2.21; EVRO: mean = 0.901; 95% 

CI: 0.471 – 1.33). 

 

 

 

 

 

 

 

 

 

 

 

 



50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Confirmation of select DEGs from RNA-seq.  Total RNA extracted from whole 

hippocampus was reverse transcribed into cDNA and used for qPCR. qPCR results were 

analyzed, and Ct values were calculated in the StepOne™ Software v2.3. The ΔΔCt method 

was used to calculate relative expression. The reference gene was Actb and the reference 

group was the Control Sham group. The genes shown are Csf1r (A), Cebpa (B), and Lyz2 (C). 

All data are presented as mean ± SEM (N = 6 samples per group, plated in duplicates). * P < 

0.05 ** P < 0.01; P values are derived from ANOVA and Dunnett’s multiple comparisons test 

(all other groups compared to the Control Sham reference group).  

A 

C 

B 
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EV Cargo Analysis 

miRNA array was run in collaboration with Dr. Michael Story at University of Texas 

Southwestern Medical Center in Dallas.  The group provided several documents as well as a 

few candidate miRNAs with which to start.  These two candidates were miR-149-3p and miR-

423-5p.  TaqMan® Advanced miRNA Assays were ordered and run for both of these two 

candidates.  Of the two of them, only the miR-423-5p was detected by RT-qPCR (miR qPCR 

data is contained in Appendix G).  In parallel, we started investigating the lists that were 

provided as part of the complete miRNA array analysis. The list that included miRNAs that 

were detected with a level of statistical significance that factored in both magnitude of 

enrichment and agreement between replicates included 79 miRNAs in total.  Using mirPath 

v3 software [125], we determined enriched pathways (KEGG; [126]) and GO terms based on 

either predicted (micro-T-CDS) or known (Tarbase) gene targets of these miRNAs.  Several 

pathways and GO terms were found that were of interest given the phenotype of cognitive 

improvement post-irradiation with EV treatment from the previous rat study [100].  Initial 

miRNA “hits” for the genes and pathways of interest, including miR-7-2-3p, miR-498, and 

miR-548at-5p were not detected using the RT-qPCR method.  Following this result, we 

applied an alternative approach – searching relevant literature for miRNAs important for 

certain aspects of learning, memory, neurogenesis, neurotransmission, synaptogenesis, etc.  

While these literature-derived miRNAs did not show up on the statistically generated list of 

79 miRNAs, they were present on the raw list of averaged probes AND they were more 

abundant than all negative controls, in some cases significantly more so.  It is likely that the 

coefficient of variation (%CV) was greater than 15% for the duplicate measurements, which 

is why they were excluded.  This new list of target miRNAs included miR-134-3p, miR-125b-
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5p, miR-124-3p, and miR-125a-5p.  Of these targets, all miRNAs except miR-134-3p were 

detected providing four candidate miRNA follow up studies. 
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Discussion 

In this chapter we were able to partially address the question of mechanism of EV-mediated 

mitigation of RICD.  RNA-seq and a thorough bioinformatic analysis of the sequencing data 

were performed.  The sequencing results were confirmed using RT-qPCR on the same total 

RNA samples.  Last, samples were sent to a collaborator for a miRNA microarray to 

determine candidate miRNAs that were present in the EVs and that might be able to mitigate 

RICD in wild-type mice.  These results were also confirmed by qPCR.  By piecing together 

conclusions from the microarray data and combining it with the RNA-seq data, we were able 

to determine a strong miRNA candidate (miR-124). 

 

There was a lot of noise in the RNA-seq data set which resulted in experimental groups not 

clustering together and few significant DEGs when using the FDR-adjusted P value cutoff.  

The most likely explanation is that whole hippocampal tissue was used, without any cell 

sorting.  Consequently, each sample contained multiple cell populations (neurons, 

astrocytes, glia, and endothelial cells) with their own unique expression patterns and most 

likely a different response to radiation and/or treatment.  All of these signals average out 

and blend together in sequencing such that only the strongest signals and therefore 

differences are detectable.  Ideally, we would have sorted the cell populations and been able 

to sequence multiple distinct cell types per tissue. 

 

Despite the limitations, we were able to identify some significant DEGs.  A few of these were 

confirmed using qPCR.  Of the DEGs, some may warrant further study.  The Csf1r gene is an 

interesting case.  In our lab it was shown that depletion of microglia via Csf1r inhibition was 



54 

 

able to ameliorate RICD in mice [127].  Meanwhile, in these RNA-seq data, the IRR group had 

significantly lower expression than the EV-treated samples, which, in turn, were significantly 

lower than the control group.  It is possible that expression profiles of Csf1r were different 

in the short term – immediately following cranial irradiation and treatment – compared to 

these profiles 9-10 weeks post-irradiation (when tissues were extracted following the 

behavioral testing).  It is important to consider that full inhibition of the receptor and 

microglial depletion is different than marked, albeit statistically significant, change in 

expression of a gene across whole hippocampal tissue.  Cdnk1a is a cell-cycle inhibitor that 

is involved in p53-mediated DNA damage response, so increased expression following 

radiation is well characterized [128].  Crucially, it does appear as though there is some 

mitigation of this effect in the EV-treated group.  Finally, Samsn1 gene expression is 

upregulated in B cell activation [129] and expressed more highly in the control and EV-

treated groups compared to the IRR group.  It is more highly expressed in microglia and 

endothelial cell populations within the brain [130].  The connection to the immune response 

could merit further study. 

 

Perhaps the most important takeaway from the RNA-seq results was the GO term 

enrichment set for each comparison based on the whole collection of DEGs.  The top term 

enriched for both the control vs IRR comparison and the EV-treated vs IRR comparison was 

“Inflammatory Response”.  This again points to neuroinflammation being a key player in the 

etiology of RICD.  While this term was at the top of both of those lists, the top term when 

comparing the control group to the EV-treated group was “Angiogenesis”, with lots of 

development terms below that and “Inflammatory Response” much lower down.  This result 
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could also provide some insight into the mechanism of action for the hNSC-derived EV.  It is 

possible that EV could mitigate RICD by providing trophic support to the vasculature post-

IRR. 

 

Finally, there was the miRNA microarray data from total RNA derived from the hNSC-derived 

EV.  The validated targets miR-125b-5p, miR-124-3p, and miR-125a-5p have a significant 

amount of literature confirming functions within the healthy brain.  miR-125b-5p promotes 

long thin spines similar to those seen in immature neurons [131], perhaps necessary for 

early stages of neurogenesis.  miR-125a-5p is highly enriched in dendrites, associated with 

RNA-induced silencing complex machinery, and involved in regulation of PSD-95 translation 

after excitation of mGluRs [75].  miR-124-3p promotes neuronal system specificity in cells 

and maturation of progenitor cells to neurons [73].  Moreover, it had been previously 

observed [119] that miR-124 can modulate microglia state from an M1 (inflammatory) to 

M2 (anti-inflammatory) phenotype.  Also, miR-124-laden mesenchymal stem cell-derived EV 

were able to mitigate neuroinflammation and cognitive dysfunction in an ischemic brain 

injury paradigm [86].  Together these data suggest that miR-124 could be a key functional 

component of the hNSC-derived EV cargo responsible for mitigation of RICD. 
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CHAPTER 4:  miR-124 Overexpression Study 

Introduction 

Having identified miR-124 as likely functional bioactive cargo of hNSC-derived EV, it is 

necessary to determine whether it is functionally relevant for mitigation of RICD in the 

mouse model.  Generally, the strategy for this is to induce either overexpression, depletion, 

or both (separately) in order to see how it affects functional endpoints, target gene 

expression, and protein concentrations.  miRNA depletion using a either an antagomir or 

“sponge”-type experiment would not be ideal in this case because miR-124 expression is 

naturally high in brain tissue [132].  Therefore, an overexpression strategy will be more 

informative in this model. 

A common method for inducing overexpression of genes or miRNAs in a target tissue is by 

using recombinant adeno-associated viruses (AAV).  AAV are able to infect host cells and 

form circular double-stranded DNA concatemers in the nucleus that express the desired gene 

or miRNA (transgene).  A high-activity promoter such as CMV is used to drive overexpression 

of the transgene – which usually includes a reporter gene such as GFP.  AAV have been shown 

to deliver transgene without toxicity.  Integration of viral concatemers into the host genome 

is rare.  AAV have been shown to be a safe and effective method for gene therapy [133]. 

miR-124 is highly conserved and highly expressed in brain tissue and has known roles in 

neuronal development, microglial states, neuroinflammation, and neurodegenerative 

disease.  It was shown to promote neuron-specific differentiation via repression of PTBP1, 

causing brain-specific splicing of pre-mRNA [73].  Not only is it required for specification of 

neuronal differentiation, but it is also essential for hippocampal axogenesis through 

suppression of Lhx2 [134].  miR-124 has also been directly linked to long-term synaptic 
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plasticity in Aplysia via regulation of CREB [135].  Importantly for the RICD model, miR-124 

has been shown to deactivate microglia via the C/EBP-α-PU.1 pathway in both models of 

experimental autoimmune encephalomyelitis [136] and of intracerebral hemorrhage [119].  

Finally, EV containing miR-124 have been shown to inhibit neuroinflammation and increase 

hippocampal neurogenesis [86] or increase neurite outgrowth [118] in models of TBI. 

In this study we used stereotactic intrahippocampal injections with recombinant AAV9 

particles driving overexpression either miR-124 or miR-scramble (control) to treat both 

irradiated (9 Gy cranial) and unirradiated (0 Gy controls) five-month-old wild-type mice at 

the same time as EV treatment was given (two days post-IRR).  Following behavioral testing 

at five weeks post-IRR, tissues were collected and analyzed.  CD68 staining was used to 

determine microglial activation in PFA-perfused tissue sections and specific target 

expression analysis on flash-frozen hippocampal tissue was performed using qPCR.  Here we 

show that miR-124 overexpression was able to mitigate RICD as shown by functional 

improvement in behavioral testing.  Expression analysis indicated a couple possible 

mechanisms of action: Cepba/PU.1 mediated modulation of microglial activation or reversal 

of p53-related cell cycle arrest and DNA damage response. 
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Cognitive Behavioral Testing Data 

To determine whether hsa-miR-124-3p was sufficient to mitigate RICD in wild-type mice, we 

ordered designed an AAV9 construct to overexpress miR-124.  As with the previous 

experiment, we irradiated the animals with the same dose (9 Gy gamma from 137Cs source, 

~1.2 Gy/min) and 48 hours later we injected with either solution containing the miR-

scramble AAV construct or solution containing the miR-124 AAV construct directly into the 

hippocampus of C57Bl/6J wild-type male mice using stereotaxis and the same coordinates 

as before. 

Again, five weeks post-irradiation animals underwent behavioral testing (Figure 3.1).  The 

mean and 95% confidence interval (CI) of the DI for each group in each task is presented 

below.  For the NPR test, a significant overall group effect was found for the difference in DI 

between the groups (F(3,38) = 2.912; P = 0.0468).  The 9 Gy + miR-Scr group mean was 4.87% 

(95% CI: -10.2% – 19.9%) which was lower than the 0 Gy + miR-124 (mean = 21.5%; 95% 

CI: 11.6% – 31.3%; P = 0.055) and 9 Gy + miR-124 (mean = 16.2%; 95% CI: 7.77% – 24.7%; 

P = 0.265) groups.  There was only a small difference in DI to the 0 Gy + mir-Scr group (mean 

= 5.23%; 95% CI: -4.49% – 14.9%) (Figure 3.1 A).  Similarly, a significant group effect was 

found for the NOR test (F(3,38) = 3.51; P = 0.0244).  The 9 Gy + miR-Scr group had a mean DI 

of 3.03% (95% CI: -11.4% – 17.5%), whereas the 9 Gy + miR-124 group (mean = 28.8%; 95% 

CI: 11.6% – 45.9%; P = 0.0072) had significantly higher mean DI values.  The DI values for 

the 0 Gy groups were also higher, though not significantly so (0 Gy miR-Scr: mean = 16.0%; 

95% CI: 6.57% – 25.4%; P = 0.244; 0 Gy miR-124: mean = 17.6%; 95% CI: 10.3% – 25.0%; P 

= 0.181) (Figure 3.1 B).  The group effect in the case of the TO test was not quite  
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Figure 3.1 miR-124 overexpression in vivo shows functional mitigation of RICD. At five 

weeks post-irradiation, animals were administered spontaneous exploration tasks in the 

following order: NPR (A), NOR (B), then TO (C).  Tendency to explore novelty (novel place or 

object) was calculated using the discrimination index [(novel location exploration time/total 

exploration time) – (familiar location exploration time/total exploration time)] × 100. All 

data are presented as mean ± SEM (N=10-12 mice per group). * P < 0.05, ** P < 0.01; P values 

are derived from one-way ANOVA and Dunnett’s test for multiple comparisons (all other 

groups compared to the 9 Gy + miR-Scr group). 

  

A B 

C 
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significant (F(3,30) = 2.73; P = 0.0615).  In a result similar to the NOR test, the DI for the 9 Gy 

+ miR-Scr group (mean = -1.69%; 95% CI: -22.6% – 19.2%) was significantly lower than the 

9 Gy + miR-124 (mean = 29.4%; 95% CI: 13.6% – 45.2%; P = 0.0474) group and lower than 

both 0 Gy groups (0 Gy + miR-Scr: mean = 18.6%; 95% CI: -0.529% – 37.7%; P = 0.215; 0 Gy 

+ miR-124: mean = 25.9%; 95% CI: 4.07% – 47.8%; P = 0.0724) (Figure 3.1 C).  Total 

explorations times were not found to differ across the experimental cohorts, suggesting that 

treatment-induced locomotor changes did not confound our findings (see Appendix C). 
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Immunohistochemical Staining 

As with the EV cohorts, we followed up behavioral testing with immunohistochemical 

staining for CD68, a marker for activated microglia.  The number of CD68+ microglia as 

quantified by staining volume for minimum 2 sections per animal and 3 animals per group.  

For the DG region of the hippocampus, an overall group effect was observed (F(3,76) = 5.13; P 

= 0.0028).  Surprisingly the staining volume for the 0 Gy + miR-Scr group (mean = 3.03 × 104 

µm3; 95% CI: 2.33 × 104 µm3 – 3.72 × 104 µm3) was significantly higher (P = 0.056) than that 

of the 9 Gy + miR-Scr group (mean = 1.72 × 104 µm3; 95% CI: 1.20 × 104 µm3 – 2.25 × 104 

µm3).  Neither of the miR-124 overexpressing group staining volumes were significantly 

different from the 9 Gy + miR-Scr group, with the 0 Gy + miR-124 group having a greater 

staining volume (mean =  2.46 × 104 µm3; 95% CI: 1.79 × 104 µm3 – 3.12 × 104 µm3) than the 

9 Gy + miR-124 group (mean = 1.65 × 104 µm3; 95% CI: 1.24 × 104 µm3 – 2.06 × 104 µm3) for 

the DG region.  The results were nearly identical for the CD68 Staining in the CA1 region of 

the hippocampus.  Again, a significant group effect was observed (F(3,80) = 5.69, P = 0.0014).  

Both 9 Gy groups (9 Gy + miR-Scr: mean = 1.60 × 104 µm3; 95% CI: 1.08 × 104 µm3 – 2.13 × 

104 µm3; 9 Gy + miR-124: mean = 1.53 × 104 µm3; 95% CI: 1.14 × 104 µm3 – 1.93 × 104 µm3) 

had less staining volume than the both 0 Gy groups (0 Gy + miR-Scr: mean = 2.92 × 104 µm3; 

95% CI: 2.33 × 104 µm3 – 3.52 × 104 µm3; 0 Gy + miR-124: mean = 2.20 × 104 µm3; 95% CI: 

1.54 × 104 µm3 – 2.86 × 104 µm3), with only the 0 Gy + miR-Scr being significantly different 

(P = 0.0025) from the 9 Gy + miR-Scr sample. 
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Figure 3.2 CD68 staining volume decreased in both irradiated groups compared to the 

unirradiated ones.  Aggregate data from CD68 staining image processing with Imaris 

surprisingly shows an increased volume of staining in the 0 Gy groups compared to the 9 Gy 

groups regardless of miR-124 overexpression both in the DG region (A) and the CA1 region 

(B) of the hippocampus.  All data are presented as mean ± SEM (N = 3 mice per group, 2 

sections per mouse). ** P < 0.01; P values are derived from ANOVA and Dunnett’s multiple 

comparisons test (all other groups compared to 9 Gy + mir-Scr group). 

 

  

A 

B 
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Expression Analysis 

Following the postive trend of behavioral testing and the RNA-seq data from the EV study, 

we decided to measure the expression of top DEGs and miR-124 target genes.  Graphs 

showing the expression data can be seen in Figure 3.3 (below).  For the expression analysis 

we started with genes that had the most significant differences in the RNA-seq data, namely 

Csf1r and Cdkn1a.  For the Csf1r qPCR analysis, there was a significant group effect (F(3,19) = 

7.66; P = 0.0015) observed.  Consistent with the EV study, the 9 Gy + miR-Scr group has 

significantly lower relative expression (mean = 0.594; 95% CI: 0.243 – 0.944; P = 0.0064) 

than the 0 Gy + miR-Scr reference group (mean = 1.01; 95% CI: 0.872 – 1.14).  For the miR-

124 overexpression groups, the relative expression of the 9 Gy + miR-124 group was 

significantly lower as well (mean = 0.560; 95% CI: 0.452 – 0.669; P = 0.0034) while the 0 Gy 

+ miR-124 group (mean = 0.955; 95% CI: 0.761 – 1.15) was more similar to the reference.  

For the Cdkn1a gene a significant group effect was also observed (F(3,19) = 3.75; P = 0.0286).  

When factoring for multiple comparisons there were not any significant differences, but 

there are some trends that can be seen.  Relative expression is higher in the 9 Gy + miR-Scr 

group (mean = 1.66; 95% CI: 1.04 – 2.28; P = 0.089) than the reference 0 Gy + miR-Scr group 

(mean = 1.09; 95% CI: 0.543 – 1.63).  In the miR-124 overexpression groups, the 9 Gy + miR-

124 group (mean = 1.25; 95% CI: 0.902 – 1.61) is closer to the reference and the 0 Gy + miR-

124 group (mean = 0.797; 95% CI: 0.679 – 0.916) has the lowest relative expression level.   

Next we looked a few specific target genes for miR-124, Cebpa and downstream Spi1.  While 

neither of these genes had any significant differences in relative expression, there was a clear 

trend that was the same for both.  Compared to the 0 Gy + miR-Scr reference group, the 

expression was increased in the 9 Gy + miR-Scr group.  This effect was lower in the 9 Gy + 
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miR-124 group, which was closer to the reference group.  Finally, the expression was lower 

than the reference group for the 0 Gy + miR-124 group. 

 

Last was the Samsn1 gene, which was expressed more highly in the control and EV-treated 

groups in the previous study.  For this gene a significant group effect (F(3,19) = 4.51; P = 0.015) 

was observed.  As seen with the RNA-seq data, the relative expression of the 9 Gy + miR-Scr 

group (mean = 0.691; 95% CI: 0.452 – 0.930; P = 0.0122) was significantly lower than the 

reference 0 Gy + miR-Scr group (mean = 1.02; 95% CI: 0.782 – 1.26).  The 9 Gy + miR-124 

group (mean = 0.925; 95% CI: 0.814 – 1.04) was closer to the reference group, while the 0 

Gy + miR-124 group (mean = 0.735; 95% CI: 0.635 – 0.836; P = 0.0402) was signifcantly 

lower. 
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Figure 3.3 Select expression profiles of whole hippocampal tissues from wild-type 

mice from the miR-124 overexpression study.  Total RNA extracted from whole 

hippocampus was reverse transcribed into cDNA and used for qPCR. qPCR results were 

analyzed, and Ct values were calculated in the StepOne™ Software v2.3. The ΔΔCt method 

was used to calculate relative expression. The reference gene was Actb and the reference 

group was the 0 Gy + miR-Scr group. All data are presented as mean ± SEM (N = 6 samples 

per group, plated in duplicates). * P < 0.05 ** P < 0.01; P values are derived from ANOVA and 

Dunnett’s multiple comparisons test (all other groups compared to the 0 Gy + miR-Scr 

reference group).   

Csf1r 
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Discussion and Ongoing Research 

In order to elucidate whether miR-124 was important for EV efficacy we used AAV9 to 

overexpress either miR-124 or control miR-scramble in the brains of wild-type C57Bl/6J 

mice two days after either 9 Gy head only irradiation or mock 0 Gy control.  Five weeks post-

irradiation we put the mice through the same battery of cognitive behavioral testing tasks as 

the previous EV study.  Following sacrifice, brains were either micro-dissected and flash-

frozen in liquid nitrogen or PFA perfused.  Tissues were processed to measure specific gene 

expression and neuroinflammation using a marker for activated microglia. 

 

In terms of critical functional cognitive endpoints, miR-124 appears to be sufficient to 

mitigate RICD.  While the results are not as robust as the five-week cohort from the EV study, 

for each test the cohort given 9 Gy + miR-124 outperformed the cohort given 9 Gy + miR-Scr.  

One strong possibility for this difference is that there are multiple beneficial cargo elements 

in EV, and miR-124 is just one such example.  Conversely, it is important to note that maximal 

expression of the transgene is not achieved until two weeks in most tissues using AAV.  

Therefore, instead of receiving the therapy immediately at two days post-IRR, in this 

experiment miR-124 expression would have ramped up over a 1-2 week period post-

injection.  This represents a situation where pre-treatment may be beneficial, so a follow-up 

study into optimal delivery time is necessary.  Overall these data are promising and point 

towards miR-124 as having an active role in EV-mediated mitigation of RICD. 

 

The CD68 staining data represents a departure from what we have come to associate with 

normal radiation response.  Most of the data gathered in our lab up to this point in time [35-
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37, 100], including the data in Chapter 2, points towards neuroinflammation being 1) 

increased in the irradiated brain and 2) detrimental to cognitive endpoints.  While certain 

portions of these data sets need to be repeated, the relative compact morphologic state of 

phagocytic activated microglia may provide a partial explanation.  However, this does not 

explain why there would be an increased volume of staining for the active microglial marker 

in microglia that look ramified in control samples.  The one thing that can be gleaned from 

the data is that the miR-124 does not appear to have an effect on neuroinflammation, despite 

several reports in the literature indicating an opposite conclusion [118, 119, 136]. 

 

Finally, we were able to look at expression of a few of the DEGs from the RNA-seq study, plus 

a few known miR-124 target genes.  This data was extremely instructive as it gave specific 

information about how expression differed between the EV study groups and the miR-124 

study groups.  For example, to the extent that EV treatment resulted in a higher expression 

of Csf1r compared to the IRR group, the same was not true for miR-124.  miR-124 

overexpression had a negligible effect on Csf1r expression both with and without radiation.  

This would indicate that increased Csf1r expression is not likely to be involved in the 

functional mitigation of RICD, and is consistent with conclusion of another study from our 

lab [127].  Cdkn1a, on the other hand, has a promising pattern.  Cdkn1a is upregulated in the 

irradiated brain, but miR-124 overexpression seems to cause Cdkn1a expression to be closer 

to the control level.  Moreover, expression is reduced to an even further extent in the 

unirradiated miR-124 overexpressing hippocampus, meaning the Cdkn1a could be a direct 

or indirect target of miR-124.  This is borne out because the profile is the same as known 

miR-124 target Cebpa [119, 136], and it’s downstream signaling target Spi1.  The Samsn1 
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gene expression profile is a strange case.  Expression in the IRR group is lower than the 

control group predicted from the RNA-seq data.  miR-124 overexpression in the irradiated 

group appears to cause Samsn1 expression to be closer to control levels.  However, miR-124 

overexpression in the unirradiated group is significantly lower than control levels.  If miR-

124 was counteracting the radiation changes in this gene it would have made more sense for 

the expression in the 0 Gy + miR-124 group to be higher than control levels.  It is possible, 

though, that there could be different modes of action in the irradiated brain and the normal 

brain. 

 

Taken together these data paint an interesting and complicated picture about the role of 

miR-124 in EV-mediated mitigation of RICD.  Fundamentally, it was extremely encouraging 

to see functional mitigation of RICD just by overexpressing miR-124 in neural tissues, 

without all the other miRNAs, mRNAs, and protein contained in the EV.  Isolating a single 

component of the hNSC-derived EV, even with a wealth of data supporting it, and observing 

functional mitigation of the radiation effect was nonetheless encouraging.  However, caveats 

were evident, in particular the neuroinflammation data.  Finally, working through the 

expression data was very informative.  Both the Cebpa -> Spi1 (PU.1) pathway and Cdkn1a 

(p53/DNA damage response) gene merit follow-up and further study.  Lastly, not all miRNA 

silencing affects mRNA abundance – which is why it will be necessary to determine 

abundance of miR-124 target proteins and downstream effectors by Western blot. 
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CHAPTER 4: Methodology 

 
hNSC Culture and EV Isolation and Characterization. The use of hNSC was approved by 

the Institutional Human Stem Cell Research Oversight Committee (HSCRO).  The validation, 

expansion, and characterization of hNSCs (ENStem-A; EMD Millipore) followed previously 

published procedures [35, 137]. EV were isolated and purified from conditioned hNSC 

culture medium by ultracentrifugation [138] and characterized using a ZetaView® PMX-120 

(Particle Metrix Inc., Germany).  The ENStem conditioned media yielded a total of 4.19 × 108 

EV with a size distribution of 118.6 ± 59.1 nm (diameter).  These purified EV were used for 

all of the experiments described below. 

 

Animal Irradiation and EV Transplant Surgeries. Four-month-old male wild-type 

C57Bl/6J mice in the EV cohort were divided into the following groups: Control sham, 

irradiated (IRR) sham, EV-treated using IC surgeries (EV IC), and EV-treated using retro-

orbital (RO) sinus injections (EV RO).  Animals were subject to either immobilization 

(control group) or immobilization for delivery of a 9 Gy head-only gamma irradiation from 

a 137Cs source (2.07 Gy/min; all other groups). 

 

48 hours following irradiation, mice were sedated and maintained on 2.5% (v/v) 

isoflurane/oxygen and subject to sham surgery (control and IRR sham groups), stereotactic 

intrahippocampal EV-grafting surgery (EV IC group), or EV therapy delivered through 

circulation via the retro-orbital sinus (EV RO group). There were two injection sites per 

hippocampus and an injection volume of 2 μl per site for a total of 4 injections (and 8 μl) per 

animal.  Stereotactic coordinates from the bregma were anterior-posterior (AP): -1.94, 
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mediolateral (ML): -1.25, dorsal-ventral (DV): -1.50 for the first site and AP: -2.60, ML: -2.0, 

and DV: -1.5 for the second site.  For retro-orbital EV delivery, a single injection of 50 µl hNSC 

hibernation buffer containing EV was injected in one retro-orbital venous sinus for each pre-

sedated (2.5% (v/v) isoflurane/oxygen for 3-5 minutes) mouse.  The dose for IC injections 

was 6.70 × 106 EV per animal and the RO injected dose was 6.98 × 106 per animal. 

 

Animal Irradiation and miR-124 AAV9 Transplant Surgeries. Five-month-old male wild-

type C57Bl/6J mice in the miR-124 cohort were divided into the following groups: 0 Gy + 

AAV9-miR-Scr, 0 Gy + AAV9-miR-124, 9 Gy + AAV9-miR-Scr, and 9 Gy + AAV9-miR-124.  

Animals were subject to either immobilization (0 Gy groups) or immobilization for delivery 

of a 9 Gy head-only gamma irradiation from a 137Cs source (2.07 Gy/min; 9 Gy groups). 

48 hours following irradiation, mice were sedated and maintained on 2.5% (v/v) 

isoflurane/oxygen and subject to stereotactic intrahippocampal AAV9 injections.  Efficacy of 

AAV9 constructs with miR-124 and miR-scramble were tested in vitro and then packaged 

into viral particles (SignaGen Laboratories, NJ).  There were two injection sites per 

hippocampus and an injection volume of 1 μl per site for a total of 4 injections (and 4 μl) per 

animal.  Stereotactic coordinates from the bregma were anterior-posterior (AP): -1.94, 

mediolateral (ML): -1.25, dorsal-ventral (DV): -1.50 for the first site and AP: -2.60, ML: -2.0, 

and DV: -1.5 for the second site. The dose was approximately 3.5 × 1010 viral genomes (VG) 

per site and 1.4 × 1011 VG per animal. 

 

Cognitive Testing. To determine the effect of both treatments on cognitive function after 

irradiation, mice were subject to behavioral testing five weeks after irradiation. A cohort of 
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EV-treated mice were tested at 6 months post-irradiation as well.  For the five-week EV 

cohort the N of each group was 12 animals, and for the six-month EV cohort the N for each 

group was 10 animals for all but the EV RO group that had 14 animals.  For the miR-124 

cohort the N for each group was 10 animals.  Testing occurred over 3 weeks and included 3 

open field, spontaneous exploration tasks: Novel Place Recognition (NPR), then Novel Object 

Recognition (NOR), followed by Temporal Order (TO). These tasks rely on intact 

hippocampus, medial prefrontal cortex (mPFC) and perirhinal cortex function. The NPR and 

NOR tasks evaluate the preference for novel location and object, respectively, in a test of 

episodic memory, while the TO task provides a measure of temporal order memory.  Tasks 

were conducted as described previously [100] and all trials were scored by observers blind 

to the experimental groups to avoid bias. The average of those scores was used to determine 

performance, defined as a discrimination index (DI) and calculated as [(novel location 

exploration time/total exploration time) – (familiar location exploration time/total 

exploration time)] × 100. 

 

Elevated plus maze (EPM):  The EPM is useful for determining anxiety-like behaviors in 

rodents that can be linked to the amygdala, by quantifying the time spent and number of 

entries into the open versus closed arms of an elevated maze arranged as a symmetrical 

cross.  Those scored times and entries were averaged and used to calculate the anxiety index 

as follows: [1 - ((Ratio of Time Spent in Open Arms + Ratio of Entries into Open Arm) / 2)].  

This index ranges from 0 to 1 with 1 being the highest possible anxiety level and 0 being the 

lowest. 
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Light/dark box (LDB) exploration test: The LDB exploration test assesses anxiety in rodents. 

The light-dark test utilizes an arena (45 × 30 × 27 cm) where one-third of the box is a dark 

compartment and the other two-thirds is a well-lit compartment. The light and dark 

compartment were connected via a small opening (7.5 × 7.5 cm) that allowed the mice to 

freely move between the light and dark compartments. The light intensity measured in the 

light chamber was 900 lux and 4 lux in the dark chamber. Mice were placed at the center of 

the light compartment facing opposite to the small opening. The number of transitions 

between the compartments and the total time spent in the light compartment was recorded 

to quantify performance on this 10-minute test. Entry into a chamber was defined as all 4 

paws crossing into the chamber. 

 

Fear extinction testing. To determine whether mice could learn and later extinguish 

conditioned fear responses, we performed a series of FE assays modified to be reliant on 

hippocampal function [139]. Testing occurred in a behavioral conditioning chamber (17.5 × 

17.5 × 18 cm, Coulbourn Instruments) with a steel slat floors (3.2 mm diameter slats, 8 mm 

spacing). The chamber was scented with a spray of 10% acetic acid in water.  Initial FC was 

performed after mice were allowed to habituate in the chamber for two minutes.  Three 

pairings of an auditory conditioned stimulus (16 kHz tone, 80 dB, lasting 120 sec; CS) co-

terminating with a foot shock unconditioned stimulus (0.6 mA, 1 sec; US) were presented at 

two-minute intervals.  On the following three days of extinction training, mice were 

presented with 20 non-US reinforced CS tones (16 kHz, 80 dB, lasting 120 sec, at 5 sec 

intervals) at two-minute intervals. On the final day of fear testing, mice were presented with 

only three non-US reinforced CS tones (16 kHz, 80 dB, lasting 5 120 sec) at two-minute 
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intervals.  Freezing behavior was recorded with a camera mounted above the chamber and 

scored by an automated measurement program (FreezeFrame, Coulbourn Instruments). 

 

Immunohistochemical Staining, Imaging and Analysis. After completion of behavioral 

testing, mice were deeply anesthetized using isoflurane and euthanized via intercardiac 

perfusion using 4% paraformaldehyde (ACROS Organics, NJ) in 100 mM phosphate buffered 

saline (PBS, pH 7.4; Gibco).  Brains were cryoprotected using a sucrose gradient (10-30%) 

and sectioned coronally into 30 μm thick sections using a cryostat (Leica Microsystems, 

Germany).  For each endpoint 3-4 representative coronal brain sections from each of 4-6 

animals per experimental group were selected at approximately 15 section intervals to 

encompass the rostro-caudal axis from the middle of hippocampus and stored in PBS.  Free 

floating sections were first rinsed in PBS, blocked for 30 min in 4% (w/v) bovine serum 

albumin (BSA) and 0.1% Triton X-100 (TTX).  For the immunofluorescence labeling of post-

synaptic density 95 (PSD-95) and microglial activation marker CD68, mouse anti–PSD-95 

(Thermo Scientific; 1:1,000) and rat anti-mouse CD68 (1:500; AbD Serotec) primary 

antibodies were used with Alexa Fluor 594 secondary antibody (1:1,000).  Tissues were then 

DAPI nuclear counterstained and sealed in slow fade/antifade mounting medium (Life 

Technologies).  Confocal analyses were carried out using multiple Z-stacks taken at 1-mm 

intervals using a confocal laser scanning microscope (Nikon Eclipse TE2000-U, EZ-C2 

interface).  Individual Z-sections were then analyzed using Nikon Elements software 

(version 3.0).  Images were deconvoluted using AutoQuant X3 and surface analysis was 

performed with Imaris version 9.2. 
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Total RNA Extraction. The starting material was fresh frozen mouse hippocampal tissue 

stored in a -80°C freezer.  Total RNA was extracted from one hippocampus for each sample 

according to manufacturer instructions using the Direct-Zol RNA Miniprep (Zymo Research 

Corp., CA).  The elution volume was 30 µl of the provided DNase/RNase-Free Water.  After 

elution sample RNA concentrations were measured using the SynergyMx dot reading 

spectrophotometer (BioTek, VT). 

 

RNA Sequencing (stranded mRNA-seq). Samples were submitted to the UC Irvine high-

throughput sequencing core facility for RNA sequencing.  Total RNA was monitored for 

quality control using the Agilent Bioanalyzer Nano RNA chip and Nanodrop absorbance 

ratios for 260/280nm and 260/230nm. Library construction was performed according to 

the Illumina TruSeq mRNA stranded protocol. The input quantity for total RNA within the 

recommended range and mRNA was enriched using oligo dT magnetic beads. The enriched 

mRNA was chemically fragmented. First strand synthesis used random primers and reverse 

transcriptase to make cDNA. After second strand synthesis the ds cDNA was cleaned using 

AMPure XP beads and the cDNA was end repaired and then the 3’ ends were adenylated. 

Illumina barcoded adapters were ligated on the ends and the adapter ligated fragments were 

enriched by nine cycles of PCR. The resulting libraries were validated by qPCR and sized by 

Agilent Bioanalyzer DNA high sensitivity chip. The concentrations for the libraries were 

normalized and then multiplexed together. The multiplexed libraries were sequenced using 

paired end 100 cycles chemistry on the HiSeq 4000. The HiSeq real time analysis software 

(RTA 2.7.7) converted the images into intensities and base calls. Post-processing of the run 
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to generate the FASTQ files was performed at the Institute for Genomics and Bioinformatics 

(UCI IGB). 

 

Bioinformatic Analysis. Raw FASTQ sequence files were uploaded to the Galaxy web 

platform, and we used the public server at usegalaxy.org to analyze the data [140]. Before 

read mapping to the reference genome, each sample was subjected to qualitative control 

analysis using the FastQC tool 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  Then low-quality bases (Q 

< 30) were filtered out by the Trimmomatic tool [141].  Next, RNAseq reads were mapped to 

Mus musculus (mm10) mouse reference genome using STAR aligner, and the uniquely 

mapped reads were counted at the gene level using featureCounts [142].  The DESeq2 tool 

[143] (Galaxy Version 2.11.40.6) was used for the PCA plot and unsupervised hierarchical 

clustering.  EdgeR tool [144] was used to determine differential gene expression with the 

TMM normalization setting.  EdgeR differential expression data was imported into RStudio 

(RStudio Team (2015). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL 

http://www.rstudio.com/.)  Within RStudio, the clusterProfiler [145] R package and 

dependencies were loaded and GO enrichment was calculated and visualized. 

 

Primer Design and Efficiency Testing. Primers were designed using Primer3 (v. 0.4.0; 

[146, 147]).  Briefly, genomic sequences of target genes were accessed using the UCSC 

Genome Browser [148].  When possible, target sequence was designed to span an intron gap 

> 1 kB to avoid any false positive results from gDNA contamination.  Two bases on either 

side of the gap were included in the “must flank” target region in the Primer3 tool.  Product 
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range was changed from the default to 90-120 bp.  Primer picking conditions were changed 

to reflect a maximum primer length of 24 bp, with optimal still being 20 bp.  In every case 

the first result was picked and ordered from Sigma (MilliporeSigma, MO).  Primer sequences 

can be found in Appendix F.  When primers arrived they were resuspended to 100 µM in TE 

(10 mM Tris, 0.1 mM EDTA, pH 8).  Primer pairs were diluted to a working solution of 5 µM 

each (forward and reverse) in MilliQ water.  Primer efficiency was tested using a standard 

curve with 5 dilution points using a 1:5 dilution scheme, run in duplicate.  As a control RT- 

samples were run for each primer pair tested as well.  The standards were produced as 

follows.  500 ng of total RNA for each sample were used for each reverse transcriptase (RT) 

reaction.  The kit used was the SuperScript™ IV VILO™ Master Mix (ThermoFisher).  The RT 

reactions were set up per manufacturer’s instructions and incubations were performed in a 

MyCycler Thermo Cycler (Bio-Rad, CA).  cDNA was diluted 1:15 (to 300 µl) in MilliQ water 

and then from there diluted 1:5 in series four times (60 µl from the previous dilution into 

240 µl MilliQ water each time, vortexing in between dilutions).  The five standards plus RT- 

control (six samples total) were plated in duplicate for each primer mix (12 reactions per 

primer pair).  qPCR was performed using the LightCycler® FastStart DNA MasterPlus SYBR 

Green I (Roche, Germany).  The final concentration of the primers in the reaction was 500 

nM each.  The reaction size used for primer testing was 20 µl.  Thermal cycling and melt curve 

was performed in a StepOnePlus Real-Time PCR system (ThermoFisher). The cycling 

conditions were as follows: 

95°C for 10 mins – Hot Start 

 

 95°C for 10 s – Denature 

 60°C for 4 s – Annealing   × 45 cycles 

 72°C for 5 s – Extension (plate read) 
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 95°C for 1 min 

 Ramp up from 60°C reading every 0.3 °C 

 

Standard curve was constructed using the StepOne™ Software v2.3 (ThermoFisher).  Primers 

were judged to be efficient enough for use if the slope was in the range of -2.9 to -3.7 

corresponding to approximately 80% to 120% efficiency.  Standard curves can be found in 

Appendix F. 

 

Reverse Transcription, qPCR and Expression Analysis. qPCR were performed using the 

LightCycler® FastStart DNA MasterPlus SYBR Green I (Roche, Germany).  The reaction size 

used for all qPCR was 10 µl.  2.5 µl of the diluted cDNA for each sample was used as template.  

Reaction conditions were identical to those used in primer testing.  Thermal cycling and melt 

curve were performed in a StepOnePlus Real-Time PCR system (ThermoFisher) using the 

same cycling program as was used for primer testing.  Using the cycle threshold (Ct) numbers 

generated by the ABI software (always making sure that the threshold is properly set), we 

then used the ΔΔCt method [149] to determine the relative change in expression from a 

reference group.  For mouse brain tissues, the Actin Beta (Actb) gene was found to be a good 

reference gene with relatively high and constant expression, so the Actb Cts were used for 

the calculation for each sample. 

 

MicroRNA Microarray. Total RNA was extracted from hNSC-derived EVs using the 

miRNeasy Micro Kit (Qiagen) and following that protocol as written.  Samples were then sent 

to collaborators the Genomics Shared Resource at the University of Texas South Western 

Medical Center.  Samples were handled, processed, and run in duplicate on a miRNA 
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microarray chip (Exiqon, Denmark).  Results were delivered in the form of a list of miRNAs 

and an expression value associated with each probe.  Negative control probes were included 

for determination of significant hits. 

 

MicroRNA Detection Assay. Detection of miRNAs was confirmed using TaqMan Advanced 

miRNA Assays (ThermoFisher, MA).  First, total RNA was extracted from a small volume of 

concentrated EVs in solution using the RNA miniprep (Zymo Research Corp., CA).  RNA 

template was then attached to adaptors and pre-amplified using the TaqMan Advanced 

miRNA cDNA Synthesis Kit (ThermoFisher, MA) as directed in the manufacturer’s 

instructions.  The pre-amplified product essentially functions as the cDNA template for 

classical qPCR using specific TaqMan Advanced miRNA Assays (ThermoFisher, MA) which 

are probes specific to a single miRNA.  The top targets from the miRNA microarray were 

tested this way to confirm their presence within the EV.  

 

Statistics. Statistical analyses were carried out using GraphPad Prism (v6).  One-way 

ANOVA was used to assess significance between groups.  When overall group effects were 

found to be statistically significant, a Dunnett’s multiple comparisons test was used to 

compare all other groups specified reference group.  All analyses considered a value of P ≤ 

0.05 to be statistically significant. 
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SUMMARY AND CONCLUSIONS 

Here we present, the first known application of hNSC-derived EV used to mitigate RICD in 

wildtype animals.  Due to the decreased immunogenicity of EV, the use of 

immunosuppressed animals was unnecessary.  Just a single dose of EV administered two 

days post-IRR was able to functionally mitigate RICD (as measured by behavioral testing) 

and limit neuroinflammation (as measured by microglial activation), both at five weeks and 

six months post-IRR. 

 

Not only was the animal model novel for this condition and treatment, but a new method of 

administration was also pioneered in this study.  Instead of requiring cranial surgeries, 

animals injected in the retro-orbital sinus with EV experienced the same – and in some cases 

better – functional mitigation of RICD and lack of neuroinflammation.  This breakthrough 

goes a long way towards translating these therapies to the clinic with less risk and increased 

safety.  The retro-orbital delivery method ultimately ends up being analogous to intravenous 

injection and as such would be easily administered under a variety of clinical and outpatient 

settings. 

 

Using RNA-seq and EV cargo analysis, we were able to determine that miR-124 is an 

important functional component of EV and will likely have an important role if successfully 

translated to the clinic for the treatment of radiation-induced normal tissue toxicities.  RNA-

seq confirmed that inflammatory processes were important and prevalent in the 

differentially expressed gene profiles both when comparing the control and IRR group, and 

the EV-treated and IRR group.  The miRNA microarray yielded a comprehensive list of 
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miRNAs present in the hNSC-derived EV that were found to be beneficial in the RICD model.  

Based on the literature, it was concluded that miR-124 was a strong candidate, and when 

combined with the RNA-seq results regarding inflammatory processes the rationale became 

even more compelling. 

 

To test this new hypothesis, EV-based therapies were repeated with AAV9 particles loaded 

with miR-124 overexpression constructs instead of the hNSC-derived EV.  All of the viral 

particles were directly injected intra-hippocampally (alternative delivery was not tested for 

this method).  The results show that overexpression of miR-124 in the CNS was able to 

functionally mitigate RICD in wild-type mice.  Based on expression analysis of miR-124 

targets, multiple pathways emerged that warranted further study.  First, the regulation of 

the Cebpa/PU.1 (Spi1) transcription factors modulation of microglial genes and pathways is 

a potentially beneficial mechanism in the irradiated brain.  Second, the p53-mediated DNA 

damage response merits further study due to the ability of EV and miR-124 to return Cdkn1a 

expression to near-control levels. 

 

The study has provided many answers and yet a few more questions as well.  EV therapy, at 

least EV derived from hNSCs, has been shown to be a non-immunogenic, safe, and effective 

treatment for RICD in immunocompetent animals that can be delivered in a non-invasive 

intravenous format.  Both factors should advance and hasten the adoption of cell-free 

therapies into a clinical setting for this progressive and debilitating condition.  However, to 

paraphrase a wise man – “a dissertation is never complete; it just requires one to lower their 

standards enough to be done”.  Inasmuch, further research is necessary – to determine which 
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of the foregoing highlighted pathways are further responsible for the EV/miR-124 

neuroprotective effects.  To this end, pathway regulation, nascent and post-translationally 

modified protein levels of miR-124 targets and downstream effectors require further 

evaluation.  Regardless of whether EV-based therapies are ever used to mitigate adverse 

radiation effects during a Mars mission or for first responders to a nuclear accident, it is our 

sincere hope that a therapy like this makes it to the clinic to help this underserved population 

of cancer survivors, so that they can properly manage their neurocognitive side effects for a 

brighter future as they functionally integrate into society at previously unrealized levels. 
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APPENDIX A: ZetaView® Particle Measurements 
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APPENDIX B: Additional Behavioral Testing Figures 

 

 

Light-Dark Box (Five-Week EV Cohort) 

Light-Dark Box (Six-Month EV Cohort) 
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Elevated Plus Maze (Six-Month EV Cohort) 
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APPENDIX C: Raw Cognitive Behavioral Testing Data 

NPR Test – Five-Week EV Cohort 

Cage Mouse 
Novel 

Time (s) 

Familiar 

Time (s) 
Total Exploration Time (s) Discrimination Index (DI) Notes 

1 1 5.03 5.77 10.8 -6.85% 
Corner Sitting (a 

bit) 

 2 7.9 12.65 20.55 -23.11%  

 3 9.89 8.58 18.47 7.09%  

 4 11.4 6.94 18.34 24.32%  

2 1 8.43 10.3 18.73 -9.98%  

 2 6.57 11.09 17.66 -25.59%  

 3 9.88 7.84 17.72 11.51%  

 4 8.04 7.55 15.59 3.14%  

3 1 10.99 4.75 15.74 39.64%  

 2 11.93 7.96 19.89 19.96%  

 3 8.13 7.84 15.97 1.82%  

 4 12.1 8.76 20.86 16.01%  

4 1 9.5 7.05 16.55 14.80%  

 2 8.01 6.53 14.54 10.18%  

 3 3.71 3.18 6.89 7.69% Corner sitting 

 4 8.67 8.27 16.94 2.36%  

5 1 8.12 5.96 14.08 15.34%  

 2 10 4.18 14.18 41.04%  

 3 7.52 5.08 12.6 19.37%  

 4 8.78 8.52 17.3 1.50%  

6 1 10.88 4.67 15.55 39.94%  

 2 11.41 7.4 18.81 21.32%  

 3 7.51 9.67 17.18 -12.57%  

 4 11.97 8.66 20.63 16.04%  

7 1 12.91 7.12 20.03 28.91% 

Mouse with fight 

injuries - lots of 

movement 

 2 15.54 16.6 32.14 -3.30%  

 3 10.17 12.05 22.22 -8.46%  
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 4 10.39 11.29 21.68 -4.15%  

8 1 11.77 10.17 21.94 7.29%  

 2 12.08 10.51 22.59 6.95%  

 3 12.72 7.74 20.46 24.34%  

 4 8.7 11.64 20.34 -14.45%  

9 1 7.31 5.41 12.72 14.94%  

 2 8.03 8.93 16.96 -5.31%  

 3 10.73 5.33 16.06 33.62%  

 4 4.26 3.58 7.84 8.67%  

10 1 8.53 8.47 17 0.35%  

 2 6.93 9.24 16.17 -14.29%  

 3 3.28 11.15 14.43 -54.54%  

 4 5.61 9.7 15.31 -26.71%  

11 1 5.38 5.97 11.35 -5.20% 

Long period of 

itching/grooming - 

decreased 

exploration 

 2 10.56 4.5 15.06 40.24%  

 3 11.79 10.91 22.7 3.88%  

 4 4.93 3.8 8.73 12.94% 
Not a ton of 

exploration 

12 1 14.58 5.34 19.92 46.39%  

 2 11.43 9.27 20.7 10.43%  

 3 7.9 9.58 17.48 -9.61%  

 4 13.38 8.45 21.83 22.58%  
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NOR Test – Five-Week EV Cohort 

Cage Mouse 
Novel 

Time (s) 

Familiar 

Time (s) 
Total Exploration Time (s) Discrimination Index (DI) Notes 

1 1 6.13 8.32 14.45 -15.16%  

 2 10.96 5.14 16.1 36.15%  

 3 14.49 8.55 23.04 25.78%  

 4 13.3 5.68 18.98 40.15%  

2 1 3.84 8.37 12.21 -37.10%  

 2 17.82 16.05 33.87 5.23%  

 3 12.93 7.65 20.58 25.66%  

 4 10.89 10.32 21.21 2.69%  

3 1 23.54 11.19 34.73 35.56%  

 2 12.51 7.66 20.17 24.05%  

 3 14.75 8.32 23.07 27.87%  

 4 10.76 8.22 18.98 13.38%  

4 1 8.87 3.71 12.58 41.02% 
Exploration a bit 

low 

 2 14.29 8 22.29 28.22%  

 3 3.56 12.33 15.89 -55.19% 

Very little 

exploration for a 

long period of 

time 

 4 12.08 8.92 21 15.05%  

5 1 12.03 5.47 17.5 37.49%  

 2 20.13 8.02 28.15 43.02%  

 3 9.13 6.11 15.24 19.82%  

 4 17.04 9.89 26.93 26.55%  

6 1 17.99 12 29.99 19.97%  

 2 19.74 7.72 27.46 43.77%  

 3 19.47 7.73 27.2 43.16%  

 4 13.8 6.45 20.25 36.30%  

7 1 4.65 10.34 14.99 -37.96% 

Mouse with fight 

injuries - erratic 

movement, 

distracted by 

itching/grooming 

behavior 
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 2 4.79 7.41 12.2 -21.48% 
Not a ton of 

exploration 

 3 15.63 8.71 24.34 28.43%  

 4 6.82 8.27 15.09 -9.61%  

8 1 10.5 7.28 17.78 18.11%  

 2 7.82 5.84 13.66 14.49%  

 3 13.11 10.22 23.33 12.39%  

 4 13.37 7.05 20.42 30.95%  

9 1 14.39 9.85 24.24 18.73%  

 2 9.43 6.64 16.07 17.36%  

 3 16.29 6.25 22.54 44.54%  

 4 7.88 5.2 13.08 20.49%  

10 1 14.7 10.81 25.51 15.25%  

 2 11 9.01 20.01 9.95%  

 3 18.15 12.57 30.72 18.16%  

 4 10.31 16.77 27.08 -23.86%  

11 1 10.26 6.59 16.85 21.78%  

 2 11.32 7.38 18.7 21.07%  

 3 10.64 11.06 21.7 -1.94%  

 4 11.34 7.43 18.77 20.83%  

12 1 15.65 8.57 24.22 29.23%  

 2 11.23 7.66 18.89 18.90%  

 3 20.87 10.14 31.01 34.60%  

 4 15.22 7.98 23.2 31.21%  
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TO Test – Five-Week EV Cohort 

Cage Mouse 
Novel 

Time (s) 

Familiar 

Time (s) 
Total Exploration Time (s) Discrimination Index (DI) Notes 

1 1 0.64 0.18   Extremely low 

exploration 

 2 0.32 1.02   

Not a lot of 

movement in this 

cage generally (too 

early?!) 

 3 0.35 0.86   " 

 4 3.23 1.85 5.08 27.17% 
Better, but still not 

a ton of exploration 

2 1 6.15 3.17 9.32 31.97%  

 2 3.43 6.99 10.42 -34.17%  

 3 2.29 3.15 5.44 -15.81%  

 4 1.11 0.76   Low Exploration 

3 1 8.83 5.91 14.74 19.81%  

 2 3.23 2.59 5.82 11.00%  

 3 5.23 16.42 21.65 -51.69%  

 4 12.76 2.49 15.25 67.34%  

4 1 5.89 0.75 6.64 77.41% 
Exploration a bit 

low 

 2 4.78 3.83 8.61 11.03%  

 3 0.8 1.45   Corner sitting; very 

little exploration 

 4 10.13 2.4 12.53 61.69%  

5 1 7.23 2.95 10.18 42.04%  

 2 2.62 6.81 9.43 -44.43%  

 3 6.52 5.99 12.51 4.24%  

 4 5.74 5.51 11.25 2.04%  

6 1 3.27 3.64 6.91 -5.35% Corner sitting 

 2 4.18 2.89 7.07 18.25% 
Not a ton of 

movement 

 3 3.05 7.2 10.25 -40.49%  

 4 5.23 3.11 8.34 25.42%  

7 1 3.94 3.14 7.08 11.30% 

Mouse with fight 

injuries - erratic 

movement, 

distracted by 
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itching/grooming 

behavior 

 2 2.15 2.53   Not a ton of 

exploration 

 3 0.47 4.14    

 4 1.68 4.48 6.16 -45.45%  

8 1 1.46 0.9   Lots of corner 

sitting 

 2 2.6 4.73 7.33 -29.06%  

 3 3.6 4.53 8.13 -11.44%  

 4 6.89 5.56 12.45 10.68%  

9 1 3.41 3.79 7.2 -5.28%  

 2 3.61 3.32 6.93 4.18%  

 3 4.74 8.77 13.51 -29.83%  

 4 6.98 3.33 10.31 35.40%  

10 1 4.48 4.57 9.05 -0.99%  

 2 3.28 7.97 11.25 -41.69%  

 3 5.18 13.17 18.35 -43.54%  

 4 5.03 1.8 6.83 47.29%  

11 1 5.58 3.96 9.54 16.98%  

 2 8.83 8.04 16.87 4.68%  

 3 7.16 12.77 19.93 -28.15%  

 4 6.13 3.92 10.05 21.99%  

12 1 4.63 1.95 6.58 40.73%  

 2 3.8 4.6 8.4 -9.52%  

 3 3.67 5.48 9.15 -19.78%  

 4 3.68 3.96 7.64 -3.66%  
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EPM Test – Five-Week EV Cohort 

Cage Mouse 
Entries to 

Closed Arms 

Entries to 

Open Arms 
Total 

Time Spent in Open Arm 

(s) 
Total Time (s) Notes 

1 1 11 3 14 31 325  

 2 11 5 16 118.94 353  

 3 9 4 13 139.1 335  

 4 7 4 11 78.22 351  

2 1 12 4 16 63.94 329  

 2 8 4 12 139.55 324  

 3 5 5 10 170.5 357  

 4 5 4 9 58.27 335  

3 1 9 7 16 104.77 322  

 2 7 3 10 82.89 338  

 3 3 1 4 277.09 340 

Stood in the 

"start zone" 

for a while 

 4 6 5 11 168.44 318  

4 1 3 5 8 223.08 300  

 2 6 3 9 53.69 340  

 3 6 3 9 117.86 323  

 4 3 5 8 184.07 304  

5 1 9 5 14 84.12 329  

 2 12 7 19 91.68 323  

 3 10 7 17 107.48 333  

 4 9 6 15 86.14 301  

6 1 8 6 14 138.34 320  

 2 6 6 12 109.33 308  

 3 18 4 22 64.95 320 Outlier? 

 4 10 5 15 97.74 335  

7 1 9 11 20 138.95 338 

Visible fight 

wound - 

Outlier? 

 2 7 4 11 88.16 332  

 3 9 3 12 19.84 320 
Fell (Re-

tested) 

 4 12 14 26 117.15 304  
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8 1 6 3 9 41.28 325  

 2 10 5 15 60.2 334  

 3 7 2 9 124.11 325  

 4 7 4 11 109.24 333  

9 1 9 3 12 51.68 349  

 2 14 8 22 87.69 325  

 3 10 4 14 47 319  

 4 8 4 12 42.52 323 
Fell (Re-

tested) 

10 1 9 6 15 170.73 316  

 2 8 9 17 140.7 349  

 3 12 4 16 57.14 321  

 4 6 2 8 29.46 312  

11 1 9 4 13 75.4 324  

 2 9 7 16 148.06 320  

 3 12 9 21 73.77 326  

 4 9 4 13 84.61 305  

12 1 7 4 11 65.77 325  

 2 13 8 21 58.8 333  

 3 9 5 14 54.13 322  

 4 2 5 7 217.96 313 Outlier? 
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L-D Test – Five-Week EV Cohort 

Cage Mouse # of Transitions Notes 

1 1 31  

 2 39  

 3 37  

 4 41  

2 1 41  

 2 21  

 3 33  

 4 35  

3 1 23  

 2 16  

 3 17  

 4 29  

4 1 20  

 2 25  

 3 15  

 4 31  

5 1 33  

 2 27  

 3 19  

 4 41  

6 1 31  

 2 17  

 3 29  

 4 27  

7 1 47  

 2 25  

 3 23  

 4 36  

8 1 39  

 2 25  

 3 33  
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 4 39  

9 1 17  

 2 37  

 3 40  

 4 37  

10 1 36  

 2 21  

 3 37  

 4 19  

11 1 24  

 2 29  

 3 28  

 4 36  

12 1 33  

 2 29  

 3 29  

 4 35  
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NPR Test – Six-Month EV Cohort 

Cage Mouse 
Novel 

Time (s) 

Familiar 

Time (s) 
Total Exploration Time (s) Discrimination Index (DI) Notes 

1 1 14.05 7.39 21.44 31.06%  

 2 8.34 6.89 15.23 9.52%  

 3 9.16 7.89 17.05 7.45%  

 4 11.59 4.96 16.55 40.06%  

2 1 7.95 8.39 16.34 -2.69%  

 2 12.90 7.09 19.99 29.06%  

 3 10.27 7.24 17.51 17.30%  

 4 11.11 5.78 16.89 31.56%  

3 1 12.76 5.75 18.51 37.87%  

 2 5.31 2.91 8.22 29.20%  

 3 5.69 4.21 9.9 14.95%  

 4 3.54 4.74 8.28 -14.49%  

4 1 6.68 6.08 12.76 4.70%  

 2 12.66 7.07 19.73 28.33%  

 3 4.74 9.57 14.31 -33.75% Digging behavior 

 4 8.60 7.45 16.05 7.17%  

5 1 9.17 8.45 17.62 4.09%  

 2 7.73 7.33 15.06 2.66%  

 3 13.62 8.8 22.42 21.50%  

 4 6.53 3.09 9.62 35.76%  

6 1 8.29 6.75 15.04 10.24%  

 2 8.81 10.51 19.32 -8.80%  

 3 6.91 4.97 11.88 16.33%  

 4 10.68 5.33 16.01 33.42%  

7 1 6.63 9.44 16.07 -17.49%  

 2 8.10 8.53 16.63 -2.59%  

 3 12.41 10.14 22.55 10.07%  

 4 5.70 7.40 13.10 -12.98% SH 

8 1 6.96 9.05 16.01 -13.05%  

 2 9.65 7.54 17.19 12.27%  
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 3 6.31 9.36 15.67 -19.46%  

 4 8.22 7.93 16.15 1.80%  

9 1 9.58 7.25 16.83 13.84% SH 

 2 9.64 8.13 17.77 8.50% SH 

 3 4.81 7.54 12.35 -22.11%  

 4 7.15 5.61 12.76 12.07%  

10 1 6.01 7.44 13.45 -10.63% 
Fighting cage w/ 

divider 

 2 9.67 3.76 13.43 44.01% 
Fighting cage w/ 

divider 

 3 8.08 9.90 17.98 -10.12% 
Fighting cage w/ 

divider 

 4 10.68 6.15 16.83 26.92% SH 

11 1 7.59 5.42 13.01 16.68%  

 2 10.28 5.75 16.03 28.26%  

 3 10.22 7.40 17.62 16.00%  

 4 6.97 3.61 10.58 31.76%  
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NOR Test – Six-Month EV Cohort 

Cage Mouse 
Novel 

Time (s) 

Familiar 

Time (s) 
Total Exploration Time (s) Discrimination Index (DI) Notes 

1 1 6.81 4.55 11.36 19.89%  

 2 7.91 3.09 11 43.82%  

 3 9.48 6.90 16.38 15.75%  

 4 5.36 2.00 7.36 45.65% Itching behavior 

2 1 8.68 5.05 13.73 26.44%  

 2 9.23 6.56 15.79 16.91%  

 3 7.78 4.63 12.41 25.38%  

 4 14.14 8.99 23.13 22.27%  

3 1 11.19 7.55 18.74 19.42%  

 2 8.34 5.93 14.27 16.89%  

 3 9.67 7.00 16.67 16.02%  

 4 7.58 5.14 12.72 19.18%  

4 1 5.43 6.60 12.03 -9.73%  

 2 15.67 7.97 23.64 32.57%  

 3 14.19 8.86 23.05 23.12%  

 4 11.95 4.43 16.38 45.91%  

5 1 15.25 7.92 23.17 31.64%  

 2 6.48 3.88 10.36 25.10%  

 3 8.63 5.76 14.39 19.94%  

 4 5.30 6.14 11.44 -7.34%  

6 1 13.11 8.03 21.14 24.03%  

 2 11.16 10.48 21.64 3.14%  

 3 10.75 4.94 15.69 37.03%  

 4 7.58 8.34 15.92 -4.77%  

7 1 8.3 6.21 14.51 14.40%  

 2 15.15 12.38 27.53 10.06%  

 3 7.68 6.90 14.58 5.35%  

 4 9.87 8.40 18.27 8.05% SH 

8 1 5.27 12.72 17.99 -41.41%  

 2 11.96 9.36 21.32 12.20%  
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 3 8.56 9.97 18.53 -7.61%  

 4 13.14 9.49 22.63 16.13%  

9 1 11.75 6.32 18.07 30.05% SH 

 2 6.97 11.16 18.13 -23.11% SH 

 3 10.23 4.92 15.15 35.05%  

 4 8.07 6.84 14.91 8.25%  

10 1 9.86 8.39 18.25 8.05%  

 2 6.68 5.26 11.94 11.89%  

 3 14.88 4.97 19.85 49.92%  

 4 14.16 9.53 23.69 19.54% SH 

11 1 10.21 5.74 15.95 28.03%  

 2 12.36 5.60 17.96 37.64%  

 3 12.64 6.36 19 33.05%  

 4 10.64 8.36 19 12.00%  
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TO Test – Six-Month EV Cohort 

Cage Mouse 
Novel Time 

(s) 

Familiar 

Time (s) 

Total Exploration 

Time (s) 

Exploration 

Ratio (ER) 

Discrimination 

Index (DI) 
Notes 

1 1 7.78 6.09 13.87 0.5609228551 12.18%  

 2 4.11 4.08 8.19 0.5018315018 0.37%  

 3 7.16 3.17 10.33 0.6931268151 38.63%  

 4 6.70 2.39 9.09 0.7370737074 47.41%  

2 1 1.55 4.03     

 2 5.81 6.08 11.89 0.4886459209 -2.27%  

 3 5.29 6.98 12.27 0.4311328443 -13.77%  

 4 6.56 5.71 12.27 0.5346373268 6.93%  

3 1 4.33 2.92 7.25 0.5972413793 19.45%  

 2 5.43 2.78 8.21 0.6613885505 32.28%  

 3 5.74 2.24 7.98 0.7192982456 43.86%  

 4 6.41 1.21 7.62 0.8412073491 68.24%  

4 1 3.85 3.12 6.97 0.5523672884 10.47%  

 2 6.06 3.87 9.93 0.6102719033 22.05%  

 3 7.27 3.11 10.38 0.7003853565 40.08%  

 4 5.21 2.19 7.4 0.7040540541 40.81%  

5 1 3.52 3.39 6.91 0.509406657 1.88%  

 2 5.5 4.49 9.99 0.5505505506 10.11%  

 3 7.66 6.15 13.81 0.5546705286 10.93%  

 4 6.25 2.78 9.03 0.69213732 38.43%  

6 1 3.77 3.12 6.89 0.5471698113 9.43%  

 2 2.93 3.99 6.92 0.4234104046 -15.32%  

 3 7.94 5.27 13.21 0.6010598032 20.21%  

 4 4.72 2.37 7.09 0.6657263752 33.15%  

7 1 6.09 1.94 8.03 0.7584059776 51.68%  

 2 3.50 7.69 11.19 0.3127792672 -37.44%  

 3 2.45 1.99     

 4 3.35 3.45 6.8 0.4926470588 -1.47% SH 

8 1 5.56 3.84 9.4 0.5914893617 18.30%  

 2 5.21 6.48 11.69 0.4456800684 -10.86%  
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 3 3.84 6.17 10.01 0.3836163836 -23.28%  

 4 8.66 2.69 11.35 0.7629955947 52.60%  

9 1 6.11 5.12 11.23 0.5440783615 8.82% SH 

 2 4.02 4.66 8.68 0.4631336406 -7.37% SH 

 3 1.03 2.82     

 4 4.44 2.79 7.23 0.6141078838 22.82%  

10 1 5.43 1.48 6.91 0.7858176556 57.16%  

 2 0.38 0    Very little 

movement 

 3 2.97 2.53     

 4 4.18 3.94 8.12 0.5147783251 2.96% SH 

11 1 5.11 2.63 7.74 0.6602067183 32.04%  

 2 5.87 3.73 9.6 0.6114583333 22.29%  

 3 6.81 3.92 10.73 0.6346691519 26.93%  

 4 2.95 0.77     
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EPM Test – Six-Month EV Cohort 

Cage Mouse 
Entries to 

Closed Arms 

Entries to Open 

Arms 
Total Time Spent in Open Arm (sec) 

Total 

Time (s) 
Notes 

1 1       

 2       

 3 12 11 23 146 300  

 4 8 5 13 79 300  

2 1 1 2 3 105 300  

 2 2 1 3 241 300  

 3 7 6 13 93 300  

 4 3 3 6 125 300  

3 1 6 3 9 42 300  

 2 8 3 11 46 300  

 3 7 9 16 164 300  

 4 7 5 12 89 300  

4 1 12 4 16 39 300  

 2 8 6 14 79 300  

 3 9 6 15 86 300  

 4 4 4 8 45 300  

5 1 10 3 13 12 300  

 2 7 9 16 112 300  

 3 5 5 10 113 300  

 4 13 6 19 64 300  

6 1 8 7 15 115 300  

 2 8 4 12 67 300  

 3 9 4 13 80 300  

 4 10 7 17 101 300  

7 1 7 4 11 88 300  

 2 13 7 20 77 300  

 3 9 6 15 80 300  

 4 12 4 16 31 300  

8 1 6 4 12 23 300  

 2 10 4 14 35 300  

 3 13 11 24 140 300  

 4 7 7 14 127 300  

9 1 11 3 14 64 300  

 2 19 5 24 42 300  

 3 7 6 13 78 300  

 4 10 4 14 51 300  
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10 1 6 4 10 70 300  

 2 5 8 13 170 300  

 3 10 3 13 22 300  

 4 13 2 15 17 300  

11 1 6 4 10 86 300  

 2 7 4 11 142 300  

 3 9 5 14 120 300  

 4 3 7 10 169 300  

  



121 

 

L-D Test – Six-Month EV Cohort 

Cage Mouse # of Transitions Notes 

1 1 10  

 2 14  

 3 41  

 4 7  

2 1 12  

 2 13  

 3 13  

 4 3  

3 1 19  

 2 9  

 3 17  

 4 13  

4 1 9  

 2 13  

 3 14  

 4 16  

5 1 17  

 2 16  

 3 20  

 4 19  

6 1 21  

 2 18  

 3 12  

 4 34  

7 1 9  

 2 23  

 3 11  

 4 17  

8 1 10  

 2 24  

 3 26  
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 4 19  

9 1 20  

 2 42  

 3 9  

 4 7  

10 1 5  

 2 24  

 3 8  

 4 22  

11 1 13  

 2 38  

 3 30  

 4 17  
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NPR Test – Five-Week miR-124 Cohort 

Cage Mouse 
Novel 

Time (s) 

Familiar 

Time (s) 

Total Exploration 

Time (s) 

Exploration Ratio 

(ER) 

Discrimination 

Index (DI) 
Notes 

1 1 5.03 5.77 10.8 0.4657407407 -6.85% 
Corner Sitting 

(a bit) 

 2 7.9 12.65 20.55 0.3844282238 -23.11%  

 3 9.89 8.58 18.47 0.5354629128 7.09%  

 4 11.4 6.94 18.34 0.6215921483 24.32%  

2 1 8.43 10.3 18.73 0.4500800854 -9.98%  

 2 6.57 11.09 17.66 0.3720271801 -25.59%  

 3 9.88 7.84 17.72 0.5575620767 11.51%  

 4 8.04 7.55 15.59 0.5157152021 3.14%  

3 1 10.99 4.75 15.74 0.6982210928 39.64%  

 2 11.93 7.96 19.89 0.5997988939 19.96%  

 3 8.13 7.84 15.97 0.5090795241 1.82%  

 4 12.1 8.76 20.86 0.5800575264 16.01%  

4 1 9.5 7.05 16.55 0.5740181269 14.80%  

 2 8.01 6.53 14.54 0.5508940853 10.18%  

 3 3.71 3.18 6.89 0.5384615385 7.69% Corner sitting 

 4 8.67 8.27 16.94 0.5118063754 2.36%  

5 1 8.12 5.96 14.08 0.5767045455 15.34%  

 2 10 4.18 14.18 0.7052186178 41.04%  

 3 7.52 5.08 12.6 0.5968253968 19.37%  

 4 8.78 8.52 17.3 0.5075144509 1.50%  

6 1 10.88 4.67 15.55 0.6996784566 39.94%  

 2 11.41 7.4 18.81 0.6065922382 21.32%  

 3 7.51 9.67 17.18 0.4371362049 -12.57%  

 4 11.97 8.66 20.63 0.5802229762 16.04%  

7 1 12.91 7.12 20.03 0.6445332002 28.91% 

Mouse with 

fight injuries - 

lots of 

movement 

 2 15.54 16.6 32.14 0.4835096453 -3.30%  

 3 10.17 12.05 22.22 0.4576957696 -8.46%  

 4 10.39 11.29 21.68 0.4792435424 -4.15%  
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8 1 11.77 10.17 21.94 0.5364630811 7.29%  

 2 12.08 10.51 22.59 0.5347498893 6.95%  

 3 12.72 7.74 20.46 0.6217008798 24.34%  

 4 8.7 11.64 20.34 0.4277286136 -14.45%  

9 1 7.31 5.41 12.72 0.5746855346 14.94%  

 2 8.03 8.93 16.96 0.4734669811 -5.31%  

 3 10.73 5.33 16.06 0.6681195517 33.62%  

 4 4.26 3.58 7.84 0.5433673469 8.67%  

10 1 8.53 8.47 17 0.5017647059 0.35%  

 2 6.93 9.24 16.17 0.4285714286 -14.29%  

 3 3.28 11.15 14.43 0.2273042273 -54.54%  

 4 5.61 9.7 15.31 0.3664271718 -26.71%  

11 1 5.38 5.97 11.35 0.4740088106 -5.20% 

Long period of 

itching/groomi

ng - decreased 

exploration 

 2 10.56 4.5 15.06 0.7011952191 40.24%  

 3 11.79 10.91 22.7 0.5193832599 3.88%  

 4 4.93 3.8 8.73 0.5647193585 12.94% 
Not a ton of 

exploration 

12 1 14.58 5.34 19.92 0.7319277108 46.39%  

 2 11.43 9.27 20.7 0.552173913 10.43%  

 3 7.9 9.58 17.48 0.4519450801 -9.61%  

 4 13.38 8.45 21.83 0.6129180027 22.58%  
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NOR Test – Five-Week miR-124 Cohort 

Trial Mouse 
Novel 

Time (s) 

Familiar 

Time (s) 

Total 

Exploration 

Time (s) 

Exploration 

Ratio (ER) 

Discrimination 

Index (DI) 
Notes 

79 (1) 1 11.09 6.33 17.42 0.6366245695 27.32%  

 2 15.65 10.28 25.93 0.6035480139 20.71%  

 3 11.38 13.51 24.89 0.4572117316 -8.56%  

 4 9.37 23.36 32.73 0.2862816987 -42.74%  

81 (2) 1 16.97 18.90 35.87 0.4730972958 -5.38%  

 2 16.15 13.23 29.38 0.5496936692 9.94%  

 3 9.22 13.91 23.13 0.3986165153 -20.28%  

 4 9.32 8.09 17.41 0.5353245261 7.06%  

83 (3) 1 18.91 14.28 33.19 0.5697499247 13.95%  

 2 20.95 20.05 41 0.5109756098 2.20%  

 3 16.4 9.01 25.41 0.6454151909 29.08%  

 4 10.55 6.25 16.8 0.6279761905 25.60%  

85 (4) 1 5.85 4.51 10.36 0.5646718147 12.93% 
Limited 

movement/exploration 

 2 15.57 9.15 24.72 0.6298543689 25.97%  

 3 15.32 10.69 26.01 0.5890042291 17.80%  

 4 10.98 12.63 23.61 0.4650571792 -6.99%  

87 (5) 1 17.72 9.29 27.01 0.6560533136 31.21%  

 2 8.48 5.90 14.38 0.5897079277 17.94% 
Limited 

movement/exploration 

 3 9.64 6.13 15.77 0.6112872543 22.26%  

 4 17.20 7.20 24.40 0.7049180328 40.98%  

89 (6) 1 13.61 9.86 23.47 0.5798892203 15.98%  

 2 15.36 9.49 24.85 0.6181086519 23.62%  

 3 11.83 8.67 20.50 0.5770731707 15.41%  

 4 7.88 10.95 18.83 0.4184811471 -16.30%  

91 (7) 1 17.21 16.21 33.42 0.5149611011 2.99%  

 2 23.94 19.94 43.88 0.5455788514 9.12%  

 3 10.58 6.99 17.57 0.6021627775 20.43%  

 4 18.68 19.38 38.06 0.4908039937 -1.84%  

93 (8) 1 17.12 4.88 22.00 0.7781818182 55.64%  
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 2 15.44 13.53 28.97 0.5329651363 6.59%  

 3 18.42 11.19 29.61 0.6220871327 24.42%  

 4 18.72 3.29 22.01 0.8505224898 70.10%  

95 (9) 1 7.47 7.36 14.83 0.5037086986 0.74%  

 2 15.10 5.74 20.84 0.7245681382 44.91%  

 3 15.73 6.54 22.27 0.7063313875 41.27%  

 4 13.98 13.19 27.17 0.5145380935 2.91%  

97 

(10) 
1 14.50 7.56 22.06 0.6572982774 31.46%  

 2 22.02 15.90 37.92 0.5806962025 16.14%  

 3 12.78 10.71 23.49 0.5440613027 8.81%  

99 

(11) 
1 12.03 6.27 18.3 0.6573770492 31.48%  

 2 8.93 8.19 17.12 0.5216121495 4.32%  

 3 9.15 8.72 17.87 0.5120313374 2.41%  

 4 17.45 10.55 28 0.6232142857 24.64%  
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TO Test – Five-Week miR-124 Cohort 

Trial Mouse 
Novel Time 

(s) 

Familiar 

Time (s) 

Total Exploration 

Time (s) 

Exploration 

Ratio (ER) 

Discrimination 

Index (DI) 
Notes 

24 1 2.99 5.49 8.48 0.3525943396 -29.48%  

 2 8.98 5.01 13.99 0.6418870622 28.38%  

 3 6.71 8.65 15.36 0.4368489583 -12.63%  

 4 3.07 2.33 5.4   Limited exploration 

25 1 3.33 7.50 10.83 0.3074792244 -38.50%  

 2 6.17 5.67 11.84 0.5211148649 4.22%  

 3 5.83 7.05 12.88 0.4526397516 -9.47%  

 4 7.38 5.5 12.88 0.5729813665 14.60%  

26 1 7.05 10.26 17.31 0.4072790295 -18.54%  

 2 11.97 3.05 15.02 0.7969374168 59.39%  

 3 4.40 5.94 10.34 0.4255319149 -14.89%  

 4 7.93 4.69 12.62 0.6283676704 25.67%  

27 1 4.11 3.3 7.41 0.5546558704  

Limited exploration 

- hind leg itching 

behavior 

 2 5.46 3.58 9.04 0.6039823009 20.80%  

 3 0.77 3.52 4.29   

Lack of 

exploration/corner 

sitting 

 4 8.12 1.35 9.47 0.8574445618 71.49%  

28 1 4.86 6.50 11.36 0.4278169014 -14.44%  

 2 5.05 3.76 8.81 0.5732122588 14.64%  

 3 6.95 2.46 9.41 0.738575983 47.72%  

 4 2.54 0.32 2.86   

Lack of 

exploration/corner 

sitting 

29 1 2.58 3.69 6.27   

Lack of 

exploration/corner 

sitting 

 2 5.93 2.64 8.57 0.6919486581 38.39%  

 3 3.06 1.09 4.15   Lack of exploration 

 4 5.00 3.49 8.49 0.5889281508 17.79%  

40 1 2.56 2.42 4.98   

Lots of movement, 

not much 

exploration 
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 2 6.75 3.21 9.96 0.6777108434 35.54%  

 3 3.68 3.10 6.78 0.5427728614 8.55%  

 4 6.67 6.05 12.72 0.5243710692 4.87%  

41 1 5.24 1.84 7.08 0.7401129944 48.02%  

 2 7.62 2.95 10.57 0.7209082308 44.18%  

 3 5.23 2.29 7.52 0.6954787234 39.10%  

 4 3.16 1.44 4.60   

Lack of 

exploration/corner 

sitting 

42 1 3.27 4.74 8.01 0.4082397004 -18.35%  

 2 11.58 2.44 14.02 0.8259629101 65.19%  

 3 5.76 2.84 8.6 0.6697674419 33.95%  

 4 8.27 4.87 13.14 0.6293759513 25.88%  

43 1 5.78 6.06 11.84 0.4881756757 -2.36%  

 2 1.91 3.47 5.38   

Lots of movement, 

not much 

exploration 

 3 5.16 3.82 8.98 0.574610245 14.92%  

44 1 0.73 1.92 2.65   

Lack of 

exploration/corner 

sitting 

 2 5.41 5.35 10.76 0.5027881041 0.56%  

 3 6.17 4.87 11.04 0.5588768116 11.78%  

 4 10.16 4.84 15 0.6773333333 35.47%  
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APPENDIX D: PSD-95 Staining Results                              

EV Project Five-Week Cohort (Radiatum) 

 
 

 

EV Project Six-Month Cohort (Radiatum) 
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APPENDIX E: RNA-seq Data 

RNA-seq data will be uploaded to the Gene Expression Omnibus 
(https://www.ncbi.nlm.nih.gov/geo/).  
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APPENDIX F: Primer Sequences and Efficiency Testing 

Target Direction Sequence 5' -> 3' Length (bp) Product Length (bp) 

Cebpa 
F CTCCCAGAGGACCAATGAAA 20 

99 
R AAGTCTTAGCCGGAGGAAGC 20 

Spi1/PU.1 
F AGCGATGGAGAAAGCCATAG 20 

106 
R TCTGCAGCTCTGTGAAGTGG 20 

Csf1r 
F CTCTGCTGGTGCTACTGCTG 20 

96 
R GGGCAACTGAGTAGGGTCAA 20 

Cdkn1a 
F TTGCACTCTGGTGTCTGAGC 20 

112 
R TCTGCGCTTGGAGTGATAGA 20 

Samsn1 
F TGAGGGCTATTTCATGGACA 20 

96 
R GGGCTTCCTCTCCACTTTCT  20 

Lyz2 
F GCTCAGGCCAAGGTCTATGA 20 

118 
R TGCTCTCGTGCTGAGCTAAA 20 
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Cebpa, Spi1, Lyz2, Cdkn1a, Csf1r, C4b, Ccl9 
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Slc22a5, Adora3, Prl, Igkv4-55, Selplg, Samsn1, Hexb, Lag3 
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APPENDIX G: miRNA Detection qPCR Data 

miR-423-5p                              

 

miR-124-3p 
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miR-125a-5p 

 

miR-125b-5p 

 




